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Theory predicts the existence of an optimal offspring size that balances the trade-off between offspring
fitness and offspring number. However, in wild populations of many species, egg size can still vary from
year to year for unknown reasons. Here, we hypothesize that among-year variation in population mean
egg size of freshwater turtles is partly a consequence of their gonadal sensitivity to seasonal temperatures,
aphysiological mechanism which principally functions to synchronize reproduction with a favorable time

'é?ywords"l hvih of year. As part of this process, among-year variation in seasonal temperatures modifies the extent of
freannual rnythm egg follicle development, and this may translate into variation in mean egg size among years (both at the
Egg size

individual and population level). To test this hypothesis, we applied an information-theoretic approach to
model relationships between mean egg mass and the temperatures experienced during discrete periods
of follicular development in wild populations of three turtle species (Chrysemys picta, Chelydra serpentina,
Glyptemys insculpta) over 12 consecutive years. Because follicular development occurs in the fall for C.
serpentina and G. insculpta, whereas it occurs both in the fall and spring for C. picta, we expected only
fall temperatures would explain egg size variation in C. serpentina and G. insculpta, whereas both fall and
spring temperatures would correlate with egg size variation in C. picta. These predictions were upheld.
We then compared among-year variation in within-female egg and clutch sizes of each species in order to
evaluate whether such variation might still be consistent with some tenets of optimal egg size theory. In
all three species, we found that clutch sizes vary more than egg sizes in spite of temperature-induced egg
size variation, and this pattern of relatively high clutch-size variation matches theoretical predictions.
Future work should explore the roles of direct and indirect (i.e., nutritional) influences of temperature
on egg size in natural settings.

Maternal effects
Temperature-size rule
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1. Introduction

Given that the energy available for reproduction is finite, a
mother must trade off the number of offspring she produces against
their size. Optimal egg size theory (OES) provides a mathematical
framework for balancing this trade-off. As long as the relationship
between offspring size and offspring fitness is positive and asymp-
totic, OES predicts that there will be a single offspring size that will
maximize maternal fitness returns per reproductive episode in a
given environment (Smith and Fretwell, 1974). Empirical tests have
upheld some tenets of OES (Fox et al., 1997; Einum and Fleming,
2000), though many cases of inter- and intraspecific variation in
egg size have been difficult to reconcile with theoretical predictions
(reviewed in Bernardo, 1996).
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In predictable environments, females may maximize fitness by
adjusting offspring size and number to suit the anticipated selective
environment of their offspring (i.e., to suit a particular, predictable
offspring size-fitness function). For example, female seed bee-
tles (Stator limbatus) produce only a few, well-provisioned eggs
when laying on seeds with thick seed coats, but the same moth-
ers produce many poorly provisioned offspring on seeds with thin
seed coats. This is because larvae hatching from these eggs need
to burrow through the seed coats before they can begin feeding,
and offspring need more energy to burrow through thick seed
coats (Fox et al., 1997). Such adaptive egg size plasticity requires
a mother to have the ability to predict the selective environment
of her offspring (McGinley et al., 1987; but see Kaplan and Cooper,
1984).

On the other hand, adaptive egg size plasticity is unlikely when
hatching conditions cannot be readily predicted by the mother.
Many turtle species, for example, lay clutches of eggs that must
complete a prolonged incubation period before hatchlings emerge
from the nest (Ernst and Lovich, 2009). Although properties of
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A summary of studies that used inferential statistics to detect among-year variation in egg mass or egg width (a proxy of egg mass) in populations of North American turtles.
The presence or absence of a significant (P<0.05) among-year difference in egg size in at least one year of the study is identified as ‘Yes’ or ‘No’, respectively. All studies

controlled for the effect of maternal body size.

Location Population #Years Egg mass Egg width References

Kinosternidae

Sternotherus odoratus Virginia Grassy Lake 2 Yes No Mitchell (1985)

Sternotherus odoratus S. Carolina Ellenton Bay 13 - Yes Wilkinson and Gibbons (2005)

Kinosternon subrubrum S. Carolina Ellenton Bay 13 - Yes Wilkinson and Gibbons (2005)
Emydidae

Chrysemys picta Nebraska Beem Lake 3 Yes Yes Rowe (1994a,b)

Chrysemys picta Nebraska Dobbin’s Pond 3 No No Rowe (1994a,b)

Chrysemys picta Nebraska Swan Lake 3 No No Rowe (1994a,b)

Chrysemys picta Nebraska Hansen’s Lake 3 No No Rowe (1994a,b)

Chrysemys picta Nebraska Gimlet Lake 4 No No Iverson and Smith (1993)

Chrysemys picta Michigan E.S.G. Reserve 4 - No Congdon and Tinkle (1982)

Chrysemys picta Michigan Beaver Island 6 Yes - Rowe et al. (2003)

Chrysemys picta Illinois Thomson 4 Yes - Bowden et al. (2011)

Chrysemys picta Illinois Thomson 7 Yes - Warner et al. (2010)

Chrysemys picta Ontario Wolf Howl Pond 3 Yes Yes Schwarzkopf and Brooks (1986)

Trachemys scripta Virginia Dismal Swamp 4 No No Mitchell and Pague (1990)

Trachemys scripta Illinois Pohlman Slough 3 Yes - Tucker et al. (1998)

Trachemys scripta Illinois Stump Lake 3 Yes - Tucker et al. (1998)

Trachemys scripta Illinois Swan Lake 3 Yes - Tucker et al. (1998)

Pseudemys floridana S. Carolina Ellenton Bay 13 - No Wilkinson and Gibbons (2005)

Clemmys guttata Ontario Georgian Bay 4 - No Litzgus and Brooks (1998)

Malaclemys terrapin Maryland Patuxent River 3-5 No - Roosenburg and Dunham (1997)
Chelydridae

Chelydra serpentina Nebraska Gimlet Lake 2 No - Iverson et al. (1997)

Chelydra serpentina Ontario Sasajewun Lake 13-14 Yes - Brooks et al. (1991)
Testudinidae

Gopherus agassizii California Fenner Valley 2 - No Wallis et al. (1999)

the maternal phenotype may result in predictable variation in the
offspring nest environment (e.g., Hendry et al., 2001; Rollinson and
Hutchings, 2011), it seems unlikely that female turtles can use envi-
ronmental cues to predict the future selective environment of their
offspring. The best maternal strategy in these cases is to assume
a consistent offspring size-fitness function from environment to
environment (e.g., year to year), which indicates a single optimal
egg size for a given mother (McGinley et al., 1987; Einum and
Fleming, 2004). However, among-year changes in population mean
egg mass are commonly observed in freshwater turtles (Table 1).
Whether among-year variation in egg size is inconsistent with OES
or is within the range of error expected by theory demands further
exploration. Understanding the mechanisms behind such variation
could also provide insight into the various evolved - and possibly
competing - mechanisms which control egg size in the first place.

Mechanistically, among-year variation in the egg size of fresh-
water turtles may be the result of variation in energy balance
(Schwarzkopf and Brooks, 1986; Rowe, 1994a,b; Tucker et al.,
1998). Here, egg sizes are expected to correlate positively with
resource availability and processing rates. On the other hand, lab-
oratory investigations have also shown that follicle development
rates can be sensitive to temperature, independent of major nutri-
tional influences (Ganzhorn and Licht, 1983; Mendonca, 1987;
Weber et al., 2011; also see Sarkar et al., 1996); this latter sen-
sitivity may act as a mechanism to synchronize the separate
phases of follicular development with favorable times of the year
(Lawrence and Soame, 2004). Both of these mechanisms could
also be complementary, with temperature acting directly on fol-
licular development via hormonal means (Olive, 1980; Licht and
Porter, 1985; Bowden et al., 2004), and indirectly via nutritional
means.

In either case, because the amount of variation in offspring size
allowed under OES cannot be defined in absolute terms (McGinley
etal., 1987; but see Tucker et al., 1998), in order for any such proxi-
mal variation to ultimately be consistent with OES, clutch size must
vary more than egg size in a given environment. While this question
has been evaluated in some wild populations of freshwater turtles

(e.g., Iverson and Smith, 1993), the mechanistic role of temperature
in inducing such egg size variation has not.

The present study attempts to determine the mechanistic role,
if any, of temperature in determining egg size in a field setting,
and later, we place annual egg size variation in the context of OES
by comparing it to variation in clutch size. First, we hypothesize
that among-year variation in egg size is partly an artifact of selec-
tion for gonadal regulation by temperature (Gould and Lewontin,
1979; Lawrence and Soame, 2004). Using egg size data from popula-
tions of three turtle species (painted turtles, Chrysemys picta; wood
turtles, Glyptemys insculpta; snapping turtles, Chelydra serpentina)
collected between 1991 and 2002 in Algonquin Park, Canada, we
test whether among-year changes in egg mass are consistent with
the predicted seasonal effects of temperature on follicular develop-
ment, determined in laboratory experiments (Ganzhorn and Licht,
1983; Mendonca, 1987; Sarkar et al., 1996). We also compare the
variability in egg sizes to variability in clutch sizes for each species,
as OES predicts the latter to be more variable (Smith and Fretwell,
1974).

In order to accommodate their hibernating life histories,
freshwater turtles in northeastern North America divide their
egg development into four separate phases: the recrudescent
(pre-hibernation), preparatory (post-hibernation), egg-laying and
quiescent periods. Laboratory research predicts that the onset and
termination of these follicular periods is determined largely by
seasonal temperature cues (Ganzhorn and Licht, 1983; Mendonca,
1987; also see Mahmoud and Alkindi, 2008). Because the relative
importance of each of these phases in terms of overall follicu-
lar development varies among species, the predictive power of
temperatures from their approximate corresponding time peri-
ods in determining egg sizes should be similarly variable if a
temperature-egg size relationship exists. If the predictive power of
seasonal temperatures in determining egg sizes is consistent with
variation in the egg-laying phenologies of separate species that nest
in the same general environment, we argue that this provides good
evidence for the role of temperature as an egg size-determining
mechanism in nature.
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Fig. 1. Estimated timing of the follicular cycle of Chrysemys picta, Chelydra serpentina, and Glyptemys insculpta. Solid arrows and bold-framed boxes show the progression of
the gonadal cycle in relation to time of year. Dashed arrows and light-framed boxes refer to the direct effect of temperature on follicular development during the relevant
phase of the gonadal cycle. G. insculpta and C. picta both belong to the family Emydidae (Gaffney and Meylan, 1988), but these two species differ in their seasonal patterns of
follicular development (Powell, 1967). C. serpentina (Chelydridae) is a distant relative of both C. picta and G. insculpta (Gaffney and Meylan, 1988), but the gonadal cycle of C.
serpentina is identical to that of G. insculpta (Powell, 1967; White and Murphy, 1973; Mahmoud and Alkindi, 2008).

To parameterize a set of models evaluating the mechanistic role
of temperature in determining egg size, we first recognized that in
C. picta, about half of the energy allocated to follicles that will be
ovulated in the following spring occurs in the recrudescent period
(Callard et al., 1978; Congdon and Tinkle, 1982; Fig. 1). We esti-
mated that this period occurs from mid August through October in
our study population; warm temperatures during this period stim-
ulate follicular growth both in C. picta (Ganzhorn and Licht, 1983)
and in other species (e.g., Sternotherus odoratus, a kinosternid tur-
tle; Mendonca, 1987). The remaining energy is allocated to follicles
in the preparatory period (Callard et al., 1978; Congdon and Tinkle,
1982), which comprises the time between emergence from hiber-
nation and the nesting season (between late April ~ early May to
late May ~ early June in our population). Interestingly, the effect of
temperature on gonadal development is reversed in C. picta during
this period (Ganzhorn and Licht, 1983; Mendonca, 1987), as warm

Table 2

temperatures now have an inhibitory effect on follicular growth
(Rollinson and Brooks, 2008a), presumably via a hormonal pathway
(e.g., Bowden et al., 2004). Hence, all else being equal, we expect
a negative relationship between temperature and egg size during
the preparatory period for C. picta. Overall, we expect that mean
egg mass of C. picta will be best predicted by a model incorporat-
ing both recrudescent and preparatory temperatures, as follicular
growth occurs during both these periods (Table 2; Fig. 1).

In C. serpentina, by contrast, most or all the energy of the follow-
ing year’s clutch (Fig. 1) is suspected to be allocated to developing
follicles during the recrudescent period (White and Murphy, 1973;
Mahmoud and Licht, 1997; Mahmoud and Alkindi, 2008), and we
estimate that recrudescence occurs between mid July and October
in our study population (White and Murphy, 1973; Mahmoud and
Licht, 1997). As little or no follicular growth occurs during the
preparatory period in C. serpentina (Fig. 1), we expect that egg mass

Estimated timing of the follicular cycle of Chrysemys picta, Chelydra serpentina and Glyptemys insculpta from Algonquin Park. ‘Prediction’ is our a priori prediction for the
direction of the relationship between standardized egg mass and mean temperature of the corresponding month. ‘Observation’ is the observed direction of the relationship
between temperature and standardized egg mass in the model that best predicted variation in egg mass. When 95% confidence intervals overlap 0, the observed relationship

(i.e., ‘observation’) is ‘none’. See Table 4 for parameter estimates and standard errors.

Species Expected and August September October Spring
observed results (recrudescence) (recrudescence) (recrudescence) (preparatory)

C. picta® Prediction + + + -
Observation - + + -

C. serpentina® Prediction + + + None
Observation + + + None

G. insculpta® Prediction + + + None
Observation None + + None

2 We predict the full model will best predict variation in standardized egg mass.

b We predict the recrudescent model will best predict variation in standardized egg mass.
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will be best predicted by a model incorporating only the tempera-
tures experienced during the recrudescent period. In this model, we
expect a positive relationship between temperature of the recrude-
scent period and egg mass.

The timing of the follicular cycle of G. insculpta is poorly studied,
but it likely mirrors that of C. serpentina (Powell, 1967; White and
Murphy, 1973). Similarities in the reproductive ecology of these
two species also support this contention (Ernst and Lovich, 2009).
As such, our estimates of the timing of follicular development and
predictions for G. insculpta mirror those of C. serpentina (Table 2).

To place these mechanistic drivers into the ultimate context of
OES, we finally tested whether the coefficients of variation (CVs) in
clutch size across years were greater than the CVs in egg size across
years for each species. If an optimal egg size exists, or if natural
selection is at least an important agent in determining patterns of
offspring size variation, theory predicts that clutch size will vary
more than egg size among years (Smith and Fretwell, 1974; Orzack
and Sober, 1994).

2. Materials and methods

Reproductive data for C. picta were obtained from females
inhabiting two neighboring spruce (Picea mariana) bogs in Algo-
nquin Park, Ontario, Canada (for details see Rollinson et al., 2008).
Reproductive data for C. serpentina were obtained from females
nesting on a gravel dam (or in its vicinity) on Lake Sasajewun, a
mesotrophic lake in Algonquin Park, Ontario, Canada (see Brooks
et al., 1991). Data for G. insculpta were obtained from nest sites
in a nearby deciduous forest. The mean distance among all turtle
populations was 46 + 21 km (mean + SD).

Between late May and early July, nesting patrols were con-
ducted for each population by one to three people who walked the
length of known nesting locations every 30-45 min. Females were
generally captured immediately after nest completion, and maxi-
mum plastron length (Mpl) or maximum carapace length (Mcl) was
measured with calipers to the nearest 0.01 cm for C. picta and G.
insculpta, respectively. Body mass of C. serpentina was measured to
the nearest 100 g using a Pesola scale (Pesola AG, Baar, Switzerland).
All turtles were permanently marked by filing notches in their
marginal scutes (Cagle, 1939). Clutches were excavated within 5h
of nest completion. Egg mass was determined to the nearest 0.1g
and averaged for each clutch. Eggs were then reburied at the orig-
inal nesting site.

In our population, almost all C. picta reproduce every year
(Samson, 2003; see also Congdon et al., 2003), and some individuals
lay two clutches in a season; the second clutch is usually deposited
10-20days after the first. Since mean egg mass and clutch size of
the second clutch are generally smaller than those of the first clutch
(Iverson and Smith, 1993; Samson, 2003), we did not include any
known second clutches in our analysis. Although we keep track
of the turtles that have already laid a first clutch in a given year,
sometimes we miss an individual’s first clutch, and then we col-
lect its second clutch and assume it is a first clutch. We therefore
minimized the number of ‘false’ first clutches in our data set by
considering only clutches from the first 15 days of a nesting sea-
son. The resulting restricted data set for C. picta represented 56.6%
of all “first” nests measured between 1991 and 2002. An analysis
including all “first clutch” data, regardless of lay date, appears in
Table S1 (see supplementary data in Appendix A).

Air temperature data were obtained from Environment Canada
weather stations less than 50 km from the nesting sites. Consistent
with the approach of Environment Canada, monthly temperatures
were calculated from the mean of the daily maximum and daily
minimum temperatures for August, September and October of each
year. These values were used in our analyses as estimates of the

temperatures experienced during the recrudescent period (Fig. 1).
Dates of emergence from hibernation (mid April to early May) and
nesting onset (late May to mid June) vary among years, so there is
temporal variation in the timing of the preparatory period among
years (see also Schwanz and Janzen, 2008). To correct for among-
year variation in spring reproductive phenology, we again used
weather data provided by Environment Canada, but here we calcu-
lated the temperature experienced in the 30 days prior to nesting
season onset for each species for each year of the study. The aver-
age temperature for this 30-day period (“spring” temperature)is an
estimate of the temperatures experienced during the preparatory
period (Fig. 1).

We fit three linear mixed models for each species (3 models
per species; 9 models in total) using the Ime4 package (Bates and
Maechler, 2010) in R 2.11.1 (R Foundation for Statistical Com-
puting, Vienna, Austria). All models used a maximum likelihood
parameter estimation technique. Each model predicted standard-
ized egg mass as a function of a specific set of temperatures. Then
these models were ranked for each species based on differences
in Akaike’s information criterion adjusted for small sample sizes
(AAIC,) using the software package AICcmodavg (Mazerolle, 2010).
Finally, we evaluated whether the “best model” for each species,
and the directionality of its coefficients, matched our a priori expec-
tations (Table 2). All clutches came from females of known identity,
so all models included a mean-zero, normally distributed random
intercept term which accounted for differences in mean egg size
among mothers (Gelman and Hill, 2007). We also corrected for the
effect of female body size (Mpl for C. picta; Mcl for G. insculpta; kg
for C. serpentina), which has an asymptotic relationship with egg
size for C. picta (Rollinson and Brooks, 2008b), C. serpentina and G.
insculpta (N. Rollinson and R.J. Brooks, unpublished data).

Mean egg mass per clutch was standardized in each species
dataset:

(% — %)

ox
where oy is the standard deviation. Standardized egg mass was
used as the dependent variable in each model to allow for graph-
ical comparability of model predictions among species. For each
species, female body size was also standardized by first averag-
ing all body size data within females (i.e., to obtain one body size
data point per female); then we used these means to calculate the
grand mean and standard deviation. We also included standardized
clutch size as alinear covariate (Rowe, 1994a; Rollinson and Brooks,
2008a,b), because the rate at which vitellogenin is deposited on
developing follicles should decrease with an increasing number of
follicles that are concomitantly undergoing development (Congdon
and Tinkle, 1982; Sinervo and Licht, 1991). We then included “year”
as amean-centered (i.e., x; — x), linear covariate of egg mass in every
model to control for possible systematic increases or decreases in
egg mass over time (e.g., a gradual increase in water level over sev-
eral years, resulting in a change in the relationship between air
temperature and water temperature). We verified that year was
not collinear (r<0.75) with any temperature predictors. Hence, all
models (see below) were based on the null formulation model

Y,'j=,80+,31 ><BS,']'+,32><BS§+,33><CS,‘]'+ﬂ4 x yearj + u; + ejj,

where Yj; is the mean egg mass for turtle i in year j, By is the inter-
cept, BS is standardized body size, CS is standardized clutch size,
year is the mean-centered value of the year in which reproduction
occurred, u; is the random effect of female i, e;; is residual error and
B1_4 are the parameters to be estimated.

We fit three different models for each species. First, we fit a
“recrudescent model”, which incorporated the mean temperatures
of the months corresponding to the estimated recrudescent period
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(August, September and October; Table 2). This model took the
form

Yj = Bo+ B1 x BSjj+ B2 + BSj; + B3 x CSjj + fa x year; + Ps
x August;_; + fBs x September;_1 + B7 x October;_1 + u; + ey,

where August;_,, September;_; and October;_; are the mean tem-
peratures of August, September and October of the year prior to
reproduction, respectively.

Next, we fit a “preparatory model”, which incorporated only
the mean temperature of the estimated preparatory period (spring
temperature; Table 2). This model took the form

Yj = Bo+ B1 x BSjj+ B2 x BS} + B3 x CSjj + fa x Year; + Bs
x spring; + u; + ejj,

where spring is the mean temperature experienced in the 30 days
prior to the onset of the nesting season of the relevant species.
Finally, we fit a “full model”, which took the form

Yij = Po+ b1 XBSU-Fﬂz XBS§+53 XCSU+/34 xyearj—i-ﬂf,
x August;_1 + Bg x September;_ + B7 x October;_1 + fg
xSpring; + u; + ejj,

where mean egg mass is predicted by both the recrudescent and
preparatory temperatures. The three models were ranked based
on AIC. values, which is appropriate when the ratio of samples to
predictors is lower than 40 (Burnham and Anderson, 2002), as was
the case for two of our three datasets. We confirmed that model
fits were appropriate by inspecting residual vs. fitted plots for any
systematic patterns; none were found.

We then tested whether among-year variation in egg mass vio-
lated a prediction of OES by comparing among-year variation in egg
mass of each species to among-year variation in clutch size. For each
female in the datasets delineated above, we calculated the coeffi-
cient of variation (CV = (o/x) x 100) for egg mass across all years
and compared it to the CV of clutch size across those same years.
The coefficients of variation were compared using a paired-samples
t-test, where values for mean egg mass were paired with values for
clutch size within females. Two C. picta and seven G. insculpta were
excluded from this analysis, as these individuals had only one year
of reproductive data.

3. Results

In total, our sample for C. picta consisted of 136 females and
745 clutches. For C. picta, we predicted that the full model would
have the lowest AIC. and that parameter estimates would be posi-
tive for August, September and October temperatures, and negative
for spring temperature. These predictions were largely upheld: the
full model was indeed the best model for C. picta (Tables 2 and 3),
and it included both a positive effect of September and October
temperatures and a negative effect of spring temperature (Table 4;
Fig.2). The positive relationship between recrudescent (September,
October) temperatures and standardized egg mass was similar
in magnitude to the negative effect of preparatory temperatures,
which corresponds to the estimated 50% of energetic allocation to
developing follicles occurring during the recrudescent and prepara-
tory periods, respectively (Tables 2 and 4; Fig. 1). The relationship
between standardized egg mass and August temperature was neg-
ative, however, which does not correspond to our predictions
(Tables 2 and 4).

For C. serpentina our sample comprised 195 clutches from
30 females, and for G. insculpta it comprised 204 clutches from
46 females. We predicted that the recrudescent model would best

Table 3

Models predicting variation in standardized egg mass are ranked for each species
(see Section 2 for a full description of models). Changes in AIC. values between
competing models are identified by AAIC.. Models with the most support are shown
in bold; note that for G. insculpta, because the recrudescent and full models differ
by only a single term, and because the AAIC. is less than 2, the recrudescent model
(with one fewer term) is deemed superior (Burnham and Anderson, 2002, p. 131).

Species Model AAIC,
C. picta Recrudescent 40.3
Full 0
Spring 87.4
C. serpentina Recrudescent 0
Full 1.74
Spring 48.6
G. insculpta Recrudescent 0.98
Full 0
Spring 15.9

predict variation in standardized egg mass of G. insculpta and C. ser-
pentina, and that parameter estimates would be positive for August,
September and October temperatures (Table 2). These predictions
were upheld (Tables 3 and 4; Fig. 2). While our data appear to sug-
gest that, contrary to our predictions, the recrudescent model is
not strongly supported in C. serpentina or G. insculpta (Table 3), the
recrudescent model is, in fact, supported in both species. This is
because the competing full models differ by a single parameter
from the recrudescent model, they have functionally equivalent
AlCc values (AAICc <2), and they also share relatively consistent
parameter values (Table 4). For these three reasons, it would be
inappropriate to consider AAIC. values in isolation in this case, as
the small changes in AAIC. in the full models can be attributed to
the presence of the additional variable (spring temperature) that
improves model fit only due to overfitting, rather than by making
a substantial contribution of information. As such, the extra term
is essentially unimportant (see Burnham and Anderson, 2002, p.
131). Patterns of egg size variation with temperature were, there-
fore, consistent with our hypothesis, as egg size variation was
similar between G. insculpta and C. serpentina (Tables 2 and 4).
This is further evidenced by synchronous among-year egg size
variation in these two species (Fig. 3B), whereas the patterns of
among-year variation for C. picta were unique (Fig. 3A). Annual
data for each species are summarized in Table S2 (see supplemen-
tary data in Appendix A).

Finally, variation in egg mass across years was less pronounced
than variation in clutch size for females of all three species. Coef-
ficients of variation in egg mass were, in fact, very similar for each
species (~6%), whereas the coefficient of variation for clutch size
always exceeded 10% (Table 5).

4. Discussion

Among-year variation in egg size of North American turtles
has been documented in at least five species from three differ-
ent families (Table 1). We suspect that it may be present in the
vast majority of North American populations and species, as stud-
ies of short duration or those which measure proxies of egg size,
such as egg width, are less likely to detect this phenomenon (e.g.,
Mitchell, 1985; Rowe, 1994b). The present study endeavors to
understand why such widespread, among-year variation in egg
size occurs. Specifically, we tested whether in situ relationships
between mean egg mass and temperature in three turtle species
matched the relationships between follicular development and
temperature that have been observed under laboratory conditions
(Ganzhorn and Licht, 1983; Mendonca, 1987; Sarkar et al., 1996).
We used an information-theoretic approach to test our hypothesis,
and our a priori predictions were upheld: we predicted the correct
relationship between egg size and temperature in 10 out of 12
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Table 4
Best-supported models predicting standardized egg mass for each species. Note that ‘t’ is the ratio of 1 standard error (SE) to the slope estimate ().
Species Model AAIC, Parameters B SE t
C. picta Bo 0.297 0.531 0.56
Full - Mpl 0.420 0.057 7.3
Mpl? -0.164 0.036 -4.5
Year —0.007 0.008 -0.82
Cs -0.235 0.027 -8.7
Spring -0.173 0.026 —-6.6
Aug —0.048 0.02 -24
Sept 0.168 0.019 8.6
Oct 0.101 0.026 3.9
C. serpentina Bo -6.76 1.05 -6.4
Recrudescent 0 Kg 0.677 0.107 6.3
Kg? -0.230 0.066 -35
Year —0.008 0.015 -0.54
Cs —0.244 0.070 -35
Aug 0.184 0.044 4.1
Sept 0.220 0.044 5.0
Oct 0.180 0.04 4.5
Bo —6.48 1.12 -5.8
Full 1.74 Kg 0.680 0.107 6.4
Kg? -0.226 0.066 -34
Year —-0.011 0.016 —-0.69
Cs —0.245 0.070 -35
Spring —0.040 0.056 -0.72
Aug 0.202 0.051 4.0
Sept 0.213 0.045 4.8
Oct 0.183 0.04 4.6
G. insculpta Bo -3.634 0.923 -39
Recrudescent 0.98 Mcl 0.387 0.103 3.7
Mcl? —-0.150 0.072 -2.0
Year —-0.016 0.020 -0.83
Cs -0.141 0.048 -29
Aug 0.077 0.040 1.9
Sept 0.128 0.044 29
Oct 0.105 0.042 2.5
Bo -2.74 1.04 -2.6
Full 0 Mcl 0.381 0.103 3.7
Mcl? -0.142 0.071 -2.0
Year -0.016 0.019 —-0.82
Cs —-0.141 0.048 -3.0
Spring -0.066 0.037 -1.8
Aug 0.067 0.040 1.7
Sept 0.129 0.043 3.0
Oct 0.116 0.042 2.8
B
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Fig. 2. Standardized mean egg mass predicted from our models as a function of variation in temperature, all else being equal. (A) “Recrudescent temperature” is the mean
temperature (°C) of ordered sequences of realistic August, September and October values (derived from field minimum and maximum values for each species), weighted by
the absolute values of the parameter estimates of each species’ relevant full model (see Table 4 for parameter estimates). (B) “Preparatory temperature” is spring temperature
(°C), and the range of temperature presented reflects the range observed in the field. Shaded areas around predictive lines are +1 SE of estimates. Models were built with

standardized dependent variables, so the intercepts and the slopes of the relationships between egg mass and temperature can be compared among species.
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Fig. 3. Predicted mean egg mass by year for (A) C. picta, (B) C. serpentina and G. insculpta. For each species, unstandardized egg mass values are derived from (best) model

predictions (Table 3), assuming a constant (mean) body size and clutch size across years.

cases (Table 2, see below), and based on a priori knowledge of
species-specific gonadal cycles (Fig. 1), we predicted the best model
in all three species (Tables 2 and 3). Hence, our data support the
hypothesis that egg size variation - independent of variation in
maternal size and clutch size — occurs because annual variation in
temperature alters the regulation of gonadotropic hormones during
follicular development, which in turn affects the rate of vitellogenin
deposition on developing follicles (Gillet and Quetin, 2006).

However, among-year variation in temperature may also drive
among-year variation in the energy balance of turtles (e.g., Kepenis
and McManus, 1974; Avery et al., 1993). We emphasize that our
analyses cannot discriminate between a direct, regulatory effect of
temperature on follicular development, and an indirect effect of
temperature on egg size acting via variation in resource harvest-
ing and processing rates. Hence, in the present study, we propose
an attractive complementary hypothesis which can account for
among-year changes in egg size, but we do not reject the tradi-
tional view that egg size variation can also be the result of variation
in energy balance, which then affects offspring provisioning.

The traditional view indicates that the positive relationship
between egg mass and the temperature of August, September
and October (Fig. 2A) is indicative of a positive energy balance,
which ultimately results in a greater per-offspring investment (e.g.,
Schwarzkopf and Brooks, 1986; Rowe, 1994a; Tucker et al., 1998).
Indeed, energy allocation to developing follicles may come primar-
ily from harvested resources during recrudescence, as has been
evidenced by a concomitant increase in follicular size and stored
lipids during the recrudescent period (Congdon and Tinkle, 1982).
Negative energy balances may occur when energetic demands
exceed the energy acquired through resource acquisition (Berrigan
and Charnov, 1994; Perrin, 1995), and this may explain why C.
picta exhibited a negative relationship between egg mass and

Table 5

spring temperature (Fig. 2B). In C. picta, half the energy allo-
cated to reproduction is provisioned during the preparatory period
(Fig. 1), and there is apparently very little feeding during this time
(Congdon, 1989; N. Rollinson, pers. obs.). Direct evidence indicates
that females rely entirely on stored lipids to provision developing
follicles during the preparatory period (Congdon and Tinkle, 1982;
Congdon, 1989). Hence, for C. picta, negative energy balances are
likely common during the preparatory period, and warm springs
may result in more pronounced negative energy balances while
follicles complete development. A negative energy balance may
lead to less energy for offspring provisioning, and hence a smaller
egg size (Berrigan and Charnov, 1994; Perrin, 1995). This effect is,
however, expected to be much weaker in G. insculpta and C. ser-
pentina, as follicles have nearly completed development by the end
of recrudescence in these species (Fig. 1), so the energy balance
during the preparatory period can at best have only a small effect
on per-offspring investment. The patterns observed in the present
study are consistent with this mechanism, where strong negative
effects of spring temperature were observed in C. picta, but not in
G. insculpta or C. serpentina (Fig. 2B).

On the other hand, egg size variation may not be related to
variation in harvested resources in our study populations. For
example, C. picta generally harbors extensive lipid stores that are
used for reproduction when environmental conditions are poor
(Congdon and Tinkle, 1982; Congdon, 1989), and studies of emydid
turtles have found, at best, limited evidence of income breeding
(Congdon and Tinkle, 1982; Rollinson and Brooks, 2007; Litzgus
et al., 2008). Therefore, it is not clear why a negative energy bal-
ance in the spring should compromise per-offspring investment
(i.e.,lead to a smaller mean egg size), as lipid stores could buffer egg
size against environmentally induced variation. Hence, a temper-
ature sensitivity of gonadal developmental rate also seems to be a

Egg mass (EM in g) and clutch size (CS) were averaged across years within females, then across all females (A). Paired-samples t-tests were used to compare among-year
variation in EM to among-year variation in CS within females, separately, for each species of turtle. T-tests were performed only on CVs, and not on EM and CS means.

Species EM (SE) CS (SE) CV EM (SE) CV CS (SE) n P

C. picta 6.65 (0.051) 7.32(0.11) 6.16 (0.26) 14.3 (0.70) 134 <0.001
C. serpentina 12.1(0.18) 35.9(1.08) 6.04 (0.43) 10.9(0.81) 30 <0.001
G. insculpta 11.5(0.18) 9.61(0.22) 6.13(0.43) 18.7 (1.73) 39 <0.001

CV, mean coefficient of variation ((o/x) x 100) in EM and in CS within females, among years.

n, number of females (i.e., paired data points) used in each analysis.
SE, standard error.
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reasonable explanation for the population-wide effect we observed
here.

We also identified one line of evidence which suggests that a
direct action of temperature on follicular development is contribut-
ing to among-year variation in egg mass. For C. picta, we found a
weak negative effect of August temperatures on mean egg mass
(Tables 2 and 4), whereas the effect of August temperatures on egg
size of C. serpentina and G. insculpta was positive. This is interest-
ing, because compared to C. serpentina and G. insculpta, the period of
follicular quiescence (the period during which no follicular growth
occurs, and which precedes the late-summer onset of follicular
recrudescence) in C. picta is relatively long and likely extends into
early August (Congdon and Tinkle, 1982). Moreover, the duration
of follicular quiescence across the geographic range of C. picta cor-
relates with the duration of high summer temperatures (Ganzhorn
and Licht, 1983). Hence, if the follicles are responding directly to
temperature-based (vs. nutritionally based) cues - i.e., beginning
their recrudescent period once the temperature drops appreciably
in late summer - an especially warm August may induce a pro-
longed period of follicular quiescence in our population of C. picta,
resulting in a shorter window for follicular recrudescence before
hibernation, and hence a smaller egg size. We would not expect this
particular effect to be present in C. serpentina and G. insculpta, as the
period of follicular quiescence appears to be shorter in these species
(Powell, 1967; Mahmoud and Licht, 1997; Mahmoud and Alkindi,
2008), and hence, their follicular recrudescence lasts longer. Con-
sequently, the mean egg size of C. serpentina and G. insculpta should
be less sensitive to small changes in the timing of the onset of
recrudescence. Our results are consistent with this line of reason-
ing. Furthermore, at our North American study site, warmer August
temperatures likely correlate with improved feeding opportuni-
ties; hence, a negative relationship between summer temperatures
and mean egg size would not be expected if egg size was influenced
solely by nutritional factors.

More broadly, we found that despite clear among-year variation
in egg mass in the present study (Fig. 3; Table S2 in Appendix A),
clutch size was far more variable than egg mass in all species (e.g.,
standardized CS coefficients <0.25 in Table 4; also see Table 5). This
is consistent with predictions under OES, where variation in repro-
ductive output should be realized primarily in terms of clutch size,
and secondarily in terms of egg size (Smith and Fretwell, 1974).
While our results are in concordance with studies which have
shown that egg size varies less than clutch size in turtles (e.g.,
Iverson and Smith, 1993), it is difficult to speculate on the eco-
logical and demographic implications of temperature-induced egg
size plasticity. This is because we still lack a general understanding
of the ecological and evolutionary importance of egg size varia-
tion in most turtle species. For example, in the present study, the
substantial support (]t| > 1.99) for negative quadratic relationships
between body size and egg mass in all species models (Table 4) may
be indicative of genetic correlations among total reproductive effort
and egg size (e.g., Caley et al., 2001; Czesak and Fox, 2003); it could
also point to pelvic aperture constraints (Congdon and Gibbons,
1987; but see Iverson and Smith, 1993; Janzen and Warner, 2009);
or it could even indicate a positive correlation between optimal
egg size and maternal body size (Rollinson and Brooks, 2008a,b).
Similarly, in C. picta, why is egg size in the second clutch smaller
than that of the first clutch (e.g., Iverson and Smith, 1993)? It may
be because offspring from the first clutch spend more time in the
nest cavity and need more energy to overwinter successfully in the
nest (Rollinson and Brooks, 2008a). In other words, the function
relating offspring size to offspring fitness may differ among the
first and second clutches. An alternative explanation is that this
phenomenon also represents a genetic correlation between egg
size and reproductive effort, as second clutch mass is often rela-
tively small (e.g., Iverson and Smith, 1993; Samson, 2003). These

questions and many others cannot be resolved without a better
understanding of the relationship between offspring fitness and
investment per offspring, and how this function differs among envi-
ronments and species. This fitness function is the crux of the issue in
the vast majority of studies that investigate size-number strategies,
but few studies have endeavored to estimate it in turtles (Janzen,
1993; Congdon et al., 1999; Janzen et al., 2000a,b; see also Warner
et al., 2010). While laboratory studies have provided a framework
in which to undertake field investigations of offspring size-number
strategies (e.g., Packard et al., 1987; Janzen and Warner, 2009),
and while descriptive field studies have demonstrated the breadth
of offspring size-number variation both within and among tur-
tle species (e.g., Iverson and Smith, 1993; Wilkinson and Gibbons,
2005), manipulative experiments that are performed during the
hatchling stage are now necessary to estimate the offspring size-
fitness function (and hence optimal egg size) in natural populations
(see Janzen, 1993; Congdon et al., 1999; Janzen et al., 2000a,b).
Without such studies, we will never understand the ecological and
evolutionary significance of egg size variation in turtles.

Our assumptions regarding the direction of the relationship
between temperature and follicular development do, however,
need further validation. Our current predictions rely on two stud-
ies performed on two species of freshwater turtles that tested
follicular growth at two or three different temperatures across a
reproductive season (Ganzhorn and Licht, 1983; Mendonca, 1987;
see also Sarkar et al., 1996). Although the findings were consistent
among species and studies, we do not know the shape of the rela-
tionship between follicular development and temperature, so our
predictions are based on the assumption that there is a linear or
near-linear relationship between follicular development and the
temperatures tested by Ganzhorn and Licht (1983) and Mendonca
(1987). Hence, laboratory tests should expand on these findings
before our hypothesis can be validated. Should laboratory tests con-
firm these original findings over a broader range of temperatures,
then we expect patterns of egg size variation in the field to mirror
patterns of follicular development found in the laboratory in many
other turtle species.

Finally, we note that air temperature is likely a more accu-
rate predictor of body temperature for C. picta, as this species
basks frequently (Krawchuk and Brooks, 1998), and for G. insculpta,
which spend much of their time basking and foraging in forests
and open areas (Dubois et al., 2009). C. serpentina, on the other
hand, spend the vast majority of their time submerged in lakes
and rivers (Brown et al., 1990), so air temperature is likely a less
accurate predictor of body temperature in this species. However,
these interspecific differences in behavior appear to be unimpor-
tant in terms of the ability of air temperature to reflect relative
differences in the overall thermal environment. In our study, we
found that in spite of basking ecology, variations in air temperature
alone predicted significant variations in egg size, consistent with
theoretical expectations. In fact, the phylogeny, basking behavior
and general ecology of C. serpentina and G. insculpta are divergent
(Gaffney and Meylan, 1988; Ernst and Lovich, 2009), but patterns
of egg size variation with temperature are identical in these species
(Tables 2 and 4).

Acknowledgments

We thank J. Horrocks, J. Porter, ].D. Congdon, ]. Iverson and an
anonymous reviewer for their helpful comments on earlier versions
of this manuscript. This study was funded by Natural Sciences and
Engineering Research Council of Canada scholarships and grants
to N. Rollinson and R.G. Farmer, research grants (A5990) to RJ.
Brooks and a Major Facility Access Grant to the Algonquin Wildlife
Research Station. Animal handling was authorized under protocol



168 N. Rollinson et al. / Zoology 115 (2012) 160-169

number 04R064, which was approved by the University of Guelph
Animal Care Committee.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.z00l.2011.10.005.

References

Avery, HW.,, Spotila, ].R., Congdon, ].D., Fisher, R.U., Standora, E.A., Avery, S.B., 1993.
Roles of diet protein and temperature in the growth and nutritional energetics
of juvenile slider turtles, Trachemys scripta. Physiol. Zool. 66, 902-925.

Bates, D., Maechler, M., 2010. Ime4: linear mixed effects models using
S4 classes. R package version 0.999375-35. Available at http://CRAN.R-
project.org/package=lme4.

Bernardo, J., 1996. The particular maternal effects of propagule size, especially egg
size: patterns, models, quality of evidence and interpretation. Am. Zool. 36,
216-236.

Berrigan, D., Charnov, E.L, 1994. Reaction norms for age and size at maturity in
response to temperature: a puzzle for life historians. Oikos 70, 474-478.

Bowden, R.M., Harms, H.K,, Paitz, R.T., Janzen, F.J., 2004. Does optimal egg size vary
with demographic stage because of a physiological constraint? Funct. Ecol. 18,
522-529.

Bowden, R.M.,, Paitz,R.T., Janzen, FJ.,2011. The ontogeny of post maturation resource
allocation in turtles. Physiol. Biochem. Zool. 84, 204-211.

Brooks, R.J., Brown, G.P., Galbraith, D.A., 1991. Effects of a sudden increase in natural
mortality of adults on a population of the common snapping turtle (Chelydra
serpentina). Can. J. Zool. 69, 1314-1320.

Brown, G.P., Brooks, R ., Layfield, ].A., 1990. Radiotelemetry of body temperatures of
free-ranging snapping turtles (Chelydra serpentina) during summer. Can. J. Zool.
68, 1659-1663.

Burnham, K.P., Anderson, D.R., 2002. Model Selection and Multimodel Inference: A
Practical Information-theoretic Approach, 2nd ed. Springer-Verlag, New York.

Cagle, F.R., 1939. A system for marking turtles for future identification. Copeia 1939,
170-173.

Caley, M.J., Shine, R., Schwarzkopf, L., 2001. Does total reproductive effort evolve
independently of offspring size? Evolution 55, 1245-1248.

Callard, L.P., Lance, V., Salhanick, A.R., Barad, D., 1978. The annual ovarian cycle
of Chrysemys picta: correlated changes in plasma steroids and parameters of
vitellogenesis. Gen. Comp. Endocrinol. 35, 245-257.

Congdon, ].D., 1989. Proximate and evolutionary constraints on energy relations in
reptiles. Physiol. Zool. 62, 356-373.

Congdon, ].D., Gibbons, ].W., 1987. Morphological constraint on egg size: a challenge
to optimal egg size theory? Proc. Natl. Acad. Sci. U. S. A. 84, 4145-4147.

Congdon, ].D., Tinkle, D.W., 1982. Reproductive energetics of the painted turtle
(Chrysemys picta). Herpetologica 38, 228-237.

Congdon, ].D., Nagle, R.D., Dunham, AE., Beck, CW., Kinney, O.M., Yeomans, S.R.,
1999. The relationship of body size to survivorship of hatchling snapping tur-
tles (Chelydra serpentina): an evaluation of the “bigger is better” hypothesis.
Oecologia 121, 224-235.

Congdon, ].D., Nagle, R.D., Kinney, 0.M., van Loben Sels, R.C., Quinter, T., Tinkle, D.W.,
2003. Testing hypotheses of aging in long-lived painted turtles (Chrysemys picta).
Exp. Gerontol. 38, 765-772.

Czesak, M.E., Fox, C.W., 2003. Evolutionary ecology of size and number in a seed bee-
tle: genetic trade-offs differ between environments. Evolution 57, 1121-1132.

Dubois, Y., Blouin-Demers, G., Shipley, B., Thomas, D., 2009. Thermoregulation and
habitat selection in wood turtles Glyptemys insculpta: chasing the sun slowly. J.
Anim. Ecol. 78, 1023-1032.

Einum, S., Fleming, I.A., 2000. Highly fecund mothers sacrifice offspring survival to
maximize fitness. Nature 405, 565-567.

Einum, S., Fleming, I.A., 2004. Environmental unpredictability and offspring size:
diversified vs. conservative bet-hedging. Evol. Ecol. Res. 6, 443-455.

Ernst, C.H., Lovich, J.E., 2009. Turtles of the United States and Canada, 2nd ed. Johns
Hopkins University Press, Baltimore, MD.

Fox, C.W., Thakar, M.S., Mousseau, T.A., 1997. Egg size plasticity in a seed beetle: an
adaptive maternal effect. Am. Nat. 149, 149-163.

Gaffney, E.S., Meylan, P.A., 1988. A phylogeny of turtles. In: Benton, M.J. (Ed.), The
Phylogeny and Classification of Tetrapods. Clarendon Press, Oxford, pp. 157-219.

Ganzhorn, D., Licht, P., 1983. Regulation of seasonal gonadal cycles by temperature
in the painted turtle, Chrysemys picta. Copeia 1983, 347-358.

Gelman, A., Hill, J., 2007. Data Analysis Using Regression and Multilevel/Hierarchical
Models. Cambridge University Press, Cambridge.

Gillet, C., Quetin, P., 2006. Effect of temperature changes on the reproductive cycle
of roach in Lake Geneva from 1983 to 2001. ]. Fish Biol. 69, 518-534.

Gould, SJ., Lewontin, R.C., 1979. The spandrels of San Marco and the panglos-
sian paradigm: a critique of the adaptationist programme. Proc. R. Soc. B 205,
581-598.

Hendry, A.P., Day, T., Cooper, A.B., 2001. Optimal size and number of propagules:
allowance for discrete stages and effects of maternal size on reproductive output
and offspring fitness. Am. Nat. 157, 387-407.

Iverson, ].B., Smith, G.R., 1993. Reproductive ecology of the painted turtle (Chrysemys
picta) in the Nebraska sandhills and across its range. Copeia 1993, 1-21.

Iverson, ].B., Higgins, H., Sirulnik, A., Griffiths, C., 1997. Local and geographic vari-
ation in the reproductive biology of the snapping turtle (Chelydra serpentina).
Herpetologica 53, 96-117.

Janzen, FJ., 1993. An experimental analysis of natural selection on body size of
hatchling turtles. Ecology 74, 332-341.

Janzen, FJ., Warner, D.A., 2009. Parent-offspring conflict and selection on egg size
in turtles. J. Evol. Biol. 22, 2222-2230.

Janzen, FJ., Tucker, J.K., Paukstis, G.L., 2000a. Experimental analysis of an early life-
history stage: avian predation selects for larger body size of hatchling turtles. J.
Evol. Biol. 13, 947-954.

Janzen, FJ., Tucker, ]J.K., Paukstis, G.L, 2000b. Experimental analysis of an
early life-history stage: selection on size of hatchling turtles. Ecology 81,
2290-2304.

Kaplan, R.G., Cooper, W.S., 1984. On the evolution of developmental plasticity in
reproductive characteristics: an application of the “adaptive coin-flipping” prin-
ciple. Am. Nat. 123, 393-410.

Kepenis, V., McManus, ].J., 1974. Bioenergetics of young painted turtles, Chrysemys
picta. Comp. Biochem. Physiol. 48A, 309-317.

Krawchuk, M.A,, Brooks, R.J., 1998. Basking behavior as a measure of reproductive
cost and energy allocation in the painted turtle, Chrysemys picta. Herpetologica
54,112-121.

Lawrence, AJ., Soame, ].M., 2004. The effects of climate change on the reproduction
of coastal invertebrates. Ibis 146 (Suppl. 1), 29-39.

Licht, P., Porter, D.A., 1985. In vivo and in vitro responses to gonadotropin releasing
hormone in the turtle, Chrysemys picta, in relation to sex and reproductive stage.
Gen. Comp. Endocrinol. 60, 75-85.

Litzgus, ].D., Brooks, R.J., 1998. Reproduction in a northern population of Clemmys
guttata. ]. Herpetol. 32, 252-259.

Litzgus, ].D., Bolton, F., Schulte-Hostedde, A.L, 2008. Reproductive output depends
on body condition in spotted turtles (Clemmys guttata). Copeia 2008, 84-90.
Mahmoud, LY., Alkindi, A.Y.A., 2008. Reproductive physiology of the snapping turtle.
In: Steyermark, A.C., Finkler, M.S., Brooks, R.J. (Eds.), Biology of the Snapping

Turtle. Johns Hopkins Press, Baltimore, MD, pp. 59-70.

Mahmoud, LY., Licht, P., 1997. Seasonal changes in gonadal activity and the effects
of stress on reproductive hormones in the common snapping turtle, Chelydra
serpentina. Gen. Comp. Endocrinol. 107, 359-372.

Mazerolle, M.J.,, 2010. AICcmodavg: model selection and multimodel infer-
ence based on (Q)AIC(c). Available at: http://cran.rproject.org/web/packages/
AlCcmodavg/index.html.

McGinley, M.A., Temme, D.H., Geber, M.A., 1987. Parental investment in offspring in
variable environments: theoretical and empirical considerations. Am. Nat. 130,
370-398.

Mendonca, M.T., 1987. Photothermal effects on the ovarian cycle of the musk turtle,
Sternotherus odoratus. Herpetologica 43, 82-90.

Mitchell, J.C., 1985. Female reproductive cycle and life-history attributes in a
Virginia population of stinkpot turtles, Sternotherus odoratus. Copeia 1985,
941-949.

Mitchell, J.C., Pague, C.A., 1990. Body size, reproductive variation and growth in the
slider turtle at the northeast edge of its range. In: Gibbons, J.W. (Ed.), Life History
and Ecology of the Slider Turtle. Smithsonian Institution Press, Washington, pp.
146-151.

Olive, P.J.W., 1980. Control of the reproductive cycle in female Eulalia viridis (Poly-
chaeta: Phyllodocodae). J. Mar. Biol. Assoc. U. K. 61, 941-958.

Orzack, S.H., Sober, E., 1994. Optimality models and the test of adaptationism. Am.
Nat. 143, 361-380.

Packard, G.C., Packard, M.J., Miller, K., Boardman, T.J., 1987. Influence of moisture,
temperature, and substrate on snapping turtle eggs and embryos. Ecology 68,
983-993.

Perrin, N., 1995. About Berrigan and Charnov’s life history puzzle. Oikos 73,
137-139.

Powell, B.C., 1967. Female sexual cycles of Chrysemys picta and Clemmys insculpta in
Nova Scotia. Can. Field Nat. 81, 134-140.

Rollinson, N., Brooks, R.J., 2007. Proximate constraints on reproductive output in
a northern population of painted turtles: an empirical test of the bet-hedging
paradigm. Can. J. Zool. 85, 177-184.

Rollinson, N., Brooks, R.J., 2008a. Sources and significance of among-individual
reproductive variation in a northern population of painted turtles (Chrysemys
picta). Copeia, 533-541, 2008.

Rollinson, N., Brooks, R.J., 2008b. Optimal offspring provisioning when egg size is
‘constrained’: a case study with the painted turtle Chrysemys picta. Oikos 117,
144-151.

Rollinson, N., Hutchings, J.A., 2011. Body size-specific maternal effects on the off-
spring environment shape juvenile phenotypes in Atlantic salmon. Oecologia
166, 889-898.

Rollinson, N., Tattersall, G.J., Brooks, R.J., 2008. Overwintering habitats of a northern
population of painted turtles (Chrysemys picta): winter temperature selection
and dissolved oxygen profiles. J. Herpetol. 42, 312-321.

Roosenburg, W.M., Dunham, A.E. 1997. Allocation of reproductive output:
egg and clutch-size variation in the diamondback terrapin. Copeia 1997,
290-297.

Rowe, J.W., 1994a. Reproductive variation and the egg size—clutch size trade-off
within and among populations of painted turtles (Chrysemys picta bellii). Oecolo-
gia 99, 35-44.

Rowe, J.W., 1994b. Egg size and shape variation within and among Nebraskan
painted turtle (Chrysemys picta bellii) populations: relationships to clutch and
maternal body size. Copeia 1994, 1034-1040.


http://dx.doi.org/10.1016/j.zool.2011.10.005
http://cran.r-project.org/package=lme4
http://cran.rproject.org/web/packages/AICcmodavg/index.html
http://cran.rproject.org/web/packages/AICcmodavg/index.html

N. Rollinson et al. / Zoology 115 (2012) 160-169 169

Rowe, J.W., Coval, K.A., Campbell, K.C., 2003. Reproductive characteristics of female
midland painted turtles (Chrysemys picta marginata) from a population on
Beaver Island, Michigan. Copeia 2003, 326-336.

Samson, J., 2003. The Life History Strategy of a Northern Population of Midland
Painted Turtles, Chrysemys picta. M. Sc. Thesis. University of Guelph. Guelph,
Ontario, Canada.

Sarkar, S., Sarkar, N.K,, Das, P., Maiti, B.R.,, 1996. Photothermal effects on ovarian
growth and function in the soft-shelled turtle Lissemys punctata punctata. J. Exp.
Zool. 274, 41-55.

Schwanz, LE., Janzen, FJ., 2008. Climate change and temperature-dependent sex
determination: can plasticity in maternal nesting behavior prevent extreme sex
ratios? Physiol. Biochem. Zool. 81, 826-834.

Schwarzkopf, L., Brooks, R.J., 1986. Annual variations in reproductive characteristics
of painted turtles (Chrysemys picta). Can. J. Zool. 64, 1148-1151.

Sinervo, B., Licht, P, 1991. Proximate constraints on the evolution of
egg size, number, and total clutch mass in lizards. Science 252,
1300-1302.

Smith, C.C,, Fretwell, S.D., 1974. The optimal balance between size and number of
offspring. Am. Nat. 108, 499-506.

Tucker, J.K., Paukstis, G.L., Janzen, F.J., 1998. Annual and local variation in reproduc-
tion in the red-eared slider, Trachemys scripta elegans. ]. Herpetol. 32, 515-526.

Wallis, L.R., Henen, B.T., Nagy, K.A., 1999. Egg size and annual egg production by
female desert tortoises (Gopherus agassizii): the importance of food abundance,
body size, and date of egg shelling. ]. Herpetol. 33, 394-408.

Warner, D.A,, Jorgenson, C., Janzen, F.J., 2010. Maternal and abiotic effects on egg
mortality and hatchling size of turtles: temporal variation in selection over seven
years. Funct. Ecol. 24, 857-866.

Weber, S.B., Blount, ].D., Godley, B]J., Witt, M., Broderick, A.C., 2011. Rate of egg
maturation in marine turtles exhibits ‘universal temperature dependence’. ].
Anim. Ecol. 80, 1034-1041.

White, J.B., Murphy, G.G., 1973. The reproductive cycle and sexual dimorphism of
the common snapping turtle, Chelydra serpentina. Herpetologica 29, 240-246.

Wilkinson, L.R., Gibbons, J.W., 2005. Patterns of reproductive allocation: clutch and
egg size variation in three freshwater turtles. Copeia 2005, 868-879.



	Widespread reproductive variation in North American turtles: temperature, egg size and optimality
	1 Introduction
	2 Materials and methods
	3 Results
	4 Discussion
	Acknowledgments
	Appendix A Supplementary data
	Appendix A Supplementary data


