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Resumen

Los anfibios estan adaptados a diferentes ambientes, sin embargo, ante cambios ambientales
abruptos, son altamente susceptibles. El objetivo de este estudio fue el de estimar la vulnerabilidad al cambio
climatico de la ranita de arroyo Ptychohyla leonharschultzei, esta especie es endémica de México y suele
habitar en los bosques mesdfilos de montafia y presenta una distribucion reducida y fragmentada.

La vulnerabilidad de P. leonhardschultzei, se estimd mediante la ejecucién de un modelo mecanicista-
correlativo de distribucion restrictiva que cuantifico la probabilidad de extincién de P. leonharschultzei ante dos
escenarios de emisiones contrastantes (RCP4.5 y RCP8.5). El modelo se hizo a través del estudio de la
ecologia térmica e hidrica interpoblacional de 3 poblaciones, ubicadas en el Edo. de Oaxaca, primeramente,
con la caracterizaciéon ambiental de su habitat y seguido de registrar y comparar la fisiologia térmica de cada

poblacién, durante una parte de su época reproductiva (enero).

Los resultados obtenidos indicaron diferencias estadisticamente significativas en las condiciones ambientales
de los sitios de estudio y en la fisiologia térmica interpoblacional y en el caso de los resultados determinados
para la especie, se encontré que la frecuencia de Tamb permanecié dentro de 8.94 £ 1.99y 28.78 + 1.59 °C
un intervalo de tolerancia térmica (TTR) de 18.5 — 21.6 °C (Tset), se registrd un patron predominantemente
tigmotérmico-termoconformista, una Topt de desempefio locomotor de 25°C, con una (Bgo) de 10 °C a 25 °C,
con una probabilidad de presencia para la especie = 82.79%, en todos los escenarios evaluados, con solo
una diferencia de 2.42 y 5.23 % entre los escenario (RCP4.5 y RCP8.5). Y se concluyé que el modelo
generado en este estudio, bajo los criterios de estudios fisioldgicos interpoblacionales, podria ser una
herramienta muy util en la conservacién de anuros y P. leonharschultzei al menos en los préximos 50 afios,

no es una especie que se encuentre directamente amenazada por cambio climatico.

Abstract

The anthropogenic climate change triggers environmental problems that accelerate loss of the
biodiversity in our planet, where amphibians are considered one of the groups most susceptible to extinction.
Amphibians are diversified and adapted to very different environments, however in the face of abrupt changes
in environmental conditions, are highly susceptible. That is why the eco-physiological studies are crucial to
generate effective strategies for the species conservation. The purpose of this study was to estimate the
Stream frog Ptychohyla leonhardschultzei vulnerability to the climate change, that species is endemic to the
mesophilic mountain forest with a reduced and fragmented distribution.

To define the vulnerability of P. leonhardschultzei, was executed using a mechanistic-correlative

model of restrictive distribution that quantifies the probability of extinction, under two different contrasting



scenarios (RCP4.5 y RCP8.5). The model was made through the study of the thermal and hydric ecology
interpopulation of 3 populations, located in the state of Oaxaca, first with the environmental characterization of
its habitat and followed by recording and comparing the thermal physiology of each population, during a part of
its reproductive season (January), to finally generate it.

This model used the restriction hours according to the physiology requirements of P.
leonhardschultzei (Sinervo et al., 2010). Its distribution, the bioclimatic and eco-physiological layers (Caetano
et al., 2019), were used to determine the probability of extinction.

The results obtained indicated significant differences in the environmental conditions among the study sites
and in the thermal physiology of the populations and in the case of the results determined for the species, it
was found that the frequency of environment temperature (Tamb) remained within of 8.94+1.99 and
28.78+1.59 °C, a thermal tolerance range (TTR) between 18.5 — 21.6 °C (Tset), a predominantly
thigmothermic-thermoconformist patterns was recorded, the optimal temperature (Topt) for locomotor
performance of 25 °C, with a (B 80) from 10 °C to 25 °C, with a probability of presence for the species =
82.79% for its entire distribution, in all scenarios evaluated by the model mechanistic-correlative, with a
difference of 2.42 and 5.23% between the scenarios (RCP4.5 and RCP8.5). It was concluded that the given
model generated in this study, under the criteria of physiological interpopulations studies, could be a very
useful tool in the conservation of anurans and that P. leonhardschultzei, at least in the next 50 years, is not a

threatened species by climate change.

Introduccion general

Uno de los problemas ambientales mas importantes del siglo XXl es el cambio climatico, un
fendmeno que ha cambiado toda la dinamica de la vida en la tierra y que, si bien es un fendmeno que ha
sucedido gradualmente en eras geoldgicas previas, hoy en dia se ha evidenciado en menos de 100 afios,
debido a la sobreexplotacién de recursos naturales y emisiones de gases de efecto invernadero a la

atmosfera terrestre (Ceballos et al.,2015, Hegerl et al., 2018).

Diferentes son las consecuencias derivadas del cambio climatico antropogénico, como las pérdidas
economicas en el sector agricola, o la propagacién de enfermedades, pero la mas importante de todas, es la
pérdida de biodiversidad. La biodiversidad es esencial para el funcionamiento de los ecosistemas y estos
ecosistemas son sumamente importantes porque generan los servicios ecosistémicos de los que depende, el
sustento de la humanidad (Harley, 2011). Segun la Union Internacional para la Conservacion de la Naturaleza
(IUCN, por sus siglas en inglés), de 41,000 especies el 28% de las especies fueron evaluadas y catalogadas

como en peligro (Endangered = EN), especialmente ciertos grupos taxonémicos (www.iucnredlist.org. Version

2



2022-2). Uno de esos grupos son los anfibios, en donde el 52% de 6,222 especies de anfibios a nivel global
son potencialmente susceptibles a extinguirse por el cambio climatico (Mendelson et, al., 2006; Wake y
Vredenburg, 2009).

La razén de esta susceptibilidad es por diversos procesos inherentes a su historia de vida. Un
ejemplo est4 relacionado con los estimulos ambientales que definen su fenologia reproductiva (Blaustein et
al.,2010), en donde las temperaturas ambientales y la precipitacién adecuadas desencadenan el inicio de la
reproduccion. Por tanto, determinar los requerimientos térmicos e hidricos durante la reproduccion de los
anfibios es una tarea indispensable para poder dimensionar los estragos del cambio climatico sobre su
sobrevivencia (Rovito et al., 2009; Wilbur, Baustein y Wake, 1990; Wake, 2012).

La interaccion de los anfibios con su ambiente térmico no ha sido documentada tan ampliamente en
comparacién a la de otros ectotermos, como los reptiles squamata. Hay una gama de estrategias y
mecanismos fisioldgicos desplegados por los anfibios que, a lo largo de sus millones de afios de evolucién,
les han permitido sobrevivir y diversificarse en las zonas tropicales, subtropicales y templadas (Navas et al.,
2008). Las especies que habitan ambientes mas extremos, como zonas de alta montafia y/o en climas
templados, estan adaptadas para poder hacer frente a las variaciones térmicas diarias y estacionales
abruptas, que son caracteristicas de esas zonas geograficas (Navas, 1996; 1999), mientras que las especies
de zonas de climas tropicales y/o elevaciones bajas, no han tenido la necesidad de desarrollar dichas
adaptaciones, por encontrarse en condiciones térmicas mas estables a lo largo del afio (Snyder &
Weathers,1975; Janzen, 1967). Estas presiones de seleccion diferencial, han generado especies que son
clasificadas como generalistas térmicos y especialistas térmicos respectivamente; Los generalistas térmicos
son especies que pueden sobrevivir y cumplir su ciclo de vida en un rango de temperaturas mas amplio, al de
las especies que se les clasifica como especialistas térmicos, en consecuencia, el rango de tolerancia térmica
(TTR) de especies clasificadas como especialistas térmicos seria menor al de especies que se les considera
generalistas térmicos. lo que significa que especies consideradas como especialistas térmicos alcanzarian
mas facilmente sus limites criticos méximos (Ctmax) o sus limites criticos minimos (Ctmin) por causa de

perturbaciones en su nicho térmico (Tejedo et al., 2012)

Un fendmeno como el cambio climatico antropogénico, es un fendmeno que genera perturbaciones
en el nicho térmico de las especies de anfibios y estas perturbaciones pueden ser estimadas a través de
modelos de distribucion restrictiva, como el de Mapinguari (Caetano et al., 2019). Este modelo esta basado en
las horas de restriccion para los ectotermos, en donde a mayor cantidad de horas de restriccion, menor

cantidad de horas de actividad, esenciales para que los individuos puedan desempefiar todas sus actividades



fundamentales (Sinervo et al., 2010). Mapinguari estima el nicho térmico fundamental a través de una
asociacion estadistica entre la distribucion conocida de la especie y las variables climaticas respectivas a
esas zonas geograficas y lo hace a través de modelos correlativos como Maxent (Kearney et al., 2010) y
también estima el nicho térmico realizado, a través de construir un modelo mecanicista, a partir de la relacion
establecida entre datos fisioldgicos y biofisicos. Dicha relacién puede proyectarse en escenarios actuales,
pasados y futuros a través de paisajes (Pearson y Dawson, 2003), una vez generados los modelos estos son
ensamblados entre si, con la intencion de obtener modelos més acertados, sobre la probabilidad de presencia
0 ausencia de la especie en estudio. Sin embargo, el uso del modelo de Sinervo y Caetano, ha sido méas
utilizado en reptiles, y es un modelo que también aplica en otros ectotermos como los anfibios, solamente
seria cuestion de considerar, las particularidades de su biologia. Los anfibios son pésimos termorreguladores
en comparacion a los reptiles y tienen muy poco control, o nulo, en su tasa de calentamiento (Cruz, Galindo y
Bernal. 2016), también la mayoria de los anfibios son nocturnos y son mucho més dependientes del agua que
los reptiles (Pearman, 1997). Por lo cual, es imperativo cuantificar la fisiologia térmica de la especie en
cuestion durante su temporada reproductiva, ya que es una medida indispensable para generar modelos que
sean significativamente explicativos para los anfibios. Es importante enfatizar que la temporada fundamental
para definir la susceptibilidad de los organismos es su época reproductora, cuando el ambiente brinda las
condiciones necesarias para que se produzca una respuesta fisioldgica adecuada que posibilite el desarrollo
de las etapas requeridas para la reproduccion, ya que, en el caso de los anfibios, son organismos muy

dependientes de condiciones ambientales propicias para su reproduccién (Paton y Crouch, 2019).

El presente estudio estima la vulnerabilidad al cambio climatico de Ptychohyla leonhardschultzei por
medio de criterios ecofisiologicos. Esta especie es un anuro que habita entre los 700 y 2000 m de altitud en el
lado del Pacifico de la Sierra Madre del Sur en los estados de Guerrero y Oaxaca, se encuentra en la
categoria least concern (LC) por la IUCN, pero esta clasificada como proteccion especial (Pr) por la norma
oficial Mexicana Non-059, esta especie, presenta un alto grado de endemismo, con una distribucién no muy
abundante y en parches (Santos & Urbina, 2011) y se encuentra en el bosque meséfilo de montafia. El

presente estudio determina su ecologia térmica de P. leonhardschultzei'y se proyecta el riesgo de extincion.
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Abstract

Amphibians are highly sensitive to abrupt environmental changes despite their many adaptations. This study is
aimed at estimating the vulnerability of the stream frog Ptychohyla leonhardschultzei, an endemic species of Mexico, to
climate change. Ptychohyla leonhardschultzei inhabits mountain cloud forests, where its distribution is reduced and
fragmented.

A mechanistic-correlative model of restrictive distribution was used to quantify the probability of extinction of the
Ptychohyla leonhardschultzei in two contrasting emission scenarios. We built the model by studying the thermal and
hydric interpopulation ecology of three populations located in Oaxaca, Mexico. We characterized their habitats'
environment and then recorded and compared each population's thermal physiology during part of their breeding season
(January). The results indicate statistically significant differences in the environmental conditions of the study sites and
the interpopulational thermal physiology. The generated model may be helpful in interpopulational physiological studies to
conserve anurans, P. leonhardschultzei in particular, for at least the next 50 years. Therefore, we conclude that our study
species is not directly threatened by climate change if the vegetation remains with the present preservation degree.

Key words: thermal ecology, thermal physiology, restriction hours, conservation, extinction

Introduction

Climate change is one of the most pressing environmental problems of the 21st century and has altered the
dynamics of all life on Earth. Although this phenomenon was gradual in previous geological eras, it has become tangible
in the past century due to the overexploitation of natural resources and greenhouse gas emissions (Serreze, M. C., 2010;
Society, R. & Academy, U. S. N., 2014).

The consequences of anthropogenic climate change are manifold, but biodiversity loss is the most important.
Ecosystems cannot function without biodiversity and the ecosystem services that humanity needs cannot exist without
ecosystems (IPBES, 2018). According to the International Union for Conservation of Nature (IUCN), 28% of 41,000
species is assessed and catalogued as Endangered (EN). Certain taxonomic groups are predominant in this category
(www.iucnredlist.org Version 2022-2); amphibians are among such, with 52% of the 6,222 amphibian species in the world

potentially prone to extinction due to climate change (Foden et al., 2008; Pounds et al., 2006).
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Amphibians are especially vulnerable because of the different processes involved in their life cycle. For
example, environmental temperatures and rainfall trigger their breeding season (Arias-Balderas & Méndez De La Cruz,
2017), that is, environmental stimuli determine their phenology. Therefore, the thermal and hydrological requirements
during amphibian breeding must be determined to measure climate change's toll on their survival (Huey et al., 2012).

The interactions of amphibians with their thermal environments are less studied than those of squamate
reptiles. Amphibians have evolved various physiological mechanisms and strategies to survive and diversify in tropical,
subtropical, and temperate areas (Navas et al., 2008). Species that inhabit more extreme environments, such as high
mountain regions or temperate climates, have adapted to withstand the abrupt daily and seasonal thermal variations
typical of such geographic zones (Navas, 1996; 1999). However, species in tropical climates at low elevations do not
have to develop similar adaptations because the thermal conditions where they live are more steady throughout the year
(Snyder & Weathers, 1975; Janzen, 1967). Species under these differential selection pressures are classified as thermal
generalists or thermal specialists. Thermal generalists can survive and go through their life cycle on a broader
temperature range. Thermal specialists, however, live in a smaller thermal tolerance interval (TTR) and reach their
maximum or minimum critical limits (Ctmax or Ctmin) more easily when disturbances affect their thermal niches (Tejedo
etal., 2012).

Anthropogenic climate change creates disturbances in the thermal niches of amphibian species. Restrictive
distribution models can estimate these disturbances (Caetano et al., 2019). Mapinguari's restrictive distribution model
uses restriction hours for ectotherms: the higher the number of restriction hours, the fewer hours of activity individuals
have for their basic activities (Sinervo et al., 2010). This model estimates the fundamental thermal niche using a statistical
association between a species’ known distribution and the climate variables in its distribution areas. It uses a correlative
model, such as Maxent (Kearney et al., 2004). Mapinguari's model also estimates thermal niche by building a mechanistic
model from the relationship established by physiological and biophysical data. This relationship may be projected onto
current, past, or future landscape scenarios (Kearney, 2006; Kearney et al., 2010; Lara-Resendiz et al., 2019). These
models then combine to create other models that are more accurate regarding the likelihood of the presence or absence
of the study species (Araljo & New, 2007).

On the other hand, even though Sinervo and Caetano’s model has been used this in reptiles, it may also apply
to other ectotherms, such as amphibians, when the specificities of their biology are considered. Amphibians are not good
thermoregulators compared to reptiles and have little to no control over their heating rate (Trace, Tracy & Turner, 1992).
Further, most amphibians are nocturnal and depend much more on water availability than reptiles (Urbina & Pérez. 2002;
Romero-Barreto, 2013). Therefore, it is crucial to quantify interpopulational thermal physiology during the breeding
season to build significant explanatory models for amphibians. An organism’s sensitivity must be defined during its
breeding season because its physiological response to achieve reproduction depends greatly on environmental
conditions (von May et al., 2019).

Our study estimates the vulnerability to climate change of Pfychohyla leonhardschultzeibased on
ecophysiological criteria and provides data on its thermal ecology. This anuran species lives from 700 to 2000 meters
above sea level on the Pacific side of the Sierra Madre del Sur in the States of Guerrero and Oaxaca, Mexico. It is

categorized as Least Concern (LC) by the IUCN but is classified under special protection (Pr) by the Mexican Official



Standard NOM-059. This highly endemic species has a patchy, non-abundant distribution (Santos & Urbina, 2011) and is

found in mountain cloud forest.

Material and methods

We performed the field work at three study sites located at the Sierra Madre del Sur in Oaxaca, Mexico, in
January 2020 and 2021. The first site, San Isidro Paz y Progreso, Santa Maria Yucuhiti municipality, coordinates (17° 4'
31.0008" N -97° 50" 4.9986" W; 1345 m a.s.l.), is a mountain cloud forest (Jiménez-Arcos et al., 2019) in a river system
with step-pools with an average annual temperature of 21 °C and average annual rainfall of 599 mm (Kwebeman & van
Elp, 2021). The second site, Finca Maravillas, Pluma Hidalgo municipality, coordinates (15° 54' 40.4274" N -96° 25'
23.484" W; 1353 m a.s.l.), is on a rocky stream in a coffee agroecosystem with mountain cloud forest elements with an
average annual temperature of 16-20 °C and average annual rainfall of 2000-4500 mm (Wendolin & Solis, 2009). Finally,
the third site, Tierra Blanca, San Agustin Loxicha municipality, coordinates (15° 57' 55.0002" N, -96° 33' 52.9992" W;
1358 m a.s.l.), is located next to a waterfall and a stream in a mountain cloud forest with an average annual temperature
of 18-20 °C and average annual rainfall of 1000-1200 mm (Planeacién Microrregional®, 2005).

We used null models that emulate a living organism's water and thermal loss and gain rates to obtain the
temperatures and evaporative water loss at the perching sites (Huey, Hertz & Sinervo, 2003). The null models were made
with granulated agar (BP-1423-500 by Molecular Genetics) and calibrated using living specimens of P. leonhardschultzei.
They were calibrated using different concentrations of agar and one adult P. leonhardschultzei. The models and the
specimen were exposed to heat (sun) and cold (shade). Their temperatures were recorded every 10 minutes for 2 hours.
A correlation determined the concentration that resembled the living specimen the most in biophysical terms. We found
that the ideal concentration was 4.7 g of agar per 100 ml of water, with a correlation value of r = 0.99 (p<0.05) (Navas and
Cybele, 2000; Tracy et al., 2007). The agar models were equipped with temperature sensors (iButton®) and emulated the
position typically taken by anuran frogs to conserve water. The models were positioned in four microclimates with their
respective replicas; thus, in total, eight models recorded each site's operative temperature (Te) and evaporative water
loss (EWL) every 5 minutes (Lertzman-Lepofsky et al., 2020). Evaporative water loss was quantified using a 0.01 to 100 g
AWS-100 electronic pocket scale every 4 hours, except for an 8-hour nocturnal period, during a 24-hour interval. Models
were replaced if they had lost more than 20% of their initial weight. In addition, a weather station was set up by installing a
Hobo® U23-003 external temperature data logger and an iButton® on a tree 2 meters from the ground, thus obtaining the
ambient temperature.

Specimens were collected during their active hours while the temperature loggers and null models were
operating to discern thermoregulatory patterns in the different populations, using Hertz and Blouin-Demers' and
Weatherhead's thermoregulation rates (Hertz et al., 1993; Blouin-Demers & Weatherhead, 2001). Body temperature (Tb),
substrate temperature (Ts), and air temperature (Ta) were measured for each collected specimen using a k-type
thermocouple connected to a fast-reading digital thermometer (Fluke 51-II; + 0.1 °C) to define which physical medium
rendered the most thermal gain to the specimens (Bustos-Zagal et al., 2013; Navas, 1999). Individuals were then placed
into 18 x 30-cm biodegradable, low-density polyethylene bags (COPLASUR brand) with air and some water and leaf litter
from the site.



The collected frogs were taken to a location with electricity and clean water less than 1 km from the study site at
the same or similar altitude. A mobile laboratory was set up to determine sex, measure snout-vent length (SVL) and
weight, and determine selected temperatures (Tset), critical temperatures (CTmin-CTmax), and nocturnal locomotor
performance. Selected temperatures were obtained using a vertical thermal gradient designed for Hylidos, which
measured 110 c¢m high, 157 ¢cm long, and 28 c¢m wide. The gradient's base structure was made of 1/2" PVC tubes, and
the dividing grid of 1/8" PVC tubes. Twenty dividing frames inside the dividing grid held branches, logs, leaves, plants,
and environmental elements. The grid was the same size as the gradient's base but 10 cm longer at each end and was
joined to the middle of the gradient's structure. The gradient's structure was covered with a 0.28-mm caliber gray
mosquito screen with a two-way zipper that opened and closed its entire length to facilitate the collection of thermal data
from the specimens in the experiment. River sand from each study site was used as the substrate in the thermal gradient.
The first third of the dividing grid was cooled to 10 °C using plastic bags filled with ice hanging from the dividing frames.
The final third of the thermal gradient was heated to 27-30 °C) using a 7-m 50-W EXO-TERRA brand thermal cable
wound around the grid and four ceramic 100-W CE brand light bulbs placed equidistantly on the side of the entire hot
area at a 20-cm distance, fastened and fed by a PVC base separate from the thermal gradient. Specimens were given
one hour to become accustomed to the thermal gradient (from 8 pm to 9 pm). The selected temperature (Tset) was then
measured by recording data every 45 minutes until 2 am. The area was sprayed with water between each measuring
period. The interior of the thermal gradient was kept entirely dark during the experiment. Infrared light was used to collect
all data (Navas et al., 2021; Hertz et al., 1993).

Five frogs were used to measure minimum (CTmin) and another five for maximum critical temperature (CTmax).
These ten frogs were used in these tests only. We exposed them to hot or cold sources to progressively increase or
decrease their body temperatures until their mobility declined to the point that they could not return to a ventral position 10
seconds after being turned onto their backs (dorsal position). To obtain CTmax, we placed each frog in a Ziploc® bag with
air trapped inside, which was then placed 30 cm away from the steam issued by a 1-liter metal container heated by a lit
can of solid alcohol. CTmin was obtained using a small cooler measuring 30 x 30 x 30 cm with ice inside and a 110 v AC
and 12 v DC HOMESTAR JAPAN brand minibar measuring 30 x 30 x 16 cm. All specimens were observed during the
critical temperature tests to identify evasive behaviors and proceed to turn them on their backs (Dominguez-Guerrero et
al., 2021; Lutterschmidt & Hutchison, 1997).

Locomotor performance was tested at six temperatures ranging between CTmin and CTmax (12.5 °C, 15 °C,
17.5 °C, 20 °C, 22.5 °C and 25 °C) by recording the sprint from each evaluated frog's first jump. Once the frog had
reached its assigned temperature, it was placed on a jumping platform. This platform consisted of a plastic container
measuring 14.5 cm high and 8 cm in diameter, fastened with metallic tape to a concrete surface that had previously been
disinfected using a 7% chlorine water solution. The frogs used in the performance tests only jumped once at a single
assigned temperature. Jump length was measured using a measuring tape (Angilleta, Niewiarowski & Navas, 2002).

The data obtained at the study sites and from the laboratory tests were analyzed and compared to each other
and to find patterns for the species and detect differences among the study populations. First, we used a Kruskal Wallis
test to compare the ambient temperatures from a 24-hour period, specimen body temperature, and selected temperatures
from the different study populations. If we found statistically significant differences, we followed up with a Mann-Whitney U

test using the statistical software PAST (Hammer et al., 2001). We also constructed microclimate regimes at the study
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sites (Janzen, 1967; Mufioz & Bodensteiner, 2019) based on the highest, lowest, and average operative temperatures in
the null models (Te) in the different microclimates (Non-humid/Sunlit, Humid/Sunlit, Non-humid/Shade and Humid/Shade)
(Lertzman-Lepofsky et al., 2020). The regimes were then compared using the Kruskal-Wallis test to find differences
between the study sites, followed by a Mann-Whitney U test to uncover similarities and differences between the
microclimate regimes corresponding to each study site.

The locomotor performance curve for P. leonhardschultzei was generated by a GAMM model. Its covariables
were snout-vent length (SVL) and the sprint from the first jump of frogs exposed to the six temperatures, anchored by the
Ctmin and Ctmax averages (Romero-Baez et al., 2020). The optimal temperature for locomotor performance (Topt) and
80% of the thermal threshold (Bso) were estimated from the performance curve using Rstudio (R Core Team, 2020) and
mgcv (Wood & Wood, 2015) and ggplot2 packages (Wickham, 2011) with the functions from Mapinguari Version 0.4.1
(Caetano et al., 2019).

The vulnerability of our study species to extinction due to climate change was estimated using restrictive
distribution models generated by Mapinguari version 0.4.1 (Caetano et al., 2019) and geographic spots located on the
species' altitudinal gradient. The latter corresponded to the distribution determined in 2020 by the group of amphibian
specialists on the IUCN Species Survival Commission (SSC) (www.iucnredlist.org/IUCN Red List of Threatened Species
Version 2021-2) and also to bioclimatic layers with a 30 arc-second resolution corresponding to height, minimum and
maximum average monthly temperature, and annual rainfall. We downloaded the bioclimatic layers for present and future
scenarios (2020, 2050, and  2070) from the  World Clim  version 1.4  platform
(https://www.worldclim.org/data/v1.4/worldclim14.html). The bioclimatic layers for the present were generated by
interpolations using weather data from 1960 to 1990. In contrast, those for 2050 and 2070 were generated by the Max
Planck Institute for Meteorology (MPI-ESM-LR) and corresponded to representative concentration pathways 4.5 and 8.5
(RCP4.5 and RCP 8.5). RCP 4.5 estimates a scenario where policies mitigate climate change with lowered greenhouse
gas emissions, whereas RCP 8.5 estimates one without such mitigative policies and thus predicts higher levels of
greenhouse gas emissions (Riahi et al., 2011; Immerzeel et al., 2013). In addition to the contrasting bioclimatic layers and
the known distribution of the species (previously refined by a 1-km criterion as the buffer in the Mapinguari functions), we
also used restriction hours (Hr) and locomotor performance as echophysiological layers.

The restriction hour layer was generated by a sinusoidal method used for thermoconformist organisms whose
body temperatures are strongly influenced by ambient temperature. It requires the lower limit (Tlower) and upper limit
(Tupper) of a specie's thermal tolerance. There are two ways to estimate both thermal tolerance limits: Pontes-da Silva et
al. (2018) recommend using body temperature (Tb), where minimum Tb is Tlower, and maximum Tb is Tupper, whereas
Caetano et al. (2019) suggest using the 5% interquartile as Tlower and the 95% interquartile as Tupper from the data
obtained from the selected temperatures in the thermal gradient. Since we obtained values similar to both authors'
criteria, we used a combined criterion with 5% and 95% interquartiles from all the selected temperature data from all the
studied populations and the lower and higher body temperature from all the data obtained in the field. We used these
limits and a sinusoidal simulation of the variation in minimum and maximum temperatures experienced daily to obtain the
ecophysiological layers corresponding to activity hours (Ha) and restriction hours (Hr). We discarded the activity hours

because they were correlated to the restriction hours. Finally, we built the performance ecophysiological layer from the


http://www.iucnredlist/
https://www/

first jump sprint at different temperatures because this feature can be measured at different temperatures and is relevant
for its survival.

We transformed the layers into a raster format and grouped them with other useful rasters, such as altitude
(INEGI, 2019; INEGI, 2013), to create maps with warm and cold colors. Then, with the maps in hand, we extracted values
per P. leonhardschultzei distribution point to obtain the probability values for the presence of the species in the different
climate change scenarios. We created the maps using QGIS version 3.18 (QGIS.org, 2021), covering coordinates
EPSG:4326-WGS84.

Results

We found statistically significant differences in the environmental temperature of the study sites. In total, 515
logs were made in Loxicha, 837 in Pluma Hidalgo, and 161 in San Isidro (Ta: H=197.8, P=<0.001). Regarding
microclimate regimes formed by operative temperatures (Te), 145 logs were made per study site over 24 hours. The
microclimate regime medians were statistically different (Te: H=724, P=<0.001), though the regime at the upper border in
Loxicha (Te: U=9201, P= 0.065) and the average regime in San Isidro (Te: U=9547, P= 0.176) were similar. The total
evaporative water loss (EWL) percentages in the agar models at the frog perching sites were 12.05% in Loxicha and
11.43% in Pluma Hidalgo. The Humid/Shaded microclimate in Loxicha had the lowest EWL value at 0.45%, and its Non-
humid/Sunlit microclimate also had the highest at 5.57%.

In Pluma Hidalgo, we collected 14 females and 34 males and obtained 84 body temperature (Tb) logs with an
average Tb of 20.26£0.69. In Loxicha, we collected 13 females and 18 males and obtained 34 Tb logs with an average
Tb of 19.07£0.73. Finally, in Isidro, we collected 13 females and 11 males and obtained 28 Tb logs with an average Tb of
17.83+1.32; (Th: H=81.2, P=<0.001). The rest of the thermal data and thermoregulation rates (Hertz et al., 1993; Blouin-
Demers & Weatherhead, 2001) from each study site are in Table 1. The values recorded for the selected temperatures
(Tset) were different in the three study populations (Tset: H=52.59, P=<0.001). The Tset interval determined for the
species was within the most frequent range of operative temperatures found at the three study sites (Fig. 1). We
determined thermal tolerance limits of Tlower =18.025 °C and Tupper =22.37 °C. We built performance curves from the
data obtained from 42 frogs from Pluma Hidalgo and 30 from Loxicha. The curves showed no snout-vent length (SVL)
effect on locomotor performance. We found that the optimal temperature (Topt) for the best locomotor performance was
25 °C. We determined the thermal threshold (Bso) in a 10 °C interval ranging from 15 °C to 25 °C (Fig. 2). We found that

the likelihood of species presence is = 82.79% for its entire distribution in all emission scenarios (Table 2 and Fig. 3).
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Figure 1. Ambient temperature frequencies of all study sites, taken during fieldwork with CTmin-CTmax represented as
dotted lines and the interval of Tset as a faded rectangle between them.
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Figure 2. Locomotor performance curve of P. leonhardschultzei, adjusted to the best GAMM AIC model and constructed
from the first jump sprint per individual, each point represents a different frog that jumped only once under a single
assigned temperature.
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Figure 3. Presence probability models for P. leonhardschultzei A) Reference map of the projected geographic area; B)
Present; C) 2050 (RCP 4.5); D) 2050 (RCP 8.5); E) 2070 (RCP 4.5); F) 2070 (RCP 8.5); The warm color
spectrum indicates low probability of presence and the cold color spectrum indicates high probability of presence of the
species. The black stars indicate the study sites and the black dots indicate the distribution of the species.
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Table 1. Thermal data of thermoregulation, Pearson’s correlation coefficient, range of selected temperatures with
interquartile of 25%-75%, Thermal index and CTMin-CTMax per population of each study site. The data was registered
showing the average value % its standard deviation and in parenthesis the lower and higher value quantified.

*Tset
*Tb Ta Ts Tvo-Ta To-Ts  25%-75% db de E de-db Ctmin Ctmax
17.83£1.32 16.85+1 16.89+1.04
(15.9-22.2) (15-186) (15-18.8) (19.8-21.6) 8.94+1.99 27.24+0.96
Isidro n=28 n=28 n=28 r=0.83 r=0.85 n=62 2.06 3.52 0.41 1.46 (7.8-12.5) (26.3-28.9)
19.074£0.73 19.04+£0.65 19.8+0.70
(17.9-20.1) (17.8-20.1) (17.1-20.8) (18.5-19.8) 11.0240.53 27.46+0.56
Loxicha n=34 n=34 n=34 r=0.85 r=0.81 n=54 0.155 2.23 0.93 2.075  (10.4-11.8) (26.8-28)
20.26+0.69 20.24+0.61 20.24+0.60
(19.4-23.1) (19.3-21.7) (19.3-21.6) (18.9-20.3) 11.66+0.36 28.78+1.59
Pluma n=84 n=84 n=84 r=0.84 r=0.88 n=51 0.264 0.62 0.57 0.356 (11.1-12) (26.6-30.7)

Table 2. Probability of the presence percentage of P. leonhardschultzei under the present scenario and

different scenarios of climate change, according to its distribution points.

Present 2050RCP45 2050RCP85 2070RCP45 2070RCP85 Elev Elev
<1350mts >1350mts
% Average 91.22% 91.95% 89.90% 89.60% 86.75% 90.78% 87.98%
Standard 12.63% 11.72% 13.51% 13.81% 17.48% 13.77% 14.37%
deviation
Range 28.7%-100% 35.9%-100% 38.1%-100% 31.7%-99.8% 38.6-99.9% 31.7%-100% 28.7%-100%
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Discussion

Anurans need an ecosystem with microclimate conditions that keep their body temperature and hydration levels
as homeostatically stable as possible, or at least within temperature and humidity levels that enable them to survive and
reproduce. Given the trade-off between thermal and hydric conditions in nature, it is hard to find suitable microclimates for
this species. Any change in microclimate dynamics caused by anthropogenic climate change could make this humidity-to-
temperature ratio even more acute. In their study, Lertzman-Lepofsky et al. (2020) found no available microclimates that
exceeded the optimal temperatures or critical evaporative water loss of alpine frogs. No thermal refuges were available in
the year their study was conducted, which included the breeding season. Not even small puddles served because their
temperatures grew even higher than the air temperature at certain times of the day. The authors emphasized that one of
the most critical aspects of climate change scenarios was the hydric factor and its synergistic effect with temperature. In
fact, their models weakened by 50% for 2080 because they did not include the water factor. The authors predicted
substantial changes in rainfall and thermal regimes in alpine ecosystems, which could occur similarly in other
ecosystems. In our study, the optimal temperature for the locomotor performance of our study species was infrequent in
the microclimates and environmental temperatures at the study sites. However, all the operative and environmental
temperatures in the microclimates were recorded within the thermal threshold (Bso), indicating suitable thermal conditions
for efficient locomotor performance of the studied populations in their respective environments during the breeding
season. As for the evaporative water loss (EWL) recorded by the agar null models, which was only quantified in two study
sites, no agar null model recorded an accumulated water loss at the frog perching sites that was higher than the average
critical EWL limits reported by Thorson and Svihla (1943) in Hylids, namely Hyla regilla (Pseudacris regilla) and H.
Cinerea (39.8%-40%). P. leonhardschultzeiis strongly associated with streams, which explains its common name, the
stream frog. Evaporative water loss should, therefore, not be a limiting factor unless the environmental changes caused
by climate change were to prevent or modify stream flow dynamics.

The environmental temperatures from the three study sites were statistically different. The microclimate regimes
formed by their operative temperatures were also statistically different, except for the upper limit and average of two
microclimate regimes that overlapped and showed similarities. The differences between environmental temperatures and
the identified microclimate regimes indicate that although the study sites share some similar environmental elements
(such as altitude, vegetation, and climate), they are not uniform enough to create decidedly similar environmental and
microenvironmental conditions. The differences we found in environmental and microenvironmental conditions may have
caused the ecophysiological differences we registered between the populations during their breeding season. Perhaps
these differences are even more drastic, though we would have to monitor them year-round to find out. Some studies,
such as the one by Mufioz and Bodensteiner (2019), have used altitudinal climatic regimens in daily periods. These
authors found evidence of the Bogert effect on anole populations over an altitudinal gradient with null models tied to tree
trunks using plastic belts. In our study, we created microclimate regimes by characterizing microclimates. Unlike reptiles,
amphibians depend on microclimates because they depend heavily on temperature and humidity. Therefore, an approach
directed at environmental and microenvironmental characterization could explain much of the thermal ecology of
amphibians, particularly at interpopulation levels.

The thermoregulatory patterns were similar in two out of three study populations and matched the

thermoconformist-thigmothermal pattern found in anurans by some authors (Cruz et al., 2016; Gomez-Hoyos et al., 2015;
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lturra-Cid et al., 2014). The specimens in our study exhibited thermoconformist behavior during their activity hours when
they exclusively devoted themselves to breeding behavior. During this period of activity, they remained on leaves in the
herbaceous-shrub layer next to the streams where they vocalized. The few specimens observed during their inactivity
time were resting inside the streams. The thermoregulatory pattern observed in the Loxicha population corresponded to
that of thermoregulatory organisms, which could be due to the environmental elements in the area that were not present
in Pluma Hidalgo or San Isidro, such as the 3-m waterfall.

The environmental elements that differed among study sites very likely generated differential operative
temperatures, which were recorded by agar null models with an iButton® and contrasted with the recorded body
temperatures of the specimens. Consequently, a thermoregulatory pattern was recorded in Loxicha when the specimens
were not necessarily thermoregulating there. This study found no evidence that P. leonhardschultzeihad active
thermoregulation or positive thermotropism, since the field body temperatures and selected temperatures in the gradient
differed among the study populations. It may be that they do not refer to the thermal preferences of the species but simply
to selected temperatures. In this study and other amphibians, these temperatures are not in sync with their optimal
locomotor temperature, unlike several lizard species. In amphibians, temperature selection is influenced by other
variables unrelated to optimal locomotion, such as avoidance of high metabolic consumption, water loss, hypoxia
conditions in aquatic amphibians, and, in this case, reproductive behavior. In two of the three study sites, frogs vocalized
during the gradient tests, which likely evidenced negative thermotropism, since specimens can avoid temperatures that
cause them stress while they vocalize (Navas, Gomes, & Carvalho, 2008; Navas et al., 2021).

As regards interpopulation thermal tolerance limits in amphibians, differences have been documented
for Rhinella espinulosa with a greater Ctmax in a population distributed more to the north than the other studied
populations (Alveal-Riquelme, 2015). In addition, variations in Ctmin of 21 Pristimantis species have also been reported in
relation to their altitudinal gradient, as well as a possible relationship between Ctmax and open vegetation areas where
such species live (Pintanel et al., 2019).

Snyder and Weathers (1975) proposed that the thermal tolerance range in amphibians is closely related to
environmental variation. Environments with highly varied conditions house organisms with a broader thermal tolerance
range than those that live under little changing environmental conditions. In our study, the thermal tolerance and selected
temperature intervals differed between populations, with larger or smaller intervals, though the studied populations had a
few similar vegetation or elevation elements. These environmental elements are not homogeneous enough to produce
similar responses in the study populations. Biological features that change little throughout the evolutionary history of a
species need to be studied to better understand the workings and magnitude of environmental pressures on organisms.
One such biological feature in the thermal physiology of ectotherms is the thermal tolerance range. This feature can be a
highly reliable indicator of the likelihood of survival of a species under swift environmental changes: the broader a
species’ thermal tolerance ranges, the more likely it will survive such scenarios and vice versa. Such ranges usually differ
among species, particularly when comparing species in different elevations and latitudes. However, they can only differ to
a limited extent between the populations of the same species due to differential environmental pressures.

In our study, the study sites have similar environmental elements, but the results obtained in the studied
populations show possible pressures exerted by environmental or microenvironmental conditions. The environmental

elements are not similar enough to create analogous ecophysiological responses in the different study populations. Such
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environmental differences could seem insignificant for hardier organisms when only studied at a macroclimate scale;
however, these differences could be significant enough to produce differential ecophysiological responses among
populations of organisms that are particularly sensitive to the environment, such as amphibians, especially from a
microclimatic perspective. The models built from Word clim layers, such as Mapinguari, would have less explanatory
power if they did not consider the maximum amplitude of the range of temperatures that are the most comfortable for the
species, regardless of whether they are selected by positive or negative thermotropism, and variables that are highly
explanatory but change little, such as thermal limits (Navas et al., 2013). Nevertheless, this species represents excellent
opportunities to develop some studies that should consider the effects of such environmental exposition to variations in
other approaches as reproduction.

Our model could be a first approach to how climate change may alter the diversity of the mountain cloud forest
areas usually populated by P. leonhardschultzei. It conclusively indicates that this species, under the criteria used in this
study, will not be vulnerable to extinction due to anthropogenic climate change for at least the next 40 years, possibly
because mountain cloud forest systems are in watersheds with a great capacity to retain environmental humidity and thus
provide steady environmental conditions throughout the year, if the environment remains with no perturbation. For
example, stable environmental humidity may buffer abrupt environmental changes, usually attributed to climate change.
The scale of these changes would have to be greater than those emulated in the models generated in this study to
significantly weaken the probability that the species will prevail in its entire geographic distribution. Even so, even if a
change in the probability of species extinction is small, this kind of study must be replicated in this same type of system as
environmental monitoring since ecosystem resilience has limits that the synergic effects of deforestation and artificial
habitat transformation could weaken. Above all, studies using ecophysiological criteria should be replicated in other types
of ecosystems that are less resilient, such as low elevation zones or areas in tropical latitudes, since they could be a
helpful tool to make decisions regarding biodiversity conservation and to base actions for restoration, mitigation, and
ecological buffering. Even the models could be used to show the drastic conditions that may shift when the forest is
transformed and became unsuitable for this species.
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Discusion y conclusiones

Los anuros necesitan de un ecosistema con condiciones microclimaticas que mantengan sus niveles
de hidratacién y temperaturas corporales lo mas homeostaticamente estables posible o0 al menos dentro de
los niveles de temperatura y humedad que les permita a los anuros el poder sobrevir y reproducirse. La
obtencién de un microclima que confiera de manera simultanea condiciones térmicas e hidricas adecuadas
para estos organismos es bastante complicado de obtener en la naturaleza por una dinamica de trade-off
entre ambas variables y con una alteracion de las dinamicas microclimaticas por parte del cambio climatico
antropogénico. Deacuerdo a Lertzman-Lepofsky et al., (2020), durante su estudio no encontré mircroclimas
disponibles que excedieran las Topt o the EWLcit de anuros alpinos del género Rana. A lo largo de todo el
afio en dicho estudio incluyendo la epoca reproductiva, no hubo refugios térmicos disponibles, ni si quiera las
pequefas charcas podian funcionar como uno porque la temperatura del agua en ciertos momentos del dia
era mayor a la temperatura del aire. Uno de los aspectos mas importantes que enfatizo Lertzman-Lepofsky et
al., (2020) fue la importancia del factor hidrico y su efecto sinérgico con la temperatura bajo escenarios de
cambio climatico, porque al no contemplar el factor hidrico dentro de sus modelos para el afio 2080 tenia una

merma mayor del 50%. Y finalmente el autor proyecta cambios importantes en los regimenes pluviales y
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térmicos para ecosistemas alpinos que podrian generarse de igual magnitud para otros ecosistemas. En el
caso de este estudio, la Topt para desempefio locomotor de esta especie, estuvo presente con poca
frecuencia entre los microclimas y las temperaturas ambientales de los sitios de estudio. Sin embargo, todas
las Te de los microclimas, asi como temperaturas ambientales se registraron dentro del umbral térmico Beo,lo
que indicaria, condiciones térmicas propicias para un desempefio locomotor eficiente para las poblaciones
estudiadas en sus respectivos ambientes, durante la epoca reproductiva, para el caso de la pérdida hidrica
evaporativa EWL registrada en los modelos nulos de agar, que se cuantificé en solo dos de los tres sitios de
estudio, ningiin modelo nulo de agar, registro en los sitios de percha de los organismos, una pérdida hidrica
acumulada mayor a los limites EWL criticos promedio, registrados por Thorson y Svihla (1943) en Hylidos
como Hyla regilla (Pseudacris regilla) e H. Cinerea (39.8%-40%). P. leonhardschultzei esta fuertemente
asociada a los arroyos, razén por la cual se le ha conocido cominmente como ranita de arroyo, por esta
causa, la EWL no tendria que ser un factor limitante, a menos que los cambios ambientales generados por el

cambio climatico, eviten o modifiquen la dinamica del flujo de los arroyos.

Los 3 sitios de estudio , fueron estadisticamente diferentes en sus Tamb , al igual que los regimenes
micro climaticos formados por sus Te, excepto por el limite superior y promedio de 2 regimenes micro
climaticos que se solaparon y mostraron ser similares entre si, las diferencias en las temperaturas
ambientales y en los regimenes microclimaticos identificados, nos indican que, a pesar de que los sitios de
estudio contienen elementos ambientales similiares entre si, tales como: altura sobre el nivel del mar,
vegetacion y clima. Dichos elementos, no son elementos lo suficientemente uniformes entre si, como para
generar condiciones ambientales y microambientales marcadamente similares, entre los sitios de estudio.
Estas diferencias encontradas en las condiciones ambientales y microambientales podrian ser la causa de las
diferencias ecofisiologicas encontradas entre las poblaciones durante su epoca reproductiva y quizas estas
diferencias puedan ser ain mas drasticas, si las condiciones ambientales y microambientales se monitorearan
a lo largo de todo el afio. Los regimenes climaticos altitudinales en periodos diarios han sido utilizados en
algunos estudios, como el de Mufioz and Bodensteiner (2019) en donde se evidencio, el efecto Bogert en
poblaciones de Anolis a través de un gradiente altitudinal, por medio del uso de modelos nulos de Anolis que
se sujetaban con cinturones plasticos en los troncos de arboles. En el caso de este estudio se generaron
regimenes microclimaticos a través de la caracterizacion de microclimas, a diferencia de los reptiles, los
anfibios por su alta dependencia a la temperatura y sobre todo humedad, son organismos altamente
dependientes a los microclimas, sobre todo durante periodos de inactividad, por lo cual, un enfoque mas
dirigido @ una caracterizacion ambiental y microambiental podria explicar mucho sobre la ecologia térmica en

anfibios, sobre todo a niveles interpoblacionales.
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Los patrones termoregulatorios de las poblaciones estudiadas, fueron similares en dos de las tres
poblaciones estudiadas y concuerdan con el patrén termoconformista-tigmotérmico que algunos autores han
encontrado en anuros (Arriagada, 2019; Sanabria, Quiroga y Acosta, 2005). Los organismos en este estudio
mostraron una conducta termoconformista en sus horarios de actividad, exclusivamente se dedicaron a
conductas reproductivas. Durante este periodo de actividad ocuparon hojas del estrato herbaceo-arbustivo
aledafio a los arroyos donde vocalizaron y en el caso de sus horarios de inactividad, los pocos organismos
que lograron observarse estuvieron descansando en el interior de los arroyos. El patrén termoregulatorio
correspondiente a organismos termorreguladores, fue el patrdn que se obtuvo para la poblacion
correspondiente a Loxicha, podria explicarse por elementos ambientales presentes en Loxicha, que no
estaban presentes para Pluma Hidalgo y San Isidro, como por ejemplo, una cascada de mas de 3 metros de
altura. Estos elementos ambientales diferenciales, entre los sitios de estudio muy probablemente generaron
temperaturas operativas diferenciales, que fueron captadas por los modelos nulos de agar con | button®
integrado y que contrastaron con las Tb registradas de los organismos. En consecuencia fue registrado un
patrén de termorregulador para Loxicha, cuando no necesariamente los organismos se encontraban
termoregulando. En este estudio no hubo indicios de que P. leonhardschultzei mostrara termoregulacion
activa o un termotropismo positivo debido a que las Tb de campo y Tset del gradiente fueron diferentes entre
todas las poblaciones de estudio, por lo cual, no podria hablarse de preferencias térmicas para la especie,
sino simplemente de temperaturas seleccionadas, que en el caso de este estudio y al igual al de otros
anfibios, son temperaturas que a diferencia de varias especies de lagartos, se encuentran desfasadas a su
6ptimo locomotor. En los anfibios, hay méas variables que influyen en la seleccién de temperaturas que no se
relacionan con obtener un éptimo locomotor, como la de evitar mayor consumo metabolico, perdida hidrica,
condiciones de hipoxia en el caso de anfibios acuéticos y en este caso por conductas reproductivas. En dos
de los tres lugares de estudio, los organismos durante las pruebas de gradiente se les encontré vocalizando,
por lo cual, muy probablemente se tratd de termotropismo negativo, porque los organismos pudieron

simplemente evitar las temperaturas que les estresaran para realizar su canto ( Navas et al., 2021).

Pasando a los limites de tolerancia térmica interpoblacional para anfibios, se ha documentado
diferencias en Rhinella espinulosa con un Ctmax mas amplio para una poblacién distribuida hacia el norte
respecto a las otras estudiadas (Alveal-Riquelme, 2015) y variaciones en las Ctmin de 21 especies de
Pristimantis respecto al gradiente altitudinal que habitan o una posible relacién de la Ctmax de esas

poblaciones por habitar zonas mas abiertas de vegetacion (Pintanel et al., 2019)

Segun Snyder y Weathers en su publicacidén de 1975, proponen que el rango de tolerancia térmica

en anfibios estad estrechamente relacionado con la variacion ambiental, ambientes con una gran variacién en
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sus condiciones ambientales, tienen organismos con un amplio rango de tolerancia térmica en comparacion a
organismos conpoca variacion en sus condiciones ambientales. En este estudio, los intervalos
interpoblacionales de tolerancia térmica fueron diferentes entre si, con intervalos mas amplios o estrechos
entre si, al igual que los intervalos de temperaturas seleccionadas, aunque las poblaciones estudiadas
estuvieron expuestas a algunos elementos ambientales similares en vegetacion o altura sobre el nivel del
mar. Aparentemente estos elementos ambientales, no fueron lo suficientemente homogéneos como para
generar respuestas similares entre las poblaciones estudiadas. Por lo tanto, el estudio de atributos biolégicos
poco cambiantes en la historia evolutiva de las especies, como los rangos de tolerancia térmica, seria muy
importante abordarlos desde la perspectiva interpoblacional, dichos atributos bioldgicos pueden ser diferentes
en lugares que aparentemente contienen elementos ambientalmente similares y evidenciar que las
condiciones ambientales o microambientales, no son lo suficientemente similares, para generar respuestas
ecofisiologicas similares, en organismos particularmente sensibles al ambiente, como los anfibios. Estas
respuestas diferenciales como la amplitud de las tolerancias térmicas y temperaturas seleccionadas podrian
evidenciar una posible adaptacién local en los organismos, es muy dificil demostrar la adaptacion local pero
estas diferencias ecofisiologicas encontradas podrian ser indicios de adaptacién local Precisamente, dichas
diferencias interpoblacionales podrian ser clave para dimensionar los efectos del cambio climatico en
organismos considerados con una fisiologica térmica muy labil. Los modelos construidos a partir de capas de
Word clim como Mapinguari, tendrian un poder explicativo mas limitado, si no se tomara en cuenta, la
amplitud maxima del intervalo de temperaturas que son confortables para la especie, independientemente de
que sean seleccionadas por termotropismo positivo 0 negativo y en variables muy explicativas, asi como poco

cambiantes, como lo son los limites térmicos (Navas et al., 2013)

Este modelo podria dar una primera aproximacion de lo que esta sucediendo o podria suceder por
efectos del cambio climatico con la diversidad de las zonas de bosque mesdfilo de montafia en donde se le
suele encontrar a P. leonhardschultzei y nos indica de manera concluyente que esta especie, bajo los criterios
tomados en este estudio, no seria vulnerable a extincidn por cambio climatico antropogénico, al menos por los
proximos 40 afios. Esto podria explicarse, porque los ecosistemas de bosque mesdfilo de montafia son
sistemas que se encuentran dentro de cuencas hidrograficas con gran capacidad de retenciéon de humedad
ambiental, lo que podria dotar al sistema de condiciones ambientales estables durante todo el afio, como una
humedad ambiental estable. La humedad ambiental estable, posiblemente funcione como un buffer ante los
cambios ambientales abruptos, que usualmente son atribuidos al cambio climético. Dichos cambios tendrian
que ser de magnitudes mayores a las emuladas en los modelos generados en este estudio, para mostrar una
merma importante en la probabilidad de prevalencia de la especie a lo largo de toda su distribucion

geografica. Aun asi, aunque la probabilidad de extincion de la especie fue pequefia, este tipo de estudios
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deberian de replicarse en este mismo tipo de sistemas a manera de monitoreo ambiental, porque la resilencia
de los ecosistemas tiene limites que podrian verse mermados por los efectos sinérgicos de la deforestacion y
transformacién de los hébitat por accién del hombre. Y sobre todo este tipo de estudios con criterios
ecofisiologicos, deberian de replicarse en otro tipo de ecosistemas menos resilientes, como zonas de baja
altitud, en latitudes tropicales; Dichos criterios podrian ser una herramienta muy util en la toma de decisiones
de conservacion de la biodiversidad y las bases para llevar a cabo acciones en la restauracion, mitigacion y
amortiguamiento ecoldgico.
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