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Abstract

Relationships between egg size, egg components, and neonate size have been investigated across a wide range of oviparous taxa. Differences in
egg traits among taxa reflect not only phylogenetic differences, but also interactions between biotic (i.e., maternal resource allocation) and abiotic
(i.e. nest environment conditions) factors. We examined relationships between egg mass, egg composition, and hatchling size in leatherback turtles
(Dermochelys coriacea) because of the unique egg and reproductive characteristics of this species and of sea turtles in general. Albumen
comprised 63.0%±2.8% (mean±S.D.) of egg mass and explained most of the variation in egg mass, whereas yolk comprised only 33.0%±2.7%.
Additionally, leatherback albumen dry mass was ∼16% of albumen wet mass. Whereas hatchling mass increased significantly with egg mass
(n=218 clutches), hatchling mass increased by only approximately 2 g for each 10 g increase in egg mass and was approximately 10–20 g greater
than yolk mass. Taken together, our results indicate that albumen might play a particularly significant role in leatherback embryonic development,
and that leatherback eggs are both capable of water uptake from the nest substrate and also possess a large reservoir of water in the albumen.
Relationships between egg mass and egg components, such as variation in egg mass being largely explained by variation in albumen mass and egg
mass containing a relatively high proportion of albumen solids, are more similar to bird eggs than to eggs of other non-avian reptiles. However,
hatchling mass correlates more with yolk mass than with albumen mass, unlike patterns observed in bird eggs of similar composition.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Patterns of maternal investments in egg components affect
neonate size and quality in oviparous animals. Specifically, egg
yolk provides energy and building materials to facilitate
embryogenesis, while albumen contributes water and proteins
with antimicrobial, water storage, and nutritive properties to the
developing embryo (Sotherland and Rahn, 1987; Vleck, 1991;
Palmer and Guillette, 1991). Relationships between egg size,
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yolk size, and neonate size have been investigated in several
oviparous taxa, including insects, non-avian reptiles, and birds
(Roff, 1992). In general, neonate size increases with egg size,
and increased egg size is usually correlated with increased yolk
size (Congdon et al., 1983; Wilhoft, 1986; Sotherland and Rahn,
1987; Roff, 1992; Finkler and Claussen, 1997), but albumen
contributes most to variation in size of eggs of many bird
species (Sotherland et al., 1990; Hill, 1995).

Relative proportions of yolk and albumen allocated to eggs
differ among oviparous vertebrates according to various factors.
For example, altricial bird eggs have a lower fraction of yolk in
egg contents (FYC) and thus higher fractions of albumen
content (FAC) and water content (FWC) than do precocial bird
eggs (Sotherland and Rahn, 1987). Thus, altricial hatchlings
have a higher relative water composition and probably derive a
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higher proportion of solids and water from egg albumen than do
precocial hatchlings. In contrast, eggs of most non-avian
reptiles exhibit relatively higher FYCs and lower FACs than
do bird eggs, and albumen in non-avian reptile eggs consists of
b5% solids (Tracy and Snell, 1985; Wilhoft, 1986; Finkler and
Claussen, 1997; Ar et al., 2004), whereas bird egg albumen
consists of N10% solids (Sotherland and Rahn, 1987; Deeming,
1991). Therefore, patterns of egg composition in different
oviparous groups reflect differences in evolutionary history and
have important impacts on embryonic development across taxa
(Deeming, 1991; Ar et al., 2004).

Egg characteristics reflect not only patterns of maternal
resource provisioning to eggs and clutches but also conditions of
the nest environment in which embryos develop and from which
hatchlings emerge. Tracy and Snell (1985) hypothesized
phylogenetic differences in egg characteristics between ‘ecto-
hydric’ eggs, in which embryos typically depend on water
acquired from the environment outside the eggshell (e.g., those
of most non-archosaur reptiles), and ‘endohydric’ eggs, into
which females allocate sufficient water to support embryogen-
esis (e.g., those of birds and crocodilians). Therefore, both
maternal investment in egg components and conditions of deve-
lopmental environments determine biotic and abiotic influences
on embryonic development, respectively.

Among oviparous reptiles, sea turtles have the highest absolute
reproductive outputs, laying several clutches of 50–130 eggs per
reproductive season (egg masses between 27 and 80 g each),
depending on species (Miller, 1997). Few studies have investi-
gated relationships between egg components, egg size, and
hatchling size in sea turtles. As in other oviparous taxa, hatchling
size is positively related to egg size in sea turtles (VanBuskirk and
Crowder, 1994; Hewavisenthi and Parmenter, 2002), but the
proportion of hatchling wet mass to egg wet mass in sea turtles
(∼50%) ismuch lower than this relationship in other turtle species
(∼73%), other non-avian reptile species (crocodilians ∼65%;
lizards∼98%; snakes∼76%) (Ar et al., 2004) and birds (∼74%)
Table 1
Comparison of egg components, fraction of mean hatchling mass to mean egg wet m
whole egg wet mass across turtle taxa

Species Egg wet
mass (g)

Hatchling wet
mass (g)

Hatchli
Egg ma

Snapping turtle, Chelydra serpentina a 9.5 7.8 0.82
Snapping turtle, Chelydra serpentina b 11.6 9.2 0.79
Kemp's ridley turtle, Lepidochelys kempii d 30.0 17.3 0.58
Olive ridley turtle, Lepidochelys olivacea d 35.7 17.0 0.48
Hawksbill turtle, Eretmochelys imbricatad, e 26.2 14.8 0.56
Loggerhead turtle, Caretta caretta d, e 32.7 20.0 0.61
Green turtle, Chelonia mydas d, e 46.1 24.6 0.53
Flatback turtle, Natator depressus d, e 71.7 39.4 0.55
Leatherback turtle, Dermochelys coriacea f 76.0 44.4 0.58
Leatherback turtle, Dermochelys coriacea g 80.9 40.1 0.50
a Wilhoft (1986).
b Steyermark and Spotila (2001).
c Reported as a combination of both yolk and albumen.
d Van Buskirk and Crowder (1994).
e Hewavisenthi and Parmenter (2002).
f Malaysian population, Simkiss (1962).
g This study.
(Ar et al., 1987) (Table 1). Sea turtle eggs contain roughly equal
proportions of yolk and albumen (Simkiss, 1962; Miller, 1985;
Hewavisenthi and Parmenter, 2002), whereas eggs of other turtle
(Finkler and Claussen, 1997) and non-avian reptile species (Ar
et al., 2004) contain higher proportions of yolk. However, sea
turtle egg yolk contains a higher proportion of lipids than does egg
yolk of other turtles, and sea turtle hatchlings retain more residual
yolk than do other turtle hatchlings (Kraemer and Bennett, 1981;
Congdon et al., 1983; Congdon and Gibbons, 1985; Hewavi-
senthi and Parmenter, 2002). Thus, sea turtle egg traits reflect
unique patterns of maternal resource allocation compared to egg
traits of other oviparous amniotes.

In addition to these biotic characteristics of sea turtle eggs,
abiotic factors of sea turtle nest environments also affect
embryonic development (Ackerman, 1997; Ackerman and
Lott, 2004; Wallace et al., 2004). For example, sea turtle eggs
develop while buried in beach sand from 30 to 100 cm below the
sand surface. Sea turtle eggs are able to absorb water from their
nest environment (like ectohydric eggs) and become turgid early
in development (Miller, 1997) because water potential of beach
sand is higher than water potential inside an egg, and because sea
turtle eggshells are flexible and very permeable to gas exchange
(Ackerman, 1997). However, given the large size of sea turtle
eggs, and the corresponding low surface area to volume ratio,
water exchange with the environment could have little effect on
egg hydration (Tracy and Snell, 1985). Moreover, in contrast to
freshwater turtle eggs, sea turtle eggs contain large amounts of
albumen when oviposited (like endohydric eggs) (Ackerman,
1997), suggesting that an endohydric classification might be
more appropriate (Tracy and Snell, 1985). For these reasons,
unique traits of sea turtle eggs must be considered in the context
of unusual nest environment characteristics.

The leatherback turtle (Dermochelys coriacea Vandelli
1761), the sole extant member of Dermochelyidae, is among
the largest reptiles and exhibits distinctive anatomical (Pritchard,
1997), physiological (Paladino et al., 1990), and life history
ass, and proportional contribution of each egg component and water content to

ng mass (g)/
ss (g)

% Yolk mass % Albumen mass % Shell mass % Water

– – – 72.6
88.1 c 11.0 70.7
– – – –
– – – –
– – – 59.4
49.2 45.5 4.8 –
– – – 66.7
49.6 45.2 5.2 78.8
46.8 48.9 4.3 67.5
33.0 63.0 4.0 64.0



526 B.P. Wallace et al. / Comparative Biochemistry and Physiology, Part A 145 (2006) 524–532
characteristics among sea turtles (Miller, 1997). In particular,
this species' combination of high clutch frequency (∼7 clutches
per season), large clutch sizes (∼65 eggs), and massive eggs
(∼80 g) results in one of the heaviest absolute masses of eggs per
season (2–10 kg) among reptile species (Miller, 1997; Reina et
al., 2002a). In addition to these distinctive egg and clutch
characteristics, leatherbacks lay their eggs in the deepest nests
(70–100 cm) of all sea turtles. Unlike other oviparous amniotes,
leatherbacks also deposit varying masses of shelled albumen
gobs (SAGs; Wallace et al., 2004) in each clutch. These SAGs
vary greatly in number (∼10–100) as well as shape (∼10–
50 mm diameter) within and among clutches of leatherback
females. Possible functions of SAGs have been investigated
(Frazier and Salas, 1984; Wallace et al., 2004; Caut et al., 2006),
but remain unclear. Thus, the distinctive reproductive traits and
the unique nature of the nest environment raise interesting
questions about how biological and physical factors influence
leatherback embryonic development.

Our objectives in this study were 1) to determine how the
relative fractions of egg components (i.e. yolk, albumen, shell,
and water) change with egg size; 2) to examine the relationships
between egg size, yolk size, and hatchling size; and 3) to
determine how leatherback eggs relate to the ecto- to endohydric
continuum (Tracy and Snell, 1985). Whereas yolk and neonate
size increase with egg size in most oviparous vertebrates (Ar et
al., 1987; Sotherland and Rahn, 1987; Roff 1992; Finkler and
Claussen, 1997), including sea turtles (Miller, 1985; Hewavi-
senthi and Parmenter, 2002), results of ultrasonography of gravid
leatherbacks revealed that ova size was relatively consistent
among and within females (Rostal et al., 1996). Because sea
turtle eggs contain a relatively large amount of albumen, and
variation in yolk size in leatherbacks appears to be small (Rostal
et al., 1996), we hypothesized that leatherback egg size would be
most highly correlated with albumen mass, consistent with traits
of endohydric eggs (Tracy and Snell, 1985). But, because
hatchling size of other non-avian reptiles is highly correlatedwith
yolk size, we hypothesized that leatherback hatchling size would
be more closely related to yolk size than to egg size. Our results
demonstrate how patterns of maternal investment in eggs and
abiotic conditions of the developmental environment interact to
influence egg and hatchling traits.

2. Materials and methods

We conducted this study in Parque Nacional Marino Las
Baulas (PNMB), located on the north Pacific coast of Costa
Rica. This nesting leatherback population has been studied
extensively for the past 15 years (Steyermark et al., 1996; Reina
et al., 2002a).

2.1. Leatherback egg components

We collected a total of 32 eggs (three or four eggs per clutch,
10 clutches total) from 9 individual nesting leatherback turtles
(Dermochelys coriacea) in January, 1994. We collected an
additional 15 eggs (one egg from each of 15 females) in
December, 2003. Immediately after collection, we recorded
whole egg wet masses (Ohaus Scout field balance, 200 g
capacity, ±0.01 g, Ohaus Corp., Pine Brook, NJ, USA). We then
separated egg components (shell, albumen, and yolk) by hand
(following Finkler et al., 1998) and recorded the mass of each
component. For the eggs collected in 1994, we dried all materials
to constant mass at 65 °C to determine dry mass and water
content of each egg component.

2.2. Changes in egg mass during incubation and water vapor
conductance of eggshells

To assess changes in egg mass during incubation, we
incubated 28 leatherback eggs from a single clutch in four
Styrofoam Hova-Bators (G.Q.F. Mfg. Co., Savannah, GA,
USA) (seven eggs per Hova-Bator) in a laboratory in PNMB
(from October–December, 2001). We used a BAT-12 thermo-
couple reader (Physitemp Instruments Inc., Clifton, NJ, USA)
connected to a 24-gauge copper–constantan thermocouple
buried in the sand in the center of each incubator to measure
incubation temperatures, which we maintained between 29 and
32 °C. This temperature range encompasses natural nest
temperatures during leatherback embryonic development (Ack-
erman, 1997; Wallace et al., 2004). We measured sand moisture
content gravimetrically and maintained it between 7% and 12%
H2O (∼−12 to −5 kPa) during incubation, also within the
natural range of beach sand moisture content (Ackerman, 1997;
P. Clune and F.V. Paladino, unpublished data). Every 3–5 days,
we weighed eggs carefully (as above) either until pipping, which
occurred between days 54 and 56, or until eggs had incubated for
60 days. We then assigned all unhatched eggs developmental
stages at which embryos died based on size and pigmentation of
embryos following the field-staging protocol of Leslie et al.
(1996). We analyzed changes in egg mass by grouping eggs
according to these developmental stages.

We followed a protocol similar to that described by Ar et al.
(1987) to calculate water vapor conductance of leatherback eggs
and SAGs in December, 2003. Briefly, we measured masses (as
above) and recorded diameters using digital calipers
(±0.01 mm) at three different locations on one egg and one
SAG from each of 15 different female turtles; we used the mean
of these diameter measurements to calculate surface area of each
egg and SAG. Next, we placed all eggs and SAGs individually
in sealed plastic containers containing silica gel, which
maintained water vapor pressure around the eggs and SAGs
near 0 kPa, and we recorded mass of each egg and SAG, as well
as internal temperature of the containers hourly for 4 h. We
determined rate of mass loss by linear regression, and we
calculated area-specific conductance by dividing rate of mass
loss by the surface area and by saturation vapor pressure at the
average temperature during mass loss measurements.

2.3. Egg mass and hatchling size

We collected data on egg mass and hatchling size from
218 leatherback clutches (100 females) relocated to the beach
hatchery at PNMB during nesting seasons from 2001/02 through
2004/05. We recorded masses of 20 eggs individually (as above)



Fig. 1. Egg components vary with egg mass of leatherback turtles nesting at
PNMB, Costa Rica. (A) Relationships between egg wet mass and wet mass of
constituent components. (B) Proportion (%) of egg components in egg contents
with increasing whole egg wet mass. Data shown are observed values, but
analyses were performed on residual values, following fit of random-intercept
(female-effect) model.

Fig. 2. Water content of whole eggs and the ratio of dry to wet mass of egg
components vary with egg mass of leatherback turtles nesting at PNMB, Costa
Rica. (A) Proportional water content and (B) ratio of dry mass to wet mass of
albumen (triangles) and (yolk) with increasing egg mass. Points enclosed in
circles in (A) and (B) indicate data from one individual female leatherback. Data
shown are observed values, but analyses were performed on residual values,
following fit of random-intercept (female-effect) model.
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from each clutch before reburying the clutches in human-
constructed hatchery nests within 6 h of oviposition (for
descriptions of hatchery methodology at PNMB, see Wallace et
al. (2004)). When hatchlings emerged from nests we recorded
masses of up to 20 individual hatchlings per nest (as above) and
measured straight carapace length (SCL) carapace width (SCW),
and headwidth (HW) to the nearest 0.1mmusing digital calipers.
Hatchlings were released on the beach and allowed to crawl to the
ocean immediately after measurements were made.

2.4. Data analyses

To account for the effect of individual females on egg
components, egg mass, and hatchling size, we treated female
identity as a random effect in linear models and used the
residuals of the response variables (i.e., egg component masses,
egg mass, hatchling mass) from these models in further linear
regression analyses. Thus, all variables referred to in the
presentation and discussion of results below represent residual
values, not observed values, unless otherwise noted.

To assess relative contributions of yolk wet mass, albumen
wet mass, and shell wet mass to whole egg mass, we conducted a
multiple regression analysis using standardized residual values
(z-scores) for each egg component as predictors. Regression
analysis using z-scores allows for more direct interpretation of
slope coefficients for each predictor. Specifically, βi represents
the amount of change expected in the dependent variable given a
1 S.D. change in the predictor variable zi (Zar, 1999). Egg
component z-scores were not highly correlated with each other
(Pearson's correlation, rb0.6), thus satisfying the assumption of
non-collinearity of independent variables necessary for multiple
regression analyses (Zar, 1999).

To accurately characterize intra-clutch variation in hatchling
mass, we accepted hatchling measurements only from nests for
which masses of ≥10 hatchlings were recorded. Data are pre-
sented as means±1 S.D. We conducted statistical analyses using
R 2.2.1 (R Development Core Team, Vienna, Austria, 2005).

3. Results

3.1. Leatherback egg components

Albumen comprised nearly two-thirds of leatherback eggs
from PNMB (Table 1) and the results of the multiple regression
analysis revealed that variation in albumen mass had the largest
effect on variation in egg mass (Fig. 1A). In fact, the effect of
variation in albumen mass (βalbumen=1.228) on variation in egg
mass was ∼2.5-fold larger than the effect of variation in yolk
mass (βyolk=0.522) and ∼10-fold larger than the effect of



Fig. 4. Hatchling mass increased significantly with egg mass among leather-
backs nesting at PNMB, Costa Rica, but hatchling mass was up to 100% greater
than yolk mass at a given egg mass. Regression lines for the relationships
between yolk mass, albumen mass, and egg mass are included. Hatchling versus
egg mass data shown are means of ≥10 masses of individual hatchlings and
20 individual egg masses (n=218 clutches). Data shown are observed values,
but analyses were performed on residual values, following fit of random-
intercept (female-effect) model.
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variation in shell mass (βshell =0.117). All three egg components
varied positively with whole egg wet mass (Fig. 1A), but yolk
wet mass varied by only 8 g (∼21–29 g), whereas albumen
mass varied by approximately 20 g (∼39–59 g) over a ∼30 g
range in whole egg wet mass (∼66–94 g). Fraction of yolk
content (FYC) (r2 =0.224; P=0.0009) and fraction of shell
content (FSC) (r2 =0.240; P=0.0005) decreased with increas-
ing egg mass, whereas fraction of albumen content (FAC)
increased with egg mass (r2 =0.335; Pb0.0001) (Fig. 1B).

Leatherback eggs from PNMB were approximately two-
thirds water (Table 1), and water content of eggs increased with
egg mass before accounting for the effect of female identity
(Fig. 2A). However, residual percentage of water in egg
components did not increase significantly with residual egg
mass (r2 =0.097; P=0.094). Neither yolk dry mass (17.6±8.7 g;
r2 =0.088; P=0.113) nor albumen dry mass (7.6±0.6 g;
r2 =0.009; P=0.612) increased with egg mass. Furthermore,
there was no relationship between total egg solids and egg mass
(r2 =0.047; P=0.248). The ratio of yolk dry mass to yolk wet
mass (0.64±0.04) did not change with increased egg mass
(P=0.987), whereas the ratio of albumen dry mass to albumen
wet mass (0.16±0.02) decreased significantly with increasing
egg mass (r2 =0.122; P=0.05) (Fig. 2B).

3.2. Changes in egg mass during incubation and water vapor
conductance of eggshells

Developmental trajectories of egg mass depended on viability
of embryos. All eggs initially lost mass (∼2 g) during laboratory
incubation until 10–12 days of development, at which point all
eggs gained mass (∼7–10 g) for about 10 days (Fig. 3). From
day 20 to day 32, eggs generally exhibited no change in mass,
and after day 32, further mass change was related to the
developmental stage at which individual embryos died. Only
Stage 0 eggs, in which embryos develop for only ∼4 days after
oviposition, began to losemass earlier, starting at around 20 days.
However, at approximately 32 days of development, all eggs that
Fig. 3. Changes in leatherback turtle egg mass varied with developmental stages
at which embryos died during incubation. Circles with dots: Stage 0 eggs
(b4 days of development; 10 eggs); open circles: Stage 1 eggs (4–9 days;
8 eggs); down triangles: Stage 2 eggs (9–24 days; 3 eggs); up triangles: Stage 3
eggs (24–60 days; 2 eggs); squares: hatched eggs (5 eggs).
failed to hatch began to lose mass, while eggs that eventually
hatched continued to gain mass until pipping.

The area-specific water vapor conductance of leatherback
eggshells (47.9±6.0 mg H2O day−1 kPa−1 cm−2) was not
significantly different (Student's t-test: t26=1.71; P=0.1) from
that of the SAG shells (42.0±6.8 mg H2O day−1 kPa−1 cm−2).

3.3. Egg mass and hatchling mass

The ratio of hatchling mass (40.1±2.7 g) to egg mass (80.9±
7.1 g) (n=218 clutches) in this PNMB leatherback population
was 0.50 (Table 1). Hatchling mass increased significantly
with egg mass among females (r2=0.107; Pb0.0001; Fig. 4);
hatchling mass increased only 2 g for each 10 g increase in egg
mass. The slopes of hatchling mass and yolk wet mass versus egg
wet mass were not significantly different (βhatchling mass=0.188,
βyolk mass=0.179; PN0.05). However, hatchling mass was
∼10–20 g greater than yolk mass at any given egg mass
(Fig. 4). Hatchling carapace length (r2 =0.039; P=0.005) and
carapace width (r2 =0.037; P=0.006) also increased signif-
icantly with egg mass; however, hatchling head width did not
vary with egg mass (r2 =0.010; P=0.151).

4. Discussion

In contrast to previous investigations of non-avian reptile
eggs, leatherback egg albumen contributed substantially to
variation in egg mass (Fig. 1A), even after accounting for the
effect of female identity. Additionally, leatherback albumen
contained a high proportion of solids (∼16%). Because albumen
constituted a relatively large fraction of egg mass, and because
SAGs are deposited in all leatherback turtle nests, albumen
accounts for approximately 80% of the mass of every
leatherback clutch (B.P. Wallace and P.R. Sotherland, unpub-
lished data). Thus, it appears that leatherback turtle eggs exhibit
endohydric characteristics – in contrast to eggs of other non-
archosaur reptiles –while also having ectohydric characteristics,
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namely eggshells that facilitate water (and gas) exchange with
relativelymoist sand in nests. Eggmass explained only∼10% of
the variation in hatchling mass, and hatchling mass and yolk
mass increased together with increasing egg mass. Moreover,
hatchling mass was consistently 50–100% greater than yolk
mass at a given egg mass, indicating a large contribution of
albumen water (possibly including water absorbed from the
nest) and solids to leatherback embryogenesis (Fig. 4). Taken
together, our results suggest that leatherback egg albumen is
unique among non-avian reptile eggs not only in its composition
but also in the role it plays in embryonic development.

4.1. Egg component analyses

Whereas leatherback egg wet mass and yolk wet mass were
positively related, yolk wet mass comprised a relatively small
fraction of egg wet mass (∼33%) compared to other species
(Table 1) and varied by only 7.5 g over a∼30 g range in egg mass
(Fig. 1A). These results corroborate findings of Rostal et al.
(1996), who reported little within- and among-female variation in
ova size measured using ultrasonography of nesting leatherbacks.
Albumen wet mass increased rapidly with whole egg wet mass
(slope=0.84) (Fig. 1A), showed positive allometry with eggmass
(Fig. 1B), and comprised a higher fraction of whole egg wet mass
than eggs of other turtle species, as well as eggs from another
leatherback population in Malaysia (Simkiss, 1962) (Table 1).
This pattern of variation in albumen mass contributing most to
variation in egg mass, along with yolk mass showing a negative
allometry with egg mass (Fig. 1B) is more similar to the pattern
seen in altricial bird eggs (Sotherland et al., 1990; Hill, 1995) than
the pattern seen in eggs of freshwater turtle and other sea turtle
species, in which variation in yolk mass explains most of the
variation in whole egg mass (Finkler and Claussen, 1997;
Hewavisenthi and Parmenter, 2002) (Table 1). In addition, yolks
in PNMB leatherback eggs were smaller both relative to egg mass
and in absolute mass than those found in eggs from a Malaysian
leatherback population (Simkiss, 1962) (Table 1).

Whereas proportion of yolk drymass to wet mass did not vary
with egg mass, albumen contained proportionally more water
and less solid material with increasing egg size (Fig. 2B). Water
content, but not total solid content, increased with egg mass
among clutches. However, there were inter-female differences in
the water and solid composition of eggs (indicated by circles in
Fig. 2A and B), indicating variation among leatherback females
in allocation of solid andwater components to eggs. Eggs did not
spend time in contact with sand between the time they were
collected and the time they were weighed, so the water compo-
nent of eggs was maternally rather than environmentally derived.

A relatively low fraction of yolk content in eggs (FYC)
possibly indicated limitation of resources available to reproduc-
tive leatherback females in this population for allocation to egg
production (Sinervo, 1999). Wallace et al. (2006) hypothesized
that resource limitation on Eastern Pacific leatherback foraging
grounds could account for observed morphological and repro-
ductive differences between populations: leatherbacks nesting in
the eastern Pacific, on average, are smaller, produce fewer eggs,
and exhibit longer remigration intervals (years between
consecutive nest seasons) than North Atlantic nesting leather-
back populations. Thus, this resource limitation hypothesis
could be extended to include smaller yolks of PNMB leather-
back eggs relative to those of other leatherback populations.
Clearly, further research is necessary to examine the viability of
this resource limitation hypothesis.

However, the unusually high fraction of albumen (FAC)
allocated to individual leatherback eggs also represents a sig-
nificant investment of maternal resources. Albumen is com-
posed of proteins and fresh water, which requires significant
osmoregulatory processing of sea water, and female leather-
backs at PNMB produce approximately 7 kg of albumen in
SAGs (∼1 kg SAGs in each of 7 clutches per season; B.P.
Wallace and P.R. Sotherland, unpublished data) and 20–25 kg of
albumen for∼400–500 eggs each season (63% albumen in each
80.9 g egg). In addition, albumen dry mass in leatherback eggs
was 16% of albumen wet mass, which was similar to the
proportion of albumen solids in bird egg albumen (Sotherland
and Rahn, 1987), but was a much higher proportion of solids
than that found in albumen of other non-avian reptile eggs (Tracy
and Snell, 1985; Finkler and Claussen, 1997; Ar et al., 2004).
This low FYC–high FAC composition (Fig. 1A) potentially
represents a distinct maternal investment strategy of leather-
backs either in response to 1) resource limitation on foraging
grounds (Wallace et al., 2006) where vitellogenesis occurs
(Rostal et al., 1996), or 2) unique characteristics of leatherback
(and other sea turtle) nest environments, embryogenesis, and
hatchling quality (see below).

4.2. Changes in egg mass during incubation and water vapor
conductance of eggshells

All eggs increased in mass during the first third of embryonic
development, similar to the trend reported for other turtle eggs
(Vleck, 1991; Ackerman, 1997). However, patterns of egg mass
change after day 20 varied according to stage of embryonic
development at which embryos died (Fig. 3). All eggs that
ultimately did not hatch began to lose mass after approximately
32 days of development, possibly as a result of water loss to the
surrounding sand (Vleck, 1991). The reason for this shift from
water influx to water efflux in unhatched eggs is unclear, but
because eggs of non-avian reptiles gain or lose mass depending
on incubation conditions (Vleck, 1991), changes in sand water
potential in the incubators may have determined patterns in
water exchange (Fig. 3). Alternatively, osmotic changes within
eggs during development might have resulted in alterations in
net water exchange from the egg to the nest environment
(Ackerman, 1997). Eggs that eventually hatched continued to
gain mass until pipping (∼13 g, almost 20% increase in mass
during incubation), indicating water uptake during embryogen-
esis. While laboratory conditions cannot precisely replicate
natural nest conditions (Ackerman and Lott, 2004) and the eggs
used in this experiment came from only one clutch, our results
nonetheless exhibit different patterns of water exchange accor-
ding to embryonic growth and mortality.

The area-specific water vapor conductance of leatherback
eggshells was intermediate to values for parchment-shelled eggs
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of most squamates and rigid-shelled eggs of crocodilians, and
was similar to values for other pliable-shelled turtle eggs, inclu-
ding eggshells of Caretta caretta (loggerhead sea turtles)
(Deeming and Thompson, 1991). Interestingly, water vapor
conductance of eggshells and shells of SAGs were not signi-
ficantly different, implying that both are functionally similar and
suggesting that SAGs might be “production over-runs” of
oviducts upregulated to produce copious albumen. The combi-
nation of eggs with flexible, permeable shells and the demons-
trated potential for water exchange between eggs and the nest
during the final third of development, when the majority of
somatic growth occurs (Miller, 1985), underscores the impor-
tance of adequate maternal investment in hydration of leather-
back embryos.

4.3. Egg mass and hatchling mass

Leatherback hatchling mass increased with egg mass (Fig. 4),
providing further support for the egg mass-hatchling mass
relationship in turtles (Van Buskirk and Crowder, 1994; Finkler
and Claussen, 1997; Steyermark and Spotila, 2001) and other
oviparous taxa (Roff, 1992). However, the ratio of hatchling mass
to egg mass in this leatherback population (0.50) was low
compared to that of Chelydra serpentina (common snapping
turtle) (Wilhoft, 1986; Steyermark and Spotila, 2001) and other
non-avian reptiles (Ar et al., 2004) and to that of birds (0.74±0.07;
Ar et al., 1987), but similar to that of other sea turtle species
(Table 1) (Miller, 1997). Similarly, other metrics of hatchling
size were only weakly correlated (carapace length and width)
or not correlated (head width) with egg mass. Moreover,
hatchling mass increased only 2 g for each 10 g increase in egg
mass, and the slopes of the lines relating hatchling mass
(β=0.188) and yolk mass (β=0.179) to egg mass were not
significantly different (Fig. 4). This covariation between
hatchling mass and yolk mass supports the assumption that
variation in maternal investment in reproduction depends on
the quantity of yolk in eggs (Sinervo, 1999). However,
hatchling mass was ∼10–20 g greater than yolk mass at any
given egg mass (Fig. 4), suggesting that up to 50% of hatchling
mass (solids+water) must be derived from the albumen
invested by leatherback females in their eggs and/or water
absorbed from the nest substrate.

The large fraction of albumen in leatherback eggs, and its
apparent importance in embryonic development, as well as the
unique conditions of sea turtle nest environments raise
interesting questions about the continuum of ‘ectohydric’ to
‘endohydric’ eggs proposed by Tracy and Snell (1985). Based
on their high fraction of albumen, leatherback eggs, and sea
turtle eggs in general (Table 1) might be considered endohydric.
However, sea turtle eggs could also be considered ectohydric
because their eggshells are thinner, more flexible, and more
porous than other non-avian reptile eggshells and bird eggshells
(Ackerman and Prange, 1972; this study), and eggs absorb
water during embryogenesis (Miller, 1997; this study). In
addition, sea turtle eggs develop while buried in relatively moist
sand between 30 and 100 cm beneath the beach surface
(depending on the species), and exchanges of water vapor and
respiratory gases during embryonic metabolism occur between
the developing clutch and the surrounding sand (Ackerman,
1997). Considering the above, why do leatherback eggs contain
large quantities of albumen (an endohydric characteristic) when
plentiful water is accessible from sand surrounding the eggs (an
ectohydric characteristic)?

The distinctive characteristics of sea turtle nest environments
provide possible explanations for the seemingly paradoxical
nature of sea turtle eggs. Sea turtle eggs likely represent a
compromise between 1) eggshells that are flexible and per-
meable, facilitating gas exchange and allowing eggs to exchange
water with the nest environment (Ackerman and Prange, 1972;
Tracy and Snell, 1985; Vleck, 1991; Ackerman, 1997) and 2)
sufficient hydration and presumably fitness benefits to hatchl-
ings resulting from large fractions of albumen allocated to eggs
(Packard et al., 1981; Tracy and Snell, 1985; Vleck, 1991). Sea
turtle hatchlings drink large amounts of sea water (measured as
large increases in body mass) upon entering the ocean, and
dehydrate quickly (measured as decreases in body mass) if they
are unable to do so (Reina et al., 2002b; Clusella Trullas et al.,
2006), indicating the potential importance of abundant albumen
(and, therefore, water) available to hatchlings for purposes of
hydration. However, leatherback albumen also contains ∼16%
solids, and hatchling mass is up to 100% greater than yolk mass
for a given egg mass (Fig. 4). An additional advantage to large
albumen allocation to sea turtle eggs is that albumen influences
egg osmotic potential relative to substrate osmotic potential,
thereby facilitating water absorption by the egg from the
surrounding nest substrate (Vleck, 1991). Thus, whereas water
uptake by the egg during embryogenesis could account for the
differences in yolk and hatchling wet masses, a non-trivial
proportion of hatchling somatic tissue might be attributable to
albumen solids. Clearly, this hypothesis is yet untested and
warrants investigation. Further, whether leatherback hatchlings
from larger eggs are more hydrated and/or are of higher ‘quality’
than hatchlings from smaller eggs as a result of increased
albumen allocations to the eggs in which they develop is
unknown and requires further study.

Despite the apparent importance of albumen for leatherback
embryogenesis, leatherback hatchling mass did not increase
directly with egg mass, as in bird eggs (like chicken eggs) that
have composition similar to that of leatherback eggs (Finkler et al.,
1998), suggesting that not all albumen available to leatherback
embryos was utilized. A possible explanation could be related
to the different processes by which albumen becomes available
to developing bird and non-avian reptile embryos. In avian
eggs, albumen flows into the amniotic cavity when the sero-
amniotic connection forms in the amnion at about the midpoint
of incubation (Romanoff, 1960; Deeming, 1991). This process
seems to be facilitated by frequent egg turning (Deeming,
1991). However, because non-avian reptilian eggs are
generally not turned, the sero-amniotic connection fails to
form, and albumen appears not to flow into the amniotic cavity
during incubation. Thus, albumen seems to be made available
to the developing embryo of non-avian reptile only via uptake
by the chorio-allantoic membrane (Deeming, 1991). Deeming
(1991) hypothesized that this dichotomy in how albumen is
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utilized exists because, in contrast to bird embryos, embryos of
non-avian reptiles 1) have much longer incubation periods, so
slower albumen uptake presumably is still adequate for non-
avian reptile embryos, and 2) albumen in non-avian reptile
eggs generally does not represent a critical investment of
energy or nutrients, so the embryo will be viable even if it is
unable to utilize all allocated albumen before hatching. This
explanation might address the relationship between leather-
back egg mass and hatchling mass in this study, but the high
proportion of albumen solids and large FAC in leatherback
eggs nonetheless demonstrate that albumen could be crucial to
leatherback embryonic development, and that leatherback
females increase their investment in reproduction by increas-
ing albumen allocation to eggs.

Leatherback eggs exhibit a suite of unique traits, including
large FAC and permeable, flexible eggshells, which represent
both maternal resource provisioning and adaptations to condi-
tions in the nest environments in which development occurs. In
addition, hatchling mass was more closely related to yolk mass
than to egg mass, and hatchling mass was intermediate between
yolk mass and albumen mass at a given egg mass (Fig. 4). Based
on these results, we conclude that albumen probably plays a
crucial role in leatherback embryogenesis, and that leatherback
egg traits reflect both biotic and abiotic constraints of the
developmental environment. Quantification of hatchling dry and
wet components is necessary to identify the relative contribution
of egg component solid and water contents to hatchling
composition and to investigate further the potentially important
role of albumen in leatherback development. We suggest that
similar analyses of other sea turtle species are warranted to
explore further the roles of environmental and developmental
constraints on the evolution of maternal investment patterns and
egg traits in this unique group.
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