
Introduction
Leatherback turtles are iteroparous and nesting females
typically lay ~7 clutches of an average of 65 eggs every
9–10 days during the reproductive season that occurs each
3–4 years (Steyermark et al. 1996; Reina et al. 2002). The
entire clutch of eggs can be more than 5 kg in mass and the
bottom of the nest ~75–100 cm below the sand surface
(Billes and Fretey 2001) – larger and deeper than any other
sea turtle (Miller 1997) and of any other living oviparous
animal. Leatherbacks have relatively low hatching success
(~50%) while hatching success of other marine turtle
species is ~85% or more (Eckert and Eckert 1990; Bell et al.
2004). This low hatching success of leatherbacks is largely
a result of embryonic mortality rather than egg infertility
(Whitmore and Dutton 1985; Bell et al. 2004), but the
specific cause remains unknown. Low hatching success
compounds the problem of population decline that results
from unsustainable adult mortality caused by incidental
capture by fisheries (Spotila et al. 2000), and understanding
causes of low hatching success would therefore be an impor-
tant conservation step towards preventing extinction in this
species.

As developing eggs metabolise, oxygen diffuses from the
atmosphere through the air-filled spaces between the grains
of sand and into the nest to replenish what is consumed by
embryos, while the carbon dioxide produced diffuses in the
opposite direction (Prange and Ackerman 1974; for review
see Wallace et al. 2004). In addition to diffusive gas move-
ment that results from partial pressure differences of the con-
stituents of the gas mixture, convective gas exchange (also
termed ‘bulk flow’) results in air movement through the sand
and within the nest along a gradient of total gas pressure
(Maloney et al. 1990; Wallace et al. 2004). Wallace et al.
(2004) investigated the changes in oxygen partial pressures
and temperatures within developing leatherback nests, and
showed that oxygen partial pressure (PO2) declined and
temperatures increased in the nest over time as the embryos
developed. After about the halfway point of incubation,
embryonic consumption of oxygen exceeded supply from
the sand surrounding the nest, causing declines in nest PO2
and reflecting interaction between metabolic demand and
resistance to gas flux on respiratory gas availability, as seen
in developing turtle and bird eggs (e.g. Rahn et al. 1974;
Ackerman 1981, 1997).
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early death, 14.7 ± 5.8% late death) regions. Oxygen tension in all regions of nests was significantly lower and
carbon dioxide tension was significantly higher than in control nests by Day 35 of incubation. Although spatial
variation in respiratory gases was detected, it did not appear to explain spatially variable developmental success
because late-stage embryonic death did not increase in the central region where oxygen tension was lowest and
carbon dioxide tension was highest.

Effect of egg location and respiratory gas concentrations
on developmental success in nests of the leatherback turtle,

Dermochelys coriacea

www.publish.csiro.au/journals/ajz

CSIRO PUBLISHING



C. R. Ralph et al.290 Australian Journal of Zoology

Changes in the gaseous and thermal environment inside the
developing leatherback nest are not spatially uniform. Oxygen
and thermal gradients develop, with oxygen tension lower and
temperatures higher in the centre of the nest than on the periph-
ery (Wallace et al. 2004). The PO2 and temperature gradients
occur because the surrounding sand impedes gas and heat
exchange such that embryonic metabolism consumes oxygen
faster than it can be replenished, and generates heat faster than
it can be dissipated by flux through the sand (Ackerman 1980).
Thus, eggs in the centre of the leatherback nest develop in dif-
ferent gaseous and thermal conditions than eggs on the periph-
ery. These observations led us to question whether these
variable conditions differentially affect the development of
embryos within spatially distinct areas of the nest.

While measures of oxygen tension indicate that hypoxia
does not appear to directly influence the overall hatching
success of leatherback nests (Williams 1996; Reynolds
2000; Wallace et al. 2004), those studies may have been
unable to detect a relationship because most embryonic
mortality occurs during the early stages of development
before gas tensions inside the nest significantly change
(Whitmore and Dutton 1985; Eckert and Eckert 1990), but
determinations of overall hatching success do not discrimi-
nate between early and late stage of embryonic failure. This
would therefore disguise the effect of hypoxia on embryonic
deaths late in development if hatching success for the nest as
a whole is determined. Whether spatially variable conditions
differentially affect the development of embryos within dis-
tinct regions of the nest is unknown. In this study, we related
the three-dimensional position of each egg in the nest and its
ultimate developmental success to the gaseous environment
in which it developed.

Materials and Methods

Study site

The study was conducted at Playa Grande, Parque Nacional Marino Las
Baulas, in the Guanacaste province of Costa Rica. From October to
December 2003, nests in danger of inundation were collected and
relocated to a hatchery composed of beach sand above the natural high
tide line (for details of hatchery see Reynolds 2000; Wallace et al.
2004). The hatchery replicated the conditions found in safe areas of the
beach above the high tide line in which most nests are laid (Nordmoe
et al. 2004). We collected clutches of eggs into a plastic bag directly
from the cloaca of the turtle during oviposition and eggs did not contact
the sand of the nest cavity. We carefully transported the egg clutches to
the hatchery and reburied them within 3 h of oviposition. Reburial
within this time-frame does not alter the hatching success of relocated
nests compared with those left in situ (unpublished data). We placed
individual clutches of eggs on a large sheet of plastic, numbered each
egg ~10 times with a soft (6B) pencil and recorded the total clutch size
(number of eggs). We did not include shelled albumen in the total clutch
tallies and deposited them on top of the egg clutch to simulate the
natural condition (Wallace et al. 2004). Numbers were ~2 cm in height
and permitted identification of each egg following excavation after
hatchling emergence. Artificial nests were dug by hand ~75 cm deep,
with a 25-cm neck diameter and 35-cm egg chamber diameter to the
approximate shape of a natural nest (Billes and Fretey 2001). Nests

were spaced 1.5 m apart at their centres. We carefully positioned the
numbered eggs layer by layer (typically four or five horizontal layers)
in the nest cavity and recorded the location of each egg in three dimen-
sions. The radial position of an egg within its layer and the vertical posi-
tion of the layer in the nest were graphically represented so that each
egg’s position in space could be identified. Thus, we could determine
the three-dimensional location of all eggs and allocate them into periph-
eral, intermediate and central regions of the nest (Table 1), with regions
concentrically arranged from the edge to the middle of the clutch of
eggs. We compared the developmental success of eggs in these regions
to determine whether differences in hatching success occurred with
three-dimensional location within the nest.

Determination of developmental outcomes

We determined the developmental outcome of each egg by excavating
each nest two days after the first hatchlings emerged (~60 days after
burial). Hatching success (%) was calculated from the equation:

Hatching success (%) = (1 – U/T) × 100 (1)

where U = unhatched eggs, and T = total no. eggs in the clutch.
The numbers on each unhatched egg were cross-referenced with the

three-dimensional map drawn during clutch burial to identify its
location within the nest. In the analysis we included only nests in which
at least 95% of eggs remained legibly numbered at time of excavation.
We examined the contents of each unhatched egg and assigned a
developmental stage according to a field-staging protocol based on the
presence/absence and morphology of the embryo (Leslie et al. 1996).
The field-stages corresponded with specific developmental stages (Bell
et al. 2004), from which the maximum period of embryonic develop-
ment was determined using Miller’s (1985) developmental chronology
(Table 2).

Data analysis

To calculate hatching success in different regions of each nest we used
the equation:

Hatching success (%) = (1 – Ur/Tr) × 100 (2)

where Ur = no. unhatched eggs in the region, and Tr = total no. eggs in
the region.

We calculated the hatching success in all regions of each nest indi-
vidually, arcsine-transformed percentages and then used a one-way
ANOVA (Statview 5.0) to determine significant differences in success
between grouped regions for all nests. We conducted a similar analysis
on the unhatched eggs to determine whether there were significant dif-
ferences in the proportions of embryos dying at specific developmental
stages (as determined by the field-staging protocol) in the centre and
periphery of nests.

Collection of air samples from within the nest

Oxygen and carbon dioxide were sampled from 16 experimental nests
as described previously (Wallace et al. 2004) using sampling ports

Table 1. Regions within the nest
All eggs were allocated to mutually exclusive regions of the nest on

the basis of their position relative to other eggs and to sand
surrounding the nest

Region Definition

Peripheral All eggs in contact with sand surrounding the nest
Intermediate All eggs in contact with peripheral eggs but not in 

contact with surrounding sand
Central All other eggs
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made from a hollow, perforated plastic golf ball (45 mm diameter and
47 cm3 volume) that were placed in four regions of the nest: (1) in the
bottom with the bottom of the port in contact with the sand and the top
in contact with eggs, (2) in the centre completely surrounded by eggs,
(3) at the side with sand to one side and eggs to the other and (4) at the
top of the nest in contact with eggs below. A 1-m length of 1.5-mm
internal diameter tygon tubing extended from the sampling port
through the neck of the nest and out into the surface of the sand for col-
lection of nest air. We used a flow-through infrared carbon dioxide
sensor (Qubit Systems S153) and an oxygen sensor (Qubit Systems
S102) connected in series to a data-logger/computer interface (Vernier
Software) that archived data. Live readouts were displayed via a Texas
Instruments TI-83 plus graphics calculator. We retrieved and analysed
data using the Logger Pro software from Qubit systems. A DC-powered
pump maintained a one-way flow of nest gas from the sampling port
past the sensor. Water vapour was removed with drierite before it
reached the carbon dioxide sensor and then carbon dioxide was
removed with ascarite before passing through the oxygen sensor. Air
was pumped from the nest for 6 min at a flow rate of 15 mL min–1. We
measured oxygen partial pressure (PO2) and carbon dioxide partial pres-
sure (PCO2) simultaneously from each region every fourth day (one port
per day) for the incubation period until hatchling emergence to mini-
mise changes in nest PO2 and PCO2 from prolonged pumping of air.

Controls

We sampled gases from each of six control nests in the hatchery that
were constructed to the same dimensions as an experimental nest but
that contained rocks instead of eggs. Sampling port positions and
methods were as for experimental nests and conducted at the same time.

We also sampled gas partial pressures late in incubation from the
centres of two nests using a diffusion sensor to determine whether our
flow-through gas-sampling system induced bulk-flow movement of air
into the nest, thereby affecting our measurements. The diffusion sensors
were inserted into standard sampling ports so that the ports had both
flow-through and diffusion capacities. In those two ports we measured
PO2 with the diffusion sensor, then with the flow-through sensor whilst
pumping air from the nest for 6 min, then with the diffusion sensor
again after the pump was stopped. We compared the PO2 measured with
the diffusion sensor before and after pumping air to determine whether
there was any change in gas partial pressure caused by the flow-through
sampling.

We arcsine transformed all data that were percentages and report
results as the mean ± standard error (s.e.) of the mean.

Results

Determination of developmental outcome

Mean clutch size (± s.e.) was 65.3 ± 3.9 eggs, composed of
38.3 ± 3.4 eggs in the peripheral region, 17.3 ± 1.4 eggs in
the intermediate region and 9.7 ± 0.5 eggs in the central
region (n = 16 nests). Overall mean hatching success for

experimental nests was 63.0 ± 5.4%. Three nests did not
meet the 95% legibility criterion and were excluded from the
spatial analysis of hatching success because it was not pos-
sible to ensure accurate allocation of eggs to specific regions
of those nests.

Mean hatching success varied between regions in the nest
(one-way ANOVA, F2,39 = 5.99, P = 0.0054, n = 13 nests all
cases), and a post hoc Tukey–Kramer HSD test showed that
eggs in the centre had a significantly lower mean hatching
success (42.1 ± 7.6%) than eggs in the intermediate (66.1 ±
5.3%, P < 0.05) and peripheral (69.8 ± 3.5%, P < 0.01)
regions. For comparison of peripheral and central regions we
also used a standardised block analysis (Systat 10) to
equalise sample size and variance for each nest by randomly
selecting a number of peripheral eggs in a nest equal to the
number of eggs in the centre of that nest. The same signifi-
cant difference was detected, with eggs in the central region
having a significantly lower (42.1 ± 7.6%) hatching success
than eggs in the peripheral region (72.2 ± 5.4%, P = 0.008).
Hatching success of eggs in the intermediate and peripheral
regions did not significantly differ from each other, so com-
parisons of the distribution of embryonic deaths below were
made between the central and peripheral regions only.

Over 75% of unsuccessful eggs died at Field-stage 0 and
~19% at Field-stage 3 (Table 3), while embryonic deaths at
Field-stages 1 and 2 together comprised only ~2% of all
unsuccessful eggs. The proportions of deaths at Field-stages
0 and 3 were not significantly different between the central
and peripheral regions (one-way ANOVA, P = 0.90). We did
not compare the incidence of deaths at Field-stages 1 and 2
in different regions of the nest because of their very infre-
quent occurrence.

Oxygen and carbon dioxide partial pressures within the nest

PO2 and PCO2 changed significantly during the second half of
incubation in experimental nests but not in control nests con-
taining only rocks. Oxygen concentration was significantly
lower (post hoc Tukey–Kramer HSD, P < 0.05) and carbon
dioxide concentration was significantly higher (post hoc
Tukey–Kramer HSD, P < 0.05) in all regions of experimental
nests than in control nests by Day 35 of incubation (Tables 4
and 5). PO2 and PCO2 continued to change with further
embryonic development so that by the end of incubation

Determinants of developmental success in leatherback turtles

Table 2. The field-staging protocol (Leslie et al. 1996) with the corresponding stage of embryonic development (Miller 1985)
and approximate determination of the number of days of embryonic growth (± 1 day)

Field-stage Description Stage of embryonic Maximum period of embryonic
development growth after ovipositionA

0 No embryo or blood vessels visible Stage 12 and below 4 days
1 Blood vessels visible or unpigmented embryo <10 mm long Stages 13–16 4–9 days
2 Embryo with pigmented eyes and length of 10–20 mm Stages 17–23 9–24 days
3 Embryo fully pigmented and >20 mm long Stages 24–31 24–60 days

APeriod of embryonic growth assumes complete development in 60 days.
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(between about Day 50 and Day 60) significant differences
in PO2 and PCO2 were measured from gas-sampling ports in
different regions of experimental nests. Mean PO2 was higher
in the side region than in the bottom and centre (Table 4), and
mean PCO2 was lower in the side than in any other region
(Table 5).

Validation of sampling technique, combined diffusion and
flow-through sensors

In the validation experiment the reading from the diffusion
sensor changed only marginally in response to 6 min of
pumping through the flow-through sensor. There was a small
decrease of 0.2 kPa in oxygen tension in an actively respir-
ing nest (i.e. from 19.8 kPa to 19.6 kPa) between before and
after pumping for the diffusion sensor, indicating that the
gaseous system was stable during sampling. The measure-
ment was made in the centre of the nest.

Discussion

The hatching success of eggs in leatherback nests was not
evenly distributed within the nests, and the spatial position of
an egg was a significant factor in the ultimate outcome for its
developing embryo. Eggs on the periphery of nests were sig-

nificantly more successful than eggs in the centre, with eggs
in the intermediate region slightly but not significantly less
successful than peripheral eggs. The combination of low
success in the centre and high success in the peripheral and
intermediate regions resulted in a moderate (63%) mean
hatching success for nests as a whole because only ~15% of
eggs lay in the central region while 58% of eggs lay in the
peripheral region. Changes in partial pressure of oxygen and
carbon dioxide did occur in our experimental nests as
development progressed, in support of previous findings
(Ackerman 1977; Wallace et al. 2004).

The most obvious differences between central and periph-
eral eggs are their proximity to the sand surrounding the nest
and the number of other eggs surrounding them. It seems
reasonable to suppose that one or more elements of the
microenvironment within which each egg incubates is or are
the cause of spatially variable developmental success.
Previous research has focused on the respiratory, hydric and
thermal microenvironments within developing nests
(e.g. Ackerman 1997; Wallace et al. 2004), and we showed
here that changes in partial pressure of oxygen and carbon
dioxide do occur. However, our results show that despite the
potential for declining PO2 and increasing PCO2 to have a
negative impact on embryonic success (Ackerman 1980) – as
occurs in loggerhead, Caretta caretta, and green, Chelonia
mydas, turtle nests (Ackerman 1981), different levels of res-
piratory gases did not cause the difference in success of
leatherback eggs in the different regions of the nest. We
assert this for two reasons. First, we showed that late embry-
onic death (Field-stage 3 corresponding to death between
Day 24 and Day 60 of development after oviposition)
accounted for the same proportion of failed eggs in the
central and the peripheral regions of the nest and the domi-
nance of early embryonic death was consistent with other
reports (Whitmore and Dutton 1985; Eckert and Eckert
1990; Bell et al. 2004). Thus, although a significantly greater
percentage of eggs failed in the centre than in the periphery
of nests, there was no relationship between the spatial posi-
tion and the likelihood of a dead embryo having died at an
early stage or a late stage of development after gas tensions
significantly changed. Second, most embryos died at fewer

Table 3. Hatching success (± s.e.) for the regions designated 
(n = 13 nests)

Proportions of Stage 1 and Stage 2 eggs specifically in the central and
peripheral regions were not determined because of their minor

contribution to total embryonic deaths. Totals for failed central and
peripheral eggs do not equal 100% because of the contribution of
Stage 1 and Stage 2 embryos as well as some eggs on which the

identification number could not be read on excavation and hence were
excluded from the analysis

Field-stage Proportion of Proportion of Proportion of 
all failed failed central failed peripheral 
eggs (%) eggs (%) eggs (%)

0 76.5 ± 6.9a 77.6 ± 7.2a 80.8 ± 10.1a

1 0.36 ± 0.24b – –
2 1.62 ± 1.1b – –
3 19.4 ± 4.3c 17.3 ± 8.2c 14.7 ± 5.8c

a–cDifferent superscript letters indicate significant differences both
down columns and across rows (P < 0.05). 

Table 4. Oxygen partial pressure (kPa) ± s.e. in the four sampling ports
in control and experimental nests at Day 35 of incubation

(when significant differences appeared) and minimum PO2 reached
(between Days 50 and 60 in experimental nests)

Sampling port PO2 Day 35 (kPa) Minimum PO2 (kPa)
location Control Experimental Control Experimental

Bottom 20.6 ± 0.02a 20.0 ± 0.17b 20.7 ± 0.01a 19.3 ± 0.28c

Centre 20.5 ± 0.07a 20.3 ± 0.30b 20.6 ± 0.04a 18.9 ± 0.64c

Side 20.7 ± 0.02a 20.5 ± 0.08b 20.7 ± 0.01a 19.9 ± 0.26d

Top 20.7 ± 0.01a 20.0 ± 0.24b 20.7 ± 0.01a 19.6 ± 0.23c,d

a–dDifferent superscript letters indicate significant differences down columns
and across rows (post-hoc Tukey–Kramer HSD, P < 0.05).
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than 4 days of incubation after oviposition regardless of the
region in which they incubated, but PO2 and PCO2 were not
significantly changed relative to non-respiring control nests
until about Day 35. We conclude that the factor or factors
negatively affecting leatherback embryos were present very
early in incubation and were exerted more in the centre of
nests but there was no interaction between the spatial posi-
tion of an egg and the developmental stage at which the neg-
ative effect manifested itself.

The change in PO2 and PCO2 we measured at Day 35
occurred at the same time as a significant drop in oxygen
tension reported by Wallace et al. (2004), and similarly con-
tinued to change until hatchling emergence. Significant dif-
ferences in minimum PO2 and maximum PCO2 in different
regions of nests were reached between Days 50 and 60 even
though only moderate hypoxia (lowest PO2 of 16.9 kPa) and
moderate hypercapnia (highest PCO2 of 4.2 kPa) were
detected. The least hypoxic and hypercapnic conditions were
measured from sampling ports in the sides of nests and were
significantly different from minimum PO2 and maximum
PCO2 in the centre of nests as well as from other ports in the
peripheral region of nests (i.e. the top and bottom of the
nest).

Leatherback eggs at our study site did not die as a result
of their own metabolic activity altering the respiratory
environment of the nest, but this may not necessarily be true
in other parts of the world. Wallace et al. (2004) explored the
interactions between diffusive and convective movements of
gas that influence the respiratory environment of the nest and
concluded that the twice-daily, tidally driven vertical move-
ments of water table height at Playa Grande combined with
normal diffusion patterns may effectively ventilate develop-
ing sea turtle nests, thus ameliorating the effect of develop-
ing embryos on their respiratory environment (Ackerman
1977). In contrast, tidal fluctuations are not sufficient to ven-
tilate sea turtle nests at Tortuguero, on the Caribbean coast of
Costa Rica (Prange and Ackerman 1974). Total hatching
success of leatherback nests around the world are similar,
with early embryonic death being the primary cause
(Whitmore and Dutton 1985; Eckert and Eckert 1990; Bell
et al. 2004), so depletion of oxygen and accumulation of

carbon dioxide may have only limited influence on hatching
success in even the least ventilated leatherback nests.
Nonetheless, similar measurements of spatial hatching
success and gas partial pressures at other leatherback nesting
beaches would be important.

So, if hypoxia and/or hypercapnia is not the cause of high
levels of embryonic death in leatherback nests, what is?
Some environmental cause seems to be the most likely expla-
nation, since mortality due to intrinsic factors should be
evenly distributed throughout the nest and not concentrated
in specific regions. Turtles produce and oviposit eggs in
sequence (Miller 1997), so eggs that develop adjacently in
the oviduct will probably end up in close proximity in the
nest, but we did not attempt to bury eggs in experimental
nests in the same sequence that they were laid. Therefore,
any factor acting in this way should have been randomly
distributed through the nest. We do not exclude the possibil-
ity, however, that the eggs of some female turtles may exhibit
greater developmental sensitivity to adverse environmental
conditions than those from other females. We have previ-
ously shown that some female leatherbacks consistently
produce clutches of higher hatching success than others (Bell
et al. 2004), even though eggs incubate in the same general
conditions. Whether this is due to intrinsic differences in
maternal quality or investment is unknown.

Temperature does vary spatially within leatherback nests
(Wallace et al. 2004), but even the highest temperatures
recorded late in incubation are well within the thermal toler-
ance of the species (Ackerman 1997; Drake and Spotila
2002), and like changes in gaseous environment, significant
spatial variation in the thermal environment does not occur
until after most embryos die. Substrate moisture plays an
important role in successful development of turtle eggs
(Packard and Packard 1987; Bilinski et al. 2001) and may
vary spatially in turtle nests (Ackerman 1997), but has not
been reported for leatherback turtle nests. The central eggs
are much further from the surrounding sand than those of
other sea turtle species and water potential might vary spa-
tially within leatherback turtle nests, so an investigation into
the movement of water over time within spatially distinct
regions of the leatherback turtle nest may prove valuable.

Determinants of developmental success in leatherback turtles

Table 5. Carbon dioxide partial pressure (kPa) ± s.e. in the four sampling
ports in control and experimental nests at Day 35 of incubation

(when significant differences appeared) and maximum PCO2 reached
(between Days 50 and 60 in experimental nests)

Sampling port PCO2 Day 35 (kPa) Maximum PCO2 (kPa)
location Control Experimental Control Experimental

Bottom 0.36 ± 0.05a 1.13 ± 0.33b 0.54 ± 0.25a 2.72 ± 0.56c

Centre 0.43 ± 0.02a 1.26 ± 0.18b 0.44 ± 0.19a 3.55 ± 0.38c

Side 0.40 ± 0.12a 0.83 ± 0.16b 0.40 ± 0.01a 1.56 ± 0.37d

Top 0.48 ± 0.03a 0.85 ± 0.08b 0.44 ± 0.03a 2.73 ± 0.33c

a–dDifferent superscript letters indicate significant differences down columns
and across rows (post-hoc Tukey–Kramer HSD, P < 0.05).
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Other environmental factors or interactions between neigh-
bouring eggs that remain to be identified may have important
effects on embryonic development. The relatively low hatch-
ing success of the leatherback turtle and its critically endan-
gered status mean that future experiments should investigate
the causes of both low hatching success and spatially vari-
able hatching success in order to increase hatchling produc-
tion in the species.
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