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The effects of warming temperatures on embryonic and hatchling development are critical for determining the vulnerability of species to climate warming. However, these effects have rarely been investigated in high-latitude oviparous species, particularly in their low-latitude margin populations. This study investigated the embryonic and hatchling development and fitness-related traits of a low-latitude margin population of a high-latitude lizard (Lacerta agilis). These traits were examined under present (24°C), moderate warming (27 and 30°C), and severe warming scenarios (33°C). Based on embryonic and hatchling responses to thermal variation, this study aimed to predict the vulnerability of the early life stages of low-latitude margin population of Lacerta agilis to climate warming. The incubation period of the low-latitude margin population of Lacerta agilis decreased as the temperature increased from 24 to 33°C. Hatching success was similar at 24, 27, and 30°C but decreased significantly at 33°C. No differences with temperature were observed for hatchling snout-vent length and hatchling body mass. The sprint speed was higher for hatchlings from temperatures of 24 and 33°C. The growth rate of hatchlings was highest at 30°C; however, the survival rate of hatchlings was not affected by the thermal environment. This study demonstrated that even for a low-latitude margin population of the high-latitude lizard, Lacerta agilis, moderate warming (i.e., 27 and 30°C) would benefit embryonic and hatchling development. This was indicated by the results showing higher hatching success, growth rate, and survival rate. However, if temperatures increase above 33°C, development and survival would be depressed significantly. Thus, low-latitude margin population of high-latitude species Lacerta agilis would benefit from climate warming in the near future but would be under stress if the nest temperature exceeded 30°C.
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INTRODUCTION

Anthropic climate warming has imposed many negative effects on animals, including changes in phenology (e.g., Gibbs and Breisch, 2001; Sherry et al., 2007), inhibition of dispersal (e.g., Massot et al., 2008), contractive distribution (e.g., Thomas et al., 2006), decreasing population growth (e.g., Deutsch et al., 2008), and extinction (e.g., Harte et al., 2004; Jevanandam et al., 2013). Therefore, understanding how animals respond to thermal variations caused by climate warming is critical. It is particularly relevant to understand thermal adaptation for determining the vulnerability of animals to the effects of climate change (Huey et al., 2012). Although it is likely that the effects of climate warming are evidently negative for most animals (Dillon et al., 2010; Barnosky et al., 2011), the vulnerability of species across different latitudes is still controversial. The warming rate has been predicted to increase with higher latitude, supporting the likelihood of increased vulnerability of animals at higher latitudes (e.g., Root et al., 2003; Parmesan, 2006). However, higher sensitivities to warming for low-latitude animals indicated the opposite pattern, that animals from low latitudes, including tropical areas, have a higher vulnerability to warming temperatures from climate change (e.g., Deutsch et al., 2008; Dillon et al., 2010; Sunday et al., 2011). Therefore, the response of animals from different latitudes to climate warming has received increasing attention. In contrast to low latitudes, where animal responses to thermal variations and climate warming have been extensively investigated (e.g., Huey et al., 2009; Laurance and Useche, 2009; Sinervo et al., 2010; Logan et al., 2013; Tao et al., 2021), much less investigations with focus on the responses to climate warming of animals from high latitudes.

Increasing knowledge about physiological and life-history responses to warming temperatures is critical for evaluating potential vulnerabilities (Williams et al., 2008; Huey et al., 2012; Pacifici et al., 2015). As typical ectothermic vertebrates, oviparous reptiles are physiologically sensitive to thermal variations, particularly during the early stages of life (e.g., embryonic development). Therefore, reptiles have an important role in the context of investigating their physiological and life-history responses to thermal variations and climate warming (Huey et al., 2012). Reptiles have been found to be negatively affected by climate warming (e.g., Huey et al., 2010; Sinervo et al., 2010; Barnosky et al., 2011; Diele-Viegas et al., 2020; Taylor et al., 2021). Furthermore, without parental care, most reptile embryos face developmental challenges from the surrounding environment (Du and Shine, 2015; Noble et al., 2018a,b; Du et al., 2019). In addition, many environmental factors can affect embryonic and hatchling development, including hatching success, incubation period, body size and growth of hatchlings, and survival rates (e.g., Sun et al., 2014; Du and Shine, 2015; Zhang et al., 2016; Noble et al., 2018b; Li et al., 2020). Recent research has revealed that reptile embryos are more vulnerable to climate warming than adults because of their lower heat tolerance. Embryonic heat tolerance has thus been predicted to limit the distribution of species under climate warming (Angilletta et al., 2013; Levy et al., 2015; Carlo et al., 2018; Hall and Sun, 2021; Sun et al., 2021).

Reptiles from low latitudes have been predicted to migrate toward high latitudes. This will allow them to escape from the heat stress caused by climate warming (e.g., Massot et al., 2008; Boyle et al., 2016). In addition, the embryos of reptiles at high latitudes may benefit from climate warming by enhancing hatching success, hatchling growth, and survival rates (Andrews et al., 1999; Qualls and Andrews, 1999; Li et al., 2018; Liu et al., 2022). However, for reptile species that have a wide geographic distribution across high latitudes, the response to climate warming by its low-latitude margin population (i.e., population from low-latitude margin of its distribution area) is relatively unknown. Investigating the embryonic and hatchling responses of the low-latitude margin population of high-latitude species to warming temperatures (e.g., Olsson et al., 2011; Ljungström et al., 2015) would increase the understanding of species response to climate warming across latitudes.

This study focused on a low-latitude margin population (i.e., Burqin, Xinjiang, China) of the sand lizard (Lacerta agilis), which is a high-latitude species. The eggs were incubated at four different temperatures to mimic the present (i.e., 24°C), moderate warming (27 and 30°C), and severe warming (33°C) scenarios for the population according to predicted warming rate. The hatchlings were then reared at the present, moderate warming, and severe warming scenarios coherently. The increase in egg mass during incubation, hatching success, incubation period, hatchling body size, growth, and survival rates were then determined to reveal the thermal effects of different warming scenarios on embryonic and hatchling development. Furthermore, warming scenarios would benefit the embryonic and hatchling development of Lacerta agilis if the low-latitude margin population responded in the same way to the benefits of climate warming as that documented in other species from high latitudes (Andrews et al., 1999; Qualls and Andrews, 1999; Li et al., 2018). Alternatively, it was predicted that the warming scenarios would depress embryonic and hatchling development. This would have been the case if this population followed the consensus that warming temperatures have a negative effect on embryonic and hatchling development.



MATERIALS AND METHODS


Study Species

The sand lizard (Lacerta agilis) is a medium-size oviparous lizard of up to 114 mm in snout-vent length (SVL). This species is widely distributed across northern Europe, Russia, Mongolia, and Xinjiang in China (61° N–43°N), which have cold climates with significant thermal fluctuations (Strijbosch and Creemers, 1988; Trakimas, 2005; Ekner et al., 2008). Sand lizard habitats were found in forest, shrubland, and grassland (Figure 1A). The sand lizard becomes active in the field in March after the end of hibernation then starts the reproductive season. During the reproductive season, females lay one or two clutches of 3–11 eggs per clutch (IUCN).1 Previous research on Lacerta agilis provided key background information, thereby making it a great study system for investigating the responses of high-latitude reptiles to thermal variations and climate warming (e.g., Olsson, 1994a,b; Olsson and Shine, 1996, 1997a,1997b; Madsen et al., 2000; Ljungström et al., 2015).
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FIGURE 1. Natural habitats of (A) and thermal environments (B) for sand lizards (Lacerta agilis) from Burqin population. (A) The photographs indicate the natural habitats and demographic photographs for Lacerta agilis. (B) The blue solid, green long dash and red short dash lines indicate the temperatures of nest at depth of 5 cm underground, surface and air. The shade column indicates the reproductive season mainly for embryonic development. The data of temperatures were from China Meteorological Data Service Centre (http://data.cma.cn/en).




Animal Collection and Environmental Factors

Adult lizards were collected in early May of 2014 from Burqin, Xinjiang, China, (47°22′ N, 88°06′ E), which is almost the lowest latitude at which Lacerta agilis is found. The lowest monthly average temperature was –16°C in January, and the highest monthly average temperature was 21°C in July in Burqin.2 All the lizards were collected either by hand or using a lizard noose. The active body temperature of a subset of lizards (n = 16) was measured randomly during collection. The average body temperature for lizards in the field was 32.97 ± 0.62°C (28.2–36.3°C). After collection, the lizards were transferred to the laboratory at the Harbin Normal University. Six to eight lizards were housed in each terrarium (950 × 450 × 500 mm, length × width × height). These were placed in a temperature-controlled room at 18°C, with a photoperiod of 12 L: 12D (0700–1,900). A 100 W UVA + UVB heating lamb was suspended 50 mm above one end of each terrarium to provide a thermal gradient of 18–40°C for behavioral thermoregulation from 0800 to 1,600. Food (Larva of Tenebrio molitor and crickets dusted with mixed vitamins) and water were provided ad libitum.



Embryonic Development

The female lizards were palpated every other day to determine their gravid status. The female lizards with oviduct eggs were reared individually in plastic terraria (35 × 30 × 40 mm, length × width × height). The terraria were lined with 100 mm of moist soil, where the females laid their eggs. The terraria were checked three times per day for freshly laid eggs. Once found, the eggs were weighed, numbered, and randomly assigned to one of the four incubation temperatures. A total of 160 eggs from 43 females were incubated. A split clutch design was used for incubation, with eggs from each female being incubated at different temperatures. The present temperature scenario was set according to soil temperatures during June and July (Figure 1B). Moderate warming scenarios were set to mimic the maximum temperature increasing at RCP 4.5 and RCP 6.0 scenarios, while the severe warming scenario was set to that of RCP 8.5 (IPCC, 2013, 2021). The incubation temperatures were set at 24, 27, 30, and 33°C, which mimicked the thermal environments under present climates (24°C), moderate warming scenarios (27 and 30°C), and severe warming scenario (33°C). The eggs were half-buried in plastic boxes (160 × 115 × 40 mm) which were filled with moist vermiculite (–220 kPa). A subset of eggs (7, 10, 9, and 8 eggs for 24, 27, 30, and 33°C) were measured every 5 days, to determine the increase in egg mass during incubation. Water was added to the boxes every 5 days to maintain the moisture of the vermiculite until the hatchlings emerged. After hatching, the incubation period was recorded. The hatching success was calculated by the ratio of the number of hatchlings to the number of eggs incubated.



Hatchling Husbandry

The hatchlings were measured for SVL (± 0.001 mm) and weighed for body mass (BM, ± 0.001 g). Hatchlings were individually marked and reared under different thermal regimes. To detect the coherent effects of temperature on embryonic and hatchling development, the hatchlings were reared at the same average temperatures as those under incubation. These were 24 ± 3°C, 27 ± 3°C, 30 ± 3°C, and 33 ± 3°C for hatchings that incubated at 24, 27, 30, and 33°C, respectively. A total of 8–10 hatchlings were reared in each temperature-controlled chamber (450 L), with a light cycle of 12 L:12D (0700–1,900). Food and water were provided ad libitum.



Locomotion

One week after hatching, the locomotor performance of the hatchlings was started to be determined. Using the average body temperatures recorded in the field as a baseline (32.97°C), the locomotor performance tests were conducted at 33°C. Prior to the test, the hatchlings were acclimated to a temperature at 33°C for at least 1 h. Hatchlings were encouraged to run across a 1 m racetrack by touching their tails with a soft paintbrush. The process was recorded using a digital video camera (DCR-SR220E, Sony, Japan). Each hatchling was tested twice with an interval of 1 h between each test for resting. The videos were then analyzed using AVS Video Editor software (Online Media Technologies Ltd., United Kingdom). The fastest speed at 20 cm intervals was recorded. The average of the fastest speed out of the two tests was calculated as being the sprint speed. The maximum distance for each burst and the number of stops during each test were also recorded, and the average of two records were calculated as the maximum distance and number of stops, respectively.



Growth and Survival

Husbandry of all the hatchlings lasted for at least 40 days. The hatchlings were weighed and measured, with their survival status being checked every 10 days after hatching. SVL and BM were recorded to determine the growth rate. The growth rate was calculated as the difference in SVL and BM per day, expressed as mm/day and g/day, respectively. Survival rates were determined by the number of live individuals after 40 days of husbandry against the total number of hatchlings.



Statistical Analysis

IBM SPSS 21.0 was used for statistical analysis. Before the analysis, the normality of distributions and homogeneity was tested using the Kolmogorov–Smirnov test and Levene’s test, respectively. As the initial egg mass being the same but the embryonic processes were different on the same day across the incubation temperatures, the egg mass increase was analyzed using the final egg mass before hatching by one-way analysis of covariance (ANCOVA), with incubation temperature was the main factor, and initial egg mass was a covariate. The incubation period for the embryos, hatchling sprint speed, and the number of stops were analyzed by one-way ANOVA, with incubation temperature as the main factor. The hatchling SVL and BM and growth rate of hatchlings SVL and BM were analyzed by one-way ANCOVA with incubation temperatures, and husbandry temperature as the main factors, and egg mass, initial SVL, and BM as covariates, respectively. The hatchling SVL and hatchling BM before winter were analyzed by one-way ANOVA. The hatching success and hatchling survival rates were analyzed by the Chi-square test. The Tukey post hoc comparison was conducted once significant difference was detected across temperature regimes.




RESULTS


Embryonic Development

The egg mass increase was affected by incubation temperatures across the incubation duration, with egg mass increasing the most at 24°C than at other incubation temperatures [F(3, 29) = 10.858, P < 0.0001]. The other incubation temperatures did not influence the egg mass increase (min P = 0.054) (Figure 2). The incubation period was influenced by the incubation temperature, which decreased from 24 to 33°C [F(3, 63) = 557.55, P < 0.0001] (Figure 3A). The hatching success was significantly different among incubation temperatures, which was lower at 33°C (8/40) than at 24°C (14/40), 27°C (21/40), and 30°C (24/40) (χ2 = 15.89, P < 0.01). However, the incubation temperatures of 24–30°C did not affect hatching success (all P > 0.05) (Figure 3B).
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FIGURE 2. Egg mass increase during incubation. The blue, green, orange and red spot and lines indicate the eggs incubated under 24, 27, 30, and 33°C, respectively. The data are shown as mean ± SE.
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FIGURE 3. Incubation period (A) and hatching success (B) of embryos under 24, 27, 30, and 33°C. (A) The dash lines indicate the mean value of incubation period; the data are shown as mean ± SE. (B) The number in the columns indicate the sample size for each temperature. The different letters above the error bars indicate the significant difference between incubation temperatures.




Hatchling Body Size and Locomotion

Hatchling snout-vent length (HSVL) [F(3, 62) = 1.010, P = 0.394] and body mass (HBM) [F(3, 62) = 2.050, P = 0.116] were not affected by incubation temperatures (Table 1). The sprint speed of hatchlings was significantly affected by incubation temperature [F(3, 61) = 6.827, P < 0.001]. Hatchlings incubated at 24 and 33°C had higher sprint speeds than siblings at 27 and 30°C (Figure 4A). The number of stops for hatchlings at 30°C were significantly higher than the siblings at 27°C, along with those at 24 and 33°C [F(3, 61) = 3.838, P = 0.014] (Figure 4B). However, the maximum distance for each sprint test was not influenced by incubation temperature [F(3, 61) = 1.886, P = 0.141].


TABLE 1. Initial body size (SVL and BM), growth rate of hatchlings (SVL and BM), and hatchlings body size (SVL and BM) before winter under different temperatures.
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FIGURE 4. Sprint speed (A) and the number of stops (B) of hatchlings incubated at 24, 27, 30, and 33°C. (A) The dash lines indicate the mean value of sprint speed; the data are shown as mean ± SE. (A,B) The different letters above the bars indicate the significant differences between incubation temperatures.




Hatchling Development

The growth rates of HSVL and HBM were significantly affected by the thermal environment of the embryos and hatchlings. The growth rate of HSVL in hatchlings at 24°C was lower than siblings from temperatures of 27, 30, and 33°C [F(3, 49) = 7.234, P < 0.001; 30°C a > 33°C a > 27°C a > 24°C b] (Table 1). The growth rate of HBM was the lowest for hatchlings from 24°C, highest for hatchlings from 30°C, and in between for hatchlings from 27 and 33°C [F(3, 49) = 7.234, P < 0.001; 30°C a > 33°C ab > 27°C b > 24°Cc] (Table 1). Consequently, the SVL [F(3, 50) = 11.484, P < 0.0001; 30°C a > 33°C ab > 27°C b > 24°C c] and BM before winter [F(3, 50) = 11.834, P < 0.0001; 30°C a > 33°C ab > 27°C b >24°C c] were the highest for hatchlings at 30°C, and the lowest at 24°C, with those at 27 and 33°C in between (Table 1). However, the survival rates of hatchlings from 24 (10/14, 71.4%), 27 (17/21, 80.9%), 30 (17/24, 70.8%), and 33°C (7/8, 87.5%) were similar after 40 days of husbandry before winter (χ2 = 1.38, P > 0.05).




DISCUSSION

The effects of climate warming on animals have been extensively investigated over the previous decades (Pacifici et al., 2015). Although the current consensus is that climate warming would have negative effects on animals at many biological hierarchies, additional research is required to comprehensively determine the latitudinal pattern of vulnerabilities (e.g., Root et al., 2003; Parmesan, 2006; Huey et al., 2009, 2012; Dillon et al., 2010; Sun et al., 2021). This study focuses on how the low-latitude margin population of a high-latitude species, Lacerta agilis, would respond to climate warming.

Although in this study, low incubation temperature (i.e., 24°C) enhanced the egg mass during incubation (Figure 2), they did not affect the hatchling body size (Table 1). In contrast, with shorter incubation periods and enhanced hatching success, embryonic development was found to be enhanced under moderate warming scenarios at 27 and 30°C (Figure 3). Furthermore, higher growth rates in SVL and BM indicated that moderate (30°C) and severe (33°C) warming temperatures were beneficial for hatchling development (Figure 4 and Table 1). In combination, similar to other high-latitude reptiles (e.g., Andrews et al., 1999; Qualls and Andrews, 1999; Li et al., 2018; Liu et al., 2022), moderate warming (i.e., 30°C) would benefit embryonic and hatchling development in the low-latitude margin population of a high-latitude lizard, Lacerta agilis.


Moderate Warming Enhanced the Embryonic Development

For oviparous species, a shortened incubation period has been considered an advantage for hatchlings. In this study, the moderate warming temperatures and severe warming temperature shortened the incubation period, potentially decreasing the possibility of embryos being preyed upon by predators (e.g., Torralvo et al., 2017) or having reduced survival rates due to extreme heat events (Levy et al., 2015; Ma et al., 2018b; Hall and Sun, 2021; Sun et al., 2021). Meanwhile, a shorter incubation period can allow a relatively long period for hatchling development. This potentially increases the chance of hatchlings having an increased body size to respond to the challenges of lower temperatures during the autumn and winter months (e.g., Sun et al., 2018a; Liu et al., 2022). The physiological and biochemical mechanisms underlying the shortened incubation period may be associated with enhanced mitochondrial functions and metabolic enzyme activities in embryos at high temperatures (e.g., Sun et al., 2015). By enhancing the mitochondrial metabolism, embryonic metabolism and thus embryonic development can be significantly increased. The incubation period can therefore be shortened (e.g., Du and Shine, 2010, 2015; Du et al., 2010a,b, 2011; Sun et al., 2013; Liu et al., 2022).

Hatching success is an indicator of the survival rate of embryos during development, which is a critical proxy for evaluating the effects of incubation environments on embryonic development (e.g., Du and Shine, 2015; Noble et al., 2018b). In this study, moderate warming temperatures increased hatching success, without any depress on hatchling SVL and BM (Table 1), indicating the presence of a higher hatchling recruitment for the population (e.g., Ma et al., 2018a,b; Liu et al., 2022). However, a severe warming incubation temperature of 33°C significantly decreased hatching success, with only 20% (8/40) of embryos hatched successfully. In combination, moderate warming temperatures of 27 and 30°C, respectively, led to higher hatching success and shortened incubation periods, both of which are advantages for embryonic development.



Hatchling Growths Are Enhanced by Warming Husbandry

For hatchling husbandry in this study, the same thermal regimes were consistently used for incubation temperatures, with a ± 3°C fluctuation. Although this limited the interpretation of the interactive effects of incubation and husbandry temperatures, which are normally employed in factory-manipulated investigations (e.g., Deeming and Ferguson, 1991; Taylor et al., 2021). The current thermal regime still met the need to evaluate the thermal effects on the development of hatchlings. With higher growth (Table 1) and equal survival rates, the hatchlings from moderate warming at 30°C and severe warming at 33°C both benefited in comparison with hatchlings from the present thermal environments of 24°C in this study. The higher growth rate of hatchlings allowed faster mass accumulation before winter, which improved resistance to cold weather during the winter months, which is a widespread adaptive strategy employed at high latitudes by many animals, including fish, reptile, and mammal (e.g., Festa-Bianchet et al., 1997; Larivée et al., 2010; Eto et al., 2018; Sun et al., 2018b; Lu et al., 2019). As a high-latitude species, Lacerta agilis faces the challenge of cold climatic conditions for a long time from October to May each year. Owing to their large body sizes, the hatchlings are predicted to have enhanced survival rates during winter (e.g., Litvak and Leggett, 1992; Steiger, 2013). In addition, larger body size for Lacerta agilis is a critical proxy for mating choice, as larger adults may have priority in mating, thereby enhancing reproduction (Olsson, 1993).



Implication for Vulnerability to Climate Warming

At the most sensitive life-history stage, understanding the role of physiological proxies of embryos and hatchlings, such as their hatching success, incubation period, hatchling growth, and body size, to thermal variations are fundamental and necessary to evaluate the vulnerabilities of species and their populations (e.g., Pike, 2014; Howard et al., 2015; Ma et al., 2018a,b). In this study, we mimicked the present climate and moderate and severe warming scenarios to reveal the responses of embryos and hatchlings according to different RCP scenarios (IPCC, 2013, 2021). Based on the responses of embryos and hatchlings, it was predicted that the low-latitude margin population of Lacerta agilis would not be vulnerable to moderate climate warming but would be severely vulnerable to severe warming scenarios.

This study revealed that moderate warming temperatures of 27 and 30°C enhanced embryonic development. Moderate warming at 30°C and severe warming temperatures of 33°C facilitated hatchling development. Based on the present findings, it is predicted that moderate warming scenarios for embryonic and hatchling development would be beneficial for Lacerta agilis. In contrast, severe warming temperatures also enhanced the growth of hatchlings but reduced hatching success at 33°C. This would be harmful to population recruitment (e.g., Spear and Nur, 1994; Tang et al., 1998). Similarly, extreme warming temperatures for embryonic development would also depress the hatchling body size, growth rates, and even survival rates in the brown anoles (Anolis sagrei) and fence lizards (Carlo et al., 2018; Hall and Warner, 2021).

In summary, with the low-latitude margin population of a high-altitude species, Lacerta agilis, we found that embryonic and hatchling development can be enhanced under moderate warming temperatures. The responses follow the increasingly demonstrated benefits of climate warming at high latitudes. This has indicated that Lacerta agilis would not be vulnerable to climate warming in the near future. Nonetheless, this study was limited by its failure to reveal the interactive effects of incubation and hatchling temperatures on embryonic and hatchling development (e.g., Sun et al., 2018a,b). Moreover, with a focus on embryonic development, the nesting behavior and maternal effects of females in this study were excluded, that can significantly affect embryonic and hatchling development (e.g., Refsnider and Janzen, 2010a,b; Meylan et al., 2012; Li et al., 2018). Further research is required to reveal the interactive effects of embryonic and hatchling developmental temperatures, as well as the effects of nesting behavior and maternal modifications.
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