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Both the mean and the variation in environmental temperature are increasing globally. Indeed, the predicted increases in temperature range from 2 to 4°C in the next 50 years. Ectotherms control body temperature by means of behavior selecting microsites with different temperatures, which makes them more susceptible to changes in climate. Nevertheless, lizards living in high mountain environments have developed several mechanisms to inhabit and colonize variable environments with extreme temperatures. These mechanisms include a high metabolism to be active at lower temperatures and viviparity to improve embryonic development. Despite behavioral thermoregulation acting as a buffer to changes in environmental temperature, other traits such as life-history traits may be less flexible. Consequently, in an attempt to understand how lizards cope with harsh habitats, we evaluated some physiological traits and responses of females of Liolaemus bellii from two contrasting slope sites with differences in environmental temperature and humidity, but at the same altitude in the southern Andes range. We collected pregnant females from opposite slopes and maintained them until parturition in a common-garden experiment. Females from the south-facing slope (S-slope) had higher preferred body temperature (Tpref) values before and after parturition and exhibited higher daily energy expenditure before parturition. Nevertheless, no difference in Tpref was shown by their offspring, suggesting a developmental plastic response or adaptation to lower environmental temperature. For instance, the higher metabolism during pregnancy could be associated with a shorter activity period on the snowy S-slope. Additionally, females from the S-slope had larger kidneys and gave birth later than N-slope females, likely due to developmental plasticity or genetic differentiation. How fixed these traits are, in individuals from the contrasting slopes, will determine the response capacity of the L. bellii population to climate change.
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Introduction

Global air temperature has increased by 0.12°C over the past decades, with a projected increase ranging from 1.0 to 4.0°C (IPCC Climate Change, 2013). How organisms may respond to increasing temperature is a complex but critical challenge (Lavergne et al., 2010). Ectotherms are particularly susceptible to climate change because their vital rates are directly influenced by environmental temperature (Paaijmans et al., 2013). Consequently, most research has focused on understanding how these organisms, particularly their life-history traits, will be affected by increasing temperature (Angilletta, 2009). As temperatures increase, organisms respond through genetic adaptation (Hoffmann and Sgrò, 2011), phenotypic plasticity (Chevin et al., 2010), shifting their geographical range (Parmesan et al., 1999; Hill et al., 2002; Moreno-Rueda et al., 2012), or by a combination of these processes.

Behavioral traits are commonly more labile and flexible than morphological, or even physiological ones (Mayr, 1959; Blomberg et al., 2003), thus the ability to control body temperature behaviorally could be beneficial to respond to temperature changes. Nonetheless, some authors argue that regulatory behavior could inhibit evolutionary change in thermal physiology traits (Huey et al., 2003). The evidence for lability in thermoregulatory behavior is mixed. For example, preferred body temperature (Tpref) responds to environmental temperature in spiders, with a phylogenetic correlation between the temperature of the activity period and Tpref in several Tarantula species (Montes de Oca et al., 2020). On the other hand, among several lizard phylogenetic clades, Tpref is historically constrained (Azócar et al., 2013), which makes it difficult for species to respond to climate change. Species with a limited capacity to adapt to climate change may be forced to migrate or move to colder places, especially in species with dispersal capacity such as butterflies or dragonflies (Parmesan et al., 1999; Hill et al., 2002). Indeed, several such species have shown poleward shifts in their geographical distribution (Thomas, 2010), some having moved their distribution upwards in elevational gradients (Enriquez-Urzelai et al., 2019; Zu et al., 2021). It is thus worth pondering what could happen with species at their upper limit in an elevation gradient and/or with low dispersal capacity. This is a major problem for most mountain species facing climate change, whose particular environments present formidable barriers for dispersal. Additionally, several mountain species have evolved to adapt to colder temperatures, which could be an evolutionary dead end Pincheira-Donoso et al., 2013, making it imperative to understand their flexibility and response capacity to increasing environmental temperature.

Recent work in lizards has focused on phenotypic plasticity of thermal traits in response to environmental temperature (Refsnider et al., 2018) and to humidity (Rozen-Rechels et al., 2021) with pregnant lizards shown to be sensitive to both environmental variables (Dupoué et al., 2020). Since body temperature (Tb) has a non-linear effect on most ectotherm performance variables (Angilletta, 2009; Bozinovic et al., 2011), behavioral thermoregulation needs to be studied. Indeed, most mountain lizards have evolved in response to lower temperatures by increasing their metabolism (Plasman et al., 2020) and by modifying their life-history traits, showing egg retention and viviparity (Mathies and Andrews, 1995). The most accepted hypothesis for the evolution of viviparity in squamate reptiles is the cold climate model (Tinkle and Gibbons, 1977; Shine, 1983; Pyron and Burbrink, 2014), which proposes that parental care through egg retention is similar to nest guarding or offspring providing (Shine and Brown 2008). Hence, egg retention may be beneficial to embryonic development by providing maternal thermoregulation.

The environmental heterogeneity in mountains could drive adaptative processes over short distances (Nevo, 1995). Genotypic and phenotypic differences across taxa and over short distances have been reported in the northern hemisphere, with taxa from bacteria to insects responding to this “evolution canyon” (Nevo, 1995). South-facing slopes (S-slope) in canyons north of the equator receive higher solar radiation than north-facing slopes (N-slope), which generates significant microsite climatic differences (Sikorski and Nevo, 2005; Nevo, 2009, 2012). In the southern hemisphere, where south-facing slopes receive less solar radiation than north-facing slopes, studies have focused mostly on plant communities (Badano et al., 2005), showing for example, that flowering in N-slopes starts earlier than in S-slopes (Rozzi et al., 1989). In this study, we measured several physiological and life-history traits (e.g., Tpref, metabolism, internal organs, and parturition day) in reproductive females of an Andean lizard, Liolaemus bellii, in response to contrasting environmental temperatures and humidity between S-slopes and N-slopes. Specifically, we performed a common-garden experiment with pregnant females of L. bellii from two contrasting facing slopes at similar elevations maintained under the same laboratory conditions.



Materials and methods


Species model

Liolaemus bellii is a viviparous lizard, giving birth to five offspring on average in early summer; it is endemic to Chile and distributed in the Andean areas of Valparaiso and Metropolitana Regions, inhabiting rocky environments from 2,050 to 3,053 meters above sea level (m.a.s.l.) (Donoso-Barros, 1966; Labra et al., 2001; Núñez et al., 2010; Pincheira-Donoso et al., 2013). We studied females from two accessible sites with similar altitudes: The south-facing slope at La Parva (33° 19’ 59” S, 70° 17’ 06” W, 2852 m a.s.l.) and the north-facing slope at El Colorado (33° 20’ 32”S, 70° 17’ 19”W, 2778 m a.s.l.). Aerial photographs from both sites are shown in Supplementary Figure 1. To characterize the temperatures and humidity of microsites, we placed three temperature and humidity data loggers (iButton hygrochrons) for 1 week in each site in December 2014. One data logger was placed on a rock fully exposed to the sun, another under a rock inside a crevice, and the last was partially covered under a shrub.



Animal collection and husbandry

A total of 39 pregnant females (16 from La Parva and 23 from El Colorado) were collected from November to January in three consecutive austral summers (2012–2015). They were captured with snare traps and transported to the laboratory (570 m.a.s.l.) on the same day. They were weighed and measured (total and snout to vent length, TL and SVL, respectively) the same day and each was placed individually in a terrarium (35 × 25 × 45 cm) with fine sediment and rocks from the capture locality. Water was given ad libitum, and a paper cylinder was provided as shelter. They were fed with larvae of Tenebrio molitor 3 days per week during the entire experimental period. They were maintained at room temperature (24°C) with a natural photoperiod, under natural light, and with water in a Petri dish. Each terrarium had an infrared lamp (250 W) to provide a thermal gradient during daytime; lights were switched on for 1 h and off for another hour, from 1,000 to 1800. The date of parturition and litter size was recorded for each female.



Measurements of Tpref

Measurements were taken every week before parturition and once after parturition. Females were placed in a terrarium of ca. 150 × 40 × 30 cm that had in one extreme a 250 W infrared lamp and ice packs under sand in the opposite extreme, to generate a thermal gradient of 15 to 45°C. After 2 hours of habituation, we registered surface body temperature (Ts) with a laser thermometer (Minitemp, Raytek) placed at 15 cm from each individual. To be sure that Ts was a good proxy of lizard core body temperature (Tb), we measured Ts as described above, and immediately after we registered Tb in the cloaca through Cu-Constantan thermocouples. We repeated both measurements in 31 individuals along a range of body temperatures (Supplementary Figure 2). Because we found a positive and significant relation between both temperatures, hereafter, we label Ts as Tpref. As females gave birth in the laboratory, we also measured Tpref once in the offspring during the first 33 days after birth (13 ± 11 days, mean and standard deviation). A total of 77 offspring from 16 females were measured.



Respirometry

Metabolic records were taken of each female weekly before parturition and once after parturition. The daily energy expenditure (DEE) was estimated through indirect calorimetry in a flow-through respirometry system (Sable systems, Inc.) which recorded an individual’s CO2 production over 24 h. Each female was placed in a 1 L glass metabolic chamber inside of a temperature-controlled cabinet (30 ± 0.5°C) where the chamber received room air previously passed through columns of water and CO2 filters (Drierite® and Baralyme®, respectively) at a rate of 200 ml/min−1. The excurrent air was passed again through a column of Drierite before passing through a CO2 analyzer (FoxBox, Sable System, Henderson, Nevada, USA). Each respirometry trial lasted for at least 25.5 h. For DEE estimation, we used the area under the CO2 production curve of the last 24 h from the record. Despite individuals not being fed inside the climatic cabinet, they were seen to carry on all normal activities such as locomotion (Lighton, 2018). From the record, we estimated MR during the day by averaging CO2 production of the lowest 10 min of inactivity between 1,100 and 1,500; we named this measure daily metabolic rate (MRday). The same procedure was used to estimate a nightly metabolic rate (MRnight) by averaging the lowest 10 min of inactivity between 1,100 and 0300. As females were reproductive and non-fasted for CO2 records, we cannot call it standard metabolic rate (SMR). Outputs from the CO2 analyzer (%) and the flow meter were digitalized using Universal Interface II (Sable Systems, Henderson, Nevada, USA) and recorded on a personal computer using EXPEDATA data acquisition software (Sable Systems, Henderson, Nevada, USA).



Internal organs

After parturition, females were sacrificed according to ethics protocols (see ethics statement below) and dissected to remove internal organs (liver, kidneys, heart, lungs, reproductive tract, digestive tract, and abdominal fat bodies). All organs were washed with 0.9% NaCl solution, dried at 60°C together with its carcass and tail, and then weighed (precision 0.0001 g, PRECISA, HF 225SM-DR, series H390) periodically until all water content was removed and weight remained constant.



Statistical analysis

To determine physiological differences between sites, we fitted general linear mixed models (GLMM) to each response variable (DEE, MRnigth, MRday, and Tpref). Female was added as a random intercept to account for inter-female variation in the models (Zuur et al., 2009). In the corresponding table, we show the sample size (i.e., females) for each variable because we have different sample sizes for each. This is due to some females giving birth before metabolism was measured. Because we were not able to predict when females would give birth, we measured Tpref and metabolism weekly. This way, we ensured a standardized period of time before parturition to record this trait. For metabolism variables (DEE, MRnight, and MRday), we fitted GLMM to each response before and after parturition with body mass (mb), site, and their interaction term as predictor variables. To test Tpref differences between females, we fitted GLMMs with the site, Time of Tpref measurement (before or after parturition), and their interaction term as predictor variables. To estimate differences between dates of parturition, we first converted the date to the number of days from the first day of the year (January 01). We were not able to use Julian calendar days because when the dates were converted, they showed large differences between, for example, December 31 (2014365 Julian calendar days) and January 01 (2015001 Julian calendar days) when there is a 1-day difference. We fitted a GLMM with body mass (mb), site, and the interaction between body mass and site as predictors. To test for differences in female internal organs between sites, we performed GLMMs with the mass of each organ as response variable and site, mb, and their interaction as predictors. We also checked if Tpref varied with the date of measurement for the offspring. After that, we fitted nested models to test the Tpref differences of the offspring between sites, with mb and site as predictors, and female as a random effect. Model selection was performed using Akaike’s criterion (Akaike, 1974, 1998) and a log ratio test (Zuur et al., 2009). For all fitted models, assumptions were checked visually (Zuur et al., 2009). All statistical analyses were performed using R software (R Core Team, 2018) and the packages nlme (3.1–137) (Pinheiro et al., 2017), MuMIn (1.42.1) (Barton, 2009), multcomp (1.4–8) (Hothorn et al., 2016), and ggplot2 (3.3.0) (Wickham et al., 2016).




Results


Environment description

We observed differences in temperature between both slope sites for the three microsites during all recorded days (Supplementary Figures 3, 4). As expected, the N-slope site showed higher temperatures than the S-slope. We also observed higher relative humidity on the S-slope. The aerial images showed that differences between sites involved snow cover during spring, with the south-facing slope remaining with snow cover until October, while the north-facing slope was completely snow-free by then (Supplementary Figure 1). Additionally, during May, the S-slope exhibited snow cover, while the N-slope did not (Supplementary Figure 1).



Preferred body temperatures

We found a significant difference in the Tpref of animals from the different sites. N-slope females had higher Tpref values than those from the S-slope (Figure 1; Supplementary Table 1). We also found differences in Tpref at the time of measurement; with pregnant females having lower body temperatures than those after parturition regardless of the site (Figure 1; Table 1). The best model for Tpref included site and time (Table 1), with females from the south-facing site showing lower body temperatures than those from the north-facing site before and after parturition (Figure 1). Together, predictor variables explained 14% of the variance and the random effect (females plus fixed part) explained 38% of the variance. This means that there is important variation explained at the individual level. We did not find a significant effect of time of measurement (t value = 1.795, df = 75, p = 0.08) or site on the Tpref of offspring (t value = 0.311, df = 13, p = 0.976) (Figure 2).
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FIGURE 1
 Preferred body temperature (Tpref) of adult females from two L. bellii sites at North-facing and South-facing slopes before and after parturition. Filled dots represent the mean, whiskers indicate SE estimated from the best model, and open dots are raw data.




TABLE 1 Summary of the best-fitted models for physiological and life-history traits in an Andean viviparous lizard.
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FIGURE 2
 Preferred body temperature (Tpref) of offspring from two L. bellii populations at North-facing and South-facing slopes. Filled dots represent the mean, whiskers indicate SE estimated from the best model, and open dots are raw data. Notice that the best model only included body size; thus we show Tpref for an average-sized individual from either locality.




Metabolic rates

The DEE of the pregnant females was significantly different between sites (Table 1; Figure 3), with those from the colder locality having larger DEE values. Nevertheless, DEE differences were not observed in females after parturition (Supplementary Tables 1, 2). In fact, the best model for DEE before parturition included site (S) and body mass (mb) (Table 1), while the model for DEE after parturition only included mb (Supplementary Table 3). It is clear that pregnant females from the S-slope showed higher DEE than those from the N-slope (Figure 3; Table 1) after controlling by mb. We also found that the best model for MRday and MRnight of females before parturition only included mb (Supplementary Table 1). The same result was found for MRday after parturition (Supplementary Tables 2, 4–6). Nevertheless, for MRnight after parturition, we found that the best model also included population alongside mb as predictor variables but this model explained only 7% of the variance (Supplementary Tables 2, 7).

[image: Figure 3]

FIGURE 3
 Daily energy expenditure (DEE) of adult females from two sites at North-facing and South-facing slopes before (A) and after parturition (B). Filled dots represent the mean for an average-sized female, whiskers indicate SE estimated from the best model. Open dots are raw data.




Life-history traits

We found that the date of parturition was significantly different between females from either site (Table 1; Figure 4), with females from the south-facing slope giving birth later than those from the north-facing slope. The best model for date of birth only included site as a predictor (Table 1; Supplementary Table 8), mb was not included. Females from the N-slope gave birth at 359 ± 5 days; that is, approximately 25 December of each year, while those from S-slope gave birth at 366 ± 11 days, that is, approximately 01 January (Figure 4). The latter showed more variation in the birth dates, with some females giving birth as late as February (390 days). In comparison, the latest births of N-slope females were approximately January 05 (370 days). Additionally, females did not differ between sites in body size (t value = 0.583, df = 31, p = 0.56, Figure 5), litter size (t value = 0.964, df = 34, p = 0.34, Figure 5), or offspring size (t value = 0.869, df = 13, p = 0.401, Figure 5). Litter size was determined by female body size (t value = 4.512, df = 34, p < 0.001).

[image: Figure 4]

FIGURE 4
 Day of parturition of adult females and from two L. bellii sites at North-facing and South-facing slopes. Filled dots represent the mean, whiskers indicate SE estimated from the best model, and open dots are raw data. Days are rooted on January 01 of each year and are represented by days often greater than 365 because austral summers start in December and end in March of the following year.


[image: Figure 5]

FIGURE 5
 Female body mass (A), litter size (B), and offspring size (C) from two L. bellii sites at North-facing and South-facing slopes. Filled dots represent the mean, whiskers indicate SE estimated from the best model, and open dots are raw data.




Internal organs

For all internal organs, only kidney dry mass was different between females from the two sites (Table 1; for model selection see Supplementary Table 9). The best model for kidney mass included mb and site (Table 1), showing that females from the S-slope have bigger kidneys than those from the north-facing site (Figure 6). Further, the model for reproductive tract mass included site, mb, and their interaction term (Supplementary Table 8), but significant differences were not observed between sites (Table 1).

[image: Figure 6]

FIGURE 6
 Kidney mass of females from two L. bellii populations at North-facing and South-facing slopes in relation to body mass (mb). Shaded areas show 95% confidence intervals of the regressions.





Discussion

We discovered that pregnant females from two contrastingly facing slopes in the Andean climatic microhabitat showed differences in several physiological and life-history traits, such as the day of parturition (Figures 1, 3, 4). Nevertheless, the litter size, offspring size, and female body mass did not significantly differ between sites (Figure 5). We found that females from the S-slope had lower Tpref values compared to females from the warmer N-slope (Figure 1). This difference was also observed after parturition, with females from the colder site always having lower body temperatures. It could be argued that such differences in physiological traits were not a short-term acclimatory response because females were kept in the laboratory under common-garden conditions. In addition, we did not find significant differences in the Tpref of the offspring (Figure 2), thus indicating that adult Tpref, is a developmental acclimatory or adaptive response. This response is more likely a reaction to differences in environmental temperature (Supplementary Figures 3, 4), supporting the local optima hypothesis (Levinton, 1983), which posits that individuals respond to colder environmental temperatures by matching Tpref with the environmental temperature. Thus, individuals living at lower environmental temperatures may still reach their optimum functioning temperature (Levinton, 1983). Our results may also provide evidence for the labile hypothesis (Hertz et al., 1983), which posits that thermal traits respond to directional selection due to environmental heterogeneity, contrary to the evolutionary constraint point of view raised by the static hypothesis (Hertz et al., 1983).

Similarly, the metabolic adaptation hypothesis posits that individuals dwelling at lower environmental temperatures, as is the case with high altitudes (Plasman et al., 2020) or latitudes (Ibargüengoytía et al., 2010), show higher metabolic rates in order for them to be active at those lower environmental temperatures, thus suggesting an optimal time-energy use (Gaston and Chown, 1999; Addo-Bediako et al., 2002). We found DEE differences between females from the two sites during pregnancy, but they were not maintained after parturition (Figure 3). Therefore, it is likely that the increased metabolism could be a time-use compensation for shorter activity periods as a consequence of snow cover permanence during autumn and spring in the S-slope (Supplementary Figure 1). However, we cannot discard the idea that the DEE differences between pregnant females at the two sites were a consequence of their different activity levels.

We also found that females from the more humid S-slope had larger kidneys than those from the drier N-slope (Figure 6). We speculate that at sites with more moisture, larger kidneys are necessary to process excess water, which is concordant with the observation that vertebrates facing chronic antidiuresis tend to have smaller kidneys than those that live in wetter environments (McNab, 2002; Sabat et al., 2006). We did not find between-site differences in the digestive tract. The digestive tract, kidney, and liver are internal organs that strongly influence metabolic variables such as BMR and SMR (Konarzewski and Diamond, 1995; Chappell et al., 1999; Russell and Chappell, 2007). Nevertheless, it is important to note that females were sacrificed and their internal organs dissected after parturition; therefore, any potential differences during pregnancy could not be detected. Moreover, it has been demonstrated that L. bellii decreases gut size in autumn and winter during their inactivity period, to save energy and avoid maintaining expensive and unnecessary tissue (Naya et al., 2008). We do not know what happens to gut size after parturition, but it is likely that it decreases. Additionally, while obtaining a more balanced dataset with a larger number of observations is desirable, it is logistically impossible to record all variables before females gave birth.

Regarding life-history traits, the date of birth was slightly different between females from the two sites, with those from the south-facing slope giving birth later (Figure 4). The difference was marginal and mainly determined by three females captured in January that gave birth in February. As mentioned, offspring and litter size were similar between females from either site (Figure 5). Because the fertilization date of the females is unknown, we cannot determine if there were differences in neonate retention time. The lizard Sceloporus scalaris, a high-elevation species from North America, exhibits population variation in life-history traits between populations at different altitudes (Mathies and Andrews, 1995). Females from high-elevation start reproduction earlier in spring to compensate for low temperatures and they also increase egg retention to facilitate embryonic development. This is concordant with the earlier onset of activity shown by high-elevation populations of the lizard Psammodromus algirus in Spain (Zamora-Camacho et al., 2013). Thus, we can assume that a similar phenomenon could be occurring among Liolaemus bellii, responding to different temperatures between temperature-contrasting slopes at the same elevation.

Finally, genetic and phenotypic divergence due to sharp microsite differences between contrasting facing slopes over short distances has been widely demonstrated among microorganisms and invertebrates (Nevo, 2009, 2012). Here, we found physiological differences in female lizards responding to microsite differences. They were observed in several physiological and life-history traits, possibly owing to developmental plasticity in Tpref, but some of the traits could also be due to local thermal adaptations, or a combination of the two. This will have to be addressed in future studies, taking into account multi-factorial abiotic effects. Regardless of the differentiation process, the phenotypic diversification observed in high-mountain species could lead to an evolutionary dead end in the context of climate change.
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