

[image: image1]
Influences of the Local Climate on Loggerhead Hatchling Production in North Florida: Implications From Climate Change
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The environment and climate in which sea turtle eggs incubate affects how successful and viable hatchlings are. Therefore, it is crucial to understand how local climate impacts sea turtle hatchling production as well as how potential changes in climate may impact future hatchling production. In this study, we investigated the effects of five climate variables at different temporal scales on loggerhead sea turtle (Caretta caretta) hatchling production from North Florida, USA. Humidity, air temperature, and accumulated precipitation were the main climatic drivers of hatchling production, while sea surface temperature and wind speed did not demonstrate to have strong effects. Climate projections show air temperatures increasing at the nesting beaches throughout the 21st century, while precipitation and humidity projections vary between sites and projection scenarios. Due to the temperate nature of these nesting beaches, increases in hatching success for nests that incubate undisturbed (not affected by depredation and storm-related impacts) are projected for this region by 2100. This study demonstrates how different climate variables and their interactions can have a determining effect on an important marine species.

Keywords: marine turtle, Caretta caretta, humidity, precipitation, temperate, reproductive output, emergence rate

INTRODUCTION

Climate change is a major threat to biodiversity; changes in climate are already impacting on species distributions, physiology, phenology, behavior, and reproduction, with predictions for further impacts as climate change progresses (Walther et al., 2002; Root et al., 2003; Bellard et al., 2012). Sea turtles are thought to be particularly vulnerable to climate change (Hawkes et al., 2009; Hamann et al., 2013) since their reproductive success is highly dependent on the nest environment (Miller, 1985; Howard et al., 2014), with extreme temperatures and dry/saturated substrates being unfavorable for egg development (Foley et al., 2006; Best, 2017). Successful incubation of sea turtle eggs occurs within a narrow thermal range of 25–35°C (Miller, 1985; Ackerman, 1997), with different species and populations having different thermal tolerances (Howard et al., 2015). Despite this physiological plasticity, high temperatures have shown to be deleterious to the embryonic development and hatching success and emergence (Matsuzawa et al., 2002; Mickelson and Downie, 2010; Laloë et al., 2017). Likewise, humidity and precipitation can also influence egg survival and hatchling physiology so that hatchling production is reduced when the incubating environment is too moist or too dry (Ackerman, 1997; Katselidis et al., 2012; Santidrián Tomillo et al., 2012; Wyneken and Lolavar, 2015).

The effects of warming temperatures have already been observed through malformations in hatchlings, higher proportions of females being produced, and lower hatching success (Pike et al., 2006; Booth, 2017). As a result, there is concern over the potential impacts of projected increases in temperature on hatchling production and consequently population growth and stability (Fuentes et al., 2011; Santidrián Tomillo et al., 2012; Laloë et al., 2014). Most of the studies exploring the impacts of climate change on sea turtles have focused on the potential impacts on the primary sex ratio being produced (Houghton et al., 2007; Fuentes et al., 2009; Hays et al., 2017; Jensen et al., 2018). However, impacts of climate change on hatchling production (hatching success and emergence), and thus population stability, may be of greater concern (Santidrián Tomillo et al., 2015; Laloë and Hays, 2017). Studies investigating how hatchling production is influenced by climatic variables have often focused on the influences of air temperature (Santidrián Tomillo et al., 2012; Gasparrini et al., 2017). However, air temperature is one of several interacting climate variables, such as sea surface temperature, precipitation, and humidity, which influence the incubating environment (Fuentes et al., 2010b; Katselidis et al., 2012; Girondot and Kaska, 2015; Sifuentes-Romero et al., 2017) and consequently hatchling production (Lamont and Fujisaki, 2014; Lolavar and Wyneken, 2015; Santidrián Tomillo et al., 2015).

Considering the potential consequences of climate change on hatchling production, it is crucial to understand how embryonic development is influenced by the local climate and predict potential impacts as the climate continues to change. To expand from previous studies, here we explore the influences of five climatic variables (air and sea surface temperature, precipitation, humidity, and wind speed) on loggerhead sea turtle, Caretta caretta, hatchling production on temperate nesting grounds used by the Northern Gulf of Mexico (NGM) Recovery Unit that nest along the Florida Panhandle, USA. This allowed us to identify which variable(s) and combination of variables best predict hatchling production in North Florida. Additionally, we predicted potential impacts on future hatching success using extreme and conservative climate change scenarios throughout the 21st century.

MATERIALS AND METHODS

Study Species and Location

Different sea turtle species are organized into units of protection known as Regional Management Units (Wallace et al., 2010). The focal species of this study was the loggerhead sea turtle of the NGM loggerhead Recovery Unit, one of the smallest Recovery Units in the United States (Shamblin et al., 2012), which is part of the Northwest Atlantic Regional Management Unit. Field work was conducted at T.H. Stone Memorial St. Joseph Peninsula (SJP) State Park and St. George Island (SGI) State Park, Florida, two of the most important nesting grounds in Florida for the NGM loggerhead Recovery Unit (Figure 1)1, with an average of 143 and 82 loggerhead nests a season, respectively. These sites were selected because they have relatively high nesting densities for loggerhead sea turtles in the NGM Recovery Unit, are relatively pristine being State Parks, and therefore add no confounding influence (e.g., human disturbance, sand compaction) on hatchling production. Both SJP and SGI are 23 km long, relatively flat, and open without vegetation.
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FIGURE 1. Study sites (west to east): T.H. Stone Memorial St. Joseph Peninsula (SJP) State Park and St. George Island (SGI) State Park are shaded black and are indicated with a black circle. Triangles represent weather stations used for this study.



Nest Data

Nest data (location, day laid, first date of emergence, inventory day) and hatchling production information (emergence rate = number of hatchlings that emerged from the nest in relation to the total hatched eggs, and hatching success = number of hatched eggs within a clutch) were obtained from the Florida Fish and Wildlife Research Institute, which obtains data from sea turtle patrol teams who collect information throughout Florida nesting beaches between March–October each year. Patrol teams collected loggerhead nest data during morning surveys conducted daily from 2013 to 2016. Variability in the data exists due to temporal distributions of nesting, depredation, and storm-related impacts (Table 1). All nests were left in situ. For analyses, we only considered nests that were excavated after hatching, had data on hatching success and emergence rate, and had no recorded disturbance (e.g., depredation and storm-related impacts).


Table 1. Loggerhead sea turtle nest data from SJP and SGI considered in this study (n = 335) from 2013 to 2016, the number of nests considered is indicated in parenthesis.
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Climate Data: Current and Projected

Local climate data for SGI from 2013 to 2016, were obtained from a weather station within the State Park, which collects daily averages for air temperature in degree Fahrenheit (°F), precipitation (in), and wind speed (mph). These values were converted to degrees Celsius (°C), millimeters (mm), and meters per second (m/s), respectively. Local climate data for SJP between 2013 and 2016 were obtained from the Apalachicola Municipal Airport, which is located 38.9 km from SJP. The Apalachicola Municipal Airport weather station records daily averages for air temperature (°F), humidity (%), precipitation (in), and wind speed (mph), which were converted to SI units. Humidity values from Apalachicola Municipal Airport were also used for SGI climate. This airport is located 27.8 km from SGI and 38.9 km from SJP. Skin temperature for an adjacent grid cell to the GPS coordinates for both locations were collected to eliminate influences from land surface measurements. Skin temperature refers to the temperature of the surface of the earth, which can be obtained via satellite (Gelaro et al., 2017). These values were obtained from the Modern-Era Retrospective analysis for Research and Applications, Version 2 (MERRA-2). MERRA-2 is a long-term meteorological reanalysis of space-based observations (Gelaro et al., 2017). Open water skin temperatures and sea surface temperatures differ by 0.2 K or less (Donlon et al., 2002); however open water skin temperature values used here will be considered sea surface temperatures (SST). Daily average values were computed from hourly averaged values. Open water skin temperature is skin temperature without terrestrial grid cells.

To explore how projected changes in climate may impact future hatchling production, we used projections for air temperature (°C), precipitation (mm), and humidity (%) from KNMI Climate Explorer (https://climexp.knmi.nl/start.cgi) centered on each State Park. We used multi-model means for all climate models under Coupled Model Intercomparison Project Phase 5 (CMIP5) and Representative Concentration Pathways (RCP) 8.5 and 4.5. The most extreme scenario, RCP8.5, predicts an extreme increase in global temperatures by the year 2100 due to continued increases in atmospheric concentrations of greenhouse gases (Meinshausen et al., 2011). RCP4.5 reflects a more conservative scenario where greenhouse gas concentrations stabilize, thus predicting a smaller increase in global air temperatures (Meinshausen et al., 2011).

ANALYSIS

Hatching success and emergence rate proportions were transformed to arcsin values. A one-way ANOVA was used to compare the normalized hatching success and emergence rate between the State Parks and across seasons. Levene tests were used to test the homogeneity of variances for both hatching success and emergence rate.

To explore how local climate influences hatchling production, we used Generalized Linear Mixed—Effects Models, with the binomial family specified, in the lme4 package (Bates et al., 2018). To better fit these models, hatching success and emergence rate data were presented in successes and failures. In other words, hatching success consisted of number of eggs that hatched vs. those that did not hatch, while emergence rate consisted of the number of hatchlings that emerged vs. the number of hatchlings that did not from hatched eggs. The predictor variables used were: air temperature (temp), open water skin temperature (SST), accumulated rainfall (acc_rain), humidity (humid), and wind speed (wind). These predictors were explored at various temporal scales: the month nests were laid (0_climate variable), the month nests were laid and 1-month prior (0_1_climate variable), the month nests were laid and 2 months prior (0_2_climate variable), 2 months prior to nesting (2_climate variable), and during the incubation period (inc_climate variable). Previous research indicates that air temperature and precipitation have significant influences on hatchling production due to the variability that may exist in precipitation throughout the nesting season (i.e., dry and wet seasons) (Santidrián Tomillo et al., 2015); therefore, we chose to combine different precipitation predictors with average air temperature during incubation to explore their combined effects on hatchling production. There was a correlation between humidity and precipitation; therefore, we did not analyze the effects of air temperature in combination with humidity.

Corrected Akaike Information Criterion (AICc) was used to identify the best model at each State Park. The random effect used was year to allow for analysis and predictions to occur across and within years. We did not project emergence rate due to how impacted it can be by external factors that were not measured here (e.g., sand compaction, substrate type, etc.) (Mota, 2009). R version 3.4.2 was used for all analyses.

RESULTS

Hatching Production

At SJP, 209 nests were considered for this study (36.5% of total loggerhead nests laid in 2013–2016), while at SGI 126 nests were considered (38.7% of total loggerhead nests laid in 2013–2016). Hatching success of undisturbed nests (not affected by predation and storm-related impacts) varied between both State Parks and across years, with a significant difference in hatching success between the State Parks [one-way ANOVA, F(23.7) = 6.95, DF = 1, p = 0.009] (Table 2, Figure 2A). SJP had a higher mean hatching success (87.3% ± 17.8 SD) than SGI (80.8% ± 26.4 SD; Table 2, Figure 2A). Emergence rate varied between sites and across years, with no significant difference in emergence rate between the sites [one-way ANOVA, F(21.7) = 0.009, DF = 1, p = 0.93) (Table 2, Figure 2B). SJP had a higher emergence rate as well, 84.9% ± 20.4 SD, while the mean emergence rate at SGI was 76.6% ± 28.5 SD (Table 2, Figure 2B).


Table 2. Average hatching success and emergence rate for undisturbed nests (not affected by predation and storm-related impacts), with their respective standard deviations and number of nests in parenthesis, at SJP and SGI throughout the study period.
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FIGURE 2. Average (A) hatching success and (B) emergence rate at T.H. Stone Memorial St. Joseph Peninsula (SJP) (gray) and St. George Island (SGI) (black) for each month (May–August) throughout the years (2013–2016) considered in this study.



Local Climate

The loggerhead nesting and hatching season in Florida occurs during the warmer and wetter months of the year (May–October). At both SGI and SJP, the hottest month is July (SGI = 29.03°C ± 1.5, SJP = 28.6°C ± 1.6), which is when the highest proportion of nests are laid at SJP (Figure 3A). SST is highest in August (SGI = 29.81°C ± 0.5, SJP = 29.84°C ± 0.5) when females have ended their nesting and hatchlings are still incubating and emerging (Figure 3C), The most humid month is September (79.9% ± 6.3) when there is no nesting, but hatchlings are still incubating and emerging (Figure 3D). The windiest month during the nesting season is May for SJP (3.3 m/s ± 0.9), which is the beginning of the nesting season (Figure 3E). Whereas, October is when wind speeds are highest in SGI (4.05 m/s ± 1.3) when there is no nesting and hatchlings are finishing their incubation (Figure 3E). SGI is the warmer and wetter of the two sites (Figure 3). Accumulated rainfall is at its highest in June at SGI (634.5 mm ± 9.1) and in July at SJP (633.5 mm ± 12.8; Figure 3B). At SGI, the highest proportion of nests occurs in June when accumulated precipitation is highest (Figure 3B).
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FIGURE 3. Monthly averaged climatic conditions (lines) at T.H. Stone Memorial St. Joseph Peninsula (SJP) (gray) and St. George Island (SGI) (black) and monthly proportions of nests laid (bars) between 2013 and 2016 at SJP (gray) and SGI (black). Climate variables include: (A) air temperature (°C), (B) accumulated rainfall (mm), (C) sea surface temperature (°C), (D) humidity (%), and (E) wind speed (m/s). Dotted line in (D) represents overlapping values. Between 2013 and 2016 at SJP, a total of 17 loggerhead nests were laid and left undisturbed in May, 90 in June, 90 in July, and 14 in August. At SGI, a total of 18 loggerhead nests were laid and left undisturbed in May, 44 in June, 41 in July, and 5 in August.



Climate Effects on Hatchling Production

At SJP, the model with the lowest AICc and high significance for hatching success was air temperatures during incubation (p < 0.001) in combination with accumulated precipitation during the month nests were laid (p < 0.001) (Figure 4A, Table S1 in Supplementary material). This model indicated that higher air temperatures and higher precipitation slightly increases hatching success at SJP throughout the study period (Figure 4A). The model with the lowest AICc and high significance for emergence rate at SJP was the average humidity during incubation (Figure 4C, Table S1 in Supplementary material). There was a strong negative and significant effect indicating high humidity values decreased emergence rate throughout the study period at SJP (p < 0.001; Figure 4C).
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FIGURE 4. Effects of local climate on hatching success at (A) T.H. Stone Memorial St. Joseph Peninsula (SJP) and (B) St. George Island (SGI) and emergence rate at (C) SJP and (D) SGI are represented by the solid lines. Air temperatures during the incubation period and precipitation during the month the nest was deposited had a positive effect on hatching success at SJP (A). Humidity during the incubation period had a negative effect with hatching success at SGI (B) and emergence rate at SJP (C). Air temperatures and precipitation had a negative effect on emergence rate at SGI (D).



For hatching success at SGI, the lowest AICc with high significance was the average humidity throughout incubation (Figure 4B; Table S1 in Supplementary material). There was a strong negative and significant effect indicating higher humidity values decreasing hatchling success at SGI throughout the study period (p < 0.001; Figure 4B). The model with the lowest AICc and is significant for emergence rate at SGI was the average air temperature during incubation in combination with accumulated rainfall during the nest month (p < 0.001 for both parameters; Figure 4D, Table S1 in Supplementary material). Although the effect is small, it was significant and indicated that higher air temperatures and precipitation slightly decreases emergence rate at SGI throughout the study period (p < 0.001 for both parameters; Figure 4D).

PROJECTIONS

Climate

At SJP by 2100, air temperatures are projected to increase throughout the nesting season by 1.3–4°C with August being the warmest month under RCP8.5 at 31.9°C (Figure 5A) and July being the warmest month under RCP4.5 at 30°C (Figure 5B). Depending on the scenario, precipitation is projected to decrease by 5.2–14 mm or increase by 2.1–36.8 mm by 2100 with the wettest month projected to be August under both RCP8.5 at 177.6 mm (Figure 5C) and RCP4.5 at 185 mm (Figure 5D). Depending on the scenario, humidity is projected to decrease by 0.1–1.5% or increase by 0.1–1.12% by 2100 with the most humid month projected to be September with 80.1% humidity under RCP8.5 (Figure 5E) and 80.6% under RCP4.5 (Figure 5F).
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FIGURE 5. Average values between 2013 and 2016 (solid points) and projected values (lines) for (A, B) air temperature, (C, D) precipitation, and (E, F) humidity at T.H. Stone Memorial St. Joseph Peninsula (SJP) for months within the nesting and hatching season (May–October). RCP4.5 projections, where greenhouse gas concentrations stabilize, are on the left (A, C, E), while RCP8.5 projections, where greenhouse gas concentrations continuously increase, are on the right (B, D, F).



At SGI by 2100, air temperatures during the nesting season are projected to increase by 1.5–4.1°C with July being the warmest month under both RCP8.5 at 32.7°C (Figure 6A) and RCP4.5 at 30.78°C (Figure 6B). Depending on the scenario, precipitation is projected to decrease by 0.8–13.1 mm or increase by 7.3–33.9 mm with June being the wettest month under RCP8.5 at 160.1 mm by 2100 (Figure 6C) and August being the wettest month under RCP4.5 at 139.7 mm by 2100 (Figure 6D). Depending on the scenario, humidity is projected to decrease by 0.3–3.1% or increase by 0.1–0.8% by 2100 with the most humid month being September with 79% humidity under RCP8.5 (Figure 6E) and 80% under RCP4.5 (Figure 6F).
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FIGURE 6. Average values between 2013 and 2016 (solid points) and projected values (lines) for (A, B) air temperature, (C, D) precipitation, and (E, F) humidity at St. George Island (SGI) for months within the nesting and hatching season (May–October). RCP4.5 projections, where greenhouse gas concentrations stabilize, are on the left (A, C, E), while RCP8.5 projections, where greenhouse gas concentrations continuously increase, are on the right (B, D, F).



Hatching Success Projections

Using the best fit models describing hatching success highlighted in Table S1 in Supplementary material and our climate projections during the nesting and hatching season (May–October), our models predicted the average yearly hatchling success for undisturbed nests (not affected by depredation and storm-related impacts) throughout the 21st century at SGI and SJP to increase. At SJP, hatching success was best described by the average air temperature during incubation in combination with accumulated precipitation during the month nests were laid. Hatching success at SJP is projected to increase, by 2100, from an average across the study period of 87.3 to 90.7% under RCP8.5 and to 88.3% under RCP4.5 (Figure 7A). Hatching success at SGI was best described by the average humidity during incubation. Hatching success at SGI is predicted to increase from a four-year average of 80.8 to 88.4% under RCP8.5 and to 86.1% under RCP4.5 (Figure 7B).
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FIGURE 7. Historic average (solid points) and projected hatching success at (A) T.H. Stone Memorial St. Joseph Peninsula (SJP) and (B) St. George Island (SGI) under the extreme (black line) RCP8.5 scenario where greenhouse gas concentrations continuously increase and the more conservative (gray line) RCP4.5 scenario where greenhouse gas concentrations stabilize. Bars indicate 95% confidence intervals for each projected hatching success value up to 2100.



DISCUSSION

In the context of climate change it is important to understand the complex relationships between climate variables and different species to be able to project how a species might be affected in the future (Duarte et al., 2012; Griffith et al., 2018; Rather et al., 2018). Here we provide new insights into how climatic variables affect an important marine megafauna. We show that humidity and air temperature during incubation in combination with accumulated precipitation during the month nests were laid, were found to be significant climatic drivers of loggerhead hatchling production at two high nesting density beaches within the NGM Recovery Unit. Average humidity during the incubation period had a strong negative effect on emergence rate at SJP and hatching success at SGI. These relationships may be a result of the high humidity levels in the region (73–80% throughout the nesting season), especially in August and September when hatchlings are toward the end of their incubation and emerging from nests. These humidity values are similar to those found at loggerhead nesting beaches in South Florida, such as Boca Raton (75–80%) (Lolavar and Wyneken, 2017). High humidity may make the environment too moist, potentially fostering fungal growth within nests decreasing hatching success due to infection (Sarmiento-Ramírez et al., 2010). Precipitation and air temperature had a positive effect at SJP, which could be a result of the nesting beach being too dry and/or too cool for successful incubation (Ackerman, 1997; Howard et al., 2014; Santidrián Tomillo et al., 2015). On the other hand, precipitation and air temperature had a negative effect on emergence rate at SGI, which is the warmer and wetter site. This negative relationship may be a result of extreme temperatures and precipitation causing pre-emergent mortality (Matsuzawa et al., 2002; Segura and Cajade, 2010). Here, we found hatchling production at both sites to be significantly influenced by both humidity and precipitation, highlighting the need to further understand the effects of moisture on the reproductive output of turtles at a regional level. Importantly, future studies exploring the effects of climatic variables on hatchling production should also consider in situ climatic data for nests so that more robust relationships can be obtained, to account for differences in nest location which may alter the effects of climatic conditions (e.g., vegetation cover, distance to high tide mark). Future studies can also benefit from further knowledge, of thermal thresholds for sea turtles and reaction norms of incubating eggs (Fuentes et al., 2017; Monsinjon et al., 2017; Girondot et al., 2018).

While recent advancements have been made to better understand how embryonic development and hatchling physiology are influenced by moisture content during incubation (Lolavar and Wyneken, 2017), less studied climate variables (e.g., SST, wind speed) may be interacting with the environment and also influencing reproductive output (Schofield et al., 2009; Katselidis et al., 2012; Best, 2017; Rivas et al., 2018). Although our study indicates that moisture and air temperature are the most significant climatic variables, models with sea surface temperature also had low AICc values. As climate change progresses, less studied variables will likely also change, thus influencing the spatial and temporal distributions of nesting and overall reproductive output (Young et al., 2011; Katselidis et al., 2012; Saba et al., 2016). Therefore, it is crucial to understand how the individual and synergistic effects of the local climate influence sea turtle reproductive output to more accurately predict potential future impacts and vulnerabilities and better inform management.

The beaches studied here experience a temperate climate regime and, thus, our projections show potential increases in their hatching success by 1–7.6% by 2100. Climate projections were not extrapolated but were in context of historical data. With most of the monthly projections predicting general decreases in humidity, within a tolerable range (70–81%), it is reasonable that our models projected increases in hatching success due to the negative relationship of humidity on hatching success in this region throughout the study period (2013–2016). However, the interaction between warming air temperatures and decreasing moisture levels may eventually make the incubating environment too dry and/or too warm for eggs to successfully incubate, potentially reducing developmental success and emergence as climate change progresses (Mortimer, 1990; Santidrián Tomillo et al., 2015; Almpanidou et al., 2016). Increases in temperature and declines in humidity and precipitation will likely reduce male production in the region, potentially causing a feminization of the hatchlings being produced. This may cause reduced fecundity or female infertility, a reduction in effective population size, and loss of genetic variation, with more extreme climate projections, causing the production of single sex cohorts (Wibbels, 2003; Mitchell et al., 2010; Fuller et al., 2013). Since temperatures in Northern Florida are cooler than other tropical beaches, and not close to lethal temperatures, short-term climatic changes will likely affect hatchling production in this region differently than in more tropical regions, which are already experiencing very warm and lethal temperatures (Hays et al., 2017; Bladow, 2018). Other temperate nesting grounds are also projected to experience increases in hatching success through the end of the 21st century due to the seasonality of these regions, making them more resilient to climate change than tropical beaches (Hawkes et al., 2007; Katselidis et al., 2012; Mazaris et al., 2013; Pike, 2014; Almpanidou et al., 2016). Indeed, tropical nesting beaches in the Caribbean, Central America, and Australasia are projected to experience decreases in hatchling production throughout the 21st century due to projected climate change (Pike, 2014; Santidrián Tomillo et al., 2015; Hays et al., 2017). The variability in how hatchling production from temperate and tropical nesting beaches may be affected by climatic changes highlights the need for focused research and conservation initiatives on temperate nesting grounds as they may become future havens of successful reproductive output (Katselidis et al., 2012; Almpanidou et al., 2016; Fuentes et al., 2016).

A potential adaptation to changes in climate by adult females is the shift of their nesting phenology to months of the year that become more suitable for incubation as climate change advances (Pike, 2009; Fuentes et al., 2011; Katselidis et al., 2012; Almpanidou et al., 2016). This shift in phenology has already been observed in central east Florida in response to warming temperatures (Weishampel et al., 2004), resulting in shorter nesting seasons with earlier nesting (Pike et al., 2006). Short nesting seasons are typical in temperate regions relative to tropical regions such as South Florida where the loggerhead nesting season begins in March. As climate change progresses, nesting beaches in North Florida may experience longer nesting seasons and potentially have higher nesting densities as turtles migrate poleward due to potentially less suitable nesting beaches at lower latitudes (Weishampel et al., 2004; Lamont and Houser, 2014; Fuentes et al., 2016). Leatherback and loggerhead sea turtles have already been observed migrating poleward in response to shifts in the 15°C isotherm (McMahon and Hays, 2006; Witt et al., 2010). However, nesting areas that have optimal climatic conditions for incubation may also be impacted by sea level rise, extreme weather events, increased inundation, erosion, and human development (Fuentes and Abbs, 2010; Fuentes et al., 2010a, 2016; Pike, 2013). Thus, there is importance in considering the synergetic and cumulative impacts of multiple threats to identify which beaches will be most resilient as climate change progresses (Fuentes et al., 2013).
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