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ABSTRACT: Global warming poses serious threats to sea turtle populations since sex determination
and hatching success are dependent on nest temperature. Nest sex ratios may be skewed towards a
predominantly female output, and eggs may be consistently exposed to temperatures that exceed
thermal mortality thresholds. Consequently, understanding the rates at which sand temperatures are
likely to change represents an immediate priority. Here, we use regression analyses to correlate air
temperature (AT) and high-resolution sea surface temperature (SST) to sand temperature at 5 rook-
eries in northern Australia. We show that previous studies using only AT could potentially be
improved by including SST as a covariate. At our study sites, combined SST and AT models
explained between 79 and 94 % of the variance in sand temperature in recent years. Our results sug-
gest that hatchling production will skew towards all females at 3 of our sites by 2070 (Moulter Cay,
Milman Island and Bramble Cay) and by as early as 2030 at Ashmore Island and Bare Sand Island.
The projections presented here can inform the timely and targeted implementation of local-scale
management strategies to reduce the impacts of global warming on sea turtle populations. Identify-
ing and testing new strategies deserves immediate attention, as does further research into the adap-
tive capacity of sea turtles.
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INTRODUCTION

Successful sea turtle egg incubation only occurs
within a narrow thermal range of 25 to 33°C (Miller
1985, Spotila & Standora 1985). Incubation near the
higher thermal threshold results in high occurrence of
scale and morphological abnormalities, and prolonged
exposure above 33°C typically results in hatchling
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mortality (Packard et al. 1977, Miller 1985). Also, sex
determination in sea turtles is temperature-dependent
with a 50:50 male:female sex ratio produced in eggs
exposed to a pivotal temperature (PT) of ~29°C (differs
slightly within and between species) (Standora &
Spotila 1985, Mrosovsky 1994, Ackerman 1997). Eggs
exposed to temperatures above the PT yield female
hatchlings, while eggs kept below the PT yield males
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(Davenport 1997). The transitional range of tempera-
ture (TRT) is the range of temperature in which sex
ratio shifts from all male to all female; the proportion of
males produced depends in part on the steepness of
the TRT curve (Mrosovsky & Pieau 1991, Davenport
1997). Since the early life history of sea turtles is so
closely tied to temperature, global warming poses a
serious threat to their populations. The impacts are
likely to manifest themselves in 2 key ways: a skewing
of gender ratios in nests towards most or even all
females (Mrosovsky 1994, Hawkes et al. 2007), and
increased incidences of scale and morphological
abnormalities as well as an increase in hatchling mor-
tality rates (Hawkes et al. 2007).

Given the seriousness of the global warming threat,
it is critical to understand the rate at which sand tem-
peratures are likely to change and the extent to which
associated changes in hatching success and sex ratio
will vary spatially as climate change progresses. Such
information could allow for the implementation of
management strategies, at least at the local scale, to
reduce sand temperatures at key rookeries. Predicting
changes in sand temperature in space and time is chal-
lenging, as the relative importance of the large num-
ber of variables that influence sand temperature are
not well understood.

Variables that influence sand temperature include:
air temperature (AT), sea surface temperature (SST),
wind speed, solar radiation, local vegetation types,
beach aspect angle and sand characteristics such as
albedo, heat capacity, density, solar radiation absorp-
tion and emission and convective heat transfer
(Mrosovsky et al. 1984, Godfrey et al. 1996, Hays et al.
1999, 2001). All of these variables vary spatially and
temporally, and of them only AT and SST can be mon-
itored in near real-time, as data from
weather stations and environmental
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closest to the rookeries, potentially reducing the valid-
ity and applicability of the projections made, even if
only slightly (e.g. Hays et al. 1999, Godley et al. 2001).
In contrast, high-resolution (~1 km) SST data, cali-
brated to ship-based sensors and drift buoys, are avail-
able worldwide from polar orbiting satellites. Also,
unlike AT over the oceans, projections of SST are read-
ily available for a range of emissions scenarios put for-
ward by the Intergovernmental Panel on Climate
Change (IPCC 2007). Here, we test: (1) the extent to
which SST can be used as a proxy indicator of sand
temperature and (2) its proficiency as a predictor of
sand temperature against in situ measurements of AT.
We then use the relationship between a combined AT
and SST model and sand temperature to project nest
temperatures at 5 key northern Australian rookeries
and hence improve our understanding of the likely
impacts of global warming on sea turtles in the region.
The results are discussed in light of the adaptive
capacity of sea turtles as well as options currently
available to resource managers.

MATERIALS AND METHODS

Temperature data. Sand temperature was recorded
at Ashmore, Bare Sand and Milman Islands from
December 2006 to January 2008, at Moulter Cay from
November 2007 to May 2008 and at Bramble Cay
from April to December 2007 (Fig. 1). The sampling
period encompasses the nesting period and embry-
onic development for sea turtles at each rookery. The
rookeries studied provide nesting grounds for 4 sea
turtle species: green Chelonia mydas, hawksbill
Eretmochelys imbricata, flatback Natator depressus

130° 135° 140° 145°
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For many sea turtle rookeries, such
as those in northeast Australia and the
Torres Strait, remote and in situ data on
AT are usually unavailable. In such

| =
20 { Australia \\ A
//f\jﬁLM/ g

200 400 km

cases, previous studies have used data
from weather stations that are located

Fig. 1. Location of study sites (A) along the northern coast of Australia
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and olive ridley Lepidochelys olivacea. Data loggers
were located in representative nesting areas and
were deployed at open areas without vegetation. As
hawksbill turtles nest mainly in vegetated areas
(Dobbs et al. 1999) the temperature recorded at Mil-
man Island is more representative of the incubating
environment for green turtles or hawksbills, which
nest in unvegetated areas. Measurements were made
at a standard depth of 50 cm (as per Spotila et al.
1987, Matsuzawa et al. 2002). Data were collected
using I buttons (Thermodata, Alpha-Mach), Tinytag
TK-4014 data loggers (Hasting Data Loggers) and
Tinytag Water Temp Pro. All data loggers were cali-
brated against a mercury thermometer and have an
accuracy of £0.1°C.

AT data for Milman Island, Moulter Cay and Bram-
ble Cay were obtained from calibrated Tinytag TK-
4014 data loggers deployed according to requirements
by the Australian Bureau of Meteorology (see Cante-
ford 1997). AT for Ashmore and Bare Sand Islands was
obtained from the International Comprehensive Ocean
Atmosphere Data Sets (ICOADS; (http://icoads.noaa.
gov/coads). ICOADS is an extensive dataset which
providesAT, SST, relative humidity, cloudiness, sea
level pressure and wind information for all oceans of
the world back to 1854 and has been used by similar
studies (e.g. Hays et al. 2003, McMahon & Hays 2006).
AT data from ICOADS were only used for months
where more than 10 observations were recorded (as in
Hays et al. 2003).

SST was obtained from the NASA Moderate Reso-
lution Imaging Spectroradiometer (MODIS) onboard
the Aqua spacecraft. Approximately 2900 spatially
extracted MODIS-Aqua Level-2 SST files containing
all or part of each rookery were acquired from the
NASA Ocean Biology Processing Group (McClain et
al. 2006). Only the nighttime series was used, which
contains 11 pm (thermal infrared) SST measurements
(Minnett et al. 2004) made from February 2005 to
February 2008 at a spatial resolution of ~1 km?. Qual-
ity-control metrics were applied to the SST retrievals
and only pixels with a quality level <2 were retained
(on a scale of 0 to 4, with 4 being completely unus-
able), thereby eliminating measurements with
extreme viewing geometries (>75 degrees), with high
degrees of spatial inhomogeneity or outside physi-
cally realistic ranges of SST (e.g. <-2°C or >45°C).
For each satellite file, the mean of all remaining pix-
els within a 3 x 3 pixel box centred on each in situ
target, i.e. a rookery, was recorded. Data gaps were
back-filled unless more than 7 d long (see Maynard
et al. 2008) and monthly average temperatures were
used in regression analyses.

Analysis. Regression analyses were used to deter-
mine the relationship between mean monthly sand

temperature at our study sites and mean monthly SST
and AT. Three linear regression models were used to
predict sand temperature: (1) SST only, (2) AT only and
(3) SST and AT. The fit of these 3 models were com-
pared using Akaike's information criterion (AIC). AIC
is a model selection tool that quantifies the relative
goodness-of-fit of various previously derived statistical
models (Hurvich & Tsai 1989, Burnham & Anderson
2004). A corrected AIC (AIC,.) was used in the present
study, as suggested by Burnham & Anderson (2004),
since our sample size was small (n < 40) (as used in
Johnson & Omland 2004, Cinner et al. 2009). Since
individual AIC values are affected by sample size,
AIC. values were rescaled using the following equa-
tion:

Ai = AIC1 - AICmin

where A; represents the loss of information from
using model i instead of the best fit model (best
model has A; = 0) and AIC,,;, is the minimum of the
different AIC; values (Burnham & Anderson 2004).
Support for each model is thus quantified based on
these A; values, where models with values <2 have
substantial support, values between 4 and 7 indicate
some support and values >10 no support (Burnham
& Anderson 2004). The AIC. weight (w;—which
reflects the relative likelihood of each model being
the best fitting model among those considered —was
also calculated for each model (Burnham & Anderson
2004).

After the best model was selected for each rookery,
sand temperatures for 2030 and 2070 were predicted
based on ‘conservative’ (B1 emissions scenario, IPCC
2007) and ‘extreme’ (A1T emissions scenario, IPCC
2007) AT and SST projected by the Commonwealth
Scientific and Industrial Research Organization in
Australia (CSIRO and Australian Bureau of Meteorol-
ogy 2007, IPCC 2007; Table 1). We assumed that sand
temperatures >29°C resulted in all female hatchlings
and that the proportion of females increased linearly
between 26 and 29°C (as per Miller & Limpus 1981,
Booth & Astill 2001).

Table 1. Projected regional increases in sea surface (SST), and

air (AT), temperatures, under conservative (based on B1 emis-

sions scenario, IPCC 2007) and extreme (based on A1T emis-

sions scenario, IPCC 2007) scenarios (CSIRO & Australian
Bureau of Meteorology 2007)

Year Scenario  Projected increase Projected increase
in SST (°C) in AT (°C)
2030 Conservative 0.3 0.7
Extreme 0.6 1.2
2070 Conservative 1.2 1.8
Extreme 1.5 3.4




36

Endang Species Res 9: 33-40, 2009

RESULTS
Regression analyses

Both SST and AT were strongly correlated with sand
temperature at our study sites, during the survey years
(Fig. 2). AT was more strongly correlated with sand
temperature at Milman Island, Moulter Cay and Bram-
ble Cay. In contrast, SST was more strongly correlated
with sand temperature at Ashmore and Bare Sand
Islands (Fig. 2, Table 2). Both SST and AT indepen-
dently explained more than 50 % (r? > 0.5) of the vari-
ability in sand temperature at all sites except in the
case of SST at Milman Island (r* = 0.39, see Table 2).
The strongest correlations were between AT and sand
temperature at Moulter Cay and between SST and
sand temperature at Ashmore Island (r? = 0.90 in
both cases).
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As the A; values were <2 for more than one model at
each site (Table 2), there was no substantial support for
a 'best’ model. However, the AIC., w; and r? values
indicated that the model that best describes sand tem-
perature at all rookeries, except Bare Sand Island, is a
combination of SST and AT (Table 2). At Bare Sand
Island, including AT in the model did not improve the
capacity of SST to predict sand temperature at that
site. Notably, in all cases the combined SST/AT models
explained at least 79 % of the variability in sand tem-
perature observed during the study years.

Sand temperature projection
The combined SST/AT model was used to predict

sand temperature —for 2030 and 2070 —for all rook-
eries except Bare Sand Island, where the SST model
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Fig. 2. Relationship between mean monthly sea surface temperature (SST)/air temperature (AT) and sand temperature at each
study site. Linear fits to regressions for SST and AT are represented by solid and dashed lines, respectively
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Table 2. Comparison of candidate models to describe sand temperature at each
rookery. Models with the best fit (lowest corrected Akaike's information criterion
[AIC.] values and highest AIC. weight [w;]) are in bold. n: no. of month for which
temperatures are available; SST: sea surface temperature; AT: air temperature

SST/AT for the remaining islands) pro-
vide improved model prediction and
increased statistical confidence when

Site n Variable r? AIC, A; w; (%)
Moulter Cay 7 SST+AT 0.94 4.00 0 71.64
7 SST 0.66 9.87 5.87 0.06
7 AT 0.90 4.77 0.77 28.30
Ashmore Island 14 SST+AT 0.93 2.52 0 52.56
14 SST 0.90 2.67 0.15 43.59
14 AT 0.57 4.70 2.18 3.84
Milman Island 14 SST+AT 0.89 2.58 0 59.69
14 SST 0.39 4.35 1.76 7.15
14 AT 0.80 3.07 0.49 33.16
Bare Sand Island 14 SST+AT 0.81 4.05 0.15 39.12
14 SST 0.81 3.90 0 46.96
14 AT 0.58 4.91 1.01 13.92
Bramble Cay 9 SST+AT 0.79 3.12 0 43.19
9 SST 0.69 3.55 0.43 25.74
9 AT 0.78 3.39 0.27 31.08

Table 3. Models used to predict sand temperature for 2030 and 2070 for each
rookery. SST: sea surface temperature; AT: air temperature

Site Model

Moulter Cay Sand temperature
Ashmore Island Sand temperature
Milman Island Sand temperature
Bare Sand Island Sand temperature
Bramble Cay Sand temperature

SST x 1.1231) + 0.8104]

[(SST x -0.236) + (AT x 1.022) + 6.915]
[(SST x 0.984) + (AT x 0.299) - 5.911]
[(SST x -0.578) + (AT x 2.032) - 14.119]
[(

[(

SST x —0.029) + (AT x 0.991) + 2.786]

was used, as this model best de-
scribed the sand temperature at this
site. For a description of models used

compared to the other models.

The projections generated indicate
that average sand temperature across
all the rookeries will increase between
0.57 and 5.68°C by 2030 (depending on
the emissions scenario used) and
between 1.05 and 6.69°C by 2070 dur-
ing the nesting season, with Bare Sand
Island experiencing the highest
increases in mean sand temperature
(Table 4). Milman Island will also
experience high increases in mean
sand temperature (1.0 to 1.8°C by 2030
and 2.67 to 5.74°C by 2070). However,
Milman Island currently has a low
mean sand temperature relative to the
other study rookeries (27.8°C), so the
projected increase will not have as dra-
matic an effect on hatching success
and gender ratios as at other rookeries.
Projections suggest that sand tempera-
tures at Ashmore Island and Bare Sand
Island will almost never produce males
by 2030 and may even regularly reach
the upper thermal incubating thresh-
old of 33°C (Table 4). By 2070, eggs at
these 2 sites will regularly incubate at

Table 4. Projected sand temperature during nesting season (November to March)
at each rookery under conservative and extreme climate change scenarios for

2030 and 2070

Projected increase Mean sand
in sand temperature (°C)
temperature (°C) during nesting season

0.6 29.7 £+ 0.17
1.1 30.2+£0.17
1.6 30.7 £ 0.20
3.1 32.2+£0.20
0.8 32.8 +0.30
1.2 33.3+0.37
2.0 33.9+0.25
2.8 34.7 + 0.27
1.0 28.8 +0.31
1.8 29.6 + 0.31
2.67 30.47 +0.32
5.74 33.54 +0.32
5.34 34.65 + 0.32
5.68 34.99 + 0.32
6.35 35.66 +0.30
6.69 36.00 +0.30
0.57 30.45+0.21
1.05 30.93 £0.21
1.77 31.65 +0.30
3.34 33.22+0.30

see Table 3.

Since there was no significant differ- Site Year Scenario
ence between the Aic. values and no
clear best model, and only an indica-
tion of the model that best describes Moulter 2030 Conservative
sand temperature, a 2-tailed paired- Cay Extreme

p ! p 2070 Conservative

sample {-test was conducted between Extreme
the generated sand temperature from Ashmore 2030 Conservative
all 3 different models for all sites to in- Island Extreme
vestigate whether the selected models 2070 gggz%rl‘éanve
1mproYed our projections. The s1gn1f1- Milman 2030 Conservative
cant difference between the predicted Island Extreme
sand temperatures when using differ- 2070 Conservative
ent models (2-tailed paired-sample t- Extreme
test: Moulter Cay, all p < 0.005, df = 11; Bare Sand 2030 Conservative
Ashmore Island, all p < 0.008, df = 11; Island Extreme

S ! p ' ! - 2070 Conservative
Milman Island, all p < 0.009, df = 11; Extreme
Bramble Cay, all p < 0.007, df = 11) — Bramble 2030 Conservative
under both climate change scenarios Cay Extreme
and years —indicates that the models 2070 g{’;:;‘éamve
selected (SST for Bare Sand Island and
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temperatures above those known to cause deformed
hatchlings and severe mortality (Table 4). Projections
suggest that Moulter Cay, Milman Island and Bramble
Cay will experience sand temperatures that produce
mainly female hatchlings by 2070.

DISCUSSION

For study sites in northern Australia and Torres
Strait, a combined SST/AT model best predicts sand
temperature. Indeed, spatial variation in the capacity
of AT and SST to predict sand temperature at our sites
was high enough to suggest that the efficiency of
combined models should at least be explored for other
locations. Previous studies that have only included
AT (e.g. Hays et al. 1999, 2003, Hawkes et al. 2007)
would likely have benefited, with respect to the accu-
racy of projections, from the incorporation of high res-
olution SST data. Certainly a structured selection pro-
cess—to decide which meteorological variables to
incorporate in projecting models—would aid the
selection of the best fitting model for a particular
rookery. If such a process is undertaken, projections
made will be as accurate as possible and, therefore,
best assess the likely impacts of global warming on
sea turtle populations.

Most importantly, information provided by the
regression models generated here suggests that, with-
out adaptation, there will be a bleak future for the sea
turtle populations of northern Australia. Our models
predict that, by 2030, sand temperature at Moulter
Cay, Ashmore Island and Bramble Cay will have
increased to a point that will ensure the majority of
eggs incubate well above the pivotal temperature,
resulting in a near complete feminization of annual
hatchling output. Projections are more severe for Bare
Sand Island, where sand temperature is likely to regu-
larly reach the upper thermal incubating threshold of
33°C, causing mortality of eggs. By 2070, assuming no
other substantial changes to local conditions occurs, it
is predicted that eggs at Moulter Cay, Milman Island
and Bramble Cay will incubate at temperatures near
the higher thermal threshold, resulting in hatchlings
with a higher incidence of scale and morphological
abnormalities. Eggs at Ashmore Island and Bare Sand
Island will consistently incubate at temperatures above
the higher thermal threshold, causing mortality and a
major reduction in hatching success at these rookeries.
In contrast, Milman Island is predicted to keep produc-
ing males through 2030. Similar results to those pre-
sented here are predicted for Cape Canaveral and
Bald Head Island, North Carolina, USA, where a femi-
nization of the loggerhead Caretta caretta population
and an increase in the production of female hatchlings

is expected, respectively, with an increase of 2°C
(Hawkes et al. 2007). All projections presented here
are likely to be underestimates, since metabolic heat-
ing will increase sand temperature by approximately
0.5°C (see Booth & Astill 2001) during the middle third
of the nest incubation period. Additionally, the projec-
tions presented here are likely to vary slightly since
the models used did not account for variation in nest
depth or nests laid in shaded or vegetated areas.

On a more positive note, there are a number of ways
that populations with temperature-dependent sex
determination (TSD), such as sea turtles, could adapt
in response to global warming. Potential adaptive
responses include: (1) changes in nest-site choice and
distribution of nesting grounds (Hays et al. 2001); (2) in
situ adaption by adjusting either the pivotal tempera-
ture for sex determination (Davenport 1989, Hawkes et
al. 2007) or the maximum incubating threshold toler-
ance; and (3) shifting nesting to cooler months (Hays et
al. 2003, Weishampel et al. 2004, Pike et al. 2006).
However, quantitative genetic analysis and behav-
ioural data suggest that species with TSD may not be
able to evolve fast enough to counter the negative
effects of global warming (Janzen 1994). Unfortu-
nately, the majority of studies that investigate the like-
lihood of adaptive responses offsetting impacts of cli-
mate change have been conducted with freshwater
turtles and not sea turtles (e.g. Morjan 2003, Schwanz
& Janzen 2008). However, it is hypothesized that their
conclusions can be applied generally to other organ-
isms with TSD, including sea turtles (Janzen 1994,
Schwanz & Janzen 2008). Throughout the millions of
years that sea turtles have existed they have demon-
strated a biological capacity to adapt to climate
change. Sea turtles have persisted through dramatic
changes in climate (temperature and sea level rise)
(Hamann et al. 2007, Hawkes et al. 2009) and adapted
by redistributing their nesting sites and developing
new migratory routes (Hamann et al. 2007). Clearly,
investigating the extent to which different sea turtle
species can or will exhibit any of the adaptive
responses described here and determining whether
the responses can counteract predicted impacts of
global warming represent fruitful areas of future
research.

As there is the possibility that adaptation by sea tur-
tles will be slow and not sufficient to offset the impact
of global warming, implementing short-term manage-
ment strategies that mitigate impacts will be neces-
sary. Such strategies are critical, given the rapid rates
of temperature increase and environmental change
projected by the Intergovernmental Panel on Climate
Change (IPCC 2007). Foreseeable strategies which
could be implemented by resource managers include
using natural and/or artificial materials to shade
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beaches at key rookeries, relocating nests to more suit-
able incubation sites and sprinkling nests with cool
water (Naro-Maciel et al. 1999, Hamann et al. 2007).
Implementing any of these strategies, even at small
spatial scales, could be cost- and time-intensive, which
will vary the extent to which such solutions are realis-
tic in developed and developing nations. Given the
severe implications of the projections presented here,
the realities of implementing each strategy type at a
rookery rather than population scale warrant further
research. As researchers and managers test strategies,
it seems likely there will be substantial benefits to
information sharing through workshops and in the
preparation of general guidelines that help managers
to reduce any negative side effects associated with
strategies.

Timely and targeted implementation of strategies
that work to mitigate the impacts of global warming on
sea turtle populations is going to require an under-
standing of spatial variability in impact severity. This
information can be obtained by broadly applying pre-
dictive models like those used here. The combined
SST/AT model improved our capacity to project future
nesting conditions in northern Australia and Torres
Strait and may improve the accuracy of projections
made in other regions. Since sand temperature is
dependent on the interaction of many variables,
including numerous descriptors of the sand itself, there
is still room for improvement of the models tested here
by incorporating other variables, such as sand colour
and beach facing direction. An example of this is the
novel approach by Mitchell et al. (2008), who devel-
oped a mechanistic model that shows how climate, soil
and topography interact with physiology and nesting
behaviour to determine sex ratios. Their work focussed
on the tuatara, an endemic lizard-like reptile from
New Zealand.

In conclusion, our results suggest that it is highly
likely that incorporating SST will improve the accuracy
of models used to project sand temperature and resul-
tant impacts on sea turtle populations. If the projected
increases in temperature presented here eventuate,
then global warming will seriously impact the popula-
tion size and geographic range of sea turtles in north-
ern Australia. Therefore, more research into the adap-
tive capacity of these endangered reptiles is critical.
Importantly, strategies which document, better under-
stand and even mitigate the impacts of global warming
need to be tested at the rookery scale, and those that
are successful should be made available as guidelines
to managers worldwide.
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