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Abstract

1. Tropical ectotherm species tend to have narrower physiological limits than species
from temperate areas. As a consequence, tropical species are considered highly
vulnerable to climate change since minor temperature increases can push them
beyond their physiological thermal tolerance. Differences in physiological toler-
ances can also be seen at finer evolutionary scales, such as among populations of
ectotherm species along elevation gradients, highlighting the physiological sensi-
tivity of such organisms.

2. Here, we analyze the influence of elevation and bioclimatic domains, defined
by temperature and precipitation, on thermal sensitivities of a terrestrial direct-
developing frog (Craugastor loki) in a tropical gradient. We address the following
questions: (a) Does preferred temperature vary with elevation and among biocli-
matic domains? (b) Do thermal tolerance limits, that is, critical thermal maximum
and critical thermal minimum vary with elevation and bioclimatic domains? and (c)
Are populations from high elevations more vulnerable to climate warming?

3. We found that along an elevation gradient body temperature decreases as en-
vironmental temperature increases. The preferred temperature tends to moder-
ately increase with elevation within the sampled bioclimatic domains. Our results
indicate that the ideal thermal landscape for this species is located at mideleva-
tions, where the thermal accuracy (d,) and thermal quality of the environment (d,)
are suitable. The critical thermal maximum is variable across elevations and among
the bioclimatic domains, decreasing as elevation increases. Conversely, the critical
thermal minimum is not as variable as the critical thermal maximum.

4. Populations from the lowlands may be more vulnerable to future increases in
temperature. We highlight that the critical thermal maximum is related to high
temperatures exhibited across the elevation gradient and within each bioclimatic

domain; therefore, it is a response to high environmental temperatures.
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1 | INTRODUCTION

A challenge for ecology and evolutionary biology is understanding
how different biotic and abiotic environmental factors can influ-
ence the phenotype and genome expression (Chown et al., 2004).
Temperature plays a key role affecting organisms as it influences
nearly all biological processes at different levels of biological organi-
zation, from molecular kinetics to macroevolutionary rates of diver-
sification (Dugo-Cota et al., 2015; Kingsolver, 2009). In ectothermic
organisms, environmental temperature is particularly important be-
cause it not only determines body temperature but also influences
a variety of processes such as periods of activity, metabolism, lo-
comotion, foraging ability, and courtship (Angilletta et al., 2002).
Therefore, temperature is not merely an abiotic factor for ecto-
therms, but could be considered as part of the biotic environment
(Angilletta, 2009).

Body temperature in ectotherms varies with environmental con-
ditions (Hillman et al., 2008), making thermal sensitivities also im-
portant since they relate to the way in which organism performance
depends on temperature (Angilletta, 2009). Amphibians differ from
other vertebrate ectotherms in the strength with which tempera-
ture and water balance affects performance (Navas et al., 2008).
Additionally, the interplay between these factors is dependent on a
variety of conditions such as natural history, microhabitat, latitude,
and elevation (Wells, 2007).

Tropical ectotherm species have been hypothesized to have
narrow physiological limits compared with temperate species
(Janzen, 1967). This is known as the climate variability hypothe-
sis (Ghalambor, 2006), which has been tested at macroecological
scales in a variety of organisms (Chown et al., 2004; Gunderson &
Stillman, 2015). However, at finer scales our knowledge is still limited
(Montejo-Kovacevich et al., 2020). This limitation is particularly im-
portant for understanding the role of plasticity on thermal tolerance
or species physiological limits. Therefore, there is some urgency to
generate a better understanding of the role of thermal tolerance
given that differences in physiological tolerances can also be seen at
finer evolutionary scales. Such knowledge can be key to predicting
species responses to climate change and species vulnerability, par-
ticularly in amphibians (Duarte et al., 2012).

In a landscape with an elevation gradient, climatic conditions vary
with altitude; temperatures decrease as elevation increases, and pre-
cipitation regimes vary and are influenced by the orientation of the
elevation gradient. These environmental variables grouped together
in geographical space compose bioclimatic domains (Londofio-Murcia
et al., 2010). Therefore, the physiological traits of organisms along
the gradient are predicted to show elevated plasticity to adjust to
varying environment conditions. Such physiological plasticity to en-
vironmental conditions is called thermal acclimatization, which can
be defined as a reversible change in a biological trait in response to
temperature variability (Gunderson & Stillman, 2015). Environmental
variability includes changes in temperature or humidity due to natural
fluctuations encountered along environmental gradients or different

seasons (Angilletta, 2009). In other words, acclimatization refers to the
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plasticity in thermal physiology expressed in response to predictable
or stochastic environmental fluctuations like those encountered along
an elevation gradient. Moreover, ectotherms also have thermoregula-
tion strategies to compensate for extreme environmental conditions
(Mufioz & Losos, 2018) that include behavioral responses such as mi-
crohabitat selection, allowing finer modulation of body temperature
in some amphibian species (Farallo et al., 2018). Nonetheless, most
amphibians are considered to be thermoconformers in that their body
temperature is similar to the environmental temperature. Thus, the
interplay between physiology and behavior may have an important
influence on how some amphibians navigate the thermal landscape
(Angilletta et al., 2002).

One approach to analyze how temperature influences organism
performance, in addition to field body temperature, is to study the
critical thermal limits of a species to understand physiological lim-
itations to an organism's response to environmental heterogeneity.
Critical thermal limits include the upper thermal limit or critical ther-
mal maximum (CT_ ) and lower thermal limit or critical thermal min-

max
imum (CT_..

). Results in the literature are mixed regarding variation
in critical thermal limits, with some studies suggesting that critical
thermal limits decrease with elevation (von May et al., 2017), as pre-
dicted by theory, while others do not find any association (Christian
et al., 2008). The main conclusion therefore seems to be that the
response depends on the studied clade (von May et al., 2017). A
study on toads within the genus Rhinella found that two species
are strong thermoconformers, being highly dependent on environ-
mental temperature and their thermal limits are not variable with
respect to seasonal variation of climatic parameters (Anderson
et al., 2018). On the other hand, for two species of frogs within the
genus Craugastor in Costa Rica, the critical thermal limits are asso-
ciated with the habitat the species occupies. CT_, was found to
be higher in the species that is more tolerant to deforestation and
warming temperatures (C. fitzingeri), while the other (C. crassidigi-
tus) is less tolerant to fragmentation and deforestation and presents
lower critical thermal limits (Frishkoff et al., 2015). Studies on some
ecthotherms show variation in upper and lower thermal limits asso-
ciated with the species environment (Hoffmann et al., 2013). In light
of global warming, the critical thermal limits are often considered as
a proxy for vulnerability to climate change (Seebacher et al., 2015;
Sinervo, 2011). It is important to consider life history, behavior, and
the scaling of climate data to assess vulnerability to climate change
(Nadeau et al., 2017). Also, the evolutionary potential to face global
warming is equally important to understand the response to novel
selective pressures (Mufoz et al., 2014).

Direct-developing frogs are among the most diverse group of frogs
in the New World (Frost, 2020), with over 900 species the group rep-
resents ca. 1/3 of Neotropical amphibian diversity and 120 species
of this group mainly occur in Middle America. Many species are also
polytypic, with striking variation in color patterns and are primarily
characterized by the lack of a water-dwelling larval phase and their
use of substrate humidity for reproduction (Duellman & Trueb, 1994).
Craugastor loki is a direct-developing frog species found in North

and Central America from southern Mexico to northern El Salvador,
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inhabiting both dry and humid habitats. This species is often locally
abundant and has a broad elevational distribution from sea level to
2,200 m a.s.l., particularly in southern Mexico (Lynch, 2000), but also
in Guatemala and El Salvador. Consequently, this species is particularly
suitable for exploring how thermal sensitivities can vary at the local
scale due to plasticity or thermal adaptation. Here, we analyze whether
thermal sensitivities of C. loki are associated with elevation and biocli-
matic domains, defined as an environmental space that integrates bio-
climatic variables of temperature and precipitation. We addressed the
following questions: (a) does temperature preference vary according to
altitude and bioclimatic domains; (b) are thermal limits, CT,_  and CT, .,
lower as elevation increases as predicted by the climate variability hy-
pothesis; (c) do thermal limits change in response to local variation in
average maximum and minimum temperatures; and (d) are populations
from high elevations more vulnerable to a warming climate?

2 | MATERIALS AND METHODS
2.1 | Study area and sampling
The Sierra Madre de Chiapas, Mexico, is a physiographical region

with elevation gradients on both slopes: Pacific versant and the in-

terior slopes leading to the Central Depression of Chiapas, ranging

Kilometers

from lowland humid forest to montane cloud forest. We charac-
terized the area using bioclimatic domains as a proxy for environ-
mental heterogeneity (Londofo-Murcia et al., 2010; Téllez-Valdés
et al., 2010). We outlined rectangular polygons ca 40 x 70 km at
the Sierra Madre de Chiapas that covered different environments
and elevation gradients (Figure 1a). We used the 19 bioclimatic vari-
ables (Table S1) from Cuervo-Robayo et al. (2014) to determine five
bioclimatic domains (Figure 1a), which are defined as n-dimensional
space groupings, where biological processes occur (Londofio-Murcia
et al., 2010). These bioclimatic domains are the combination of the
19 bioclimatic variables and differ from each other in temperature,
precipitation, and elevation (Table S1, Figures S1 and S2). We used
a resolution of 30 x 30 m for bioclimatic variables (Cuervo-Robayo
et al., 2014). Bioclimatic domains at higher elevations have lower
temperatures and lower annual precipitation than bioclimatic do-
mains at lower elevations, which have higher temperatures and pre-
cipitation. Nonetheless, when precipitation of the driest month is
low, bioclimatic domains at higher elevations are wetter compared
with lower elevation ones (Table S1). In each bioclimatic domain, we
identified three sampling sites and visited nineteen localities along
the elevation gradient from 120 m to 2,250 m a. s. |. However, we did
not find frogs in all localities (Figure 1b). In total, we studied fifteen
populations of Craugastor loki from the Sierra Madre de Chiapas dur-
ing the rainy season (June to November), when frogs are most active
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FIGURE 1

(a) Bioclimatic domains (BioDom). Green color corresponds to lowland areas and high annual temperature and precipitation.

High precipitation in the warmest quarter and intermediate elevations (yellow). Intermediate elevation and temperature seasonality (orange).
Higher elevations (red), and high precipitation in driest season and high elevations (blue). (b) Sampling sites of direct-developing frog
Craugastor loki in southern Mexico in each BioDom. Circles with white outline are sampled sites where frogs were not found
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(Figure 1b), in 2017 and 2018. For each population, we sampled
frogs at night (20:00 hr-01:00 hr) using visual encounter surveys
and locating frogs by their advertisement calls (Heyer et al., 1994).
Occasionally, we sampled individuals during daytime hours. Once
we found a frog, we approached the frog carefully, to avoid them
moving or escaping and immediately measured body temperature
(T,) on the dorsal side using the thermocouple of the Fluke model
51-2 contact thermometer during 3-5 s. We also measured the sub-
strate temperature and air temperature (20 cm above the substrate)
where the frog was encountered, if the frogs moved, we only re-
corded substrate and air temperature. We also measured the local
environmental temperature and humidity using data loggers (HOBO
Onset) programmed to collect data every 30 min to estimate habitat
temperature (see warming tolerance section below).

We brought captured frogs to our field laboratory for experimen-
tal trials. The frogs were kept for 3 days in plastic containers with
the original substrate at laboratory temperature (~23°C) and envi-
ronmental humidity. During the following 3 days, we recorded pre-
ferred temperature (T, ) on day 1, critical thermal minimum (CT,_;)

on day 2, and critical thermal maximum (CT_ ) on day 3. Given data

max
collection was stressful for the animals, we divided it into 3 days to
give individuals respite between trials. Due to the short amount of
time we kept frogs in the laboratory, not allowing them to acclimate
to a different temperature regime, we assumed that measurements
reflect responses to field conditions as a response to plasticity or
local adaptation (von May et al., 2017). After all experiments, we
took a toe sample from each organism and in some cases for voucher

specimens we extracted the liver for genomic studies.

2.2 | Operative temperatures

The operative temperature (T,) is defined as the steady-state tem-
perature of the organism; it is a proxy of the environmental hetero-
geneity as perceived by the individual (Angilletta, 2009). To estimate
this parameter, we used physical models (Navas & Araujo, 2000) sim-
ilar to typical Craugastor individuals using agar models of the same
body size and similar body shape from latex molds made from rub-
ber models using C. loki museum specimens. Models were made with
granulated agar (Thermo Fisher Scientific), using 2.2 g into 100 ml of
distilled water in which a data logger (Ibutton Thermochron, 4K) was
placed. At each locality, we used 10 operative models, which were
programed to record the temperature every 10 min for 24 hr. The ten
frog models were placed in the microhabitats where Craugastor frogs
were found including on top and under leaf litter, small cavities on

trunks, and under fallen trunks.

2.3 | Preferred temperature

The preferred temperature is based on the temperature chosen
by the organism in the absence of biotic and abiotic limitations

(Angilletta, 2009). It can also be considered as an estimate of optimal
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body temperature that maximizes life-time reproductive success
under unconstrained conditions (Gvozdik, 2018). We built two ther-
mal gradients (1.0 m x 0.8 m and 0.7 m high) using wood boards. We
used litter collected from each sampling locality as substrate. One
end of the wood board was cooled and maintained at 8°C with ice
packs, and the other was heated to 38°C with an electric hot plate.
We ensured that substrate humidity was moderate along the entire
gradient throughout the entire duration of the trials. We placed five
individuals in each thermal gradient at a random location 1 hr before
the start of the trials. We performed the trials at night, starting at
21:00 hr as it is the frogs' activity period. Each hour we recorded the
preferred temperature (T,,) of ten individuals in both gradients, for
a total of five measures for each individual (five replicates), this pro-
cess was carried out for each individual in the dark and using a red
light and measuring temperature with a Fluke model 51-2 contact
thermometer during 3-5 s. Each individual was weighed and meas-

ured (body and tibia length) prior to each trial.

2.4 | Thermal accuracy index and quality index

We calculated the thermal accuracy (d,) and thermal quality index
(d,) of the environment (Hertz et al., 1993) for each population. We
used these two parameters to characterize the thermal landscape
that the frogs are occupying, but not to evaluate the effectiveness
of thermoregulation. Amphibians depend on moisture in addition to
temperature does not take into account these two parameters, but
it is a proxy of how frogs are suited to the thermal landscape. To
estimate the d, and d,, we considered the data filtered by frog activ-
ity hours, based on our observations during fieldwork. We consid-
ered that activity starts from dusk to dawn, that is, from 18:00 hr to
5:00 hr. Thermal accuracy (d,) was calculated as the mean of the ab-
solute value of the difference between individual body temperature
(T)and T, (d, =T, - T_,), while the thermal quality index (d,) is the
mean of the absolute value of the difference between the operative
(d,=T,-T,). Highd, andd, values indicate
that thermal accuracy and the thermal quality of the environment

temperature (T,)and T,
are low, while values near zero indicate high thermal accuracy and
high thermal quality of environment, suggesting that under such
thermal conditions the organism presents increased physiological

performance (Hertz et al., 1993).

2.5 | Thermal tolerance: CT,;, and CT

Thermal tolerance range or thermal breath is the physiological range
at which the organism is active and is limited by the critical thermal
). We esti-
mated the CT, , using two containers. In the first one, we deposited

) and the critical thermal maximum (CT

minimum (CT max

min
a damp paper before the frog was placed. The container was placed
within a larger container with ice to lower the temperature at a rate of
~1.5°C/min. After some minutes, the organism changes its behavior;

first, frogs move and jump and then stay very still, at which point we
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measured whether there was a loss of righting response. The loss of
righting response is often used in thermal physiology in ectotherms
and is considered relevant in terms of thermal selection, where frogs
could be vulnerable to predation (Catenazzi et al., 2014; von May
et al., 2017, 2019; Navas et al., 2007). To do this, we placed the frog
in a belly-up position, and if the frog could not recover its natural
position, after 5 s, we measured the temperature on the ventral side.
For CT

max’

a humid substrate. Generally, the behavior displayed when the or-

we used an electric hot plate to heat the container, with

ganism starts to warm up and to reach CT_ . includes fast move-
ments and jumping and then the organism stays still in one position.
Previous to each experiment, for both CT_. and CT_ _the organisms
were kept at ~23°C. With the values of the CT, _ and CT_. , we calcu-
lated the Thermal Tolerance Range (TTR=CT,_ - CT,

min)'

2.6 | Warming and cooling tolerance

One approach to measure vulnerability to climate change is to meas-
ure the warming tolerance of organisms (Deutsch et al., 2008), which
is an estimate of the difference between ambient temperatures and
the organism's thermal maximum (Tuff et al., 2016). Warming toler-
ance is similar to the Thermal Safety Margin (TSM) from Rohr et al.
(2018), but it is different according to Deutsch et al. (2008), who con-
sider it as the difference between an organism's thermal optimum
(Topt) and its current climate temperature T, , (TSM = Tcpt = Thap-
Environmental temperature from the local sites was obtained from
the data logger (HOBQ's) in each locality. The data loggers were set
up to record temperature every 30 min daily for a period of approxi-
mately 1 year and in some cases 2 years. In some localities, record-
ing started in 2017 and in other localities in 2018. In two localities
(GNBII-II and Palmas), it was not possible to obtain the recording,
due to loss or damage of the datalogger. For these localities, we used
the information from the datalogger closest to the locality (GNBII
and Laglon, respectively). We estimated the average of the maxi-
mum and minimum daily temperatures during the recording period
to estimate the temperature of the habitat at each locality (T, )
(Catenazzi et al., 2014). We estimated the warming tolerance (WT)
asWT=CT_ . -T

hab_max
minimum temperature to calculate the T,

and the cooling tolerance, using the daily

ab_min temperature.

2.7 | Data analyses

We carried out linear models, to evaluate the effects of the elevation
and bioclimatic domain on T,, substrate and air temperature, CT_,
CT

max TTR, WT, and cooling tolerance, as well as the relationship
between these variables and our microclimatic temperature meas-

T T

urements (T min_hab’ " mean_hab

max_hab? ). In consequence, we added

to the linear models the body size (snout-vent length) and mass.
For T

.r We used the gls function implemented in the nime pack-

age (Pinheiro et al., 2020), to fit a linear model with heterogeneous
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variances using the arguments: weights and varldent (Pinheiro &
Bates, 2000), organized hierarchically by individuals and then by
population from low to high elevation. For d, and d, indexes, we cal-
culated the confidence intervals with bootstrap (10,000 replicates).
All statistical analyses were performed using the software Rv 3.6.1
(R Core Team, 2020).

3 | RESULTS

We observed 337 frogs (272 at night and 62 during the day). We
measured T, in the field for 303 frogs and obtained 337 measures
for substrate and air temperature (i.e., for 34 frogs which moved
prior to us being able to obtain body field temperatures, we only
recorded the substrate and air temperature). Field T, estimates for

each locality varied from seven to 29 organisms (Table 1).

3.1 | Body, substrate, and air temperature

We found a linear decrease in body temperature with increasing ele-
vation (F20‘177 =144.1, R?= 0.935, slope = -0.006 + 0.03, p < .0005,
Table S2, Figure S3a). Substrate and air temperature also exhibited
the same pattern with increasing elevation (F, 54, = 125, R?=0.892,
slope = -0.0019 + 0.0018, p < .0005; F, ., = 135.8, R% = 0.899,
slope = -0.002 + 0.0017, p < .0005, respectively; Table S2,
Figure S3b,c). Both substrate and air temperatures are highly corre-
lated with body temperature of the sampled frogs (r = .970, n = 256,
p <.005;r=0.975,n =256, p < .005, respectively; Figure S5a,b).

3.2 | Operative temperature and preferred
temperature

The operative temperature (T,) was similar to the body tempera-
ture (T,) in all populations along the elevation gradient (Table 1,
Figure 2). Thus, T, shows a similar pattern to body temperature
(T,); that is, T, decreases as the elevation increases (Figure 2). The
preferred temperature (T_,) for each population varied with eleva-
tion (F13,930 = 25.51, p < .0001; Table S3, Figure 3a) and differed
between the bioclimatic domains (F4’930 =9.29, p <.0001; Table S3,
Figure 3a). We also found that body size (snout-length SVL) is posi-
tively correlated with T .. Smaller frogs tend to select a relative lower
temperature compared with larger frogs (F1,930 = 797, p = .0049,
Table S3, Figure Séa). When we pooled populations, the mean of T_,
is 21.83 + 2.18°C, and the minimum and maximum means of T_, are
19.60 + 1.70°C and 23.70 + 1.30°C, respectively. The T_, recorded
in the lowlands and at intermediate elevations (bioclimatic domains:
green, orange, and yellow) is within the range of the operative tem-
perature (T ) and body temperature (T,) recorded. However, in popu-
lations above 1,100 m, T_, is outside of the range recorded for T, and

T, (bioclimatic domains: red and blue, Figures 2 and 3a).
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x-axis shows the records of T, in degrees Celsius, and y-axis shows the frequency of the temperature recorded



PERCINO-DANIEL ET AL.

Fcology and Evolution o 6695
= WILEY- %%

(a) (b)

30 30

L

L]

e —_—
24 4 ° [3)
&
L8
° (]
(=21
c
[
—_— m
Q
= 21 S 211
[1] i
(7] [
= M ° °
H L H °
. ©
£
3
< L]
18 - = 181
L]
L]
L]
L]
15 1 . 15
L]
12 4 12 1
<< (=] (=2 [+=] N~ N N o (=] 0 N (=2 < o (=] < (=] n o n N~ [=J < o (=3 (=2 < n N~
N << o o ™M ™ [=] N~ o < [=] N~ [==] ™ o™ N < ~— N~ [ [v] o © < o N~ [=-] N~ o
- N o™ ~ ~ © o o - - [ @ < n - N [3¢] ~ ~ -] [=2] - - o™ (3] < = -
- - Y Y Y v v - - Y = v
(c)
© T
ﬁ o ' -
T ha o - = N {
0 - B
™ Q E - E - T . - ' . +
- L o g o : i
B+ B8 -
' 1
* |
o ' ! ' a M + o
H Q H
8_ “+
o
o
[Ye)
—
(&)
ol
29
@
Q@
=
2
©
b}
g 87
D IS
|_
o
w _| - -
- Ll ' b
1 ' Ll
' 1
' i
\ , .
! Ll
o ' '
- \
o | Q ] - - | |
- = ? , '
=] - : H : :
. = T E L N _ é
T \
- H 8 =] T i ' =
* |
S + +
o -
= = 5 o < o o o o o @ = 1<) (=]
E-! €L &2 €3 €& €5 €3 €7 E=z Eg EE ES EZ ES
<M ®&5 [ ™= 0 g NT® o & -+ > o o4 [ < D wn ~ Qo
= < =5 ~= oL [ 7s) S © = < o = o< N o £
-5 N @ ~ N~ © -] (<] ~—= ~— ™ _] ] < << =<
o -0 — - - - - N
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3.3 | Thermal accuracy and thermal quality indexes

The thermal accuracy index (d,) and thermal quality of the envi-
ronment index (d,) showed lower values in all populations from
intermediate elevations (760-1,140 m, corresponding to the or-
ange bioclimatic domain), meaning that in this bioclimatic domain
the frogs are exposed to their preferred temperature (T_,). Indeed,
in one population (PlanLib) within the orange bioclimatic domain
(Table 1), the estimates of both indexes were zero, indicating that
in this site the frogs occupy more suitable temperatures. On the
other hand, the populations in higher elevations (blue bioclimatic
domain) show high values of d, and d_, indicating that these popula-
tions are exposed to environmental temperatures that differ from
the preferred temperature. Also, some populations at intermediate
elevations (yellow bioclimatic domain) present high values of d, and
d, (Table 1).

3.4 | Critical thermal limits

The critical thermal maximum (CT, ) differs among populations
at different elevations, decreasing with increasing elevation
(Fi9137 = 10.86, R? = 0.545, slope = -0.0118 + 0.0042, p < .0056;
Table S4, Figure 3c), and also differs between bioclimatic domains
(F4137 = 2.6, p < .038) (Figure 3c). Body size (snout-vent length
SVL) was not correlated with CT_ (F1,137 = 1.64, p = .20). We
also found differences in CT,_, , among populations (F19,139 =7.29,
R? = 0.43, slope = 0.0044 + 0.0062, p < .0001; Table S4,
Figure 3c), decreasing with increasing elevation, but no differ-
ences among bioclimatic domains (F, ;5, = 1.64, p = .20). Body
size (SVL) is negatively correlated with CT ... with small frogs
(F1,139 = 11.79, p < .001; Table S4, Figure S7).
The thermal tolerance range (TTR) slight increases with elevation
(Fi9136 = 11.98, R? = 0.573, slope = -0.0162 + 0.0081, p < .049;
Table S4, Figure 3b), and body size has an effect on thermal
breath (F, 15, = 10.62, p < .0014), but not bioclimatic domains
(F4136 = 0.38, p = .821; Figure 3b).

With respect to the local environmental data gathered by the

having higher CT

min

data loggers, we found a 10°C difference between the extreme low
and high populations (mean = 25°C + 3.45 and 14.70°C + 2.35, re-
spectively; Table S5). On the other hand, we observed a wide range
of recorded temperatures for some sites (Figure 4), where the daily
temperature can exceed the range of critical thermal limits (Figure 4).
This happens in more than 60% of the sampled localities (Figure 4).
There was not a significant relationship between the physi-
ological thermal limits (CT,, ) with respect to local environmental
) (F1,137 = 0.22, p = .63), but we found differ-
ences between in elevation by bioclimatic domain (F,,,5, = 10.86,
R? = 0.5415, slope = -0.012 + 0.004, p < .05, Table S4, Figure S8a).
Furthermore, we did not find a relationship between CT,_ .. with Tmm_
hab (F1,139 =0.74, p = .39, Table S4, Figure S8b). When we plotted the
CT ., CT

max’ min’

temperature (T, . hab

and the elevation with bioclimatic domain, we found

decreasing CT, as CT . increases (F,,,55 = 10.73, R? = 0.556,
slope = -0.123 + 0.057, p < .0001, Table S4, Figure S9). This could
be a consequence of the intrapopulation variability in both thermal

limits, but it could also be driven by body size (see discussion).

3.5 | Warming and cooling tolerance

Populations from low elevations (green bioclimatic domain)
have lower warming tolerance (F19,137 = 143.1, R?> = 0.944,
slope =-0.0114 + 0.0041, p < .0001, Table S4, Figure 5a) than those
from other bioclimatic domains. Conversely, populations from high
elevations have lower cooling tolerance, in particular the popula-
tions at elevations ~1,370 m-1,500 m (F,5,5, = 28.66, R* = 0.769,
slope = -0.0044 + 0.0061, p <.0001, Table S4, Figure 5b), which are

within the red bioclimatic domain.

4 | DISCUSSION

We have shown that thermal sensitivities of the direct-developing
Craugastor loki are influenced by the particular environmental condi-
tions where the populations are found, as defined by elevation and
the bioclimatic domains. Our results show there is greater plastic-

ity in critical thermal maxima (CT__ ), compared with critical thermal

max
minimum (CT

min)» @s CT_ . shows greater variability in response to
changes in elevation or bioclimatic domain. The CT,_is higher in
the lowlands and tends to decrease as elevation increases. Also, it

is noteworthy that the T,

.o €xhibits a narrow range along the eleva-

tion gradient and even tends to increase with elevation within each

bioclimatic domain.

4.1 | Body temperature

Body temperature (T,) decreases significantly with increased el-
evation, which is a pattern found in most ectotherms that do not
exhibit thermoregulation behavior (Angilletta, 2009). Tropical
amphibians, especially terrestrial frogs, are highly dependent on
the substrate and local environment for their body temperature
(Navas, 1996). This pattern has also been found in C. loki, where T,
is highly correlated with substrate and air temperature, confirm-
ing that C. loki is a thermoconforming species. The T, influence
on individual performance (Navas et al., 2008) impacts activities
such as foraging, courtship, and locomotion. As a consequence,
T, is important as a trait for resilience to climate variability. On
the other hand, if T, is associated with environmental variables
(Navas et al., 2013), it implies differences in the effects of mi-
croclimate on individual performance and traits (Clusella-Trullas
& Chown, 2014) such as development, growth and performance,
all of which impact fitness (Kingsolver & Huey, 2008). Also, T, is

linked to other parameters such as preferred temperature (T_,) and
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FIGURE 5 Warming and cooling tolerance of Craugastor loki along the elevational gradient. Colors correspond to each bioclimatic domain

(Figure 1)

critical thermal limits, which are considered as traits integrated in
the species thermal niche (Gvozdik, 2018).

In our study, the relationship between T,, and T, varies across
the elevation gradient and bioclimatic domain. In lowland popula-
tions, T, is relatively lower than the range of T, (GNBII and SatMor,
Figure 2). At intermediate elevations (orange environmental do-
main, Figure 2), T_, is within the range of T,, and in one population

(PlanLib) T.

. Matches T, exactly. As elevation increases, part of the

narrow range of T, falls within the range of T, Since these ther-
mal parameters partly define the thermal niche, population growth
and development are expected to be affected (Gvozdik, 2018). Our
field observations of highland populations indicate that the repro-
ductive season starts later compared with the remaining populations
(at lower altitudes) and has a shorter duration, which indirectly af-
fects population growth. Disentangling how the thermal niche could
impose costs directly to population growth and development is an
important question to be addressed in future work, particularly
with respect to how these populations can face forthcoming climate
change challenges.

4.2 | Preferred temperature and thermal indices

The preferred temperature (T,) in Craugastor loki shows a nar-
row range across elevations, but it tends to slightly increase as the
elevation increases within each bioclimatic landscape (Table 1).
This increase is important given that some studies show that T, is
close to T, or even near the upper thermal limit (Angilletta, 2009).
Our findings show that T, tends to slightly increase across the
elevational gradient; however, in the highest populations T, is
closer to the T, recorded in lowland sites. These results are simi-
lar to studies of nocturnal geckos, some of which are thermocon-
forming species (Pianka & Vitt, 2003) and tend to have a constant
T

sel

In our study, the T,

between 18.94 + 1.20 and 24.66 + 2.30, with the latter value re-
corded in the high-elevation population (Table 1, Figure 3a). T, is

mean for each sampled population was

generally considered a conserved trait among species (Anderson
et al.,, 2018). Here at the population level, differences in T, show
a narrow range along all elevation localities. These observed

variations could be the results of interpopulation variation in T_,,.
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However, in highland populations where the mean average tem-

perature is less than 20 degrees Celsius, the T,

<o) OF frogs was ~5

degrees higher than the air temperature, which could be related
to a pattern known as counter gradient variation. This pattern
is observed when individuals from colder environments select
higher temperatures in comparison with individuals from hot en-
vironments (Freidenburg & Skelly, 2004). Also, counter gradient

has been related to the organisms having higher CT__ (Llewelyn

max
et al., 2017). Further work is necessary to evaluate whether this
hypothesis can be applied to frogs and Craugastor in particular.
In addition, highland populations prefer higher temperatures than
they experience, suggesting that this imposes an important chal-
lenge for individuals. These data suggest impacts on their “perfor-
mance” and on fitness. During sampling in the highland population
(AmplLag), we saw some frogs active during the day, not calling,
but moving among the sunny patches. These frogs were possibly
looking for warmth and staying in suitable microhabitats, which
suggests that at high elevations frogs have to deal with thermal
niche by exhibiting behaviors not shown in the lowlands.

On the other hand, it is important to point out that our preliminary
studies on landscape genomics for these populations suggest that one
highland population (AmpLag; blue environmental domain) might cor-
respond to a divergent evolutionary lineage. Therefore, the maximum
elevation range of C. loki might only extend to ~1,500 m a. s. . and
populations above that elevation could correspond to another species
(Fig. S10). In the highlands of the Sierra Madre de Chiapas, at least four
species of Craugastor that are very similar in coloration, size, and hab-
its are believed to occur. Therefore, the sampled highland populations
(blue environmental domain) might be similar to C. loki from higher el-
evations (red domain) in terms of thermal landscape. Effectively, the
populations in each elevational extreme and bioclimatic domain confer
the same thermal pressures on these physiological traits.

The results from the thermal accuracy (db) and the thermal
quality of the environment (d,) show that the populations from the
orange environmental bioclimatic domain (characterized by the tem-
perature seasonality at intermediate elevations) have high thermal
accuracy and thermal quality. These conditions seem optimal for
the frogs, given their preferred temperature is available in that bio-
climatic landscape. It is noteworthy that one population (PlanLib)
shows estimates close to zero for both indices, indicating remark-
able thermal quality. Those frogs do not have to deal with extreme
temperatures as they do in the lower or higher elevations, experi-
encing close to an ideal thermal niche. These thermal parameters
used mainly in lizards studies have proven useful in understanding
the thermal landscape in frogs as well. Our data at the population
level permit the splitting of thermal niche and how it can vary with
spatial and temporal scale (Gilbert & Miles, 2019). While we did not
take into account humidity, our sampling was performed in rainy sea-
son where the humidity is mainly similar and oscillated between 90%
to 100% humidity (Table Sé). As a result, understanding the thermal
niche in these frogs is a step toward understanding the causes that
produce phenotypic variation in thermal traits in buffering high tem-

peratures and coping with rising temperatures.
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4.3 | Critical thermal limits

The critical thermal limits measured in our study showed thermal
acclimatization on the upper thermal limit associated mainly with
altitude and the environment, though patterns were less clear in
lower thermal limits. That is, within each of the sampled bioclimatic
domains as elevation increases, the upper thermal limit decreases,
especially in populations from 200 m to 1,000 m a. s. |. In most in-
terspecific studies of ecthotherms, species show that upper thermal
limit is a conserved trait among species or within a particular species
(Munoz et al., 2014). Likewise, in frogs of the genus Pristimantis along
an elevation gradient in the Andes, CT, . is more variable than CT_
by elevation. This finding is explained by microclimatic thermal vari-
ation, mainly in minimum temperatures, suggesting that this group of
frogs has increased cold tolerance to buffer against lower tempera-
tures (Pintanel et al., 2019). However, another study focused on ter-
restrial breeding frogs distributed along a tropical elevation gradient
has shown that CT,, and CT_, exhibit substantial variation across
closely related species (von May et al., 2017), where CT, . and CT,_._
decrease with increasing elevation. Other studies found interspe-
cific variation in critical thermal limits related to body size, where
CT,.x tends to increase with increasing body size (Gonzalez-del-
Pliego et al., 2020; von May et al., 2019), and CT, , tends to decrease
with increasing body size (von May et al., 2019). In our study, we only
found that CT_, tends to decrease as body size increases. This con-
trasts with interspecific studies in terrestrial breeding frogs, which
suggested that larger body size is common at high-elevation habitats
(Gonzalez-Voyer et al., 2011; Hedges, 1999; Santa-Cruz et al., 2019).
Here, it is clear that lowland populations of C. loki tend to have a
larger body size (Figure S4). Also, we found a correlation between
CT, o and CT,

min (Figure $9), which could be the consequence of body
size. That is, intrapopulation variability in both thermal limits could
be driving by body size, and results in larger individuals tend to have

higher CT_ . and lower CT,

min (Iarger individuals better tolerate heat
and cold, because they are less susceptible to relatively rapid tem-
perature change). While smaller individuals tend to have lower CT,_
and higher CT

rapid temperature change.

. because they are more susceptible to relatively

The role of critical thermal limits in ectotherms has an ecological
importance (von May et al., 2019). This was a consequence of the or-
which

the organism does not

ganisms experiencing temperatures closer or exceeding CT, .,

could result in death. But in the case of CT_. ,
necessarily face death as becoming more inactive. However, even
when temperatures are low C. loki is active nocturnally. During the
day spend, their time apparently inactive and are exposed to ele-

vated air temperatures in leaf litter, where the T, can be very

ab-max
high in every environmental domain independent of elevation.
Microclimatic temperatures at intermediate and high elevations can
reach high temperatures similar to those recorded in lowland sites
and at night lowlands are usually warmer but show greater variability
during the day (Ghalambor, 2006).

According to the climatic variability hypothesis (Janzen, 1967),

climatic variation and physiological tolerance in tropical and
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temperate regions are considered equivalent to conditions in ele-
vation gradients (Ghalambor, 2006). We therefore expected low-
land populations to present higher thermal limits than populations
from the highlands. At an interspecific level, we expect that envi-
ronmental variation could result in an adaptive change, while at
the intraspecific level, variation could be due to thermal plasticity
instead of an adaptive response. However, the role of plasticity
could be more important. Thermal tolerance range (TTR) in C. loki
exhibits a different pattern than expected across the elevation
gradient. Populations at low and high elevations have narrower
TTR, while at intermediate elevations, TTR is wider. Microclimatic
temperatures could explain this pattern, as the average maximum
temperature (T, . .»
ilar. Thatis, T, ., d0 NOt show a pattern with respect to elevation
and neither does the bioclimatic domain, while T, and T,W.,Umb
both show a slight decrease with elevational increase. This trend

) in lowlands and highlands are relatively sim-

is not shown in T where in lowlands (i.e., GNBII, 300 m ele-

max-hab®
vation), T_ .., canreach around 30°C, as well as in highlands (i.e.,
LaglLon, 1,500 m elevation).

Studies with other terrestrial breeding frogs suggest that thermal
limits are related to microclimate temperatures (Gonzalez-del-Pliego
et al., 2020; Pintanel et al., 2019). That is, thermal limits exhibit
variation according to the type of microhabitat they occupy includ-
ing open forests (Gonzalez-del-Pliego et al., 2020; Nowakowski
et al., 2017, 2018). In our study, C. loki is mainly found in leaf litter
(more than 70% of the sampled individuals); therefore, microhabitat
temperatures, especially at night, do reflect temperatures to which
frogs are usually exposed. This is probably not the case at daytime
when they are inactive in the leaf litter and temperatures are higher.
As a consequence, further work is needed to test how habitat mod-
ifications affect thermal traits. This is particularly critical since our
study area has changed drastically over the course of the study
(Percino-Daniel, pers. obs.), especially at intermediate elevations

where coffee plantations and open areas are increasing.

4.4 | Vulnerability to climate change

Our study provides insights regarding the sensitivity of these ter-
restrial frogs to climate change. First, our results show that lowland
populations can be more vulnerable to high daily temperatures
due to low warming tolerance (Figure 5a) while highland popula-
tions could benefit or be less vulnerable to temperature increases.
Macroecological studies suggest that tropical organisms are more
vulnerable to climate change for two reasons: (a) They experience en-
vironmental temperatures near their critical tolerance temperatures
(Deutsch et al., 2008; Kingsolver, 2009); and (b) they have a narrow
thermal tolerance (Janzen, 1967) and are therefore more sensitive
to changes in climate. Here, at a fine scale we found that lowland
frogs are more vulnerable to warming due to their limited thermal
tolerance. Also, populations at high elevations are less vulnerable
(bioclimatic blue domain). However, these findings can vary within

each bioclimatic domain. For example, populations from elevations

sampled ca ~1,300-1,400 m also exhibited a low warming tolerance
(Figure 5a) and these sites experience high temperatures (Table S2).
Previous research on other terrestrial breeding frogs includes spe-
cies distributed from mid- to high elevations (Catenazzi et al., 2014),
as well as species distributed from low to high elevations (Gonzélez-
del-Pliego et al., 2020; von May et al., 2019). However, the maxi-
mum daily temperature recorded at some sites in our study reached
above 40°C (Table S2), which are dangerously high temperatures for
thermoconformers. Indeed, IPCC reports (2019) predict the global
temperature will increase to or exceed ~1.5°C, making it critical to
understand how the frogs will respond to this warming increase.
Hence, integrating an approach from a species' niche rather than a
traits-based approach could make for a better understanding of gen-
eral patterns of tolerance (Frishkoff et al., 2015).

In conclusion, our findings indicate that the future increase in
global temperatures is likely to negatively affect performance and
population growth of thermoconforming species such as C. loki.
Predictive models can be used to test distinct scenarios for distribu-
tion shifts of species that integrate microclimate variables. As in this
study, local temperatures can reveal if daily temperatures approach
or exceed thermal limits for a species. This approach could better

characterize long-term persistence of amphibian populations.
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