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Contemporary sea-level rise will inundate coastal habitats
with seawater more frequently, disrupting the life cycles of
terrestrial fauna well before permanent habitat loss occurs. Sea
turtles are reliant on low-lying coastal habitats worldwide for
nesting, where eggs buried in the sand remain vulnerable to
inundation until hatching. We show that saltwater inundation
directly lowers the viability of green turtle eggs (Chelonia mydas)
collected from the world’s largest green turtle nesting rookery
at Raine Island, Australia, which is undergoing enigmatic
decline. Inundation for 1 or 3 h reduced egg viability by less
than 10%, whereas inundation for 6 h reduced viability by
approximately 30%. All embryonic developmental stages were
vulnerable to mortality from saltwater inundation. Although
the hatchlings that emerged from inundated eggs displayed
normal physical and behavioural traits, hypoxia during
incubation could influence other aspects of the physiology or
behaviour of developing embryos, such as learning or spatial
orientation. Saltwater inundation can directly lower hatching
success, but it does not completely explain the consistently
low rates of hatchling production observed on Raine Island.
More frequent nest inundation associated with sea-level rise
will increase variability in sea turtle hatching success spatially
and temporally, due to direct and indirect impacts of saltwater
inundation on developing embryos.

1. Introduction
Sea-level rise is an impending threat to terrestrial fauna
inhabiting coastal ecosystems [1–3]. This process will result
in loss of terrestrial habitats and the creation of suboptimal
habitats, which could disrupt the life histories of terrestrial
species, especially those reliant on low-lying coastal or insular
environments to complete their life cycles [2,4–6]. Before habitat
becomes permanently lost, rising tides will inundate the terrestrial
habitat more frequently [6]. Periodic, unpredictable inundation
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by seawater can disrupt the reproduction of coastal nesting species by directly impacting vulnerable life
stages (e.g. washing away nests, drowning eggs or altricial young) and through longer term changes
in habitat (e.g. substrate composition, salinity, availability of nest construction materials) [3,6–13].
Understanding how sea-level rise will impact animal populations is therefore essential for effective
conservation management, but for many fauna we lack this information.

Sandy shores support special ecological features that foster high biodiversity, and these areas are
at risk from the combined effects of rising sea levels and escalating anthropogenic pressures [2].
Tidal inundation can substantially alter the abiotic and geomorphological features of beaches over
daily, seasonal and annual timescales [13]. Elevated sea levels, combined with tidal surges during
storms, contribute to inundating low-lying coastal habitats. These effects are spatially and temporally
variable, which could render some populations more vulnerable than others [14]. Sea turtles bury their
eggs on sandy tropical and temperate beaches worldwide [15], where the eggs remain vulnerable to
environmental conditions during the six- to eight-week incubation period. Field evidence demonstrates
that inundation during incubation significantly lowers sea turtle egg viability [3,7–13,16], but we do not
know how long eggs can withstand inundation and still hatch successfully. Some reports suggest that
sea turtle eggs drown after only a few minutes of inundation [8], and further, that moist incubation
environments can lower hatching success, especially during early stages of embryonic development [3].
This occurs because developing embryos require two-way gas exchange across the eggshell, which is
impeded by submergence in water [17].

We experimentally tested how the duration of inundation by saltwater influences sea turtle egg
viability. This information will increase our ability to predict how rising sea levels will impact hatching
success and long-term population dynamics. Our study focuses on the largest green turtle (Chelonia
mydas) population in the world, which nests on Raine Island in the northern Great Barrier Reef, Australia.
Hatchling production is declining markedly at this site, which has been partially attributed to tidal
inundation, storm overwash and heavy rainfall drowning nests [8]. From 2011 to 2015, annual hatching
success of nests laid on Raine Island ranged from 12 to 36% (n = 352 nests monitored over four nesting
seasons [18]); this is substantially lower than the hatching success of other green turtle populations
worldwide, which typically exceeds 80% [19,20]. Dissections of unhatched eggs in the field revealed
that mortality typically occurs within the first few weeks of incubation. Our aim was therefore to test
whether saltwater inundation of incubating eggs could be a primary driver of low hatching success rates
at this site, which is undergoing enigmatic decline.

2. Material and methods
We collected green turtle eggs from Raine Island, a remote coral cay located in the northern Great Barrier
Reef that supports the world’s largest green turtle population (32 ha in size; 11◦35′25′′ S, 144◦2′7′′ E; the
closest mainland port is Cairns, 630 km away). Raine Island could lose 7–27% of its area with a mean
sea-level rise of 0.18–0.79 m, as estimated by combining detailed measures of topography and elevation
with Intergovernmental Panel on Climate Change predictions [6].

Eggs (n = 262) were collected from three nesting females on 2 April 2014 and transported to
Townsville for incubation. During transport from this remote site (48 h by boat, airplane and car), eggs
were maintained at 4–6◦C to arrest embryonic development [21]. Transporting eggs in this manner over
this length of time typically does not lower their viability [21]. Eggs were individually weighed and
numbered, and haphazardly split among plastic incubation trays (n = 14; 285 × 210 × 70 mm). Incubation
trays contained a single layer of 13–20 eggs, separated by moist vermiculite (1 : 1 vermiculite to rainwater
mass). Trays were covered with plastic wrap to prevent evaporative water loss, and split between two
incubators (180 × 60 × 60 cm, each containing seven shelves). Thermochron iButton dataloggers (factory
calibrated, accurate to ±0.5◦C) placed on top of each egg tray were used to confirm that incubation
temperatures maintained 29.5 ± 0.5◦C throughout both incubators during incubation.

We randomly allocated trays to receive saltwater inundation treatments at different points during
embryonic development: just laid, one-third developed, one-half developed or two-thirds developed, or
full-term controls which were not inundated (table 1). Within each tray, we randomly allocated each egg
to one of four treatments: no inundation (control), or saltwater inundation for 1, 3 or 6 h (table 1). These
inundation times broadly approximate potential exposure of real nests to seawater during an unusually
high tide, with the lowest lying nests being inundated for a maximum of 6 h and more elevated nests
having progressively less exposure. Each treatment egg was inundated only once during development.
Before inundating trays, we carefully moved the control eggs to a new incubation tray. We poured
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Table 1. Experimental design, detailing the numbers of eggs used in each inundation treatment. We observed high egg mortality that
was unrelated to inundation, which was first detectable on day 12 of incubation. Because of this, all eggs from the day 2 treatment
appeared viable at inundation, and the full-term day 50 treatment acts as a control without any inundation. Numbers in parentheses
indicate eggs that appeared viable at the time of saltwater immersion. The dataset is available in the electronic supplementary material.

day of incubation and embryonic stage

day 2 day 12 one-third day 25 one-half day 37 two-thirds

inundation just developed developed developed Day 50 Total N

treatment laid (known viable) (known viable) (known viable) full-term (known viable)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

no inundation 13 13 (6) 13 (6) 13 (6) 54 106 (18)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

saltwater—1 h 13 13 (9) 13 (5) 13 (5) — 52 (19)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

saltwater—3 h 13 13 (8) 13 (4) 13 (8) — 52 (20)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

saltwater—6 h 13 13 (10) 13 (2) 13 (5) — 52 (17)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

saltwater (28 ppt, specific gravity = 1.025; mixed from rainwater and ReefSalt (Seachem Laboratories Inc,
Madison, GA, USA)) over the remaining eggs until they were completely covered. After inundation, eggs
were transferred to the new incubation tray with the control eggs and left undisturbed until hatching.

We monitored the fate of each egg (hatched or died) and euthanized hatchlings using 0.1 ml of
Valabarb. During the first 12 days of incubation, we observed high rates of egg mortality (shrivelling,
discoloration) that was unrelated to our inundation treatments, which also occurs in nests on Raine
Island [8]. To account for this, we scored whether the remaining eggs (one-third developed, one-
half developed, two-thirds developed and full-term controls) appeared viable immediately before
inundation. This allowed us to control our analysis for the effects of high egg mortality that were
unrelated to saltwater inundation. Eggs scored as viable were ivory in colour and turgid, whereas those
deemed unviable were discoloured and often had shrivelled to less than half their initial volume. All
eggs inundated just after being laid appeared viable at that time (but could have been unviable and we
could not detect this so early during development), and eggs in the full-term control treatment were not
disturbed until hatching (table 1).

We used a generalized linear model in program R (v. 3.1.2) [22] to investigate potential drivers
of hatching success, including the effects of timing of inundation during embryonic development,
inundation treatment, initial egg mass and apparent egg viability prior to inundation. To avoid
overfitting the model to our small dataset, we did not include interactions.

3. Results
Green turtle eggs inundated by saltwater for 6 h had significantly lower hatching success than control
eggs, by approximately 30% (table 2 and figure 1). Relatively short inundation—1 or 3 h—reduced egg
viability by less than 10%, which was not significantly different from the hatching success of control eggs
(table 2 and figure 1). We observed high egg mortality in the control eggs overall (45%), and our analysis
revealed that whether eggs appeared viable immediately prior to inundation was related to hatching
success (table 2). The estimates of hatching success that include all of the eggs are significantly lower
than those including only those eggs scored as viable prior to inundation (table 2 and figure 1). In terms
of the timing of inundation, the only significant result was that hatching success was lower immediately
after oviposition (when all eggs appeared viable, but we may not have been able to distinguish unviable
eggs) when compared with all other embryonic stages (when we could successfully differentiate viable
and unviable eggs). This result is probably spurious, and due to the inclusion of non-viable eggs in the
estimates of hatching success for the eggs exposed at oviposition. Saltwater immersion had no effect
on incubation duration; hatchlings emerged within 51–60 days, and displayed typical physical and
behavioural traits.

4. Discussion
Female turtles select nest sites that favour high egg viability; nests that are located farther inland and are
more elevated are less vulnerable to inundation, but when nests are located too far from the ocean the
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Figure 1. Hatching success of green turtle (Chelonia mydas) eggs immersed in saltwater, calculated using all eggs (n= 262) and using
only eggs that appeared viable at saltwater immersion (n= 126). Error bars represent 95% confidence limits.

Table 2. Results of a generalized linearmodel examining effects of inundation time (1, 3, 6 h or not inundated), day of exposure (day 2, 12,
25, 37 or never inundated), initial eggmass and viability prior to inundation on hatching success of green turtle eggs. Shown are estimates
for the coefficients included in the model, their s.e., t-values and p-values. Significant values appear in italics.

coefficient estimate s.e. t-value p-value
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

intercept 0.2624 0.4040 0.6500 0.5166
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

initial egg mass −0.0035 0.0089 −0.3930 0.6948
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

egg viability 0.7913 0.0454 17.4280 <0.0001
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

inundation time—1 h −0.1133 0.0629 −1.8000 0.0731
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

inundation time—3 h −0.0891 0.0628 −1.4180 0.1573
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

inundation time—6 h −0.2732 0.0628 −4.3540 <0.0001
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

day of exposure—2 −0.5269 0.0764 −6.8980 <0.0001
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

day of exposure—12 −0.0252 0.0734 −0.3430 0.7316
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

day of exposure—25 0.0439 0.0736 0.5970 0.5510
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

day of exposure—37 0.0540 0.0732 0.7370 0.4618
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

emerging hatchlings have difficulty migrating to the ocean [7]. Habitat availability therefore constrains
nest placement, and this can render nests in even the most elevated positions vulnerable to inundation
[3,12]. Short periods of saltwater inundation, such as those associated with high tides during severe
storms, substantially lower green turtle egg viability (figure 1). Saltwater inundation is not universally
lethal, however, and some incubating embryos survived and hatched after 6 h of inundation by saltwater.

Raine Island supports the world’s largest green turtle rookery, but nesting success and hatchling
production have been declining for nearly two decades [8]. Nests laid on Raine Island consistently
have high egg mortality during early development, even when incubation conditions are ideal [8].
Consistent with field data, we observed high rates of unexplained egg mortality within two weeks of
oviposition, which also affected our full-term control treatment. This unexplained mortality influenced
our comparison of hatching success among the times of inundation with respect to developmental stage.
Hatching success was significantly lower in the treatment inundated immediately after oviposition
(when all eggs appeared viable) than all other incubation treatments (in which we could clearly
distinguish viable from unviable eggs; table 1). This result probably reflects the unavoidable inclusion
of unviable eggs into our experiment and does not indicate that eggs are more vulnerable to inundation
early in development. Therefore, it appears as though all developmental stages we tested are equally
vulnerable to the saltwater inundation treatments we used, although further testing is warranted given
the high rate of unviable eggs included in our study.

Inundation probably contributes to low hatching success rates in the field at Raine Island [8], but the
high rates of unviable eggs (approx. 45%) strongly imply that there are other factors causing embryonic
development to cease early during incubation. These could include a wide range of interrelated factors,
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ranging from the health of mother turtles, which can affect hatching success [23], to contaminants
transferred from mothers to eggs, which can disrupt development [24], and/or high levels of microbes
present in the soil, which can reduce oxygen availability for embryos [25]. It is also possible that repeated
inundation of field nests (as opposed to a single event, which we tested) could further reduce hatching
success, and this warrants further testing. Overall, however, the enigmatic decline in emerging hatchlings
on Raine Island remains unexplained and probably is not primarily a result of nest inundation by
seawater.

Short periods of hypoxia during incubation caused by saltwater immersion directly reduces the
viability of sea turtle embryos, but we do not yet know whether this has other sublethal effects on
neurological function that could influence behaviour, learning or spatial orientation in hatchlings [26].
Rising sea levels and storms will have profound effects on coastal habitats by inundating eggs, reducing
nesting areas by altering beach geomorphology, depositing new sand, or depositing debris that can act
as barriers for nesting females or emerging hatchlings [13]. Rising sea levels will also be accompanied
by higher wave run-up during storms [6], which will likely increase mortality of sea turtle eggs laid in
low-lying areas by drowning a portion of the incubating eggs.
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