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THESIS PREFACE 

The Kimberley region of Western Australia remains one of the most remote and isolated areas 

of the world. Despite the rich biota and number of endemic species, the logistical complexities 

of accessing the region have resulted in a substantial knowledge gap of basic biology and 

ecology for a number of species that occupy the region. As such, the Western Australian state 

government funded 26 projects (totalling $30 million) through the Western Australian Marine 

Science Institution (WAMSI) Kimberley Node in an attempt to fill some of these gaps in the 

marine environment in this region. The data presented in Chapters 2 – 4 of this thesis form a 

significant contribution to the WAMSI Kimberley Node Project 1.2.2. This collaborative 

project between universities, governmental and industry partners aimed to resolve the nesting 

ecology and abundance, genetic connectivity and climate change impacts on sea turtle 

populations in the region, and will be used to inform management of these species in the 

Kimberley.  
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ABSTRACT 

Predicting how climate change will affect sea turtle rookeries has been identified as a 

fundamental consideration in threat abatement and species conservation strategies. This has 

stimulated interest in modelling approaches that aim to quantify the effects that climate change 

could have on developing embryos. Most studies have used correlative models that link 

climatic variables (such as ambient or sea surface temperatures) to sand temperatures at nesting 

depths, and assume physiological thresholds to calculate corresponding sex ratios. In contrast, 

in this thesis I employ a mechanistic approach to model the impacts of increasing incubation 

temperatures on two species of sea turtle nesting throughout North-Western Australia, a 

relatively understudied region. I predict sand temperatures at nesting depths (50-60cm) using 

a process-explicit microclimate model that solves heat and mass balance equations driven by 

gridded climate surfaces. I parameterize embryological models using data gained via laboratory 

incubation from four rookeries, and so account for population-specific sex-determination 

reaction norms and development rates. Further, I use next generation sequencing technologies 

to describe the full suite of genes that are regulated in developing sea turtle embryos that 

experience a thermal stress. Taken together, these novel techniques fill substantial knowledge 

gaps in the basic biology of Western Australian sea turtles, and provide a method for assessing 

the effects of climate change on sea turtles that can be applied globally.  

All species of sea turtle that occur in Australia are listed as Vulnerable or Endangered under 

the EPBC Act (1999), and globally significant rookeries of flatback (Natator depressus) and 

green (Chelonia mydas) sea turtles occur in Western Australia. The nesting distribution of these 

two species covers a vast coastline, including island and mainland beaches that should display 

high thermal heterogeneity. Within Western Australia, there also exist winter- and summer-

nesting populations of N. depressus, yet this divergence in nesting phenology has received little 

attention. 

To explore geographical variation in incubation conditions, I collected sand samples from 

nesting beaches throughout Western Australia to measure reflectance. These site-specific 

values were incorporated into a model to predict sand temperatures at sea turtle nesting depths 

throughout north-west Western Australia. I employed a mechanistic modelling approach to 

assess historic, contemporary, and future beach temperatures at ten depths between 0-200 cm 

using low-resolution global climate surfaces, high-resolution interpolated Australian climate 

surfaces (AWAP), and locally deployed weather stations. Model outputs were validated against 
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empirical observations of sand temperature at nest depths from a number of island and 

mainland beaches throughout the study period and typically showed high correlations and 

relatively low root mean squared deviations (RMSDs) (1-1.5 °C), but varied in their efficacy 

between sites. 

The parameters that describe the TSD reaction norm and development rate vary between and 

within species of sea turtle. I collected eggs from four rookeries of N. depressus and one 

rookery of C. mydas and incubated them at a suite of constant and cycling temperatures in a 

laboratory setting. The resultant sex ratios and incubation times were used to generate TSD 

reaction norm functions and development rate models. I found that the pivotal temperature 

(TPIV) and transitional range of temperatures (TRT) varied between and within species, with 

over 1 °C difference between the TPIV of Eighty Mile Beach (30.6 °C) and Cape Domett (29.5 

°C). These differences reflected variation in incubation conditions predicted via the 

microclimate model, and potentially show differing strategies for tolerating sub-optimal 

incubation conditions, where the Cape Domett population has evolved winter/spring nesting, 

and the Eighty Mile Beach population has evolved a TSD reaction norm that maintains mixed 

sex ratios in summer. 

Outputs from the microclimate models and empirical sand temperature data were used in 

conjunction with the population-specific embryological models to predict the sex ratios and 

embryonic mortality at six Western Australian rookeries under historic, contemporary and 

future climate scenarios. Future climates were based on temperature projections under multiple 

emission scenarios for four time points over the coming century (2030 – 2100). These coupled 

models showed that the Cape Domett and West Governor Island rookeries have a narrow 

window where male hatchlings can be produced, and where temperatures do not cause 

embryonic mortality. Future projections suggest that these winter nesting rookeries will be 

particularly susceptible to the impacts of climate change, due to overall warmer temperatures 

and no option to temporally shift nesting to a cooler time of year.  

Finally, to explore the underlying molecular response of sea turtle embryos to a biologically 

realistic thermal stress similar to those predicted under climate change scenarios, I employed 

de novo transcriptomic profiling to identify genes that are regulated under thermal stress. By 

exposing near-term loggerhead sea turtle (Caretta caretta) embryos to an acute heat shock, I 

identified 179 genes involved with thermal stress response pathways, including 

downregulation of a number of genes involved in developmental pathways. These genes 
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provide the foundation for future studies on the adaptive capacity of different species and 

populations of sea turtles to high temperatures events that will increase in frequency under 

climate change. 

In summary, this thesis addresses three potential adaptive strategies that could allow sea turtles 

to avoid or tolerate the effects of rising incubation temperatures: (1) spatial shifts in nesting, 

(2) phenological shifts in nesting, and (3) evolution of temperature-related traits. The outcomes 

are a more complete understanding of the thermal biology of Western Australian sea turtles, a 

population-level evaluation of the potential effects of climate change on emergence success 

and primary sex ratios, and a basis for directed management aimed at species conservation.  
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CHAPTER ONE 

 

General Introduction 

 

 

  



2 
 

Ambient temperatures in Australia have risen by almost 1 °C since 1910, with the majority of 

warming occurring since 1950 (IPCC 2014, BOM & CSIRO 2016). Climate models suggest 

that temperatures may rise by a further 5 °C before the end of the century under high emission 

greenhouse gas scenarios (CSIRO & BOM 2016). During this period, the frequency, duration 

and severity of extreme heat events are also expected to increase (IPCC 2014, CSIRO & BOM 

2016). The magnitude of climate change impacts will be variable, with substantial regional 

heterogeneity in temperature and rainfall changes (IPCC 2014, CSIRO & BOM 2016). Climate 

change is altering ecological processes, with potential feedback loops (Pecl et al. 2017), and 

species ranges, abundance, and phenology are shifting across a wide range of taxa and 

ecosystems (Parmesan & Yohe 2003, Root et al. 2003, Bellard et al. 2012, Garcia et al. 2014; 

Pecl et al. 2017). 

 

1.1 Vulnerability of sea turtles to climate change 

Ectothermic animals, such as sea turtles, are particularly vulnerable to the effects of climate 

change as many aspects of their life history, physiology, and ecology are strongly influenced 

by their thermal and hydric environments (Davenport 1997, Walther et al. 2002, Deutsch et al. 

2008, Doody & Moore 2011). Sea turtles are the most widely distributed group of reptile on 

the globe, with seven extant species spread unevenly across the three tropical ocean basins and 

extending into sub-tropical and temperate waters (Pritchard 1997, James et al. 2006). Many 

populations are experiencing declines as a consequence of anthropogenic activities, with 

climate change expected to further exacerbate these trends (Hawkes et al. 2009). Despite a 

range of ecological roles, all sea turtle species have a similar reproductive cycle (Ewert 1985, 

Hendrickson 1995, Ackerman 1997) with embryos developing in terrestrial nests on tropical 

and sub-tropical beaches where they exchange gases, moisture and heat with their external 

environment through a parchment shelled egg (see Ackerman 1997). Like most oviparous 

reptile species, sea turtles lack parental care (Shine 1988), leaving embryos to incubate on 

beaches for the duration of their development, which typically ranges from 40-70 days 

depending on species and incubation temperature (Ackerman 1997, Godfrey et al. 1999). 

Developing embryos are considered to be the most vulnerable life stage of sea turtles to climate 

change impacts, as they are unable to avoid adverse conditions such as suboptimal temperatures 

or nest flooding (Telemeco et al. 2013, Pike 2014, Cordero et al. 2017). 
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1.1.1 Embryonic thermal limits and mortality 

Tropical species generally live closer to their thermal optimum than temperate species (Deutsch 

et al. 2008, Sunday et al., 2011, Grigg & Buckley 2013), with sea turtles developing on tropical 

beaches likely closer to their upper thermal limits. Increases in nest temperature associated with 

climate change are therefore expected to increase the frequency that embryos breach these 

limits, leading to increases in embryonic mortality (Pike 2014). Despite these concerns, 

relatively few studies have considered the impacts of rising temperatures on embryonic 

mortality (Tapilatu & Tiwari 2009, Howard et al. 2014, Pike 2014, Tedeschi et al. 2015, Hays 

et al. 2017, Laloë et al. 2017). This is particularly important as sea turtle embryos only develop 

successfully within a relatively narrow thermal range (~25-35 °C) (Yntema & Mrosovsky 

1982), with incubation temperatures outside of these limits producing indirect fitness costs 

such as smaller hatchling size (e.g. Booth & Astill 2001, Booth et al. 2004, Kobyashi et al. 

2017), reduced crawling speeds (e.g. Booth et al. 2013, Kobyashi et al. 2017), reduced 

swimming speeds (Booth et al. 2004, Burgess et al. 2006, Booth & Evans 2011, Kobyashi et 

al. 2017), and congenital malformations such as anomalous scute development (Hewavisenthi 

et al. 2001, Zimm et al. 2017). Prolonged exposure of embryos to temperatures outside these 

critical limits can lead to mortality as development is compromised (Matsuzawa et al. 2002). 

The few studies examining upper thermal limits of sea turtle embryos suggest that these are 

often conserved across taxa (Howard et al. 2015, Laloë et al. 2017), however there remains 

variation between and within species. Differences between populations is likely due to 

adaptations to local conditions, with some studies demonstrating variation in resilience 

between sympatric species (e.g. Miller 1982, Howard et al. 2015), and higher tolerance in 

embryos sourced from tropical rookeries when compared to those from temperate rookeries 

(McGehee 1979). Developmental stage also influences the thermal tolerance of the embryo, 

with tolerance seen to increase as development progresses (Maulany et al. 2012). This 

observation is possibly a consequence of the increase in nest temperatures at the end of 

incubation that is associated with metabolic heating and/or seasonal progression, with nest 

temperatures often exceeding 36 °C in some nests prior to hatching (e.g. Binckley et al. 1998, 

Broderick et al. 2001, Wallace et al. 2004). Accurate estimation of upper thermal limits is 

therefore imperative to realistically model the impacts of climate change on sea turtle 

populations, as an increase in embryonic mortality can have substantial impacts on population 

viability, which are often overlooked (Hays et al. 2017, Laloë et al. 2017). 
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1.1.2 Temperature dependent sex-determination and rookery feminization 

Nest temperature also plays an important role in sea turtle development as all extant species 

possess a mechanism of sex determination where the temperature experienced during 

incubation dictates the resulting sex (i.e. temperature-dependent sex determination, or TSD; 

Yntema & Mrosovsky 1980). All species of sea turtle have a form of TSD where males are 

produced at cooler temperatures, and females at warmer temperatures (Yntema & Mrosovsky 

1982, Wibbels 2003, Ewert et al. 2004). Because this mechanism promotes the production of 

female hatchlings across much of the nesting season, interest in the population viability of sea 

turtles has been growing, with many studies suggesting wide-scale rookery feminization in the 

face of a warming climate (see reviews by Wibbels 2003, Hawkes et al. 2009, Poloczanska et 

al. 2009, Hamann et al 2013, Hawkes et ak 2014). Several rookery reconstructions suggest that 

female-biased primary sex ratios in sea turtle populations have been common historically 

(Godfrey et al. 1999, Broderick et al. 2000, Hays et al. 2003), and some rookeries are currently 

approaching 100% female production (see reviews by Wibbels 2003, Hawkes et al. 2009, 

Hamann et al 2013, Hawkes et ak 2014). Despite this, the concern remains that increasing 

temperatures may push primary sex ratios to 100% female, with local extinctions occurring as 

a consequence of demographic collapses associated with an Allee effect, where breeding males 

are too rare for a successful breeding population to persist, or through a marked reduction in 

the effective population size (Courchamp et al. 2006, Hamann et al. 2010, Wyneken & Lolavar 

2015, Hays et al. 2017, Jensen et al., 2018). 

The likely divergence of sea turtle populations from Fisherian Theory, which states that sex 

ratios should be close to 1:1 (Fisher 1930, Charnov 1982) is probably due to nuances of their 

life history. Firstly, sea turtle populations often span vast geographical distances due to their 

migratory behaviours, with each populations comprised of individuals from multiple rookeries 

(Jensen et al. 2016, Jensen et al. 2018). Recent studies have shown that primary sex ratios vary 

among rookeries due to environmental heterogeneity, with individuals originating from female 

dominated rookeries foraging and interacting with individuals that originate from male 

producing rookeries (Jensen et al. 2016, Jensen et al. 2018). Studies of paternity and mating 

behaviour have also shown high levels of polyandrous and polygamous mating in all sea turtle 

species (e.g. Lee & Hays 2004, Theissinger et al. 2009, Tedeschi et al. 2014, Lee et al. 2017), 

which may mean that skewed sex ratios favouring females are functional and optimise 

offspring production (Hays et al. 2017). The benefits of multiple mating in males is obvious, 

however there appears to be no obvious advantage to female sea turtles mating with multiple 
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partners in a breeding period (Lee et al. 2014). Therefore, this mating system may have evolved 

to counteract the effects of skewed primary sex ratios produced at rookeries. This hypothesis 

gains further weight with the observation that breeding periodicity is shorter in male sea turtles 

than female sea turtles, with males breeding every 1-2 years while the remigration interval 

(time between two nesting seasons) for females may span 1-9 years (Miller 1997, Godley et al. 

2002, Hays et al. 2010, Hays et al. 2014). Overall, the presence of male producing rookeries, 

coupled with a polyandrous mating system where males breed more frequently than females, 

suggests that operational sex ratios may be close to equilibrium, or that female biased 

populations are adaptive (Hays et al. 2017). This occurs as the rarer males are able to breed 

with multiple partners, as well as at a higher frequency than females, meaning that a successful 

breeding population requires fewer males to maintain productive output.  

Nonetheless, understanding how climate change will impact sea turtles at their nesting beaches 

has been identified as a critical component in threat abatement and species conservation and 

recovery plans across the globe (Hamann et al. 2010, Department of Energy and Environment 

2017). There are two easily quantified traits that define the relationship between temperature 

and sex ratio in species with TSD (i.e. the TSD reaction norm). The first is the pivotal 

temperature (TPIV), which describes the constant temperature that produces a balanced sex 

ratio. The second parameter is the transitional range of temperatures (TRT), which refers to the 

range of temperatures that produce both males and females (Mrosovsky & Pieau 1991). Both 

these parameters differ between and within species with TSD (Valenzuela & Lance 2004), and 

are common, population-level repeatable metrics used for population comparisons and to 

model primary sex ratios (Wibbels 2003, Hulin et al. 2009). To accurately estimate sex ratios, 

it is imperative to gain population-specific understanding of these parameters rather than 

extending data from one population to another (Wibbels 2003, Hulin 2009). Despite the relative 

importance in understanding how these parameters differ between populations in the context 

of climate change predictions, there remains knowledge gaps in globally important rookeries. 

 

1.2 Adaptive strategies 

An understanding of how sea turtles may adaptively respond to climate change impacts is 

critical for their conservation (McMahon & Hays 2006, Hays 2008, Hawkes et al. 2009, 

Hamann et al. 2010), and requires knowledge of how temperature will interact with 

physiological thresholds at local spatial scales in populations distributed across over a wide 



6 
 

range of thermal conditions environments (Witt et al. 2010, Fossette et al. 2012). In order for 

populations to adapt to, or avoid, these adverse impacts, they must (1) spatially shift nesting to 

a cooler location (typically poleward or to cooler locations on the same beach), (2) temporally 

shift nesting phenology to a cooler time of year and/or (3) evolve their temperature-dependent 

thresholds (Bartholomew 1964, Hawkes et al. 2009, Witt et al. 2010). These adaptations may 

not be possible for all populations of sea turtle, and are also not mutually exclusive. 

1.2.1 Spatial shifts in nesting 

Poleward shifts in species ranges are being observed across numerous taxa, and have been 

linked to environmental change (Hughes 2000, Wu & Zhang 2015; Pecl et al. 2017). Such 

spatial shifts have previously been observed in sea turtles, both historically, and more recently 

(Dethmers et al. 2006, Poloczanska et al. 2009, Mazaris et al. 2012, Kelez & Velez-Zuazo 

2014), suggesting the ability for nesting populations to shift away from current rookeries if 

they become unsuitable. Further evidence for spatial shifts in nesting is provided by freshwater 

turtles which often shift their nesting locations in a single lifespan due to changing 

environmental conditions and predator avoidance (Spencer 2002). Under climate change 

scenarios, many nesting areas that currently provide suitable thermal conditions for embryonic 

development may become unsuitable, and vice versa (Witt et al. 2010, Butt et al. 2016). Nesting 

sea turtles typically return to the same beach where they hatched (up to a few hundred 

kilometres) for each of their own nesting events (Carr 1967, Lohmann et al. 1997), which may 

slow any spatial shifts to more appropriate beaches. However, recent new nesting activity 

recorded away from current rookeries (e.g. Kelez & Velez-Zuazo 2014), shifts in nesting away 

from developed beaches (Schofield 2010), and disappearences of historic rookeries due to 

cyclonic activity (Fuentes et al. 2011), suggest that females do have the ability to shift their 

nesting locations in response to disturbances. If offspring hatching at new locations have high 

fitness, and are able to reach maturity and successfully breed, then new rookeries may be 

established over an appropriate time scale.  

Nesting females can also alter thermal incubation conditions by selecting a particular area 

among available nesting sites within a single nesting beach (Weber et al. 2011). For example, 

the distance from the tide line influences the moisture content and grain size of the substrate, 

which in turn influences nest temperature (Pollock & Hummon 1971, Hays & Speakman 1993, 

Fuentes et al. 2010). In this case, nests closer to the water line are cooler, but also at a greater 

risk of inundation from tidal movements. Additionally, species such as hawksbill turtles 
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(Eretmochelys imbricata) preferentially nest around vegetation and rocks, which typically 

provides some shade over the nest and lowers the incubation temperature when compared to 

unshaded nests (Standora & Spotila 1985). Avoiding adverse high temperatures through nest-

site selection may also be achieved by digging deeper body pits and depositing eggs at a deeper 

depth to reach wetter and cooler sand (Hays et al. 2001).  

1.2.2 Temporal shifts in nesting 

A complementary strategy to avoid unfavourable incubation temperatures is for a population 

to adjust its nesting phenology to a cooler time period (Mitchell et al. 2008, Hawkes et al. 

2009). This response is reliant on selection of nesting date plasticity, which has been shown to 

be heritable in freshwater turtles (McGaugh & Janzen 2011), but evidence in sea turtles is 

lacking. Sea turtles use environmental cues at foraging grounds to begin migration for breeding, 

and increased water temperatures are correlated with earlier or later migrations (Weishampel 

et al. 2004, Pike et al. 2006, Hawkes et al. 2007, Dalleau et al. 2012). Most sea turtle 

populations across the globe currently nest during the warmest summer months of the year 

(Miller 1997, Laloë et al. 2017), where incubation temperatures can be close to putative upper 

thermal thresholds for the developing embryos (e.g. Hewavisenthi & Parmenter 2002, 

Matsuzawa et al. 2002). However, some flatback turtle (Natator depressus) populations already 

nest in the cooler months from autumn to spring (e.g. Whiting et al. 2008, Groom et al. 2017) 

For summer nesting populations, temporal shifts in nesting to either earlier or later in the season 

may mitigate the adverse impacts of increasing temperatures (Robinson et al. 2009) by ensuring 

eggs are deposited when temperatures are not inhibiting development or skewing sex ratios 

(Katselidis et al. 2012). In populations where nesting already occurs at the coolest time of year, 

temporal shifts in nesting phenology are unlikely to provide more favourable incubation 

environments (Stubbs et al. 2014), meaning that these populations will have a narrower scope 

for adaptation to climate change. 

 

1.2.3 Molecular evolution 

In the absence of spatial and temporal shifts in nesting, sea turtles may be able to adapt in the 

face of climate change through microevolution of thermal thresholds (Hulin et al. 2009, Witt 

et al. 2010). Specifically, the evolution of the TSD reaction norm may facilitate mixed-sex 

clutches at higher incubation temperatures, and an increase in upper thermal tolerance limits 

will enable the persistence of high hatching success (Hulin et al. 2009, Witt et al. 2010). Due 
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to the unprecedented rate of climate warming, and long generation times of sea turtle species, 

molecular evolution as a response to climate change has often been dismissed (e.g. Hawkes 

2007). However, if there is sufficient genetic variation in heritable traits within the population, 

and if heritability is high in traits that are responsive to incubation temperature, then feasibly 

thermal thresholds could evolve in concert with increasing air temperatures (Bowen & Karl 

2007, Skelly et al. 2007, Kuparinen et al. 2010, Hoffmann et al. 2015). Heritability estimates 

for traits defining the TSD reaction norm are relatively unavailable (Hulin et al. 2009, Mitchell 

& Janzen 2010; but see Gallego-García & Páez 2016), but the heritability of traits associated 

with thermal tolerance have recently been estimated for loggerhead (Caretta caretta) sea turtles 

(Tedeschi et al. 2016). Evolution may also be more rapid than initially assumed, with a recent 

study in salmon demonstrating that rapid genetic adaptation at the transcriptome level can occur 

over the space of a single generation (Christie et al. 2016). 

Thermal tolerance in embryos is expected to be adapted to local conditions as they are unable 

to behaviourally buffer against lethal temperatures (Howard et al. 2014); however there are 

biophysical constraints on plasticity and the ability to increase upper limits through selection 

(Hoffman et al. 2013). In C. caretta, expression of genes that encode large heat shock proteins 

vary between individuals and populations (Tedeschi et al. 2015), and the plasticity of 

upregulation is heritable (Tedeschi et al. 2016), suggesting that selection could act on the 

molecular pathways involved in thermo-tolerance. Recent advances of ‘omic’ technologies 

potentially enable characterisation of molecular responses to stimuli in unprecedented detail 

for non-model organisms (Dalziel et al. 2009, Stapley et al. 2010, Ungerer et al. 2008). By 

comparing the full suite of genes expressed in a tissue or organism (i.e. the transcriptome) 

between experimental treatments, genes that are differentially expressed can be identified as 

‘candidate genes’ associated with a response to the treatment, and may be used as biomarkers 

for particular traits (Smith-Keune & Dove 2008), or to evaluate adaptive capacity (Leder et al. 

2015).  

1.3 Modelling approaches 

Many previous studies have modelled sex ratios in reptiles with TSD (e.g. Mitchell et al. 2008, 

Fuentes & Porter 2013, Stubbs et al. 2014) with few studies modelling embryonic mortality 

(Pike 2014, Cavallo et al. 2015, Laloë et al. 2017). Most models have been correlative (e.g. 

Hays et al. 2003, Glen & Mrosovsky 2004, Fuentes et al. 2010, Laloë et al. 2017), but some 

have been mechanistic and have provided greater flexibility for exploring how changes in 
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nesting behaviour could mitigate impacts of climate change (e.g. Mitchell et al. 2008). 

Correlative approaches provide a simpler method, where sand temperatures are correlated with 

ambient and/or sea surface temperatures, and used to predict sex ratios and mortality based on 

empirical relationships. One limitation of this approach is the need for extrapolation outside of 

the range used to inform these models, in order to explore climate change scenarios (Mitchell 

et al. 2008). Further, as sea turtle rookeries are often in remote locations where historical 

climate data are scarce, correlative modelling may not always be possible due to the scarcity 

of long-term climatic data. In contrast, a mechanistic model utilizes a suite of climatic variables 

(e.g. air temperature, humidity, rainfall, solar radiation, wind speed) and physical properties of 

sand to simultaneously solve heat and mass balance equations, and has the major advantage of 

being able to predict sand temperatures based on inputs that fall outside the normal range of 

conditions (Kearney et al. 2014).  

 

1.4 Study system: sea turtles in Western Australia 

Six of the seven extant species of sea turtle forage in waters off the extensive Western 

Australian coastline, with the Kemp’s Ridley (Lepidochelys kempii) the only absent species. 

Despite the existence of globally significant rookeries of four species of sea turtle (C. caretta, 

C. mydas, Eretmochelys imbricata, and N. depressus; Limpus 2009), few studies have 

investigated climate change impacts on nesting beaches in this region (but see Box 2010, 

Woolgar 2012, Woolgar et al. 2013, Stubbs et al. 2014, Butt et al. 2016). 

The impacts of climate change are expected to vary throughout this region due to 

environmental heterogeneity associated with the vast geographic spread of rookeries, which 

span over 10 degrees of latitude. Nesting of N. depressus in northern Australia is unique in that 

this species shows two distinct nesting peaks based on the location of the rookery. Most N. 

depressus populations nest in summer months at temperate and sub-tropical locations 

(Pendoley et al. 2014, Tucker et al. 2018), but at tropical rookeries in the north of Australia, 

nesting peaks between the Austral autumn and spring (Schӓuble et al. 2006, Whiting et al. 

2008, Howard et al. 2015, Tucker et al. 2018). The geographic break between summer and 

winter nesting is not well defined; but it is thought to occur around the King Sound area in the 

Kimberley region on the west coast (Tucker et al. 2018), however summer nesting is observed 

north of this location (Waayers et al. 2014). As a consequence of the different nesting strategies 

exhibited by different species and populations, understanding how each rookery contributes to 
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the adult population now, and in the future, is imperative for developing management 

strategies. Due to the remoteness of most sea turtle rookeries in Western Australia, collecting 

empirical data is both logistically and financially challenging, yet accurate modelling 

techniques can potentially identify areas where population monitoring should be prioritised. 

 

1.5 Thesis objectives and scope 

In this thesis, I explore how rising nest temperatures associated with climate change will 

influence sea turtle development in several populations of sea turtles in Western Australia. To 

achieve this, I parameterize and adapt a mechanistic modelling framework, and I employ de 

novo transcriptomic profiling to assess the underlying molecular responses to thermal stress 

(Figure 1.1). This thesis is laid out as a series of chapters for publication (Chapter 2 – 5), 

bounded by chapters introducing the topic and making recommendations for future research. 

The outputs of this thesis both fill important knowledge gaps in the biology of Western 

Australian sea turtle populations, and further provide a framework for research into the effects 

of climate change on sea turtles at a global scale, by developing a methodology that can be 

applied to other populations. 

In Chapter 2, I use a mechanistic microclimate model to explore spatial and temporal variation 

in sand temperatures at nesting beaches along the Western Australian coastline. I demonstrate 

that by using high-resolution interpolated climate surfaces and site-specific sand reflectance, I 

can reliably predict the temperature of beach sand at depths between 0-200 cm, including 

depths relevant to sea turtle nesting. I show that beach temperatures are highly variable within 

the study region, and hypothesize that the physiological thresholds of embryos should (at least 

partially) reflect this thermal variation. 
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Chapter 3 explores inter- and intra-specific differences in the developmental biology of two of 

the most common nesting species in Western Australia: C. mydas and N. depressus. I infer 

differences in their thermal tolerances through modelling development rates, and show 

variation in the parameters that describe the TSD reaction norm, both within and between 

species. Chapter 4 synthesizes the outputs from Chapters 2 and 3 into a biophysical model that 

allows predictions of historic, contemporary, and future emergence success and sex ratios, 

under a range of greenhouse gas emission scenarios. I show that winter nesting populations of 

N. depressus will be the most susceptible to increasing temperatures associated with 

anthropogenic climate change. 

Finally, in Chapter 5 I explore the molecular response elicited by developing sea turtle embryos 

that are exposed to a biologically relevant, acute thermal stress. Using C. caretta as a model, I 

identify a number of candidate genes involved with this stress response, including upregulation 

of heat shock protein genes (and genes where products play similar roles), and significant 

downregulation of genes involved with developmental pathways. This chapter lays the 

groundwork for population-specific comparisons of expression levels, to ultimately contrast 

their adaptive capacity to a warming climate. 
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2.1 Abstract 

The continual development of ecological models and availability of high-resolution gridded 

climate surfaces have stimulated studies that link climate variables to functional traits of 

organisms. A primary constraint of these studies is the ability to reliably predict the 

microclimate that an organism experiences using macroscale climate inputs. This is particularly 

important in regions where access to empirical information is limited. Here, I employed the 

mechanistic NicheMapR microclimate model to predict sand temperatures at depths between 

0-200 cm for 46 beaches spread across sea turtle nesting areas in the remote north-west of 

Australia. I showed that average annual sand temperatures at 50 cm varied by about 8 °C across 

this range, and these were significantly correlated with latitude. Island temperatures were, on 

average, slightly warmer (0.4 °C) than mainland beaches, but this may reflect the higher 

number of islands with the Kimberley region. Based on correlations with empirical data 

collected at several rookeries, I found that models driven with an interpolated hourly climate 

surface derived from the Australian Water Availability Project (AWAP) were more reliable for 

modelling sand temperatures than those that used a lower-resolution average global climate 

surface. I showed that it is possible to reliably model sand temperatures to within 1-1.5 °C 

accuracy at many rookeries, even for offshore islands, which avoids the need for in situ 

collection of sand temperature data. However, the modelling framework varied in its reliability 

across sites, with some substantial divergence between observed and predicted temperatures, 

despite strong correlations. The seasonal sand temperature predictions I have produced can be 

utilized in studies across the globe on climate-organism interactions in species such as sea 

turtles, where beach temperatures play a key role in determining their primary sex ratios and 

hatching success. The flexibility of mechanistic models also allow for the effects of climate 

change on sand temperature to be explored.  
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2.2 Introduction 

How organisms interact with their environment is a fundamental question in ecology 

(Andrewartha & Birch 1954, Woodward 1987), with the increasing need for species 

management and conservation stimulating the development of models to predict the effects of 

the local climate on many biological systems (Botkin et al. 2007, Trivedi et al. 2008). The 

development of these models have been motivated by the increasing availability of high-

resolution gridded climatic datasets (Kearney et al. 2014a), and models have been extensively 

utilized to explore species range shifts and population viability, primarily in the face of 

anthropogenic climate change (Porter & Gates 1969, Porter et al. 2000, Pearson & Dawson 

2003, Kearney & Porter 2004, Guisan & Thuiller 2005). Modelling approaches for exploring 

these interactions can be categorized as either correlative, or mechanistic, based on their 

specific inputs and underlying mathematical algorithms (Beerling et al. 1995, Robertson et al. 

2003, Kearney et al. 2010b). 

Correlative models statistically link climate variables (such as ambient temperature and sea 

surface temperature) with species occurrence records or functional traits of organisms (e.g. 

thermal tolerances, developmental sex ratios) and provide an attractive approach due to their 

relative simplicity, widespread uptake, and flexibility of input climate data (Kearney et al. 

2014b). While these models are powerful for defining and projecting climate envelopes when 

extensive correlative data are available, they only implicitly capture the processes connecting 

organisms to climate, and cannot be used reliably when environmental conditions vary outside 

of the range used to inform the model (Mitchell et al. 2008, Dormann et al. 2012, Kearney et 

al. 2014a). This has subsequently stimulated the development of mechanistic (process-explicit) 

models that can connect these functional traits to climate outside of the normal range (Kearney 

& Porter 2009, Buckley et al. 2010, Kearney et al. 2010a). A fundamental constraint of 

organism-environment models is the ability to effectively define the environment that an 

organism actually experiences (Geiger 1950, Kearney et al. 2014a). While most gridded 

climate surface datasets represent conditions above the ground surface (e.g. 1.5 m for air-

temperature layers), the conditions that the organism actually experiences at a relevant time-

scale (i.e. the microclimate) are often substantially different to those represented by the climate 

layers, as they are typically a few centimetres above the surface, or below the surface (Geiger 

1950, Kearney et al. 2014a). Therefore, microclimate models have been developed to use 

macroscale climate layers (e.g. temperature, wind speed, humidity, and solar radiation) as 

inputs, and along with physical habitat properties (e.g. slope, aspect, shading, soil reflectance) 
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are able to predict the microclimate variables necessary for modelling heat and water budgets 

of organisms, from which climatic constraints on their biology can be inferred (Kearney & 

Porter 2016). 

NicheMapR (Kearney & Porter 2016) is a version of the microclimate model Niche MapperTM 

(Porter & Mitchell 2006) that has been adapted to operate within the R environment (R Core 

Team 2016), and is a general purpose microclimate model that has been widely applied in 

ecological studies (Stubbs et al. 2014, Carter et al. 2015, Cavallo et al. 2015, Mitchell et al. 

2016). The program predicts above- and below-ground microclimate conditions from 

macroclimate meteorological, terrain and vegetation data (Kearney & Porter 2016). This 

modelling package has previously been shown to provide reliable predictions of soil 

temperatures both in the United States of America (Kearney et al. 2014a), and across the 

Australian continent (Kearney et al. 2014b), as well as on offshore islands of New Zealand 

(Carter et al. 2015). The microclimate model routine employed through the NicheMapR 

pipeline has previously been applied to studies of species with temperature-dependent sex 

determination (TSD) to predict the effects of climate change on sex ratios and mortality in both 

the original Fortran format (Niche MapperTM; e.g., Mitchell et al. 2008, Fuentes & Porter 

2013), and the version adapted for the R environment (e.g., Stubbs et al. 2014, Mitchell et al. 

2016). 

Western Australia has the longest coastline in Australia, and the greatest number of both 

temperate and tropical beaches in the country (Short 2006). The coastline of northwest WA is 

particularly complex and remote with approximately 2,633 islands in the Kimberley region 

alone (CCWA 2010). Despite limited biological surveys, these island and mainland beaches in 

the tropical and sub-tropical north of the state are known to be important for a number of taxa, 

including sea turtles, as many of the beaches are used as rookeries for nesting (Prince 1990, 

Whiting et al. 2008, Limpus 2009, Pendoley et al. 2014, Waayers 2014, Tucker et al. 2018). 

Sea turtle rookeries in Western Australia span approximately seven degrees of latitude and 

range from Dirk Hartog Island in Shark Bay, along the coast to Cape Domett on the Northern 

Territory border and as far north as Troughton Island in the central Kimberley (Prince 1990, 

Limpus 2009, Tucker et al. 2018). Such geographic spread of beaches signifies substantial 

environmental heterogeneity, particularly for sand temperatures, but is challenging to 

document via empirical data. Hence Western Australia provides an attractive case study for 

assessing the thermal heterogeneity of sea turtle nesting beaches across a vast geographical 

range.  
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Here, I parameterized and applied the NicheMapR mechanistic model to predict sand 

temperatures at depths relevant for sea turtle nesting (0-200 cm) for 46 mainland and island 

beaches throughout the north-west of Western Australia. I utilized coarse- and fine-scale 

gridded climate surface data and incorporated site-specific sand reflectance to explore 

differences in temperatures across the study region. Empirical observations of sand 

temperatures throughout the region and deployments of temporary weather stations were used 

to test the accuracy of the model outputs. I hypothesized that sand temperatures would increase 

as latitude decreased, but temperatures during the sea turtle nesting periods at these sites would 

be similar throughout the region. 

 

2.3 Materials and Methods 

2.3.1 Microclimate model framework 

The microclimate model component of NicheMapR utilizes local climate data as inputs, 

alongside customisable inputs such as the physical properties of the beach sand. Temperatures 

can be calculated at any specified depth at a specified time step, via a one-dimensional partial 

differential equation that simultaneously solves heat and mass balance equations (McCullough 

& Porter 1971, Porter et al. 1973, Porter et al. 2002, Kearney et al. 2014a, Kearney et al. 2014b, 

Kearney & Porter 2016). A summary of the NicheMapR modelling framework applied in this 

project is shown in Figure 2.1, and further details of the model assumptions are outlined below. 

 

I modelled sand temperatures (0-200 cm) at 46 island and mainland beach sites throughout sea 

turtle nesting areas in north-west Western Australia, extending from Dirk Hartog Island at the 

southern limit, to Cape Domett close to the Northern Territory border (Figure 2.2). 

Temperatures were modelled at depths of 0, 2.5, 5, 10, 15, 30, 50, 100 and 200 cm for all sites, 

with further site-specific depths modelled for the validation step (see below). The temperature 

at 200 cm was assumed to be the mean annual air temperature (see Kearney et al. 2014b). Given 

the logistical and financial complexities of accessing most sea turtle nesting beaches through 

the remote north-west of Australia, temperature loggers and weather stations were deployed 

opportunistically, with an uneven distribution across the range, but typically at high density 

nesting beaches. As gridded climate surfaces were not available for all sites (especially islands), 

they were instead obtained from the nearest available grid cell (see 2.3.4).
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Figure 2.1  Modelling framework used to predict temperatures of sea turtle nesting beaches in north-west Western Australia.
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Figure 2.2  Locations of 46 beaches distributed throughout sea turtle nesting areas in Western 

Australia where the NicheMapR microclimate routine was applied to model sand 

temperatures. GPS locations and names of all sites are presented in Table A2.1. Red 

points show locations where weather stations were deployed and models were validated 

against sand temperature, blue points show beaches where sand temperature was 

recorded, and yellow shows beaches where the model was run without validation against 

empirical data. 

 

2.3.2 Topographic inputs 

The topographic inputs of the microclimate model included elevation, slope, aspect, and 

horizon angle, which are used to compute the clear sky radiation based on a specified point 

location (latitude, longitude) using algorithms described by McCullough and Porter (1971). For 

simplicity and ease of comparison, these were kept constant for all simulations of sand 

temperatures, whereby I assumed all beaches were flat (slope = 0) and at sea level (elevation = 
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0 m).  In reality beach slopes were likely between 1-5 degrees but these were not measured and 

digital terrain maps for the region are limited. All models were run also assuming that beaches 

were completely unshaded, as a related study suggested that soil temperature models run with 

a shade component reduced the accuracy of soil temperature simulations (Carter et al. 2015), 

and most nests of C. mydas and N. depressus are laid on the exposed dune face. Nonetheless, I 

acknowledge that some sections of some beaches can be shaded by vegetation, dunes, cliffs 

and/or rock ledges which will influence the temperature of the sand.  

I ran the models with the ‘runmoist’ parameter equal to 1 and 0 to determine if an inbuilt soil 

moisture sub-routine improved sand temperature predictions. When the soil moisture sub-

routine is run, the microclimate model is run twice, once without the sub-routine and the second 

time with soil moistures derived from the NOAA Climate Prediction Centre (Van den Dool et 

al. 2003, Fan & van den Dool 2004). Alternatively, I used the soil moisture parameter that is 

simulated through AWAP which is calculated through equations that incorporate rainfall, 

transpiration, soil evaporation, surface runoff and deep drainage (Raupach et al. 2009, 2014; 

but see Kearney et al. 2014b). 

2.3.3 Soil property inputs 

With the exception of sand reflectance, I modelled all sites with a set of generalized soil 

parameters (Kearney et al. 2014a, Kearney et al. 2014b), as customised soil parameters did not 

improve the accuracy of microclimate model predictions in a related study (Carter et al. 2015). 

The general soil parameters were for a sandy substrate, and assumed a thermal conductivity of 

2.5 W mC-1, a density of 2560 kg m-3, a specific heat of 870 J kg-1 –K, and a bulk density of 

1400kg m-3.  

The colour of beach sand at sea turtle rookeries has a significant influence on nest temperature 

(e.g. Hays et al. 1995, Hays et al. 2001, Laloë et al. 2014) and beach colour in part determines 

how much heat is absorbed, and how much is reflected. Reflectance values are incorporated 

into the NicheMapR routine as a proxy for heat absorbance. To determine the reflectance of 

surface beach sand, samples were collected from 46 sea turtle nesting beaches throughout 

Western Australia. Visual and non-visual reflectance of 26 samples were measured using the 

methods described in Stubbs et al. (2014). Briefly, reflectance was measured in the wavelength 

range of 300 - 2,100 nm using two spectrometers (Ocean Optics USB2000 for the UV-visible 

range and NIRQuest for the NIR range) and two light sources (Ocean Optics PX-2 pulsed 

xenon light for the UV-visible range and HL-2000 tungsten halogen light for the visible-NIR 
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range) connected with a quadrifurcated fibre optic. To estimate the reflectance of the remaining 

20 samples, all sand samples were photographed under a dissection microscope (Olympus SZ-

CTV) using an Olympus DP20 digital camera with consistent exposure settings and lighting 

(Figure 2.3). A software program (http://matkl.github.io/average-color/) was then used to 

estimate the average colour of each image in the RGB channels. A linear regression analysis 

was applied to determine the correlation between RGB channels and measured reflectance 

values, and showed that the red channel was the most effective at predicting reflectance, 

explaining 84.3% of the reflectance values (p < 0.01). The green and blue channels were also 

effective at predicting reflectance, explaining 82.4 and 74.3% of the variation, respectively. 

The relationship between the average red colouration of the sample and reflectance was 

subsequently used to estimate the reflectance of the remaining samples with the linear equation: 

REFL=0.38 × RED - 7.17 (Figure 2.4). The values for sand reflectance as shown in Table A2.1 

were then used as customised input parameters in NicheMapR. 

  



33 
 

 

Figure 2.3  Images of sand collected from 42 of the 46 sites across north-west Western Australia, 

(magnification 10x) under standard lighting and exposure settings. Sample numbers 

correspond to the site numbers listed in Table A2.1. 
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Figure 2.4  Correlation between measured solar reflectance and average red colouration of sand 

images (black circles), with regression line and interpolated values (red circles). Linear 

regression: r2 = 0.84, p < 0.001. 

 

2.3.4 Climate inputs 

NicheMapR’s microclimate model was run using two alternative climate databases as inputs, 

each of which provided seasonally dynamic climate variables at a specified location, and 

included maximum and minimum values of wind speed, air temperature, relative humidity, 

rainfall and cloud cover. The first database was a global averaged climate surface with a 

resolution of 10° (~17km) derived from empirical data collected between 1961 and 1990 (New 

et al. 2002). This database uses monthly average climate inputs for user defined points across 

a global surface to generate a ‘typical’ year. The second database was a climate surface for 

Australia based on daily data collected between 1990 – 2016 from weather stations across the 
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continent (the Australian Water Availability Project, AWAP; Raupach et al. 2009, 2014). The 

AWAP data provides higher resolution (~5km) climate surfaces for daily maximum and 

minimum temperatures, relative humidity, rainfall, and solar radiation. Daily wind speed data 

are not available in AWAP, so data were splined from a gridded monthly database of long-term 

average 9:00 and 15:00 h 10 m wind speed surfaces for Australia, obtained from Australian 

National University Climate software package (ANUCLIM; Houlder et al. 1999). These values 

were scaled from the 10 m reference height to a 1.2 m reference height to match other climate 

inputs (see Kearney et al. 2014b for scaling equations and descriptions). As per Kearney et al. 

(2014b), maximum winds speeds were taken as the higher of the two daily data points, with 

minimum wind speeds assumed to be 10% of the maximum wind speed. Daily cloud cover for 

the AWAP surfaces were derived as the ratio of daily integrated clear sky solar radiation 

compared to daily solar radiation grids obtained through the AWAP surface model. Scatter 

from atmospheric particles was accounted for by computing aerosol attenuation using the 

Global Aerosol Data Set (GADS) (Koepke et al. 1997). To approximate daily cycles, the 

minima half was assumed to be the average daily cloud cover and the maxima was inferred as 

double this value. Maximum air temperature and wind speed were assumed to occur one hour 

after local solar noon, as were relative humidity and cloud cover minima. Likewise, minimum 

air temperature and wind speed were assumed at dawn, as were maximum values of relative 

humidity and cloud cover. These assumptions were consistent with Kearney et al. (2014b), and 

also followed observed trends from weather station records (data not presented). The AWAP 

surfaces allow for time-specific predictions of sand temperature, as inputs are based on 

interpolated data for every day of the year since 1990. These settings have produced accurate 

predictions of soil temperatures across the USA (Kearney et al. 2014a), and Australia (Kearney 

et al. 2014b), including at a sea turtle rookery (Stubbs et al. 2014).  As the AWAP climate 

surface does not extend to offshore islands, I modelled island locations based on AWAP inputs 

for the nearest grid point on the mainland where applicable (see Table A2.1 for distances 

between sites and grid points). In all cases, modelled sites were less than 50 km away from 

interpolated grid cell. 

In addition to inputs derived from climate surfaces, I also ran the NicheMapR microclimate 

model with hourly weather station data retrieved from weather stations I deployed for short 

periods at various sea turtle rookeries (Table 2.1). Three weather station models were deployed 

across Western Australia: (1) WeatherHawk Signature Series 232, (2) Measurement 

Engineering Australia (MEA) custom weather stations (J3365 & J3366), and (3) an ICT 
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International EM50 data logger. In all cases, weather stations were configured to record 

ambient temperature, relative humidity, solar radiation, wind speed and direction, and 

barometric pressure at 10 minute (MEA) or hourly (WH 232 and EM50) time intervals. Any 

missing data from the weather stations were approximated using the ‘na.approx’ function of 

the R package ‘ZOO’ (Zeileis & Grothendieck 2005). In all instances I predicted sand 

temperatures at a set of standard depths below the surface (0, 2.5, 5, 10, 15, 20, 30, 50, 100, 

200 cm), as well as at customised depths that matched the depths where sand temperatures had 

been measured empirically (Table 2.2). 

2.3.5 Sand temperature measurements and model validation 

I opportunistically buried temperature data loggers (ThermochronTM DS1921H iButtons; 

resolution: 0.125 °C, accuracy: 1 °C) on sea turtle nesting beaches throughout WA (Table 2.2). 

Loggers were haphazardly buried on the edge of the dune above the mean spring high water 

line where sea turtle nests were typically observed. One exception to this distribution was at 

the Cape Domett rookery (2014-2015) where loggers were also placed at the high water mark, 

as well as on the slope of the dune and in the dune itself to assess variation between 

microhabitats. Loggers were programmed to record hourly for short term deployment, or every 

4.25 hours to capture data over a calendar year. Loggers were buried at depths between 30 and 

70 cm, with the majority deployed at 50 cm, which is a typical nest depth for a sea turtle (e.g. 

Limpus 2009), and is a consistent reference depth for sea turtles rookeries globally. Logger 

depth was recorded upon retrieval of loggers so that sand movement during the recording 

period could be detected and accounted for in model validation statistics (Table 2.2). 
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Table 2.1  Locations and deployment durations of local weather stations deployed throughout sea 

turtle nesting areas in Western Australia. In all cases, stations recorded temperature, 

relative humidity, solar radiation, wind speed and direction, and barometric pressure. 

 

Weather station 

deployment 

 

GPS 

coordinates 

(lat, long) 

 

Weather 

station model 

 

Start date 

 

End date 

 

Number of 

recordings 

(intervals/errors) 

 

 

Cape Domett 2013 

– 2014 

 

S 14.816 /E 

128.583 

 

MEA 

 

02/11/2013 

 

09/08/2014 

 

41,909 (every 10 

minutes) 

Cape Domett 2015 

– 2016  

S 14.816 / E 

128.583 

MEA NA NA 0 (logger 

malfunction) 

Cassini Island 

2015 – 2016 

S 14.317 / E 

125.583 

WeatherHawk 29/08/2015 23/05/2016 6,432 (hourly) 

Deception Bay S 15.633/ E 

124.442 

MEA NA NA 0 (battery 

malfunction) 

Eighty Mile Beach 

2015 

S 19.753 / E 

120.673 

WeatherHawk 10/02/2015 25/11/2015 6,936 (hourly) 

West Lacepede 

Island 2015 – 2016 

S 17.150 / E 

122.417 

Em50 data 

logger 

16/12/2015 25/01/2016 984 (hourly) 
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Table 2.2  Locations, duration, recording intervals and depths of temperature loggers used for 

validation of sand temperature models. 

Site 

 Number 

of loggers 

used 

(number 

deployed) 

 Start date  End date 

 Logging 

interval 

(hrs) 

 Depths at 

deployment 

(cm) 

 Depths at 

retrieval 

(cm) 

Cape Domett 8 (10) 12/08/2013 09/08/2014 4.25 50 
44, 45.5, 

46, 53 

Cape Domett 5 (8) 17/08/2014 09/08/2015 4.25 50 10, 40, 50 

Cassini Island 1 (6) 21/08/2015 12/11/2015 1 50 unknown 

Deception 

Bay 
11 (12) 01/10/2014 08/07/2015 4.25  50 

36, 40, 44, 

47, 48, 49 

Eighty Mile 

Beach 
10 (10) 28/11/2014 21/02/2015 1 

30, 40, 50, 

60, 68, 70 

44, 57, 58, 

62, 66, 67, 

68, 70, 74, 

79 

Eighty Mile 

Beach 
6 (6) 28/05/2015 27/11/2015 4.25 50 

55, 

unknown 

Eighty Mile 

Beach 
6 (6) 27/11/2015 07/01/2016 1 

35, 43, 46, 

52, 63, 68 

35, 45, 48, 

57, 62 

Thevenard 

Island 
12 (12) 25/11/2016 04/02/2017 1 40, 50, 60 40, 50, 60 

Troughton 

Island 
10 (12) 07/08/2016 30/10/2016 1 

25, 30, 32, 

40, 50, 60, 

70 

26, 30, 34, 

35, 39, 40, 

45, 52, 60 

West 

Lacepede 

Island 

3 (6) 12/12/2014 09/12/2015 4.25 50 
5, 

unknown 

West 

Lacepede 

Island 

6 (6) 15/12/2015 25/01/2016 1 
30, 40, 50, 

58, 62 

5, 29, 31, 

33, 42, 55 

Vansittart Bay 2 (6) 05/08/2014 20/10/2014 1 50 unknown 

 

To test the accuracy of the microclimate model I generated hourly sand temperature predictions 

at the same depths as the temperature logger deployments (see Table 2.2). Where there were 

large variations in the depth between deployment and retrieval, I removed samples from the 

analysis. In some cases it was evident through data visualization when an event caused a depth 

change (e.g. wash overs), so data was analysed up until that point. In all cases, site-specific 

sand reflectance was used as an input. Two or three models were run for each site, depending 
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if data from weather stations were available (i.e. Global Model, AWAP Model, and/or Weather 

Stations). Summary statistics were generated to compare the predicted sand temperatures to the 

empirical data (e.g. Kearney et al. 2014a, Kearney et al. 2014b, Carter et al. 2015, Mitchell et 

al. 2016); these being the coefficient of determination (r2) and the root-mean-squared deviation 

(RMSD). I also calculated the normalized-RSMD (nRMSD), which represents the RMSD 

value divided by the range of observed temperatures for a given site, and which was used to 

compare the model fit by depth and by the type of climate input used. Closer agreement 

between observed and predicted values were indicated by lower RMSD and nRSMD values, 

and higher r2 values. All summary statistics were calculated using the ‘HYDROGOF’ and 

‘PLYR’ packages in R (Wickham 2011, Zambrano-Bigiarini 2014).  

 

2.4 Results 

2.4.1 Comparison of climate inputs 

The RMSD values for climate inputs varied between sites, with models driven with the 

Australian Water Availability Project (AWAP) typically producing better fits to empirical data 

when measured temperatures were recorded for longer periods (Table 2.3). Models driven with 

the AWAP climate surfaces consistently produced higher fits with empirical data than the 

global climate model (GCM) (Table 2.3). Models forced by data from a weather station 

adjacent to the beach varied in their effectiveness at improving sand temperature predictions 

over models forced with data from a climate surface, but were generally no better at predicting 

sand temperatures (Table 2.3). Including NicheMapR’s soil moisture subroutine consistently 

decreased the accuracy of sand temperature predictions (e.g. Figure 2.5), irrespective of 

whether the soil moisture input was generated through the AWAP or GCM climate data. As 

such, all subsequent modelling of beaches used AWAP climate data with the soil moisture 

subroutine disabled. Sand depth had no influence on model accuracy, with the exception of 

Troughton Island where the coefficient of determination (r2) for both the AWAP models (p < 

0.001; adjusted r2 = 0.85), and the global models (p < 0.05; adjusted r2 = 0.45) were higher at 

deeper depths (Figure 2.6). 
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Table 2.3  Summary statistics for comparisons of modelled (without soil moisture sub-routine) 

and observed sand temperatures at beaches across north-west Western Australia. 

Location Time period 

(days) 

Input model Average 

RMSD 

Average 

nRMSD 

Average 

r2 

Cape Domett 2013-2014 (362) Global 2.27 26.32 0.51 

AWAP 1.21 13.96 0.73 

Weather station 2.38 27.30 0.59 

 2014-2015 (357)   Global 1.80 21.09 0.73 

  AWAP 1.29 14.69 0.78 

Cassini Island 2015 (76) Global 0.93 16.47 0.86 

  AWAP 0.56 9.52 0.96 

  Weather station 2.69 47.79 0.98 

Deception Bay 2014-2015 (281) Global 1.18 18.37 0.66 

  AWAP 0.96 14.20 0.79 

Eighty Mile Beach 2014-2015 (85) Global 0.91 47.69 0.39 

AWAP 2.31 114.13 0.40 

 2015 (185) Global 2.25 45.73 0.95 

AWAP 2.04 41.52 0.98 

Weather station 1.15 23.46 0.97 

 2015-2016 (42) Global 2.32 192.41 0.05 

AWAP 2.92 242.52 0.31 

Weather station 1.10 89.25 0.57 

Gnaraloo Bay 2009 – 2010* 

(147) 

Global 1.65 34.20 0.13 

  AWAP 1.46 30.03 0.36 

Lacepede Islands 2014-2015 (362) Global 1.49 11.50 0.90 

AWAP 1.60 12.47 0.82 

 2015-2016 (42) Global 0.98 51.94 0.04 

AWAP 1.85 89.99 0.29 

Weather station 3.18 185.16 0.22 

South Maret Island 2007 – 2008** 

(189) 

Global 3.11 62.64 0.11 

 AWAP 1.11 22.37 0.40 

Troughton Island 2016 (84) Global 1.42 25.83 0.94 

AWAP 1.42 25.01 0.97 

Vansittart Bay 2014 (85) Global 1.53 28.41 0.84 

AWAP 3.81 72.54 0.92 

      

Empirical data on sand temperatures were provided by *Mark Hamann and **David Waayers. Bolded 

text represents the best fitting climate input. 
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Figure 2.5  Examples of comparisons of measured sand temperatures (grey) and modelled sand 

temperatures with the soil moisture subroutine on (blue), or off (red) for six sites at a 

depth of 50cm. All models were driven with AWAP climate surfaces. 
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Figure 2.6  Sand temperature predictions driven by AWAP inputs (purple) and global climate- inputs 

(orange), compared to measured sand temperatures (grey) at six depths (25, 30, 40, 50, 

60, and 70 cm) during 2016 for Troughton Island Western Australia. 
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2.4.2 Geographic variation in beach microclimates 

Plots of average sand temperatures predicted at 50cm depth for the 46 modelled nesting 

beaches showed substantial variation in the thermal environments (Figures 2.7 and 2.9). 

Average annual temperatures showed a different trend to average temperatures during the 

nesting season (Figure 2.9), with the highest temperatures (34.5 °C) experienced at Eighty Mile 

Beach. Average temperature at 50 cm depth was significantly correlated with latitude (Figure 

2.8), with lower latitudes being warmer on average than higher latitudes and also having less 

variance in temperatures (p < 0.001, r2 = 0.56; data not presented). Correlations between 

latitude and average annual sand temperature at 50cm were also significant regardless of 

whether beaches occurred on the mainland (p < 0.001; r2 = 0.52) or on an island (p < 0.001; r2  

= 0.52), with mainland beaches 29.3 °C on average, and island beaches 29.7 °C. There was a 

stronger correlation between average ‘winter’ temperatures (August to October) and latitude 

(p < 0.001; r2 = 0.62) than between ‘summer’ temperatures (November to January) and latitude 

(p < 0.001; r2 = 0.40). Depth also affected the relationship between temperature and latitude, 

with deeper temperatures (e.g. 70 cm) being more strongly correlated to latitude than were 

shallow temperatures (e.g. 20-30 cm) (data not presented). The reflectance of the sand (Table 

A2.1) was not significantly correlated with the modelled average annual temperature when 

latitude was included as a covariate (r2 = 0.76; p = 0.55; Figure A.21). 
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Figure 2.7 Average modelled beach temperatures at 50cm depth for 46 sites throughout north-west 

Western Australia, ordered in increasing latitudinal order. Averages were calculated from 

hourly predictions of sand temperature from 1990 to 2016: (left) annual temperatures, 

(right) temperatures predicted during nesting seasons. Error bars show standard 

deviations and arbitrary line is drawn at 30 °C to aid in comparisons, with numbers in 

parentheses representing an arbitrary site number. 
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Figure 2.8  The relationship between average annual modelled sand temperatures at 50cm depth 

(1990 – 2016 average) and latitude. Latitude explains 53% of the variation in sand 

temperature (p < 0.001; red trend line). Black points (and trend line) show mainland 

beaches, and blue points show island beaches. 
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Figure 2.9  Beaches where sand temperatures were modelled with the colour of the point representing (A) average annual sand temperature at 50 cm (1990 

-2016); and (B) temperatures during nesting season. Temperatures for nesting seasons were calculated from summer months (Nov-Jan) for sites 

south of King Sound, and winter/spring (Aug-Oct) months for sites north of this location. 

King Sound King Sound 
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2.5 Discussion 

Using a mechanistic modelling approach I reveal variation of over 8 °C in average annual sand 

temperatures at 46 island and mainland sea turtle beaches across north-western Australia. 

Statistical comparison of observed and modelled sand temperatures showed variable 

agreement, depending on the site and the climate inputs used. In general, modelled 

temperatures using best fitting models were within 1-1.5 °C of observed temperatures, with 

sand temperature typically overestimated during summer months, and underestimated during 

winter and spring months. Contrary to expectations, predictions of sand temperature were 

generally more accurate for island sites than mainland sites, despite the fact that both the global 

climate model and AWAP datasets only interpolate climate data across the Australian mainland 

(New et al. 2002, Raupach et al. 2009, 2014). This is probably caused by the thermal 

moderating effect of the ocean providing a more stable environment than the mainland beaches. 

At some sites, sand depth influenced the reliability of the model, similar to a study by Carter 

et al. (2015), who found that correlations between observed and modelled temperatures were 

stronger at deeper depths relative to those closer to the surface. Also similar to previous studies 

(e.g., Stubbs et al. 2014), I found that driving the model with data from a locally deployed 

weather station did not provide more reliable predictions of sand temperatures, with some 

weather station inputs producing much poorer fits than those using the low-resolution global 

climate surface (Table 2.3). 

Unlike some previous geographical comparisons of beach temperatures through sea turtle 

nesting areas (Fuentes et al. 2010, Woolgar 2012), I found that average sand temperatures were 

significantly correlated with latitude, both annually and during the nesting seasons, possibly 

due to the higher number of sites modelled. Beaches at lower latitudes were relatively warmer 

throughout the year and showed less inter-annual variation in sand temperature than beaches 

at higher latitudes. The correlation between latitude and sand temperature also varied with 

depth, with a stronger correlation at deeper sand depths than at depths closer to the surface. 

This is likely due to the decrease in temperature variation with depth, as deeper soils typically 

exhibit a stable temperature close to the average monthly ambient temperature. Similarly, sand 

temperature was significantly less variable at lower latitudes as a consequence of the tropical 

climate and associated lower variation in ambient conditions. 
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2.5.2 Comparison of climate inputs 

I utilized two gridded climate surface inputs for my modelling, with the first set of layers 

derived from a global dataset averaged between 1960 and 1991, with a resolution of 10’ 

(approximately 17km; New et al. 2002). This approach only provided typical values for each 

day of the year at any site of interest. In contrast, the high-resolution climate dataset derived 

from the Australian Water Availability Project (AWAP), provided hourly inputs of required 

variables (see Methods) from 1990 to 2017, at a spatial resolution of approximately 5km 

(Raupach et al. 2009, 2014). Increasing the resolution of the climate input variables was 

effective at increasing the reliability of the sand predictions, very likely because climate data 

were inputted at an hourly time-step, and so could more accurately capture diurnal variation, 

and because the inputs were a close reconstruction of the weather on a particular day.  

The sometimes poor correlation between the AWAP-modelled predictions and observed sand 

temperatures may be attributable to the method used to create the gridded climate layers. 

AWAP interpolates data from Bureau of Meteorology (BOM) weather stations Australia, 

which in the case of north-west Western Australia, are sparsely distributed, and with few 

located in coastal areas (Bureau of Meteorology 2018). Therefore, low correlations at some 

sites may have been a consequence of the low number of inputs for interpolation of the climate 

surfaces, or due to the coastal nature of my sites whose climates are moderated by the 

surrounding sea. Previous studies have shown that the wind speed parameter inputted into 

NicheMapper’s microclimate model had a large influence on the reliability of predictions 

(Mitchell et al. 2008), which may also be the case here as coastal sites are often exposed to 

high winds. The wind speed inputs used here were generated through a secondary model, and 

may not account well for the exposed or sheltered nature of some coastal beaches. 

2.5.3 Model accuracy 

I found that including the soil moisture subroutine in the microclimate models decreased the 

reliability of sand temperature predictions, irrespective of whether the subroutine was derived 

from the global model, or the AWAP model. My results are similar to those presented by 

Kearney et al. (2014b), which found no increase in reliability of soil temperature predictions 

when using the same model at 43 sites throughout Australia where Bureau of Meteorology 

(BOM) weather stations were present. The discrepancies between the observed sand 

temperatures and those predicted with the soil moisture subroutine are probably due to 

NicheMapR relying on a second model for soil moisture, which in this case are simulated 
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outputs from the Australian Water Availability Project (Raupach et al. 2009, Kearney et al. 

2014b, Raupach et al. 2014). As I was attempting to model the temperatures of beaches, the 

water content of sand is an important, yet particularly fine-scale variable parameter to consider. 

While most sand temperature observations were made either in a dune or on the edge of a dune, 

the distance from the waterline was variable, depending on the width of the beach. As such, 

the water content of the sand may have had some dependence on tidal movements. Future 

studies could elucidate how tidal movements affect sand moisture and associated temperatures 

of the sand and how these can be integrated into the microclimate model to provide more 

reliable predictions of soil temperature and moisture. The use of hygrochrons could also have 

been utilized to measure soil humidity for validation of the soil moisture subroutine. This is 

particularly relevant when considering sea turtles, as recent studies have suggested that the soil 

moisture influences offspring sex (Lolavar & Wyneken 2017, Sifuentes-Romero et al. 2017), 

with potential ramifications for sex ratio prediction modelling. 

An alternative explanation for instances of poor agreement between observed and modelled 

temperatures may be related to the method of collecting sand temperature data. As temperature 

loggers were left buried on beaches for extended periods of time, there was often substantial 

sand movement, which regularly altered the depths that loggers were buried (see Table 2.3). 

As soil temperature changes with depth, the timing of sand movement can be reliably detected 

from the daily amplitude of the observed temperatures. While depth was carefully measured at 

the time of logger deployment and retrieval, in some instances the time between retrieval and 

the end of logging meant that the depth at the time temperature logging ended was unknown. 

Overall I show that mechanistic models can provide a relatively accurate measure of sand 

temperature at sea turtle nesting depths using fine-scale interpolated climate surfaces. Model 

predictions were generally well correlated with empirical observations, and were typically 

within 1-1.5 °C of observed values (with exceptions). Further empirical testing of the model 

may provide a more complete understanding of the robustness of the model, however this 

method can now be utilized in ecological studies of sex ratios and embryonic mortality to 

provide the required environmental inputs to couple with physiological data (Chapter 4). 
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2.6 Appendix 

Table A2.1. Soil reflectance values for 46 sea turtle nesting sites throughout north-west Western 

Australia. Interpolation equation presented in methods, see the Appendix for the correlation. 
 

Site 
Site 

No. 

Longitu

de 
Latitude 

Measurement 

method 

Average 

reflectance 

Distance 

between site 

and grid cell 

(km) 

Augustus Island 1 124.551 -15.347 Empirical 53.64 0.38 

Beach South of DC3 Beach 2 126.304 -14.147 Empirical 49.14 5.02 

Berkeley River 3 127.739 -14.293 Interpolation 58.22 4.28 

Cape Bougainville 4 126.081 -13.930 Empirical 44.68 8.08 

Cape Domett 5 128.412 -14.800 Empirical 41.15 10.95 

Cape Farquhar - Gnaraloo 6 113.619 -23.635 Interpolation 63.19 3.60 

Cassini Island Beach 'B' 7 125.632 -13.938 Interpolation 58.99 40.19 

Cassini Island Beach 'E' 8 125.643 -13.952 Interpolation 57.84 38.74 

Cassini Island Beach 'F' 9 125.632 -13.957 Interpolation 63.96 38.12 

Cemetery Beach 10 118.611 -20.307 Empirical 38.50 4.90 

DC3 Beach - Vansittart Bay 11 126.305 -14.127 Empirical 54.73 5.48 

Deception Bay 12 124.442 -15.633 Empirical 51.74 2.06 

Eighty Mile Beach 13 120.673 -19.753 Empirical 43.47 2.87 

Five Mile Beach - Ningaloo 14 113.928 -22.01 Interpolation 55.16 2.52 

Gnaraloo Bay 15 113.535 -23.791 Interpolation 58.99 1.80 

Hermite Island 16 115.523 -20.468 Interpolation 39.87 33.78 

Heywood Island 17 124.323 -15.341 Empirical 49.91 19.01 

Jar Island 18 126.236 -14.154 Empirical 52.91 6.41 

Jones Island 19 126.359 -13.757 Empirical 48.41 32.68 

Locker Island 20 114.767 -21.716 Interpolation 44.07 15.21 

Mary Island 21 126.381 -13.983 Empirical 45.22 7.63 

Montebello Islands - Anchovy 

Beach 
22 115.521 -20.471 Interpolation 59.37 33.33 

Munda South 23 118.021 -20.46 Empirical 39.32 4.93 

No Name Beach - Vansittart Bay 24 126.164 -13.962 Empirical 37.39 4.46 

No Name Island 25 126.452 -13.963 Empirical 61.50 9.60 

Osbourne Island 26 126.009 -14.320 Interpolation 50.00 7.19 

Pardoo Station 27 119.601 -20.074 Interpolation 39.87 2.92 

Raft Point South 28 124.451 -16.094 Empirical 61.95 6.24 

Rosemary Island 29 116.594 -20.479 Empirical 59.62 14.20 

Serrurier North 30 114.684 -21.610 Empirical 50.57 29.12 

Sholl Island 31 115.894 -20.945 Empirical 48.10 20.43 

Smokey Bay North 32 124.400 -15.705 Empirical 58.23 5.37 

South Eclipse Island Beach 1 33 126.316 -13.934 Empirical 41.43 15.73 

South Eclipse Island Beach 2 34 126.302 -13.958 Empirical 37.79 14.67 

South Maret Island 35 124.988 -14.434 Interpolation 53.25 18.92 

South Muiron 36 114.325 -21.685 Interpolation 52.10 29.59 

South of Freshwater Cove 37 124.410 -15.809 Empirical 54.91 4.35 

Thevenard Island 38 115.024 -21.46 Empirical 47.90 33.01 

Trimouille Island 39 115.562 -20.396 Interpolation 59.75 42.71 

Troughton Island 40 126.149 -13.747 Interpolation 41.78 27.98 

Turtle Beach Dirk Hartog Island 41 112.990 -25.499 Interpolation 51.34 6.91 

Vulcan Island 42 124.394 -15.234 Empirical 58.04 17.20 

West Governor Island Beach 1 43 126.681 -13.957 Interpolation 46.37 13.70 

West Governor Island Beach 2 44 126.684 -13.945 Interpolation 39.48 13.92 

West Lacepede Island 45 122.124 -16.853 Empirical 54.32 32.49 

Yawinga - Anna Plains 46 121.439 -19.205 Interpolation 56.69 1.25 
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Figure A2.1  The relationship between modelled average annual temperatures (at 50 cm) and sand 

reflectance of the 46 sites throughout north-western Australia, with points coloured on a 

gradient to reflect latitude (blue low latitude, white high latitude). 
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CHAPTER THREE 

 

Physiological thresholds in embryonic green and flatback sea 

turtles reflect nesting phenology and rookery temperatures in 

Western Australia 
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3.1 Abstract 

Sea turtles have temperature-dependent sex determination (TSD) where males are produced at 

cooler temperatures and females at warmer temperatures during incubation (TSD Type Ia). The 

parameters that define the TSD reaction norm vary between and within species, and should 

correlate with the microclimates that embryos experience during development. Similarly, rates 

of embryonic development should also reflect typical incubation temperatures because of 

selection for shorter incubation periods. Here, I employed a common garden experiment to 

determine if thermal traits are locally adapted, and whether observed trends reflect the 

heterogeneous environments of sea turtle rookeries in Western Australia. I incubated eggs 

collected from three flatback turtle (Natator depressus) rookeries spanning sub-tropical to 

tropical climates (including a winter nesting and two summer nesting populations) and from 

one green turtle (Chelonia mydas) summer-nesting rookery. For each population I defined the 

thermal thresholds for sex determination and measured development rates at constant and 

fluctuating temperatures. The pivotal temperature that produced a 1:1 sex ratio varied by 1 °C 

in N. depressus (29.5, 30.0 °C and 30.6 °C), and was 29.3 °C for C. mydas. The transitional 

range of temperatures that produce mixed sexes was consistent in N. depressus, spanning 

between 2.1 – 2.5 °C, but was broader (4.5 °C) in C. mydas. Incubation duration was inversely 

correlated with incubation temperature, with significant differences between the three N. 

depressus populations. My results suggest that thermal thresholds and embryonic development 

rates are locally adapted to rookery microclimates, and that selection for winter nesting has 

occurred in the Cape Domett population. This leaves winter-nesting populations particularly 

vulnerable to climate change, as shifts in nesting phenology will not avoid sub-optimal 

incubation temperatures.  

.  
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3.2 Introduction 

Sea turtles, like many other reptile species, have a form of environmental sex determination 

(ESD) where the temperature that the embryo experiences during incubation determines the 

resulting sex of the hatchlings (Yntema & Mrosovsky 1980, Ewert et al. 1994). Each pattern 

of temperature-dependent sex determination (TSD) is characterised by a reaction norm that is 

sigmoidal in shape (except Type-II which is characterized by a bell curve), and has two 

quantifiable parameters that define biologically meaningful traits (Hulin et al. 2009, Pezaro et 

al. 2017). The pivotal temperature (TPIV) is the temperature that produces an equal sex ratio, 

and the transitional range of temperatures (TRT) is the range of temperatures where both male 

and female hatchlings are produced (Mrosovsky & Pieau 1991). These traits vary among and 

within species with TSD (see review by Wibbels 2003), and are commonly used as repeatable 

metrics for intra- and inter-specific comparisons (Burke & Calichio 2014).  

Evolutionary theory predicts that geographic variation in the TSD reaction norm between 

populations should reflect local climates (Schlichting & Pigliucci 1998, Larsen et al. 2004, 

Ewert et al. 2005) as strong selection should exist for optimal operational sex ratios under local 

conditions (Mitchell et al. 2013, Reneker & Kamel 2016), with frequency-dependent selection 

acting to increase the occurrence of the rarer sex (Fisher 1930, Charnov 1982). This ratio 

remains elusive in sea turtle populations, with a higher number of females considered adaptive 

(Hays et al. 2017) due to polyandry (e.g. Lee et al. 2004, Lee et al. 2018) and a higher 

periodicity of breeding by males (Hays et al. 2014). Embryonic development rates and thermal 

tolerances should also be locally adapted (Weber et al. 2011, Zhao et al. 2014) as a consequence 

of selection for rapid development which acts to reduce predation risk and other lethal events 

experienced within the nest, such as flooding and breaching of critical thermal thresholds 

(Weber et al. 2011). Maladaptive rapid development should be mediated through a trade-off 

between development rate and indirect costs associated with developing too fast, such as 

hatchling size (Shine & Olsson 2003) and environmental suitability (Spencer & Janzen 2011). 

Understanding these traits are particularly relevant in light of anthropogenic climate change, 

whereby increasing ambient temperatures are expected to result in population declines of 

species that exhibit TSD due to more frequent breaching of thermal thresholds, and an increase 

in abundance of the sex that is produced at warmer temperatures (e.g. Mitchell et al. 2008, 

Mitchell et al. 2010, Cavallo et al. 2015). 
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One way sea turtles may influence the temperature that embryos experience during incubation 

is through the timing of their nesting (Hays et al. 2003, Weishampel et al. 2004).  In general, 

for summer breeding populations, embryos develop under cooler conditions when clutches are 

laid at the start or end of the season. If plasticity in the timing of nesting is genetically 

determined and heritable, this would allow the period of peak nesting to evolve if early or late 

nesting is under positive selection (Mainwaring et al. 2016). This is particularly relevant for 

populations of N. depressus in Australia, where both ‘summer’ (November to January) and 

‘winter’ (August to October) nesting peaks occur, with rookeries spanning approximately 7° 

of latitude. In the Kimberley region of Western Australia, the boundary of summer and winter 

nesting rookeries occurs around King Sound (Figure 3.1), with summer peaking rookeries to 

the south and west, and winter peaking rookeries to the north and east (Whiting et al. 2008, 

Tucker et al. 2018). Recent genetic analyses also have shown substantial variation between 

individuals of N. depressus nesting at many of the rookeries throughout WA (FitzSimmons & 

Berry 2018). A number of other sea turtles species also nest in the Kimberley, including C. 

mydas, which nest year-round but show a definitive peak between November to March (Prince 

1990, Pendoley 2005, Waayers 2014). The Kimberley coastline geomorphology is 

exceptionally complex (Wilson 2014), and it is likely that spatial and temporal separation of 

nesting populations of sea turtles reflects nest-site selection for broadly similar thermal 

environments. 

While the parameters that describe the TSD reaction norm vary inter- and intra-specifically in 

sea turtles (Wibbels 2003), there is only limited evidence of geographical trends in these 

species, despite apparent differences in the thermal environments (Mrosovsky 1988). In 

freshwater turtles across North America, the TPIV for four species shows significant geographic 

variation with latitude (Bull et al. 1982, Ewert et al. 1994, Ewert et al. 2005), while Chevalier 

et al. (1999) found no difference in the TPIV for leatherback turtles (Dermochelys coriacea) in 

French Guiana and Costa Rica, but significant differences in the TRT. Here, my aim was to 

expand on this limited literature, and to compare the parameters describing the TSD reaction 

norm and embryonic development rate between three populations of N. depressus and one 

globally significant population of C. mydas across the broad nesting distribution in Western 

Australia. I hypothesized that the physiological parameters should reflect both the geographic 

and temporal separation of these populations, and the associated thermal microclimate 

characteristic of the peak nesting period at the respective rookeries. Therefore, based on the 

beach temperatures modelled in Chapter 2, I expected higher thermal thresholds for the nesting 
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population at Eighty Mile Beach and lower thresholds for the nesting populations at Cape 

Domett and Thevenard Island. 

3.3 Materials and Methods 

3.3.1 Study rookeries 

My focal rookeries for N. depressus spanned the latitudinal range of the species in Western 

Australia, and included two summer-nesting and one winter-nesting population (Table 3.1, 

Figure 3.1), while the focal summer nesting C. mydas population is one of the largest nesting 

populations of this species globally (Limpus 2009). The three focal N. depressus rookeries also 

represented distinct genetic stocks (FitzSimmons & Berry 2018). Western Australian sea turtle 

rookeries are poorly studied, and only one of these populations – the winter-nesting N. 

depressus rookery at Cape Domett - studied in some detail (e.g. Whiting et al. 2008, Stubbs et 

al. 2014). I used the mechanistic model NicheMapR (Kearney & Porter 2016) to model the 

typical beach microclimates at each rookery, as this model has been proven to accurately 

reconstruct temperature profiles of a variety of soil type (e.g. Mitchell et al. 2008, Kearney et 

al. 2014b, Carter et al. 2015, Mitchell et al. 2016) and has also been successfully tested at Cape 

Domett (Stubbs et al. 2014). Briefly, NicheMapR is a version of the mechanistic model Niche 

MapperTM (McCullough & Porter 1971, Porter & Mitchell 2006) adapted to operate within the 

R environment (R Core Team 2016). I ran the microclimate subroutine of NicheMapR using 

gridded climate surfaces for 27 years of data from 1990 to 2016. Gridded data were interpolated 

from weather stations distributed across Australia and generated through the Australian Water 

Availability Project (AWAP) (Raupach et al. 2009). All models were run with general soil 

parameters (Kearney et al. 2014a) with the exception of rookery-specific reflectance values 

which were determined empirically using the methods described in Chapter 2. Topographical 

inputs for the models were kept constant and assumed a flat beach at sea level. Sand 

temperatures were predicted at a depth of 50cm, as this is a typical depth for sea turtle nests 

(Limpus 2009), and temperatures at this depth are often used to contrast temperatures across 

sea turtle rookeries (Fuentes & Porter 2013, Stubbs et al. 2014). Average temperatures during 

the nesting period (Julian day 213 – 304 for Cape Domett, Julian days 305 – 365 and 1 – 31 

for all other rookeries) were calculated for each year from 1990 to 2016, and an average and 

standard deviation was then calculated from the annual values. Average annual temperatures 

were also calculated for each rookery. 
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Figure 3.1  Eggs collection locations at rookeries of three Natator depressus (yellow circles) 

populations, and one rookery of Chelonia mydas (green circle). Red and blue text indicate 

summer and winter egg collections respectively. The NicheMapR microclimate 

subroutine was applied to all rookeries with sand reflectance values of 0.48, 0.43, 0.54 

and 0.41 for Thevenard Island (TI), Eighty Mile Beach (EMB), Lacepede Islands (LI) 

and Cape Domett (CD) respectively (see Chapter 2). 

 

3.3.2 Egg collection and transport 

Approximately 300 freshly oviposited eggs were collected from each focal rookery over three 

nesting seasons between 2014 and 2016 (Table 3.1). Collection permits were issued by the 

Department of Parks and Wildlife (SF010081, SF009952, SF010620 and 01-000005-4) and all 
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procedures were approved by the University of Western Australia Animal Ethics Committee 

(RA/3/100/1323). 

 

Table 3.1.  Rookery locations, nesting phenology and egg collection data for each sea turtle 

population studied. 

Rookery  Latitude Longitude Species Nesting peak Number 

of eggs 

Collection 

month and 

year 

Cape Domett  -14.798 128.415 N. depressus Winter/spring 318 Aug 2014 

Aug 2015 

Eighty Mile Beach  -19.753 120.672 N. depressus Spring/summer 300 Nov 2014 

Nov 2015 

Thevenard Island  -21.463 115.021 N. depressus Spring/summer 
300 

Nov 2016 

Lacepede Islands -16.853 122.125 C. mydas Spring/summer 
300 

Dec 2015 

 

Where possible, eggs were collected during oviposition, or were collected via excavating the 

upper portion of a nest within three hours of oviposition. Collections were made from multiple 

females at each rookery in order to account for inter-clutch variation in thermal traits 

(Mrosovsky 1988, Ewert et al. 1994). Due to time constraints imposed by transportation 

procedures, and variation in nesting abundances, the number of eggs collected from each 

female differed between rookeries. For N. depressus collections at Cape Domett and Eighty 

Mile Beach, 20 eggs were collected from each of 15 nesting females at each rookery. At 

Thevenard Island and the Lacepede Islands C. mydas rookery, 30 eggs were collected from 

each of ten nesting females. In all cases, the remainder of each clutch (approximately 33 - 67%) 

were left to develop in the natural nest, and the remaining eggs were expected to have hatching 

success similar to those in undisturbed nests (Stancyk et al. 1980, Koch et al. 2007). Eggs were 

individually labelled using a soft (4B) pencil and carefully transferred to a portable refrigerator 

(ENGEL MT45F-S or MT60F-G4P) in damp vermiculite (~1L H2O:1kg vermiculite) within 

three hours of oviposition. Temperature was thereafter maintained between 7-15 °C to arrest 

development and improve embryonic viability during transport (Harry & Limpus 1989) and 
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was monitored using K-Type thermocouples (DIGITECH QM1601; accuracy 0.5%) and 

logged using Thermochrom® iButtons (Maxim Integrated Products; DS1921G; accuracy ±1 

°C; resolution 0.5 °C).  Eggs were packed in damp vermiculite inside ice chests for commercial 

flights, and C. mydas eggs were inadvertently cooled to ~1 °C for 3-4 hours during the 

commercial flight to Perth, which led to some mortality. Additionally, lower than expected 

hatching success was observed for the Cape Domett incubations, with examination of the 

embryo suggesting moderate levels of early embryonic mortality. This was attributed to 

movement induced mortality as a consequence of the remote collection location, or over 

wetting of sand used in incubations. In all cases, eggs were transported to the Crawley campus 

of The University of Western Australia within the 72 hour window of embryonic viability 

(Harry & Limpus 1989). 

3.3.3 Incubation experiments and euthanasia 

Upon arrival at the laboratory, eggs were weighed (± 0.01g) using an electric balance (QHW-

3-plus, @WEIGH Pty Ltd) and their maximum diameter was measured using digital callipers 

(accuracy ± 0.01 mm, resolution 0.01 mm, Kinchrome). Eggs from each clutch were randomly 

allocated to incubation boxes, which held 5-10 eggs (number depended on the species and the 

number of collected eggs). Each incubation box was half filled with washed sand and covered 

with a plastic lid to ensure high humidity (~100%) during incubation. Boxes were partially 

sealed to allow for respiratory gas exchange to occur, and therefore required weekly re-wetting 

of sand through light spraying (2-3 sprays) of deionized water.  

Incubation boxes were set within 5-6 Steridium incubators (models i140 and i500) and were 

rotated weekly within the incubators to minimise any effects of thermal stratification. In brief, 

eggs from each population were incubated at four or five constant temperatures and one daily 

fluctuating temperature (see Table 3.2). The target temperatures for each population were based 

on previous estimates of the TPIV, but a 29 °C treatment was consistent for all rookeries (Table 

3.2). Temperatures during incubation were measured in sand next to an egg with 

ThermochromTM iButtons (DS1921H; accuracy ±1 °C; resolution 0.125 °C). 

Eggs were monitored every 2-3 days throughout incubation, and egg viability was initially 

determined by the development of a ‘white spot’ (Yntema 1981) which appeared on the 

uppermost surface of the eggs within the first few days of development. Thereafter, the viability 

of eggs was determined by colour, where non-viable eggs changed colour to off-white, yellow 

or green. Eggs were monitored daily after day 40 of development, and several times per day 
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once hatching commenced to accurately establish incubation duration. The end of the 

incubation period was defined when a hatchling breached the eggshell with the egg tooth (i.e. 

‘pipping’) (Miller & Limpus 1981). Complete hatching was allowed for eggs with the 

exception of a subset of the 29 °C embryos which were used for a heat shock experiment, and 

were euthanised at 80% of development (see Bentley et al. 2017 for methodology). All 

hatchlings were euthanised within 48 hours of pipping through intra-muscular injection of 

Zoletil® (Provet; 10mg/kg) followed by pithing, and cerebral dislocation. Hatchlings were 

labelled to allow individual identification with tags tied around the front flipper, and were then 

preserved in 10% neutral buffered formalin until dissection. 

3.3.4 Identification of hatchling sex 

The gonads of the developing sea turtle are small (>500µm) and attached to the kidney, but are 

fully differentiated by 80% of development and are able to be classified as testes or ovaries 

through histological examination. Entire left kidneys with gonads attached were removed from 

formalin-fixed specimens and transferred to individually labelled histology cassettes and stored 

in 70% ethanol until processing. Kidneys were then prepared as paraffin-embedded sections 

and stained with haematoxylin and eosin for light microscopy. Individuals were classified as 

either male or female or unknown based on the criteria of Ceriani and Wyneken (2008) and 

Ikonomopoulou et al. (2012), where males are characterized by the presence of seminiferous 

tubules within the medulla and have a regressed cortex, while females possess a relatively 

disorganised medulla and a thick, well-developed cortex. The identification process was 

repeated three times for each sample without reference to previous assessment to ensure 

confidence in sex-allocation. Any specimen where the left gonad was unable to be 

distinguished as a testis or ovary were re-sectioned and re-examined until sex could be 

determined. If this was still not possible, entire right kidneys from that individual were removed 

and the process was repeated. 
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Table 3.2  Summary statistics from laboratory incubations of four Natator depressus populations, 

and one Chelonia mydas (Lacepede Islands) populations. Incubation temperatures varied 

slightly from target ranges due to fine scale spatial heterogeneity within incubators. 

Population 

Incubation 

temperature 

(°C) 

No. of eggs, no. 

of mothers 

Hatching success 

(%) 

Average 

incubation 

duration (days) 

Sex ratio 

(proportion 

male) 

Cape Domett 28.0  60 (15) 36.67% 63.0 0.909 

28.4 60 (15) 41.67% 60.0 0.917 

28.8  60 (15) 50.00% 57.0 0.867 

29.0  18 (3) NA* NA NA 

29.2  60 (15) 50.00% 56.0 0.800 

32±5  60 (15) 0.00% NA NA 

Eighty Mile Beach 28.0 15 (5) 66.67% 56.0 1.000 

28.6  48 (12) 60.42% 59.07 0.947 

29.0  78 (17) 62.50% 56.83 0.938 

29.4  48 (12) 68.75% 53.94 0.969 

29.8  48 (12) 77.08% 51.41 0.973 

32.0  15 (5) 83.33% 43.40 0.000 

30±5  48 (12) 52.08% 50.80 0.136 

West Governor Island 28.0  10 (1) 90.00% 53.94 1.000 

29.0  12 (1) NA 49.38 1.000 

30.0  10 (1) 100.00% 46.44 0.857 

31.0 10 (1) 90.00% 43.87 0.429 

32.0  10 (1) 40.00% 40.92 0.000 

30±5  10 (1) 100.00% 47.67 0.100 

Thevenard Island 28.0  50 (10) 64.00% 54.29 1.000 

29.0  50 (10) 79.31% 50.24 0.976 

30.0  50 (10) 72.00% 46.72 0.546 

31.0  50 (10) 83.33% 43.48 0.265 

32.0  50 (10) 64.58% 42.16 0.077 

30±5  50 (10) 75.00% 48.94 0.414 

Lacepede Islands 28.0  60 (10) 31.67% 56.32 1.000 

29.0  60 (10) 35.00% 52.14 0.693 

31.0  60 (10) 18.33% 45.09 0.200 

32.0  60 (10) 15.00% 43.89 0.091 

30±5  60 (10) 8.33% 48.00 0.143 

Incubation temperatures varied slightly from target ranges due to fine scale spatial heterogeneity within incubators. 

Fluctuating temperatures reflect daily cycles, with peak temperatures at midday. 

* Note that these 18 eggs were used for a heat shock experiment and were sacrificed prior to hatching 
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3.3.5 TSD reaction norm parameters 

I used the EMBRYOGROWTH package for R (v6.5.8; Girondot & Kaska 2014) to determine the 

relationship between incubation temperature and sex ratio. This method allowed for up to six 

threshold models to be fitted to the data (Logistic, Hill, Richards, Double-Richards, GSD and 

Hulin) using maximum likelihood scenarios, and required that at least two incubation 

temperatures produced mixed sexes (Girondot 1999). Confidence intervals were calculated 

using a Metropolis-Hastings method of Markov chain Monte Carlo (MCMC) simulations, with 

10,000 iterations using the maximum likelihood outputs as priors. Akaike Information 

Criterion for low sample sizes (AICc) were then used to select the model that best fit the data 

(see Girondot 1999, Godfrey et al. 2003, Hulin et al. 2009 for model equations). All models 

were based on equations with a sigmoidal shape, with differences between models associated 

with the asymmetry of the inflection points (Hulin et al. 2009). The average temperatures 

during the TSP of the constant laboratory incubation treatments were used for model fitting, 

with the exception of Cape Domett, where constant temperature equivalents (CTEs, as defined 

by Georges 1994 and calculated in Stubbs et al. 2014) were also included in model fitting. The 

TSP for N. depressus occurs between 43 and 66% of development to the hatching stage (Stubbs 

et al. 2014), and as this is similar to the general assumption that the TSP occurs within the 

middle third of incubation (Mrosovsky & Pieau 1991, Valenzuela & Lance 2004) I assumed 

the same TSP for C. mydas. 

3.3.6 Comparison of TSD reaction norm parameters between rookeries 

To determine whether there was variation in the TSD parameters between species, and between 

populations within species, I combined all sex ratio data into a single ‘meta-dataset’, as well as 

a compiled dataset from only the N. depressus populations. The TSD model selection process 

was then applied to these two combination datasets and AICc comparisons were utilized to 

determine whether the combined datasets or the separate datasets for each population best fitted 

the data. When separate models were a better fit than the combined models, I concluded there 

were differences in the TSD reaction norm between rookeries. 

3.3.7 Analysis of incubation duration data and fitting of a non-linear development rate model 

The effect of incubation temperature on incubation duration was analysed using a Generalized 

Linear Mixed Model (GLMM) with maternal origin and incubation box included as random 

factors. Incubation treatments differed between rookeries, hence I also restricted my analysis 
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just to the common 28 °C treatment, and applied a one-way ANOVA to test for rookery-level 

differences in incubation duration.  

The program DEVARA (Dallwitz & Higgins 1992) allows for non-linear curve fitting and 

incorporation of incubation durations that result from fluctuating or variable temperatures 

(Dallwitz & Higgins 1992, Mitchell et al. 2008, Neuwald & Valenzuela 2011). The average 

incubation duration (in days) and hourly temperature data from constant and fluctuating 

incubations were used as inputs for DEVARA, which fits a non-linear model expressing 

development rate (ra) as a percentage per day, as a function of temperature (T): 

 

𝑟𝑎 =  𝑏110−𝑣2(1−𝑏5+𝑏5𝑣2) 

where: 

𝑢 =
𝑇 − 𝑏3

𝑏2 − 𝑏3
− 𝑐1 

𝑣 = (𝑢 + 𝑒𝑏4𝑢)/𝑐2 

𝑐1 =
1

1 + 0.28𝑏4 + 0.72 ln(1 + 𝑏4)
 

and 

𝑐2 = 1 + 𝑏4/(1 + 1.5𝑏4 + 0.39𝑏4)2 

 

The parameters fitted by DEVARA define the maximum development rate (b1) and its 

corresponding temperature (b3), and the temperature at which development approaches zero 

(b2). The asymmetry and slope of the curve are controlled by parameters b4 and b5, which were 

fixed at 6 and 0.4 respectively, as is recommended when development rates at extreme 

temperatures are unknown (Dallwitz & Higgins 1992), as was the case here.  

 

3.4 Results 

3.4.1 Rookery temperatures 

The 26-year average annual modelled sand temperatures at 50cm depth shows variation 

between the four rookeries of interest, with sand temperatures at the tropical Cape Domett 
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rookery being higher than the three sub-tropical rookeries (Figure 3.2; Table 3.3; see Chapter 

2). The modelled average 50cm depth sand temperatures during the nesting period varied by 

almost 3 °C between rookeries, with the winter nesting rookery at Cape Domett and the summer 

nesting rookery at Thevenard Island (both N. depressus) having the lowest temperatures. The 

Eighty Mile Beach N. depressus rookery had the highest sand temperatures during the summer 

nesting period (Table 3.3). 

 

Figure 3.2  Average sand temperature at a 50cm depth from 1990 – 2016 predicted using the 

NicheMapR routine, using hourly AWAP gridded climate surfaces as inputs. Solid lines 

show average temperatures with the standard deviation across the 17 years shown as 

transparent shading. Predictions are for three N. depressus rookeries in Western 

Australia: Cape Domett (black); Eighty Mile Beach (purple); and Thevenard Island 

(orange) and one C. mydas rookery: West Lacepede Island (blue). 
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Table 3.3  Average (1990-2016) modelled sand temperatures at 50cm for; annual and nesting 

(summer and winter) periods (see Chapter 2). Bolded values show temperatures averaged 

for the typical nesting periods at each rookery. 

 Average modelled temperature (1990-2016; °C) 

Rookery Annual ‘Winter peak’ ‘Summer peak’ 

Cape Domett 32.0 30.5 34.2 

Eighty Mile Beach 29.7 26.5 33.2 

Lacepede Islands 29.5 27.2 32.2 

Thevenard Island 28.0 25.0 30.5 

 

3.4.2 Pivotal temperature and transitional range of temperatures 

Sex ratios from laboratory incubation experiments are shown in Table 3.2, with the proportion 

of males decreasing as temperature increases at all sites. For the N. depressus populations at 

Cape Domett and Thevenard Island, the asymmetrical Richards model provided the best fit for 

the data based on AICc selection criteria, while at Eighty Mile Beach the best fitting model 

was the simple Logistic model (Table 3.4). The Richards model also provided the best fit for 

the C. mydas data from the Lacepede Islands. ΔAIC values were less than five between models 

at all populations, with the exception of the GSD model that assumes 1:1 sex ratios at all 

temperatures (Table 3.4). Pivotal temperature for N. depressus populations varied by 1 °C, 

while the pivotal temperature for C. mydas at the Lacepede Islands was 29.3 °C (Figure 3.3, 

Table 3.4). The transitional range of temperatures ranged from 4.5 °C in C. mydas to 2.1 °C in 

the Cape Domett N. depressus population (Table 3.4). 
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Figure 3.3  Sex ratio curves and observations for three Natator depressus populations (a-c) and one 

Chelonia mydas population (d). Vertical dashed lines represent the pivotal temperatures, 

while the shaded region depicts the transitional range of temperatures. Solid lines show 

the shape of the TSD reaction norm, with associated dashed lines depicting the 95% 

confidence intervals. 

 

A comparison of AICc values suggested that separate models for each population fitted data 

better than models that combining all studied populations (AIC: 176.88 vs 212.52), as well as 

when the three N. depressus populations were combined in a meta-dataset (AIC: 142.89 vs 

169.69). This suggests that the TSD reaction norms differ between populations, with TPIV being 

higher at the Eighty Mile Beach population than at the two other sites, and the TRT being 

broader in C. mydas than in N. depressus (Table 3.4). 
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3.4.3 Development rate and thermal tolerances 

Incubation duration decreased significantly as incubation temperature increased (p < 0.001) for 

all rookeries (Figure 3.4), and ranged from 41 days at 32 °C (Lacepede and Thevenard Islands) 

to 62 days at 28 °C (Cape Domett). All populations had significantly different (p < 0.001) 

incubation durations at 28 °C (standard temperature across rookeries) with the exception of the 

Lacepede Island C. mydas population and the Eighty Mile Beach N. depressus population (p = 

0.89). Incubation duration at 28 °C was significantly correlated with the modelled average 

annual sand temperature (p < 0.05, r2 = 0.91). The non-linear development rate functions 

differed in their fitted parameters, with an almost 2 °C difference in temperature at which the 

development rate peaked (Table 3.5). Notably, eggs from Cape Domett that were incubated on 

a daily cycling regime of 32 ± 5 °C did not survive, but eggs incubated at 30 ± 5 °C did hatch 

(Table 3.2), suggesting that embryos could tolerate ~5 hrs of daily exposure to temperatures of 

34-35 °C. 

 

Figure 3.4  Incubation duration (days) of eggs sourced from three N. depressus (red) populations and 

one C. mydas (blue) population in Western Australia, across a range of incubation 

temperatures. 
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Figure 3.5  Development rate models as a function of temperature for three Natator depressus 

populations and one population of Chelonia mydas (Lacepede Islands) in Western 

Australia. Black circles represent constant temperature incubations, while red lines 

represent the cycling temperature regimes where the horizontal bars depict the maximum 

daily range of temperatures. Dashed lines are arbritarily placed at 32 °C for ease of 

comparison. Parameters used to fit the development model are shown in Table 3.5 with 

parameters b4 and b5 being fixed, which shapes the right end of the reaction norm in a 

standardized way. 
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Table 3.5  Fitted parameters for the non-linear development rate model. 

 
Parameter 

Rookery b1 b2 b3 

Cape Domett 2.37 18.56 33.88 

Eighty Mile Beach 2.29 17.97 33.41 

Thevenard Island 2.36 18.91 32.09 

Lacepede Islands 2.38 16.24 33.98 

 

 

3.5 Discussion 

Here I show population-level differences in the parameters describing the TSD reaction norm 

and development rates for N. depressus and C. mydas in Western Australia. This study provides 

the first estimation of the pivotal temperature of C. mydas nesting in Western Australia, the 

first geographic comparison of TSD patterns in N. depressus, and documents differences in 

development rates when eggs from different populations are incubated in a common garden 

laboratory setting.  

3.5.1 Pivotal temperatures 

Pivotal temperatures and more recently, transitional ranges of temperatures have been used as 

population-level, repeatable metrics for comparing intra- (Bull et al. 1982, Ewert et al. 2005, 

Burke & Calichio 2014) and inter-specific (Sarre et al. 2004) variation in reptiles with TSD. 

Differences in TSD reaction norm parameters are hypothesized to reflect adaptations to local 

climates, with selection favouring optimized operational sex ratios according to Fisherian 

theory (Fisher 1930, Charnov 1982, Ewert et al. 2005). My results show that the pivotal 

temperature of N. depressus varies by 1 °C between two populations that are separated by 5 

degrees of latitude. Based on the results of sand temperature modelling (Chapter 2 and Table 

3.3), I expected to see the highest thresholds for the Eighty Mile Beach population. Consistent 

with this expectation, eggs collected from Cape Domett and Thevenard Island had lower 

pivotal temperatures than those collected from Eighty Mile Beach (29.5, 30.0 and 30.6 °C 

respectively). A likely explanation for these differences is the timing of nesting of these 
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rookeries, coupled with differences in latitude. The tropical (low latitude) rookery at Cape 

Domett has peak nesting in winter, occurring around August – October (Whiting et al. 2008), 

while nesting at the sub-tropical (higher latitude) Eighty Mile Beach rookery peaks in 

spring/summer (November – January) (Prince 1994, Limpus 2009). Thevenard Island is also a 

summer nesting rookery, but is located at the southern limit of the N. depressus nesting 

distribution in WA (see Figure 3.1). As a consequence, the average incubation temperatures 

during the nesting period differs between these three rookeries, with temperatures experienced 

during incubation being approximately 2.5 °C warmer at Eighty Mile Beach than at Cape 

Domett (Table 3.3). While at a higher latitude, Thevenard Island had a slightly higher pivotal 

temperature (30.0 °C) than Cape Domett (29.5°) which likely reflects selection for the 

temperatures associated with the different nesting seasons.  

These findings may represent two alternative strategies for avoiding skewed primary sex ratios 

in response to local incubation temperatures. The response to suboptimal temperatures at the 

Cape Domett rookery appears to have been adjustment of their nesting phenology to earlier in 

the year when temperatures are favourable for development (Whiting et al. 2008). In contrast, 

the population nesting at Eighty Mile Beach appears to have evolved the parameters defining 

the reaction norm to facilitate more balanced operational sex ratios at warmer temperatures 

through higher thresholds (sensu Doody et al. 2006). 

3.5.2 Transitional range of temperatures 

The width of the transitional range of temperatures (TRT) is considered to be indicative of the 

evolutionary potential of a population. This is because the width of transitional range is directly 

proportional to the genetic variation in sensitivity to the temperature cue that is present in the 

population (Tomkins & Hazel 2007, Tomkins & Hazel 2011, Buzatto et al. 2015). I show wide 

variation in the TRT at sea turtle rookeries in WA. Within N. depressus, there is slight variation 

of 0.4 °C between the widest and narrowest ranges (2.1 vs 2.5 °C at Cape Domett and 

Thevenard Island respectively), while the TRT in the Lacepede Islands C. mydas population 

was substantially broader (4.5 °C). While these TRT estimates should be considered with 

caution given limited data at male-producing temperatures at some rookeries, they provide 

important insights into adaptive potential. The broader TRT in the C. mydas rookery suggests 

that they may have a higher adaptive capacity as temperature increase due to anthropogenic 

climate change (Patrício et al. 2017), as a broader TRT decreases the probability of unisex nests 

(Hulin et al. 2009).  



76 
 

3.5.3 Development rate 

Development rates varied between and within species of sea turtle in Western Australia. These 

differences are most likely an artefact of adaptation to local climates rather than phenotypic 

plasticity (Bobyn & Brooks 1994, Zhao et al. 2014). My results are similar to previous studies, 

which have found shorter incubation periods for lizards (Du et al. 2010), crocodilians (Deeming 

& Ferguson 1990), and freshwater turtles (Ewert 1985, Ewert et al. 2005) when comparing low 

latitude and high latitude populations. Temperature is typically higher at low latitudes, and the 

results of these studies present evidence for adaptation to local conditions. In my study, the 

incubation duration of N. depressus varied between populations, with longer incubation periods 

observed in the Cape Domett and Eighty Mile Beach populations relative to the Thevenard 

Island population. This was particularly true at the lower end of the incubation temperatures, 

where, on average, it took 54 days for embryos to pip at 28° C at the Thevenard Island, while 

at Cape Domett and Eighty Mile Beach it took 62 and 58 days respectively at the same 

temperature. Du et al. (2010) showed that at lower temperatures, incubation durations were 

faster in populations from higher latitudes (and therefore which should experience lower 

temperatures in situ), as was the case here. However, the modelling of rookery temperatures 

presented in Chapter 2 suggested that Cape Domett and Thevenard Island should experience 

similar temperatures during their incubation in situ due to the timing of their nesting, despite 

the latitudinal cline. Therefore, these results are not clear, as while development rates appeared 

to follow latitudinal clines, these were contradicted by the temperatures typically experienced 

at the rookery. This difference was dampened at the higher end of the incubation temperatures, 

but I note that data were sparse at the 31-32 °C treatment for Cape Domett and Eighty Mile 

Beach. The relationship between temperature and incubation duration for C. mydas at the 

Lacepede Islands followed a similar trend to the Thevenard Island N. depressus population. 

As a result of these differences in incubation durations, the development rate functions also 

varied between populations. I showed that while these functions were similar between Cape 

Domett and Eighty Mile Beach populations of N. depressus and the Lacepede Island population 

of C. mydas, the Thevenard Island population appeared to show this more rapid development 

at lower temperatures. This was reflected in the b3 parameter of the development rate function, 

which described the maximum development rate. While this parameter was similar in value for 

Thevenard Island, it occurred approximately 1.5 °C before the other populations. This suggests 

that the population develops more rapidly at cooler temperatures, and also has a lower thermal 

threshold. These results are somewhat surprising given that the predictions from Chapter 2 
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suggested that Cape Domett should show similar trends to Thevenard Island while Eighty Mile 

Beach should show a substantial difference. The observed difference from expectation might 

be an artefact of the incubation conditions that each population was exposed to, with Cape 

Domett incubated at temperatures between 28 and 29.4 °C in order to resolve the lower end of 

the TSD reaction norm with data presented by Stubbs et al. (2014). Alternatively, these 

differences may be a result of the variability in incubation conditions experiences in situ, as the 

tropical Cape Domett rookery typically experiences less temperature fluctuations than the sub-

tropical Thevenard Island rookery. 

Nonetheless, the relatively shorter incubation periods at Thevenard Island when compared to 

Eighty Mile Beach may demonstrate adaptations to local conditions. Development rates should 

be locally adapted to allow for optimal incubation durations, where a trade-off should exist 

between rapid development and phenotypic costs (Van Damme et al. 1992). Prolonged periods 

in the nest result in a higher probability of exposure to disturbances such as flooding, 

overheating, or predation (Ewert 1979, Du et al. 2010). However, maladaptive rapid 

development may be constrained by fitness costs associated with hatching too early, such as 

reduced hatchling size (e.g. Booth et al. 2004), and environmental suitability, where embryos 

time their hatching to coincide with optimal environmental conditions (McGlashan et al. 2015). 

Additionally, long incubation durations may arise due to phylogenetic and/or biophysical 

constraints. 

 

3.5.4 Global comparisons 

Despite the discovery of TSD in sea turtles by Yntema and Mrosovsky (1979) nearly 40 years 

ago, few studies have directly estimated pivotal temperatures or TRTs (see review by Wibbels 

2003), and fewer have directly compared these between rookeries under controlled laboratory 

conditions. Estimates of TSD reaction norm parameters are sparse in Australian populations of 

sea turtles. For N. depressus in Australia, estimates of pivotal temperature range from 29.3 to 

30.4 °C (Hewavisenthi & Parmenter 2000, Limpus 2009, Box et al. 2010, Stubbs et al. 2014, 

Howard et al. 2015). However, these studies primarily rely on second and third level proxies 

to predict sex ratios (Fuentes et al. 2017), or are derived from laboratory incubations of a small 

numbers of clutches.  

My TPIV results for Eighty Mile Beach, and to a lesser extent, Thevenard Island are in agreeance 

with previous suggestions that some populations of N. depressus may be resilient to the 
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feminizing effects of climate change (Howard et al. 2015). They further provide additional 

evidence for variation in the TPIV between populations of N. depressus within Australia. The 

TRT for N. depressus appears to vary between populations, with an estimated TRT of 1 °C in 

Queensland stocks (Hewavisenthi & Parmenter 2000) and a broader range of 3.6 °C at Bells 

Beach and Delambre Island in the Pilbara region of Western Australia (Box et al. 2010). The 

TRT results presented here for Thevenard Island, Eighty Mile Beach and Cape Domett showed 

general agreement, with mixed sexes produced over approximately 2 -2.5 °C.  

The pivotal temperature for C. mydas in Australia is less well defined than N. depressus, with 

estimates ranging between 27.6 to 29.3 °C on the Great Barrier Reef (Miller & Limpus 1981, 

Limpus 2009), and 29.1 °C for a Ningaloo Reef population in Western Australia (Stubbs and 

Mitchell 2018). On a global scale, pivotal temperatures for C. mydas range from 28.0 to 30.3 

°C (Mrosovsky et al. 1984, Standora & Spotila 1985, Spotila et al. 1987, Kaska et al. 1998, 

Broderick et al. 2000, Godfrey & Mrosovsky 2006). The TRT calculated here (4.5 °C) is 

substantially broader than any other previous estimate for C. mydas, with TRTs in populations 

from Costa Rica, Ningaloo and Suriname estimated at 1.5, 2.4 and 3 °C respectively 

(Mrosovsky et al. 1984, Standora & Spotila 1985). I attribute the wide TRT calculated here as 

a partial artefact of the lack of single-sex producing temperatures in the C. mydas incubation 

treatments, and suggest that investigation of sex ratios at the TRT boundaries may resolve this 

parameter further and provide more reliable estimates of the adaptive potential of the 

population. Resolution of this parameter was also compromised by low sample sizes caused by 

overcooling some eggs during transport. 

3.5.5 Implications of differing physiological thresholds 

Species with temperature-dependent sex determination are considered to be particularly 

sensitive to the effects of climate change (Walther et al. 2002), with numerous studies applying 

predictive modelling to understand these impacts (e.g. Mitchell et al. 2008, Fuentes & Porter 

2013, Stubbs et al 2014). Increasing ambient temperatures associated with anthropogenic 

climate change is expected to lead to increases in the phenotypes produced at higher 

temperatures (Booth 2006). In the case of sea turtles, wide-spread rookery feminization is 

expected, and could lead to population declines and possible local extinctions (Mrosovsky & 

Provancha 1992, Davenport 1997, Hays et al. 2017) or spatial shifts in nesting location or 

changes in nesting phenology. Additionally, increased temperatures are also expected to lead 

to increases in embryonic mortality. Therefore, for populations to persist in the face of climate 
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change, adaptation to increased temperatures must occur to allow the production of male 

phenotypes, and to allow high emergence success of hatchlings from natural nests. Here, it 

appears that the population of N. depressus has already shifted nesting phenology to a cooler 

time of year to avoid detrimental incubation conditions. In contrast, the population at Eighty 

Mile Beach appears to have evolved the TSD reaction norm thresholds to continue to produce 

male offspring at relatively higher temperatures. As a consequence, the implications for climate 

change impacts may be variable between populations. In order to assess these implications, the 

physiological thresholds that have been described here are integrated with the microclimate 

modelling framework from Chapter 2 to assess the impacts of climate change (Chapter 4). 

 

3.6 Conclusions 

In this study, the timing in peak nesting and local adaptation to the associated beach 

temperatures both appear to play a strong role in influencing the TSD reaction norm in N. 

depressus, while development rate varies with latitude. In particular, the variation in TPIV 

between the Cape Domett and Eighty Mile Beach N. depressus populations may reflect 

different strategies that each facilitate favourable operational sex ratios, with Cape Domett 

females nesting in cooler periods of the year, and the Eighty Mile Beach population evolving 

generally higher thermal thresholds for its physiological responses. My findings are somewhat 

consistent with the modelling outputs from Chapter 2, which showed that the Eighty Mile 

Beach rookery is expected to experience the highest incubation temperatures in situ. Contrary 

to expectations, the physiological thresholds and development rates varied between the Cape 

Domett and Thevenard Island populations of N. depressus, despite the expectation that 

rookeries should exhibit similar average temperatures. These differences were likely due to 

factors associated with experimental design, or confounding climate conditions such as the 

magnitude of diel fluctuations that are not accounted for in a simple mean temperature. Despite 

these inconsistencies, these results show that the divergence of parameters defining the TSD 

reaction norm, and the differences in development rate functions suggest adaptation to local 

climates to facilitate more balanced sex ratios and higher incubation success, and will have 

ramifications for assessing the impacts of climate change. 
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CHAPTER FOUR 

 

End of the line? Nesting phenology shifts unable to mitigate 

adverse impacts of climate change on winter nesting sea turtles 
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4.1 Abstract 

Understanding how climate change will affect sea turtle nesting beaches is a fundamental 

consideration for threat abatement and recovery plans. Increasing ambient temperatures are 

expected to lead to increased embryonic mortality and wide-scale rookery feminization for all 

sea turtle species. These effects will vary between species and populations as a consequence of 

existing environmental heterogeneity, regional differences in the magnitude of climate change, 

and population-specific thermal traits. Here I employ a mechanistic modelling approach to 

assess the impacts of climate change on embryonic mortality and sex ratios at four flatback 

(Natator depressus) and two green (Chelonia mydas) sea turtle rookeries. The model provides 

an overview of rookery outputs over a broad spatial-scale at typical nest depths, using 

temporally robust interpolated climate surfaces. I show that climate change will have the 

greatest impact on winter nesting populations of N. depressus in the tropical north of Western 

Australia. These rookeries are most susceptible as sand temperatures are generally warmer, and 

their current nesting phenology does not allow for temporal shifts in nesting to a cooler period 

of the year. In contrast, summer nesting populations of both N. depressus and C. mydas appear 

to be less at risk from increasing ambient temperatures, due to their slightly higher thermal 

thresholds and because they can alter their nesting phenology to avoid suboptimal 

temperatures. Taken together, my findings demonstrate the need for population-specific 

models to guide the most appropriate conservation strategy.  
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4.2 Introduction 

Sea turtle populations are undergoing population declines as a consequence of anthropogenic 

activities, including habitat loss, pollution, and by-catch through fisheries (Mazaris et al. 2017). 

These declines are expected to be exacerbated through climate change processes such as sea 

level rise (Fish et al. 2005) and temperature increases, by altering habitat structure and 

incubation conditions (Hawkes et al. 2009). However, while climate change will be global, 

there will be considerable variation in the magnitude of these effects at regional and local scales 

(IPCC 2014). For example, in Australia, mean ambient temperatures have increased by almost 

1 °C since 1910, but have shown regional variation (CSIRO & BOM 2016. Extreme heat events 

have also increased in both severity and frequency over this time period, and this trend is 

expected to continue, and possibly accelerate over the coming century (IPCC 2014, CSIRO & 

BOM 2016, Sudmeyer et al. 2016). The impacts of temperature rise on sea turtles will vary 

with their life stage, due to differences in the habitat utilization and physiological thresholds 

between aquatic adults and terrestrial embryos (Telemeco et al. 2013, Howard et al. 2014, Pike 

2014, Howard et al. 2015). While sea turtles have persisted through multiple climate change 

events in their evolutionary history, the unprecedented rate of change and influence of 

anthropogenic activities may compromise this in the future (Hawkes et al. 2009). Embryos of 

oviparous species that lack parental care, such as sea turtles, are particularly vulnerable to 

extreme temperatures, as they cannot escape suboptimal nest conditions (Hawkes et al. 2009, 

Fuentes et al. 2011, Howard et al. 2014, Tedeschi et al. 2016). 

The development of embryonic sea turtles often occurs close to their upper thermal limits, 

particularly at tropical rookeries (Pike 2014), with even small changes in incubation 

temperature impacting hatching success (Bustard & Greenham 1968). Despite this, limited 

studies have considered the effect of climate change on embryonic mortality (but see Howard 

et al. 2014, Cavalloe et al. 2015 and Laloё et al. 2017). One reason for the limited studies on 

this topic is that embryonic critical thermal maxima are not well defined in sea turtle species, 

with early work suggesting thresholds of around 33 – 35 °C (Bustard & Greenham 1968, 

Ackerman 1997, Miller 1997, but see review by Howard et al. 2014), and subsequent 

observations from natural nests supporting this range (see review by Laloё et al. 2017). Both 

Howard et al. (2014) and Laloё et al. (2017) have attempted to fit functional thresholds to 

natural mortality data to model the relationship between temperature and emergence success 

in a number of species. In both cases, the point of inflection occurred at around 32 – 33 °C, 

suggesting development is compromised above these temperatures. However other studies 
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show that these temperatures are often exceeded for extended periods in natural nests (e.g. 

Drake & Spotila 2002, Trocini 2013, Pendoley et al. 2014a) and laboratory incubations of some 

populations at these temperatures have also demonstrated high hatching success (Howard et al. 

2015, Chapter 3), indicating that the tolerance is higher in some species and/or populations 

(McGhee 1979, Howard et al. 2014). Previous findings have suggested that tropical nesting 

populations may have higher upper thermal thresholds than temperate populations, due to local 

adaption to the higher temperatures experienced in these regions (McGhee 1979, Howard et al. 

2015). Further evidence for adaptation to local conditions is seen in C. mydas at Ascension 

Island, where thermotolerances in a single population have diverged over only a few kilometres 

in response to varying beach temperatures associated with variance in sand albedo (Weber et 

al. 2011). Additionally, temperatures are typically highest towards the end of development as 

a consequence of metabolic heating (Broderick et al. 2001), yet hatching success remains high, 

with a previous study suggesting that thermal limits vary throughout development with 

tolerance increasing during incubation (Maulany et al. 2012). 

Temperature increases are of further concern when considering the effects of climate change 

on sea turtle populations, as all extant species possess a temperature-dependent mechanism of 

sex determination (TSD) where the sex of a hatchling is determined by the temperature it 

experiences during incubation (Yntema & Mrosovsky 1980). All sea turtles have a male-female 

pattern of TSD (MF or TSD Ia), where females are produced at warmer temperatures, and 

males at cooler temperatures (reviewed by Wibbels 2003). Similar to embryonic mortality, 

there is a narrow range of temperatures that define the TSD reaction norm, with even subtle 

changes in incubation temperature drastically altering primary sex ratios (Yntema & 

Mrosovsky 1982, Limpus et al. 1985, Janzen 1994, Hewavisenthi & Parmenter 2002, Glen & 

Mrosovsky 2004). Hence climate change is anticipated to lead to widespread rookery 

feminization, possibly threatening population persistence (Hewavisenthi & Parmenter 2002, 

Nelson et al. 2004, Hulin et al. 2009, Fuentes et al. 2010), with many sea turtle rookeries 

already demonstrating highly female skewed sex ratios (e.g. Godfrey & Mrosovsky 1999, 

Broderick et al. 2000), however studies of other populations, such as N. depressus at Cape 

Domett, suggest high male production into the future (Stubbs et al. 2014). 

Models are an important tool for developing management strategies to mitigate the impacts of 

climate change on reptiles with TSD (Botkin et al. 2007, Mitchell et al. 2008). Several studies 

addressing the impacts of climate change on sea turtle rookeries have employed correlative 

models, where climatic variables such as air temperatures, sea surface temperatures and rainfall 
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are correlated with sand temperatures and the associated mortality and sex ratios (e.g. Hays et 

al. 2003, Fuentes et al. 2010, Laloё et al. 2017). In contrast, mechanistic microclimate models 

predict soil temperatures based on the laws of thermodynamics (e.g. Chapter 1). Unlike 

correlative models, this approach allows microclimate predictions to be made outside of the 

range of typical climatic variables as they are reliant on the range of temperatures that were 

used to generate them, and also do not require long-term climatic datasets (Mitchell et al. 2008, 

Buckley et al. 2010, Kearney et al. 2010). Outputs from mechanistic models can subsequently 

be used to drive a model of embryonic development that can be customised with population-

specific physiological parameters (e.g. Mitchell et al. 2008, Stubbs et al. 2014, Carter 2015, 

Mitchell et al. 2016). Climate inputs can also be adjusted to simulate future climate change 

scenarios, and the development models adjusted to consider the effects of nesting phenology 

and nest depth (e.g. Mitchell et al. 2008, Mitchell et al. 2016). This flexibility allows 

exploration of the impacts of climate change on important demographic parameters, such as 

hatchling survival and primary sex ratios. 

Six of the seven extant species of sea turtle forage in waters off the Western Australian coast, 

with the Kemp’s Ridley sea turtle (Lepidochelys kempii) being the only exception. Five of these 

species nest on island and mainland beaches, with globally significant rookeries of N. depressus 

and C. mydas (Limpus 2009). Despite the high density of these two species, few studies have 

focused on nesting populations in Western Australia (but see Whiting et al. 2008, Box 2010, 

Woolgar et al. 2013, Pendoley et al. 2014, Stubbs et al. 2014, Waayers et al. 2014, van 

Lohuizen et al. 2016, Tucker et al. 2018), and as a consequence little is known about their 

ecology and physiology. This is particularly important as both species are listed as Vulnerable 

under the Australian Environment Protection and Conservation Act (EPBC 1999), and C. 

mydas is listed as Endangered by the International Union for Conservation of Nature, while N. 

depressus is listed as Data Deficient (IUCN 2015). Understanding how nesting sites may be 

impacted by climate change, has been identified as imperative for threat abatement and 

recovery plans for sea turtle populations (Hamann et al. 2007, Department of Energy and 

Environment 2017). This is particularly relevant in the Kimberley, where N. depressus 

populations have a distinct nesting peak in the summer months (November to January) south 

of King Sound, while nesting occurs primarily through the middle of the year (April to 

October), with a peak in winter (August/September) north of this location (Tucker et al. 2018). 

This divide in nesting phenology also aligns with their recognition as distinct genetic stocks 

(FitzSimmons & Limpus 2014, FitzSimmons & Berry 2018).  
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Due to the remoteness of most Western Australian sea turtle rookeries, reliable predictions of 

hatching success, sex ratios, and the impacts of climate change are critical for the development 

of conservation and management strategies. Here I modelled the effects of increasing ambient 

temperature expected under climate change scenarios for 2030, 2050, 2070, and 2090, and 

showed how hypothetical changes in nesting phenology could mitigate high embryonic 

mortality and strongly feminised hatching sex ratios. I hypothesized that sex ratios and 

mortality will differ across rookeries during their respective nesting periods due to differences 

in beach temperatures (Chapter 2) and physiological thresholds (Chapter 3). I further 

hypothesized that winter nesting rookeries would be at the greatest risk from climate change 

as a shift in their nesting phenology will not allow them to nest at a time when beach 

temperatures are cooler. 

 

4.3 Materials and Methods 

4.3.1 Study sites 

I focussed my modelling on six sea turtle rookeries in the north-west of Western Australia, 

including the four rookeries where population-specific parameters describing the thermal 

biology have been resolved (Figure 4.1) (see Chapter 3). The additional two study rookeries 

(Cassini Island and West Governor Island) have moderate to high nesting abundances of C. 

mydas and N. depressus during summer and winter, respectively (Tucker et al. 2018). The study 

rookeries encompass a latitudinal range of over seven degrees, spanning almost the entire 

nesting distribution of N. depressus in Western Australia, and differ in respect to their annual 

temperature and rainfall. Beach temperatures also vary over this range (Chapter 2), with 

warmer annual temperature in the tropical north, and cooler, more variable temperatures to the 

south. 
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Figure 4.1 Focal sites for predicting the effects of climate change on sex ratios and embryonic 

mortality in two species of sea turtle (Natator depressus and Chelonia mydas). The 

approximate transition zone for the switch between summer and winter nesting in N. 

depressus has been identified as occurring around King Sound, with red text signifying 

summer nesting rookeries, and blue text representing winter nesting rookeries. At yellow 

points, models focussed on N. depressus, while at green points C. mydas sex ratios and 

emergence success were modelled. 

 

  



95 
 

4.3.2 Modelling framework 

I employed a mechanistic model to predict sex ratios and emergence success throughout the 

north-west region of Western Australia. My framework, presented in Figure 4.2, is an 

expansion of the framework described in Chapter 2, and adds a physiological model that 

predicts sex ratios and emergence success based on the hourly sand temperature outputs of the 

microclimate model. This framework is similar to that presented by Stubbs et al. (2014), with 

improvements including the method for estimating sex ratios by including TSD models 

described by Girondot & Kaska (2014), applying location-specific monthly adjustments of 

climate inputs to simulate climate change, and estimating emergence success based on a 

regression described by Laloё et al. (2017). 

4.3.3 Microclimate model 

To predict sand temperatures at sea turtle nesting depths, I used the NicheMapR (Kearney & 

Porter 2016) microclimate model. NicheMapR is version of the Fortran program Niche 

MapperTM (Mitchell & Porter 2006) adapted to operate within the R environment (R Core Team 

2016). General soil parameters (Kearney et al. 2014) were used in all models, with sand 

reflectivity being the only soil variable customised for each site (Table 4.1).  As described in 

Chapter 2, I used the Australian Water Availability Project (AWAP) gridded climate surfaces 

(Raupach et al. 2009, 2014) as climate inputs. For consistency, beaches were assumed to be at 

sea level (0 m altitude) with no slope or shading however, I acknowledge that in reality any 

topographical differences may influence beach temperatures. All models were run with three 

duplicate years of input data to allow for a ‘burn in’ period to obtain reliable estimates for 

simulations, and to allow for a full year to be simulated. 
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Figure 4.2  Modelling framework employed to predict the effect of climate change on emergence success and sex ratios in two species of sea turtle. See 

Chapter 2 for parameterization of the NicheMapR microclimate routine, and Chapter 3 for resolution of development and TSD parameters. 



97 
 

Table 4.1  Sand reflectance values used as inputs in the microclimate model for each rookery. 

Rookery  Sand reflectance (decimal %) 

Cape Domett  0.41 (Stubbs et al. 2014) 

Cassini Island  0.59 (Chapter 2) 

Eighty Mile Beach 0.43 (Chapter 2) 

Lacepede Islands 0.54 (Chapter 2) 

Thevenard Island 0.48 (Chapter 2) 

West Governor Island 0.39 (Chapter 2) 

 

4.3.4 Embryonic development model 

Hourly sand temperature outputs from the NicheMapR microclimate routine, or hourly/daily 

measured sand temperatures (when available) were used as inputs for an embryonic 

development model (Figure 4.2b). The embryonic development model was written as the R 

function ‘DEVOUR’ (Carter 2015), which uses a temperature series to calculate the 

developmental age and sex ratios of reptiles with TSD, based on methods described in Mitchell 

et al. (2008). Because the outputs depend on the date that development is assumed to commence 

(the oviposition date) the model allows the effects of nesting phenology to be explored, as well 

as nest depth (e.g. Mitchell et al. 2008, 2016). The DEVOUR script was altered for this study 

so it could incorporate any of the six TSD models selected via the R package 

‘EMBRYOGROWTH’ (Girondot & Kaska 2014; see Chapter 3).  

Briefly, DEVOUR calculates the cumulative development to hatching stage (defined as 100%) 

using the parameters that fit the Dallwitz-Higgins non-linear development rate model (Chapter 

3) to calculate the dates of the thermosensitive period (TSP). The TSP is estimated to occur in 

the middle third of development for sea turtles (Yntema & Mrosovsky 1982, Merchant-Larios 

et al. 1997) and has been further resolved to occur between 43–66% of development to hatching 

stage in N. depressus (Stubbs et al. 2014). As no detailed resolution has been made for C. 

mydas, I applied the same TSP as for N. depressus for consistency. The constant temperature 

equivalent (CTE; Georges et al. 1994) is then calculated for the TSP, and inputted into a user-

specified TSD model to estimate a sex ratio. I therefore used the input parameters described in 

Chapter 3 for the embryological models of the six focal rookeries (Table 4.2). 
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I also edited DEVOUR to include an estimate of emergence success based on the model 

presented by Laloё et al. (2017), who fit a logistic regression to emergence success and 

associated incubation temperature for three species of sea turtle (C. mydas, C. caretta and L. 

olivacea) from empirical observations and published literature. The logistic regression for these 

species explained 59% of the variation in emergence success, and can be broadly applied to 

sea turtle populations (Laloё et al. 2017). The regression for emergence success (H(t)) is defined 

by: 

 

𝐻(𝑡) =  
𝐴

1 + 𝑒−𝛽(𝑡−𝑡0)
 

 

Where the upper asymptote (A) is 86%, the growth rate constant (β) is -1.7 °C-1 and the 

inflection point (t0) is 32.7 °C. I applied this regression for estimates of emergence success for 

both C. mydas rookeries (Cassini Island and the Lacepede Islands), and the two temperate N. 

depressus rookeries (Thevenard Island and Eighty Mile Beach). For the two remaining tropical 

N. depressus rookeries (Cape Domett and West Governor Island), previous studies have shown 

high emergence success at temperatures exceeding 35 °C (Waayers et al. 2014, Howard et al. 

2015, Chapter 3). I therefore assumed that the inflection point for these rookeries was higher, 

and modelled emergence success with t0 = 34.0 °C. In all cases, average temperatures were 

calculated for the full incubation period predicted by DEVOUR, with the average temperatures 

used in predictions. 

4.3.5 Model validation 

In order to validate the modelled sex ratio outputs, I measured nest temperatures at some 

rookeries, as well as the sex ratio of a subset of hatchlings in the same nest. To achieve this, I 

deployed temperature loggers (Thermochrom® iButtons, Maxim Integrated Products; 

DS1921H; accuracy ±1 °C; resolution 0.125 °C) in 12 N. depressus nests at Eighty Mile Beach, 

and in two N. depressus nests and two C. mydas nests at the Lacepede Islands, during the 

2015/2016 summer nesting season. Temperature loggers were placed in ffour positions within 

the nest while a female was laying. Loggers were attached to fluorescent builder’s string, and 

placed in the nest using a long bamboo stick, which allowed careful placement within the 

chamber.  
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Table 4.2  Input parameters for the DEVOUR embryological model customised for each population. 

The first three parameters define the TSD reaction norm; with P representing the pivotal 

temperature, S defining the shape of the transition from masculinizing to feminizing 

temperatures, and K controls the asymmetry of the slope. The remaining parameters 

define the development rate function where b_1 is the maximum development rate, b_2 

is the temperature where development rate is 10% of the maximum, and b_3 is the 

temperature that development rate peaks (see Chapter 3).  

Population (species) P S K b_1 b_2 b_3 

Cape Domett (ND) 29.5 -0.49 -8.09 2.37 18.57 33.88 

West Governor Island (ND) 29.5 -0.49 -8.09 2.37 18.57 33.88 

Eighty Mile Beach (ND) 30.6 -0.4 0.00 2.29 17.97 33.41 

Thevenard Island (ND) 30.0 -0.08 2.54 2.36 18.91 32.09 

Cassini Island (CM) 29.3 -0.02 4.32 2.38 16.24 33.98 

Lacepede Islands (CM) 29.3 -0.02 4.32 2.38 16.24 33.98 

 

 

One logger was placed at the bottom of the nest chamber as the first egg was laid; a second 

logger was placed in the ‘middle’ of the clutch, which was assumed to be after 50% of the 

clutch had been laid (placed after ~20 eggs for N. depressus and ~50 eggs for C. mydas), and 

at the same time a third logger was placed at the same depth as the middle logger, but on the 

side of the chamber; then a fourth logger was placed on the top of the clutch before the nesting 

female began filling in the egg chamber. Following nesting, the end of the string was tied to 

wooden stake that was placed at the edge of the chamber closest to the beach, and marked for 

excavation. To capture the effects of metabolic heating within nests, ‘mock nests’ were set up 

at Eighty Mile Beach (n=3) and the Lacepede Islands (n=2). In these instances, three 

temperature loggers were buried in sand to an adjacent to natural nests where loggers had been 

deployed (Table 4.3).  Of the 12 natural nests and three mock nests deployed at Eighty Mile 

Beach, nine and two respectively were recovered 42 days after deployment. At the Lacepede 

Islands, all loggers were recovered 42 days after deployment. 
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Table 4.3  Average and range of nest depths measured on logger retrieval for four locations within 

the egg chamber of Natator depressus at Eighty Mile Beach during the 2015/2016 nesting 

season, and in N. depressus and Chelonia mydas nests at the Lacepede Islands for the 

same period, as well as depths for loggers placed in ‘mock’ nests. 

Eighty Mile Beach Natator depressus 

 Natural Nests 

 Average depth (cm) Range (cm) 

Top 52.3 38 – 70 

Middle 61.6 48 – 83 

Side 64.3 52 – 83 

Bottom 70.3 55 – 93 

 

 Mock Nests 

 Deployment depths (cm) Retrieval depths (cm) 

Top 35, 43 35, 48 

Middle 46, 52 45, Unknown 

Bottom 63, 68 57, 62 

 

Lacepede Islands 

 Natural Nests 

 Natator depressus Chelonia mydas 

 Average depth 

(cm) 

Range (cm) Average depth 

(cm) 

Range (cm) 

Top 39.5 38 – 41 57.0 45 – 69 

Middle 51.0 46 – 56 69.0 63 – 75 

Side 50.0 45 – 55 74.5 71 – 78 

Bottom 55.0 55 80.5 78 – 83 

     

 Mock Nests 

 Deployment depths (cm) Retrieval depths (cm) 

Top 30, 40 33, 5 

Middle 40, 50 42, 29 

Bottom 50, 60 55, 31 

 

 

Based on development rate models (e.g. Stubbs et al. 2014; Box 2010) and a nest temperature 

of 30 °C, I anticipated that embryos in natural nests would be approximately 90% developed 

at 42 days after oviposition, however, due to higher than expected nest temperatures, hatchlings 

from two nests at Eighty Mile Beach and both N. depressus nests at the Lacepede Islands 

emerged earlier, when I were not present. For the remaining nests, I collected the closest four 
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embryos next to each logger in each nest (n=16 per nest) to capture variation in sex ratios at 

different locations within the nest. This was not possible for the nests with early emergence as 

hatchlings may have moved within the nest following emergence. Additionally, a number of 

nests had low hatching success (see Table 4.6) and only a proportion of the intended sample 

was able to be collected (NTOTAL = 105). Additionally, I recorded ‘hatching success’ at six of 

these nests. As eggs had not hatched I were unable to use the method of Miller (1999), 

therefore, eggs were classified as viable, or unviable based primarily on colour and turgidity, 

where eggs that were off-white, yellow, green or black were deemed unviable. Hatching 

success was therefore calculated as the total number of lives eggs divided by the total number 

of eggs in the nest. 

Collected eggs were labelled with a soft pencil and then immediately placed in a cool bag with 

ice bricks before being transferred to a portable refrigerator at 4 °C for 12 hours for euthanasia. 

Embryos were then removed from the eggs, and weighed before being labelled with a tag 

attached to a flipper to allow individual identification, and then fixed in 10% neutral buffered 

formalin inside a 10 L barrel. All samples were later transported by road from Broome, Western 

Australia, to the University of Western Australia (UWA) in Perth. Due to a slow rate of tissue 

fixation and high temperatures experienced during transport of the Lacepede Islands samples, 

gonadal tissue had decomposed before arrival, and these hatchlings were unable to be sexed 

for model validation. Additionally, due to movement associated with transport inside the barrel, 

labels from some samples collected at Eighty Mile Beach became detached, leaving 57 

embryos of unknown origin. Unfortunately, these complications prevented statistical 

comparison of estimated and measured nest sex ratios. 

To test for differences in temperature at the four  locations within natural nests, I applied a 

Generalized Linear Mixed Model (GLMM) for N. depressus nests at the Eighty Mile Beach 

rookery during the 2015/2016 summer nesting period (n=9). The model was applied with nest 

location and day as fixed factors, and nest ID was included as a random factor. 

4.3.6 Hatchling sex identification 

The gonads of the developing sea turtle are small (<500µm) and attached to the kidney, but are 

fully differentiated by 80% of development and are able to be classified as testes or ovaries 

through histological examination (Miller & Limpus 2003). Entire left kidneys with gonads 

attached were removed from formalin-fixed specimens and transferred to individually labelled 

histology cassettes and stored in 70% ethanol until processing. Kidneys were then prepared as 
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paraffin-embedded sections and stained with haematoxylin and eosin for light microscopy. 

Individuals were classified as either male or female or unknown based on the criteria of Ceriani 

and Wyneken (2008) and Ikonomopoulou et al. (2012), where males are characterized by the 

presence of seminiferous tubules within the medulla and have a regressed cortex, while females 

possess a relatively disorganised medulla and a thick, well-developed cortex. The identification 

process was repeated three times for each sample without reference to previous assessment to 

ensure confidence in sex-allocation. Any specimen where the left gonad was unable to be 

distinguished as a testis or ovary were re-sectioned and re-examined until sex could be 

determined. If this was still not possible, entire right kidneys from that individual were removed 

and the process was repeated. 

4.3.7 Historic and contemporary mortality and sex ratios 

The AWAP climate surfaces provide interpolated daily values, allowing specific time periods 

to be modelled. As such, I modelled sand temperatures for every day of the year for the entire 

interpolated dataset (1990 – 2016) at the six focal sea turtle rookeries, with temperatures at the 

four N. depressus rookeries modelled at 50 cm, and temperatures modelled at 65 cm for C. 

mydas (see Tables A4.1 and A4.2 for justification of these typical depths). I then applied the 

DEVOUR script to these outputs to generate emergence success and sex ratio estimates 

assuming that nesting could occur on every day of the year. This allowed hindcasting of both 

these outputs back to 1990 to allow trends to be delineated, and also allowed insight into how 

nesting phenology influences rookery outputs. 

To estimate the primary sex ratios produced at each rookery in any year, I assumed that nesting 

occurred in a relatively normal distribution over the nesting period (e.g. Whiting et al. 2008), 

with numbers of nesting females increasing to a peak before tapering off. Hence I fitted a 

normal distribution across the typical nesting periods, which were assumed to be April 1st to 

November 10th for winter nesting N. depressus at Cape Domett and West Governor Island, and 

October 15th to February 10th for all summer nesting rookeries. For winter nesting the 

distribution was fit with the nesting peak occurring on the 12th of August, (as per Whiting et 

al. 2008), and assumed a standard deviation of 35 days around the mean (Figure A4.1).  For 

the summer nesting rookeries, I fit a more condensed curve, with nesting peaking on December 

1st
 and showing a standard deviation of 10 days (Limpus 1971, Waayers et al. 2014, E. Young 

pers. com.). I then assumed that 1000 nests were laid during each nesting period, and weighted 
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the sex ratios calculated for each day based on the relative proportion of nests assumed to be 

laid on that day. 

 

4.3.8 Climate change scenarios 

In order to assess the impacts that climate change may have upon sea turtle sex ratios and 

emergence success, I adjusted the AWAP climate inputs to simulate a number of greenhouse 

gas emission scenarios for each of my focal rookeries. I used the CSIRO Mk3.6 model 

generated for the Coupled Model Inter-Comparison Project (CMIP5) by Jeffrey et al. (2013) 

due to its high spatial resolution (1.9° x 1.9° latitude), and applicability to the study region (e.g. 

Braganza et al. 2014), and was leveraged through the Climate Change in Australia online portal 

(Clarke et al. 2011, Whetton et al. 2012). I made monthly adjustments to many of the climate 

inputs required for the microclimate model (see Figure 4.2) for each of the four Representative 

Concentration Pathways (RCPs; see Moss et al. (2010) for an overview), which provide relative 

or absolute changes in the parameters at a 1.9 x 1.9 ° latitudinal resolution. The four RCPs (2.6, 

4.5, 6.0, and 8.5) refer to representative scenarios of greenhouse gas concentrations over the 

coming century, and were adopted by the IPCC (2014) for the fifth assessment report (AR5). 

The four RCPs represent a stringent mitigation scenario (RCP2.6) to represent a scenario aimed 

at keeping global warming below 2 °C above pre-industrial temperatures, two intermediate 

emission scenarios (RCP4.5 and RCP6.0), and a very high greenhouse gas emission scenario 

(RCP8.5) (IPCC 2014). 

To adjust the AWAP climate inputs, I first averaged each input (maximum and minimum 

ambient temperatures, relative humidity, wind speed, rainfall, and solar radiation) for 16 years 

between 1990 and 2005 for every calendar day of the year. These years were chosen for climate 

adjustments as the CSIRO Mk3.6 model values are relative to the 1986 – 2005 average, but the 

gridded AWAP surfaces extend back only as far as 1990. I added the monthly relative changes 

for each of the four RCPs for four time points (2030, 2050, 2070 and 2090) to the averaged 

climate inputs to produce 16 future climate scenarios. These inputs were then run through the 

NicheMapR pipeline and then DEVOUR to generate predictions of emergence success and sex 

ratios at the six focal rookeries over the coming century. 
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4.4 Results 

4.4.1 Modelled rookery temperatures 

Modelled sand temperatures at a standardized depth (50 cm) showed similar trends across all 

rookeries, with temperatures cooling after the summer months around April before warming 

from September (Figure 4.3). Differences between summer and winter temperatures were 

greatest for southernmost sites (Thevenard Island and Eighty Mile Beach), while temperatures 

at tropical sites (e.g. Cape Domett and West Governor Island) were generally warmer overall, 

and showed less seasonal variation (Table 4.4). 

 

Figure 4.3  Average sand temperatures at a standardized depth (50 cm) predicted by the NicheMapR 

microclimate model for six sea turtles rookeries of in Western Australia (see Chapter 2). 

Solid lines represent mean values for the period 1990-2016, with the matching shading 

depicting the standard deviations for each calendar day of the year. 
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Table 4.4  Summary statistics for modelled annual and nesting period beach temperatures at the six 

focal rookeries. Nesting period was ‘winter’ for Cape Domett and West Governor Island 

and summer for all others (see Methods). 

Site 
Annual 

mean ( °C) 

Annual 

SD 

Annual 

range ( °C) 

Nesting 

mean ( 

°C) 

Nesting 

SD 

Nesting 

range ( °C) 

Cape Domett 32.0 2.6 25.0 – 36.3 30.8 2.5 25.0 – 36.0 

West Governor Island 31.1 2.7 23.8 – 35.5 29.8 2.6 23.8 – 34.8 

Eighty Mile Beach 29.7 4.2 20.5 – 36.4 32.8 1.8 27.4 – 36.4 

Thevenard Island 28.0 3.8 19.9 – 35.0 30.2 2.0 24.7 – 35.0 

Cassini Island 29.3 2.7 21.7 – 33.7 31.5 0.9 27.6 – 33.7 

Lacepede Islands 29.5 2.6 21.5 – 34.7 32.0 1.2 27.2 – 34.7 

 

 

4.4.2 Historic and contemporary sex ratios and emergence success 

Hind-casted sex ratios showed variation between rookeries over the last 25 years (Table 4.5), 

ranging from almost no male production at Eighty Mile Beach for the entire period, to relatively 

high proportions (>25%) of males produced at the two winter nesting rookeries. Plots of 

modelled contemporary (2013 – 2016) emergence success and sex ratios (based on nesting 

occurring on every day of the year) at the six focal sea turtle rookeries are presented in Figure 

4.4. Both emergence success and sex ratio vary between rookeries, with relatively low 

mortality at all rookeries during the nesting season, with the exception of the N. depressus 

rookery at Eighty Mile Beach, and the C. mydas rookery at the Lacepede islands. Primary sex 

ratios were also estimated for the nesting season (grey shading in Figure 4.4) at each rookery 

using a weighted mean based on a normal distribution, and varied from 0% male to 49% male 

between 1990 and 2015 (Table 4.5). 
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Figure 4.4  Modelled contemporary (2013-2016) emergence success (black) and sex ratios (red) 

assuming that eggs could be laid on any day of the year at six sea turtle rookeries in 

Western Australia. For N. depressus rookeries: (A) Cape Domett, (B) West Governor 

Island (C) Eighty Mile Beach, (D) Thevenard Island; and two C. mydas rookeries: (E) 

Cassini Island and (F) Lacepede Islands. Grey polygons show the nesting period at each 

rookery (see methods). 
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Table 4.5  Estimated primary sex ratios between 1990 and 2015 for winter nesting (CD; WGI) and summer nesting (all others) populations seasons. Values 

represent the estimated male output (as a percentage) from each rookery during their nesting season. 

Winter nesting 

 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 

CD 39 37 29 19 52 29 22 27 8 29 28 37 37 

WGI 62 43 36 40 66 34 45 41 22 44 33 41 41 

              
 

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 

CD 28 37 21 37 36 28 18 20 49 34 20 38 26 

WGI 46 56 33 58 50 34 24 28 54 40 36 48 38 
              

Summer nesting 
 

1990/1991 1991/1992 1992/1993 1993/1994 1994/1995 1995/1996 1996/1997 1997/1998 1998/1999 1999/2000 2000/2001 2001/2002 2002/2003 

EMB 0 2 5 0 0 0 0 0 0 0 0 0 0 

TI 67 98 86 40 12 46 23 10 16 14 15 74 18 

CI 16 12 12 15 17 17 19 11 15 14 15 11 6 

LI 8 12 15 9 11 12 11 7 7 10 10 11 4 

              
 

2003/2004 2004/2005 2005/2006 2006/2007 2007/2008 2008/2009 2009/2010 2010/2011 2011/2012 2012/2013 2013/2014 2014/2015 

EMB 0 0 0 0 0 0 0 0 0 0 0 0 0 

TI 37 11 16 8 15 25 6 7 6 3 4 8 21 

CI 13 9 10 10 10 10 11 19 6 5 13 12 11 

LI 7 4 5 5 4 5 5 9 4 3 8 8 6 

N. depressus: Cape Domett (CD), West Governor Island (WGI), Eighty Mile Beach (EMB), and Thevenard Island (TI). Chelonia mydas: Cassini Island (CI) and Lacepede Islands (LI).
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4.4.3 Climate change predictions 

My models suggested that the impacts of climate change on emergence success and sex ratios 

will be variable in their severity across the six focal rookeries in this study (Figures 4.5 – 4.10). 

Predictions for Cape Domett and West Governor Island (i.e. the two winter nesting N. 

depressus populations), suggested that by the end of the century, even under the most 

conservative emission scenario, emergence success would drastically decrease relative to 

historic and contemporary levels. At these sites, I showed that while there is a brief period 

(May – September) when emergence success is relatively high (>50%), this is reduced relative 

to the 1990-2005 average (Figures 4.5 and 4.6, left panels). Similarly, sex ratios at these two 

sites will also be heavily female biased, irrespective of the date of nesting, with almost 

complete rookery feminization predicted under all scenarios by the end of the century (right 

panels Figures 4.5 and 4.6). 

 

In contrast, the effects at summer nesting rookeries were more varied, with sharp declines in 

emergence success at the two C. mydas rookeries under climate change scenarios (left panels; 

Figures 4.9 and 4.10), with emergence success approaching0% at these rookeries during their 

current nesting period. Similarly, the Eighty Mile Beach rookery of N. depressus will approach 

0% emergence success during the current nesting period by 2070 under all emission scenarios 

(Figure 4.6), while Thevenard Island appears to be less vulnerable to increasing temperatures, 

maintaining relatively high emergence success during the current nesting period into the future 

(Figure 4.7). Complete rookery feminization is also predicted during the current nesting peak 

at all summer nesting C. mydas and N. depressus (right panels; Figures 4.6 – 4.10) rookeries 

by the end of the century, with the exception of Thevenard Island which may still produce male 

hatchlings for a small window in November/December (Figure 4.7). These rookeries will 

however still produce viable, and male offspring during winter months under all scenarios, 

should shifts in nesting phenology allow temporal adjustments in nesting date. 
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Figure 4.5  Left panels: modelled emergence success for Cape Domett, under four  emission 

scenarios for 2030, 2050, 2070 and 2090, plotted relative the 1990-2005 average (heavy 

black line). Grey regions show the range of emergence success between1990-2005. Right 

panels: predicted primary sex ratios for N. depressus, based on the temperatures during 

the development period, and grey regions show variability in sex ratio estimates between 

1990 and 2005. Orange polygons depict the current nesting period. Temperatures used 

to inform these models are presented in Figure A4.3. 
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Figure 4.6  Left panels: modelled emergence success for West Governor Island, under four 

emission scenarios for 2030, 2050, 2070 and 2090, plotted relative the 1990-2005 

average (heavy black line). Grey regions show the range of emergence success 

between1990-2005. Right panels: predicted primary sex ratios for N. depressus, based 

on the temperatures during the development period, and grey regions show variability in 

sex ratio estimates between 1990 and 2005. Orange polygons depict the current nesting 

period. Temperatures used to inform these models are presented in Figure A4.4.  
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Figure 4.7  Left panels: modelled emergence success for Eighty Mile Beach, under four emission 

scenarios for 2030, 2050, 2070 and 2090, plotted relative the 1990-2005 average (heavy 

black line). Grey regions show the range of emergence success between1990-2005. Right 

panels: predicted primary sex ratios for N. depressus, based on the temperatures during 

the development period, and grey regions show variability in sex ratio estimates between 

1990 and 2005. Orange polygons depict the current nesting period. Temperatures used 

to inform these models are presented in Figure A4.5. 
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Figure 4.8  Left panels: modelled emergence success for Thevenard Island, under four emission 

scenarios for 2030, 2050, 2070 and 2090, plotted relative the 1990-2005 average (heavy 

black line). Grey regions show the range of emergence success between1990-2005. Right 

panels: predicted primary sex ratios for N. depressus, based on the temperatures during 

the development period, and grey regions show variability in sex ratio estimates between 

1990 and 2005. Orange polygons depict the current nesting period. Temperatures used 

to inform these models are presented in Figure A4.6. 
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Figure 4.9  Left panels: modelled emergence success for Cassini Island, under four emission 

scenarios for 2030, 2050, 2070 and 2090, plotted relative the 1990-2005 average (heavy 

black line). Grey regions show the range of emergence success between1990-2005. Right 

panels: predicted primary sex ratios for C. mydas, based on the temperatures during the 

development period, and grey regions show variability in sex ratio estimates between 

1990 and 2005. Orange polygons depict the current nesting period. Temperatures used 

to inform these models are presented in Figure A4.7. 



114 
 

 

 

Figure 4.10  Left panels: modelled emergence success for the Lacepede Islands, under four emission 

scenarios for 2030, 2050, 2070 and 2090, plotted relative the 1990-2005 average (heavy 

black line). Grey regions show the range of emergence success between1990-2005. Right 

panels: predicted primary sex ratios for C. mydas, based on the temperatures during the 

development period, and grey regions show variability in sex ratio estimates between 

1990 and 2005. Orange polygons depict the current nesting period. Temperatures used 

to inform these models are presented in Figure A4.8. 
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4.4.4 Nest depths and model validation 

Natural nest depths varied considerably at Eighty Mile Beach, while at the Lacepede Islands, 

Chelonia mydas nests were deeper than Natator depressus nests (Table 4.3). Temperatures 

within nests varied depending on the location within the egg chamber, and varied between nests 

(Table 4.6, Figure A4.2). In general, temperatures were warmer at the top and middle of the 

nest, followed by the side and the bottom of the nest, with all observed temperatures between 

30 and 33 °C (Figure A4.2). 

 

Table 4.6  Results of GLMMs comparing temperatures within the nest chamber, and between nests, 

throughout development at Eighty Mile Beach. Bolded p-values denote significance. 

 d.f. χ2 P 

Within nests 

Nest position 3 197.42 < 0.001 

Days 41 1174.30 < 0.001 

Nest position:Days 123 25.78 1 

    

Between nests 

Nest ID 8 1822.40 < 0.001 

Days 41 1401.96 < 0.001 

Nest ID:Days 316 447.33 < 0.001 

 

Observed embryonic mortality was high in nests at the Eighty Mile Beach rookery, with no 

nests showing a greater than 60% hatching success (range 20 – 59%; n=6; Table 4.7). Sub-

samples of eggs collected adjacent to each temperature logger were pooled for each nest at 

Eighty Mile Beach, so as to capture variation in sex ratio due to nest position. The sex ratio of 

this pooled sample assessed via histology was contrasted with the sex ratio predicted based on 

the CTE of the centrally-positioned temperature logger in each clutch, using the DEVOUR 

routine. Measured sex ratios were highly female biased (~10:1) and were broadly similar to 

predicted sex ratios, but were higher than those predicted from models utilizing the AWAP 

climate inputs (Table 4.7). 
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Table 4.7  Modelled and observed sex ratios, and observed mortality of samples of N. depressus 

embryos collected from natural nests at Eighty Mile Beach during the 2015/2016 

summer nesting season. 

Nest ID 

CTE 

(middle of 

nest,  °C) 

Expected 

sex ratio (% 

male) 

Observed 

sex ratio (% 

male) 

Number of 

embryos 

Hatching 

success (%) 

1 32.50 1 0 7 Unknown 

3 32.13 2 0 7 Unknown 

4 31.75 5 0 3 19 

6 31.63 7 20 5 Unknown 

10 32.63 1 11 9 51 

11 31.63 7 0 3 20 

12 31.25 16 0 3 46 

13 31.75 5 14 7 56 

14 31.00 26 0 9 59 

Unknown* NA NA 0.16 52  

Total   0.09 105  

* Labels were lost from samples at this location, but the sex ratio of this pooled sample also shows a 

strong female bias. 

 

4.5 Discussion 

Here I have demonstrated an integrative approach for predicting emergence success and sex 

ratios for two sea turtle species with extensive nesting distributions in Western Australia, using 

a model parameterized for each individual rookery. My model outputs suggest that the risk of 

adverse impacts from elevated nest temperatures associated with anthropogenic climate change 

are variable in their magnitude, ranging from a high impact on the winter nesting populations 

of N. depressus at the Cape Domett and West Governor Island rookeries, to a relatively lower 

impact at summer nesting rookeries of both N. depressus and C. mydas across the study region. 

Other winter nesting rookeries through the tropics such as those in the Gulf of Carpentaria, and 

Kakadu National Park (e.g. Schӓuble et al. 2006, Howard et al. 2015, Groom et al. 2017) may 

be similarly vulnerable to the effects of rising ambient temperatures, as nesting females already 

nest during the coolest time of year, and so cannot avoid high nest temperatures via a shift in 

nesting phenology. The same conclusion was reached by Stubbs et al. (2014), who applied a 

very similar modelling framework to the N. depressus rookery at Cape Domett. Here, I have 
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extended Stubbs et al.’s (2014) study by further resolving the physiological model using the 

parameters defined in Chapter 3, incorporating a method for predicting emergence success, and 

by utilizing gridded, monthly adjustments of climate inputs to explore climate change impacts 

on each rookery. Taken together, these adjustments show a more dramatic impact on sex ratios 

at the Cape Domett rookery than those predicted by Stubbs et al. 2014, who suggested male 

production would continue for a nesting window in mid-winter, while I show almost complete 

feminization by 2070, except under low emission scenarios. 

4.5.1 Assumptions and model limitations 

While the models presented here provide an insight into the potential impacts of climate change 

on sea turtle populations in Western Australia, I note several assumptions and limitations that 

should be considered before interpreting the outputs in the context of population vulnerability. 

One limitation to almost all studies attempting to model sex ratios and emergence success from 

sea turtle rookeries (such as this one), is the lack of empirical evidence with which to test model 

outputs. Here I attempted to validate outputs at two stages, firstly by measuring sand 

temperatures at a number of beaches to test the microclimate model’s ability to predict sand 

temperatures (see Chapter 2), and secondly by attempting to validate the physiological sub-

routine by quantifying sex ratios and embryonic mortality at two of my focal rookeries. 

Unfortunately due to methodological issues, I was not able to fully validate my physiological 

models, but validation of a similar method of predicting sex ratios has been successful in an 

earlier study of the Cape Domett rookery (Stubbs et al. 2014). 

I calculated constant temperature equivalents (CTEs; Georges et al. 1994) of between 31.0 – 

32.6 °C in nine N. depressus nests at Eighty Mile Beach during the thermosensitive period 

(TSP) of development (see Table 4.7), however models using AWAP climate inputs produced 

an estimated CTE of 33.9 °C for the same period. As such, there was variation in the observed 

and predicted sex ratios, with an expected male proportion of between 1 and 26% using 

empirical nest temperatures, and completely female nests predicted when using AWAP climate 

inputs. As the observed sex ratio for this site was 9% for all hatchlings assessed – which fell 

within the range suggested by empirical nest temperatures – this suggests that differences 

between observed and modelled outputs may be attributed to the temperatures predicted 

through the microclimate routine, rather than the physiological model. Even accounting for 

observed differences in the nest depths (Table 4.2), I only expected 1% of embryos to be male 

assuming a nest depth of 80 cm (data not shown), yet I anticipated a much higher proportion 

(~7%) using empirical nest temperatures at this depth. These findings suggest that the described 
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microclimate model may be overestimating sand temperatures, at least for the Eighty Mile 

Beach rookery. Indeed, I have previously shown that at the Eighty Mile Beach rookery, 

temperatures between observed and predicted differed by between 2 to 3 °C, and correlations 

were relatively low for the time period of interest (i.e. 2015/2016; r2 = 0.31). Overestimation 

of sand temperatures may be attributed to issues associated with the soil moisture subroutine 

(as in Kearney et al. 2014b), or with the wind speed data used as an input (see Woolgar 2012 

for discussion). Alternatively, the error may be related to topographical features, where 

including parameters for beach topography such as site-specific slopes and aspects may have 

increased the accuracy of the sand temperature models (Fuentes et al. 2010, Woolgar 2012, 

Carter 2015). These inputs were not collected at the focal rookeries, but subsequent acquisition 

of these data via very high resolution digital terrain maps (DTMs) may increase the accuracy 

of sand temperature predictions and thereby those for hatchling sex ratios (e.g. Mitchell et al. 

2008, Carter et al. 2015). 

 Another limitation of my methodology is related to micro-scale nest selection by females, 

where the location on the nesting beach can play an important role in influencing the 

temperature during incubation (Hays & Speakman 1993). Variation in the vertical (i.e. distance 

from spring tide high water mark) and horizontal (i.e. distribution along the length of the beach) 

location of the nest on the beach, as well as the depth of the nest, and the level of shading the 

nest experiences all influence temperature (Hays & Speakman 1993). I have not attempted to 

account for such fine-scale variation in my models, as the goal of my methodology was to 

develop broad-scale predictions of emergence success and sex ratios to contrast the 

vulnerability of each population to climate change. However, my methodology can easily be 

adapted to incorporate fine-scale variations in nesting properties (e.g. Carter et al. 2015). In 

consideration of nest depth, I modelled temperatures at the average middle depth of the nest, 

being 50cm for N. depressus and 65 cm for C. mydas (Table A4.1 and A4.2). Additionally, I 

modelled temperatures at Eighty Mile Beach at 60, 70 and 80 cm depth to explore the observed 

variation in nest depth. I acknowledge that variation in nest depths exists between individual 

females, and the model presented here allows for manipulation of depth to explore these 

differences (e.g. Mitchell et al. 2008; 2016), but is not presented to allow for simpler 

comparison between rookeries. 
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Finally, recent studies of sea turtle development have suggested that in addition to temperature, 

the sex of sea turtles is also influenced by the hydric environment within the nest, with a higher 

than expected proportion of males produced when moisture content is high (Wyneken & 

Lolavar 2015, Lolavar & Wyneken 2017, Sifuentes-Romero et al. 2017). As mentioned in 

Chapter 2, validation of the microclimate model showed that incorporating a soil moisture 

subroutine reduced model efficacy at predicting sand temperatures. This observation may 

partially account for the higher than expected number of males observed at Eighty Mile Beach. 

Future studies should attempt to incorporate estimates of soil moisture into models, and use 

these in parallel with soil temperature to predict emergence success and sex ratios. This is 

particularly relevant for tropical rookeries (such as the winter nesting rookeries presented here), 

where rainfall events during monsoonal nesting may substantially reduce nest temperatures 

(Standora & Spotila 1985, Wyneken & Lolavar 2015). While the AWAP interpolations capture 

rainfall, future predictions may be convoluted as these stochastic events are difficult to 

accurately forecast, and the duration of the events, coupled with the timing during embryonic 

development will substantially influence their impacts. 

Nonetheless, despite the limitations discussed above, the models that I have developed allow 

for historic and future predictions of emergence success and sex ratios at these rookeries. 

Absolute estimates should be considered with caution until further model validation allows for 

a fuller understanding of model accuracy. 

4.5.1 Impact of climate change on emergence success 

Despite the potentially dire ramifications, relatively few studies have addressed the impacts of 

climate change on emergence success in species with TSD, with only a handful of studies 

attempting to elucidate upper thermal limits of embryos and predict the effects on sea turtles 

(see reviews by Howard et al. 2014 and Laloë et al. 2017). I show here, that under both low 

and high greenhouse gas emission scenarios, sand temperatures at sea turtle nesting depths will 

exceed putative upper thermal limits (i.e. 32 – 36 °C) for embryonic survival (Ackerman 1997, 

Miller 1997; Chapter 3, Howard et al. 2014, Laloё et al. 2017) at a higher frequency, duration 

and magnitude than contemporary levels. These effects will be most pronounced at winter 

nesting rookeries, with a high mortality expected by the end of the century under high emission 

scenarios irrespective of the day of the year that nesting occurs. Winter nesting rookeries may 

therefore be considered the most vulnerable to climate change, as any shift in nesting 

phenology will not be sufficient to avoid lethal temperatures. Therefore, spatial shifts and/or 
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evolution of thermal tolerance limits are the only adaptive strategies for winter-nesting 

populations to avoid the detrimental effects of increased embryonic mortality (Hawkes et al. 

2009, Tedeschi et al. 2015, Tedeschi et al. 2016, Laloë et al. 2017). I parameterised my winter-

nesting models to be concordant with the pattern that reptile embryos incubating at tropical 

rookeries should have a relatively higher thermal tolerance than those at higher latitudes 

(McGehee 1979, Howard et al. 2015; Chapter 3). The models took this into account by 

adjusting the logistic regression for emergence success described by Laloё et al. (2017) to a 

higher inflection point of 34.0 °C for N. depressus at Cape Domett and West Governor Island. 

At all other rookeries (regardless of species) I applied the threshold of 32.7 °C which is 

described as being generally applicable to all sea turtle species (Laloё et al. 2017). Despite this 

lower threshold, the effects of higher temperatures on emergence success at summer nesting 

rookeries of both C. mydas and N. depressus were predicted to be less extreme than the winter 

nesting populations. At these rookeries, while I show an increase in the number of days of the 

year where low emergence success is expected, there still is still a period of the year where 

nesting will result in high emergence success. 

Tropical populations generally live closer to their thermal optimum than temperate populations, 

with the gap between the thermal optimum and lethal temperature at low latitudes being quite 

narrow (e.g. Tewksbury et al. 2008, Huey et al. 2009, Vickers et al. 2011). As such, climate 

change is expected to lead to overheating of tropical species more readily than temperate 

species in the face of rising temperatures (Deutsch et al. 2008, Tewksbury et al. 2008, Kearney 

et al. 2009), which I show also predict here despite the assumed higher thermal tolerance. These 

findings reflect previous studies that show tropical nesting loggerhead turtles (C. caretta) have 

a higher thermal tolerance than temperate nesting rookeries (McGehee 1979), and are also at a 

greater risk of increased embryonic mortality under climate change (Pike 2014). My 

predictions of high mortality (aka low emergence success) are also similar to those presented 

by Cavallo et al. (2015) and Laloё et al. (2017) who predicted an increase in embryonic 

mortality under several climate change scenarios for C. mydas and C. caretta. 

4.5.2 Impact of climate change on sex ratios 

In contrast to embryonic mortality, studies of historic, contemporary, and future sex ratios in 

species with TSD have been extensive (see reviews by Wibbels 2003, Hawkes et al. 2009, 

Hamann et al. 2013, Hawkes et al. 2014) and have utilized a range of proxies and modelling 

techniques (see Wyneken & Lolavar 2015). These studies have predominantly shown that sea 
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turtle rookeries currently have highly female-skewed sex ratios (e.g. Godfrey & Mrosovsky 

1999, Broderick et al. 2000, Wibbels 2003, Hays et al. 2014) and climate change is anticipated 

to lead to further feminization, potentially compromising population viability as breeding 

males become rare in the population (Hewavisenthi & Parmenter 2002, Hulin et al. 2009, 

Fuentes et al. 2010). My hindcasting suggests substantial variation in the historic and 

contemporary (1990 - present) primary sex ratios at my six focal rookeries, and I expect that 

this variation will be maintained under climate change scenarios, with an overall reduction in 

male hatchlings. The seasonal sex ratios modelled here indicate that the rookery at Eighty Mile 

Beach has only produced clutches of mixed sexes twice over the 25 year period that AWAP 

climate data were available (in 1991/1992 and 1992/1993; Table 4.5). This result should be 

interpreted with caution given that male embryos were detected during model validation when 

only female hatchlings were expected (see Table 4.5), and the observation that the models 

seems to overestimate temperatures at this rookery during summer months (Chapter 2). 

Nonetheless, these results and the relatively low proportion of male embryos observed (~9%) 

indicate that this rookery may already be highly feminized, with climate change to reduce male 

production to effectively zero by the end of the century. These results were surprising given 

the relatively higher pivotal temperature for this population (Chapter 3), but again, this may be 

an artefact of overestimation of temperatures (Chapter 2). In contrast, it appears that both the 

winter nesting rookeries and the rookery at the southern limits of N. depressus nesting (i.e. 

Thevenard Island) are currently producing (and have historically produced) relatively high 

numbers of male offspring (~20-50%) during the same time period. These rookeries may 

consequently be moderating the sex ratio bias of the highly female-skewed rookery at Eighty 

Mile Beach in the breeding population through panmixia at foraging and breeding grounds (see 

Jensen et al. 2018). However, a particular concern from this study is the apparent decline in 

male hatchlings produced at Thevenard Island over the time period I modelled (1990 – 2016). 

The data suggest this rookery is currently undergoing a feminizing trend, with a drop in male 

production from around 50-80% in the 1990s, to below 20% for most years since 2000. Further 

efforts should be made toward determining whether this rookery is indeed feminizing as the 

climate changes, and whether this can be being mitigated through temporal and/or spatial 

selection of nesting sites by females. 

In addition to the emergence success predictions, my sex ratio modelling indicates that the N. 

depressus rookeries at Cape Domett and West Governor Island may be further imperilled, as 

they currently nest at the coolest time of year (Whiting et al. 2008), and there is only a short 



122 
 

period of time where nesting results in male production (May to September). Under climate 

change scenarios, this window for male production contracts, and by the end of the century 

under a high emissions scenario, I predicted no days of the year that would produce nests of 

mixed-sexes, instead only nests that produce female hatchlings. This is the case for almost all 

scenarios, with the exception of the lowest emission scenario (RCP 2.6), where the overall 

proportion of males produced decreases, but the period of time where males could be produced 

remaining fairly similar to the contemporary period. Avoidance of extreme sex ratio skews at 

these rookeries can therefore only be achieved through either a spatial shift in nesting (either 

to a cooler beach, or a cooler part of the beach) (Witt et al. 2010, Butt et al. 2016), or evolution 

of the TSD reaction norm to facilitate male production at higher temperatures (Ewert et al. 

2005, Hulin et al. 2009). This is especially important for these rookeries, as hindcasting of sex 

ratios shows that they frequently produce male hatchlings, possibly maintaining the male 

contingent within breeding populations (see also Stubbs et al. 2014). Therefore, it is important 

for conservation managers to focus resources on these locations, so that demographic collapses 

associated with male limitation can be avoided. This may be achieved through procedures such 

as nest shading, revegetation, nest relocations, and/or artificial incubations (e.g. Naro-Maciel 

et al. 1999, Hawkes et al. 2007, Fuentes et al. 2009). 

In contrast to the winter nesting rookeries, the populations that currently nest in summer have 

the potential to avoid sex ratio skews by shifting nesting phenology to a cooler time of year 

(Hawkes et al. 2009), with male production still predicted if nesting was to occur in winter 

months – even under high emission scenarios. This shift in nesting phenology is reliant on 

plasticity in nesting date, and requires such plasticity to be heritable in order for temporal shifts 

in nesting to be maintained (Schwanz & Janzen 2009). Historically, studies have suggested that 

sea turtles are able to alter the timing of their breeding and nesting based on environmental 

cues (Weishampel et al. 2004, Pike et al. 2006, Hawkes et al. 2007, Dalleau et al. 2012), which 

results in nesting occurring either earlier or later in the season. Therefore future studies should 

consider whether nesting phenology shifts based on environmental cues are possible in these 

specific populations, and whether temporal nesting shift responses are heritable, as they are in 

freshwater turtles (McGaugh & Janzen 2011). 

While theory suggests that sex ratios in natural populations should approach 50:50 to maintain 

population viability (Fisher 1930), evidence at some sea turtle rookeries suggest a long history 

of strong female bias (Godfrey et al. 1999, Broderick et al. 2000, Hays et al. 2003). One 

potential explanation is that sea turtle populations span multiple rookeries, with substantial 
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mixing of individuals from different locations at foraging and breeding grounds (Waayers et 

al. 2011, Pendoley et al. 2014b, Waayers 2014, Whittock et al. 2014, Jensen et al. 2016, Jensen 

et al. 2018). Such observations suggest that while primary sex ratios at rookeries may be 

skewed, operational sex ratios may be closer to 50:50. However, operational sex ratios may 

also be female-skewed, as there is no evidence to suggest that operational sex ratios should be 

balanced in sea turtle populations (Hays et al. 2017). In fact, female biased primary sex ratios 

may be an adaptation in sea turtle populations due to their infrequent female breeding (Hays et 

al. 2014). Female biased operational sex ratios may arise as a consequence of polyandry (e.g. 

Lee & Hays 2004, Zbinden et al. 2007, Theissinger et al. 2009, Tedeschi et al. 2014, Lee et al. 

2017) and shorter breeding periodicities of males (Hays et al. 2010, Hays et al. 2014) resulting 

in optimal operational sex ratios that are female dominated (Poloczanska et al. 2009). Accurate 

hindcasting of sex ratios at rookeries (ideally prior to industrialization) could provide important 

insights into historical population dynamics and potential demographic effects of future skews 

(e.g. Hays et al. 2003). 

 

4.6 Conclusion 

This study used fine-scale interpolated climate surfaces and monthly climate adjustments, with 

population-specific embryonic models to mechanistically show the effects of increasing 

ambient temperatures on six geographically separated sea turtle rookeries. I show differential 

impacts across the geographic range of the N. depressus, with winter nesting populations in the 

tropics being more susceptible to rising temperatures than summer nesting populations, 

assuming that there is heritable plasticity in the timing of nesting. The models presented here 

agree with previous studies suggesting that tropical nesting populations are at a greater risk of 

climate change than temperate populations (Witt et al. 2010, Pike 2014). I caution that further 

model validation should be employed to determine the reliability of the sex ratio and emergence 

success predictions, but I provide a strong framework for identifying regions at the highest risk 

to climate change. Overall I demonstrate the need for population-specific measures to mitigate 

the threat of climate change. 
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4.7 Appendix 

 

Table A4.1 Nest depths reported in the literature for flatback turtles (Natator depressus) 

Area Top (cm) Middle 

(cm) 

Bottom 

(cm) 

Reference 

Bundaberg 28.8 - 55.0 Limpus 1971 

Peak Island - - 49.5 Limpus et al. 1981 

Crab Is. 36.1 - 54.4, 65.0 Limpus et al. 1983, 

Sutherland & Sutherland 

2003 

Fogg Bay 32.1 - 53.3, 56.9 Guinea 1994 

Greenhill Is. 37.8 - 60.4 Hope & Smit 1998 

Field Is. 34.3 - 56.4 Schӓuble et al. 2006 

Eighty Mile Beach 52.3 61.6 70.3 This study 

Lacepede Is. 39.5 51.0 55.0 This study 

Maret Is. 40 - 73 Waayers 2014 

Barrow Is. - - 71.1 Pendoley et al. 2014 

Munda - - 65.9 Pendoley et al. 2014 

Cemetery Beach - - 70.4 Pendoley et al. 2014 

Bells Beach 51.3 - - van Lohuizen et al. 2016 

Delambre Is. 56.0 - - van Lohuizen et al. 2016 

Bare Sand Is. 34.7 44.1 53.4 Koch et al. 2007 

 

 

Table A4.2 Nest depths reported in the literature for green turtles (Chelonia mydas) 

Area Top (cm) Middle (cm) Bottom (cm) Reference 

Heron Is. 40.2 - 69.2 Limpus et al. 1984 

Raine Is. 52.3 - 81.63 Limpus et al. 2003 

Ashmore Banks - - 68.3 Guinea 1995 

Maret Is. 53 - 87 Waayers 2014 

Ascension Is. - - 85 Mortimer 1999 

Heron Is.  60 77.4 Booth & Astill, 2001 

Ascension Is.   78 Carr 1961 

Tortuguero 48.8   Spotila et al. 1987 

Taiwan   69.0 Chen & Cheng 1995 

Tortuguero  70  Tiwari et al. 2006 

Akyatan 54.1  71.6 Casale et al. 2000 

Wan-An Is.   69.58 Cheng et al. 2008 

Lanyu Is.   68.99 Cheng et al. 2008 

Lacepede Is. 57.0 69.0 80.5 This study 
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Figure A4.1  Assumed relative nesting distributions for winter peaking rookeries; Cape Domett and 

West Governor Island (blue) and summer nesting rookeries; Eighty Mile Beach, 

Thevenard Island Cassini Island and the Lacepede Islands (red).  
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Figure A4.2  Temperatures within nine natural N. depressus nests at Eighty Mile Beach for the 

duration of incubation during the 2015/2016 nesting season at four locations within the 

nest chamber.
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Figure A4.3  Sand temperatures (50 cm) used to inform emergence success and sex ratio models for the N. depressus rookery at Cape Domett under four 

climate change scenarios for four time points over the coming century. 
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Figure A4.4  Sand temperatures (50 cm) used to inform emergence success and sex ratio models for the N. depressus rookery at West Governor Island 

under four climate change scenarios for four time points over the coming century. 
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Figure A4.5  Sand temperatures (50 cm) used to inform emergence success and sex ratio models for the N. depressus rookery at Eighty Mile Beach under 

four climate change scenarios for four time points over the coming century. 
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Figure A4.6  Sand temperatures (50 cm) used to inform emergence success and sex ratio models for the N. depressus rookery at Thevenard Island under 

four climate change scenarios for four time points over the coming century. 
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Figure A4.7  Sand temperatures (65 cm) used to inform emergence success and sex ratio models for the Ch. mydas rookery at Cassini Island under four 

climate change scenarios for four time points over the coming century. 
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Figure A4.8  Sand temperatures (65 cm) used to inform emergence success and sex ratio models for the Ch. mydas rookery at the Lacepede Islands under 

four climate change scenarios for four time points over the coming century.
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CHAPTER FIVE 

 

Loggerhead sea turtle embryos (Caretta caretta) regulate 

expression of stress-response and developmental genes when 

exposed to a biologically realistic heat stress 

 

 

 

 

This chapter is presented as it appeared in a 2017 publication in Molecular Ecology, apart from 

minor changes to formatting and referencing for consistency with previous and subsequent chapters.  
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5.1 Abstract 

Oviparous reptile embryos are expected to breach their critical thermal maxima if temperatures 

reach those predicted under current climate change models due to the lack the maternal 

buffering processes and parental care. Heat shock proteins (HSPs) are integral in the molecular 

response to thermal stress, and their expression is heritable, but the roles of other candidate 

families such as the heat shock factors (HSFs) have not been determined in reptiles. Here I 

subject embryonic sea turtles (Caretta caretta) to a biologically realistic thermal stress and 

employ de novo transcriptomic profiling of brain tissue to investigate the underlying molecular 

response. From a reference transcriptome of 302,293 transcripts, 179 were identified as 

differentially expressed between treatments. As anticipated, genes enriched in the heat shock 

treatment were primarily associated with the Hsp families, or were genes whose products play 

similar protein editing and chaperone functions (e.g. bag3, MYOC and serpinh1). 

Unexpectedly, genes encoding the HSFs were not significantly upregulated under thermal 

stress, indicating their presence in unstressed cells in an inactive state. Genes that were 

downregulated under thermal stress were less well functionally defined but were associated 

with stress response, development, and cellular organization, suggesting that developmental 

processes may be compromised at realistically high temperatures. These results suggest that 

genes from the Hsp families may play vital roles in the thermal tolerance of developing reptile 

embryos, and in addition with a number of other genes, should be targets for evaluating the 

capacity of oviparous reptiles to respond adaptively to the effects of climate change.  
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5.2 Introduction 

Anthropogenic climate change is anticipated to lead to significant increases in ambient 

temperatures before the end of the 21st century (IPCC 2013), with adverse impacts expected to 

threaten the survival of many marine and terrestrial species (Harley et al. 2006). These changes 

will have the largest impact on ectothermic species (Liu et al. 2013) whose physiology is 

strongly dictated by environmental temperature, affecting many aspects of their performance, 

including their survival and reproduction (Doody & Moore 2011, Hawkes et al. 2007). 

Sea turtles are the most widely distributed group of reptile in the world (James et al. 2006). 

Many sea turtle populations are currently in decline due to direct anthropogenic influence, and 

climate change is expected to exacerbate these declines (Hawkes et al. 2009). All extant species 

of sea turtle are ectothermic and oviparous, depositing clutches of parchment-shelled eggs in 

nests on sub-tropical and tropical beaches across the globe (Miller 1997). The embryonic phase 

of oviparous organisms such as turtles are particularly vulnerable to the effects of temperature 

(Pechenik 1987, James et al. 2006, Howard et al. 2014) as a consequence of their relatively 

narrow thermal tolerance range, inability to ‘behaviourally buffer’ themselves against lethal 

temperatures, and lack of parental care and maternal buffering processes (Du & Shine  2015; 

Godley et al. 2001; Hawkes et al. 2007; Hays et al. 2003; Mitchell et al. 2008; Pike 2014; 

Telemeco et al. 2013).  

Most studies investigating the effects of climate change on sea turtle embryos have focused on 

their temperature-dependent mechanism of sex determination (TSD; Yntema & Mrosovsky 

1980), where small increases in temperature are expected to lead to wide-scale rookery 

feminization (Janzen 1994). Less is known about the thermal tolerance limits possessed by sea 

turtles, and how they might overcome these limits (Howard et al. 2014). The upper thermal 

limits of sea turtle embryos are not well defined but are generally estimated between 33-35 °C 

(Ackerman 1997; Davenport 1997; Howard et al. 2014). Natural nest temperatures often 

exceed this range (e.g. Trocini 2013), especially in the later stages of development when 

metabolic heating is highest (Broderick et al. 2001). Higher temperatures during incubation are 

correlated with faster development (Ackerman 1997), up until a critical point, after which 

development rate decreases significantly due to enzyme inactivation (Georges et al. 2005; 

Valenzuela & Lance, 2004). Temperature during incubation also influences a variety of 

hatchling attributes in reptiles (Deeming 2004), with extreme temperatures expected to have 

profound impacts on embryonic viability (Howard et al. 2014), and induce congenital 
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malformations, including a higher prevalence of scute (keratinous plates on dorsal carapace) 

abnormalities (Packard & Packard, 1988), which are expected to negatively influence hatchling 

fitness (Møller, 1997). 

Sea turtle populations might mitigate the adverse impacts of climate change on the developing 

embryo in three ways (Hughes 2000). The first is to shift nesting to beaches (or parts of 

beaches) that experience cooler incubation temperatures (typically towards the poles) (Hughes 

2000; Shine et al. 2002). Alternatively, turtles may shift nesting temporally in order to avoid 

lethal incubation temperatures by nesting earlier or later in the season (Walther et al. 2002; 

Weishampel et al. 2004). Spatial and temporal shifts in nesting may not always be possible for 

sea turtles due to their strong tendency for natal homing (Carr 1967), and because nesting may 

already be at the coolest time of year (e.g. Whiting et al. 2008). The final strategy to avoid 

mortality associated with rising temperatures is through genetic adaptation that allows the 

embryo to tolerate higher incubation temperatures. This mechanism has often been dismissed 

in sea turtles due to their long generation times (greater than 20 years in some species; Bowen 

et al. 1992), but may be possible if the species can exploit existing genetic variation in heritable 

traits (Bowen & Karl 2007; Hoffmann et al. 2015; Kuparinen et al. 2010). 

Heat shock proteins (Hsps) are encoded by hsp genes and are strong candidates in adaptive 

molecular response to warming climates (Tedeschi et al. 2016). Hsps are molecular chaperones 

and editors that act as the emergency cellular response to clear protein mis-folding and 

aggregations that occur during stress, and have been extensively studied in a diverse range of 

taxa (Morimoto 1994; Moseley 1997). Loggerhead (Caretta caretta) sea turtle embryos 

significantly increase their expression of hsp70 and hsp90 under thermal stress (Tedeschi et al. 

2015). This response varies between individuals and populations and is heritable, indicating 

the potential for genetic adaptation through selection (Tedeschi et al. 2016). While analysis of 

hsp gene expression is useful as a biomarker for potential adaptation, adaptive responses are 

more likely to be complex and polygenic (Pritchard & Di Rienzo 2010). Yet, little is known 

about the mechanisms underlying the molecular response of developing reptile embryos to 

thermal stress. Of particular interest are genes that encode proteins that regulate the expression 

of hsps, termed Heat Shock Factors (HSFs) (see review by Morimoto 1998), as well as other 

co-chaperone molecules.  

The recent advances of the ‘omic’ technologies potentially enable characterisation of molecular 

responses to stimuli in unprecedented detail for non-model organisms (Dalziel et al. 2009; 
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Stapley et al. 2010; Ungerer et al. 2008). By comparing the full suite of genes that are expressed 

in a tissue or organism (i.e. the transcriptome) between experimental treatments, genes that are 

differentially expressed can be identified as ‘candidate genes’ associated with a response to the 

treatment, and may be used in as biomarkers for particular traits (Smith-Keune & Dove, 2008), 

or to evaluate adaptive capacity (Leder et al. 2015). Biomarkers are used extensively in 

conservation management to indicate levels of risk for populations to environmental 

perturbations (Quiros et al. 2007). 

Here, I expose late stage (~80% developed) loggerhead sea turtle embryos (Caretta caretta) to 

an acute, but biologically realistic, thermal stress (36 °C for 3 hours), and compare total gene 

expression in brain tissue with individuals reared at a thermally optimal temperature (29 °C). I 

hypothesized that genes indicative of cellular stress response would be significantly 

upregulated in the brain tissue of embryos subjected to thermal stress. Based on research in 

other ectotherms, I expected hsp70, hsp90 and HSF1 genes to be prominent in this group. I also 

anticipated that genes involved with development, organogenesis and cell proliferation would 

be downregulated as resources are preferentially directed to maintaining cell viability and 

survival near critical thermal limits (Feder & Hofmann, 1999). 

 

5.3 Materials and Methods 

5.3.1 Study site and egg collection 

I used freshly oviposited C. caretta eggs collected during the summer nesting period in 2013 

from a single beach at Turtle Bay, Dirk Hartog Island Western Australia (25°29’59.47” S, 

112°59’35.90” E). Eggs were collected for the purpose of previous studies (nTOTAL = 1,280; 

Tedeschi et al. 2016) that were used for expression analysis of three specified hsps, and used 

here opportunistically. Dirk Hartog Island is a major rookery for C. caretta with 800 – 1500 

females nesting each year (Department of the Environment, Water, Heritage and the Arts 

2010). Embryos here typically experience incubation temperatures of between 25-35 °C, but 

have also been shown to reach temperatures of 36 °C and above for short periods during 

incubation (Trocini, 2013; Woolgar et al. 2013). Egg samples were collected as described by 

(Tedeschi et al. 2015). Briefly, eggs were collected randomly during oviposition to minimize 

nest disturbance. Eggs were transferred to a portable Engel refrigerator and chilled to 7-10 °C 

within three hours of collection in order to arrest embryonic development while maintaining 

embryonic viability (Harry & Limpus 1989). Transportation to incubators at the University of 
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Western Australia (Crawley campus) was achieved within the 72-hmy viability window (Harry 

& Limpus 1989). 

5.3.2 Experimental design 

Maternal origin of each egg was recorded during the collection process, as such equal numbers 

of C. caretta eggs from each female were allocated into either a heat shock (HS) or control 

treatment. Post-experimental microsatellite genotyping of individuals allowed for sibship to be 

determined (Tedeschi et al. 2014). Three full-sibling pairs (total nindividuals = 6) were selected 

for downstream analyses, with one individual from each pair subjected to a heat shock 

treatment and the other to a control treatment. ‘Heat shocked’ individuals (HS) were incubated 

at 29 °C until 45 days of development at which time eggs were subjected to a ‘heat shock’ 

period of three hours at 36 °C. A previous study (Tedeschi et al. 2015) concluded that exposure 

at this temperature and duration is optimal for examining fold-change expression in heat shock 

protein genes (hsps) and temperatures embryos are exposed to here are similar to those 

experienced within natural nests (Trocini, 2013). At 29 °C, C. caretta embryos are 

approximately 80% developed (±5%) by day 45 of incubation and hatching occurs after 

approximately 56 days of incubation (Miller 1985). This was predicted using the non-linear 

development model parameters for C. caretta estimated by Woolgar et al. (2013). At this stage 

of development, nest temperatures are typically highest due to the effects of metabolic heating 

(e.g. Broderick et al. 2001) and hsp induction is higher here (Tedeschi et al. 2015), possibly 

due to the pressures associated with the high metabolic heat production. Individuals in the 

control treatment (C) were incubated at 29 °C until 45 days of development, after which they 

were moved to another 29 °C incubator for three hours for procedural control. Embryos were 

immediately removed from their egg following the treatment before being weighed, 

photographed and then euthanised by lethal injection of MS-222. Immediately following 

euthanasia, brain tissue was removed from the individuals and stored in RNAlater® (Life 

Technologies) at 4 °C for 24 hours to allow tissue penetration, then transferred to -80 °C until 

RNA extraction. Brain tissue was chosen for expression analysis due to the complexity of the 

resulting transcriptome and the rapid changes in gene expression (Boardman et al. 2002; 

Ramsköld et al. 2009; Tzika et al. 2011, Tzika et al. 2015) as well as the relatively high number 

of studies on reptilian brain transcriptomes which was expected to increase annotation success 

(see Tzika et al. 2015). Brain tissue has been used successfully for studies of cold stress on a 

number of fish species with transcriptomic responses similar to that of other tissue types 

(Gracey et al. 2004; Huth & Place 2013; Krasnov et al. 2005). Additionally, acquisition of 
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tissue from endangered species such as sea turtles is difficult, and brain tissue had been 

collected for a previous hsp study by Tedeschi et al. (2016) and was readily available.  

5.3.4 Total RNA extraction and sequencing 

Total RNA was extracted from the brain tissue (FavorPrepTM Total Tissue Mini RNA Kit, 

Favorgen) of the six individuals, with purity and quantity assessed using a Qubit ® 2.0 

Fluorometer (Invitrogen, Eugene, OR, USA). RNA quality was assessed using RNAase-free 

1.5% agarose gel electrophoresis. Samples were selected based on RNA quantity and quality, 

with all samples having a minimum of 62ng/µl. RNA was stored at -80 °C until shipment on 

dry ice to the Beijing Genomics Institute (BGI), Hong Kong. Standard sequencing and library 

construction was achieved through paired-end Illumina sequencing using a HiSeq2000 

sequencing platform. Reads were 100bp in length with each individual barcoded and all 

samples run on a single lane to limit sequencing bias. For RNA-Seq analysis, approximately 

180 million paired reads were obtained through Illumina sequencing from the six individuals 

(3 full-sibling pairs; 1 individual per mother per treatment) (Table 5.1). All raw reads were 

submitted to the NCBI Sequence Read Archive (SRA) under accession numbers SRR5288329-

34. 

Table 5.1  Number of raw reads obtained from each sample through Illumina paired-end sequencing 

and number aligned to transcriptome with RSEM. 

Treatment Sample 

ID 

Maternal 

ID 

Number of raw reads Number of reads mapped to 

transcriptome 

Control C1 1 32,217,343 28,236,478 (87.64%) 

Control C2 2 21,991,097 19,187,753 (87.25%) 

Control C3 3 32,756,822 28,769,628 (87.83%) 

Heat Shock HS1 1 24,832,846 32,261,188 (87.01%) 

Heat Shock HS2 2 35,441,714 30,857,043 (87.06%) 

Heat Shock HS3 3 32,553,886 28,320,859 (87.00%) 

Total   179,796,708  

 

5.3.5 De novo transcriptome assembly  

Raw reads were first screened for quality and residual adapter sequences using the FastQC 

package (version 0.11.2; http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) with low 
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quality reads discarded. De novo transcriptome assembly of the six individuals was achieved 

using Trinity software (version 2.0.6; Grabherr et al. 2011) with a K-mer size of 25 and a 

minimum contig length of 200 on the Barrine (University of Queensland) computing cluster. 

The assembly included the application of Trimmomatic (Bolger et al. 2014) to clean up low 

quality reads and residual adapter sequences, as well as in silico normalization, where the 

expression values were TMM (Trimmed Mean M-values) normalized to reduce downstream 

computational requirements. The BUSCO (Benchmarking sets of Universal Single-Copy 

Orthologs) software package v1.22 (Simao et al. 2015) was applied to the assembled 

transcriptome to test for assembly quality and completeness using the vertebrate-specific 

profile library. 

5.3.6 Differential expression analysis 

Expression abundance estimates for each of the six samples were calculated using RSEM (Li 

& Dewey 2011) where each sample was used as a biological replicate (3 control, 3 heat shock). 

RSEM computes abundance estimates for each sample by aligning raw reads to the Trinity 

transcript using Bowtie (Langmead et al. 2009).  Differences in expression levels between 

samples were calculated using a combination of edgeR (Robinson et al. 2010), DESeq2 (Love 

et al. 2014), and voom (Ritchie et al. 2015). Only transcripts that returned significant hits (FDR 

adjusted p < 0.001, ≥4-fold change) between treatment groups using at least two of the 

differential expression analysis techniques were retained for downstream analysis. A PCA 

analysis was conducted on the complete gene set to visualize the separation of samples based 

on treatment. Transcripts were considered to have a contributed significantly to the PC if they 

had a loading value of at least 0.7 times the largest correlation of that component (Mardia et 

al. 1979).  

5.3.7 Transcriptome annotation 

Annotation of the assembled transcripts was achieved using the Trinotate annotation suite 

(version 2.0.1; http://trinotate.github.io/) on the Barrine (UQ) and Bragg (CSIRO) HPCs. 

Initially, potential open reading frames (ORFs) of no less than 300bp were identified using 

Transdecoder (Haas et al. 2013) where only the longest ORFs were retained if multiple 

overlapping ORFs were detected within a single contig. These translated ORFs were aligned 

to the Swiss-Prot database using the Basic Local Alignment Search Tool p (BLASTp) and 

untranslated transcripts were aligned using BLASTx to identify gene identities (BLAST+ 

version 2.2.27; Altschul et al. 1990). The assembled transcriptome was also queried against all 
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Testudine (turtle) sequences on the NCBI nr database. BLAST searches were undertaken with 

only the top result queried with a minimum E-value of -5. Gene ontology (GO) terms for 

predicted sequences from BLAST searches were generated through KEGG (Kanehisa et al. 

2011), Gene Ontology (Ashburner et al. 2000), and Eggnog (Powell et al. 2012) as a part of 

the Trinotate analysis. Predicted protein domains were also annotated using the HMMER 3.0 

tool hmmscan (Finn et al. 2011) and the Pfam-A database (Bateman et al. 2004). SignalP 

(Petersen et al. 2011) was used to check predicted protein domains for signalling properties 

and TMHMM (Krogh et al. 2001) was utilized to identify transmembrane proteins. Trinotate 

annotation results were then populated into a SQLite database and placed into a tab-delimitated 

file (deposited on Dryad: (doi:10.5061/dryad.8cr05). 

5.3.8 Functional enrichment 

GOseq (Young et al. 2010) was utilized within the Trinotate pipeline to explore functional 

enrichment among the gene sets. GOseq was applied to the differentially expressed transcripts 

to determine those gene ontology categories that were significantly enriched under thermal 

stress. Similar to the differential expression analysis, gene ontology results were only pulled 

from transcripts that were identified as differentially expressed with at least two of the 

differential expression analysis programs. The program catGOrize (Hu et al. 2008) was 

subsequently used to obtain GO Slim terms for a broader perspective of the functional 

classifications of the transcripts that were identified as enriched. 

 

5.4 Results 

5.4.1 De novo assembly  

All sample sequences were deemed of sufficient quality using FastQC. As such, de novo 

assembly from the six individuals produced a transcriptome with 382,294 transcript isoforms 

representing 302,293 genes with a N50 value of 2,585bp (Table 5.2). Each sample had at least 

87% of their individual transcripts matched back to the reference transcriptome (Table 5.1). 

Figure 5.1 shows the relationship between the six samples through a principle component 

analysis (PCA) based on all transcripts. Transcripts (and their associated genes where 

identified) that were identified as significantly correlated with PC1 and PC2 are presented in 

the supplement material (Table S3). Based on the comparison against the 3023 BUSCO groups 

in the vertebrate lineage profile, the assembled transcriptome had a completeness score of 88%, 

a fragmentation score of 5.7% and 5.5% were identified as missing BUSCOs. These values are 
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comparable to those found in other studies (e.g. Simão et al., 2015; Theissinger et al., 2016), 

and suggest a high quality assembly. 

Table 5.2 Basic de novo statistics from the transcriptome of six individuals of Caretta caretta based on 

all transcript contigs after quality control and normalization. 

Total Transcripts 382,294 

N50 2,585 

Median Contig Length 415 

Average Contig Length 1,076.23 

GC Content 46.13% 

 

 

Figure 5.1  Principle component analysis (PCA) of all samples used for comparison. PCA based on 

expression levels of all assembled transcripts. Only the first two components are shown 

here, with the variance explained by each component presented in the parentheses.  

 

5.4.2 Differential expression 

Of the assembled transcripts, 179 had significant (p < 0.001) differential expression (at least 4-

fold differences) between the control and heat shock treatments in at least two of the expression 

analyses (Figure 5.2). The number of transcripts identified in each analysis is show in Figure 
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5.3, those that were only present in one analysis were removed from downstream analyses. One 

hundred and forty two transcripts were significantly upregulated in the heat shock treatment 

while 37 were downregulated. Of these differentially expressed transcripts, a total of 101 

(56.4%) returned significant (E-value < 105) BLAST hits (based on BLASTx and/or BLASTp 

alignments against Swissprot or against the Testudine nr database) representing 67 unique 

genes, meaning that 78 transcripts had no significant match to the databases. Raw expression 

values for each differentially expressed transcripts are presented in Table A5.1. It should also 

be noted here that there was variation between individuals in their response to the acute thermal 

stress. 
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Figure 5.3 Venn diagram representing the number of transcripts identified as differentially 

expressed (p < 0.001, 4-fold changes) using the three analysis software programs – 

edgeR, DESeq2 and voom.  

 

5.4.3 Gene annotation 

Annotation of the full transcriptome showed that 43.92% of all transcripts had a significant 

match against one of the databases (See Table 5.3; Swiss-Prot, Testudine, PFAM, SignalP, and 

TMHMM). Annotation of the differentially expressed genes showed the group of genes 

upregulated under thermal stress yielded 83 BLAST hits from a total of 142 contigs (58.5%) 

representing a total of 50 unique genes (including genes of unknown function). Functional 

annotation of these contigs suggests that the majority of upregulated genes are from Hsp 

families, or are associated with them. The most abundant Hsp family detected were from the 

Hsp70 super family (HspA and HspH) (n=20 transcripts, 4 genes; hsp70, hspa8, hspa5, hsph1) 

followed by the small heat shock protein family (sHsp or HspB) (n=4 transcripts, 2 genes; 

hspb8, hs30c) and the Hsp90 family (HspC) (n=2 transcripts, 1 gene; hsp90aa1). Despite the 

upregulation of hsp genes, I found no significant upregulation of hsf genes (Table A5.1). Along 

with the hsp genes, were genes that encode for proteins that interact with, or have similar 

functional roles in cellular processes. These were genes such as bag3, which forms complexes 

with hspb8 and hspa8, CHORDC1 which is associated with hsp90aa1, and serpinh1 which 

codes for a collagen-specific chaperone molecule with a similar function to the hsp proteins. I 

also found a similar expression level of Stip1 (aka HOP) which links together hsp70 and hsp90 

under thermal stress and also acts as a co-chaperone for other Hsps. 
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Table 5.3  Full transcriptome annotation statistics, with the number of transcripts returning a match 

against one of the databases presented as a percentage. Some transcripts had multiple 

annotation hits. 

Database Queried Significant match (%) 

BLASTX (UniProt) 32.030 

BLASTP (UniProt) 22.637 

BLASTX (Testudine) 39.905 

PFAM 18.979 

SignalP 34.384 

TmHMM 4.704 

eggnog 23.465 

Kegg 23.604 

GO from BLAST 24.952 

GO from PFAM 12.732 

No annotation information 56.085 

At least one database hit 43.915 

 

Downregulated genes under thermal stress were less functionally defined than the upregulated 

genes. Of the 37 genes that were significantly downregulated, a total of 17 (46%) matched 

significantly against previously identified genes. A number of these genes had very little 

annotation information associated with them, indicating limited knowledge of their function. 

The most informative of these genes were tgm3, tacc3, PLAC8, IFIT1, Coro1a, and Dmbt1, 

due to their roles in a number of important biological processes, in particular their association 

with embryonic viability and development. 

5.4.4 Functional Enrichment 

Functional enrichment analyses resulted in the identification of 580 GO terms that were 

enriched under in at least two of the differential expression analyses (Table A5.2). These GO 

terms were slimmed to broader categories for easier interpretation (Figure 5.4). The most 

significantly enriched GO categories were associated with response to stimuli, including heat 

and cold, as well as protein folding and editing pathways. Within the enriched terms were also 

a number of processes associated with development, apoptosis and cell proliferation. 
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Figure 5.4  GOSlim terms for the transcripts that were identified as enriched under the experimental 

conditions. Biological process, cellular compartment and molecular process categories 

refer to GO terms that could not be binned to a broader category. A full list of the enriched 

GO terms is presented in Table A5.2. 

 

 

5.5 Discussion 

Adaptive responses to a warming climate are likely to involve complex polygenic processes. 

Consistent with this, my findings reveal that multiple, functionally diverse genes change 

expression in the brain tissue of sea turtle embryos in response to a biologically realistic thermal 

stress. The dominant upregulated response was among genes typically associated with cellular 

stress, while downregulated genes were typically involved with cell proliferation, development 

and biogenesis. I note that while I did not quantify protein production here, studies have shown 

that for some hsps, protein expression and gene expression are correlated (de Sousa Abreu et 
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al. 2009; Ghazalpour et al. 2011), however, overall protein expression is regulated by 

translation and degradation (de Sousa Abreu et al. 2009; Vogel & Marcotte 2012). As such, 

further studies are needed to determine whether the observed changes in gene expression 

correlate with an overall change in protein abundance. 

Differential expression of stress-indicator genes 

5.5.1 HSPs 

As expected, the most prominent among the stress-related genes were the strongly upregulated 

heat shock protein genes (hsps), which studies on a number of species have shown to play a 

role in restricting or substantially reducing the level of pathology and cell death under acute 

thermal stress (see review by Feder & Hofmann 1999). The annotated upregulated hsps in this 

study were assigned to three Hsp families (small Hsps, Hsp70, Hsp 90; Moseley 1997), with 

the Hsp60 family the only notable absence. This finding is consistent with previous studies on 

freshwater and marine turtles, and canines, which suggest Hsp60 is important in protein 

transport under normal cellular conditions, but not under thermal stress (Chang et al. 2000; 

Kesaraju et al. 2009; Tedeschi et al. 2015). The large increases in expression of genes from the 

Hsp90, Hsp70 and sHsp families provide evidence of a wide-spread defence mechanism for 

brain cells to cope with the stressful conditions induced by the thermal challenge. Additionally, 

the presence of collagen-specific molecules (encoded by serpinh1; Nagata et al. 1986) as a 

response to the experimental treatment suggests that molecule-specific protein editing 

processes may be initiated within the brain. Therefore, a number of genes that had altered 

expression levels may be involved with protein aggregation and mis-folding, but might have 

specific target proteins that have yet to be identified. It is important to note here previous 

findings of heritability in hsp expression (hsp70 and hsp90) in C. caretta (Tedeschi et al. 2016).   

If the other hsp genes identified here are also heritable, then they represent likely targets for 

selection towards thermal tolerance in reptile embryos. 

The significant upregulation of hsps seen here is similar to the responses of other ectothermic 

organisms (see Porcelli et al., 2015 for review). Wide-scale upregulation of HSP70, HSP90 

and sHSP families in response to thermal stress is common in a number of fish (Fangue et al. 

2006; Liu et al. 2013; Newton et al. 2013; Smith et al. 2013), insects (see King & MacRae 

2015) and urchins (Runcie et al. 2012), including during embryogenesis (Krone et al. 1997; 

Runcie et al. 2012). The observed significant increase in expression of hspa8 (aka hsc70) under 

thermal stress, has been suggested to result in higher thermotolerance in fish (Fangue et al. 
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2006), and is similar to observations in the Chinese soft-shelled turtle Pelodiscus sinensis (Li 

et al. 2012). This upregulation of hspa8 might suggest that the study population at Dirk Hartog 

Island may be at least somewhat adapted to elevated temperatures during development, 

however further research should compare geographically distinct populations to determine the 

relative thermotolerance of this population. 

5.5.2 Non-HSPs involved with cellular stress response 

While hsp regulation was the most dominant of the upregulated genes, there were a number of 

other genes involved with cellular stress response that changed in expression levels between 

treatments. The gene encoding the BAG3 protein (bag3) was significantly upregulated under 

thermal stress. BAG3 mediates cell adaptive responses to stressful stimuli, such as temperature, 

and interacts with a number of Hsps including Hsc70 and Hspb8 (Rosati et al. 2011). Under 

stressful conditions, proteins Hsp70 and Hsp90 often form a complex in response to protein 

misfolding, however, this complex requires the association of the protein encoded by hop 

(Johnson et al. 1998) which was also upregulated in the sea turtle brain under thermal stress. 

Similarly, the Hsp90 complex requires several other co-chaperone and accessory molecules 

that modulate ATPase activity and client protein interactions in order to function (Gano & 

Simon 2011). These co-chaperone molecules vary depending on the target of the complex (Lee 

et al. 2004), with CHORDC1 (also upregulated here) encoding a protein that associates with 

Hsp90 to respond to an altered energy balance within the cell (Gano & Simon 2011). An altered 

energy balance is not surprising given the relatively high energetic cost of a large-scale 

upregulation of ATP-dependent heat shock proteins for thermotolerance (Feder & Hoffman 

1999; Hoffmann 1995; Koehn & Bayne 1989; Calow 1991). 

5.5.3 Heat shock factors (HSFs) 

Within vertebrates, four heat shock factors (HSF1-4) intimately regulate the expression of the 

Hsps during the heat stress response. Regulation of Hsps is achieved through the HSFs binding 

to the heat shock promoter element (HSE) present in all hsp genes (Fernandes et al. 1994; Lis 

& Wu 1993; Morimoto 1993). HSFs also regulate the expression of other stress response genes, 

such as bag3 (Rosati et al. 2011). HSFs could therefore provide an important underpinning to 

adaptive responses to thermal stress (Fujimoto and Nakai 2010). Yet, contrary to expectations 

(see Morimoto 1998), I found no evidence of upregulation in the heat shock factors under this 

particular heat stress experiment (Table A5.1). There are three potential explanations for this. 

Firstly, and most likely, HSFs are present in an inactive monomeric complex with HSP90 and 
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HSP70 in unstressed cells, with cellular stress recruiting away HSPs and thus activating the 

molecules into trimeric complexes that increases expression of Hsps by allowing DNA binding 

(Anckar & Sistonen 2007; Baler et al. 1993). Secondly, the expression levels of hsfs in this 

study may already be elevated as a consequence of their role in development (Anckar & 

Sistonen 2011, Heikkila 2017). In addition to protecting cells against stress, HSFs are vital in 

many physiological functions, including development with HSF1 and HSF2 key regulators in 

the development of the brain and CNS (see review by Åkerfelt et al. 2010).  A third explanation 

may be that HSF activation is brief and after 3 hours of thermal stress, the mRNA for HSF1 

(and other HSFs) may have degraded back to baseline levels through a negative feedback 

relationship with hsp70, hsp90 and dnajs (i.e. dnaja4, dnajb1; Mosser et al. 1993; Rabindran 

et al. 1994; Shi et al. 1998; Zou et al. 1998). Observations of morula-stage bovine embryos 

exposed to thermal stress during development showed a similar pattern of expression of HSF1 

as those shown here (Sakatani et al. 2013). Sakatani et al. (2013) concluded that HSF1 is 

activated by the accumulation of protein aggregates; but as hsps clear these aggregations, the 

expression levels of HSF1 will decrease. 

5.5.4 Regulation of developmental and biogenesis related genes 

The most biologically significant group of downregulated genes were involved with 

development and biogenesis. This result accords with observations that reptile embryo 

development slows above a threshold temperature (Valenzuela & Lance 2004). While this 

threshold temperature is likely to differ between species and populations, the temperature that 

embryos in this study were exposed to is similar to the temperature where development 

decreases dramatically in a number of Western Australian populations of sea turtle (Stubbs et 

al. 2014; Woolgar et al. 2013). Tacc3 was one of the genes downregulated under stress, and 

encodes a protein that is integral to normal development in the brain tissue of developing mouse 

embryos (Aitola et al. 2003). This protein plays a role in cell proliferation during mouse 

development, with reductions in expression associated with reduced growth. Similarly, 

overexpression of JARID2 (protein jumonji), such as what is seen here, has been associated 

with a decrease in cell proliferation in mice and is known to have a large influence on organ 

development during embryogenesis (Jung et al. 2005; Li et al. 2010; Takeuchi et al. 1995), 

suggesting heat stress may disrupt cell proliferation and development of the sea turtle brain. 

Developmental anomalies are associated with extreme temperatures in freshwater turtle and 

mammalian embryos (Edwards 1968; Packard & Packard, 1988), but although studies are 
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limited in number, no strong association has been demonstrated for marine turtles (Bárcenas‐

Ibarra et al. 2015). Hewavisenthi & Parmenter (2001) showed a significant influence of 

temperature on carapace scute anomalies in the flatback turtle (Natator depressus), however, 

these observations were detected at the lower end of the thermal tolerance limits. Despite this 

limited available data, high temperatures are still hypothesized to promote the occurrence of 

congenital malformations (Bárcenas‐Ibarra et al. 2015). I show that the gene tgm3, which 

encodes for a protein associated with epidermis development in mammalian embryogenesis 

(Zhang et al. 2005) and is found in the beak and claw of chickens (Rice et al. 2013), decreased 

significantly under the heat-shock treatment. Further studies investigating scute anomalies 

could use this finding as a starting point to explore the mechanism of developmental disruption.   

5.5.6 Genes involved with apoptosis 

Cellular stress, such as that experienced under thermal challenge, impairs physiology and 

causes cellular damage, sometimes to the extent of causing cellular death (Mosser et al. 1997). 

Death in these cases is often a consequence of self-destructive pathways, termed apoptosis 

(reviewed by White 1996). A number of the differentially expressed genes identified here are 

involved in apoptotic pathways. As discussed previously, expression of tacc3 was 

downregulated under thermal stress. While typically expressed in hematopoietic lineage cells, 

this gene is widely expressed in other organs during embryogenesis, with deficiencies linked 

to embryonic mortality in a range of taxa from Drosophila to humans (Gergely et al. 2000; 

Piekorz et al. 2002). Decreases in expression of this gene under heat stress in sea turtles could 

suggest initiation of p-53 mediated apoptotic cascades (Piekorz et al. 2002). I also found 

potential evidence of apoptosis through the suppression of PP5. I show increased expression 

of KLHDC10 which has previously been identified as an activator of ASK1 (aka Map3k5) 

which is a homolog of the Map3k9 protein (Sekine et al. 2012). Activation of the ASK1 pathway 

leads to suppression of PP5 which in turn results in oxidative stress-induced cell death.  

While some of the genes detected here indicate an increase in apoptosis, leading to cell death, 

other regulated genes are involved with cellular protection from apoptosis. The gene encoding 

the protein myocilin (MYOC), seen here to increase in expression under thermal stress, plays a 

role in promoting cell proliferation and resistance to apoptosis through the MAPK signalling 

pathway (Joe et al. 2014), possibly suggesting its function in responding to stress-induced 

apoptosis. It should be noted that the differentiation between genes involved with promoting 
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and retarding apoptotic pathways may be difficult, but should be considered when exploring 

the effects of stress. 

5.5.7 Candidate genes as biomarkers for stress and adaptation 

Heat shock proteins are considered an effective biomarker for detecting stress in biomonitoring 

as their induction is more sensitive to stress than conventional measures such as growth 

inhibition (Feder & Hofmann 1999). As such, Tedeschi et al. (2015) identified hsp70 and hsp90 

as useful biomarkers for evaluating capacity of sea turtle embryos to adapt to warmer nest 

environments. Comparing hsp expression in discrete sea turtle populations can be used to infer 

likely thermal tolerance, as higher fold changes in these genes may suggest higher levels of 

stress (Tedeschi et al. 2015) or conversely, a higher tolerance to thermal stress (Schoville et 

al., 2012). My results identify several other genes that could be used in a similar manner. 

Namely, the genes serpinH1, CHORDC1, bag3, hspa8, hsph1, dnaja4, dnajb1 and hspb8 

exhibit dynamic changes in expression under thermal stress and have documented involvement 

in thermotolerance pathways (Daugaard et al. 2007; Gano & Simon 2011; Nagata  et al. 1986; 

Rosati et al. 2011; Vos et al. 2008). Further investigation into their heritability of expression 

response and variation between populations is warranted. 

5.5.8 Annotation success 

While the results presented here provide insight into differential expression of developing sea 

turtle embryos under thermal stress, they also demonstrate that the bioinformatics resources for 

non-model organisms need further development. Currently, only 12 annotated genomes exist 

for the Reptilia (Tzika et al. 2015), and therefore it is not surprising that only 58.5% of 

differentially expressed genes resulted in a significant BLAST match against the databases, 

and where the entire transcriptome annotation yielded a success rate of only 43.92%. Further, 

a number of genes that did receive matches were to genes with unknown function. Clearly, 

poor functional annotation of non-model organism transcriptomes is limiting the development 

of mechanistic understandings of complex traits (Amin et al. 2014). 

 

5.6 Conclusion 

I have identified a number of biological processes that are affected by acute high temperatures 

during the late stages of embryonic development in a species of oviparous reptile. While some 

of the genes identified are associated with detrimental effects on the embryo (e.g. tacc3, 



165 
 

Map3k9, KLHDC10), a number are differentially expressed to allow the embryo to tolerate the 

high temperature and survive (e.g. hsps, dnajas, MYOC). A number of these genes may be 

employed as biomarkers for assessing thermal stress in the embryos of a number of egg-laying 

species, where there are limited opportunities for behavioural buffering processes. Further, 

whether these observed responses will underpin local adaptation to warming climate depends 

on two additional conditions. First, expression responses must vary between individuals (as 

demonstrated here) and populations, and secondly, these must be heritable (Diamond, 2016), 

as is the case for hsp70 and hsp90 (Tedeschi et al. 2016). My results reiterate that the molecular 

response to heat stress is complex and polygenic, with a number of biological processes and 

molecular functions affected. I show that acute thermal stress leads to decreases in genes 

associated with development, resulting in negative consequences for embryogenesis. The genes 

identified in this study may provide a base for further study on the developmental impacts of 

thermal stress on the development of embryos, especially in species where buffering processes 

and parental care are absent. 

I also note here that few studies have investigated the correlation of differential gene expression 

between tissue types in response to stress and my findings may be brain-specific. Further 

studies should aim to elucidate the transcriptomic response of different tissue types to an acute 

thermal challenge to ensure observations are not tissue-specific, and explore the effect of 

acclimation on the heat shock response in reptiles. Climate model predictions indicate that 

patterns of gene expression similar to my experimental observations will increasingly be 

manifested in natural populations. Further experimental research should focus on whether these 

responses are heritable and how expression responses differ between tissue types, populations 

and species, since some populations may retain important evolutionary capacity to respond to 

climate warming. 

 

5.7 Appendix 

Table A5.1 Raw counts (FPKM) for each differentially expressed transcript. 

https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1111%2Fmec.14087&fi

le=mec14087-sup-0001-TableS1.xlsx 
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Table A5.2 Gene ontology categories identified as enriched using at least two of the differential 

expression analysis tools. 

https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1111%2Fmec.14087&fi

le=mec14087-sup-0002-TableS2.xlsx 

 

Table A5.3 Transcript loadings for PC1 and PC2 where transcripts were identified as 

significantly contributing to the PC if they had values of greater than or equal to 70% of the 

highest loading. 

https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1111%2Fmec.14087&fi

le=mec14087-sup-0003-TableS3.xlsx 
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Despite the need to understand the impacts of climate change on sea turtles being recognized 

over 30 years ago (Mrosovsky et al. 1984) there are relatively few studies that accurately 

predict impacts of climate change (Hamann et al. 2010), but knowledge gaps are rapidly filling 

as modelling techniques and genetic technologies advance. Most research suggests that climate 

change will exacerbate contemporary population declines (Hawkes et al. 2007, Hawkes et al. 

2009, Hamann et al. 2010, Wallace et al. 2011), with nesting beaches expected to be severely 

impacted by increases in sea levels and ambient temperature (see Hawkes et al. 2009, 

Poloczanska et al. 2009). 

The broad objectives of this thesis were to provide an insight into the impacts of climate change 

on Western Australian beach temperatures, and to predict how hatchling traits at six sea turtle 

rookeries might respond. Specifically, my aim was to determine if there would be rookery-

level variation in impacts on emergence success, primary sex ratios, and molecular responses 

to thermal stress. To achieve this I: (a) parameterized a mechanistic microclimate modelling 

routine specific to Western Australian beach environments to accurately predict sand 

temperatures; (b) resolved the population-specific parameters that describe the TSD reaction 

norm and development rate functions for major Western Australia sea turtle populations; (c) 

predicted emergence success and sex ratios at six rookeries under a number of climate change 

scenarios using (a) and (b) as inputs; and (d) explored the molecular response of embryos to 

thermal stress. Each data chapter (Chapters 2-5) has a component with direct relevance to 

understanding impacts of climate change on sea turtle rookeries, which when considered 

together, provide new insights into the vulnerability of Western Australian populations. 

 

6.1 Modelling beach temperatures 

At the most fundamental level, obtaining accurate predictions of hatchling production at sea 

turtle rookeries requires accurate measurement or modelling of the beach microclimate 

(Fuentes et al. 2009). As it can be impractical to measure beach environments in remote 

locations, in Chapter 2 I describe a mechanistic microclimate model (Kearney & Porter 2016) 

that uses interpolated macroclimate surfaces and site-specific sand reflectance to predict below-

surface (0-200 cm) temperatures at beaches distributed across sea turtle nesting areas in 

Western Australia. Comparisons between sand temperatures modelled via this method and 

empirical observations showed that sand temperatures were predicted within a narrow margin 

of error (~1-1.5 °C), and were highly correlated (r2 ~ 0.7-1.0) at a standardized depth (50 cm). 



180 
 

This accuracy was similar to other Australian studies that have used mechanistic modelling 

(Fuentes & Porter 2013, Stubbs et al. 2014), where low correlation coefficients can be partly 

attributed to changes in temperature logger depth associated with large sand movements during 

deployment due to the dynamic nature of marine beaches. Using mechanistic models, I showed 

substantial variation in sand temperatures at nesting depths (50 cm; as per Spotila et al. 1987, 

Matsuzawa et al. 2002, Fuentes et al. 2010) for both average annual temperatures (8 °C 

variation), and average nesting-season temperatures (10 °C variation), across 46 sites 

distributed over 11 degrees of latitude. Annual average sand temperatures were correlated with 

latitude, with warmer temperatures at lower latitude, tropical sites than at temperate sites. This 

correlation disappeared when considering average nesting temperatures of N. depressus, 

probably due to the transition from summer to winter nesting in the King Sound region (Tucker 

et al. 2018).  

Accurate modelling of nesting beach temperatures is especially important as sea turtle nesting 

often occurs in remote regions where empirical observations are limited (Pike 2013). This is 

particularly relevant for Western Australia, where up to four species of sea turtle nest on remote 

and/or inaccessible mainland beaches or beaches on offshore islands (Tucker et al. 2018). A 

surprising outcome of Chapter 2 was the relative accuracy of sand temperature predictions for 

some islands sites, which fell outside of the interpolated grid area for both sets of climate 

surfaces (New et al. 2002, Raupach et al. 2009, 2014), and which were parameterised using 

inputs from the nearest mainland grid point. This observation was likely a consequence of the 

thermal buffering processes associated with oceanic climates. This microclimate modelling 

method therefore provides a relatively inexpensive method to assess sand temperatures 

remotely, and can be utilized to assess past, present and future hatchling outputs of sea turtles 

that nest on remote island beaches. Future research should focus on gaining more empirical 

data for robust model validation, as well as incorporating high-resolution, site-specific 

topographical inputs, such as beach aspect and slope. Similarly, site-specific calibrations of the 

microclimate model, especially at beaches that produced poor fits between observed and 

predicted nest temperatures (e.g. Eighty Mile Beach, see Chapter 2), may provide a more 

reliable estimation of the rookery outputs for the purposes of species conservation. 
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6.2 Effects of temperature on embryonic development in sea turtles 

Previous work has suggested that TSD reaction norms and other thermal thresholds vary 

between and within species with TSD (Valenzuela & Lance 2004) and that these differences 

should be adapted to local conditions (Larsen et al. 2004, Ewert et al. 2005). As the outputs 

from Chapter 2 demonstrated substantial thermal variation over the nesting range of sea turtles 

in Western Australia, I expected TSD reaction norms and development rates should reflect this 

variation. Specifically, I expected that thermal thresholds in N. depressus should be highest for 

the Eighty Mile Beach (EMB) rookery and lowest at Cape Domett and Thevenard Island as a 

consequence of the modelled nest temperatures (33.2 °C for EMB and 30.5 °C for Cape Domett 

and Thevenard Island). I show that the temperature producing equal primary sex ratios (i.e. the 

‘pivotal temperature’; TPIV (Mrosovsky & Pieau 1991)) was indeed highest at the Eighty Mile 

Beach rookery (31.6 °C) but differed between Cape Domett and Thevenard Island (29.5 °C and 

30.0 °C respectively) despite apparently similar nesting environments. Similarly, I 

hypothesized that the pivotal temperature for C. mydas at the Lacepede Islands (29.3 °C) would 

be higher than the Cape Domett and Thevenard Island rookeries, however this was not the case. 

The range of temperatures that produced mixed sexes (i.e. the ‘transitional range of 

temperatures’; TRT) also varied between rookeries. This parameter was fairly conserved in N. 

depressus, differing by only 0.4 °C (2.1 – 2.5 °C) between rookeries, while it was <2 °C wider 

for the Lacepede Island population of C. mydas (4.6 °C). While this may suggest a higher 

adaptive capacity of C. mydas than N. depressus (sensu Hulin et al. 2009), the observations 

may also have arisen an artefact of the relatively low sample numbers at the upper end of 

incubation temperatures. While the TRT did not show substantial variation in width between 

N. depressus rookeries, the upper limit of the range was over 1.5 °C higher for Eighty Mile 

Beach and Thevenard Island populations, versus the population at Cape Domett (31.9, 31.9 and 

30.3 °C respectively). These thresholds correlate with modelled rookery temperatures (with the 

exception of Thevenard Island). This variation enforces the view that gaining population-

specific estimates of TSD parameters is imperative to accurate modelling of sex ratios (Wibbels 

2003), as variation between and within species means that adopting the parameters of one 

population to another reduces the efficacy and accuracy of embryological models (Wibbels 

2003, Valenzuela & Lance 2004). 

Development rate and upper thermal limits are also expected to be locally adapted to limit the 

time embryos spend in the nest where they may experience lethal events (e.g. overheating, 

flooding, predation; Weber et al. 2011, Zhao et al. 2014). Modelling the non-linear 
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development rate function for each rookery provided estimates of the maximum development 

rate, and the temperature at which maximum development rate occurs (parameters b1 and b3).  

Parameter b3 is of particular interest for population-level comparisons, as temperatures above 

this threshold cause development rate to decrease sharply as enzymatic reactions are 

deactivated (Valenzuela & Lance 2004). I show that maximum development rates occurred at 

around 33.5 – 34.0 °C for most populations of N. depressus and C. mydas examined, with the 

exception of N. depressus from Thevenard Island where the maximum development rate 

occurred at approximately 32 °C. While these values should be interpreted with caution due to 

lack of empirical data on development rates at lethal and sub-lethal temperatures, the lower 

value at Thevenard Island suggests an adaptation to develop faster at lower temperatures and 

possibly hints at a lower thermal tolerance in this rookery. This finding is consistent with 

previous research that has shown a correlation between local temperatures and upper thermal 

limits (e.g. Weber et al. 2011), and with studies that have shown higher thermal tolerances (and 

therefore lower mortality rates) in tropical populations compared to temperate populations (e.g. 

McGehee 1979, Grigg & Buckley 2013, Kingsolver et al. 2013). 

 

6.3 Application of parameterized models for climate change predictions 

Conservation of reptile populations in the face of a warming climate requires accurate 

predictions of hatchling outputs to inform population demographics (e.g. Mitchell et al. 2010). 

This has been attempted for a number of sea turtle populations across the globe, with most 

techniques applying correlative models that use ambient or sea surface temperatures to predict 

sand temperatures and subsequent sex ratios and/or emergence success (e.g. Hays et al. 2003, 

Fuentes et al. 2010, Laloё et al. 2017) while others have used a mechanistic approach (Fuentes 

& Porter 2013, Stubbs et al. 2014, Cavallo et al. 2015). Many of these studies have used a 

standardized embryological model for predictions, assuming a pivotal temperature of 29 °C 

and rarely reporting the TRT (Hays et al. 2003, Hawkes et al. 2007, Poloczanska et al. 2009; 

but see Fuentes et al. 2010). While correlative approaches can provide reasonably accurate 

predictions of sand temperatures (e.g. Fuentes et al. 2010, Laloё et al. 2017), they cannot be 

reliably extrapolated to temperatures that occur outside of the range used to inform the model 

(Mitchell et al. 2008), so are not recommended for studying the impacts of climate change 

(Guisan & Thuiller 2005). In contrast, mechanistic approaches allow predictions outside of 

current ranges as they utilize the laws of thermodynamics to solve mass and heat balance 
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equations (e.g. Porter et al. 1973, Kearney et al. 2014a, Kearney et al. 2014b, Kearney et al. 

2016). 

In Chapter 4, I integrated outputs from Chapters 2 and 3 into a model that (a) mechanistically 

predicted sand temperatures at a rookery of interest and then (b) used these outputs and resolved 

physiological parameters to predict sex ratios and emergence success. I applied this coupled 

model to six focal rookeries to show contemporary hatchling outputs and to explore how these 

might change over the coming century under four greenhouse gas emission scenarios. While 

these models have limitations (discussed in Chapter 4 and below), which should lead to caution 

in the interpretation of absolute predictions, the relative trends in rookery production should 

hold. 

Using this method I show that emergence success will be variable between rookeries, with the 

winter nesting rookeries of N. depressus expected to show low emergence success irrespective 

of the date of nesting. This is particularly the case under a high emission scenario, with only a 

brief window of approximately three months (June – August) with high emergence success. 

Importantly, these results were generated assuming a higher thermal threshold for emergence 

success (34.0 °C) than was used for the summer nesting rookeries (32.7 °C) due to studies 

showing that sea turtle embryos from tropical populations have higher thermal thresholds 

(McGehee 1979, Howard et al. 2015, Chapter 3). I consider these rookeries to be a greater risk 

than the summer nesting rookeries, as females currently nest in the cooler months of year and 

hence have no capacity to shift nesting to a cooler temporal window. In contrast, while I show 

that emergence success will be low at summer nesting rookeries during the current nesting 

period, females may mitigate these impacts by nesting earlier or later. I also show that sex 

ratios will vary between rookeries, with winter nesting rookeries producing strongly female 

biased hatchling cohorts. In contrast, at summer nesting rookeries there is currently a relatively 

broad temporal window where high proportions of males will be produced (April – 

October/November), even under the most extreme emission scenarios. 

As winter nesting populations currently nest at the coolest time of year, the only adaptive 

response to climate change will be either a spatial shift in nesting to cooler beaches, or 

adaptation at the molecular level. However, these responses may be respectively limited by 

nest-site fidelity (Lohmann et al. 1997) and long generation times (Heppell et al. 2002) coupled 

with the unprecedented rate of current global warming (Hamann et al. 2013). In contrast, 

summer nesting populations, particularly those at the southern edge of the nesting range, appear 
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to be less vulnerable to warming as a window of high nest viability remains even under the 

most extreme climate change scenarios. Therefore, should plasticity in nesting date be heritable 

(e.g. Mainwaring et al. 2017) and cues for breeding linked to environmental conditions (Pike 

et al. 2006, Hawkes et al. 2007), shifts in nesting phenology should be sufficient to mitigate 

any adverse impacts of climate change on summer-nesting populations. 

I note that my interpretations of relative risk of summer and nesting populations depend on the 

plasticity and heritability of nesting date, which if low, indicate that the summer nesting 

rookeries are at greater risk of climate change impacts as mortality and female proportion 

approach 100% for the duration of their current nesting period. Monitoring of nesting beaches 

in the region should therefore aim to determine if the median nesting date is variable over 

nesting seasons, and whether it is correlated with environmental conditions such as sea surface 

temperatures at foraging grounds (see for example Weishample 2004, Pike 2006). 

 

6.4 Underlying molecular response to thermal stress 

In the absence of spatial and temporal shifts in nesting, sea turtles may be able to tolerate 

temperatures projected under climate change through the evolution of sex-determination 

pathways and thermal tolerance (Hulin et al. 2009, Witt et al. 2010). I show divergence in the 

TSD reaction norm in populations of N. depressus that is likely to be due to selection (Chapter 

3), and further identify a suite of genes that are up and down regulated in C. caretta embryos 

experiencing thermal stress (Chapter 5). 

Molecular evolution has often been dismissed as an adaptive response to rising temperatures 

in sea turtles, primarily due to their long generation times (Heppell et al. 2002) and the 

unprecedented rate of temperature changes (Hamann et al. 2013). However, on an evolutionary 

scale, sea turtles have persisted through many cycles of climate change (Pritchard 1997), and 

further evolution may be possible if species have sufficient genetic variability in heritable traits 

(Hoffmann et al. 2015). A recent study has shown that expression of the genes encoding heat 

shock proteins 70 and 90 (hps70 and hsp90) varies between individuals and populations of C. 

caretta (Tedeschi et al. 2015), and that these responses are plastic, and heritable (Tedeschi et 

al. 2016). In Chapter 5 I expand on these findings by applying de novo transcriptomic profiling 

to explore the complete suite of genes that are regulated under thermal stress. I show that genes 

involved with stress response are upregulated, probably to avoid detrimental effects on cellular 

integrity, and also show downregulation of genes involved in a number of developmental 



185 
 

pathways. Of particular interest was the downregulation of a gene involved with keratinization, 

which may be involved with the process of scute development, and the disruption of gene 

expression shown here could indicate the mechanism by which scute anomalies arise, which is 

correlated with high temperatures (Zimm et al. 2017). I also show downregulation of genes 

involved with brain development, with reductions in expression correlated with reductions in 

growth, possibly compromising embryonic viability. 

While the methodology used in Chapter 5 identified the genes involved with short-term 

resilience to a thermally challenge, the findings also suggest that prolonged exposures to high 

temperatures compromises development through the disruption of developmental pathways, 

eventually resulting in embryonic death. My findings here are expected to be broadly 

applicable to all sea turtle species, with future studies aiming to resolve variation in regulated 

genes between and within species in Western Australia. I expect that further studies will show 

differences in regulation between species and populations (similar to Tedeschi et al. 2015), and 

expect to see less upregulation of stress-indicator genes in tropical populations. I also expect 

to see differences in the suit of genes that are expressed between and within species of sea 

turtle, as well as between tissue types, as different processes are affected in variable 

combinations. 

 

6.5 Study limitations and directions for further research 

While the major findings of my study, and their relevance to the current understanding of 

embryonic mortality and sex ratios in sea turtle populations spread across a broad nesting range 

are described above, I acknowledge that there a number of limitations of this study and discuss 

them below (and in Chapter 5). Where possible I make recommendations regarding the best 

way to address these limitations in any future research. 

a) The microclimate model presented in Chapter 2 is an effective tool for assessing beach 

temperatures at a broad-scale, but in reality, beaches are heterogeneous environments, 

with fine-scale spatial differences in moisture and shade and aspect that may influence 

nest temperatures. In this study, I were aiming for broad-scale estimates of rookery 

production, so I did not utilize the full capacity of NicheMapR for sand temperature 

predictions. For example the position on the beach may influence temperature, with 

vertical beach profile (i.e. whether a nest is laid below the high water line, in the dune 

etc.) has an impact on temperature (Hays & Speakman 1993). Similarly, wind speeds 
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and shade can vary over the length of a beach, with topographical features influencing 

the temperatures of adjacent sand. Further studies could use these models as a baseline 

and incorporate high-resolution topographical profiling of rookeries (e.g. Mitchell et al. 

2008, Carter et al. 2015) to resolve issues associated with model accuracy and 

reliability. Further validation of model outputs will increase the utility of the 

microclimate model by providing more comparisons between model outputs and 

empirical data so that the impacts of parameter variation can be better explored, and 

site-specific calibration may further increase the overall accuracy of the models. 

b) Field studies in remote and logistically challenging locations, such as offshore islands 

in the Kimberley region, come with inherent difficulties. For example, maintaining 

embryonic viability while arresting development requires cooling of freshly oviposited 

eggs (within 3-6 hours) to between 7-10 °C. This proved challenging for some egg 

collections, with eggs collected at the Maret Islands (not discussed in thesis due to one 

successful egg incubation from 20 collected eggs) and West Governor Island unable to 

be maintained within this range of temperatures. While almost all eggs collected from 

the Maret Islands were unviable following transport, the West Governor Island sample 

had high hatching success. Additionally, due to the complexities of transporting eggs 

on commercial airlines, the collection from the Lacepede Islands was also 

compromised, with eggs overcooling to temperatures just above 0 °C during transport. 

The combination of overcooling and heating close to putative upper thermal limits of 

C. mydas (32-33 °C; Laloё et al. 2017) likely contributed to very low hatching success 

at the upper end of the temperature range in the laboratory incubation experiments, 

affecting calculations of TPIV and TRT in this population. 

c) In the absence of incubation experiments specifically designed to test thermal tolerance 

limits (which would likely be considered unethical), I predicted putative upper thermal 

limits via parameterising a development rate model, where cycling temperature 

incubations helped determine the rate of growth reduction towards the upper limit. I 

note here that fixing the b4 and b5 parameters, while recommended in the model fitting 

(Dallwitz & Higgins 1992), also fixes the shape of the development rate function at 

sub-lethal temperatures. As such, upper thermal limits for each population in Chapter 

4 were estimated from available literature, with tropical rookeries assumed to have a 

higher thermal tolerance than temperate rookeries. 



187 
 

d) In order to assess the accuracy and efficacy of the coupled model, validation steps must 

be completed. In Chapter 2 I show relatively high correlations and low RMSDs between 

observed and predicted sand temperatures, however, as just discussed, further testing 

of the model against empirical observations could refine the model parameters. In 

Chapter 4 I attempted to gain some understanding of intra-nest variation in temperatures 

and sex ratios, and to test the model’s sex ratio predictions at realistic nest depths for 

each species. Due to labels falling off some hatchling samples and decomposition of 

other samples before tissues were properly fixed, this validation step was not adequate. 

In order to test how well the coupled model predicts sex ratios and emergence success, 

more empirical data on sex ratios and mortality at different locations within the nest are 

required. 

e) Chapter 5 explored the full suite of genes differentially expressed under thermal stress 

in the loggerhead sea turtle (C. caretta). This study was intended as a proof-of concept 

paper to provide context for a multi-species, multi-population and multiple tissue-type 

comparison to be presented in a fifth data chapter. Unfortunately due to technical issues 

associated with outsourcing a custom library preparation of cDNA from RNA samples, 

this was unable to be attempted in the timeframe of this thesis. Nonetheless, Chapter 5 

fits within the scope of the thesis, and provides the baseline for further research to be 

conducted following submission of this thesis. Further studies (aside from the planned 

species and population level comparisons) could explore the effect of ‘pre-

conditioning’ on embryos and/or look at the response to chronic rather than acute 

thermal stress on transcriptomic regulation. 

 

6.6 Conclusions 

My thesis demonstrates a novel and flexible approach for modelling emergence success and 

primary sex ratios at sea turtle rookeries, and provides the first study of transcriptome-wide 

regulation in embryos subjected to a biologically realistic thermal stress. I expect the modelling 

methods I have described here can be applied to other sea turtle populations across the globe 

following full model validation, as they have the capacity to customise input variables to suit 

the population of interest. I also expect the transcriptomic methodology will be applied to other 

reptile species to determine if the same genes are involved in the thermal stress response, and 

whether gene expression and its plasticity is heritable (e.g. Tedeschi et al. 2016). Finally, I 
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provide evidence of rookery-level differences in the impact of climate change over the coming 

century, with winter breeding populations of N. depressus being particularly vulnerable, but 

summer nesting populations less so, provided that they are able to adjust their nesting 

phenology. 
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