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Oviparous animals, such as turtles, lay eggs whose success or demise depends on environmental conditions that influence offspring phenotype (morphology, physiology, and in many reptiles, also sex determination), growth, and survival, while in the nest and post-hatching. Consequently, because turtles display little parental care, maternal provisioning of the eggs and female nesting behavior are under strong selection. But the consequences of when and where nests are laid are affected by anthropogenic habitat disturbances that alter suitable nesting areas, expose eggs to contaminants in the wild, and modify the thermal and hydric environment experienced by developing embryos, thus impacting hatchling survival and the sexual fate of taxa with temperature-dependent sex determination (TSD) and genotypic sex determination (GSD). Indeed, global and local environmental change influences air, water, and soil temperature and moisture, which impact basking behavior, egg development, and conditions within the nest, potentially rendering current nesting strategies maladaptive as offspring mortality increases and TSD sex ratios become drastically skewed. Endocrine disruptors can sex reverse TSD and GSD embryos alike. Adapting to these challenges depends on genetic variation, and little to no heritability has been detected for nest-site behavior. However, modest heritability in threshold temperature (above and below which females or males develop in TSD taxa, respectively) exists in the wild, as well as interpopulation differences in the reaction norm of sex ratio to temperature, and potentially also in the expression of gene regulators of sexual development. If this variation reflects additive genetic components, some adaptation might be expected, provided that the pace of environmental change does not exceed the rate of evolution. Research remains urgently needed to fill current gaps in our understanding of the ecology and evolution of nest-site choice and its adaptive potential, integrating across multiple levels of organization.
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INTRODUCTION

Reproduction is an essential component of individual fitness, and it must take place at the appropriate place and time for it to be successful. For oviparous animals such as turtles, nesting is a fundamental part of their reproductive cycle. Diverse strategies have evolved of nesting behavior combined with other maternal effects that can potentially maximize offspring and female fitness. The main elements that make up a female reproductive strategy are: when, where, and how nesting takes place and the allocation of resources to the eggs laid in those nests. These variables are important given the thermal requirements for egg formation and embryonic development of ectotherms, such as turtles, and how embryogenesis is also restricted by moisture conditions in the nesting substrate in many species (Kamel and Mrosovsky, 2004). Here we first briefly review turtle maternal effects and nesting behavior, then the challenges posed by climate change and other anthropogenic disturbances, mostly in turtles with environmental sex determination, but also in turtles with sex ratios insensitive to temperature whose biology is still vulnerable to environmental change. We concentrate, not exclusively, on North American freshwater turtles, particularly those for which more data are available. Figure 1 illustrates the various causes and consequences of nest-site choice.
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FIGURE 1. Causes and consequences of nest-site choice. Biotic factors, e.g., predation risk, social facilitation, and vegetation cover, impact nest-site selection directly, whereas abiotic factors may have indirect effects, via their influence of air and water temperature on basking behavior and egg resource allocation. Vegetation cover plus air temperature and humidity affect the thermal and moisture conditions of the soil and those experienced by the developing embryos, thus impacting offspring phenotype and fitness, and population dynamics. Anthropogenic disturbances are detrimental for habitat quality and incubation conditions, and adaptive responses are less likely for nesting behaviors than for TSD reaction norms or for developmental gene networks. In TSD species whose reaction norms vary among localities, habitat loss may preclude recolonization of populations extirpated by environmental change from other populations pre-adapted to altered conditions.




MATERNAL EFFECTS OTHER THAN NEST-SITE SELECTION

Maternal effects in animals contribute significantly to their offspring’s phenotype and fitness (Bernardo, 1996; Moore et al., 2019). One potential maternal effect is parental care after oviposition, which researchers often describe as lacking in turtles, but examples of parental care exist in at least a few species. These include nest guarding in natural populations of the mud turtle, Kinosternon flavescens, potentially reducing predation and altering the nest moisture conditions in ways that improve offspring fitness (Iverson, 1990), as well as nest guarding in a captive Asian forest tortoise, Manouria emys (McKeown et al., 1982). Recently, vocalizations were recorded between hatchlings of the Amazonian giant river turtle (Podocnemis expansa) and females who waited nearby nesting beaches and communicated with newborns to guide them to feeding areas immediately after hatching (Ferrara et al., 2013). Thus, while few examples exist of parental care in turtles, growing evidence suggests that it plays a more prominent role in some species than previously thought. Nonetheless, because parental care is less extensive in turtles than in crocodilians and some python snakes (Shine, 1988; Balshine, 2012), nutrient and hormonal allocation to the eggs remain dominant maternal effects observed in this clade (Roosenburg and Dunham, 1997) other than nest-site choice.

Indeed, reproductive female turtles invest heavily into egg production, and different life-history traits have evolved to improve hatchling fitness. For instance, in several turtles, larger females, who possess more energy to allocate to reproduction, tend to produce more and/or larger eggs compared to smaller females, who may compensate by elongating egg shape (Rowe, 1994; Valenzuela, 2001a; Walde et al., 2007; Escalona et al., 2018). Yet, many turtles defy expectations from optimality models, such that egg size never reaches a plateau as female size increases. The positive correlation between female size and egg size can be vital because larger eggs produce larger hatchlings who are better at surviving (e.g., Miller, 1993; Valenzuela, 2001a; Rollinson and Brooks, 2008; Ceballos et al., 2014; reviewed for sea turtle hatchlings in Booth, 2017). Besides nutrients, females allocate hormones such as estrogen, progesterone, and testosterone into their eggs, affecting embryonic sexual development in turtles (Bowden and Paitz, 2021), of which only a brief overview is provided here.

Turtles exhibit two main types of sex-determining mechanisms by which embryos commit to their sexual fate: temperature-dependent sex determination (TSD) of various patterns and genotypic sex determination (GSD) with independently evolved female and male heterogametic sex chromosomes (Valenzuela and Lance, 2004; Tree of Sex Consortium, 2014; Bista and Valenzuela, 2020). No reported mixed system in turtles has withstood empirical scrutiny (Valenzuela et al., 2014; Mu et al., 2015), whereas sex reversals (Valenzuela et al., 2003) are documented in natural populations of other reptiles (reviewed in Whiteley et al., 2021). TSD is more prevalent in turtles than GSD, and its potential adaptive value has been studied extensively and is reviewed elsewhere (see Charnov and Bull, 1977; Valenzuela, 2004, 2021; Schwanz and Georges, 2021). TSD has received much attention in the last few decades, especially as TSD taxa must adapt to overcome environmental challenges such as rising global temperatures to avoid extinction. This is true for TSD turtles that produce males at low temperatures and females at high temperatures (TSD Ia) as well as for turtles that produce males at intermediate temperatures and females above and below (TSD II). Moreover, reptiles like tuatara, some lizards, and crocodilians that produce females at colder temperatures and males at warmer values (TSD Ib) (Valenzuela and Lance, 2004) might be even more vulnerable to global warming as population growth is severely reduced when females are scarce. Temperatures within turtle nests are influenced not only by global climate but by multiple environmental factors at micro-geographic and micro-temporal scales, such that the temperatures experienced by the developing embryos, including during the thermosensitive period for sex determination (Valenzuela, 2008; Mitchell et al., 2013; but see Gómez-Saldarriaga et al., 2016), are affected by the nest-site choices females make.

Maternal effects via the allocation of hormones also matter for sexual development because higher concentrations of yolk estrogen have a feminizing effect within clutches of TSD taxa, as in painted (Chrysemys picta) and red-eared slider (Trachemys scripta) turtles, particularly at intermediate temperatures around the pivotal value that produces 1:1 population sex ratios (Bowden et al., 2000, 2002; Bowden and Paitz, 2018). These yolk estrogen concentrations increase during the breeding season (Bowden et al., 2000, 2002), yielding more female-biased clutches later in the season (Bowden and Paitz, 2018). Thus, nesting phenology must be taken into account when analyzing sex ratio dynamics in populations. Turtles with GSD have been understudied in this respect, although no association between offspring sex and maternal yolk hormone levels was detected in two GSD softshell turtles, Apalone mutica and A. spinifera (Radder, 2007). Subtle effects of maternal age on sex ratios have also been documented in TSD turtles and leopard geckos (Roush and Rhen, 2018). Notably, females nesting in habitats polluted with endocrine-disrupting chemicals (EDCs) may pay fitness costs due to the increased mortality or suboptimal offspring phenotypes induced by these substances, including altered sexual development (Mizoguchi and Valenzuela, 2016). Pollutants may be transferred maternally to the offspring, or eggs could be contaminated directly in the nesting substrate, leading to developmental abnormalities, sex reversal, abnormal sex steroid production, and reduced hatching success (Barraza et al., 2021).



WHEN TO NEST: BASKING AND TIMING OF OVIPOSITION

Egg formation concludes after fertilization but before females are ready to nest, and air temperature and basking behavior are crucial factors in that process as they influence body temperature. Basking elevates the internal body temperature of turtles above that of the water in which they live and toward their preferred temperature (Crawford et al., 1983). Some turtle species bask more than others, either on the shoreline, on floating logs, on debris in the water, and often using aquatic plants to support their weight (Schwarzkopf and Brooks, 1985). Basking in painted turtles differs by age (adults bask more than juveniles) and time of day (concentrating around 10–11 a.m.), but not by sex. In temperate turtles, basking occurs more frequently in the Spring and Fall when the difference between air and water temperature is greatest (Crawford et al., 1983). Still, as the water temperatures warm in the Spring and into the early Summer, basking events are less frequent and shorter in duration, as observed in painted turtles (Lefevre and Brooks, 1995).

Air temperatures differ seasonally in temperate regions, and most temperate turtle species lay eggs only during a restricted breeding season from Spring to Fall (Kennett, 1999), whereas some species and populations living in warmer climates, such as the gopher tortoise (Gopherus polyphemus), breed throughout the year (Allman et al., 2019). Environmental temperature affects the gonadal cycles of turtles, which determines the first date of nesting for a population. Not surprisingly, increased basking events raise body temperature and are associated with earlier nesting (these clutches hatch earlier), as shown in snapping turtles (Chelydra serpentina) (Bobyn and Brooks, 1994). Such earlier nesting in painted turtles increases the likelihood that a female produces a second clutch in the same season (Iverson and Smith, 1993; Krawchuk and Brooks, 1998). Likewise, warmer Springs elicit earlier onset of nesting in both painted and snapping turtles (Obbard and Brooks, 1987; Rowe et al., 2003; Grayson and Dorcas, 2004; Schwanz and Janzen, 2008). Thus, thermal pollution in aquatic systems from power plants (e.g., Crear et al., 2016) and global warming can potentially alter female physiology and nesting phenology (Hedrick et al., 2021). On the other hand, clutches laid too late in the Summer (typically or during protracted seasons due to global warming) may risk failure if temperatures drop below their thermal minimum before embryonic development is completed. Yet some species, such as the striped mud turtle, Kinosternon baurii that lay 1–3 clutches per year, avoid that risk as later-season clutches enter embryonic diapause and resume development in the Spring when temperatures warm (Wilson et al., 1999). However, embryonic diapause is rare among turtles [K. scorpioides cruentatum (Iverson, 2010), Chelodina rugosa (Kennett et al., 1993), perhaps others (Hernández-Montoya et al., 2017)], and thus, restricted to few multiple-clutch producing species as a potential response to climate change.



WHERE TO NEST: FEMALE NEST-SITE CHOICE

Turtles do not nest at random. Instead, natural selection shapes nesting behavior, and adult females select nesting sites that differ in their characteristics (e.g., vegetation cover, soil moisture, distance from water) from random locations (reviewed in Refsnider and Janzen, 2010). Nest-site choice can influence female survival, offspring phenotype, and offspring survival (during embryonic development or post-hatching) (Refsnider and Janzen, 2010) compared to random locations (Hughes and Brooks, 2006). For instance, female striped mud turtles (Kinosternon baurii) choose sites closer to vegetation cover that are 2°C cooler than random sites (Wilson, 1998), while snapping turtles (Chelydra serpentina) select nesting areas with shorter vegetation, more sand, and lacking cacti compared to other available locations (Kolbe and Janzen, 2002). The choices by these two TSD species influenced nest temperatures, potentially sex ratios, and in the case of C. serpentina, the survival probability of hatchlings traveling from their nest to the wetlands (Kolbe and Janzen, 2002). Similarly, some leatherback turtles (Dermochelys coriacea) lay nests close to ocean currents that will guide their offspring to suitable post-hatching habitats (Lohmann et al., 2008). In contrast, in the Australian GSD Murray River Turtle (Emydura macquarii), females select sites based on predation levels, closer to the shore in areas with high predation and further from the beach in low predation areas, thus trading off survival gains from optimal temperatures for development against predation risk (Spencer, 2002; Spencer and Thompson, 2003). This factor is essential because clutches are unprotected after oviposition, and predators (e.g., foxes, raccoons) may raid nests to eat the eggs, sometimes causing 90% loss of nests in a given location (Feinberg and Burke, 2003). This risk is highest soon after oviposition, as observed in diamond-backed terrapins (Malaclemys terrapin), whose nests suffered 71% predation on the first night (Burke et al., 2005). While predator nest detection was attributed to visual cues earlier, recent research demonstrated that predators likely use olfactory cues from disturbed soil to locate the nests, which may decrease in intensity over time, as observed in several turtle species (e.g., Buzuleciu et al., 2016; Edmunds et al., 2018; and references therein). Perhaps the most remarkable nest-site choice is observed in Chelodina rugosa turtles, whose females nest underwater in the inundated billabongs of Australia, where embryos remain in diapause until the substrate dries out and development proceeds (Kennett et al., 1993).

Importantly, females choose oviposition sites that decrease predation risk to themselves during nesting (Rand and Dugan, 1983) while also maximizing the fitness of their clutches as mentioned above. Yet, disturbance experienced by females while nesting can negatively affect their oviposition site choices. For instance, female painted turtles exposed to simulated predation (handled after they started excavating a nest), who were then released and allowed complete nesting, chose new nest sites that suffered higher predation than the first nest site they had selected (Delaney and Janzen, 2020). Although the cause of increased mortality is unknown (distance to water was the same for first and second nest sites) (Delaney and Janzen, 2020), more frequent predator attacks or human disturbances induced by anthropogenic environmental perturbation could lead to maladaptive nesting behavior for offspring survival.

Additionally, the sites a female selects to oviposit may be influenced by the behavior of other females in the population. For instance, social facilitation is an important component in some species, such as the yellow-spotted Amazon river turtle (Podocnemis unifilis). Some females nest in large groups, following other females (perhaps more experienced nesters), particularly during full moon (Escalona et al., 2019), and laying their eggs at nearby sites (Escalona et al., 2009). Social facilitation is adaptive in this species because eggs of females that nest in larger groups suffer lower predation (Escalona et al., 2009). A consequence of this behavior is that clutches may experience comparable environmental conditions resulting in more similar sex ratios than otherwise. Communal nesting may also decrease the risk that females get predated (Doody et al., 2009). In painted turtles, females appeared attracted to olfactory cues left by previous nesting females (tested experimentally using female urine), which they follow by ground-nuzzling, such that clutches may cluster in areas of seemingly uniform characteristics (Iverson et al., 2016). Although nesting painted turtles do not use ground-nuzzling to select oviposition sites based on thermal properties (Morjan and Valenzuela, 2001), their chosen sites may be warmer than random sites (Schwarzkopf and Brooks, 1987), perhaps because females cued on slope or vegetation cover.

Importantly, nest-site choice may have fitness effects after the eggs hatch. A remarkable example comes from species in temperate regions whose hatchlings often overwinter in their nest, such as Chrysemys picta, Graptemys geographica, Trachemys scripta, and some Emys orbicularis (reviewed in Ultsch, 2006; Costanzo et al., 2008 and references therein), where they may be exposed to temperatures below freezing. For instance, vegetation not only cools painted turtle nests during the breeding season by impeding direct solar radiation to reach the nest surface, but also in the Winter, increasing the risk of mortality for these hatchlings when temperatures fall below –8°C (Weisrock and Janzen, 1999) (the lowest value they can survive via supercooling), and affecting their time of emergence in the Spring (Murphy et al., 2020). Hatchlings of pig-nosed turtles (Carettochelys insculpta) delay emergence from their nest via diapause, until the first floods of the wet season indicate improved conditions for survival (Doody et al., 2001). Further, females of several freshwater and sea turtle species return to the same or similar nesting sites yearly when available (Meylan et al., 1990; Lindeman, 1992; Allard et al., 1994; Valenzuela, 2001b; Valenzuela and Janzen, 2001; Morjan, 2003; Freedberg et al., 2005). While such choices may be adaptive and yield high-quality offspring today, they may become detrimental in the future if conditions change over time due to anthropogenic environmental change, and if females do not alter their nesting behavior accordingly.



FACTORS INFLUENCING ENVIRONMENTAL CONDITIONS AT THE CHOSEN NEST-SITE LOCATIONS

The outcomes of female nest-site choices are not only affected by biotic drivers such as predation pressure or vegetation cover, but also by multiple abiotic factors that impose selection due to their effect on nest temperatures and moisture, and thus, on whether developing offspring are exposed to optimal conditions for survival and growth or not. Indeed, the temperature experienced during embryogenesis impacts morphology, physiology, performance, behavior, and survival of turtles (Noble et al., 2018; While et al., 2018), which may be under stronger natural selection than sex ratios of TSD turtles as these effects are profound and long-lasting over the offspring lifetime (Noble et al., 2018). But perhaps embryos are not passive in their phenotypic response to the conditions at the selected nest sites, as documented for several turtles, some crocodilians and snakes, some birds, but not lizards (Li et al., 2014). For instance, embryos of Mauremys reevesii turtles are capable of thermoregulating within the egg in the laboratory in ways that impact their survival and sexual development (Ye et al., 2019). However, because this thermotaxis alters sex ratios only around the pivotal temperature, takes place over a week (during which thermal conditions are likely to change in the wild), and occurs only when a gradient is set between the egg poles, the ecological and evolutionary relevance of this intriguing behavior for sex ratio adjustment remains debatable (While and Wapstra, 2019). But it may be an important means to maintain embryonic development within their thermal tolerance (Zhao et al., 2013).


Air Temperature

The ambient temperature eggs experience depends on many external factors (Czaja et al., 2020), including air temperature, which is influenced by clouds, solar radiation, and time of day. Cloud cover reduces the shortwave solar radiation reaching the ground, leading to a lower maximum daily temperature and increasing the minimum daily temperature by enhancing the longwave radiation (Janzen and Morjan, 2001). Also, air temperature is warmer on average during the day and cooler at night (Pyrgou et al., 2019). Ambient air temperature is a crucial driver of nest temperature because it warms or cools the soil, thus affecting survival and sexual development during the thermosensitive period of TSD taxa such as painted turtles (Janzen, 1994b; Bowen et al., 2005; Warner and Shine, 2011), and it may be a prevalent factor for nests placed in unvegetated areas in many species, e.g., Podocnemis (Escalona and Fa, 1998; Valenzuela, 2001a). Not surprisingly, global warming poses a risk by altering air temperature.



Water Temperature

Water temperature also influences nest temperature, mainly in turtles that nest near the shore (Ackerman, 1997; Rasmussen et al., 2011). Because the nest position in relation to the water table influences the moisture levels in the nest chamber, higher moisture will insulate the soil against rapid air temperature fluctuations (Seybold et al., 2002). This insulation is due to the high specific heat of water which allows it to store more heat before registering temperature changes compared to other substances. In rivers and streams, water temperature correlates strongly to the ambient air temperature in the long term (months, years). In the short term (days, weeks), river and stream temperatures vary substantially due to solar radiation, ambient air temperature, the movement of water flowing over the streambed, and precipitation events (Isaak et al., 2012). Lake temperatures change throughout the year, with streams warming the fastest during the Spring (Woolway and Merchant, 2019). Lake water circulates, allowing for the mixing of water layers with different temperatures. Ice-covered lakes warm faster than the ambient air temperature in the Spring, yet about 10% of lakes, streams, and rivers cool due to increased glacial runoff in the Spring (O’Reilly et al., 2015). These dynamics (combined with air temperature) would affect the conditions experienced by basking females and developing embryos of freshwater turtles living in these habitats. Additionally, the oceans and large lakes act as a heat sink on Earth, absorbing, redistributing, and storing heat over long timescales. Due to the high specific heat of water, oceans lose heat energy slower than air or soil. Most of the heat absorption occurs in the Southern Hemisphere, at a rate four times faster than the Northern Hemisphere (Wijffels et al., 2016). Thus, basking females and developing embryos of sea turtle populations inhabiting Northern and Southern latitudes are expected to be differentially affected by changes in ocean thermal dynamics due to global warming.



Soil Temperature

Several factors affect soil temperature, including ambient air temperature, moisture, solar radiation, and precipitation (Al-Kayssi et al., 1990; Seybold et al., 2002; Parrott and Logan, 2010). Solar radiation occurs only during the daytime but is also very stochastic (Parrott and Logan, 2010). The radiation reaching the soil is affected by cloud cover, vegetation cover, and other abiotic elements within any given day, such that shaded nests are cooler (Weisrock and Janzen, 1999) and would tend to produce more males in TSD Ia taxa, such as painted turtles (Janzen, 1994b). Soil moisture is influenced by rising and falling water tables and increases with proximity to the shore and precipitation events, affecting the temperatures that eggs experience (Kraemer and Bell, 1980; Janzen, 1994a). In spotted turtles (Clemmys guttata), the higher the soil moisture, the more stable and cooler nests are (Al-Kayssi et al., 1990; Ernst and Zug, 1994) because moist soil has a higher specific heat than dry soil and more heat energy is required to warm the nest. Soil types also influence nest temperatures, with some soil types and granule sizes absorbing more moisture/thermal energy than others (Parrott and Logan, 2010; Mitchell and Janzen, 2019). Soil temperature and moisture can also be influenced by supra-annual natural climatic oscillations, such as El Niño events, which reduce average precipitation and increase mean temperature and irradiance, potentially affecting nest temperatures of South American turtles (Valenzuela, 2021). Nest depth is another important factor altering nest temperatures. Deeper nests are cooler than shallower nests and are less affected by extreme temperature fluctuations detrimental to hatchling viability (Valenzuela, 2001a; Marco et al., 2018). For instance, hatching success in diamondback terrapins (Malaclemys terrapin) improved with nest depth (which ranges from 13 to 17 cm) during an unusually hot and dry season, but not during a more favorable season (Czaja et al., 2020). Further, no evidence was detected that females altered their nesting location to improve offspring survival short-term. In contrast, nest depth of shallower nesting species such as painted turtles (7–11 cm) did not affect hatchling sex ratio, survival, or growth (Refsnider et al., 2013). Female limb length and body size constrain the maximum nest depth possibly reached for turtles, as observed in giant Amazonian river turtles, Podocnemis expansa (e.g., Valenzuela, 2001a).




ANTHROPOGENIC CHALLENGES TO NESTING BEHAVIOR

Humans have altered and destroyed natural habitats, leading to a drastic decrease in the land available for nesting (Mainwaring et al., 2017) and forcing some turtle species to tolerate human presence in their nesting habitat. Habitat disturbance includes urban development, which increases absorbed solar radiation and thus, raises the temperature of urban landscapes (Yang et al., 2016). Moreover, urban lights have a disorienting effect on nesting females and hatchling sea turtles (McFarlane, 1963; Perry et al., 2008). Human recreational activity may also alter nesting behavior, as in painted turtles nesting around R.V.’s and campsites (Bowen and Janzen, 2008), leading to higher mortality by vehicles, removal as pets, or exposure to pollutants. Additionally, anthropogenic disturbance may attract predators that raid turtle nests, making predator removal programs necessary in some locations (Wirsing et al., 2012). In some cases, removal of predators from turtle habitats can decrease predation rates by > 50%, significantly improving hatching success (Spencer, 2002).

Adding to the local dangers of human-altered ecosystems is global anthropogenic climate change, which poses another significant threat to turtles, particularly TSD turtles, but could also affect turtles in general. According to NASA’s Goddard Institute for Space Studies (GISS), the average temperature on Earth has increased by 1.0°C since 1880, with 67% of that warming occurring since 1975 at a pace of 0.20°C per decade, on average. The Earth is predicted to warm between 2.0 and 4.5°C by the end of the century (Rogelj et al., 2012). Land air temperatures will increase on average, but with much variability on different spatial and temporal scales across the globe (Ji et al., 2014). Egg and hatchling mortality are expected to increase with increasing global temperature (Santidrián Tomillo et al., 2015; Hays et al., 2017). Increasing temperatures will lead to rising sea levels at frequently used nesting sites of sea turtles due to rising temperatures melting ice caps in the poles, reducing the nesting area of specific beaches by 86% (Patrício et al., 2019). Rising oceans often flood green sea turtle nests, killing the developing embryos as time underwater increases (Fuentes et al., 2010; Mainwaring et al., 2017). This happens when storms increase the wave runup on the shore, and these events can cover a large portion of a nesting area. Rising oceans are predicted to inundate nesting areas of many sea turtle populations, as well as some species inhabiting brackish water, such as the diamondback terrapin (Malaclemys terrapin) (Woodland et al., 2017).

Additionally, fully masculinizing and fully feminizing temperatures in TSD turtles are separated by a few degrees Celsius, called the transitional range of temperatures (TRT), often 1–3°C (Mrosovsky, 1994; Valenzuela and Lance, 2004). For instance, 26°C produce only males and 30°C only females in painted turtles (Valenzuela, 2009). Leatherback sea turtles have a very narrow TRT of about 1°C (Binckley et al., 1998), whereas the TRT of red-eared sliders spans about 2.5°C (Godfrey et al., 2003). Not surprisingly, warming global temperatures raise the thermal profile of nests, often negatively affecting the offspring via sex ratio distortions, developmental abnormalities, and reducing embryonic survival (Janzen, 1994b; Seybold et al., 2002; Telemeco et al., 2013; Hays et al., 2017). Indeed, global warming can potentially cause dangerous feminization of TSD turtle populations (Blechschmidt et al., 2020), as reported in some Australian populations of green sea turtles (Jensen et al., 2018) whose sex ratio reached 99.1% female (99.8% in juveniles and 86.8% in adults). This population has been female-biased for over 20 years and will potentially feminize entirely in the near future. If temperatures continue to warm as predicted, populations of other TSD turtles could eventually become fully feminized, but species with a broader TRT are less vulnerable to such risks because they produce mixed sex ratios over a wider range of temperatures than taxa with a narrow TRT (Hulin et al., 2009). Sex ratio distortion by global warming is not a risk unique to turtles, but one with taxonomically broad impact in other TSD groups and in GSD taxa susceptible to thermal sex reversal (Valenzuela et al., 2003; Edmands, 2021).

And to make things worse, climate change predictions suggest temperature variability within nests will increase in addition to rising averages (Deschênes and Greenstone, 2007; Stouffer and Wetherald, 2007; Neuwald and Valenzuela, 2011; Valenzuela et al., 2019). Temperature variability within nests can accelerate the feminization of TSD turtle populations and cause increased mortality of developing embryos, such as in painted turtles (Valenzuela et al., 2019) and potentially in other shallow nesting taxa, with long-lasting consequences (Noble et al., 2018). In contrast, the observation in Malaclemys terrapin that greater nest depth can protect against extreme and fluctuating temperatures (Czaja et al., 2020), even though nests in this turtle are only 13–17 cm below the surface, suggests that deeper-nesting taxa may be somewhat buffered against climate change. But shallower-nesting taxa, such as painted turtles, whose nests are 7–11 cm below the surface, remain vulnerable to accentuated thermal fluctuations. For green sea turtles and painted turtles, warmer nests also decrease hatchling success, further reducing the species survival (Janzen, 1994a; Cavallo et al., 2015; Laloë et al., 2017; Valenzuela et al., 2019).

TSD and GSD turtles in a warming world may bask and nest earlier in the year (Hedrick et al., 2021), as temperature is a primary factor driving the onset of nesting (Rowe et al., 2003; Bowen et al., 2005). Earlier nesting due to climate change is observed in some turtles but not others (Hedrick et al., 2021), and it might appear as an adaptive response that might mitigate some of the detrimental impacts of climate change on offspring survival and sex ratio for TSD species. Yet, the opposite may be true because earlier nesting and a protracted reproductive season due to global warming can induce females to produce an extra clutch too late in the year for eggs to complete development. The failure of these late-season clutches to develop fully represents a large waste of energy that would be better invested in overwintering and producing the first clutch the following season (Schwanz and Janzen, 2008). Warmer air and water can also influence food availability for reproductive females, and consequently, alter their resource allocation to the eggs in both TSD and GSD turtles (Hedrick et al., 2021).

Climate change will also impact the behavior of marine turtles. Many sea turtles nest in the tropical and subtropical regions, and very rarely in more temperate areas. Over the last 30 years, Kemp’s Ridley sea turtles have shifted their nesting range from these tropical regions to further North away from the equator (Pike, 2013), resulting in cooler nest temperatures than experienced toward the equator, and perhaps more sea turtles will begin nesting further away from the equator. If global warming continues to alter the environment at the pace of these predictions, turtle biodiversity will significantly decrease over the next century, with over 50% threatened with extinction (Stanford et al., 2020). Much has been elucidated about the factors that influence nest temperature and offspring survival, but more questions remain unanswered, as described below.



CAN FEMALE NESTING BEHAVIOR RESPOND ADAPTIVELY TO ANTHROPOGENIC CHALLENGES?

Our ability to predict the effects of contemporary climate change on sex ratios of TSD turtles depends on how reliable our models are to explain sexual development under natural nesting conditions (pristine conditions or under climate change scenarios). Many incubation studies have shifted from constant temperature experiments, to simple thermal fluctuating regimes, to replicating natural thermal profiles from nests in ecologically relevant studies (Neuwald and Valenzuela, 2011; Valenzuela et al., 2019; Bowden and Paitz, 2021). Simple fluctuations around a mean temperature that produces only males or only females, if constant, can induce sex reversal in painted turtles from that expected by the mean temperature alone (Neuwald and Valenzuela, 2011). But when the amplitude of fluctuations is accentuated experimentally around naturally fluctuating profiles, only the male-to-female sex reversal is observed around an otherwise male-producing profile, whereas no sex reversal and high mortality are induced by wider fluctuations around an otherwise female-producing profile (Valenzuela et al., 2019). These simplistic and natural fluctuation experiments have demonstrated that high temperatures have greater feminizing potency than the masculinizing potency of low temperatures due to their effect on developmental rate (Georges, 1989; Valenzuela, 2001c; Georges et al., 2005; Valenzuela et al., 2019). Similarly, short periods (days) of increased incubation temperatures (heat waves) have a higher likelihood of feminizing red-eared slider nests compared to nests experiencing more constant conditions (Carter et al., 2018). Findings like these helped develop new models to predict sex ratio responses to naturally fluctuating thermal regimes (Fuentes et al., 2017; Carter et al., 2018, 2020; Valenzuela et al., 2019) and temperature profiles altered by anthropogenic environmental disturbance. Future thermal profiles of nests in the wild will depend on the oviposition site choices made by females in disturbed habitats, such that the following are some outstanding questions that warrant further research.

Although it is clear that female nesting behavior impacts the phenotype (including sex in TSD taxa) and survival of her offspring, the genetic basis of these behaviors remains unclear. Existing data from an Illinois population of painted turtles indicate that the heritability of nest-site choice is low or nil (Morjan, 2003; McGaugh et al., 2010; Janzen et al., 2019; Delaney et al., 2020), and without heritability, adaptive behavioral responses to environmental change are precluded. Furthermore, the evolutionary potential of these nesting behaviors is hampered because nest predation, hatching success, and sex ratio are not repeatable at micro-geographic nesting sites or at vegetation cover types in this painted turtle population (Valenzuela and Janzen, 2001), such that female nest-site choices are overwhelmed by interannual environmental variation in biotic and abiotic conditions. Additionally, these potential responses must offset the lethal incubation temperatures predicted to become more frequent in the wild with climate change (Telemeco et al., 2013; Refsnider and Janzen, 2016; Valenzuela et al., 2019), and which will impact TSD and GSD turtles alike.

An alternative route for adaptation by TSD taxa facing global warming is via the evolution of the reaction norm of sex ratios to temperature (Bull et al., 1982; Valenzuela, 2004). Likewise, evolution of the embryonic thermal tolerance could also help both TSD and GSD turtles respond to climate change for traits other than sexual development that are affected by global warming (Du and Shine, 2015). A caveat is that heritability estimates of the threshold temperature (the inflection value between male and female development) in turtle populations are scarce, limited to painted and snapping turtles, inflated when calculated under constant temperature (Bull et al., 1982), and inflated by confounding maternal effects (Bull et al., 1982; Janzen, 1992; Rhen and Lang, 1998; McGaugh and Janzen, 2011), and potentially by embryonic behavioral thermoregulation (Ye et al., 2019), such that they represent broad sense heritability and not additive genetic variance alone. Nonetheless, narrow sense heritability for threshold temperature, estimated for natural nests of painted turtles, ranges from h2 = 0 to h2 = 0.35 (when including clutches with many or with only fewer fathers, respectively) (McGaugh et al., 2011). Further, broad sense heritability (clutch effects) was detected for the expression of gene regulators of gonadal development in painted turtles (Valenzuela et al., 2013). If these clutch effects reflect additive genetic variation, then natural selection could act on it and drive transcriptional evolution underlying sex determination in the face of climate change. This type of variation may also exist among populations and underpin the differences observed in the reaction norm of TSD within turtle species (Ewert et al., 2004). This interpopulation variation may also counter extinction risk because individuals from populations that produce males at warmer temperatures could colonize areas left open by extirpated populations. However, isolated populations (either due to habitat fragmentation or freshwater turtles and tortoises living on islands) likely cannot alter their home range in response to a warming climate. These species must embrace a decrease in island habitat from rising sea levels and warmer nesting areas (Gibbons et al., 2000). Research is needed to test whether extinction risk differs among turtle species across different geographical locations.



CONCLUSION

Turtles play essential roles in the ecosystem, occupying many different and unique niches around the world. As these species head toward extinction, their communities will be negatively impacted (Lovich et al., 2018). Further research is urgently needed to fill the gaps in our understanding of the ecology and evolution of nest-site choice, and its evolutionary potential at multiple levels of organization. First, a taxonomic bias exists because relatively few turtle species are the focus of extensive research while a substantial proportion, including some highly endangered taxa, are poorly studied. A bias also exists in how we address the questions of nest-site choice. For instance, here we show that variables not typically considered in the literature on nesting behavior can have profound effects, such as (1) how water temperature impacts basking behavior, an abiotic factor that influences female physiology, which in turn may alter the timing of nesting and resource allocation to the eggs; or (2) how biotic factors such as social facilitation influences nest-site choice; or (3) how water and not just air and soil temperature may affect the conditions experienced by developing embryos in the nest. Filling these gaps is important to assess what are the rules and what are the exceptions in turtle nesting biology, and to predict and evaluate the impact of environmental change. Indeed, anthropogenic climate change is detrimental to animals that have few options to overcome the effects of rising temperatures. TSD turtles have few options to survive highly biased sex ratios and decreased offspring viability in a warming world. And while the general long lifespan of turtles offers some buffering for these biased sex ratios (Sabath et al., 2016) and some heritability exists for adaptation via the threshold temperature for sexual development of TSD embryos, the rate of warming likely exceeds the evolutionary potential of many turtle taxa (Morjan, 2003). But rising temperatures also imperil the survival of GSD turtles because extreme temperatures induce high embryonic mortality, and endocrine disruptors affect sexual development across species irrespective of their sex-determining mechanism, yet little attention has been paid to GSD taxa in these respects. Likewise, predation risks accentuated by anthropogenic disturbance interact negatively with female nesting behavior and clutch survival, both for TSD and GSD turtles. Breeding programs that control the sex of eggs will probably need to be implemented to delay the demise of the most endangered TSD species, but highly imperiled GSD taxa may also need such measures. Ultimately, humans must curb carbon emissions, sequester carbon excess in the atmosphere, mitigate pollution, and ameliorate other environmental disturbances to protect these species and their native habitats, as evolutionary responses alone may not be enough.
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