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Abstract
Global climate change has profound effects on species, especially those in habitats already altered by humans. Tropical ecto-
therms are predicted to be at high risk from global temperature increases, particularly those adapted to cooler temperatures 
at higher altitudes. We investigated how one such species, the water anole (Anolis aquaticus), is affected by temperature 
stress similar to that of a warming climate across a gradient of human-altered habitats at high elevation sites. We conducted 
a field survey on thermal traits and measured lizard critical thermal maxima across the sites. From the field survey, we found 
that (1) lizards from the least disturbed site and (2) operative temperature models of lizards placed in the least disturbed 
site had lower temperatures than those from sites with histories of human disturbance. Individuals from the least disturbed 
site also demonstrated greater tolerance to high temperatures than those from the more disturbed sites, in both their critical 
thermal maxima and the time spent at high temperatures prior to reaching critical thermal maxima. Our results demonstrate 
within-species variability in responses to high temperatures, depending on habitat type, and provide insight into how tropical 
reptiles may fare in a warming world.

Keywords Anolis · Anthropogenic effects · Costa Rica · CTmax · Microhabitat · Primary forest · Secondary forest · 
Thermoconformer

Introduction

Global average temperatures are climbing at a rapid rate 
(IPCC 2018), creating diverse impacts on the physiolo-
gies of individual species (e.g., Huey et al. 2009; Kearney 
et al. 2009; Kingsolver et al. 2013; Domenici and Seebacher 
2020). On a fundamental level, it is uncertain how spe-
cies in tropical regions will respond to a warming climate 
(Tewksbury et al. 2008). Because there is limited seasonal 
temperature variability in tropical regions relative to that of 
temperate regions, many tropical species, especially tropi-
cal ectotherms, have evolved to function optimally in nar-
row temperature ranges and are deemed thermal specialists 
(Janzen 1967; Feder and Lynch 1982; van Berkum 1988; 
Ghalambor et al. 2006; Deutsch et al. 2008; Polato et al. 
2018). These thermal specialists may have limited capabil-
ity to acclimate to even small changes in temperature (e.g., 
Wright et  al. 2009; Clusella-Trullas and Chown 2014). 
Forest-dwelling tropical ectotherms may be even more vul-
nerable to increased environmental temperatures, as these 
species tend to experience constant shade under the forest 
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canopy, which may further narrow their optimal temperature 
ranges (Huey et al. 2009).

Human land use and corresponding microhabitat avail-
ability play a major role in how climate warming affects 
natural ecosystems (Oliver and Morecroft 2014; Algar et al. 
2018; Schulte to Bühne et al. 2021). Forest cover is an effec-
tive temperature buffer, preventing heat from penetrating 
into habitats inhabited by cool-adapted organisms (Caissie 
2006; Senior et al. 2018), which evolved in environments 
with relatively low ambient temperatures. Deforestation, 
therefore, has immediate detrimental effects on cool-adapted 
ecosystems by reducing shade and increasing ground tem-
peratures (Dale 1997). The interactive effects of land use and 
climate change are predicted to be more severe in warmer 
and wetter biomes such as tropical forests (Mantyka-Pringle 
et al. 2014). Generalizations regarding tropical ectotherms’ 
responses to climate warming may misrepresent their vulner-
ability when not considering these interactive effects, which 
represent one of the greatest threats to tropical biodiversity 
(Brodie et al. 2012; Greenwood et al. 2016). The role of 
fine-scale environmental conditions can even be seen within 
noncritical temperature ranges—in response to only subtle 
changes in temperature and moisture, populations of tropi-
cal amphibians and reptiles can shrink, demonstrating that 
multiple factors exacerbate tropical ectotherms’ responses 
to climate change (Whitfield et al. 2007; Rohr and Palmer 
2013). Tropical ectotherms may be at an enhanced risk of 
population declines if they live in human-impacted environ-
ments, as the potential role of microhabitat in mitigating the 
impacts of climate warming could be offset by broad-scale 
anthropogenic changes to habitat.

The water anole, Anolis aquaticus, is a tropical semi-
aquatic lizard found near streams on lowland and premontane 
wet forests of southwestern Costa Rica and Panama (Sav-
age 2002). Anolis aquaticus is small and brightly colored 
and uses boulders and rock crevices as refugia (Boyer and 
Swierk 2017; Putman et al. 2018), often diving into the 
water and remaining there for extended periods to escape 
threats (Swierk 2019; Boccia et al. 2021). This species is 
considered to be a thermoconformer (Savage 2002): its body 
temperature changes with the external temperature largely 
without additional thermoregulation (e.g., basking). Notably, 
A. aquaticus is a particularly cool-adapted species for the 
tropics, with field body temperatures averaging 20.8 °C over 
4 years of study (Swierk, unpubl. data).

To evaluate how anthropogenic land use may affect 
populations of cool-adapted tropical forest ectotherms as 
temperature changes over time, we investigated the thermal 
ecology and thermal tolerances of A. aquaticus from sites 
along a gradient of human disturbance. We predicted that 
the availability of thermally suitable microhabitats along this 
disturbance gradient would vary, and that more disturbed 
sites would have higher ambient temperatures and, relatedly, 

higher lizard operative environmental and body tempera-
tures. We then examined whether lizards from warmer 
(potentially more disturbed) sites would experience either 
enhanced or reduced tolerances to higher temperatures. Indi-
viduals from warmer sites may better tolerate higher tem-
peratures when exposed to short-term temperature stress, 
as they may already be acclimated to higher temperatures 
(e.g., Yang et al. 2008; Campbell-Staton et al. 2020). Alter-
natively, warmer sites could negatively affect lizard ther-
mal tolerance due to their need to seek thermal refuge for 
larger portions of the day, a lack of thermally appropriate 
microhabitats, and/or chronic thermal stress (e.g., Sunday 
et al. 2014; Gunderson and Leal 2016; Kubisch et al. 2016; 
Ortega et al. 2016). Together, our predictions address the 
larger question of how tropical ectotherms will fare with 
projected temperature increases in a warming world.

Methods

Study sites

We conducted this study in 2016 and 2018 at Las Cruces 
Biological Station (LCBS), Coto Brus, Puntarenas Province, 
Costa Rica. LCBS is a wet forest at 1200 m a.s.l. consist-
ing of a mosaic of primary and secondary forest at mul-
tiple stages of regrowth. Our study used three streamside 
sites within LCBS that represent a continuum of human 
disturbance: a primary forest (“PR”; Rio Gamboa, 0% sec-
ondary forest in a 200-m buffer of the collection site), an 
intermediate site (“IN”; Rio Java, 46% secondary forest), 
and a disturbed site (“DI”; Rio Cusingo, 87% secondary 
forest, consisting mostly of abandoned pasture land) (GIS 
Department, Las Cruces Biological Station, Organization 
for Tropical Studies; unpubl. data). The three sites were each 
separated from each other by 700 to 800 m and are otherwise 
similar in physical characteristics: tree- and boulder-lined 
small streams (averaging ~ 2.5 m in width and less than 2 m 
in depth) with steep banks and occasional small islands of 
vegetation.

We quantified differences in ecologically relevant tem-
peratures for water anoles at sites along this disturbance gra-
dient. We constructed operative temperature models (OTMs) 
containing iButtons (DS1921G-F5; Maxim/Dallas Semicon-
ductor, Dallas, TX). Each cylindrical OTMs (6 × 2 cm; L x 
D) was made of copper pipe and painted brown to resemble 
A. aquaticus dorsal coloration to approximate realistic light 
reflectance and absorbance (Dzialowski 2005). Each site 
was monitored using eight OTMs for three nonconsecutive 
3-day periods in July 2018 (i.e., the same month the thermal 
studies, described below, were conducted). At the start of 
each 3-day period, we secured the 8 OTMs on known lizard 
perches at four different levels of exposure: Low, Mid-Low, 
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Mid-High, and High, which corresponded, respectively, 
to > 75%, 50–75%, 25–50%, and < 25% cover (i.e., the cov-
erage of overhanging rock, tree root complex, low vegetation 
over the perch as estimated by a human observer). This was 
to ensure that we recorded temperatures of the four varying 
levels of exposure equally during each 3-day period. The 
iButtons inside the OTMs recorded temperature data every 
15 min during the 3-day period. At the end of 3 days, the 
OTMs were removed, data downloaded, and then were rein-
stalled several days later at different lizard perches at the four 
levels of exposure to commence another 3-day measuring 
period. In total, 24 unique 3-day OTM temperature datasets 
(totaling 2312 temperature measurements) were collected 
per site.

To determine whether sites along the disturbance gradi-
ent differed in ecologically relevant microhabitat exposure 
for A. aquaticus, we classified exposure (Low, Mid-Low, 
Mid-High, High; > 75%, 50–75%, 25–50%, and < 25% cover, 
respectively) at 60 random points at the 3 sites. We used a 
random number generator to create a list of random azi-
muths, distances, and heights from a central point at each 
site. Random points for assessing microhabitat were selected 
within the space known to be used by this species: we used 
an existing A. aquaticus habitat locality dataset (Swierk, 
unpubl. data), including more than 600 observations of 
microhabitat use at these same study sites from the previ-
ous 3 years, to limit the random number generator to heights 
and distances from the stream edge that were within actual 
bounds of known A. aquaticus use. In the event that the ran-
dom coordinates directed to an impossible perch site (e.g., 
mid-air), we used the surface directly below or above the 
point (whichever was closer) as our random point.

Field survey

In July 2016 and 2018, we measured the body surface tem-
peratures  (Tb) of subadult and adult A. aquaticus in the 
field at the three sites along the disturbance gradient.  Tb 
was measured using an infrared thermometer (IRT) (enno-
Logic Dual Laser Infrared Thermometer et650D, Eugene, 
OR). Anolis aquaticus typically remain motionless when 
approached slowly; we, therefore, were able to take IRT 
measurements immediately prior to capture from a distance 
of < 30 cm, with the beam pointed at the center of the liz-
ard’s side, aligned with the lizard’s body axis (Hare et al. 
2007). In some cases, it was necessary to use a lasso to cap-
ture (but not otherwise handle) lizards immediately prior 
to temperature measurement. Sex, snout-vent length (SVL; 
mm), mass (g), time of day, and exposure level of perch 
(Low, Mid-Low, Mid-High, High, defined as above) were 
recorded following temperature measurement. Each lizard 
was given two dots of nail polish on the dorsal base of its 
tail as a unique identifying marker, as temperature data were 

collected on some lizards again in the following weeks. Each 
lizard was then released at its site of capture.

Estimating critical thermal maximum

In 2018, we captured 61 subadult and adult A. aquaticus 
along the disturbance gradient of 3 sites (primary forest 
(PR), 19; intermediate (IN), 26; disturbed (DI), 16) and 
transported them to a temperature-controlled room (21 °C) 
at the LCBS laboratory. Each lizard was kept in an indi-
vidual terrarium (230 × 155 × 170 mm; L x W x H) covered 
on the outside with brown paper to prevent undue stress 
from seeing nearby conspecifics. Terraria contained a hide 
box and petri dish of water, and each terrarium was misted 
several times daily with water. Lizards were not fed while in 
the laboratory. Lizards remained in terraria overnight, and 
trials were scheduled so that each had a 24-h acclimation 
period prior to start time.

To begin a trial, we recorded a lizard’s initial  Tb prior to 
handling using the IRT and then placed it into a muslin draw-
string bag. We then placed the bag in an incubator (Bench-
mark MyTempTM Digital Mini Incubator, model H2200-H, 
Edison, NJ) set at 40 °C, which allowed lizards’ body tem-
perature to increase at an approximate rate of 0.5 °C per 
min. Every 90 s, we conducted a righting response test and 
recorded  Tb. The righting response test consisted of plac-
ing a lizard on its dorsum on a flat surface in the incubator; 
lizards will turn right side up when they are not thermally 
stressed. We used established protocols to stimulate the liz-
ard to right itself by probing its upper hindlimbs and base of 
its tail with blunt forceps (Muñoz et al. 2014). If the lizard 
did not right after probing within 15 s, its  Tb was recorded 
as its critical thermal maximum  (CTmax), and the time spent 
within the 40 °C incubator prior to failure to right was its 
 Timemax. All 61 lizards successfully completed  CTmax trials, 
though three trials were discarded due to heating rate irregu-
larities in the incubator. Following trials, lizards were given 
identifying markings as above and released at their sites of 
capture within 48 h of initial capture.

Control trials were performed to ensure that loss of right-
ing reflex was not due to a confounding factor (e.g., handling 
stress). In control trials (n = 20), individuals were kept in 
muslin bags in the incubator at 21 °C (ambient temperature) 
and were administered righting tests every 90 s for 30 min. 
No individuals failed to right themselves during control 
trials.

Infrared thermometer (IRT) validation

An infrared thermometer (IRT) is an accurate and reliable 
tool for measuring  Tb of small reptiles and amphibians (Hare 
et al. 2007; Rowley and Alford 2007). IRTs can be superior 
to other methods of temperature measurement (e.g., cloacal 
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thermometers) in small ectotherms, because they are non-
invasive and do not require handling and restraint, which 
can artificially elevate  Tb or alter behavior. We validated 
that the IRT provided an accurate method of measuring  Tb 
in A. aquaticus over the range of temperatures they were 
exposed to in both the laboratory and field. In 2016, we col-
lected a control set of lizards (n = 52) from the three study 
sites, transported them to the laboratory, and warmed them 
in a 30 °C incubator for 10 min. We measured  Tb for each 
lizard before and after the warming period (total n = 104) 
with both the IRT and a Digisense digital thermometer 
(Cole-Parmer; Vernon Hills, IL) inserted into the cloaca. A 
linear regression of the IRT and cloacal temperatures dem-
onstrated a high level of agreement and low error between 
the two measurements (R2 = 0.95, F1,102 = 1856, P < 0.001; 
mean deviation = 0.62).

Statistical methods

OTM temperatures were compared across sites using a linear 
mixed model, with temperature as the response, site and 
exposure level and their interaction as factors, and time of 
day and OTM ID as random effects. Exposure levels at the 
random control points were compared across sites using 
an ordered logistic regression (polr command in the MASS 
package; Venables and Ripley 2002). Following this, we ran 
a Chi-square analysis to determine post hoc whether there 
were equal numbers of control points across all sites falling 
into each of the four exposure level categories.

To test how anole body temperatures differed among 
sites, we performed a linear mixed model using the package 
lmerTest (Kuznetsova et al. 2017). Body temperature was the 
response variable, site and year were factors, time of day was 
a covariate, and lizard ID was the random effect. We next ran 
an ordered logistic regression to determine how perch expo-
sure level (Low (0) to High (3)) varied among sites, with 
exposure level as the response variable and site and year as 
factors; in this model, only the first observation of each liz-
ard was used in analysis, as lizards were frequently observed 
on the same perch over a season. Sex, SVL, and body condi-
tion (the residuals of a regression of the cube root of mass 
and SVL; Stamps et al. 1994) were initially included in these 
models but did not significantly improve fit, as determined 
by likelihood ratio tests using full and reduced models, and 
they were removed according to standard model selection 
procedures (Burnham and Anderson 2002; Crawley 2012).

We used a linear model to test how  CTmax was influenced 
by site, with  CTmax as the response and site as the predictor. 
We then used two analyses to examine how  Timemax was 
influenced by site: a linear model to test the effect of site 
on  Timemax, and also a survival analysis with non-constant 
hazard and Weibull errors (survreg function in the survival 
package; Therneau 2015) to examine how the time-to-event 

(in our case, time until a lizard failed to right itself) was 
affected by site.  Timemax was square-root transformed to bet-
ter meet model assumptions prior to analysis. The SurvReg-
CensCov package (Hubeaux and Rufibach 2014) was used 
to calculate hazard ratios following the survival analysis. We 
used the predict function to estimate the predicted mean time 
to lizards’ failure to right. Our initial linear models included 
sex, SVL, and body condition as additional predictors, but 
we removed these variables from our final models as they 
did not significantly improve model fit, as determined by 
likelihood ratio tests using full and reduced models (Crawley 
2012).

P values of each factor and covariate were obtained by 
likelihood ratio tests of the full model against a reduced 
model, using the package car (Fox and Weisberg 2019) to 
compute test statistics for generalized linear models. Follow-
ing each linear model, the emmeans package (Lenth 2020) 
was used to calculate contrasts of the estimated marginal 
means.

Results

OTM temperatures varied by site (χ2
2 = 263.4, P < 0.001) 

and exposure (χ2
1 = 282.8, P < 0.001), such that the pri-

mary (PR) site maintained the lowest temperatures (aver-
age of 19.2  °C ± 0.139) (PR vs. DI: P < 0.001; PR vs. 
IN: P = 0.003), followed by the intermediate (IN) site 
(19.4 °C ± 0.140) (IN vs. DI: P < 0.001), then the disturbed 
(DI) site (19.8 °C ± 0.139) (Fig. 1). The interaction of site 
and exposure was significant (χ2

6 = 31.883, P < 0.001), 
such that the DI site had notably higher temperatures at 
its “High” exposure perches. Over all sites, OTMs placed 
at “High” exposure perches were significantly higher 
in temperature (19.8  °C ± 0.151) than those at “Low” 
(19.4 °C ± 0.150), “Mid-low” (19.3 °C ± 0.151), and “Mid-
high” (19.4 °C ± 0.150) exposure perches (all P < 0.001), but 
there were no differences in the OTM temperatures at any 
other combination of exposure levels (all P > 0.7). Exposure 
levels at randomly selected control points did not vary by 
site (LR = 3.592, P = 0.166; Fig. 2a). At all sites, the control 
point exposure levels were disproportionately represented 
(χ2

2 = 69.100, P < 0.001), with most control points ranked 
as “High” exposure.

A total of 460 lizard body temperatures and 221 perch expo-
sure levels were recorded in 2016 and 2018 (see Fig. 3). Site 
significantly affected lizard body temperature (χ2

2 = 12.029, 
P = 0.002) (Fig. 4; year: χ2

1 = 4.053, P = 0.044; time of day: 
χ2

1 = 24.273, P < 0.001). Body temperatures at the primary site 
(PR) were an average of 0.35 °C (± 0.15) lower than those at 
the intermediate site (IN) (P = 0.047) and 0.58 °C (± 0.17) 
lower than those at the disturbed sites (DI) (P = 0.004), though 
the difference between IN and DI body temperatures was not 
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(a) (b) (c)

Fig. 1  a Boxplot representation of temperatures (°C) recorded by 
operative thermal models (OTMs) at the three study sites (PR = pri-
mary; IN = intermediate; DI = disturbed) along a disturbance gradient 
(least to most disturbed). Asterisk represents significant differences 

(P < 0.05) among all three sites. b Hourly averages of maximum and 
c minimum temperatures recorded by OTMs at the three sites (PR, 
dashed line; IN, dotted line; DI, solid line)

(a) (b)

Fig. 2  Exposure levels (Low, Mid-Low, Mid-High, and High; 
cover =  > 75%, 50–75%, 25–50%, and < 25%, respectively) of a ran-
domly selected control points and b perch sites of lizards at each of 
the three study sites (PR = primary; IN = intermediate; DI = disturbed) 
along a disturbance gradient (least to most disturbed). For each site, 
total observations were scaled to 100 so that circles represent rela-
tive frequencies of points with various exposure levels at a given site. 
Darker shades and larger circles represent greater relative frequencies 
of observations at that exposure level. Asterisks represent significant 
differences (P < 0.05) in average exposure level between sites
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Fig. 3  Violin plot representation of temperatures (°C) recorded 
by operative thermal models (OTMs) at each site (PR = primary; 
IN = intermediate; DI = disturbed) (darker shades of color) over-
laid with the field-measured body temperatures of Anolis aquaticus 
(lighter shades of color) at each site
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significant (P = 0.357). Site likewise influenced the level of 
perch exposure (LR = 18.304, P < 0.001) (year: LR = 5.604, 
P = 0.018; Fig. 2b): lizards at the primary site (PR) on average 
had significantly higher levels of exposure than those at IN 
(P = 0.001) and DI (P = 0.015).

The effect of site on  CTmax was significant (F2,55 = 4.912, 
P = 0.011): lizards from the primary site (PR) had an aver-
age  CTmax of 0.89 °C (± 0.30) higher than those from IN 
(P = 0.016) and 0.81 °C (± 0.34) higher than those from DI 
(P = 0.052); lizards from IN and DI did not differ in  CTmax 
(P = 0.964) (Fig. 5). The effect of site on  Timemax was sig-
nificant  (F2,55 = 9.103, P < 0.001) and demonstrated a similar 
pattern: lizards from PR had a  Timemax that was 5.56 min 
(± 1.32) longer than those from IN (P < 0.001) and 4.18 min 
(± 1.50) longer than those from DI (P = 0.026), though liz-
ards from IN and DI did not differ (P = 0.487).

The survival analysis likewise demonstrates a significant 
effect of site on  Timemax (χ2

2 = 9.47, P = 0.009; Fig. 6): the 
primary site (PR) had a longer  Timemax than the intermediate 
site (IN) (hazard ratio = 2.467, z = -2.86, P = 0.004) and dis-
turbed site (DI) (hazard ratio = 2.164, z = –2.17, P = 0.030), 
but IN and DI did not differ (hazard ratio = 0.876, z = -0.07, 
P = 0.687).

Discussion

Cool-adapted tropical ectotherms may be at risk from 
increasing environmental temperatures associated with 
global climate change, and this threat may be exacerbated 

by land use change such as deforestation. We examined if A. 
aquaticus from sites over a disturbance (history of deforesta-
tion) gradient experienced varied thermal environments, and 
how individuals from these sites differentially responded to 
increased temperatures. Over this gradient, operative ther-
mal models of A. aquaticus recorded the highest tempera-
tures and the greatest variance at the most disturbed site, and 
the lowest temperatures at the least disturbed site. Similarly, 
field measurements of A. aquaticus body temperatures var-
ied over this gradient, with those from the least disturbed 
site having lower body temperatures than those at the more 
disturbed sites. Individuals from the least disturbed site also 

Fig. 4  Mean body temperature  (Tb) measurements recorded using 
an infrared thermometer (IRT) of Anolis aquaticus at the three study 
sites (PR = primary; IN = intermediate; DI = disturbed) along a distur-
bance gradient (least to most disturbed). Lower case letters represent 
significant differences between groups. Error bars represent ± 1 stand-
ard error

Fig. 5  Mean critical thermal maxima  (CTmax) of A. aquaticus from 
three study sites (PR = primary; IN = intermediate; DI = disturbed) 
along a disturbance gradient (least to most disturbed). Lower case let-
ters represent significant differences between groups. Error bars rep-
resent ± 1 standard error

Fig. 6  Survival curves from the survival analysis with non-constant 
hazard and Weibull errors demonstrating the proportion of A. aquati-
cus from each of the three study sites (PR = primary; IN = intermedi-
ate; DI = disturbed) that passed the righting test over time. Lower case 
letters represent significant differences between groups
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demonstrated greater tolerance to high temperatures than 
those from the more disturbed sites, in both the maximum 
temperature tolerated and the amount of time spent at high 
temperatures. These parameters are both ecologically rel-
evant: the maximum temperature tolerated (as reflected in 
the  CTmax analysis) can help predict species’ persistence as 
global climate changes alter maximum environmental tem-
peratures, and the amount of time individual lizards endured 
higher temperatures  (Timemax analyses) can inform how the 
durations of periodic warming episodes may impact cool-
adapted species.

Contrary to the idea that A. aquaticus from the warmer, 
more disturbed sites may have acclimated to higher tem-
peratures, our results instead suggest that some aspect of 
these disturbed habitats appear to reduce their thermal 
tolerance; perhaps elevated mean temperatures resulted 
in chronic stress or required lizards to remain in thermal 
refugia longer each day (e.g., Gunderson and Leal 2016; 
Kubisch et al. 2016; Ortega et al. 2016). In support of this, 
we note that lizards at the primary site were more likely to 
use microhabitats (Fig. 2b) that were more closely in propor-
tion to their availability in the environment (Fig. 2a): high 
exposure microhabitats were most common, and lizards at 
the primary site were most likely to select high exposure 
microhabitats. However, lizards at the disturbed sites sought 
out microhabitats that less closely matched their abundance 
in the environment, as they preferentially used microhabitats 
with lower levels of exposure despite the fact these micro-
habitats were less abundant. Across all sites, OTM tempera-
tures increased with microhabitat exposure and, notably, a 
significant site*exposure interaction on temperature indi-
cates that the highest exposure microhabitats at the DI site 
were relatively warmer than those at the other sites. These 
patterns suggest that the level of site disturbance and overall 
temperature play a role in lizards’ selection of microhabitats 
(see Beever et al. 2017; Sun et al. 2021), with lizards from 
cooler, less disturbed sites using thermally distinct micro-
habitats from their counterparts at warmer, disturbed sites.

Patterns demonstrating the relationship of habitat tem-
peratures or disturbance in relation to ectotherm thermal 
tolerances have so far been equivocal, often highlighting 
the multiple and interacting factors at play. Interspecifically, 
higher levels of exposure and ambient temperatures have 
been found to correspond to greater thermal tolerances in 
lizards (e.g., Brusch IV 2016). Intraspecifically, we found 
the opposite pattern: A. aquaticus individuals from sites with 
greater ambient temperatures had lower thermal tolerances. 
Our results complement an intrapopulation study by Logan 
et al. (2021), demonstrating that male brown anoles (Anolis 
sagrei), which occupy cooler microhabitats, have greater 
heat tolerances than females, and a study demonstrating that 
Australian skinks from warmer habitats have lower optimal 
sprinting temperatures (Muñoz et al. 2016). In contrast, 

McMillan et al. (2011) identified that western fence lizards 
(Sceloporus occidentalis) from cooler populations were 
more physiologically impaired by high temperatures. Yet, 
several studies lack evidence of any relationships between 
thermal tolerance and ambient temperature in herpetofauna 
(e.g., Rivera-Ordonez 2019; Gvodzík and Castilla 2001).

If local adaptation to higher temperatures is physiologi-
cally possible in A. aquaticus, as it appears to be in other 
tropical lizards (e.g., Gilbert and Miles 2017, Llewelyn et al. 
2018; Leal et al. 2012; Campbell-Staton et al. 2020; Kan-
amori et al. 2021), there may have been insufficient time to 
permit adaptation to arise, even though dispersal among our 
sites is expected to be low given this species’ natural his-
tory. Adaptation to cool temperatures has been estimated to 
occur over 35 generations in Anolis cristellatus (Leal et al. 
2012), and perhaps even more quickly. The generation time 
of Anolis aquaticus is relatively long for a small anole, at 
6 to 8 months (Márquez and Márquez 2009); whether or 
not this explains a lack of adaptation to these conditions is 
unknown.

As environmental temperature and level of site distur-
bance were correlated, the factor (e.g., habitat degradation, 
higher temperatures) causing variation in thermal tolerance 
in A. aquaticus among sites is difficult to disentangle within 
the context of our study. Even while acknowledging this, 
we note that regardless of the source, if chronic stressors 
like habitat degradation or thermal challenges exist, they 
may act to reduce an individual’s tolerance to future stress-
ful conditions (e.g., Rich and Romero 2005; Meester et al. 
2018). Alternatively, short-term phenotypic plasticity in liz-
ards in response to higher temperatures (heat hardening) can 
have multiple negative phenotypic side effects (e.g., Gilbert 
and Miles 2019). Likewise, behavioral shifts in response 
to elevated temperatures carry negative physiological con-
sequences in lizards that can seriously impact fitness (e.g., 
Theisinger et al. 2017).

Whether the effects of altered thermal environments are 
detrimental to a species depends not only on its tolerance 
to high temperatures but also on whether the temperatures 
experienced in its habitat are near or already exceed its 
thermal limits (see Williams et al. 2008). In the Neotrop-
ics, temperatures have been rapidly increasing (Donat et al. 
2013), have already increased between 0.7° and 1 °C since 
the 1970’s (Magrin et al. 2014), and are predicted to climb 
over 3 °C in the next 80 years (Aguilar et al. 2009), with 
extreme predictions exceeding an increase of 6 °C in Central 
America (Magrin et al. 2014). Although the range of  CTmax 
values and OTM-recorded temperatures currently overlap 
partially only at our most disturbed (DI) site, modest predic-
tions of future temperature increase in the Neotropics would 
push A. aquaticus populations near or exceeding their  CTmax 
at all our sites. Our assessment of available temperatures 
experienced by the lizards was based on stationary OTMs 
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placed in various microhabitats (Dzialowski 2005). OTMs 
were placed where A. aquaticus were previously sighted, 
recording the temperature ranges experienced by lizards 
at those locations. However, free-ranging lizards move 
throughout their environment, and even thermoconformers 
exhibit temperature preferences, as also suggested by our 
comparison of microhabitat temperatures of lizard-selected 
perches with temperatures recorded by OTMs (Fig. 3). That 
said, because thermoconforming ectotherms like A. aquati-
cus tend to have such low body temperatures and low  CTmax 
compared to many other lizard species, even relatively small 
changes in microhabitat temperatures could greatly reduce 
performance and may be detrimental to survival (Kearney 
et al. 2009).

Tropical premontane forests tend to represent some of 
the cooler areas within a tropical landscape. If future cli-
mate predictions prove to be correct, then A. aquaticus and 
similarly cool-adapted ectotherms may have limited options 
for retreat via species migration upslope as ambient tem-
peratures rise in their current premontane habitats over the 
next century (Logan et al. 2013). As Janzen (1967) identified 
early on, tropical montane and premontane species are often 
thermally limited in their abilities to disperse or migrate, 
a concept that has received strong support by more recent 
models (e.g., Buckley et al. 2013). Tropical premontane and 
montane species migrating to cooler zones have physical 
upper limits of available habitat (Colwell et al. 2008; La 
Sorte and Jetz 2010; Freeman et al. 2018), earning a dra-
matic nickname for their upward elevational migrations: 
the “escalator to extinction” (Marris 2007). Identifying the 
exacerbating effects of land use change in tropical forests 
may therefore provide a local-scale strategy to combat this 
“escalator to extinction”.

The association of lizard thermal tolerance and 
human land use history suggests that this small Neotropical 
lizard may already be experiencing detrimental effects of 
temperature stress, as A. aquaticus from warmer and more 
disturbed sites may fare more poorly during periodic high 
temperatures episodes that are becoming more frequent by 
the decade (Donat et al. 2013). Climate change in tropical 
premontane habitats in Central America is predicted to be 
particularly amplified (Enquist 2002; Karmalkar et al. 2008), 
with the premontane “life zone” expected to transform into 
lower altitudinal life zones over time (Jiménez et al. 2011). 
While warm-adapted ectotherms in this region are expected 
to have a distinct advantage in habitats that are affected by 
both climate change and deforestation (Sartorius et al. 1999; 
Frishkoff et al. 2015), cool-adapted ectotherms may not have 
the capacity to adapt to even small changes in temperature. 
These effects may be worsened by habitat loss and fragmen-
tation. Further studies examining how tropical herpetofauna 
respond to temperature stressors today can provide insight 

on the link between climate change and diversity in years to 
come (Nowakowski et al. 2018; Taylor et al. 2021).
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