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a  b  s  t  r  a  c  t

Sea  turtles  are  thought  to be  particularly vulnerable  to climate  change as projected  increases in tempera-
ture  may skew the sex ratio of their  hatchlings,  decrease hatchling  success  and thus threaten  population
persistence.  Given  the  seriousness  of  the  threat  from  climate  change  it  is critical to understand  the rate at
which  soil temperatures at sea  turtles’  nesting grounds  are  likely  to change. This  has stimulated  the devel-
opment of correlative models  to assess  and project how  projected  increases  in  temperature  may impact
sea  turtle’s  reproductive output.  Correlative models correlate  climatic  variables  to soil temperature and
hatchling  sex ratio.  These  models  have  been  widely  used  due  to their simplicity  and the flexibility  of their
data  requirement. However, outputs are  restricted  by  the environmental  conditions  used  for  the  model
and  thus  does  not allow exploration  of daily  variation  in  sand temperature.  Further,  the  potential error
inherent  in  this approach  has  not  been  determined.

Researchers  working  with other  animals with  temperature-dependent  sex  determination  (TDS) have
developed  microclimate  models to determine nest  temperature and  potential  impacts from climate
change.  Microclimate  models  use the interaction between climate,  soil,  and topography  with physi-
ology and nesting  behavior of  animals  to determine  future  production  of hatchling sex  ratios.  Until  now,
microclimate  models have never been  applied  to sea turtles and  its  correlation  and consistency  with
correlative  models has never been  explored.  To  address  this, we used the Niche  MapperTM microclimate
model  to  project soil  temperature at key  sea  turtle nesting  grounds  under various  scenarios  of  global
warming. Results from  the  microclimate model  are  compared  to published  projections from correlative
models.  The  two approaches  accurately and congruently  model current soil  temperature  and project a
feminization  of  the  northern Great  Barrier  Reef  green turtle population  as  climate  change  progresses.
To  provide guidance of  when  to use each  approach we  also reviewed the  applicability  and  effectiveness
of  each model.  The  microclimate  model  provided a more  robust  picture of  the incubating  environment
as  it  has  the potential for  projecting  soil  temperature  for  every  hour  of  the  day  at various locations and
depths  within a  nesting ground. This  allows  exploration  of  whether  animals with TDS  can  counteract
the  impacts  of  global  warming by changing  nest  depth  and nesting distribution.  With  time  and  the  vali-
dation  of  the microclimate  model  with  short-term  projections,  the microclimate model  can  also  be  used
to refine  short-term adaptive  management  strategies  as they  can provide explicit  recommendations  on
site-specific  scales  for  translocation  of  eggs and  alteration  of  the nesting environment.

© 2013 Published by Elsevier B.V.

1. Introduction

Global climate change is a  major issue in ecosystem and wildlife
management throughout the world (Fuentes et al.,  2012). It has
already produced significant and measurable impacts on almost
all ecosystems, taxa and ecological processes and its impacts
are expected to increase rapidly (Hughes, 2000; Peterson et al.,
2002; Walther et al., 2002; Parmesan and Yohe, 2003). To respond
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effectively to predicted climatic changes it  is important to under-
stand how changes will affect biodiversity (Margules and Pressey,
2000; Kearney and Porter, 2009; Mokany and Ferrier, 2011). This
need has stimulated the development of various models to assess
and project future impacts from climate change (Botkin et al., 2007;
Trivedi et al.,  2008). This is particularly true for animals that are
thought to be especially vulnerable to climate change. An exam-
ple is oviparous reptiles, such as sea  turtles that have life  history,
physiology and behavioral traits that are extremely influenced
by  environmental temperature. Sea turtles have temperature-
dependent sex determination (TDS) – wherein the sex of their
hatchlings is determined by  the incubation temperature during
embryonic development (Janzen and Paukstis, 1991; Mrosovsky
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and Pieau, 1991). Therefore, projected increases in temperature
may  skew the sex ratio of sea turtle hatchlings and threaten pop-
ulation persistence (Nelson et al.,  2004; Hulin et al., 2009; Fuentes
et al., 2010).

Consequently, there is a  clear need to understand the rate at
which soil temperatures are likely to change at sea turtle nesting
grounds and the extent to which associated changes in hatching
success and sex ratio will vary spatially as climate change pro-
gresses (Hays et al.,  2003; Fuentes et al.,  2009). This need has
stimulated the development of correlative models to assess and
project how forecasted increases in temperature may  impact sea
turtle reproductive output. Correlative models correlate climatic
variables to soil temperature and hatchling sex ratio (e.g. Janzen,
1994; Hays et al., 1999, 2003; Glen and Mrosovsky, 2004; Hawkes
et al., 2007; Fuentes et al., 2010). These models have been widely
used due to their simplicity, the flexibility of their data requirement
and the need for non-specialized software skills and for relatively
inexpensive equipment (e.g. temperature data loggers) (Mitchell
et al., 2008; Hawkes et al.,  2009). However, the potential error
inherent in this approach has not been determined and it  cannot
be used when environmental conditions vary outside the range
of the correlative model (Mitchell et al.,  2008). Thus outputs are
restricted by the input data and does not allow for exploration of
daily fluctuation of soil temperatures.

Microclimate models can be used to determine soil temperature
and to project future production of hatchling sex ratios by  using the
interaction between climate, soil, and topography with physiology
and nesting behavior of animals. Until now, microclimate models
have never been applied to sea turtles but it  has been used to deter-
mine nest temperature and potential impacts of climate change to
tuatara, which also have temperature-dependent sex determina-
tion (TDS) (see Mitchell et al., 2008). Given the concern over the
potential impacts of climate change on sea turtles and the growing
number of studies that are  attempting to project soil temperature at
sea turtle nesting grounds the objective of this study is to explore
the applicability of a  microclimate model: the Niche MapperTM,
to project soil temperature at sea turtle nesting grounds and to
compare the applicability and effectiveness of this microclimate
model with the more commonly used correlative models. This will
help guide future decisions on which model to use when assessing
the impacts of climate change on  animals with TDS, such as sea
turtles.

2. Methods

2.1. Population and study site

The applicability and effectiveness of the microclimate sub-
model was explored with the northern Great Barrier Reef (nGBR)
green turtle population. Recent concern over the impacts of climate
change on the nGBR green turtle population has been expressed by
stakeholders and researchers (e.g. Limpus et al., 2003; Fuentes et al.,
2011). The nGBR green turtle population is the largest green turtle
population in the world with 50,000 turtles nesting during a  high
nesting year (Limpus et al., 2003). This  population has important
ecological roles (e.g. maintenance of seagrass and algal ecosystems)
(Moran and Bjorndal, 2007), social importance to indigenous peo-
ple (Johannes and Macfarlane, 1991), and value to the tourism
industry (Wilson and Tisdell, 2001). Nesting for this population
occurs in the northern Great Barrier Reef and Torres Strait region
(Fig. 1). Selected nesting grounds for this study (Bramble Cay, Raine
Island and Sandbank 7) encompass almost the whole latitudinal
range of the nesting grounds used by this population and include
the biggest nesting ground in the northern Great Barrier Reef (Raine
Island) and Torres Strait (Bramble Cay) (see gray dots at Fig. 1).

Fig. 1. Map of nesting grounds used by the northern Great Barrier Reef green tur-
tle population. Dots represent nesting grounds, with gray dots indicating selected
nesting grounds for this study.

2.2. Microclimate model

The microclimate submodel in Niche MapperTM (McCullough
and Porter, 1971; Porter et al., 2002; Porter and Mitchell, 2006) was
used to estimate soil temperature on the selected nesting grounds
(see Section 2.1)  under a current climate (November 2007–March
2008) and a ‘conservative’ (C) (B1 emissions scenario, IPCC, 2007)
and ‘extreme’ (E) (A1T emissions scenario, IPCC, 2007) scenario of
climate change for 2030 and 2070 (Table 1).

The Niche MapperTM microclimate submodel includes a sub-
routine for computing clear sky solar radiation given a specific
time, latitude, longitude, elevation, slope and aspect (McCullough
and Porter, 1971), and requires climate maximum and minimum
data (e.g. air temperature, wind speed, humidity, percentage of
cloud cover) for arbitrary time intervals, e.g. monthly, weekly or
daily, and physical properties of the soil (e.g. thermal conduc-
tivity, density, specific heat and substrate reflectivity) as major
input variables (Mitchell et al., 2008). The equations that define
the microclimate model are in Porter et al.  (1973) and a conceptual

Table 1
Projected regional increases in sea surface (SST), and air (AT), temperatures, under
conservative (based on B1 emissions scenario, IPCC, 2007) and extreme (based on
A1T emissions scenario, IPCC, 2007) scenarios (CSIRO, 2007).

Year Scenario Projected increase
in SST (◦C)

Projected increase
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
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Fig. 2. Conceptual flowchart for the microclimate model Niche MapperTM.
Adapted from Porter et al. (2010).

diagram of the model adapted from Porter et al. (2010) is repre-
sented in Fig. 2. Niche MapperTM uses a variety of subroutines that
initially read two input data files (solar.dat and micro.dat) (Fig. 2).
“Solar.dat” contains atmospheric properties used in calculating
clear sky solar radiation available on the surface of the earth as a
function of latitude, longitude and elevation. “Micro.dat” contains
the time independent and time-dependent variables for the local
pixel properties. The time independent data include soil proper-
ties like density, specific heat, thermal conductivity and reflectivity.
The time-dependent properties include maximum and minimum
values for each of the days to be simulated for air temperature, rel-
ative humidity, wind speed, percent shade and cloud cover. Once
these data are loaded, the maximum/minimum time-dependent
data for each day are processed (sine sub) into sine wave functions
that interpolate between maximum and minimum values for each
day (Fig. 2). The timing of the maximum and minimum values is
user defined relative to sunrise and solar noon. Default values for
the maximums are assumed to occur one hour after solar noon
and the minimums at sunrise. This is  true for air temperature and
wind speed. Default values for relative humidity and cloud cover
are assumed to have maximums at  sunrise and minimums one
hour after solar noon. Once the interpolations are complete, the
data are transferred to a subroutine, tabl sub, that converts them
into hourly values so that there are time/value data pairs for each
hour of the day (Fig. 2). Once the data are arranged by  hour, the
main program calls the solar radiation subroutine which generates
hourly output for each day simulated. The program then invokes
the numerical integrator, gear integr, which then calls a derivative
subroutine that computes time-dependent temperature transients
for the soil surface down to deep soil  at node depths specified by  the
user (Fig. 2). The set of one-dimensional finite difference equations
for the soil surface and deeper soil nodes are then solved by  three
successive repeats of each individual day to establish a  steady peri-
odic temperature oscillation at each node. The boundary conditions
are the 2 m hourly air, humidity, wind and cloud cover data and the
deep soil temperature data which is the average annual temper-
ature. The derive sub subroutine has the heat balance at the soil
surface which includes solar and longwave infrared thermal radi-
ation heat fluxes, convection and evaporation terms computed by

subroutines conv sub and evap sub and conduction equations in
the derivative subroutine (derive sub) for the  surface and deeper
layers in the soil (Fig. 2). The properties of air needed for convection
and evaporation computations are embedded in the subroutines
dryair sub and wetair sub (Fig. 2). On the third replication of each
day, the hourly output is transferred to out sub, which creates the
output files metout, soil, shadmet and shadsoil (Fig. 2). The first two
files are for the warmest sunniest location above and below ground.
The third and fourth files are  for the coolest shadiest location on the
pixel.

The microclimate model is available free for
collaboration or for purchase (see details at
http://www.zoology.wisc.edu/faculty/por/por.html#niche). For
this study, a new highly compact format was  created in the
submodel to allow user specification of depths used in the com-
putations and the ability to specify temporal and spatial variation
of soil properties listed above. These modifications allow, for
example, for variation in water level in the soil as it  affects thermal
conductivity, which is a  common phenomenon in shore envi-
ronments due to tidal cycles. These features also allow for snow
deposition or other surface or subsurface modifications as  they
may occur in time due to natural events.

Climate maximum and minimum data for each month from
November 2007 to March 2008 was calculated from hourly
measurements from each nesting ground at unshaded loca-
tions. Daily air temperature (AT) and relative humidity (RH) for
Bramble Cay was  obtained from calibrated weather stations (Hast-
ing Data Loggers, Port Macquarie, Australia) deployed according
to requirements by  the Australian Bureau of Meteorology (see
Canteford, 1997). AT data for Raine Island was obtained from
the International Comprehensive Ocean Atmosphere Data Sets
(ICOADS) (http://www.cdc.noaa.gov/coads) (as per Hays et al.,
2003; McMahon and Hays, 2006; Fuentes et al., 2009). Data from
ICOADS was only used when more than 10 observations were
recorded (as  in Hays et al.,  2003). RH for Raine Island was obtained
from the Australian Bureau of Meteorology (BOM) weather station
at Thursday Island (less than 100 km from Raine Island). Wind
speed for Bramble Cay and Raine Island were also obtained from the
Australian Bureau of Meteorology (BOM) weather station at Thurs-
day Island. AT, RH and wind speed data for Sandbank 7 was obtained
from the Commonwealth Scientific and Industrial Research Orga-
nization in Australia (CSIRO) and from the Australian Bureau of
Meteorology (BOM) weather station at Coen airport (less than
100 km from Sandbank 7). Data on cloud cover was not available
so we assumed clear sky conditions as an upper bound for all the
nesting grounds during the study period (November 2007–March
2008).

Soil properties were obtained from samples collected in
November 2007 from the dune of each nesting beach as this
is the region where most of the turtles nest (Limpus et al.,
1983; Kikukawa et al., 1999). Reflectivity properties of the soil
were determined using an  ASD spectrometer, which meas-
ures reflectance across the spectral range of 350–2500 nm
with a bandwidth resolution of 3 nm at 700 nm and 10 nm
at 1400/2100 nm.  The sampling interval is 1.4 nm from  350
to 1050 nm and 2 nm at 1000–2500 nm.  Scanning time is
100 ms.  Other technical data may  be found at http://www.asdi.
com/products/fieldspec-3-portable-spectroradiometer. Sterilized
sand samples were placed in 3 cm diameter Petri dishes with a  sand
depth of 0.7 cm.  All measurements were performed in a photo-
graphic darkroom. A white light source within the measuring probe
illuminated the sample and reflected light was transported by  a
fiber optics cable to the three resident spectrometers in the unit.
After the spectral data were collected with electronic labels, each
was processed first into reflectance/transmittance data formats
and then averaged over the solar spectrum using ViewSpecPro,
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free software from ASD. Reflectance was measured from a set of
samples from the dune at different orientation of the beach (e.g.
east, south); averaged values were used as  input data. To explore
potential changes in soil temperature as  a result of the range of
reflectivity values we ran a sensitivity analysis with the range of
reflectivity values found at each island. Sensitivity analysis was
made for an extreme scenario of climate change in 2070. Sand den-
sity was taken from http://www.simetric.co.uk/si materials.htm.
Sand thermal conductivity ranges were determined from Smits
et al. (2009).  Sand specific heat values were from data at http://
www.engineeringtoolbox.com/specific-heat-capacity-d 391.html.
Soil thermal properties are presented in table S1. We  assumed
a uniform soil type on each island and set the microcli-
mate model to project soil temperature at depths between
50 and 200 mm.  For analysis, we selected output data in
the middle of the day for unshaded sites. An example of a
data input file used for current climate (2007–2008) simu-
lations is shown in the electronic supplementary material,
table S2.

2.2.1. Using the microclimate model to project impacts on sea
turtles

To simulate projected increases in temperature we increased
current (from November 2007 to March 2008) mean minimum and
maximum air temperatures in the microclimate submodel by sea-
sonal increments projected by the Commonwealth Scientific and
Industrial Research Organization in Australia (CSIRO) and the Aus-
tralian Bureau of Meteorology (as per Table 1). As per Mitchell et al.
(2008) the other variables (wind, cloud cover and relative humidity)
were kept constant as no reliable projections exists, for the studied
region, for these variables in the future.

To investigate the implications from the projected soil temper-
ature to sea turtles we assumed that sand temperatures at 29.3 ◦C
produces 50% females and 50% males, that temperatures below
27.8 ◦C produces all males, temperatures above 30.8 ◦C produce
all females and that the  proportion of females increases linearly
between 27.8 ◦C and 30.8 ◦C (as per  Fuentes et al., 2010).

2.3. Correlative model

The best correlative model to describe the soil temperature at
the selected nesting grounds correlates air and sea  surface tem-
peratures with soil temperature (see Fuentes et al., 2009). Fuentes
et al. (2009, 2010) developed correlative models for Bramble Cay,
Raine Island and Sandbank 7  by correlating mean monthly air and
sea surface temperatures at each nesting ground from April 2007
to November 2008 (for an example of data used to develop the
correlative model see supplementary table S3 and for correlative
models see electronic supplementary table S4).  Similarly to this
study, Fuentes et al. (2009, 2010) used correlative models to project
monthly soil temperature at 50 cm for 2030 and 2070 under an
extreme and conservative scenario of climate change. The pub-
lished results from these correlative models are  compared with the
results from the microclimate model used here (see Section 2.4).

2.4.  Model comparison and validation

To  investigate the efficiency of the microclimate and correla-
tive models we  ran  the models for a  current scenario (November
2007 to March 2008), determined the deviation between the mea-
sured and modelled temperatures and conducted a 2-tailed sample
t-test between the results and the empirical observations of cur-
rent soil temperature. Current soil temperature was obtained by
recording soil temperature every hour at the study sites from
November 2007 to March 2008 using Tinytag TK-4014 data loggers
(Hasting Data Loggers, Port Macquarie, Australia) (for data sum-
mary see supplementary table S5). All data loggers were calibrated
before and after deployment against a mercury thermometer and
had an  accuracy of ±0.1 ◦C.  Dataloggers were located in represen-
tative nesting areas and deployed at a standard depth of 50 cm,
which is close to green turtles’ average nest depth (as per Spotila
et al.,  1987; Hewavisenthi and Parmenter, 2002; Matsuzawa et al.,
2002). To provide further guidance of which model to use we
compared the  input variables necessary to run each approach, the
outputs generated, and the drawbacks and advantages of using each
model.

3. Results

3.1.  Sand properties

The selected nesting sites presented an  average reflectivity value
of 0.54–0.64, with standard deviations within island ranging from
0.02 to 0.04. Our sensitivity analysis with the range of reflectivity
values showed that temperatures at 50 cm varied in average by
0.09 ◦C,  with a  range of variation of 0.06–0.12 ◦C,  which is negligible
for the purpose of our study. Thus the results presented are only for
the average reflectivity value for each nesting site (for values see
supplementary table S1).

3.2. Microclimate model

The microclimate submodel in Niche MapperTM proved useful
to reconstruct soil temperature at the selected sea turtle nesting
grounds as no  significant difference was  found between the recon-
structed soil temperature and the observed temperatures at the
selected nesting grounds (paired t-test, t  = 0.703, df = 14, P =  0.494).
Modelled temperature tended to be higher than observed at Bram-
ble Cay and Raine Island and lower than observed at Sandbank
7.

The submodel explained more than 58% (r2 >  0.58) of the  vari-
ability in sand temperature at each of the selected nesting grounds,
with the mean deviation between the mean monthly observed and
the modelled temperature ranging from 0.45 to 1.01 ◦C (Table 2).
Thus, with caution the microclimate model can be used to provide
insights into the potential outcomes if scenarios envisaged under
climate change do occur.

Soil temperature projections by the microclimate model indi-
cate that Bramble Cay is projected to be the warmest nesting
ground as  climate change progresses and Sandbank 7  the coolest
(Fig. 3). In  the long term (by  2070) under an extreme scenario of

Table 2
Average deviations (◦C) (±SE) between measured and modelled temperatures at 50 cm from each nesting ground from November 2007 to March 2008.

Location Model Nov Dec Jan Feb Mar Mean R2 with  empirical data

Bramble Cay–North Open beach Microclimate −0.94 ± 0.81 1.61 ± 0.91 −0.02 ± 1.5 −0.83 ±  0.54 0.66 ± 0.70 0.31 ± 0.52 0.79
Bramble Cay–North Open beach Correlative 0.7 ± 0.08 −0.33 ± 0.27 −0.18 ±  0.03 −0.26 ±  0.12 −0.05 ± 0.18 −0.02 ± 0.04 0.79
Raine Island–South open beach Microclimate 1.37 ± 0.74 −1.84  ±  0.68 −1.90 ±  1.03 −0.49 ±  0.25 0.57 ± 0.71 −0.45 ± 0.46 0.64
Raine Island–South open beach Correlative 0.79 ± 0.36 −0.82 ± 0.24 −1.07 ±  0.41 0.94 ± 0.31 −0.06 ± 0.04 0.32 ± 0.26 0.84
Sandbank 7 north open beach Microclimate 0.50 ±  0.62 0.29 ± 0.44 1.07 ± 0.23 1.71 ± 0.52 1.49 ± 0.38 1.04 ± 0.22 0.58
Sandbank 7 north open beach Correlative 0.30 ±  0.20 0.60 ±  0.27 0.47 ± 0.29 1.05 ± 0.37 0.46 ± 0.30 0.48 ± 0.35 0.83
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Fig. 3. Microclimate modelled current (November 2007–March 2008) and projected mean sand temperature (◦C) during nesting season (November to March) for  each nesting
ground under an extreme climate change scenarios for 2030 and 2070. Pivotal temperature (PT) refers to the temperature where a 50:50 male to female sex ratio is produced,
transitional range temperature (TRT) is the  range of temperature where sex ratio shifts from all males to all  females. Upper thermal threshold (UPT) is  the upper threshold
for sea turtle eggs to successfully incubate.

climate change mainly female hatchlings will be produced at the
nesting grounds studied (Fig. 3). At Bramble Cay, temperatures will
be near the upper thermal threshold (UPT) for incubation, while
Raine Island and Sandbank 7 are projected to have mainly female
producing temperatures. In  the short term (by 2030), Bramble Cay
will produce mainly female hatchlings and both male and female
hatchlings will be produced at Raine Island and Sandbank 7 (Fig. 3).

3.3. Comparison between models

Both models explained well the variability in sand temper-
ature at the selected nesting grounds (Table 2). The correlative
model showed stronger correlations and usually smaller deviation
between the mean monthly observed and the modelled tempera-
ture (Table 2). However, as  the correlative model only constructs
soil temperature averaged across the day for one set depth (in this
case 50 cm)  it does not create a clear picture of the thermal envi-
ronment at each nesting ground and insights of how temperature
fluctuates during the day. The microclimate submodel constructs
soil temperature at multiple specified depths for every hour of the
day and thus provides a  better picture of the incubating environ-
ment at each nesting ground (Fig. 3). This helps account for the
complexity of nesting behavior of animals with TDS. The simplicity
in the outputs from the correlative models is translated from their
data requirements (Table 3). Most correlative models only correlate
air temperature with soil temperature, with more recent correla-
tive models also using sea surface temperature data. In contrast,
the microclimate model requires a more extensive dataset, which
includes air temperature, wind speed, humidity, and percentage of
cloud cover as well as information on  soil properties (Table 3).

The microclimate and correlative models produced similar
range projections (Table 2), with differences between the pro-
jections from each model varying from 0.04 to 1.32 ◦C (Table 4).
Projected temperature by the microclimate model was  lower than

the projected temperatures by  the correlative model at Bramble
Cay and Sandbank 7 and higher at Raine Island (Table 4).

4. Discussion

The microclimate submodel in Niche MapperTM proved effi-
cient in reconstructing and projecting soil temperature at sea turtle
nesting grounds. Projections of soil temperature with the microcli-
mate model where generally congruent with published results from
correlative models. Despite a variation of up to 1.32 ◦C between
projections with each model the projective implication of temper-
atures at 50 cm would be the same at Bramble Cay and Sandbank
7. With both approaches it is projected that sand temperature at
50 cm,  by 2070 under an extreme scenario of climate change, at
Bramble Cay will be near/above the maximum thermal threshold
(33 ◦C) and at Sandbank 7 will produce only female hatchlings. At
Raine Island the situation is different, according to the correlative
model a small proportion of male hatchlings will still be produced
by 2070 under an  extreme scenario of climate change whereas the
microclimate model projects that only females will be produced.
Regardless, at first instance both modelling approaches project a
bleak picture for the northern Great Barrier Reef green turtle popu-
lation. It is important to keep in mind that these projections are only
for one soil depth (50 cm)  and for one region within each nesting
ground.

However, when investigating the potential impacts of climate
change on animals with temperature dependent sex determina-
tion it  is necessary to take into account the relationship between
temperature, embryonic and sexual development as well as their
nesting behavior, operational sex-ratio and potential capacity to
adapt (Fuentes et al., 2010; Mitchell et al., 2008). The effect of tem-
perature on sea turtle development is nonlinear as  the time spent at
different temperatures nonlinearly affects sexual development and
sex ratio; therefore average temperatures across the day, which is
the usual output format of the  correlative model, can misinterpret
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Table 3
Comparison between the  microclimate and correlative models.

Microclimate model Correlative model

Input variables necessary Days of the  year to simulate, geographic coordinates,
elevation, slope, aspect, solar reflectivity, time-dependent
maximum and minimum data for air temperature, wind speed,
wind speed, relative humidity, and percentage of cloud cover.
Soil properties at nesting area (thermal conductivity, density,
specific heat, and substrate reflectivity).
Baseline soil temperature to validate model.

Climatic variables (air and sea surface temperatures).
Baseline soil  temperature to validate model.

Output data Hourly temperature at  all specified depths including the
surface for each day of simulation.

Soil temperature at a set depth and time of the day
depending on input data.

Advantages Accounts for the complexity of nesting behavior of animals
with  TSD (nesting at different depths and locations). Allows
exploration of adaptive responses by animals (e.g. whether
nesting at  different depths will counteract impact from climate
change) and efficiency of adaptive management (e.g.
translocation of eggs).

Relative inexpensive equipment necessary (data loggers).

Little specialist knowledge of software.

Drawbacks More time needed for data collection and assembly from field,
as  there is  the need to obtain soil samples and determine their
properties.
Knowledge of Niche Mapper TM data structure necessary.

The potential error inherent in this approach has not been
determined.
Cannot be used when environmental conditions vary
outside the range to generate the correlative model. Only
reconstructs soil temperature for one  depth and for a
specific time of the day.

Selected studies that have used
this model

Christian et al. (1984), Jones et al. (1987), Dunham et  al. (1989),
Huey et al. (1989),  Grant and Porter (1992),  Adolph and Porter
(1993, 1996),  Porter et al. (2000, 2006, 2010),  Natori and Porter
(2007), Mitchell et al. (2008),  Kearney et al. (2009a,b, 2010a,b),
Fort et al. (2009),  Bartelt et al. (2010),  Levy et al. (2012)

Mrosovsky and Provancha (1992), Janzen (1994),
Baptistotte et al. (1999),  Hays et al. (1999, 2003), Casale
et  al. (2000),  Glen and Mrosovsky (2004),  Nelson et al.
(2004),  Kamel and Mrosovsky (2006),  Hawkes et  al. (2007),
Fuentes et al. (2009, 2010),  Patino-Martinez et al. (2012)

correct estimates of sex ratio. Further, sea turtles are known to
lay their eggs at various depths and to nest at different locations
in the beach (Hays and Speakman, 1993; Kamel and Mrosovsky,
2004) and may  adapt to climate change by changing their nest-
site choice and nest depth (Hays et al.,  2001; Limpus, 2006). Thus,
when exploring the potential impacts of climate change on sea tur-
tles it is extremely important to project soil temperature at various
locations and depths in the beach. Our results clearly demonstrate
this. For example, if  we only look at  projections of soil temperature
at Sandbank 7 at 50 cm for an extreme scenario of climate change
in 2070 we may  conclude that incubating eggs at this site will only
experience temperatures that produce females, however if  we look
at temperatures at other depths (see Fig. 3) we can see  that they
will also experience temperatures that produce some males. This
clearly demonstrates the need to explore temperature at various
depths to obtain a more a realistic picture of what incubating envi-
ronments will be available for turtles in the future and the impacts
that they may  experience.

The microclimate submodel in Niche MapperTM proved effi-
cient in reconstructing and projecting soil temperature at various
depths (up to ten depths a time). To  project soil temperature at var-
ious depths with the correlative approach it is necessary to create
several models one for each desired depth. It is also important to
explore temperature at various locations within a beach (Fuentes

Table 4
Difference between model projection (correlative model − microclimate model) for
2030 and 2070 under a  conservative (C) and extreme (E) scenario of climate. Mod-
els were run to predict soil temperature at 50 cm at midday during the nesting
season (November to March). Results from the correlative models were obtained
from Fuentes et al. (2009, 2010).

Difference between models (◦C)

2030 C  2030 E 2070 C  2070 E

Bramble Cay–North open beach 0.53 0.52 0.61 0.60
Raine Island–South open beach −0.04 −0.24 0.19 −0.82
Sandbank 7–North open beach 1.32 1.21 1.00 0.26

et al., 2010). To  project soil temperature at various locations the
microclimate model requires slope, aspect and percent shade input
variables for different locations within the beach. For the correla-
tive  model it is necessary to generate correlative models for various
locations in the beach. Fuentes et al. (2010) addressed the “beach
location” issue by  creating different correlative models for beaches
with northern, eastern, southern and western aspect and for open
and shaded locations within a nesting island.

The usefulness of constructing soil temperature for an  array
of depths and location is well demonstrated by Mitchell et al.
(2008),  where they used a microclimate model to investigate if
tuatara could behaviorally compensate for sex bias by nesting at
different depths and assessed the suitability of current reserves
and future translocation sites for tuatara under various depths.
Thus, in addition to constructing current and future soil temper-
ature, microclimate models can also be used as a tool to investigate
whether species with TDS can counteract the negative impacts of
increase in temperature by  altering their nesting behavior. With
time and the validation of the microclimate model with short-
term projections, the microclimate model can also be used to refine
short-term adaptive management strategies as they can provide
explicit recommendations on site-specific scales for translocation
of eggs and alteration of the nesting environment (Mitchell et al.,
2008).

The more extensive dataset required to run the microclimate
model may  limit its applicability, and some users may opt to utilize
the correlative model instead. However, particular care should be
taken when interpreting the results from the correlative models as
they usually only represent one  location and depth at a  particular
nesting ground. Thus, importantly all  the assumptions related to
the results should be clearly stated. As soil temperature is  depend-
ent on the interaction of many variables, such as  rainfall, cloud
cover, slope, aspect, reflectivity, wind speed and humidity, there
is still room to improve the currently used correlative models by
incorporating these variables into models. Regardless of the model,
selected results should only be used to provide insights on poten-
tial outcomes if scenarios envisaged under climate change do occur.
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Three things are necessary to increase the applicability of the mod-
els described here and our understanding of what results like the
one from this study mean to the future sustainability of turtle popu-
lations. First, we need to understand the uncertainties associated
with the models; from uncertainties related to the input data to the
modelling process. Secondly, we need to increase our  confidence
of the representativeness and accuracy of the models. This could
be achieved with continuous testing of the models, in the short-
term, using data from the field. Lastly, we also need to improve our
understanding on some of their biological parameters related to sea
turtles. Major gaps still remain in our knowledge of the viable adult
sex ratio for key sea turtle populations and of their capacity to adapt
and counteract the impacts of climate change (Hawkes et al., 2009;
Poloczanska et al., 2009; Fuentes et al.,  2011; Patino-Martinez et al.,
2012).
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