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Abstract

We incubated Pseudophryne bibronii eggs at selected T, (7°, 12°, 17°, 22°C)
and substrate water potentials (0 and —25 kPa) to determine their effects on rate
of O, consumption ( Vo,) of the embryos, incubation time, growth rate, and differ-
entiation rate. Incubation to median batching stage (stage 27) increased from
17d at 22°C to about 140 d at 7°C, and Vo, increased in proportion to age at
all temperatures. At O kPa water potential, the total O, consumed until hatching
stage decreased from about 1.2 mL at 7°C, to 0.81 mL at 12°C, to a low of 0.58
mlL at 17°C, and increased slightly to 0.67 mL at 22° C. However, gut-free dry
mass of 12°C hatchlings was significantly bigher then those at 17° and 22°C, so
the energy cost of producing 1 mg of dry, gut-free embryo was similar (0.47-0.55
mlL/mg) between 12° and 22°C. Incubation at lower water potential (—25 kPa)
reduced Vo, by 19%-28% and retarded growth rate but did not affect differentia-
tion rate or incubation time.

Introduction

The energy for development in amphibian embryos originates in the yolk.
Very little is known about the fate of this energy, such as how much is
metabolized during incubation and how much ends up in the embryo and
residual yolk at hatching. In the terrestrially breeding frog, Pseudophryne
bibronii, the energy contained in the egg at laying must be sufficient not
only to carry the embryo through to hatching but also to supply energy
during the delayed-hatching period, during which the terrestrial embryos
await flooding by winter rain that stimulates them to hatch (Bradford and
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Seymour 1985). At 12°C, embryos use only about 40% of the yolk mass by
hatching time and have considerable reserve that lasts an additional 96 d.
However, natural incubation temperatures can vary, affecting incubation
time, metabolic rate, and the amount of energy remaining when embryonic
development is complete. By measuring the total amount of O, consumed
during incubation at different temperatures, we were able to evaluate the
energy used for development.

The growth rate and metabolic rates of reptilian eggs have been shown
to decrease when eggs are incubated under conditions of water restriction
(Packard and Packard 1987). It is not clear whether this is true for birds (cf.
Simkiss 1980; Davis and Ackerman 1987), but it may be true for amphibians
(Smith-Gill and Berven 1979). In P. bibronii, we determined that growth
rate was 32% less when eggs are incubated on a substrate at —25 kPa than
at 0 kPa (Bradford and Seymour 1988), but we wished to find out whether
this was correlated with a difference in rate of O, consumption. Therefore,
at each of the four temperatures, we incubated eggs on moist filter-paper
substrates at 0 and —25 kPa water potential.

Material and Methods

The source and treatment of the eggs have been described elsewhere (Sey-
mour, Geiser, and Bradford 1991). Briefly, eggs at Gosner (1960) stages 8-
12 were collected, washed, and incubated in air under eight combinations
of temperature (7°, 12°, 17°, and 22°C) and water potential (0 and —25
kPa). The eggs from seven clutches were randomly distributed among the
eight treatments. The eggs were incubated without touching each other on
stacks of moist filter paper within eight covered plastic containers. The eggs
were occasionally selected at random for measurements of stage and met-
abolic rate and then returned to the incubator.

Embryos were staged according to Gosner (1960) except for stages 21
and 23, which were based on Woodruff (1972), and stages 19, 20, 24, and
25, which were interpolated in time between definitive stages, because
Pseudophbryne bibronii lacks the obvious features for these stages.

The rate of oxygen consumption (Vo,) was determined with a Gilson
model 1G-14 single-valve differential respirometer equipped with 5-mL
chambers and 1% KOH CO, absorbent. On every day of measurement at a
given temperature, 4-5 chambers were prepared for each water potential,
and each chamber contained 3-7 randomly selected eggs. After equilibration
for at least 1 h, Vo, was measured for a further 3-6 h, and then the eggs
were returned to their incubation containers. The average Vo, per egg (UL
stpp/h) was calculated for each chamber, and this value was assumed to
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be independent of previous measurements and concurrent measurements
in other chambers. Although this assumption is technically invalid for sta-
tistical analysis, it was impractical to identify individual eggs and to replicate
constant temperature cabinets and egg containers for each treatment.

The effect of temperature on the mass of the hatchlings was determined
in eggs incubated in water (0 kPa) because hatching does not normally
occur in air. Embryos from two clutches were randomly separated into three
groups of 9-10 individuals. Each group was placed at 12°, 17°, or 22°C in
90 mL of dechlorinated tap water, 1 cm deep. The groups were checked
daily for hatchlings, which were removed and frozen. Subsequently the
digestive tract and the carcass of the hatchlings were separated, dried to
constant mass over silica gel, and weighed to 0.01 mg. Gut-free dry mass is
presented in milligrams and as a percentage of total dry mass to reduce
the variance due to differences in egg size. Measurements were not made
at 7°C.

For the purposes of analysis, incubation time is taken as the time for
terrestrial embryos to reach stage 27, which is the median stage at which
hatching naturally occurs (Bradford and Seymour 1985). Differentiation rate
is the inverse of the time taken to develop from one stage to another (Smith-
Gill and Berven 1979).

Resuits

Effect of Temperature and Water Potential on Incubation Time,
Differentiation Rate, and Hatchling Mass

In embryos incubated in air, temperature influenced incubation time and
differentiation rate as measured by stage of development (fig. 1). Differ-
entiation rates on substrates of 0 and —25 kPa were indistinguishable. The
relationship between stage and age was not linear. The incubation time
from stage 8 (the day after laying) to stage 27 was about 140 d at 7°C, 47 d
at 12°C, 21 d at 17°C, and 17 d at 22°C. The Q, values calculated for these
three temperature intervals are 8.8 (7°-12°C), 5.0 (12°-17°C), and 1.5 (17°-
22°C), indicating that differentiation rate becomes less temperature sensitive
at higher temperature.

Nearly all embryos incubated in water survived to hatching at 12° and
17°C (i.e., 19 of 19 and 18 of 19, respectively), but only 5 of 20 survived at
22°C. Embryos in the two clutches did not differ significantly in incubation
time at each temperature (Mann-Whitney U-test, P> 0.05; Zar 1984). Median
incubation times (and ranges) for the combined clutches, including 9 d at
12°C prior to placement at experimental temperatures, were 40 (36.5-65.5)
dat 12°C; 23 (21.5-31) d at 17°C; and 20.5 (17-24.5) d at 22°C. Incubation
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Fig. 1. Stage of development of Pseudophryne bibronii during terrestrial
incubation on a saturated substrate (0 kPa) at four constant tempera-
tures. Age represents time since fertilization. Each point is the mean of
4-5 embryos. Curves were fitted by eye.

times at 17° and 22°C were not significantly different but both were signif-
icantly shorter than at 12°C (U-test, P < 0.001). Stage at hatching was not
measured in aquatic embryos.

Embryos in water hatched at smaller dry mass at warmer temperatures
(fig. 2). Similarly, embryos at warmer temperatures hatched when gut-free
dry mass constituted a smaller proportion of total body mass (fig. 2). These
differences were significant within each clutch between 12°C and the other
temperatures (#test, P < 0.05; Zar 1984) but not between 17° and 22°C.

Effects of Temperature and Water Potential on Vo,

Oxygen consumption increased during development in a fairly linear fash-
ion, more quickly at higher temperature (ANCOVA: F= 32, df = 3, 33) (fig.
3). When the embryos reached hatching stage 27, the data tended to plateau.
Oxygen consumption reached 1.30 uL/h at 12°C, slightly higher than the
value (1.05 pL/h) at 12°C in our earlier study (Bradford and Seymour 1985).
The Q,, of Vo, (stage 27, 0 kPa) was 2.49 between 12° and 17°C and 1.61
between 17° and 22°C. Embryos at 7°C did not reach stage 27, but Q,, at
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Fig. 2. Gut-free dry mass of Pseudophryne bibronii hatchlings in two
clutches reared in water at three temperatures. Symbols represent
means, 95% confidence limits of the mean, standard deviation, and
range. Sample sizes are given at top. The “+” represents the single indi-
vidual in clutch A that batched at 22°C.

stage 26 was 2.51 between 7° and 12°C. Oxygen consumption was lower
at —25 kPa water potential than at 0 kPa at all stages of development and at
all temperatures except 7°C (P < 0.05; Wilcoxon paired-sample tests;
Zar 1984).

The integrated Vo, up to hatching-stage 27 is given in table 1. At 12°,
17°, and 22°C, but not at 7°C, eggs at —25 kPa consumed less total O, than
those at 0 kPa. Total Vo, was lowest at 17°C at both water potentials. The
groups of eggs used for respirometry at 7°C died after they reached stage
26 at 0 kPa and stage 23 at —25 kPa. Because embryos can hatch at stage 26
(Bradford and Seymour 1985), these data are included in table 1. We attribute
the late mortality of the 7°C eggs to fungus infections exacerbated by re-
peated handling. Other eggs at 7°C that were not removed from their in-
cubation containers developed to stage 28 in about 156 d.
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Fig. 3. Rate of O, consumption per egg (Vo,) in Pseudophryne bibronii at
Sfour temperatures. Eggs were measured at 0 kPa (O) or —25 kPa (@)
water potential. Each point is a mean of 4-5 embryos.

Discussion

The energy used by an embryo can be estimated by measuring the total
amount of O, consumed during development. When an embryo of Pseu-
dopbryne bibronii reaches hatching stage after about 39-47 d at 12°C, it
has consumed about 0.7 mL of O, (table 1). If kept on land during the
delayed-hatching period, it exhausts its yolk supply after 96 d, having con-
sumed a total of about 1.7 mL, and dies at about 140 d, having consumed
about 2.5 mL (Bradford and Seymour 1985). This viable limit of available
energy is about 2.5 mL X 20 J/mL = 50 J. Therefore development to hatching
stage requires only 14 J, or 28% of the total viable limit. Considerable energy
remains for survival during the delayed-hatching period, when the unhatched
embryos wait for the nest to be flooded. Considerable reserve energy exists
in other hatchling amphibians. For example, salamander (Ambystoma) em-
bryos use about 0.3 mL of O, to reach hatching and then about 1.0 mL as
prefeeding larvae (Kaplan 1980). It would be valuable to compare embryonic
energy budgets in other amphibians with different reproductive modes.
As is the case for other amphibians (Smith-Gill and Berven 1979; Kaplan
1980), incubation at lower temperatures increases hatchling size in P. bi-
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TABLE 1

Total amount (mL) of O, consumed during development to stage 27
(median batching stage), dry gut-free batchling mass, and cost

of development in Pseudophryne bibronii

Temperature (°C)

Variable 7 12 17 22
Total Vo,:

OkPa(mL) ..................... 1.21% .81 .58 .67

—25kPa(mL) ................... ..ok .66 42 .50
Dry hatchling:

OkPa(mg) ..................... L 1.50 1.23 1.22
Cost of development (mL/mg) ...... C 54 47 55
* Stage 26.

" Died after stage 23.

bronii (fig. 2). Larger hatchlings may be better able to survive larval life,
but incubation at lower temperature carries disadvantages, especially for
terrestrial eggs. For example, the total amount of O, consumed by embryos
when they reach hatching stage increases as temperature decreases between
17° and 7°C (table 1). At colder temperatures, therefore, less energy remains
in the egg to support metabolism in the delayed-hatching period. Incubation
at 7°C is particularly disadvantageous. The total O, consumed to stage 26
(1.21 mL O,) is more than twice the value at 17°C and represents about
half of the viable limit. Further development to stage 27 at 7°C would prac-
tically exhaust the yolk and leave the hatchling with little energy reserves
except for those in its own body. This temperature is also disadvantageous
because the exceptionally long incubation time (ca. 5 mo) increases the
dangers of predation, infection, and desiccation and may require longer
attendance by the male adult frog. Incubation at 12° and 17°C reduces total
O, consumption and leaves the hatchling with progressively more energy.
Interestingly, the trend does not continue to 22°C, and the total consumption
begins to rise inexplicably. This temperature may be close to the tolerable
limit; survivorship of aquatic embryos is only 25% at this temperature, and
there is no survival at 27°C (D. F. Bradford, personal observation). High
temperature possibly interferes with proper differentiation and makes de-
velopment less energetically efficient.

This study allows us to examine the effect of temperature on the energy
used to produce a unit of hatchling body mass in P. bibronii. This so-called
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energy cost of development is obtained by dividing the total O, consumption
by the gut-free, dry, hatchling mass (table 1). The values suggest that the
cost of development is lowest at the intermediate temperature of 17°C, but
any differences cannot be tested statistically until data become available for
Vo, and hatchling mass in the same eggs. Nevertheless, the differences are
small, and the cost of building a unit of dry embryo is practically independent
of temperature. The mass-specific energy cost of development in reptiles
is also rather independent of temperature within the normal incubation
range (Thompson 1983; Leshem et al. 1986; Whitehead and Seymour 1990).

The average energy cost of development is 0.52 mL/mg in P. bibronii
(table 1). The values for 39 species of birds average about 0.78 mL/mg
(Vleck and Vleck 1987). Assuming a hatchling water content of 78%, the
energy cost of development at 30°C in 11 species of reptiles averages 0.49
mL/mg (Whitehead and Seymour 1990). Ackerman (1981) suggested that
the difference in the energy cost of development between birds and reptiles
rested in the difference in incubation temperature, but the present data from
P. bibronii eggs incubated at much lower temperatures do not extend this
idea. Not only are the costs similar in the frog, incubated at 12°-22°C, and
the reptiles, incubated at 30°C, but also there is no consistent effect of
temperature in the frog (table 1).

Embryos reared at —25 kPa consumed 72%-81% less O, during devel-
opment to stage 27 than embryos at 0 kPa (table 1). This reduction is as-
sociated with a diminished growth rate at lower water potential, embryos
at —25 kPa grew 71% slower than embryos at 0 kPa (Bradford and Seymour
1988). Surprisingly, the similar reductions in Vo, and growth rate at lower
water potential are not associated with retarded differentiation. Embryos at
the two water potentials in our study did not noticeably differ in stage. A
similar observation has been made in reptilian eggs (Packard and Packard
1987), but the physiological explanation is still unclear. Certainly the re-
ductions in Vo, and growth rate at lower water potential do not result
from differences in O, availability. Although water potential greatly affects
the size and thickness of the jelly capsule, its O, conductance is unaffected
(Seymour and Bradford 1987).
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