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Moisture availability is critical for successful embryonic development in many organisms. In most oviparous
reptiles, for example, water exchange between eggs and the surrounding environment can have substantial
fitness consequences, but regulation of this process is unclear. Here, we evaluate whether water uptake by
eggs of the lizard Anolis sagrei is regulated by the presence of a live embryo or is a passive hydraulic response
to substrate moisture conditions. Many eggs laid in our captive colony were infertile or contained embryos
that died during early stages of development, yet these ‘dead’ eggs continued to gain mass similar to that of
‘live’ eggs at least during the first half of incubation. Our results suggest that water uptake by eggs is largely a
passive hydraulic process during the first half of incubation, but active regulation by embryos may be
necessary during latter stages. Maternal effects (e.g., deposition of salts into yolk) could influence this passive
process during early incubation.
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1. Introduction

Environmental conditions that embryos experience can profound-
ly influence phenotypic development, and thus have important fitness
consequences (reviewed in West-Eberhard, 2003; Gilbert and Epel,
2008). In many organisms, particularly oviparous species that lack
parental care, the conditions that embryos experience during
development can vary considerably. One way these organisms can
mitigate the impacts of the external environment on developing
embryos is via maternal choice of nest microhabitat (Refsnider and
Janzen, 2010). However, maternal oviposition-site choice does not
always provide conditions that facilitate proper embryonic develop-
ment, perhaps due to the unpredictability of the prevailing egg
microenvironment. Embryos face substantial challenges in such
situations, and any active physiological processes of developing
embryos that regulate the impacts of the environment (Muth, 1981;
Vleck, 1991) may become particularly important.

Embryos of many organisms are capable of regulating the impacts of
their surrounding environment to ensure proper development (Willmer
et al., 2000). For example, embryos of somemarine crustaceans develop
a specialized dorsal organ that aids in osmoregulation (Charmantier and
Charmantier, 2001). Avian embryos can also control osmoregulation by
active adjustment ofwater and solute exchangewith the allantois (Hoyt,
1979). Developing lizard embryos can adjust cardiac function to deal
with hypoxic conditions, which can facilitate embryo survival and
maintain normal metabolic rates (Du et al., 2010a). Additionally,
embryos of other reptile species are capable of behavioral thermoreg-
ulation (Du et al., 2011), acclimating heart rates to variable thermal
conditions (Du et al., 2010b), adjusting yolk metabolism (Radder et al.,
2004), and emerging prematurely to synchronize hatching with more
advanced siblings (Colbert et al., 2010).Despite clear evidence that some
aspects of reptilian development are under embryonic control, a long-
standing question is whether water exchange of eggs is a passive
hydraulic response to changing environments or an active process that is
physiologically regulated by the embryo.

Moisture availability to reptile eggs has critical impacts on the
development and survival of embryos, particularly in species with
parchment-shelled eggs (Packard and Packard, 1988; Ackerman,
1991). These eggs can absorb substantial amounts of water during
incubation and the amount of water uptake is largely determined by
moisture availability, which in turn, impacts yolk metabolism and the
resultant size of hatchlings (Miller and Packard, 1992). Importantly,
the change in mass of an egg during incubation is strongly influenced
by the difference in water potential between the egg and its
environment. Authors have argued that embryos can control this
difference via changes in nitrogen excretion (Clark, 1953, Athavale
and Mulherkar, 1967) or secretion of unhydrated proteins into the
albumen (Badham, 1971). Alternatively, metabolic heat production by
the embryo may cause the water vapor pressure within the egg to
change relative to that of the surrounding air, resulting in water
exchange with the environment (Tracy et al., 1978; Muth, 1981).
Despite these potential mechanisms, whether water uptake by
parchment-shelled eggs is a passive or active process remains unclear.
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Our recent work on the physiological ecology of eggs from the
brown anole lizard (Anolis sagrei) allowed us to assess whether water
uptake is a passive response to hydric conditions or actively regulated
by the embryo. During our recent laboratory studies of egg-water
uptake during incubation, a substantial number of eggs that were
produced were either infertile or contained embryos that died (for
unknown reasons) at a very early stage of development, but many of
these ‘dead’ eggs continued to gain mass far into incubation. By
comparing patterns of water uptake between eggs with live embryos
versus ‘dead’ eggs, we show that egg water uptake is largely a passive
hydraulic response to the hydric environment through much of
development, but the embryo (or extraembryonic membranes) may
regulate, or is at least necessary for, water uptake at late stages of
development.

2. Materials and methods

2.1. Experimental protocol

Eggs were obtained from a wild-caught captive breeding colony of
A. sagrei. Lizard care generally followed the protocol of Sanger et al.
(2008a). A single breeding pair of lizards was housed per cage, and
cages contained perches and a potted plant. Soil in the plant pot
provided a suitable substrate for oviposition. The pots were checked
for eggs twice per week from 18 May to 30 August 2010 (thus, eggs
were laid between 0 and 3 days from the day of collection).
Immediately after collection, eggs were weighed and then half buried
in vermiculite for incubation. Eggs were incubated individually in 59-
mL glass jars that were covered with plastic wrap and sealed with a
rubber band to prevent moisture evaporation (glass jars without eggs
were weighed at the beginning and end of a 30-day period, and
average mass loss due to evaporation was minimal: 0.61% mass loss,
range: 0.03–0.86%). Each jar contained moist vermiculite at water
potentials of either −150 kPa or −450 kPa. These water potentials
were determined from a water retention curve developed for
vermiculite (Packard et al., 1987). Additionally, eggs were placed
into one of three incubators that differed in constant temperature;
warm (30 °C), intermediate (28 °C), or cool (26 °C) treatments.
Because Anolis lizards lay single-egg clutches about once per week,
we kept careful track of treatment assignments for eggs produced by
each female, which enabled us to equally allocate eggs from a given
female into each treatment (eggs were obtained from 42 females).
Eggs were rotated within each incubator three times weekly to
minimize potential effects of thermal variation within incubators.

Water uptake by eggs during development was quantified by
reweighing eggs at 7-day intervals up to 21 days after collection. All
eggs were checked daily for signs of hatchlings and signs of egg
mortality. Dead eggs were identified by the presence of fungus on the
eggshell or when the integrity of the eggshell failed (i.e., a shriveled
appearance). Although these signs of mortality do not give a direct
indication of the time of death, our inspection of embryos (see below)
confirmed that eggs were indeed dead prior to when fungus or loss of
eggshell integrity became obvious. A subset of eggs (n=25) was
dissected when mortality was obvious to determine embryonic stage
near the time of mortality; embryo staging was based on criteria
developed for A. sagrei (Sanger et al., 2008b). Thus, we categorized
eggs into three groups: (1) the ‘surviving embryo’ group contained
eggs that successfully hatched (n=88). (2) The ‘no embryo’ group
contained eggs with no embryos (n=11) plus embryos that died at
very early stages of development (n=9 at stages 4–7, for a total
n=20); mass gain of infertile eggs did not differ from those that died
at early embryo stages (repeated-measures ANOVA: F3,45=0.7,
p=0.548). (3) The ‘unknown embryo’ group contained eggs that
died but were not sampled to determine embryonic stage (n=59).
These ‘unknown embryo’ eggs were discarded before we could stage
the embryos. However, given that only five of the eggs that we
dissected contained late-stage embryos, we suspect that most of the
unknown eggs would have been classified in the ‘no embryo’ group. In
further support of this notion, we found that 66.7% of eggs that died
(out of 156) contained no embryo or very early embryos (bstage 7) in
a study that immediately preceded the current study (using the same
females). The cause for this low frequency of fertile eggs and high
embryonic mortality at early stages remains unknown.

2.2. Statistical analyses

All analyses were conducted with SAS software (version 9.2).
Analyses excluded incubation temperature as a factor in order to
provide sufficient sample sizes within our three groups. Combining
temperature treatmentswas justified for three reasons. First, incubation
temperature had no impact on embryo survival (chi-square test,
χ2=1.8, p=0.399) or embryo stage of the dead eggs (chi-square
test, χ2=0.4, p=0.835). Second, eggs in each temperature treatment
were nearly equally represented in each of our groups, suggesting that
thermal effects did not bias our results. Third, although embryonic
development is temperature dependent (mean incubation periods at
26, 28, 30 °C were 35.9, 30.4, 25.8 days, respectively), our previous
studies show that embryos reach about developmental stage 8 by day 7
of incubation at our cool temperature (26 °C) (Warner et al., in press).
Importantly, our classification of ‘early dead embryos’ was always
bstage 8, meaning that our ‘early embryo’ classification remains the
same regardless of temperature treatment. Thus, all early embryos in
our ‘no embryo’ group were estimated to have died prior to day 7 of
incubation regardless of temperature (Sanger et al., 2008b; Warner
et al., in press).

To determine if water uptake by eggs is a passive hydraulic process
or requires a live embryo, we used mixed-model repeated-measures
ANCOVA to evaluate how our different groups of eggs (i.e., surviving
embryo, no embryo, or unknown embryo) differed in mass gain
during incubation; the five dead eggs that contained advanced
embryos were removed from the analyses. In this analysis, egg
group and incubation moisture were independent variables, egg mass
was the repeated dependent variable (measured on days 0, 7, 14, and
21), egg mass on day 0 was the covariate, and maternal identity was a
random effect. The effect of maternal identity was evaluated with a
likelihood ratio test. We also used mixed-model ANOVA to compare
rates of egg water uptake by evaluating the change in egg mass
divided by 7 days for the interval before (days 7–14) and after (days
14–21) the approximate half-way point of incubation. For this
analysis, egg group (i.e., surviving embryo, no embryo, or unknown
embryo), incubation moisture, and their interaction were indepen-
dent variables, and maternal identity was a random effect. We did not
compare the first interval (days 0–7) because some eggs in the ‘no
embryo’ and ‘unknown’ groups were estimated to be alive at this
early period of incubation.

We also evaluated how long it took for dead eggs to show signs of
mortality and experience negative water balance. Importantly, to
ensure that embryos were actually dead, we typically allowed eggs to
incubate after first signs of negative water balance (e.g., shriveled
appearance and loss of eggshell integrity, ~3–4 days). Thus, we
conservatively calculated mortality date by subtracting 5 days from
the date that eggs lost their integrity and were removed from
incubation. Furthermore, because eggshell integrity was inspected
every 7 days (when eggs were reweighed), we are confident that our
estimated mortality dates are no later than actual mortality dates.
Importantly, infertile eggs were treated the same way, but the term
‘mortality date’ is equivalent to the date that these eggs showed signs
of negative water balance. These mortality date estimates were used
as the dependent variable in a mixed-model ANOVA to compare the
‘no embryo’ and ‘unknown embryo’ groups with the incubation
duration of the ‘surviving embryo’ group (using egg mass at
oviposition as a covariate). Because we suspect that most eggs in
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the ‘unknown embryo’ group would have been classified in the ‘no
embryo’ group, we performed an additional analysis that combined
these groups together. Maternal identity was included as a random
effect, and its influence was determined with a likelihood ratio test.
3. Results

All eggs gained mass during the first 14 days of incubation, but those
in the wet treatment gained more mass than those from the dry
treatment (moisture×day interaction; Table 1, Fig. 1). This pattern
continued today 21 for eggs containing live embryos,with those from the
wet treatment doubling their initial mass by this time. However, eggs in
the ‘no embryo’ group slowed their mass gain substantially after day 14
(egg group×day interaction; Table 1). Although eggs with dead
embryos gained some mass between days 14 and 21 in the wet
treatment, the increase did not differ significantly from eggs in the
‘no embryo’ versus ‘unknown embryo’ groups (non-significant
moisture×egg group×day interaction; Table 1). Analyses of the rate of
egg water uptake before and after day 14 reflected these patterns
(Fig. 1c, d). The rate ofwater uptakedid not differ amongour egg groups
(F2,116=0.6, p=0.533) ormoisture treatments (F1,116=0.0, p=0.946)
over days 7–14 of incubation, but rates of water uptake increased
dramatically for live eggs after day 14 of incubation compared to eggs in
the ‘no embryo’ and ‘unknown’ groups (F2,116=50.2, pb0.001). Egg
mass atoviposition andmaternal identity had significant effects onmass
gain of eggs (Table 1).

Under wet incubation conditions, eggshell integrity of the ‘no
embryo’ eggs was maintained for the same length as the normal
incubation period for the ‘surviving embryos’, but the duration was
about 7 days shorter for eggs in the ‘unknown embryo’ group (Fig. 2a).
Under dry conditions, eggshell integrity was maintained about 7 days
shorter in the ‘no embryo’ and ‘unknown embryo’ groups than the
expected incubation length (Fig. 2b). Nevertheless, eggs with
embryos that died before day 7 of incubation continued to gain
mass at least up to day 14 (some dead eggs gained mass to day 21)
and maintained their shell integrity for 72 to 91% of the total
incubation period (based on averages of incubation lengths from the
surviving embryos). All patterns remained consistent when we
combined the ‘no embryo’ and ‘unknown embryo’ groups. Egg mass
Table 1
The effect of incubation moisture and the presence of an embryo on water uptake by
eggs of the lizard Anolis sagrei. Egg group is a comparison of eggs containing (1)
surviving embryos, (2) no embryo, or (3) unknown presence of embryo in eggs that
died (see text for details). Days until loss of eggshell integrity is an estimate of how long
it took before eggs exhibited negative water balance. Both models included egg mass at
oviposition as a covariate and maternal identity as a random effect. The effect of
maternal identity was evaluated with likelihood ratio tests. P-values in bold are
statistically significant.

Effect Egg mass (g) Days until loss of eggshell
integrity

Egg group F2,598=40.9,
pb0.001

F2,115=38.9, pb0.001

Moisture F1,598=19.8,
pb0.001

F1,115=5.6, p=0.019

Egg group×moisture F2,598=0.1,
p=0.892

F2,115=2.68, p=0.073

Days F3,598=229.6,
pb0.001

–

Days×egg group F6,598=21.6,
pb0.001

–

Days×moisture F3,598=4.6,
p=0.003

–

Days×moisture×egg group F6,598=0.2,
p=0.964

–

Egg mass at oviposition F1,598=211.1,
pb0.001

F1,115=0.1, p=0.831

Maternal identity χ2=42.7, pb0.001 χ2=0.001, p=0.975
at oviposition and maternal identity did not affect the number of days
before eggshells lost their integrity (Table 1).

4. Discussion

Eggs of most reptiles exchange water with their surrounding
environment during incubation. Because water moves from areas of
high to low potential, the direction and slope of the moisture
difference between eggs and incubation substrate have important
consequences for the amount of water absorbed by eggs, which in
turn, can impact successful embryonic development (Packard and
Packard, 1988; Packard, 1991). Thus, any mechanisms by which
embryos (or extraembryonic membranes) can actively regulate this
gradient are critical for hatching success.

Our findings suggest that passive hydraulic processes during early
incubation are critical for water uptake by reptile eggs, but live
embryos are necessary to regulate water uptake during latter stages.
Indeed, we showed that patterns of water uptake by eggs during
approximately the first half of incubation did not differ between eggs
containing live versus dead embryos. Moreover, although water
uptake by eggs containing dead early embryos (or no embryos)
slowed substantially during the latter half of incubation, most eggs
maintained positive water balance through 72 to 91% of the normal
incubation length. Thus, although live embryos are clearly important
for water uptake during late incubation, passive hydraulic processes
also appear to contribute to some water uptake during this period.

Moisture availability significantly affected the amount of water
absorbed by eggs. Similar to most reptiles (Packard and Packard,
1988), Anolis eggs absorb greater amounts of water when incubated
under relatively wet than under dry conditions (Andrews and Sexton,
1981). However, under both moisture conditions, the rate of water
uptake in dead eggs slowed considerably starting at day 14 compared
to that of live eggs. This pattern was particularly pronounced under
dry conditions, where egg water balance appeared neutral (no gain or
loss in mass). Perhaps neutral water balance with the substrate was
achieved around day 14, and active processes of live embryos are
necessary for continued moisture uptake. Indeed, research on eggs of
another lizard species indicates that water potential of eggs
(−848 kPa at oviposition) becomes less negative during incubation
and reaches a stable value (−460 kPa) similar to our dry substrate
(−450 kPa) at two weeks after oviposition (Adams et al., 2010). At
this point in development for A. sagrei, organogenesis is nearly
complete (estimated stages 11–13; Sanger et al., 2008b) and
additional moisture regulation by embryos may be possible (e.g., by
metabolic heat production, movement of water among compart-
ments). Another consideration is that eggshell thickness decreases
due to shell expansion as moisture is absorbed during incubation,
which, in turn, could alter the rate of water exchange between eggs
and the environment (Muth, 1981).

Although there is strong evidence for water and solute regulation
within reptile and bird eggs (Badham, 1971; Vleck, 1991), physiological
regulation of water uptake by reptile eggs/embryos remains unclear. Our
results suggest that water uptake by eggs is largely a passive hydraulic
process during early incubation, but live embryos are needed tomaintain
or regulate water uptake at later stages. These findings are similar to that
reported in chameleon embryos which (unlike Anolis) are diapausing
gastrulae during the first 60 days of incubation (Andrews and Donoghue,
2004; Adams et al., 2010). Due to the broad divergence between
Chameleons and Anolis, these similarities in passive water uptake by
eggs suggest that our results might be broadly applicable to other
squamate eggs. Importantly, however, the degree towhichour results can
be generalized to other reptilian eggs might depend on species-specific
adaptations to different nest microenvironments. Nevertheless, our
observations can be further confirmed (or refuted) by experiments on
different taxa that are designed to kill embryos (perhaps by extreme heat
shock) at different stages followed by repeated eggmeasurements during
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incubation. During early stages of development, passive absorption of
water uptake by eggs could be influenced by maternally-derived egg
components (e.g., salt, water content) (Ji and Braña, 1999; Thompson and
Speake, 2004) or by eggshell structure and permeability (Andrews and
Sexton, 1981; Vleck, 1991). Indeed, variation in these factorsmay explain
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incubating in relatively (a) wet and (b) dry substrates. Days until loss of eggshell integrity
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‘surviving’ group, this value is the number of days from oviposition to hatching (i.e.,
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the significant maternal-identity effects reported in this study. Because
water uptake by reptile eggs early in incubation is critical for embryo
survival and can affect fitness-related phenotypes of offspring (Packard
and Packard, 1988),maternal effects that regulate this passive response of
eggs should be an important target of selection.
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