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Countergradient variation in norms of reaction can dampen the direct effects of environmental influences on
phenotypic traits, allowing phenotypic similarity among populations despite exposure to different environmental
conditions. Such norms of reaction may occur at any phase of the life-history (e.g. growth rates during both
embryonic and postembryonic stages may influence geographical variation in adult body size). We collected gravid
female lizards (Sceloporus undulatus) from northern (Indiana), central (Mississippi), and southern (Florida)
populations, spanning almost the full latitudinal range of the species. Adult females from the southern population
were smaller. Intrinsic growth rates of hatchlings were higher for the central population than for the other two
populations. This pattern does not parallel the countergradient variation previously found in embryonic develop-
mental rates among these populations. Earlier hatching enhanced survival rates of juveniles to a similar degree
among populations, although juvenile survival rates in the field generally increase with latitude in this species.
Our data reveal geographical variation in the ways in which intrinsic developmental/growth rates and survival
shift during ontogeny, and suggest that latitudinal patterns in adult body size (such as Bergmann’s rule) can result
from both faster growth, and longer periods of growth. © 2012 The Linnean Society of London, Biological Journal
of the Linnean Society, 2012, 106, 202—209.

ADDITIONAL KEYWORDS: embryonic development — geographical variation — growth — local adaptation —
offspring size.

INTRODUCTION Pigliucci, 1998). Bergmann’s rule (i.e. an increase in
body size with increasing latitude or decreasing tem-

Body size can influence many aspects of an organ- perature) is the best-known pattern of geographical

ism’s behaviour and physiology, including fitness-
related traits such as locomotor performance,
metabolic rate, and reproductive output (Peters, 1986;
Speakman, 2005). Understanding body size variation
among and within species is a central question in
ecology and evolution (Peters, 1986; Schlichting &
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variation in body size. This rule was originally devel-
oped to explain geographical variation in the body
sizes of endothermic animals (Freckleton, Harvey
& Pagel, 2003) but has also been applied to some
groups of ectotherms (Huey et al., 2000; Ashton, 2002;
Ashton & Feldman, 2003). Recently, the mechanisms
underlying Bergmann’s rule have attracted consider-
able research interest because investigators have
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tried to identify the ultimate and proximate causes
of this variation in the framework of evolutionary
ecology and life-history theory (Ashton & Feldman,
2003; Angilletta et al., 2004a).

The mechanisms underlying Bergmann’s cline in
body size are complex (Ashton & Feldman, 2003;
Angilletta et al., 2004a; Sears & Angilletta, 2004),
although growth rate during early life-history stages
may be critical (Rowe, 1997; Angilletta, Steury &
Sears, 2004b). A larger body size may result from a
faster growth rate and/or a longer duration of growth
(Angilletta et al., 2004a); all else being equal, faster
growth rate would lead to larger body size at matu-
rity. Importantly, growth rate is influenced not only
by genotype, but also by environmental factors such
as temperature and food availability, particularly in
ectotherms (Sinervo & Adolph, 1989; Niewiarowski,
1995; Andrews, Mathies & Warner, 2000). To better
understand the role of growth rate in generating
geographical variation in body size, we need to iden-
tify the relative roles of extrinsic versus intrinsic
factors generating geographical variation in these
traits (Ferguson & Talent, 1993). We also need to
tease apart the relative role of intrinsic factors during
different ontogenetic stages. Combining observations
of field-caught individuals with ‘common garden’
experiments, whereby individuals from different geo-
graphical populations are raised under identical con-
ditions, can provide valuable insight into the relative
importance of these mechanisms (Niewiarowski,
1994; Du et al., 2005).

Populations of geographically wide-ranging species
may exhibit countergradient variation in physiologi-
cal and life-history traits such as growth rates, repro-
duction, and morphology, whereby environmental
influences on the phenotype are opposed by intrinsic
(genetic) factors (Schultz, Reynolds & Conover, 1996;
Grether, Cummings & Hudon, 2005; Conover, Duffy &
Hice, 2009). Countergradient variation has been dem-
onstrated along latitudinal gradients in temperature
or length of activity season in a diversity of ectother-
mic species from fruit flies to lizards (Conover &
Schultz, 1995; Conover et al., 2009). Rates of extrinsic
embryonic development (that which may be affected
by extrinsic factors, such as temperature) and post-
embryonic growth are reduced by low ambient
temperatures. However, the effects of this reaction
norm across a latitudinal gradient are minimized
by countergradient variation in intrinsic rates of
development and growth (which are often faster
for high-latitude populations than for low-latitude
conspecifics) (Oufiero & Angilletta, 2006; Liefting,
Hoffmann & Ellers, 2009). During embryonic devel-
opment, such countergradient variation can compen-
sate for effects of cooler environments (where thermal
conditions otherwise would delay hatching) and facili-

tate earlier hatching of offspring. Countergradient
variation in intrinsic rates of both development and
growth could help explain the larger body sizes found
in cooler climates. If intrinsic developmental rates do
not translate directly to intrinsic growth rates (e.g. as
a result of trade-offs between embryonic development
and hatchling growth; Niewiarowski & Angilletta,
2008), this would suggest different selection pressures
associated with each life stage (i.e. different ontoge-
netic selection regimes) among populations.

The Eastern Fence Lizard (Sceloporus undulatus)
is widely distributed across the eastern two-thirds
of the USA and occupies diverse habitats, includ-
ing eastern woodlands, prairie or grasslands, and
western canyonlands (Tinkle & Ballinger, 1972; Ang-
illetta et al., 2004a). There are two clades separated
by the Appalachian Mountains in the eastern wood-
lands (Leache & Reeder, 2002; Leache, 2009). In the
present study, we selected three populations from
Indiana, Mississippi, and Florida, all within the
western clade, to minimize potential phylogenetic
effects. Nonetheless, life-history variation among
populations of this species is not strongly associated
with phylogenetic relationships among populations
(Niewiarowski, Angilletta & Leache, 2004).

The body size of S.undulatus typically follows
Bergmann’s cline across latitudes (Angilletta et al.,
2004a). The proximate mechanism for larger body
sizes in colder environments is delayed maturation;
lizards in northern populations (at latitudes of some
39°) take approximately 20 months to mature,
whereas the lizards in a central population (at a
latitude of 34°) only take 12 months to mature at a
similar body size [approximately 70 mm snout-vent
length (SVL); Angilletta et al., 2004a]. That disparity
suggests that other proximate causes (e.g. differences
in growth rate), in addition to differences in time
to maturation, contribute to geographical variation
in the body size of this species. Previous studies
have demonstrated countergradient variation with
respect to developmental rate of embryos; northern
populations have shorter incubation duration than
southern populations when the eggs are incubated in
identical thermal environments (Oufiero & Angilletta,
2006; Du et al., 2010). Rapid embryonic develop-
ment in northern populations may reduce hatchling
growth rates as a result of a trade-off between embry-
onic developmental rate and hatchling growth rate
(Niewiarowski & Angilletta, 2008). However, this
trade-off is seen only among populations, and not
within populations (Niewiarowski & Angilletta,
2008), suggesting that the putative trade-off between
embryonic development rate and hatchling growth
rate warrants further study. In the present study, we
conducted a common garden experiment to assess
intrinsic differences in embryonic developmental
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rates, juvenile growth rates, and survival in three
geographically- and climatically-distinct populations
from temperate Indiana to subtropical Florida. We
integrate data on pre- and post-hatching growth rates
to understand the proximate basis for the observed
clinal variation in body size in this species.

MATERIAL AND METHODS
ANIMAL COLLECTION AND MATERNAL BODY SIZE

We collected a total of 79 adult lizards in May 2009
from three populations in the eastern United States;
a northern site (Monroe county, Indiana; 39°17 N,
86°50° W; 189 and 8d), a central site (Teasdale
county, Mississippi; 34°16’ N, 90°02’ W; 189 and 7J),
and a southern site (Hillsborough County, peninsular
Florida; 27°45" N, 82°15’" W; 209 and 8d'). All cap-
tured lizards were placed in individual bags and
transferred to Iowa State University, where they were
measured (SVL to 0.5 mm), weighed (to 0.01 g), and
individually toe-clipped for identification.

EGG COLLECTION AND INCUBATION

The animals were housed in glass terraria
(600 x 300 x 400, L x W x D mm) filled with 10 mm of
moist sand. Each terrarium contained three females
plus one male and was kept in a room under
a 12:12h light/dark cycle (lights on 07.00 h) at
22 +1°C. A 100-W conventional light bulb was sus-
pended 5 cm above each terrarium to provide supple-
mentary heat from 08.00 to 16.00 h. Food (crickets,
Acheta domesticus, dusted with mixed vitamins and
minerals) and water were provided ad libitum for
adult lizards. A nesting box placed at one end of each
terrarium was checked at least three times daily for
freshly laid eggs. Once found, eggs were weighed
(£ 0.001 g). A total of 119 first-clutch eggs were indi-
vidually incubated at 28 °C in 64-mL glass jars filled
with moist vermiculite (-150 kPa) and covered with
plastic wrap (sealed with a rubber band).

DEVELOPMENTAL AND GROWTH RATES OF EMBRYOS

We calculated relative developmental rate of embryos
at 28 °C by dividing the observed incubation duration
by the shortest incubation duration recorded in this
experiment (44 days), and taking the inverse of this
value (Shine & Harlow, 1996). The incubation dura-
tion of each egg was recorded as the days between egg
oviposition and hatchling emergence. To determine
the growth rate of embryos, we randomly dissected
one egg from each clutch at approximately 40%
through incubation (at day 20), and separated the
embryo from the egg contents. Embryos were then
weighed, and the remaining eggs were left in the

incubators to hatch. After hatching, we used clutch
mean values of hatchling mass as the final measure of
‘embryo’ mass at full term. With these data, embry-
onic growth rates were quantified as the daily rate of
increase in embryonic mass, which was calculated as
(final body mass —embryonic body mass at 40%
through incubation)/(days from the date of egg dissec-
tion to hatching). This measurement reflects the
majority of growth of reptilian embryos, which takes
place during the last two-thirds of incubation
(Andrews, 2004).

BoODY SIZE, INTRINSIC GROWTH RATES,
AND SURVIVAL OF HATCHLINGS

As soon as hatchlings emerged, they were measured
(SVL to 0.5 mm), weighed (to 0.001 g) and their sex
identified by the presence (male) or absence (female)
of enlarged scales below the cloaca. The hatchl-
ings were individually toe-clipped for identification
and raised in glass terraria (600 x 300 x 400 mm,
length x width x depth), with the same heating and
light schedule as used for adults. Each cage housed
eight to ten hatchlings, which were allocated among
cages to ensure that cage-mates were similar in age
(hence size). To ensure that treatment effects were not
confounded by rearing environment (available food or
temperatures), each population was equally repre-
sented within each terrarium as best as possible.
Paper towels lined the bottom of each terrarium, and
plastic shelters and sticks for perching were provided.
Hatchling lizards were fed live crickets (Acheta
domesticus; dusted with minerals and vitamins)
twice a week. Water was provided ad libitum, and
cages were misted once daily with water. On three
occasions (23 September, 7 October, and 5 November
2009), the lizards were weighed and measured to
calculate growth rate. Growth rates were quantified
as the daily rate of increase in SVL and body
mass.

Because of variation in the timing of hatching as
a result of variation in oviposition date, the ages
over which hatchling growth was quantified varied
among individuals, in the range 26-119 days. We
therefore tested for an age effect on growth
rates. Growth rates were linear with respect to
hatchling age in these animals (x =age, y=SVL;
Indiana: y=0.1099x + 25.567, R?=0.7723; Missis-
sippi: y=0.1032x +28.177, R?=0.5694; Florida:
y=0.098x + 24.041, R?=0.6792), as is also the case
for other populations from similar latitudes measured
weekly for 16 weeks (Langkilde & Freidenfelds,
2010). As a result, the daily growth rates that we
measured were independent of age in all three popu-
lations (regression analyses, all P> 0.1), despite the
range of ages at which hatchlings were measured.
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Also, age was used as a covariate when analyzing
hatchling growth.

Geographical variation in intrinsic hatchling sur-
vival rate was also examined. During the common
garden experiment, we checked cages daily for the
presence of any dead hatchlings. We measured sur-
vival for 4 weeks after hatching.

STATISTICAL ANALYSIS

A preliminary analysis indicated that hatchling mor-
phology and post-hatching growth did not differ
between the sexes (all P> 0.2) and thus sexes were
pooled for subsequent analyses of hatchling traits.
Only hatchlings from the first clutches produced by a
female were included in our analyses because not all
females laid second clutches. Clutch mean values of
hatchling traits were used as our unit of analysis to
avoid pseudoreplication.

We used one-way analysis of variance to detect
population differences in maternal SVL and body
mass, developmental and growth rates of embryos
and hatchling morphology. To determine population
differences in growth rate, we used a mixed-model
analysis of covariance with hatchling age (days since
hatching) as a covariate (because hatchling size
was measured on three specific dates not related to
age), and cage as a random factor. Tukey’s post-hoc
multiple-comparisons tests were used to distinguish
among means of significantly-affected traits for all
analyses. Logistic regression was used to analyze
the influence of population and hatching date on
hatchling survival.

We used correlation analysis to evaluate the rela-
tionships among embryo developmental rates, embryo
growth rates, and post-embryonic growth both among
and within populations to quantify potential counter-
gradient patterns across the latitudinal range of
S. undulatus and the trade-off between embryonic
developmental rate and hatchling growth.

RESULTS
MATERNAL AND OFFSPRING BODY SIZE

Adult females from the northern and central popula-
tions were significantly larger than those from the
southern population (in both SVL and body mass;
Table 1). Hatchling size varied considerably among
populations (Table 1). Hatchlings from the northern
and central populations were longer or heavier at
hatching than were those from the southern popula-
tion (Table 1).

DEVELOPMENTAL AND GROWTH RATES OF EMBRYOS

Developmental rates of embryos decreased from
the northern population to southern population
(Fa30=44.14, P <0.0001) (Fig. 1A). Similarly, growth
rates of embryos were higher in the northern popu-
lation than the southern population (Fyi7=8.14,
P <0.01) (Fig. 1B).

INTRINSIC GROWTH RATES OF HATCHLINGS

Post-hatching growth differed among populations,
with higher rates of growth in SVL (Fs56=9.29,
P=0.017) and body mass (Fs75=38.16, P =0.012) in
the central population than in the northern and
southern populations (Fig. 2A, B). The growth rates
of hatchlings did not correlate with developmental
rates or growth rates of embryos both among these
populations (developmental rate: R=0.03 t=0.28,
d.f.=64, P=0.78, Fig.3; growth rate: R=0.21
t=0.87, d.f. =19, P=0.39) and within each popula-
tion (all P > 0.2).

SURVIVAL OF HATCHLINGS
In the first month after hatching, 74%, 78%, and 79%
of hatchlings survived from the northern, central, and
southern populations, respectively. Intrinsic hatchling
survival was higher for lizards that hatched earlier

Table 1. Maternal body size and hatchling size (snout—vent length and body mass) of Sceloporus undulatus from the
northern (Indiana), central (Mississippi), and southern (Florida) populations

Maternal snout—vent

Maternal body

Hatchling snout-vent Hatchling body

length (mm) mass (g) length (mm) mass (g)
Northern population 78.3 £0.9* 18.02 + 0.65° 25.31 + 0.30° 0.528 + 0.016
Central population 755 +1.22 16.81 + 0.80* 25.01 + 0.21° 0.496 + 0.013
Southern population 66.1 +0.8" 9.47 + 0.42° 23.95 + 0.24° 0.480 + 0.013
Analysis of variance Fo53=44.67 Fy5,=55.89 Fy3=6.92 Fo39=2.72

P <0.0001 P <0.0001 P<0.01 P=0.07

Hatchlings were from eggs incubated at 28 °C. Sample sizes for the northern, central and southern populations were 18,
18, and 20 for adult females, and 14, 17, and 11 clutches for hatchlings, respectively. Data are expressed as the
mean + SE. Means with different superscripts are statistically different (Tukey’s test).
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Figure 1. Developmental and growth rates of Sceloporus
undulatus embryos from the northern (Indiana), central
(Mississippi), and southern (Florida) populations. Sample
sizes for the northern, central and southern populations
were 14, 17, and 11 for the developmental rate, and 9, 6,
and 5 for the growth rate, respectively. Developmental rate
(A) and growth rates (B) in body mass of embryos are
expressed as the mean + SE. Means with different letters
above the error bars are statistically different (Tukey’s
test).

(¥*=8.11, d.f. =1, P<0.01) but did not differ among
populations (y®=0.08, d.f. =2, P=0.78).

DISCUSSION

Consistent with Oufiero & Angilletta (2006), our
common garden experiment revealed countergra-
dient variation in rates of embryonic development.
However, geographical variation in intrinsic hatchling
growth rates did not exhibit a latitudinal trend. The
geographical variation in hatchling growth rates,
therefore, does not parallel the countergradient varia-
tion that occurs in rates of embryonic development
(Figs 1, 2). The different trends in pre- and post-
embryonic growth suggest geographical variation in
the ways in which selection pressures shift during
ontogeny.

Our common garden experiment detected popula-
tion differences in intrinsic post-hatching growth
rates. These findings are partially consistent with
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Figure 2. Post-hatching growth of Sceloporus undulatus
hatchlings from the northern (Indiana), central (Missis-
sippi), and southern (Florida) populations. Sample sizes
for the northern, central, and southern populations were
19, 34, and 10. Growth rates in snout-vent length (A)
and body mass (B) of hatchlings are expressed as the
mean + SE. Means with different letters above the error
bars are statistically different among populations (Tukey’s
test).

past studies that show relatively slow intrinsic
growth rates in juveniles of northern populations
(Angilletta et al., 2004b; Sears & Angilletta, 2004).
However, individuals from our southern population
also showed relatively slow growth, similar to that of
the northern population. The geographical difference
in intrinsic growth rate indicates different proximate
causes of body size at maturity in these populations.
In the northern population, the slow intrinsic growth
rates support the hypothesis that the proximate
mechanism for larger body sizes in colder environ-
ments is delayed maturation (old ages at maturity,
approximately 20 months) rather than faster growth
(Angilletta et al., 2004a). In the central population,
high intrinsic growth rates suggest that faster growth
could be the proximate mechanism for relatively large
body size given the young ages at maturity likely
(approximately 12 months), based on populations
at similar latitudes (McKinney, 1982). By contrast,
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Figure 3. Growth rates of hatchlings were not correlated
with developmental rates of embryos in Sceloporus undu-
latus from northern, central, and southern populations.
Growth rate was quantified as the daily rate of increase in
snout-vent length over the first 4 weeks. Developmental
rate of embryos were calculated by dividing the incubation
duration at the temperatures by the shortest incubation
duration recorded in this experiment (44 days at 28 °C),
and taking the inverse of this value.

lizards from the southern population exhibit low
intrinsic growth rate and mature at a small body size
(Table 1). Analogous to different physiological mecha-
nisms underlying countergradient variation in rates
of embryonic development in these populations (Du
et al., 2010), different proximate mechanisms appear
to underpin the Bergmann’s size cline along the lati-
tude in this species.

Niewiarowski & Angilletta (2008) found a negative
relationship between rates of embryonic development
and rates of hatchling growth among S. undulatus
populations across a latitudinal gradient, describing a
trade-off between these ontogenetic stages associated
with countergradient variation (although the trade-off
was not found within populations). This between-
population trade-off can apply to the northern and
central populations of this study, which span a lati-
tudinal range similar to the populations sampled
previously by Niewiarowski & Angilletta (2008).
However, in contrast to the expectation of a trade-off
between embryonic developmental rate and hatchling
growth rate, individuals from the southern population
in Florida with lower embryonic developmental rates
showed a lower (instead of higher) intrinsic growth
rate at post-embryonic stages. Our data suggest that
geographical variation in the ontogenetic selection
regime does not necessarily follow the same latitudi-
nal gradient from embryonic to post-hatching stages.

The mechanistic bases for rapid embryonic develop-
ment (heart size versus heart rate; Du et al., 2010)
may not persist long after hatching, leading to a
breakdown in this pattern of hatchling growth rate.
The slow growth rates of hatchlings from the north-
ern and southern populations may therefore be
caused by different mechanisms controlling hatchling
growth. Further studies could usefully elucidate the
mechanistic basis (i.e. competitive ability, consump-
tion rates or metabolic rates) for population-specific
hatchling growth rates.

The lack of difference in intrinsic juvenile survival
rates of each population in the laboratory contrasts
with the general latitudinal trend in extrinsic juve-
nile survival rates across the range of S. undulatus.
Extrinsic juvenile survival rates in the field generally
increase with increasing latitude (Angilletta et al.,
2004b). Therefore, our data do not support the pre-
diction that intrinsic and extrinsic survival will be
positively correlated (Stearns, 2000; Stearns et al.,
2000); however, the extrinsic survival rate associated
specifically with each of these populations is not
known. A putative latitudinal trend in extrinsic juve-
nile survival suggested the hypothesis that larger
adult body sizes in cooler, northern environments
occur as a result of longer growth periods (Angilletta
et al., 2004b; Sears & Angilletta, 2004). It is likely
that differences in adult body sizes of lizards from
these populations are partly driven by longer growth
periods in more northern populations (permitted by
greater extrinsic survival rates at these higher lati-
tudes), rather than intrinsic hatchling survival or
growth rates (neither of which covary with adult body
size).

CONCLUSIONS

The findings of the present study reveal that faster
intrinsic rates of embryonic development do not nec-
essarily translate to faster (or slower) intrinsic rates
of juvenile growth. Thus, geographical variation in
ontogenetic selective pressures may involve relation-
ships more complex than simple trade-offs. Faster
growth rates and greater juvenile survival are not
mutually exclusive pathways to larger adult body size
and, indeed, both contribute (possibly to different
extents at different latitudes) to the Bergmann’s cline
observed in adult body sizes of S. undulatus.
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