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WATER RELATIONS OF THE EGGS OF ANOLIS AURATUS
AND ANOLIS LIMIFRONS!

ROBIN M. ANDREWS
Department of Biology, Virginia Polytechnic Institute and State University,
Blacksburg, Virginia 24061 USA

AND

OWEN J. SEXTON
Department of Biology, Washington University, St. Louis, Missouri 63130 USA

Abstract.  Eggs of Anolis auratus and Anolis limifrons were incubated on soil substrates differing
in matric potential of soil water. Eggs of both species hatched after a mean incubation time of 44 d
on soils with matric potentials of —1.48 MPa or greater. On soils with water potentials of —2.13 and
—2.74 MPa, eggs gained in mass initially but eventually desiccated. The rate of water storage was
greater for A. auratus eggs than for A. limifrons eggs on all treatments. Rates of water loss by
transpiration from the surface of eggs exposed to the atmosphere was a linear function of egg mass
for both species, with A. auratus eggs losing less water per unit time than A. limifrons eggs. Differ-
ences in water flux were correlated with eggshell morphology. Eggshells of A. auratus were thicker,
had a greater density of fibrils, and had a thicker matrix of calcium carbonate than eggshells of A.
limifrons. Thus, the eggs of A. auratus seem to be adapted to the dryness of their grassland habitat
and the eggs of A. limifrons seem to be adapted to the more equitable and humid conditions of their

Relations

rain forest habitat.

Key words:

INTRODUCTION

Closely related species frequently exhibit physio-
logical differences that appear to be adaptations for
life in particular environments. Examples for Anolis
lizards include rates of water loss (Sexton and Heat-
wole 1968, Gorman and Hillman 1977, Hillman and
Gorman 1977) and thermoregulatory patterns (Ruibal
1961, Campbell 1971, Huey and Webster 1976). How-
ever, the ability of lizards to modify their physical
environment by seeking out suitable microhabitats al-
lows a degree of fine adjustment not possible by phys-
iological means alone. On the other hand, the adap-
tations of reptilian eggs to their environments must be
entirely physiological and/or morphological; after ovi-
position, the egg remains in the same place for the
entire incubation period. Although there is an exten-
sive literature on the physiology of reptilian eggs
(Packard et al. 1977), little is known about the com-
parative aspects of egg physiology and morphology as
adaptations to environmental conditions.

In this study, we contrast the egg-water relations of
two species of tropical Anolis lizards. Anolis auratus
and A. limifrons are sympatric in Panama, but occupy
distinct habitats. Anolis auratus is restricted to open
grassy areas such as pastures and roadsides while A.
limifrons is restricted to the shaded understory of the
rain forest interior. Adjacent grassland and rain forest
habitats differ in their microclimatic regimes. Open

' Manuscript received 13 May 1979; revised 4 June 1980:;
accepted 5 June 1980.

Anolis: egg-water relations; lizards; physiological ecology; reptilian eggs; tropics.

habitats have higher daytime temperatures, lower rel-
ative humidity, and higher wind speeds than forested
habitats in Panama (Rubinoff 1974). The post hatching
stages of A. auratus and A. limifrons exhibit differ-
ences that reflect adaptations to dry and wet habitats,
respectively (Sexton and Heatwole 1968, Campbell
1971, Sexton et al. 1971). Our objective was to deter-
mine if the eggs of these two species exhibit parallel
physiological and morphological adaptations.

MATERIALS AND METHODS

Water fluxes through eggs were evaluated using a
general model for reptilian eggs (Tracy et al. 1978)
which states that

mxt = m\ - ’ha (l)

where i, is the rate of change in the mass of the egg
(water storage) during incubation, i, is the rate of
liquid water transport across the surface of the egg in
contact with the substrate of the nest, and m, is the
rate of transpirational water exchange across the sur-
face of the egg exposed to the atmosphere. For normal
development of the embryo of at least some lizard
species, the water content of the egg apparently must
increase during development (Packard et al. 1977).
Therefore, the rate of water uptake must be greater
than the rate of water loss during incubation. Rates of
water flux through the eggs of A. auratus and A. lim-
ifrons during the incubation period were measured on
soils differing in matric potential. Water storage (#1,)
and transpirational water loss (+1,) were measured di-
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TaBLE I. Morphological and physiological attributes of adult females, eggs, and hatchlings of the Anolis auratus and Anolis

limifrons individuals used in this study.

A. auratus A. limifrons
X = Sz (N) X = Sx(N)
Adult females
Snout-vent length (mm) 44.9 + 0.46 (16) 45.1 = 0.46 (23)
Range in size (mm) 4047 41-48
Eggs
Mass (g) at laying 0.164 = 0.0038 (23) 0.137 = 0.0020 (52)
Shell dry mass (mg/cm?) 5.6 = 0.47 (5) 4.2 = 0.30 (5)
Hatchlings
Snout-vent length (mm) 19.4 = 0.09 (9) 18.8 = 0.14 (16)
Mass (g) 0.161 = 0.0035 (9) 0.148 + 0.0027 (16)*
Incubation time (d) 44.4 + 0.70 (9) 43.8 + 0.58 ()

* The hatchling mass data include the 5 A. limifrons individuals hatched during this study (0.1475 = 0.00719 g) and 11
individuals hatched in September and October 1972 (0.1488 = 0.00855 g; R. M. Andrews, personal observation).

rectly, and water transport (#1,) was determined as the
sum of these quantities.

Freshly laid eggs were used in all experiments.
These were obtained from gravid females collected on
Barro Colorado Island (BCI) in Panama during April
and May 1977. Females were held individually in cages
containing a styrofoam cup filled with damp shredded
paper towels as a substrate for egg deposition. Eggs
were collected daily, weighed, and marked with dots
of India ink for individual recognition. One egg was
obtained from each A. auratus female collected. The
eggs (1-5) from each of 23 A. limifrons females were
assigned to different treatments. Experiments for each
species and soil matric potential were initiated as eggs
became available; thus starting dates differed by as
much as 1 mo.

Eggs were incubated under conditions of tempera-
ture and relative humidity paralleling those of natural
nest sites. Eggs of A. limifrons are normally laid on
the soil surface and covered lightly with leaf litter
(Sexton et al. 1964, R. M. Andrews, personal obser-
vation). Anoles may also bury eggs in shallow nests
excavated in the soil, in rotten logs, or under stones
(Rand 1967, Stamps 1976). Thus the egg surface not
in contact with the nest substrate is probably exposed
ordinarily to high atmospheric relative humidity.

One-half litre jars were used as incubation cham-
bers. Soil collected from the upper 1-2 ¢cm of soil sur-
face in the forest habitat of A. limifrons was dried to
constant mass at 110°C. Homogenous aliquots of soil
(230 g) were placed in the chambers and distilled water
was added to bring the water content (grams water per
gram dry soil) to 28, 32, 35, 39, 43, and 47%. The
chambers were tightly covered to reduce evaporation.
During the experiments, the chambers were kept in an
open-air laboratory where temperatures ranged from
23° at night to 28° during the day, a range comparable
to air temperatures within the forest during the time
of the study (Rubinoff 1974). Maximum temperatures
in open areas were several degrees higher.

Changes in mass during incubation were measured
for eggs buried so that one-halr of their surface area
was exposed to the atmosphere and the other one-half
was buried in the soil. Egg mass was determined to
the nearest 0.1 mg each 48-96 h during incubation.
When eggs were removed for weighing, each chamber
was also weighed and distilled water added if neces-
sary to bring the chamber back to its original mass.
Whether water was added or not, the soil in each
chamber was stirred thoroughly to distribute the water
in the soil. The chambers were checked frequently
toward the end of incubation; hatchlings were re-
moved, their mass determined to the nearest 0.1 mg,
and their snout-vent length (SVL) measured to the
nearest 0.5 mm within a few hours of hatching.

At the end of the experiments the soil used was
shipped to Virginia Polytechnic Institute and State
University for determination of the soil water reten-
tion curve. This curve was used to convert percent
soil water to estimates of matric potential of soil water
in megapascals where 1 MPa = 10 bars. The conver-
sions of percent soil water to matric potential were:
28%, —2.74 MPa; 32%, —2.13 MPa; 35%, —1.48 MPa;
39%, —0.70 MPa; 43%, —0.04 MPa; and 47%, —0.015
MPa. For each matric potential treatment, eggs of A.
auratus and A. limifrons were incubated simulta-
neously in the same chamber. Therefore, treatment-
by-treatment comparisons of the responses of the two
species are valid. However, because of day-night tem-
perature fluctuations, condensation on the eggs may
have occurred (although not observed). For this rea-
son, the matric potentials determined for the soil and
the estimated relative humidity (98% or more under
the experimental conditions, Tracy et al. 1978) may
not be an exact description of conditions in the cham-
bers at all times.

Statistical analyses of the incubation data were con-
ducted using multivariate analysis of variance (MAN-
OVA) techniques generalized for use with growth
curves (Potthoff and Roy 1964). This analysis is to be
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FiG. 1. Egg mass (mg) as a function of incubation time
for Anolis auratus. Matric potentials in order of lowest to
highest values are indicated as | = —2.74 MPa, 2 = -2.13
MPa,3 = —1.48 MPa,4 = —0.70 MPa, 5 = —0.04 MPa, and

6 = —0.015 MPa. Symbols indicating the number of eggs for
each treatment and their fate are in parentheses following
water potentials. Fate is indicated as H if the eggs hatched,
D if they desiccated, M if the eggs were killed by mold, and
T for eggs transferred to a water loss experiment and not
replaced.

preferred over standard regression analysis because
the observations are obtained by taking repeated mea-
surements over time on the same individual (egg). The
resulting dependency of the data across time invali-
dates assumptions of standard regression analysis.
This MANOVA analysis requires that all measure-
ments be made at the same times. Therefore, linear
interpolations were used to generate an observation at
100-h intervals for each egg.

In order to measure transpirational water losses
from egg surfaces we suspended eggs of various ages
on a wire rack in the —0.7, —0.04, and —0.015 MPa
incubation chambers in an air-conditioned room (25°
+ 1°). Under these conditions, the relative humidity
should have been 99 % or more in all of the chambers
(Tracy et al. 1978). Eggs were weighed every 6-12 h
for 56 h. The rate at which eggs lost mass stabilized
at about 24 h. Therefore, the rate of water vapor loss
for each egg was determined as the slope of the line
relating time and egg mass from 24 to 56 h based on
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Fic. 2. Egg mass (mg) as a function of incubation time

for Anolis limifrons. Symbol conventions as on the preceding
figure. The two eggs that were killed by mold on the —0.7
MPa treatment (4) were infected after the last measurement
(910 h).

five measurements per egg. Coefficients of determi-
nation (R?) for each egg were 85% or more in all cases.
Although most of the eggs used to measure rates of
water loss were acquired for this purpose only, about
one-fourth of the eggs used were taken from the in-
cubation experiments. The A. auratus eggs used were
replaced in the incubation experiments. For these
eggs, mass lost during the 56 h of total exposure to the
chamber atmosphere was added to the gain in mass
during incubation. The A. limifrons eggs used were
taken from the —0.015 MPa treatment and were not
replaced (see Results).
Egg surface area was estimated as

A = 4.835m0-652 (2)

where A is area in square centimetres and m is mass
in grams (Paganelli et al. 1974).

The mass of the egg shell per unit surface area at
oviposition was determined for five randomly selected
eggs of each species. Eggs were opened with a razor
blade, their contents removed, and the shell rinsed in
distilled water. The shells were dried at 60° for 24 h
and then their mass was measured.

Eggshells were examined by transmission electron
microscopy for determination of their fine structure.
Eggs were fixed by immersion of the entire egg for 1
h in 5% glutaraldehyde buffered with 0.2 mol/L. Na-
cacodylate, pH 7.4, containing 0.01 mol/L. CaCl,. The
eggs were removed and cut open, the contents re-
moved, and the eggshell cut into smaller pieces which
were returned to the 5% glutaraldehyde for 1 h at room
temperature or overnight in a refrigerator. The sam-
ples were postfixed in Na-cacodylate buffered 1%
OsO, for 1-2 h at room temperature, dehydrated in a
graded ethyl alcohol series and embedded in Spurr

This content downloaded from 128.173.125.76 on Thu, 13 Mar 2014 09:56:58 AM
All use subject to JISTOR Terms and Conditions



http://www.jstor.org/page/info/about/policies/terms.jsp

June 1981

TABLE 2. Linear regression equations relating egg mass (m,
in mg) to incubation time (¢, in h) for A. auratus and A.
limifrons eggs incubated at four soil matric potentials. Pa-
rameter estimates were determined with a MANOVA pro-
cedure (see text for details).

Soil

matric
potential

(MPa) Anolis auratus Anolis limifrons
-0.015 m=149.2 + 0.323 ¢+ m = 119.6 + 0.187 ¢
—0.040 m = 181.4 + 0.232 ¢ -

—0.700 m = 159.1 + 0.213+ m = 145.0 + 0.120 ¢
—1.480 m = 190.0 + 0.173 ¢

resin. Thin sections were cut with a DuPont diamond
knife using a Porter-Blum MT-2 ultramicrotome,
stained with uranyl acetate and lead citrate, and ex-
amined with a Hitachi HU-11C electron microscope
operated at 75 kV. Examination of fixed vs. unfixed
eggshells revealed no difference in structure.

REsSULTS

Anolis auratus and A. limifrons are very similar in
adult size. For both species, the females from which
we obtained eggs averaged 45 mm SVL and had nearly
identical maximum SVL’s (Table 1). Hatchling SVL's
were not significantly different (P > .05, two-tailed ¢
test), averaging about 19 mm. In contrast, both the
eggs and hatchlings of A. auratus were significantly
heavier (P < .01, two-tailed ¢ tests) than those of A.
limifrons.

Results of the incubation study are shown in Figs.
1 and 2. Eggs gained mass on all treatments, at least
initially. Gain in mass was not sustained on the iwo
driest soils, where loss in mass was followed by em-
bryo death. All A. auratus embryos that died did so
relatively late during incubation. These eggs, incubat-
ed at —2.13 and —2.74 MPa, contained large dead em-
bryos when the eggs were opened at the end of the
normal incubation period. One of the eggs incubated
at —2.13 MPa had been scored by the egg tooth, but
the hatchling had been unable to leave the egg. In
contrast, the A. limifrons embryos that died did so
relatively early in the incubation period.

Eggs of both A. auratus and A. limifrons hatched
on soils with matric potentials of —1.48 MPa or great-
er. Although all of the A. limifrons eggs incubated at
—1.48 MPa hatched, most eggs on the three wetter
treatments did not complete their development. Eggs
on two of these treatments died after mold formed in
the incubation chambers, and eggs could not be re-
placed on the remaining treatment because death of
the embryos followed an experiment measuring tran-
spirational losses. There was no difference in the in-
cubation time for the two species (P > .05, two-tailed
t test); their combined mean incubation period was
44 d.

In order to make statistical comparisons of the
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Fi1G. 3. The rate of transpirational water loss (r,) by eggs

of Anolis auratus and Anolis limifrons as a function of egg
mass (m). See text for details.

curves in Figs. 1 and 2 with the Potthoff and Roy
(1964) model, the number of observations per individ-
ual must be the same. Therefore, the A. auratus data
were truncated at 900 h, the A. limifrons data were
truncated at 700 h (which excluded the eggs incubated
at —0.04 MPa), and interspecific comparisons were
truncated at 700 h. We also excluded the data from
the two driest treatments for both species because the
curves were clearly nonlinear and unrelated in their
response to the other curves. Polynominal regression
analyses indicated that the data from the two driest
treatments were best fit by second- or third-order
functions.

For A. auratus eggs, simultaneous tests indicated
that the rate of water storage was a linear function of
incubation time on all four treatments (P < .05).
Moreover, the greater the water availability of the soil,
the greater the rate of water storage. A simultaneous
four-way test of the slopes indicated that they were
unequal (P < .025). However, pairwise comparisons
showed that the only significant differences were be-
tween the —0.015 MPa treatment and the —0.70 MPa
treatment (P < .025), and between the —0.015 MPa
treatment and the —1.48 MPa treatment (P < .05).

For A. limifrons eggs, simultaneous tests indicated
that the rate of water storage was not a linear function
of time; the test for a quadratic term was significant
(P < .05). Individual tests showed that rate of water
storage was a linear function of incubation time on the
—0.015 MPa and the —0.70 MPa treatments (P <
.05), but that significant quadratic terms were found
on the —0.04 MPa and the —1.48 MPa treatments (P
< .05). Visual inspection of the data showed no ap-
parent relationship between matric potential and i,

This content downloaded from 128.173.125.76 on Thu, 13 Mar 2014 09:56:58 AM
All use subject to JISTOR Terms and Conditions



http://www.jstor.org/page/info/about/policies/terms.jsp

560

TaBLE 3. Rates (mg-h~!-cm~2) of water storage (ri1,,), tran-
spirational water loss (/,), and water uptake (ri,) at 500
h of incubation for eggs of A. auratus and A. limifrons.
See text for details.

Soil matric

potential (MPa) A. auratus A. limifrons

m:t
—0.015 .290 215
-0.700 212 142

g
—0.015 229 .294
—0.700 .205 .285

s
-0.015 519 .509
—0.700 417 .426

(Fig. 2). It is possible that the conductance of the soil
may have limited the transport of water (Tracy et al.
1978), clouding a steady-state correlation between
matric potential and .

The rate of increase in egg mass (r1,) was greater
for A. auratus eggs than for A. limifrons eggs on all
treatments (Fig. 2 and Table 2). These differences
were significant for the —0.015 MPa and the —0.70
MPa treatments (P < .05). The —0.04 MPa and the
—1.48 MPa treatments comparisons could not be made
because of the nonlinearity of the A. limifrons data.

The rate of water loss by transpiration (r1,) was a
linear function of egg mass for both species (Fig. 3).
For all egg sizes, A. auratus lost less water per unit
time than A. limifrons eggs. Moreover, the rate at
which water loss increased with respect to egg mass
tended to be lower for A. auratus than for A. limifrons
(.10 <P < .20, t = 1.43, two-tailed test).

Eggs used in the experiment measuring transpiration
ranged from 4 to 28 d in age. Because both age and
mass increased during incubation, a correlation be-
tween these variables was expected. However, single-
variable regression analyses showed that egg mass ac-
counted for more of the total variability in the rate of
transpiration than did age. For A. limifrons the re-
spective values of r? were .79 and .18, and for A.
auratus the respective values of r? were .61 and .57.
After accounting for mass in multiple regression anal-
yses, age did not explain a significant proportion of
the total variance in rate of transpiration for either
species (P > .05).

The rate of water uptake (r1,) was determined as
the sum of water storage and water loss (from Eq. 1).
Typical values for all three rates are shown in Table
3. Comparisons were made at 500 h of incubation on
two treatments. The rate of water storage was deter-
mined from equations in Table 2, and the rate of water
loss was determined from equations in Fig. 3. The
latter rate was divided by one-half since eggs in the
incubation chambers had one-half of their surfaces ex-
posed to the atmosphere. Rates are expressed per unit

ROBIN M. ANDREWS AND OWEN J. SEXTON
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FiG. 4. Transmission electron micrograph section through
the eggshells of Anolis limifrons on the left (x4050) and A.
auratus on the right (x2775). The five concentric zones of
fibrils are labeled from I at the inner surface of the eggshell
to V at the external surface of the eggshell. The thickness of
the eggshells shown is 48 um for A. limifrons and 62 um for
A. auratus. The scale at the bottom of each figure is § um
in length. Symbols: SM = shell membrane, EM = egg mem-
brane, F = fibril, P = perifibrillar layer, * = interfibrillar
space.

surface area of egg (Eq. 2) to facilitate comparison be-
tween the two species. Rates were divided by one-half
egg surface area to express the rate of water uptake
by the half of the egg exposed to the soil and the rate
of water loss from the half of the egg exposed to the
atmosphere. Anolis auratus eggs had higher rates of
water storage and lower rates of water loss than A.
limifrons eggs on both treatments, but a higher rate of
water uptake on the wetter treatment and a lower rate
of uptake on the drier treatment than the A. limifrons
eggs.

The ultrastructure of the eggshells of A. auratus and
A. limifrons is contrasted in Fig. 4. A detailed analysis
of the eggshell of A. limifrons was conducted by Sex-
ton et al. (1979). Therefore, only those aspects of shell
morphology relevant to the present study are dis-
cussed here. The shell of both species consisted of
five concentric zones of fibrils. The external surface
of these fibrils was bounded by a matrix of granular

This content downloaded from 128.173.125.76 on Thu, 13 Mar 2014 09:56:58 AM
All use subject to JISTOR Terms and Conditions



http://www.jstor.org/page/info/about/policies/terms.jsp

June 1981

material (calcium carbonate). The fibrils in the shells
of A. auratus were larger and more densely packed
than those in the shells of A. limifrons and had a thick-
er matrix of calcium carbonate as well. This was par-
ticularly apparent in Zone 5. Because the interfibrillar
spaces are presumably the route through which water
passes, the eggshells of A. auratus, with their rela-
tively high fibril density, would appear to be less po-
rous than the eggshells of A. limifrons. This interpre-
tation was also supported by shell dry mass (Table 1).
The eggshells of A. auratus were significantly heavier
per unit surface area than the eggshells of A. limifrons
(P < .05, two-tailed 7 test). The respective densities
are 0.903 and 0.875 g/cm?.

DiscussioN

Anolis auratus and A. limifrons are very similar in
body size. In this study, SVL's ranged from about 19
mm at hatching to 48 mm in maximum length (see also
Sexton et al. 1971, Andrews and Rand 1974). Anolis
auratus individuals weigh slightly more than A. limi-
Sfrons individuals for a given SVL over this entire range
(R. M. Andrews, personal observation). Thus, the rel-
atively large egg of A. auratus at oviposition probably
corresponds to the material requirements of the hatch-
ling.

For both A. auratus and A. limifrons, hatching oc-
curred on soils with matric potentials of —1.48 MPa
or greater. On drier soils at water potentials of —2.13
and —2.74 MPa, all eggs stored water during the first
weeks of development. Although transpirational loss-
es on these soils eventually exceeded water uptake,
the initial water storage on these extremely dry sub-
strates would suggest that the water potential of the
eggs at oviposition was —2.74 MPa or less. In contrast,
eggs of painted turtles incubated under conditions sim-
ilar to those of our experiments did not increase their
net water content at matric potentials <—0.71 MPa
(Tracy et al. 1978). Thus, lizard eggs appear to have
lower water potentials at oviposition than do turtles
(Tracy 1980).

For both A. auratus and A. limifrons, the smallest
amount of water stored for eggs that hatched was
about equal to the mass of the egg at oviposition. The
greatest increase in egg size was observed during the
incubation of an A. auratus egg at a matric potential
of —0.15 MPa. On this treatment, the egg trebled its
mass and doubled its surface area. Other authors have
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Some comparisons between the eggs of A. auratus
and A. limifrons reveal physiological and morpholog-
ical differences that may represent evolutionary ad-
justments to habitats differing in moisture availability.
A. auratus eggs exhibited a higher rate of water stor-
age and lower rates of water uptake and transpirational
water loss than eggs of A. limifrons. Differences in
water flux were correlated with eggshell morphology.
Because of their greater thickness, greater density of
fibrils, and a thicker matrix of calcium carbonate, the
eggshells of A. auratus may provide more resistance
to the movement of water than those of A. limifrons.
Thus, the eggs of A. auratus seem to be adapted to
the dryness of their grassland habitat. For A. auratus,
water is rapidly stored at high matric potentials be-
cause of low transpirational water losses from the ex-
posed egg surface. Low rates of water loss by tran-
spiration also mean that embryos can survive
relatively long periods of desiccation. For example,
eggs incubated on the two driest soils in the present
study possibly could have completed development if
water had become more available during the latter
third of the incubation period. In contrast, the eggs of
A. limifrons seem to be adapted to the relatively high
and stable water regimes of the forest interior. Al-
though the rate of water uptake was high on soils
where hatching occurred, the net result of high tran-
spirational losses was a low rate of water storage. Eggs
of A. limifrons cannot survive long periods of desic-
cation; embryo death occurred within the first third of
the incubation period on the two driest soils used in
this study.
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