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Abstract

ALLMAN, PHILLIP E., Ph.D., June 2006. Biological Sciences

CONSEQUENCES OF EGG SIZE ON HATCHLING ENERGETICS IN THE

DIAMONDBACK TERRAPIN, MALACLEMYS TERRAPIN: A GEOGRAPHIC

COMPARISON (133 pp.)

Director of Dissertation: Willem M. Roosenburg

Organisms typically show phenotypic variation across environmental conditions,
and in wide-ranging species, this variation is often explained through local adaptation
theory. Whether the differences result from evolution or individual plasticity, the
variation is often hypothesized to increase the fitness of individuals in that environment.
Egg size in oviparous reptiles often varies among populations and can significantly
influence key life history traits such as offspring size, growth, sex, survivorship, and
ultimately individual fitness. Therefore, understanding the evolution of egg size and
clutch size among populations of a single species is central to life history theory. This
dissertation examines the energetic consequences of egg size among three populations of
the diamondback terrapin, Malaclemys terrapin, along a latitudinal gradient. The
primary goal was to identify the physiological mechanisms that explain the significance
of egg size variation in this long-lived ectotherm.

Specifically, I asked the following questions: 1) Does the quantity or component
proportions of energetic lipids in the egg yolk vary among populations, 2) What are the

consequences of incubation temperature and egg size on hatchling size, growth,



energetics, and survivorship when raised in different conditions, and 3) What is the rate at
which hatchling turtles utilize residual energy stores for six months after hatching.

Female terrapins in northern populations lay relatively small eggs in large
clutches whereas, in southern populations, they deposit larger eggs in small clutches. The
larger eggs from southern populations have a higher proportion of energetic lipid stores,
and under similar incubation conditions, these eggs produce larger hatchings with a
higher proportion of residual energy stores. However, these hatchlings also have a higher
maintenance metabolism and utilize the energy stores at a faster rate. In warmer climate
conditions, the larger turtles grow faster than smaller turtles with less residual yolk.
Additionally, these larger turtles have a higher survivorship. Consequently, I suggest
females that deposit larger eggs in southern climates are favored through increased
survivorship afforded to the offspring, whereas females that deposit small eggs in
northern populations are favored through selection on fecundity.
Approved:
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The Evolution of Life Histories

Darwin (1859) described the evolution of a species through natural selection as a
process that results in traits that make populations better adapted for their environment
through differential survival and reproductive success. Variation among traits results in
some individuals with higher fecundity or survivorship than others, thereby increasing the
frequency of the selected trait in the population. Demographic traits that influence
reproduction or survival are defined as life history traits and these traits have important
implications for the evolution of the species (Roff, 1992; Stearns, 1992). For example,
lifetime reproductive success is influenced by such life history traits as age at maturity,
size at maturity, and reproductive investment. Life history traits also influence
population dynamics through the effects on age at maturity, growth rates and
survivorship (Lande, 1993; Denney et al. 2002). Thus, studying life history variation is
germane to understanding natural selection in wild populations.

For organisms that are resource limited, adaptive variation in phenotypes can
increase resource harvesting, processing or allocation to maximize survivorship and
reproduction in that environment (Ricklefs and Miller, 2000). However, because energy
allocated to one function cannot be simultaneously allocated to another, a tradeoff exists
between functions competing for a similar resource. For example, an increase in the
number of offspring produced by an organism may contribute to fitness by increasing
fecundity, but it may result in reduced offspring size, future fecundity, or survival of the
parent (Stearns, 1992; Schwarzkopf, 1993). Because breeding takes time and resources
from other activities, investment in offspring generally diminishes the parent’s survival

and in many cases, rearing offspring drains the parent’s resources such that fewer
y 5
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offspring are produced later. These tradeoffs are central to life history theory and are

often used to explain deviations from unrealized optimal conditions.

Identifying the mechanisms and evolutionary significance of tradeoffs are the
main topics of life history studies. The physiological mechanisms that underlie life
history tradeoffs can help one identify the functional interactions among the life history
traits and the influence of proximate environmental factors. In many cases, these
tradeoffs result from the constraint of limited internal resources that cannot be
simultaneously allocated to competing demands (Dunham, 1989; Zera and Harshman,
2001). For example, if the internal energy reserves allocated to current reproduction
limits the amount of resources available for growth, a physiological tradeoff exists
between reproduction and growth (Reznick, 1983). Traditionally, studies of life history
tradeoffs have concentrated on how the limited energy is allocated to reproduction,
maintenance metabolism, growth, and storage within a single species or across related
species (Townsend and Calow, 1981; Congdon et al. 1982).

An organism’s life history can be viewed as a set of allocation rules that are based
on the organism’s interaction with the biophysical, resource, predation, and demographic
environments (Dunham et al. 1989). Variation in life history traits is often associated
with the influence these environments have on the genetic instructions that produce the
phenotype (Wilbur et al. 1974; Ricklefs and Wikelski, 2002). The environment exerts an
influence at all life stages, thus creating variation in the phenotype, performance, and
ultimately fitness of the organism (Arnold, 1983; Ricklefs and Wikelski, 2002) (Figure
1.1). Natural selection operates as a feeback such that variation in reproductive success

among different genotypes results in changes in the genetic composition of the population
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(evolutionary change). For example, variation in environmental conditions have been

associated with changes in reproductive output (Ricklefs, 1997), growth (Tinkle and
Dunham, 1986; Gebhardt-Henrich and Richner, 1998) and survivorship (Aday et al.
2003). However, variation in life history traits may also result directly from plasticity
among environmental conditions (Roff, 1992; Stearns, 1992). Whether the differences
result from evolutionary changes or plasticity, the variation is assumed to increase the

fitness of individuals in that environment (Berven and Gill, 1983).

Maternal Investment and the Evolution of Egg Size

A fundamental life history tradeoff involves the maternal allocation of energy
available for reproduction into successful offspring that maximizes the reproductive
success of the female (Trivers, 1974). Two evolutionary processes influence the number
and size of offspring: 1) selection favoring females that produce the greatest number of
offspring (sensu Lack, 1947), and 2) selection favoring females that produce larger
offspring (Trivers, 1974; Godfray et al. 1991). However, because of limited resources,
reproduction requires resources to be allocated among the competing demands of
investing in more offspring or investing more to each offspring (Stearns, 1992). By
investing equally in the offspring of a single reproductive event, a female potentially
maximizes her fitness and those of her offspring (Smith and Fretwell, 1974). Optimal egg
size (OES) theory predicts that there is an optimum amount of resources that organisms
should invest in each offspring within a given environment (Smith and Fretwell, 1974;
Brockelman, 1975; McGinley et al. 1987) (Figure 1.2). However, offspring size often
shows considerable variation within species (Garland and Adolph, 1991). Intraspecific

variation in offspring size may be due to differences in optimal conditions among
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environments or may reflect nutritional or physical constraints on the resources invested

to each offspring (Christiansen and Fenchel, 1979; Congdon and Gibbons, 1987). An
optimal egg size, in part, is based on the survival advantage given to larger offspring that
are produced under the constraint of a finite amount of resources. Therefore, if larger
offspring have higher survivorship, then those offspring may offset the cost to the female
for producing fewer offspring. However, any factor that changes the relationship
between offspring size and probability of survival may influence the optimal egg size.
Such factors include predation rate, food availability, and the biophysical environment
(Bertram and Strathmann, 1998; George, 1999).

In oviparous reptiles, the egg represents the majority of the female’s reproductive
investment and larger eggs, typically, represent a larger investment per offspring
(Ricklefs and Burger, 1977; Congdon et al. 1983b; Sinervo, 1993; Roosenburg and
Dennis, 2005). Minimally, the eggs must contain sufficient energy for development and
maintenance of the embryo (PIE), and provide post-hatching energy for maintenance and
possibly growth of the hatchling (PIC) before feeding is initiated (Congdon, 1989). For
many species, particularly turtles, the residual yolk and hatchling fat reserves constitute
post-hatchling parental care and provide the energy for post-hatching dispersal and
maintenance.

A major feature of reptile eggs is the high initial lipid content in the yolk
(Congdon and Gibbons, 1985). Lipids comprise 27% of the dry yolk mass in the lizard
Morethia boulengeri (Manolis et al. 1987) and as much as 43% in the snake
Spalerosophis diadema (Ar et al. 2004). Lipids make up 40.7% of the yolk mass in the

turtle Trachemy scripta (Caudle, 1984). Yolk lipid is the major energy source for the
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developing embryo and provides nutritionally important components for tissue

development and growth (Romanoff, 1960). Two lipid types serve these functions and
their distinction is imperative to fully understanding lipid use during embryogenesis.

Lipids are heterogeneous substances that are insoluble in water but soluble in
organic solvents. They include long-chain hydrocarbons and fatty acids that vary in
complexity and size of the long chain bases. Non-polar lipids (neutral lipids) contain one
or two fatty acid complexes per molecule and polar lipids contain more than three
complexes. Non-polar lipids include triglycerides, cholesterols, fatty acids, and
phosphoglycerides. The triglycerides represent the energetic lipid component of the yolk
and provide the primary energy source for the developing embryo. The polar lipids
represent the structural lipids that are used to build cell membranes during
embryogenesis.

The maternal investment to an individual offspring includes the yolk mass that
provides the required nutrients to complete development. Depletion of the yolk lipids
during embryogenesis will determine how much are available to the individual after
hatching. Environmental conditions such as incubation temperature and humidity can
influence the rate of lipid consumption, but unfortunately, little information is available

on the rate of lipid use after hatching and how that affects hatchling fitness.

Egg Size Variation in Ectotherms

Selection on offspring size varies across time and space and may result in a
significant amount of egg size variation among populations of a single species (Mousseau
and Roff, 1987; Fox and Czesak, 2000; Messina and Fox, 2001). Much of this variation

is associated with differences in female body size, but differences remain after
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accounting for maternal body size. For example, the lizard Anolis carolinensis in central

Florida has a mean egg mass of 0.15 g whereas a population in Tennessee has a mean egg
mass of 0.28 g (Michaud and Echternacht, 1995). Although adult females are larger in
Tennessee, regression analysis clearly indicates the eggs are disproportionately larger
than would be expected from allometry alone. In a widespread iguanid lizard, Sceloporus
occidentalis, egg size decreases with latitude and altitude (Sinervo, 1990). By
experimentally manipulating egg size, Sinervo (1990) was able to demonstrate that many
traits associated with fitness such as sprint speed are affected by egg size, but that other
traits, such as growth, reflect genetic differentiation among populations. Sinervo and
McEdward, (1988) suggested that evolutionary changes in maternal investment per
offspring influences offspring fitness traits that are related to size. To understand the
causal relationships among egg size, offspring size, offspring fitness and how they may
vary across different environments, we should employ a comparative approach that
evaluates the underlying physiological constraints and energetic needs among
populations. Turtles provide an excellent system to address the evolution of egg size and
the question of optimization to local environments.

Many species of turtles exhibit decreasing egg size with increasing latitude.
Female Trachemys scripta in Panama lay ellipsoidal eggs of 42 X 29 mm with a mean
mass of 20.6 g (Moll and Legler, 1971), whereas females in Louisiana deposit eggs of 38
X 23 mm in size and 17.1 g in mass (Cagle, 1950). Additionally, individuals from a
population in Illinois deposit 6.1 X 15.4 mm eggs with an average mass of 9.7 g (Cagle,
1944). Iverson et al. (1997) reported that Chelydra serpentina egg size decreases with

latitude, but this effect is absent when corrected for female size. Seigel (1980) suggested
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a cline in Malaclemys terrapin egg size from 7.7 g in New Jersey to 12.5 g in Florida.

Most hypotheses that attempt to explain latitudinal egg size variation focuses on how
environmental conditions may alter the relationship between hatchling size and
survivorship, thus creating variation in the expected optimal egg size (Figure 1.2).

One such hypothesis poses that in temperate regions productivity is higher in the
spring months than in the tropics, so reproduction would be less resource-limited and
females can convert more energy into more, or larger, young during spring (Cody, 1966;
MacArthur, 1972). This hypothesis fits the latitudinal trend in some turtles (Iverson et al.
1993), but many turtles only found in temperate regions possess this trend. This
hypothesis does not explain why resources wouldn’t be directed into increasing egg size
and investment per offspring instead of increasing the number of offspring.

Another hypothesis predicts that decreased predation risk at cooler temperatures
(Pianka, 1988) will favor females that produce more hatchlings since the reduced
predation pressure eliminates the advantage of producing larger offspring. This assumes
that small eggs have the same long-term fitness as larger eggs. Iverson and Smith (1993)
indicated that size-selective predation on turtle hatchlings is rare in the painted turtle
(Chrysemys picta), therefore this hypothesis does not explain clines in egg size variation.

A final hypothesis relates egg size to the length of incubation and the duration of
suitable environmental conditions for embryonic development. The primary prediction is
that shorter summers at higher latitudes require embryos to develop faster (Iverson et al.
1993). Ewert (1979) demonstrated that incubation times for turtle eggs are shorter at
high latitudes and at least one study has shown small turtle eggs hatch sooner than larger

eggs of a particular species (Packard et al. 1989). Conversely, large eggs are favored at
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high latitudes in the frog Rana temporaria because they produce faster growing tadpoles

that can metamorphose sooner (Cummins, 1986). Although there is some support for this
hypothesis, other factors such as nest site choice need to be accounted for in the
correlation of egg size and incubation time.

Explaining egg size variation in ectotherms has been a target of both empirical
and theoretical studies attempting to understand the tradeoff of egg size and clutch size
within the framework a local adaptation hypothesis. Unfortunately, only a few studies
have attempted to identify the physiological or demographic mechanisms behind such

intraspecific variation in egg size.

Chapter Summaries

Oviparous reptiles deposit energy-rich eggs, with varying amounts of albumen,
yolk, and other components, into the terrestrial environment where embryonic
development is completed. Thus, eggs are deposited in unpredictable environments
where the female has minimal post-ovipositional control over the conditions in which the
embryos will develop. Conditions such as temperature and humidity influence the
embryo’s water budget, energy utilization, incubation duration, hatchling mass, and
hatchling survivorship (Booth, 1998; Rhen and Lang, 1999; Congdon, 1990). Therefore,
hatchlings from diverse environments may have different energy requirements and
require different amount of resources from the yolk to survive. If so, egg size may be
under strong selection that may lead to local adaptation that optimizes the hatchling
resource demand to maximize offspring size, growth, and/or survivorship in the exposed

environment.
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The diamondback terrapin, Malaclemys terrapin, is a good model system for

studying egg size variation in long-lived ectotherms. This species has a broad geographic
range, occurring along the eastern and southern coasts of the United States, and only
inhabits the coastal estuaries and saltwater marshes. There is substantial variation in the
abiotic environment throughout their range, however because they are coastal, there are
no confounding climate factors associated with altitude or continental patterns.
Individual turtles show high site fidelity and increased genetic differentiation with
geographical distance (Hauswaldt and Glenn, 2005). Additionally, this species exhibits
considerable variation in life history traits among populations. For example, females in
southern populations have a smaller adult body size than females in northern populations
(Montevecchi and Burger, 1975). Egg size is uniform within a clutch (Roosenburg and
Dennis, 2005), but varies among clutches and populations (Seigel, 1980). Females will
deposit multiple clutches of eggs throughout a nesting season. For many populations,
females are known to nest as many as three times within a single season (Seigel, 1980;
Roosenburg, 1994; Butler, 2000). The terrapin nesting season varies with latitude such
that nesting season is shifted earlier in the year in southern populations and is later in the
year for northern populations (Seigel, 1980; Butler, 2000; Feinburg and Burke, 2003).

In this dissertation, I present differences in egg size and clutch size from three
populations of diamondback terrapins and describe the variation in non-polar lipids
(NPL) and lipid components from those populations (Chapter 2). Next, I explore the
consequences of variation in yolk lipid has on hatchling energetics (Chapters 3 & 5),
growth (Chapter 4), and survivorship (Chapter 4) among eggs incubated at different

temperatures.
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First, I describe variation in egg mass, length, width, and volume from eggs

collected in Rhode Island (RI), Maryland (MD), and South Carolina (SC) during the
beginning of the nesting season for each site (Chapter 2). Egg size and clutch size
differed among populations indicating females produce larger clutches with smaller eggs
at high latitudes and small clutches of larger eggs at lower latitudes. Lipid analysis also
indicated that eggs from SC contained yolks with a higher proportion of NPLs than eggs
from MD or RI. Therefore, female terrapins in SC are depositing larger eggs that contain
a larger energy source to the developing embryo. The major component of the yolk lipids
was triacylglycerol (energetic lipid) for all populations. However the proportion of
triacylglycerol varied with population, demonstrating the necessity of quantifying lipid
components when asking energetic questions. These data indicate a strong shift in
reproductive strategy where females in northern populations invest in higher fecundity
and females in southern populations, through increased egg size and energy reserves,
invest in larger offspring.

Because environmental conditions, such as incubation temperature, can influence
patterns of hatchling development, the remaining chapters explore the consequences of
egg size and environmental conditions on hatchling energetics and fitness traits. In
Chapter 3, I examine the consequences of egg size and incubation temperature on
hatchling size, energy reserves, and sex among eggs collected from RI, MD, and SC. For
all populations, incubation period decreased with incubation temperature, however an
interaction effect indicates the influence is population specific. Hatchling mass decreased
and NPL mass increased with incubation temperature for all populations. The smaller

eggs from RI produced hatchlings of smaller size and with less energy stores at all
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incubation temperatures than eggs from MD or SC. My data indicate larger eggs produce

larger hatchlings that contain more energy reserves that may be used for maintenance
metabolism or growth. Substrate temperatures measured in the field suggest eggs in
southern populations are incubating at higher temperatures that will produce a relatively
smaller hatchling with higher energy stores. If the available energy reserve provides a
fitness advantage to the offspring, then it is likely that the energetic demand of the
hatchling may explain latitudinal variation in egg size (energetic constraint hypothesis).
To examine if egg size variation can be at least partially explained through the
environmental influence of hatchling energetics, I conducted a common-garden
experiment where hatchlings from RI, MD, and SC incubated at 27° C, 28.5° C, or 30° C
were randomly assigned to growth rooms that mimicked the water temperature and light
cycle of RI (cold room), MD (warm room), or SC (hot room) (Chapter 4). For all
incubation temperatures, hatchlings from SC had a higher mass-specific metabolic rate,
indicating neonates from SC have a higher maintenance energetic demand. Additionally,
the RMR increased with incubation temperatures, suggesting that warmer incubation
temperatures in SC will further increase the neonate’s energetic demands. All hatchlings
in the hot growth room grew to a larger size than the warm or cold growth room;
however, since I mimicked the actual temperatures, hatchling mass decreased throughout
the study in a population-specific pattern. Hatchlings from Rhode Island in the hot room
lost the most mass during the six month study. Interestingly, after three months of
growth in the warm and cold room, population source or hatchling size did not influence

the rate of mass change each month. Furthermore, survivorship was high throughout the
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study, however survivorship in hatchlings from Rhode Island decreased after four months

in the hot room.

In chapter five I examine the influence of environmental conditions on the rate at
which turtles utilize residual energy stores for six months after hatching. For each
population, hatchlings raised in the hot treatment room utilized residual energy stores at a
faster rate than hatchlings in the cold treatment room. Additionally, hatchlings from SC
eggs maintained a higher amount of energy stores than hatchlings from RI or MD. The
pattern of growth among treatment groups suggest some of the energy stores are being
allocated toward growth as well as maintenance metabolism.

In summary, I have demonstrated that incubation conditions and post-hatching
environmental conditions influence the energetics of embryonic and hatchling turtles.
Populations in southern climates are exposed to warmer conditions than populations in
northern climates. This warmer climate results in hatchlings with a higher metabolism
and rate of energy utilization. In this climate, larger eggs that produce larger hatchlings
with more energy stores are favored through increased survivorship over smaller
hatchlings. In northern climate conditions, larger hatchlings do not have a growth or
survivorship advantage over smaller hatchlings. Therefore, these data support the
energetic constraint hypothesis which states that females that deposit large eggs in
southern climates are favored through increased offspring fitness, whereas females that

deposit small eggs in northern climates are favored through increased fecundity.
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Introduction

Oviparous reptiles deposit eggs that must provide sufficient energy to cover the
metabolic cost of producing a fully developed hatchling, and in turtles, the egg includes
significant post-hatching energy stores. The yolk contains most of the material utilized
by the developing embryo although water, oxygen, and a few inorganic ions are required
from outside of the egg (Thompson, 1989). Protein and lipid material (1:2 ratio) make up
over 90% of the yolk’s dry mass (Noble, 1991; Thompson et al. 2001). The remaining
dry yolk materials are composed of inorganic ions, water-soluble vitamins, and
carbohydrates (Speake and Thompson, 1999). Triacylglycerols, phospholipids,
cholesterols, and cholesteryl esters are the major lipid classes in reptile yolks.
Triacylglycerol comprises from 70% to 87% of the total lipids in reptile eggs (Ballinger
et al. 1992; Nagle et al. 1998) and is the primary energy source for the developing
embryo (Derickson, 1974; Congdon and Tinkle, 1982).

With the exception of the energy used for choosing a nest site, chelonian eggs
contain all the energy allocated by the female to each offspring. The egg provides energy
for parental investment in embryogenesis (PIE) and energy for parental investment in
care (PIC) (Congdon, 1989). Residual yolk and hatchling fat bodies constitute PIC that is
used for post-hatching maintenance and dispersal. Also, because most turtles hatch at the
end of the resource-rich growing season, PIC may provide enough energy to survive
through the period of negative energy balance (Nagle et al. 1998) to the upcoming spring.
The egg represents the majority of the female’s reproductive investment and larger eggs,
typically, represent a larger maternal investment per offspring (Ricklefs and Burger,

1977; Congdon et al. 1983b; Roosenburg and Dennis, 2005). When incubation
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conditions, such as increased temperatures, require more energy to complete

embryogenesis, less energy reserves are available for the hatchling (Congdon and
Gibbons, 1990; Thompson et al. 1999; Lance and Morafka, 2001).

In many oviparous reptiles, egg size influences offspring fitness traits such as
hatchling size (Sinervo and Huey, 1990; Roosenburg and Kelley, 1996), swimming speed
(Miller et al. 1987; Miller, 1993), and running speed (Sinervo and Huey, 1990). Janzen
et al. (2000) provided evidence that larger red-eared slider (Trachemys scripta) offspring
have higher survivorship during post-emergence migration, suggesting females may
increase offspring fitness by producing larger offspring. The benefit of larger offspring
size may be improved locomotor performance that enhances the ability to escape
predators. However, at least one long-term experiment indicated hatchling survival was
not correlated with body size in the snapping turtle, Chelydra serpentina (Congdon et al.
1999). Thus, there may be situations where there is no benefit to larger offspring size
(Ferguson and Fox, 1984; Laurie and Brown, 1990). For example, when predation and
competition pressures are reduced, the benefits provided larger individuals of the lizard
Uta stansburiana are lost (Fox, 1983)

An alternative mechanism for increasing offspring fitness is to increase the
amount of energy reserves provided to the hatchling (Congdon, 1989, Nagle et al. 1998).
Bobyn and Brooks (1994) showed intermediate sized snapping turtle hatchlings that had
greater yolk reserves grew faster and survived longer in captivity. Experimental yolk
reductions have resulted in reduced yolk sack in birds (Finkler et al. 1998) and smaller
lizard hatchlings (Sinervo and Huey, 1990). Additionally, in a comparison of 12 turtle

species, Congdon and Gibbons (1985) suggested turtle species that overwinter in the nest
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cavity allocate proportionately more lipid to the eggs than do species that emerge in the

fall, however Nagle et al. (1998) did not see this pattern in kinosternid turtles.

The diamondback terrapin, Malaclemys terrapin, is a wide-ranging emydid turtle
that has a semi-continuous range from the northeast United States coast to the Texas
coast. The terrapin exhibits geographic variation in reproductive traits (Seigal, 1984;
Roosenburg, 1994) that may be a result of local adaptation to environmental conditions.
Terrapin egg size varies among clutches within a single population but varies little within
a clutch (Roosenburg and Dunham, 1997). In the present study, I examined egg size
variation from three populations along a latitudinal gradient. I also characterize the
relationships between egg wet mass, dry mass, water content, non-polar lipids (NPL)
(energetic lipids), and lean dry mass across different populations and throughout a
complete nesting season. Water content, non-polar lipids, and lean dry mass are known
to increase with egg size in a single population (Roosenburg and Dennis, 2005), however
these components have not been compared among populations or throughout the nesting
season. Finally, I also show the lipid class proportions of eggs from different
populations to determine if females allocate a different proportion of storage lipid

components in different populations.

Materials and Methods

I located terrapin nests during the 2004 nesting season on Grice Island, South
Carolina (32°47°N, 79°56’W), Patuxent River, Maryland (38°27°N, 76°39°W), and
Nokum Hill, Rhode Island (41°45N, 71°31°W). Nests that were less than 12 hours old,
determined by fresh tracks and the presence of unchalked eggs, were excavated to count,

measure (length and width to the nearest mm), and weigh (to the nearest 0.1 g) each egg.
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I calculated egg volume using the ellipsoid formula [volume = (1/6) (length) (width?)]

(Iverson and Ewert, 1991). From MD and RI, I randomly froze (-20° C) two eggs from a
subset of clutches for lipid analysis. In SC, due to small clutch sizes, only one egg from a
subset of clutches was collected and frozen (-20° C). Furthermore, because it was
difficult to locate fresh nests in South Carolina, I captured gravid females and induced
oviposition using oxytocin injections within 48 hours of capture (Ewert and Legler,
1978). All eggs were collected at the beginning of nesting season (RI: June 20, MD: June
1, SC: May 20) and in less than a two week period for each population, thus a different
female produced each clutch and the nests most likely represent the first clutch of the
season for that female.

I also collected thre