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Abstract

As climate change marches on, rapidly rising temperatures shatter records every

year, presenting ever‐growing physiological challenges to organisms worldwide.

Ectotherms rely on behavioral and physiological plasticity to contend with en-

vironmental fluctuations. Nonetheless, our understanding of thermal plasticity has

been largely limited to laboratory settings. Here, we test whether aspects of thermal

physiology respond to interannual shifts in thermal environment in a natural po-

pulation of Phrynosoma orbiculare, a montane horned lizard, from Hidalgo, Mexico. At

our field site, 2019 was markedly warmer than the year that preceded it. We

detected population‐level increases in three key thermal physiological traits:

preferred temperature, the critical thermal minimum, and the critical thermal maximum.

Thus, thermal phenotypes appear to shift in tandem in response to environmental

fluctuations. A subset of individuals were resampled across years, allowing insight into

plastic shifts within an organism's lifetime. We detected parallel increases in these

lizards for the preferred temperature and the critical thermal minimum, but not for the

critical thermal maximum. Our results support a growing body of literature indicating

that preferred conditions and cold tolerance can be highly labile over the course of an

organism's lifetime, whereas hardening over shorter time periods is more common for

heat tolerance. Given that heat tolerance increased at the population‐level, but not in
resampled individuals, it is possible that rapid evolution occurred due to temperature

increases. In short, physiological shifts can be observed in natural populations over

relatively short timespans, and these shifts might reflect a combination of evolutionary

and acclimatory responses.
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1 | INTRODUCTION

Temperature is one of the most ubiquitous variables affecting bio-

logical processes (Angilletta, 2009; Gillooly, Brown, West, Savage, &

Charnov, 2001; Somero, Lockwood, & Tomanek, 2017). Temperature

increase due to human activities presents a global threat to biodi-

versity, but the magnitude of its effects is unequally distributed

across the tree of life (Sala et al., 2000; Thomas et al., 2004).
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Rising temperatures present unique challenges to ectotherms such as

lizards, which rely on external environment to regulate their body

temperature (Huey et al., 2012; Paaijmans et al., 2013). These chal-

lenges are further magnified in montane and tropical species, as

these types of organisms are especially sensitive to temperature

changes and, in many cases, are already functioning near their upper

physiological limits (Deutsch et al., 2008; Huey et al., 2009). Con-

currently, the pace and magnitude of climate change is predicted to

be particularly severe in tropical regions (Williams, Jackson, &

Kutzbach, 2007). Some estimates, for example, predict massive global

declines in lizard populations in this century due to rising tempera-

tures, particularly in the tropics (Huey et al., 2009; Huey, Losos, &

Moritz, 2010; Sinervo et al., 2010); when such organisms are re-

stricted to progressively warming mountaintops, they may find

themselves on an “escalator to extinction” (e.g., Freeman, Scholer,

Ruiz‐Gutierrez, & Fitzpatrick, 2018).

However, organisms are not exclusively at the whim and mercy of

their thermal environments. Through adjustments in their behavior and/

or physiological limits, organisms can compensate (at least partially) for

thermal fluctuations in their environments (Huey, Hertz, & Sinervo,

2003; Huey et al. 2012; Kearney, Shine, Porter, &Wake, 2009; Moritz &

Agudo, 2013; Seebacher, White, & Franklin, 2015). Many ectotherms

are highly precise thermoregulators, and are able to efficiently seek out

their preferred thermal conditions even under fluctuating environ-

mental conditions (Huey, 1982; Muñoz & Losos, 2018; Seebacher, 2005;

Seebacher & Franklin, 2005). Physiological acclimatization (i.e., plastic

adjustments in physiological traits) can also help organisms better

match their physiology to their local thermal conditions (Gunderson &

Stillman, 2015; Pintor, Schwarzkopf, & Krockenberger, 2016;

Seebacher, 2005). Within an organism's lifetime, for example, upper and

lower critical thermal limits (CTmax and CTmin, respectively) can be

higher during the summer than the winter for many lizard species

(Ballinger, Hawker, & Sexton, 1969; Larson, 1961; Smith & Ballinger,

1994; Spellerberg, 1972a, 1972b). Thus, studies addressing how thermal

biology responds to environmental fluctuations are of key conservation

interest, but studies focused on variation in natural populations remains

relatively scant (Chevin, Lande, & Mace, 2010; Merilä & Hendry,

2014; Muñoz & Moritz, 2016). The previous 5 years set global records

for temperatures (NOAA, National Centers for Environmental

Information, 2020). This unprecedented march toward a warmer world

provides an opportunity to examine whether and how organisms use

behavioral and physiological adjustments to dynamically respond to

changing conditions.

The goal of our study was to investigate whether thermal phy-

siology responded to environmental temperature increases between

2018 and 2019 in a natural population of the horned lizard, Phrynosoma

orbiculare. This Mexican lizard is restricted to montane habitats, sug-

gesting it may be particularly vulnerable to extinction (Dubey &

Shine, 2010, 2011). At our study site in Hidalgo, Mexico (elevation =

2,500m) temperatures were 1°C warmer in 2019 than in 2018

(Table 1), providing the opportunity for behavioral and physiological

adjustments in P. orbiculare. In late summer 2018, we measured four key

thermal traits: (body temperature [Tb], the preferred body temperature

[Tpref], the critical thermal maximum [CTmax], and the critical thermal

minimum [CTmin]). These traits describe how ectotherms like lizards

interact with their thermal environments (Angilletta, 2009; Huey, 1982).

We then remeasured those traits 1 year later in August–September

2019. Given higher environmental temperatures in 2019, we predicted

increases in all four traits. Using a mark‐recapture approach, we were

able to resample a subset of individuals across years. This allowed us to

estimate within‐individual shifts in thermal physiology to indirectly infer

whether population‐level physiological shifts might reflect evolution (i.e.,

heritable intergenerational changes), phenotypic plasticity (i.e., in-

tragenerational changes), or some combination of both. We predicted

that any population‐level differences in thermal traits should also be

evident in recaptured individuals. Any phenotypic shifts at the

population‐level not matched by shifts in recaptured individuals suggest

(but do not prove) that an evolutionary change might have occurred.

2 | METHODS

2.1 | Study organism, field sites, and body
temperature measurements

The mountain horned lizard, P. orbiculare, is a viviparous lizard spe-

cies distributed across high elevations (plateaus and mountains be-

tween ~1,400 and ~3,400m above sea level) in the Sierra Madre

TABLE 1 Mann–Whitney U test of differences in climatic data (minimum, mean, and maximum daily air temperatures [°C] and mean daily
precipitation [mm]) between years

Climate data Year Mean ± SE Mann–Whitney U value; p value

Mean daily temperature 2018 12.7 ± 0.17 U = 58,267; p = .003

2019 13.53 ± 0.16

Mean maximum daily temperature 2018 20.07 ± 0.21 U = 54,478; p < .001

2019 21.39 ± 0.21

Mean minimum daily temperature 2018 5.43 ± 0.18 U = 64,869; p = .540

2019 5.70 ± 0.16

Mean daily precipitation 2018 1.69 ± 0.28 U = 66,515; p = .970

2019 1.68 ± 0.26

Note: Data were gathered from a weather station ~4 km away from the field site in Hidalgo, Mexico. p‐values < .05 are presented in bold font.
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Oriental and Occidental in the northern and central Mexico

(Sherbrooke, 2003). Our focal population is located in an induced

grassland on the periphery of a pine‐oak forest (20.064°N,

−98.201°W; 2,500m) in the locality of El Encinal, municipality of

Cuautepec de Hinojosa, Hidalgo, México. We performed field work

(with two or three people at a time) in an area of 0.06 km2 during

3 weeks between August 6 and September 12, 2018 and during

2 weeks from August 25 to September 8, 2019. During these periods

we measured body temperatures from 08:00 to 18:00 hr (activity

time of lizards in the study site; Pardo‐Ramírez, 2019). We manually

captured individuals and immediately (<10 s after the capture)

measured their cloacal temperature (body temperature; Tb) using a

type K thermocouple (±0.1°C precision) connected to a digital

handheld thermometer (Fluke 51‐II®). Using the same thermocouple,

we then measured the temperature of the substrate where lizards

were observed perching (substrate temperature; Ts) and the air

temperature ~5 cm above the substrate (air temperature; Ta).

2.2 | Measurement of critical thermal limits and
preferred temperatures

On the same day of capture, lizards were transported to a field la-

boratory (~200m from the study site with natural light and a main-

tained temperature of ~20°C). Following our previous work

(Domínguez‐Guerrero et al., 2019), we built a thermal gradient are-

na that consisted of a wooden box (100 cm long, 100 cm wide, and

30 cm tall), filled with 2 cm of sediment from the study site and di-

vided into 10 tracks. At one extreme of thermal gradient, we sus-

pended one 75W bulb at a height of 25 cm above the gradient's

ground. This resulted in a thermal gradient ranging from ~20°C on

the lower end to ~50°C at the hotter end. After being given a night to

rest, we placed lizards individually into arena lanes from 08:00 to

17:00 hr. At each hour mark during the experiment, we measured

body temperature of lizards with the same thermocouple and digital

thermometer used in field work. Lizards were hand‐captured and

body temperature measured as quickly as possible (<10 s). Tpref was

estimated as the average of the central 50% of temperatures mea-

sured during this experiment (Hertz, Huey, & Stevenson, 1993).

After the Tpref experiment, we placed each lizard into a plastic

container (25 cm diameter and 30 cm height) to estimate their critical

thermal maximum, CTmax. This metric describes the upper limit of

ectotherm locomotion (Spellerberg, 1972a). Following established

methods (Muñoz et al., 2014), we placed a 90W bulb 40 cm above

the container, and steadily increased lizard's body temperature by

1°C/min (warming and cooling rates were estimated post hoc by

measuring total temperature change/total experiment length). When

lizards initiated evaporative cooling through panting, we began flip-

ping them onto their back every 20 s and encouraged them to right

themselves by prodding their thigh using a pair of blunt tweezers.

When the lizard failed to right itself within 15 s, we recorded their

body temperature as CTmax. Following the CTmax experiment, we

immediately removed lizards from the heat source, cooled them

down to room temperature, and offered them water ad libitum. On

the next day we placed each lizard into a rectangular container

(23 cm long, 16 cm wide, and 8 cm tall) to estimate their critical

thermal minimum, CTmin. This metric describes the lower limit of

ectotherm locomotion (Spellerberg, 1972a). We placed the container

on a bed of ice to decrease body temperature by a rate of 1°C/min

(Muñoz et al., 2014). We flipped lizards onto their backs every 20 s.

We recorded CTmin as the temperature at which lizards failed to right

themselves after 15 s of encouragement. When we finished CTmin

experiments, we allowed lizards to return to their preferred tem-

perature in the thermal gradient for 1 hr. Finally, we weighed

(±0.01 g) and measured each lizard (snout‐to‐vent length [SVL] ± 1

mm), registered their sex, and recorded their age category. We

considered adult females to have SVLs > 66mm and adult males to

have SVLs > 65mm (Hernández‐Navarrete, 2018). Animals with SVLs

smaller than these cut‐offs were categorized as juveniles. In antici-

pation of our follow‐up field season in 2019, in 2018 we permanently

marked lizards with three beads on the tail (Figure 1) following the

methods of Fisher and Muth (1989). Weather station data, including

precipitation mean, maximum, and minimum daily temperatures were

obtained from the Servicio Meteorológico Nacional, México. These

data are derived from the station AHUPB, located in in Ahuazotepec,

Puebla, Mexico (20.041°N, −98.174°W), which is approximately 4 km

away from the field site. We used weather station data to char-

acterize general weather patterns between 2018 and 2019 (Servicio

Meteorológico Nacional, 2020).

2.3 | Statistical analyses

For the subset of lizards that we sampled in both 2018 and 2019, we

compared thermal traits using a paired t test performing separate

tests for each trait. We also used a paired t test to test for differences

between microenvironmental measures (Ta and Ts) between years for

these resampled individuals. To test for differences in the

F IGURE 1 Male Phrynosoma orbiculare with individual bead tag on

tail for identification at the field site during the data collection period
[Color figure can be viewed at wileyonlinelibrary.com]
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macroenvironmental measures (mean, maximum, and minimum daily

air temperature and precipitation) we used a Mann–Whitney rank

sum test because the data were non‐normally distributed. To com-

pare population means of physiological traits between years we

performed a mixed linear model with lizard ID as a random effect to

account for repeat measures between years. Physiological traits (Tb,

Tpref, CTmin, and CTmax) were designated as the dependent variables,

and we included log‐transformed SVL and Ta as continuous pre-

dictors and year, sex, and age class were categorical predictors. The

microenvironmental measures (Ta and Ts) were highly correlated

(r = .72; p < .0001), therefore, we only include Ta in the model as a

predictor.

3 | RESULTS

3.1 | Variation in the thermal environment between
years

At our field site the mean daily air temperature and the mean

maximum daily air temperature were hotter in 2019 by approxi-

mately 0.83°C and 1.32°C respectively. However, we did not ob-

serve any differences in precipitation or the mean minimum daily

temperature between years (Table 1). The lowest temperatures

recorded at the weather station were −5.5°C in 2018 and −5.0°C in

2019. Meanwhile the hottest temperature recorded in 2018 and

2019 were 28.5°C and 33.5°C, respectively. Thus, not only did the

mean maximum daily temperature increase, but there was also a

5°C increase between the absolute hottest temperature recorded

between years. Air and substrate temperatures taken at the time

and location of capture were hotter in 2019 (Figure 2). Specifically,

there was approximately a 4.7°C increase in mean substrate

temperature between years (mean ± standard deviation [SD]:

2018 = 24.98 ± 5.68; 2019 = 29.65 ± 6.43; p < .001), and a 3.3°C in-

crease in the air temperature (mean ± SD: 2018 = 21.65 ± 4.31;

2019 = 24.96 ± 3.67; p < .001) at the time of capture between years.

3.2 | Lizard behavior and physiology

We collected a total of 48 individuals of P. orbiculare across both

years, of which 20 were females and 28 were males (Table S1). Po-

pulations means for all traits (body temperature, preferred tem-

perature, heat tolerance, and cold tolerance) were higher in 2019

than in 2018 (Table 2 and Figure 3). At the population‐level the

largest magnitude increase between years was in mean field mea-

sured body temperature and preferred body temperature; specifi-

cally, body temperatures were, on average, 2.4°C warmer and the

preferred body temperature was 2.3°C higher. Meanwhile, lower

critical limit increased by 1.2°C and the upper thermal limit increased

F IGURE 2 Distributions of macroclimatic (mean and maximum daily air temperatures gathered from nearby weather stations) and
microclimatic conditions (air and substrate temperature at site of lizard capture) at the field site in Hidalgo, Mexico. (a) Air temperature at time

of capture. (b) Mean daily air temperature. (c) Substrate temperature measured at the time of lizard capture and (d) Maximum daily air
temperature. The thermal distributions for each variable are color coded by year, with measurements from 2018 given in green and
measurements from 2019 shown in purple. The dashed lines (also color coded by year) denote the mean of each temperature distribution. The

arrows denote the direction of temperature change from 2018 to 2019, and the magnitude of the corresponding change is also given [Color
figure can be viewed at wileyonlinelibrary.com]
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by 1°C from 2018 to 2019. There was no effect of age class, sex, or

logSVL on any physiological traits (Table 2). Air temperature at

time of capture (Ta) only had a significant impact on Tb (Table 2).

Seven individuals (all adult males) collected in 2018 were recaptured

in 2019. For this subset of resampled individuals, we found significant

increases in Tpref (mean ± standard error [SE]: 2018 = 31.9 ± 0.5;

2019 = 36.1 ± 0.4) and CTmin (mean ± SE: 2018 = 4.0 ± 0.4; 2019 =

5.6 ± 0.6) between years, but not in Tb or CTmax (Table 3 and

Figure 4). Although Tb and CTmax of individuals between years were

not significantly different, the direction of the shift in mean values

was positive.

4 | DISCUSSION

Across the globe 2019 was a record year for both average and

maximum temperatures (NOAA, National Centers for Environmental

Information, 2020), and our field site was no exception to this pat-

tern. In comparison to 2018, central/northern Mexico was hotter in

2019 (Servicio Meteorológico Nacional, 2020). In the Mexican state

of Hidalgo (where this study took place), the mean annual tempera-

ture was 18.7°C in 2018 and 19.8°C in 2019 (Servicio Meteorológico

Nacional, 2020). The goal of our study was to examine whether and

how thermal traits shifts across years in a natural population of a

montane horned lizard, P. orbiculare, and consider how physiological

shifts might shape their vulnerability to ongoing climate change.

Our results clearly indicate that thermal traits respond rapidly to

changes in the local environment. In 2019, four key aspects of

thermal physiology—body temperature, the preferred temperature,

the critical thermal minimum, and the critical thermal maximum—were

all significantly higher than in 2018.

Increases in heat tolerance, cold tolerance, and the preferred

temperature across years hint at potentially rapid evolutionary

change because the period between observations (1 year) spans the

generation time for this species (Suárez‐Rodríguez et al., 2018), but

this possibility requires further exploration. Due to the successful

recapture of individuals between years, we were able to investigate

whether intragenerational plasticity was contributed to increases in

thermal physiology. Even with a small recapture success between

years (n = 7), we detected clear increases in CTmin and Tpref that are

consistent in magnitude with the whole‐population trends that we

observed. Thus, it is possible (if not more likely) that increases in

these two traits reflect, at least in large part, phenotypic plasticity in

response to warmer temperatures (Bonamour, Chevin, Charmantier, &

Teplitsky, 2019). Our findings echo patterns found in previous studies,

which indicate that CTmin and Tpref exhibit more within‐generation
plasticity than CTmax (Clusella‐Trullas & Chown, 2014; Gvoždík,

2012; Kingsolver & Huey, 1998). Thus, the ability for organisms to

dynamically alter some aspects of their physiology to fluctuating

environments appears to be quite strong.

Despite a population‐level increase in heat tolerance, we did not

observe any intragenerational shifts in heat tolerance between 2018

TABLE 2 Mixed models evaluating year,
logSVL, sex, age class (categorical), and air

temperature at time of capture (Ta) on
thermal traits of Phrynosoma orbiculare (see
text for details)

Trait mean ± SE (n) Effect F value; p value

Tb Year F1, 48 = 5.20; p = .027

logSVL F1, 48 = 0.01; p = .934

2018 = 31.0 ± 0.96 (28) Sex F1, 48 = 1.93; p = .171

2019 = 33.4 ± 0.74 (26) Age class F1, 48 = 0.17; p = .681

Ta F1, 48 = 21.78; p < .001

Tpref Year F1, 48 = 35.60; p < .001

2018 = 32.6 ± 0.28 (28) logSVL F1, 48 = 0.12; p = .731

Sex F1, 48 = 0.02; p = .902019 = 34.9 ± 0.25 (27)

Age class F1, 48 = 0.19; p = .664

Ta F1, 48 = 0.08; p = .785

CTmin Year F1, 42 = 14.64; p < .001

2018 = 4.38 ± 0.21 (23) logSVL F1, 42 = 3.89; p = .055

Sex F1, 42 = 2.96; p = .092

2019 = 5.62 ± 0.3 (26) Age class F1, 42 = 1.72; p = .196

Ta F1, 42 = 2.68; p = .109

CTmax Year F1, 42 = 7.54; p = .009

2018 = 37.78 ± 0.23 (23) logSVL F1, 42 = 0.73; p = .396

Sex F1, 42 = 0.25; p = .620

2019 = 38.79 ± 0.27 (26) Age class F1, 42 = 1.44; p = .238

Ta F1, 42 = 0.99; p = .756

Note: p‐values < .05 are presented in bold font. Abbreviations: CTmax, critical thermal maximum;

CTmin, critical thermal minimum; SE, standard error; SVL, snout‐to‐vent length; Tb, body temperature;

Tpref, preferred body temperature.
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and 2019. One possibility for this mismatch is that we lack the sta-

tistical power to detect a difference because CTmax increased only

1°C between years. Nonetheless, the population‐level increase in

CTmin was comparably modest (1.2°C), and an upward shift was also

observed in resampled individuals. Another possibility (i.e., not ne-

cessarily mutually exclusive) is that heat tolerance exhibits a weaker

long‐term acclimatization response, meaning that intragenerational

shifts in CTmax might not generally be expected on the timescale of

our study. When confronted with a heat stress event (such as a heat

wave), lizards will typically respond with a hardening response

(a rapid, transient increase in heat tolerance) that arises over a short

period of time (Maness & Hutchison, 1980), such as a 6–12 hr, and

persists only for a few days (Gilbert & Miles, 2019; Phillips

et al., 2016). In this study, we tested for intra‐individual shifts in

CTmax on the scale of approximately a year. Thus, there is the po-

tential that, on shorter time scales between our sampling periods,

F IGURE 3 Distributions of (a) critical thermal minimum, (b) field measured body temperature, (c) thermal preference, and (d) critical thermal

maximum. The thermal distributions for each variable are color coded by year, with measurements from 2018 given in brown and
measurements from 2019 shown in orange. The dashed lines (also color coded by year) denote the mean of each temperature distribution.
The arrows denote the direction of temperature change from 2018 to 2019, and the magnitude of the corresponding change is also given

[Color figure can be viewed at wileyonlinelibrary.com]

TABLE 3 Individual repeated measures of Phrynosoma orbiculare of body temperature (Tb), preferred body temperature (Tpref), critical thermal
minimum (CTmin), and critical thermal maximum (CTmax) between 2018 and 2019

ID

Tb Tpref CTmin CTmax

2018 2019 2018 2019 2018 2019 2018 2019

2 25.2 34.6 30.4 37.2 5.5 8.9 37.9 37.9

5 22.2 24.8 37.6 37.5 2.3 5.1 38.8 40.0

6 21.5 20.2 32.7 37.1 3.9 5.7 38.0 38.8

12 35.5 32.9 30.0 35.3 3.9 4.9 38.1 37.9

20 34.7 37.7 32.4 34.8 3.8 4.6 38.8 37.3

22 34.2 35.5 32.0 34.7 4.5 4.6 35.0 39.2

27 24.2 33.9 33.1 36.1 NA 5.2 NA 41.6

Mean ± SE 28.2 ± 2.4 31.4 ± 2.4 31.9 ± 0.5 36.1 ± 0.4 4.0 ± 0.4 5.6 ± 0.6 37.8 ± 0.6 39.0 ± 0.6

Statistics t = −1.738; df = 6; p = .130 t = −6.953; df = 6; p = .020 t = −3.204; df = 5; p = .020 t = −0.952; df = 5; p = .385

Note: Results highlight the within‐individual variation of thermal traits between years. p‐values < .05 are presented in bold font.

Abbreviations: df, degrees of freedom; SE, standard error.
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individual organisms responded plastically to heat stressors, and that

we missed these shifts due to the long temporal gap between our

measurements. Given that we observed an increase in CTmax at the

population level without a concomitant increase at the individual

level, however, it is further possible that greater heat tolerance in

2019 represents an evolved (intergenerational) response. For ex-

ample, increasing temperatures may have resulted in nonrandom

survivorship and/or differential reproductive success in this popu-

lation of P. orbiculare. Previous studies have documented that

climate‐induced selection on lizard physiology can be strong, often

resulting in rapid phenotypic shifts over short time periods (e.g.,

Campbell‐Staton et al., 2017; Gilbert & Miles, 2019; Leal & Gunderson,

2012; Logan, Cox, & Calsbeek, 2014), but macroevolutionary studies

suggest that climatic adaptation, particularly in upper physiological

limits, can be surprisingly sluggish (Bodensteiner et al., 2020; Farallo,

Muñoz, Uyeda, & Miles, 2020; Salazar, Castañeda, Londoño, &

Muñoz, 2019). Another possibility is that the higher heat tolerance

observed in 2019 reflects warmer maternal incubation conditions;

warmer embryonic conditions in reptiles can induce overexpression

of heat shock proteins that might be retained into adulthood (Gao

et al., 2014). In the velvet gecko (Amalosia lesueurii), however,

warmer embryonic conditions lead to a lower heat tolerance in

hatchlings; it is unknown if these patterns persist into adulthood

(Dayananda, Murray, & Webb, 2017). Another study found no effect

of embryonic conditions on heat tolerance (Llewelyn et al., 2018).

Thus, further work is necessary to discover the mechanistic basis

for the heat tolerance shift.

On sampling days in 2019 air temperatures were 3.3°C warmer

and substrate temperatures were 4.7°C warmer than on sampling

days in 2018. As such, we expected a higher body temperature in

field‐active lizards in 2019 relative to 2018. One intriguing outcome

from our study is that body temperature increased between years at

the level of the whole population, but not among resampled in-

dividuals. There may be several reasons for this pattern. In 2019, the

F IGURE 4 Boxplot comparisons of thermal

physiological traits of individual shifts between
years. (a) Field measured body temperature,
(b) preferred body temperature, (c) critical

thermal minimum, and (d) critical thermal
maximum for individuals measured in 2018
and 2019. Boxes are color coded by year with

2018 in brown and 2019 in orange. Lines
connect the same individual measured in both
2018 and 2019. The dark bar represents the
median, the boxes are the interquartile range,

and the whiskers roughly provide the 95%
confidence interval for comparing medians
[Color figure can be viewed at

wileyonlinelibrary.com]
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resampled lizards were larger than the rest of the population (two‐
way analysis of variance: F1, 25 = 6.21; p = .02). If larger, older lizards

are able to outcompete smaller lizards for access to cooler microsites

(e.g., Melville, 2002), then this might explain why resampled in-

dividuals exhibited a lower body temperature. This idea hinges on

active thermoregulation by P. orbiculare, for which some evidence

exists (Pardo‐Ramirez, unpublished data), but nonetheless requires a

deeper consideration using an explicit hypothesis testing framework

(sensu, Hertz et al., 1993). Another possibility is that we lack the

statistical power to detect a difference in body temperature among

resampled individuals. Body temperature is a noisy variable: our

range of observations is 17.8°C, which is more than twice as high as

for Tpref (range = 7.9°C) and almost three times higher than for CTmin

and CTmax (range = 6.6°C for both traits). With only seven resampled

individuals, we suspect that we simply lacked the statistical resolu-

tion to detect differences (if they do exist). Moreover, body tem-

perature can fluctuate substantially between days and across

seasons, limiting our ability to draw robust conclusions. Despite ex-

tensive field effort, densities of P. orbiculare were low, which makes

robust resampling of individuals (particularly for noise‐prone vari-

ables) exceptionally challenging.

As global temperatures continue to rapidly rise, a question that

looms large is whether organisms, especially ectotherms, will be able

to keep pace with environmental change (Moritz & Agudo, 2013;

Quintero & Wiens, 2013; Sinervo et al., 2010). Our general finding is

that thermal traits can and do readily respond to increasing tem-

peratures. These results are promising, as they suggest that lizards,

even geographically restricted montane species like P. orbiculare, are

equipped to tackle rapid and dramatic thermal increases in their

habitat. Nonetheless, while shifts in thermal traits may confer resi-

lience in the short term, they may not be sufficient in the long

term unless warming slows or reverses (Buckley, Ehrenberger, &

Angilletta, 2015; Muñoz & Moritz, 2016; Oostra, Saastamoinen,

Zwaa, & Wheat, 2018; Refsnider et al., 2018). Research suggests that

physiological shifts may have hard limits beyond which phenotypes

become inaccessible: In the rainforest skink Lampropholis coggeri, for

example, whether through adaptive evolution or phenotypic plasti-

city, the hard upper limit for locomotor performance resides near

43°C (Muñoz et al., 2016; Phillips et al., 2016). Likewise, behavioral

refuges from the heat might become scarcer as environments con-

tinue to warm (Kearney et al., 2009, Kearney, 2013; Sears

et al., 2016). Therefore, as organisms are confronted with progres-

sively more hostile thermal environments, activity periods are likely

to constrict, especially once phenotypic limits are reached and the

costs of thermoregulation mount. If such activity constriction be-

comes severe, populations may decline in size or even go extinct

(Basson, Levy, Angilletta, & Clusella‐Trullas, 2017; Kearney, 2013;
Sears et al., 2016; Sunday et al., 2014). While it is clear that plasticity

can at least partially restructure the thermal phenotypes of a wild

population of P. orbiculare, we know far less of the intrinsic limits to

this ability. Moving forward, directly incorporating estimates of

physiological acclimatization into dynamic energy budgets (sensu,

Riddell, Odom, Damm, & Sears, 2018) will help improve our predic-

tions of species distribution modeling in a changing world.
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