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Abstract

Changes in environmental temperature may induce variations in thermal tolerance

and sensitivity in ectotherm organisms. These variations generate plastic responses

that can be analyzed by examining their Thermal Performance Curves (TPCs).

Additionally, some performance traits, like locomotion, could be affected by other

factors such as biological interactions (e.g., predator–prey interaction). Here, we

evaluate if the risk of predation modifies TPCs in Mendoza four‐eyed frog

(Pleurodema nebulosum, Burmeister, 1861) and Guayapa's four‐eyed frog (Pleurode-

ma guayapae, Barrio, 1964), two amphibian species that occur in ephemeral ponds in

arid environments. We measured thermal tolerances and maximum swimming

velocity at six different temperatures in tadpoles under three situations: control,

exposure to predator chemical cues, and exposure to conspecific alarm cues. TPCs

were fitted using General Additive Mixed Models. We found that curves of tadpoles

at risk of predation differed from those of control mainly in thermal sensitivity

parameters. Our work confirms the importance of biotic interactions have in thermal

physiology.
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1 | INTRODUCTION

Temperature is a key factor involved in the development and

performance of organisms, conditioning how they interact with

biotic and abiotic environmental variables (Dunson & Travis, 1991;

Tattersall et al., 2012; Vasseur & McCann, 2005). These interac-

tions and the responses of organisms to thermal environment

changes can be analyzed by exploring thermal sensitivity and

thermal tolerance, and by modeling thermal performance curves, a

type of thermal reaction norm (Angilletta, 2009; Huey &

Kingsolver, 1989; Huey & Stevenson, 1979). Thermal performance

curves (TPCs) describe the nonlinear relationship between biologi-

cal rate processes (such as locomotor activity, growth, and

metabolic rates) and temperature (Angilletta, 2009; Huey &

Kingsolver, 1989; Huey & Stevenson, 1979). TPCs are functions

that grow until performance is maximal (optimal temperature; To)

and then, decrease rapidly (Huey & Stevenson, 1979). The upper

and lower limits of thermal tolerance define two points at which

performance is zero: Critical Thermal Maximum (CTmax) and

Critical Thermal Minimum (CTmin; Angilletta, 2009). In thermally

variable environments, organisms may display physiological plas-

ticity, which is expressed in modifications of their TPCs such as the

height, the position of the optimal temperature and the thermal

breadth of performance (or amplitude of the curve). Within that

breadth, organisms may perform “best” (B95, 95% of the maximum

performance or optimal temperature range) or “well” (B80, 80% of

the maximum performance or thermal performance breadth;

Angilletta, 2009; Gunderson & Stillman, 2015; Taylor et al., 2021;

Tejedo et al., 2012). Moreover, plasticity in TPCs can be described

through variations in their shape, including vertical shifts (i.e.,
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higher‐lower performance), horizontal shifts (higher‐lower optimal

temperature) or even nonlinear modes defined by the generalist‐

specialist trade‐off hypothesis, which implies a correlated lower

maximal performance with wider thermal breadths (Huey &

Kingsolver, 1989; Izem & Kingsolver, 2005). However, the costs

that ecological interactions imposed on TPCs of organisms are not

usually considered (Mitchell & Angilletta Jr., 2009).

Species interactions in ectotherms, such as competition and

predation, are also influenced by temperature modifying activity

rates, increasing encounter rate and escape velocity, among other

variables (Dayton & Fitzgerald, 2001; Dell et al., 2014; Eck et al., 2014;

Gilman et al., 2010; Mitchell & Angilletta Jr., 2009; Wellborn

et al., 1996). Additionally, predator–prey interactions certainly

impose costs that will influence thermal adaptation, modifying the

thermal physiology of prey and therefore the TPCs (Gvoždík &

Boukal, 2021). For example, the presence of predators may induce

wider TPCs in prey, that is, predators induce prey to modify their

thermal habitat by showing broader temperature preference ranges

(as the case of thermal generalists; Gvoždík et al., 2013; Mitchell &

Angilletta Jr., 2009). Moreover, thermal tolerances are parameters

possibly involved in predator–prey dynamics (Pintanel et al., 2021).

Previous research indicated a broadly extended mismatch in higher

tolerances in a predator–prey model with dragonfly naiads and

amphibians; the model predicts higher tolerances and consequently

better performance at higher temperatures in predators than in prey

(Pintanel et al., 2021). This is a relevant point to consider in future

climate change scenarios.

Among ectotherms, anuran tadpoles are known to be good models

for analyzing thermal sensitivity and thermal tolerance (Burggren &

Warburton, 2007; Taylor et al., 2021), either because of their sensitivity

to temperature as ectotherms or because of their ease of captive rearing,

with locomotion being one of the traits used for estimating performance

at different temperatures (Angilletta, 2009). Moreover, in anurans,

swimming plays a fundamental role in survival, allowing them to escape

from predators: they can either remain still, avoiding detection, or take

the risk of being detected by escaping at full speed (Arendt, 2009; Dayton

et al., 2005; Katzenberger et al., 2014; Perotti et al., 2016;

Watkins, 1996).

In semiarid environments, as an adaptation to the ephemeral

nature of ponds, tadpoles spend a long time foraging to grow as

fast as possible, at the expense of becoming more susceptible to

predation (Newman, 1992). In addition, in these ponds, trophic

condition and interspecific interactions of top predators are

affected by high temperatures due to a constraint on the

activation energies (Dell et al., 2014; Katzenberger et al., 2021).

Additionally, there is evidence that many aquatic animals have

the ability to recognize risk from conspecific injury cues (Mirza

et al., 2006; Pollock et al., 2003; Pueta & Perotti, 2016; Wisenden

& Millard, 2001; Wisenden et al., 1999). The production of alarm

cues by prey (kairomones) is essential to recognize potential

predation (Brown et al., 1970; Gvoždík & Boukal, 2021). Inter-

actions such as predator–prey through the presence of alarm

cues have shown nonconsumptive effects on prey, such as a

reduced population growth in aphids (Nelson et al., 2004) or a

modification of prey's TPCs indicated by an increase in CTmax

and optimal temperature, as is the case of Hyla versicolor

(Katzenberger et al., 2014). Therefore, this interplay between

predator and prey should be considered when evaluating thermal

sensitivity and thermal tolerance.

The Dry Chaco ecoregion is an extensive seasonal forest in

South America (Bucher, 1982; Cabrera & Willink, 1973). Many

amphibians breed in ephemeral ponds, which are highly exposed

to sunlight, thereby imposing harsh conditions on amphibian

tadpoles, which are vulnerable to high temperatures and pond

desiccation (Duarte et al., 2012; Lescano & Miloch, 2023; Tejedo

et al., 2012; Zak & Cabido, 2002). In these environments,

Mendoza's four‐eyed frog (Pleurodema nebulosum, Burmeister,

1861) and Guayapa's four‐eyed frog (Pleurodema guayapae,

Barrio, 1964) coexist with the Llanos Frog (Lepidobatrachus

llanensis, Reig & Cei, 1963), the main predator present in the

puddles. According to the “thermal game model,” predation risk

should affect selection of thermal patches by prey, and impose

costs that certainly affect thermal adaptation (Mitchell &

Angilletta Jr., 2009). Here, we studied the thermal physiology of

tadpoles of two anuran species of the genus Pleurodema to

determine whether risk cues can affect thermal sensitivity and

thermal tolerances. We hypothesize that prey tadpoles exposed

to risk cues from predators and alarm cues from congeners will

alter their thermal physiological responses and presumably the

use of thermal patches, as postulated by the “thermal game

model.” We expect that, in the presence of risk cues, tadpoles of

these anuran species: (i) will increase their upper thermal

tolerance (CTmax); (ii) will increase optimal temperature (To) by

modifying TPCs horizontally, since CTmax and To tend to be co‐

adaptive traits (Angilletta, 2009; Huey et al., 2009); (iii) will

increase their maximum performance (measured as swimming

velocity), modifying TPCs vertically, since tadpoles are exposed to

high temperatures and predation risk (Arendt, 2009; Dayton

et al., 2005; Van Buskirk & McCollum, 2000); and (iv) will show

TPCs with wider performance ranges (broad thermal breadths),

behaving as thermal generalists according to the thermal game

model.

2 | MATERIAL AND METHODS

2.1 | Study species

To address the hypothesis, we analyzed the thermal physiology of

two closely related species of anuran tadpoles, P. nebulosum

(Mendoza's four‐eyed frog) and P. guayapae (Guayapa's four‐eyed

frog) (Faivovich et al., 2012). P. guayapae is endemic to the Dry

Chaco, whereas P. nebulosum occupies a wider area encompassing

ecoregions of different physiognomy (although it is most common in
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arid regions); therefore, it is exposed to a large range of thermal

variation in their environments (Ferraro & Casagranda, 2009; Roig

et al., 2009). Adults of both species have explosive breeding events in

temporary ponds filled with rainwater during summer (Cei, 1980).

Since these water bodies have short duration, tadpoles tend to

metamorphose quickly, which is an advantage, considering the

harshness of the habitat and the short hydroperiod (Di Tada, 1999;

Lescano & Miloch, 2023; Lescano et al., 2015; Valetti et al., 2014).

Field sampling was conducted on Las Toscas, Córdoba province,

Argentina (30°10′20.24″S, 64°52′52.56″W). Water bodies where

tadpoles occur are characterized by saline ponds with high

conductivity (1.61 mS/cm) and a short hydroperiod (10 days)

(Lescano & Miloch, 2023). Amphibian communities in the area

involve assemblies of few species and predators in pools are scarce,

with the macrophagous tadpoles of L. llanensis being one of the main

aquatic predators and highly tolerant to heat (CTmax registered for

the species reaches 44.7°C, the highest of all studied Chacoan

amphibian species; Carroll, 1996; Duarte et al., 2012; Pers. Obs.). We

collected eggs of both Pleurodema species and L. llanensis tadpoles in

December 2019. Egg masses were transported to the laboratory

(Centro de Zoología Aplicada‐FCEFyN‐UNC, Córdoba, Argentina) to

be raised in outdoor mesocosms (one plastic pool of 200 L per

species). Mesocosms were filled with dechlorinated water, covered

with a plastic mesh to avoid predation and exposed to natural

photoperiod (i.e., about 15/9 h dark/light photoperiod). After hatch-

ing, tadpoles were fed ad libitum with a mixture of boiled lettuce and

fish food (Shulet®). When tadpoles reached stages 28–30

(Gosner, 1960), a subset of individuals of each species was randomly

selected and each individual was put in a plastic container to perform

thermal tolerance and thermal sensitivity trials under three treat-

ments of predation risk. After thermal trials, tadpoles were photo-

graphed in lateral view with a reference scale (0.1 mm) to obtain their

snout‐vent length (SVL) and to determine the developmental stage

(Gosner, 1960).

2.2 | Study design

In previous studies of sister species of Pleurodema, we determined

that tadpoles strongly react to chemical cues from injured con-

specifics due to fear of being eaten (alarm cues; Pueta et al., 2016;

Pueta & Perotti, 2016). Therefore, we expected sign of risk, such as

direct predator chemical cues or alarm cues, to affect the thermal

physiology of tadpoles. To test the effects of predation risk on the

thermal physiology of Pleurodema tadpoles, we exposed them to cues

that represent real risks such as: (i) Alarm cues, created using crushed

tadpoles (Pueta et al., 2016), and (ii) Predator cues, predator feces,

obtained by feeding larvae of L. llanensis with the tadpole prey,

P. nebulosum or P. guayapae. The experiment consisted of a factorial

design, with three treatments: the two risk treatments and a control

treatment with water without alarm or predator cues (hereafter

control), as detailed below. We perform trials with 10 replicates per

treatment (predator cues, alarm cues, control) for thermal tolerances

(CTmax and CTmin) totalling 60 replicates (individual tadpoles) per

species, and 120 tadpoles of both species. 12 replicates per

treatment (predator cues, alarm cues, control) were performed to

determine thermal sensitivity (swimming velocity as a function of

temperature) totalling 36 replicates (individual tadpoles) per species,

that is, 72 tadpoles of both species.

2.3 | Thermal tolerance

We measured thermal tolerances to evaluate our first prediction, find

thermal limits to shape TPCs and then, evaluate the remaining

predictions. Before the determination of thermal tolerance limits,

tadpoles of P. nebulosum and P. guayapae were acclimated in an

incubator chamber (Semedic FT 290; Semedix) with controlled

temperature and photoperiod (25°C ± 0.5°C; 15 L:9 D) for 4 days,

as in previous studies (Bonino et al., 2020; Perotti et al., 2018) to

allow animals acclimate and stabilize their critical temperatures (Allen

et al., 2012; Brattstrom, 1968; Turriago et al., 2023). Acclimation

temperature was determined based on previous experience and

considering the average water temperature in the natural environ-

ment, to prevent larvae stress (Perotti et al., 2018; Tejedo et al., 2012).

During the last 48 h of pretest acclimation, we added every 12 h,

1mL of predator cues, alarm cues or water to predator cue, alarm cue

and control treatments, respectively. We estimated thermal toler-

ances (CTmax and CTmin) by employing the dynamic method of

Hutchison (1961). Each trial, started at a fixed temperature (25°C),

and CTmax was determined as the temperature at onset of spasms in

tadpoles (Bonino et al., 2020; Lutterschmidt & Hutchison, 1997).

Trials were performed by heating tadpoles in a water bath with a fast

ramping rate (0.5°C ± 0.1°C per minute) controlled by a Thermo-

circulator device (TU‐20D). This fast rate was selected to avoid

“hardening” effects and for comparative purposes (Lutterschmidt &

Hutchison, 1997; Perotti et al., 2018; Rezende et al., 2011; Tejedo

et al., 2012). CTmin was determined using the same procedure;

cooling tadpoles at a rate of 0.5°C ± 0.1°C per minute and checking

when they stopped moving (Lutterschmidt & Hutchison, 1997).

When tadpoles reached CTmax or CTmin, they were quickly removed

from the bath (hot or cold, respectively) and placed in a container

with water at 25°C, to recover motility.

Since in small‐sized aquatic ectotherms, body temperature is similar

to water temperature, we measured only the water temperature and

considered this value as individual temperature (Bakken, 1992;

Lutterschmidt & Hutchison, 1997).

Finally, we measured CTmax in eight L. llanensis tadpoles (see

Supporting Information S1 for details).

2.4 | Thermal sensitivity

To assess predictions ii, iii and iv, related to variations in TPCs and

their parameters (B80, B95, To, and Vmax), we measured swimming

velocity (locomotor performance) at different temperatures to
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generate the TPCs. Following Bonino et al. (2020), we used a

rectangular acrylic aquarium (0.43m long × 0.07m wide × 0.06m

high) as a “racetrack.” The swimming trials were performed at six

different discrete water temperatures (test temperatures). These

temperatures were selected within the critical thermal limits

determined for the study species: 15°C, 20°C, 25°C, 30°C, 35°C,

and 40°C. Before the trials, tadpoles were acclimated in individual

buckets (300mL) for 2 days under the same conditions as those used

in thermal tolerance trials. During acclimation, we added cues

(predator cues, alarm cues, and water in the control) to each of the

12 tadpoles from each treatment during 48 h.

Before the swimming trials, tadpoles were maintained at each

one of the six mentioned test temperatures in individual thermal

water bath containers (200mL) for 2 h and 1mL of predator cues,

alarm cues, or water was added to the containers and racetrack,

depending on the treatment. Then, tadpoles were placed at one

extreme of the racetrack and gently stimulated to swim with a plastic

rod. Swimming velocity trials were performed on consecutive days by

randomly assigning two temperatures per day with a 2 h interval to

allow tadpoles to rest. Swimming velocity of tadpoles was deter-

mined by recording tadpoles with a video camera GoPro Hero Silver

at 25 frames per second, with narrow mode to reduce lens distortion.

We estimated maximum swimming velocity at each temperature

through video analysis using Tracker V5.0.1 (Copyright © 2018

Douglas Brown, https://physlets.org/tracker/).

2.5 | Data analysis

Variations in thermal tolerances (prediction i) were compared

between species and among treatments within species with ANOVA

including size (SVL) of tadpoles as a covariate.

To evaluate variations in TPC shapes and thermal sensitivity

parameters (predictions ii, iii and iv), we fit thermal performance

curves with Generalized Additive Mixed Models (GAMMs) using the

“mcgv” package (Pedersen et al., 2019) in R software (R Development

Core Team, 2020). Maximal swimming velocity (Vmax) was the

response variable, whereas temperature, species and treatment were

considered fixed effect factors, and size was included as a covariable,

since thermal parameters are often related to body size (Claunch

et al., 2021). We also considered each tadpole as a random effect

factor and then the mixed effects structure with Akaike Information

Criterion (AICc). The GAMM approach allowed us to fit the nonlinear

relationship between temperature and Vmax with a smoother

function, while also considering interindividual variability (Cecchetto

et al., 2020). We estimated species' thermal physiological parameters

optimal temperature (To), maximal performance (Vmax), and thermal

breadth (B80 and B95), from the TPCs, using CTmax and CTmin as

the extreme values (see Bonino et al., 2020 for details) of the TPCs,

where performance is zero. To evaluate the effect of risk cues

(predator and alarm cues) on thermal parameters, we performed

ANOVAs considering, Vmax and performance ranges (B80 and B95)

as dependent variables and then we performed aTukey post hoc test.

2.6 | Ethical statement

Ethical clearance was obtained from the Institutional Commission for

Use and Care of Laboratory Animals (Acta no. 21/2018, CICUAL,

Facultad de Ciencias Exactas, Físicas y Naturales, Universidad

Nacional de Córdoba). Animals were captured with authorization

from the Wildlife Service of the Province of Córdoba (Permit

#1580260111‐821), signed by Dr. Paula Mogni, Director of the

Wildlife Service of the Province of Córdoba.

3 | RESULTS

3.1 | Thermal tolerance

Considering all treatments together, the comparison of CTmax between

P. guayapae and P. nebulosum (mean± SE 45.21°C±0.40°C and

45.00°C±0.40°C, respectively), did not show significant differences

between species (ANOVA, F1, 53 = 3.81; p=0.06; see Supporting Infor-

mation S1: Table S1). Mean± SE of CTmin differed significantly between

species (ANOVA, F1, 57 = 133.72; p<0.05), with P. nebulosum showing

lower values (5.00°C±0.77°C) than P. guayapae (5.90°C±1.06°C).

Regarding thermal tolerances within species, CTmin and CTmax of

P. guayapae did not vary among treatments; however, CTmin values were

significantly different among treatments for P. nebulosum (Table 1). A

Tukey honestly significant difference (HSD) post hoc test showed that

CTmin was higher in tadpoles exposed to alarm cues than in control

tadpoles (Supporting Information S1: Table S2). Mean± SE of CTmax

recorded in L. llanensis was 45.64°C±0.36°C (Supporting Information S1:

Table S3).

3.2 | Thermal sensitivity

According to the comparison of AICc model fit improved when

interindividual variation was considered by including individuals as a

random effect (i.e., mixed structure models; see Supporting Informa-

tion S1: Table S4). The GAMM fit for the TPCs showed a significant

effect of the smoothing term on temperature (F2.99, 3 = 307.96,

p < 0.05) and the covariable size showed statistical significance

(p < 0.05). There was a significant difference between species in

GAMM fits (F6.27, 6.85 = 12.12, p < 0.001; see Supporting Informa-

tion S1: Table S4). The model for P. guayapae explained 95% of

deviance, whereas the P. nebulosum model explained 92.4% of the

deviance (see Supporting Information S1: Table S5). TPC fits with

GAMMs showed that the TPCs of treatments (predator cues and

alarm cues) were significantly different from TPCs in both species

(Figure 1, and Supporting Information S1: Table S5).

The comparison of thermal parameters among treatments within

species showed similar trends in P. guayapae and P. nebulosum

(Table 2). Vmax showed to be significantly different among

treatments in each species (Table 2) and control tadpoles showed

the highest Vmax value in both species. Tukey HSD post hoc test
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indicated different performance between risk treatments (alarm cues

vs. predator cues) in both species (Table 3). Thermal breadths (B80

and B95) were significantly different among control and both risk

cues in both species (see Tukey HSD post hoc test in Table 3), with

wider performance breadth (B80) in risk treatments. However, the

thermal breadth B95 was narrower when tadpoles were exposed to

risk cues. To of tadpoles in the control treatment was similar in both

species; however, considerably higher values for this parameter were

observed in both species when they were exposed to risk treatments,

particularly when they received alarm cues (Table 2). P. guayapae

tadpoles exposed to alarm cues showed To between 3°C and 4°C

higher than control treatment. Similarly, P. nebulosum showed To

between 2.6°C and 3.3°C higher in risk treatments than in the control

treatment (Table 2).

4 | DISCUSSION

P. guayapae and P. nebulosum showed high CTmax values (Table 1),

similar to the maximum tolerance limits observed in subtropical

anurans from related habitats and latitudes (Duarte et al., 2012).

However, contrary to previous studies in which CTmax was affected

by the presence of predator cues (Katzenberger et al., 2014), we

found no effect of predator cues and alarm cues on the maximum

tolerances of these two Pleurodema species. Moreover, the predator

L. llanensis showed similar CTmax to that of both Pleurodema species.

The high values of CTmax found in these three species are consistent

with the extremely high temperatures recorded in the puddles where

they occur (40°C, Pers. Obs.). Due to the increasing temperature of

warm aquatic environments, ectothermic organisms are exposed to a

range of temperatures that exceed optimal conditions for physiologi-

cal processes, facing plasticity constraints (Gunderson &

Stillman, 2015; Somero, 2010). In molecular terms, heat has

destabilizing effects on membranes while it worsens enzymatic

function (Angilletta, 2009; Herrando‐Pérez et al. (2020); Bennett

et al., 2021), which could set a limit across species. These factors may

explain the high thermal tolerance limits we found in these amphibian

species which, as ectotherms, depend on the habitat characteristics

(Duarte et al., 2012; Sanabria et al., 2021).

There was no mismatch between predator and prey tadpoles at

the higher limit of tolerances since both Pleurodema species showed

similar CTmax to that of L. llanensis. These results contrast with those

summarized by Pintanel et al. (2021) in a predator–prey system

(dragonfly‐tadpoles) and other examples cited there (Coombs &

Bale, 2014; de Mira‐Mendes et al., 2019; Franken et al., 2018;

Hughes et al., 2010; Monaco et al., 2016). Then, the analysis of

thermal tolerances in predator–prey interactions might show

contrasting results, depending on the specific characteristics of

predators, which ultimately affects the dynamic of this interaction

(Pintanel et al., 2021). A possible explanation to our results might be

that the three species are already experiencing temperatures close to

their CTmax, considering that the ephemeral puddles where they are

present are highly exposed to sunlight and elevated temperatures

(Cei, 1955; Lescano et al., 2018; Sanabria et al., 2021).

As predicted, when both species were exposed to risk cues, the

shape of the TPCs showed an increase in the optimal temperatures,

along with changes in the performance curves (Figure 1, Table 2).

P. guayapae showed higher optimal temperatures, almost 3°C higher

TABLE 1 Means ± SE for thermal tolerances (CTmax and CTmin) for Pleurodema species and treatments (Control, Predator cues and Alarm
cues). Shown are the resulting ANOVAs comparing among treatments for both Pleurodema species with SVL as a covariate.

ANOVA table
Control Predator cues Alarm cues df F value p Value

Pleurodema guayapae

CTmax 45.32 ± 0.36 45.20 ± 0.56 45.10 ± 0.23 Treatment 2 0.58 0.57

SVL 1 0.1 0.76

Residuals 24

CTmin 6.39 ± 1.40 5.78 ± 0.61 5.52 ± 0.91 Treatment 2 22,194 0.13

SVL 1 18,495 0.19

Residuals 26

Pleurodema nebulosum

CTmax 45.13 ± 0.25 44.88 ± 0.52 44.98 ± 0.40 Treatment 2 0.78 0.47

SVL 1 0.09 0.77

Residuals 23

CTmin 4.62 ± 0.46 4.91 ± 0.93 5.53 ± 0.61 Treatment 2 40,665 0.03

SVL 1 14,342 0.24

Residuals 25

Note: Significant results appear in bold (p < 0.05).
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than the control, whereas in P. nebulosum optimal temperatures were

2.6°C and 3.3°C higher in predator cues and alarm cues treatments

than in control tadpoles. Nevertheless, contrary to predicted by the

hotter is better hypothesis (Angilletta et al., 2010), in treated tadpoles

Vmax of experimentally treated tadpoles was the same as or even

lower than that in control tadpoles, suggesting thermal adaptation to

the particular environmental conditions that amphibians face in these

hot environments. Katzenberger et al. (2014) found that To was

higher when tadpoles of Hyla versicolor are exposed to predator cues

than in control tadpoles, and proposed that such changes might help

tadpoles to manage predation threats under warmer environmental

conditions. Elevated To may allow tadpoles to explore warmer

thermal patches that could be more favorable, in comparison to

preferences displayed by predators (Gvoždík et al., 2013); however,

more empirical tests are necessary to corroborate this prediction. The

studied Pleurodema species have a short time to reach metamorpho-

sis (Lescano & Miloch, 2023). Thus, their higher To observed when

tadpoles are exposed to several predatory risks is a potential

advantage, since it allows them to allocate energy and accelerate

metabolic processes such as development and growth, reaching

F IGURE 1 Thermal performance curves of maximum swimming velocity (m/s) as a function of temperature (°C) for Pleurodema guayapae and
Pleurodema nebulosum for each risk treatment (Control, alarm cues and predator cues), with global smoothing line obtained after Generalized
Additive Mixed Model.
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advanced stages to leave dangerous ponds filled with predators and

begin terrestrial life as soon as possible.

P. nebulosum tadpoles exposed to predator and alarm cues

showed slightly lower values of Vmax than those of control tadpoles.

One possible explanation may be attributed to the reduction of

activity to avoid predation, as it had previously been observed in

other Pleurodema species (Perotti et al., 2016). Whether this is a

direct response to predation risk, a decision to conserve energy or

some other physiological constraint needs more empirical support.

Furthermore, we observed that when exposed to risk cues, both

species changed their performance breadths: they decreased their

optimal temperature range (B95), suggesting that risk situations may

affect optimal efficiency; however, both species increased the B80

range, showing a broader performance. The lower Vmax and wider

B80s observed in tadpoles exposed to predator and alarm cues than

those of control tadpoles suggest a “generalist‐specialist” trade‐off,

although more data analyses are required to confirm this hypothesis

(Gilchrist, 1995; Angilletta et al., 2010; Izem & Kingsolver, 2005;

Richter‐Boix et al., 2015). Nevertheless, the evidence of wideTPCs in

these two Pleurodema tadpoles when they are at risk of predation

(in comparison with controls) partially agree with the thermal game

model proposed by Mitchell and Angilletta Jr. (2009), in which

predators modify their prey's TPCs, favoring thermal generalists.

The General Additive Mixed Models allowed us to improve

the model fit through the inclusion of interindividual variation by

adding individuals as a random effect. It has been recognized that

there is a source of variation in reaction norms provided by

phenotypic plasticity at the individual‐level in several taxonomic

groups (Nussey et al., 2007; Artacho et al. 2013, Cecchetto

et al., 2020). It has become increasingly clear that the traditional

approach of treating all individuals as homogeneous and assum-

ing they respond equally to environmental variables can lead to

biased results and even erroneous conclusions. This implies that

additional factors, such as genetic variation, metabolic rate, or

developmental history may also contribute to the observed

interindividual differences in tadpole swimming ability. Ignoring

such variations could result in an incomplete understanding of the

underlying mechanisms that drive the observed patterns. Here,

we support the assumption that interindividual variation needs to

be considered when comparing TPCs between treatments or

species.

TABLE 2 Means ± SE of control, alarm
cues and predator cues for thermal
sensitivity parameters (B80, B95, To and
Vmax). ANOVA results comparing among
treatments for both Pleurodema species.

Control Predator cues Alarm cues F p Value

Pleurodema guayapae

B80 14.56 ± 0.34 16.47 ± 0.55 18.37 ± 0.58 158.8 <0.05

B95 6.83 ± 0.14 4.03 ± 0.01 3.46 ± 0.12 2388 <0.05

Vmax 0.23 ± 0.01 0.23 ± 0.01 0.22 ± 0.01 5.253 <0.05

To 34.93 37.89 38.44 – –

Pleurodema nebulosum

B80 11.53 ± 0.43 13.03 ± 1.22 17.58 ± 1.73 76.77 <0.05

B95 5.14 ± 0.16 4.65 ± 0.24 4.1 ± 0.19 80.71 <0.05

Vmax 0.22 ± 0.01 0.21 ± 0.02 0.19 ± 0.01 12.47 <0.05

To 34.53 37.14 37.89 – –

Note: Significant results appear in bold (p < 0.05).

TABLE 3 Post hoc Tukey honestly significant difference (HSD)
results comparing thermal sensitivity parameters among treatments.

Parameter Contrast Estimate SE df t ratio p Value

Pleurodema guayapae

B80 Control‐AC −3.99 0.15 29 −27,271 <0.05

Control‐PC −2.02 0.15 29 −13,986 <0.05

AC‐PC 1.97 0.14 29 13,674 <0.05

B95 Control‐AC 3322 0.04 29 88,751 <0.05

Control‐PC 2773 0.04 29 74,987 <0.05

AC‐PC −0.55 0.04 29 −14,898 <0.05

Vmax Control‐AC 0.96 0.45 30 2144 0.10

Control‐PC −0.46 0.45 30 −1033 0.56

AC–PC −1427 0.45 30 −3177 0.01

Pleurodema nebulosum

B80 Control‐AC −6.86 0.26 32 −26,452 <0.05

Control‐PC −2.32 0.26 32 −8933 <0.05

AC–PC 4.54 0.25 32 18,360 <0.05

B95 Control‐AC 1.03 0.08 33 12.700 <0.05

Control‐PC 0.49 0.08 33 6.043 <0.05

AC–PC −0.54 0.08 33 −6.657 <0.05

Vmax Control‐AC 2.99 0.60 33 4.990 0.05

Control‐PC 1.41 0.60 33 2.350 0.06

AC–PC −1.58 0.60 33 −2.640 0.03

Note: Control, alarm cues (AC), predator cues (PC). Significant results are

shown in bold (p < 0.05).
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Finally, our study contributes to the general knowledge of

thermal physiology with the inclusion of the biological interactions

occurring in ponds. We provide evidence of the thermal biology of

two subtropical tadpole species in the context of their interaction

with predators. We found that predation risk can alter the thermal

physiology of tadpoles, by modifying their optimal (B95) and

performance (B80) ranges, testing with different signals of preda-

tion risk (predator cues and alarm cues from conspecifics), and we

determined that the thermal physiological responses of prey varied

as a function of the risk signal. When thermal physiological

responses are evaluated to predict the vulnerability of organisms,

considering variables such as prey and predator behaviors mediated

by temperature can be relevant (Mitchell & Angilletta Jr., 2009),

especially since swimming velocity undoubtedly plays an important

role in predator–prey interactions.

5 | CONCLUSION

Understanding how ectotherms respond to variations in environ-

mental temperature is crucial for predicting their future responses. In

this work, we contribute to the understanding the behavior of

thermal parameters (thermal sensitivity and tolerances) within the

context of predator–prey dynamics. We found that prey modify

thermal sensitivity parameters when they are at risk of death.

However, the relationship between biotic interactions and physio-

logical responses is still very uncertain (de Mira‐Mendes et al., 2019;

Katzenberger et al., 2014).

ACKNOWLEDGMENTS

We are grateful to Gabriel Boaglio, Paul Quinteros, and Eliana Segura

for field assistance. Animals for this study were collected with the

permission of Secretaría de Ambiente de la Provincia de Córdoba,

Argentina (#1580260111‐821). This work was supported by the

Agencia Nacional de Promoción Científica y Tecnológica (PICT 2015‐

0436 and PICT 2015‐3001).

CONFLICT OF INTEREST STATEMENT

The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from the

corresponding author upon reasonable request.

ORCID

Daniela Miloch http://orcid.org/0000-0001-7030-4155

REFERENCES

Allen, J. L., Clusella‐Trullas, S., & Chown, S. L. (2012). The effects of
acclimation and rates of temperature change on critical thermal
limits in Tenebrio molitor (Tenebrionidae) and Cyrtobagous salviniae

(Curculionidae). Journal of Insect Physiology, 58, 669–678.
Angilletta, M. J. (2009). Thermal Adaptation: A Theoretical and Empirical

Synthesis. Oxford University Press.

Angilletta Jr., M. J., Huey, R. B., & Frazier, M. R. (2010). Thermodynamic
effects on organismal performance: Is hotter better? Physiological

and Biochemical Zoology, 83(2), 197–206.
Arendt, J. D. (2009). Influence of sprint speed and body size on predator

avoidance in New Mexican spadefoot toads (Spea multiplicata).
Oecologia, 159(2), 455–461.

Artacho, P., Jouanneau, I., & Le Galliard, J. F. (2013). Interindividual
variation in thermal sensitivity of maximal sprint speed, thermal
behavior, and resting metabolic rate in a lizard. Physiological and

Biochemical Zoology, 86, 458–469.
Bakken, G. S. (1992). Measurement and application of operative and

standard operative temperatures in ecology. American Zoologist, 32,
194–216.

Bennett, J. M., Sunday, J., Calosi, P., Villalobos, F., Martínez, B., Molina‐
Venegas, R., Araújo, M. B., Algar, A. C., Clusella‐Trullas, S.,

Hawkins, B. A., Keith, S. A., Kühn, I., Rahbek, C., Rodríguez, L.,
Singer, A., Morales‐Castilla, I., & Olalla‐Tárraga, M. Á. (2021). The
evolution of critical thermal limits of life on Earth. Nature

Communications, 12(1), 1198.

Bonino, M. F., Cruz, F. B., & Perotti, M. G. (2020). Does temperature at

local scale explain thermal biology patterns of temperate tadpoles?
Journal of Thermal Biology, 94, 102744.

Brattstrom, B. H. (1968). Thermal acclimation in anuran amphibians as a
function of latitude and altitude. Comparative Biochemistry and

Physiology, 24, 93–111.

Brown Jr., W. L., Eisner, T., & Whittaker, R. H. (1970). Allomones and

kairomones: Transspecific chemical messengers. Bioscience, 20(1),
21–22.

Bucher, E. H. (1982). Chaco and Caatinga—South American arid savannas,
woodlands and thickets. In: B. Huntley & B. Walker (eds.), Ecology of

tropical savannas (pp. 48–79). Springer‐Verlag.
Burggren, W. W., & Warburton, S. (2007). Amphibians as animal models

for laboratory research in physiology. ILAR Journal, 48(3), 260–269.
Van Buskirk, U., & McCollum, U. (2000). Functional mechanisms of an

inducible defence in tadpoles: Morphology and behaviour influence
mortality risk from predation. Journal of Evolutionary Biology, 13(2),

336–347.

Cabrera, A. L., & Willink, A. (1973). Biogeografía de América Latina (Vol. 13,
pp. 1–117). Washington, DC: Programa Regional de Desarrollo
Científico y Tecnológico.

Carroll Jr., E. J. (1996). Thermal tolerance and heat shock protein synthesis
during development in the anuran Lepidobatrachus laevis.
Development, Growth & Differentiation, 38, 9–14.

Cecchetto, N. R., Medina, S. M., & Ibargüengoytía, N. R. (2020). Running
performance with emphasis on low temperatures in a Patagonian
lizard, Liolaemus lineomaculatus. Scientific Reports, 10(1), 14732.

Cei, J. M. (1955). Chacoan batrachians in central Argentina. Copeia, 1955,
291–293.

Cei, J. M. (1980). Amphibians of Argentina. Monitore Zoologico Italiano, 2,
1–609.

Claunch, N. M., Nix, E., Royal, A. E., Burgos, L. P., Corn, M., DuBois, P. M.,
Ivey, K. N., King, E. C., Rucker, K. A., Shea, T. K., Stepanek, J.,

Vansdadia, S., & Taylor, E. N. (2021). Body size impacts critical
thermal maximum measurements in lizards. Journal of Experimental

Zoology Part A: Ecological and Integrative Physiology, 335(1), 96–107.
Coombs, M. R., & Bale, J. S. (2014). Thermal thresholds of the predatory mite

Balaustium hernandezi. Physiological Entomology, 39(2), 120–126.
Dayton, G. H., & Fitzgerald, L. A. (2001). Competition, predation, and the

distributions of four desert anurans. Oecologia, 129(3), 430–435.
Dayton, G. H., Saenz, D., Baum, K. A., Langerhans, R. B., & DeWitt, T. J.

(2005). Body shape, burst speed, and escape behavior of larval
anurans. Oikos, 111(3), 582–591.

Dell, A. I., Pawar, S., & Savage, V. M. (2014). Temperature dependence of

trophic interactions are driven by asymmetry of species responses
and foraging strategy. Journal of Animal Ecology, 83(1), 70–84.

MILOCH ET AL. | 407

 24715646, 2024, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jez.2793 by U

niv N
acional de C

ordoba U
N

C
, W

iley O
nline L

ibrary on [26/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://orcid.org/0000-0001-7030-4155


Duarte, H., Tejedo, M., Katzenberger, M., Marangoni, F., Baldo, D.,
Beltrán, J. F., Martí, D. A., Richter‐Boix, A., & Gonzalez‐Voyer, A.
(2012). Can amphibians take the heat? Vulnerability to climate
warming in subtropical and temperate larval amphibian communities.

Global Change Biology, 18(2), 412–421.
Dunson, W. A., & Travis, J. (1991). The role of abiotic factors in community

organization. The American Naturalist, 138(5), 1067–1091.
Eck, B., Byrne, A., Popescu, V. D., Harper, E. B., Patrick, D. A., et al. (2014).

Effects of water temperature on larval amphibian predator–prey
dynamics. Herpetological Conservation and Biology, 9(2), 302–308.

Faivovich, J., Ferraro, D. P., Basso, N. G., Haddad, C. F. B., Rodrigues, M. T.,
Wheeler, W. C., & Lavilla, E. O. (2012). A phylogenetic analysis of
Pleurodema (Anura: Leptodactylidae: Leiuperinae) based onmitochondrial
and nuclear gene sequences, with comments on the evolution of anuran

foam nests. Cladistics, 28(5), 460–482.
Ferraro, D. P., & Casagranda, M. D. (2009). Geographic distribution of the

genus Pleurodema in Argentina (Anura: Leiuperidae). Zootaxa,
2024(1), 33–55.

Franken, O., Huizinga, M., Ellers, J., & Berg, M. P. (2018). Heated

communities: large inter‐and intraspecific variation in heat tolerance
across trophic levels of a soil arthropod community. Oecologia, 186,
311–322.

Gilchrist, G. W. (1995). Specialists and generalists in changing environ-

ments. I. fitness landscapes of thermal sensitivity. The American

Naturalist, 146(2), 252–270. https://doi.org/10.1086/285797
Gilman, S. E., Urban, M. C., Tewksbury, J., Gilchrist, G. W., & Holt, R. D.

(2010). A framework for community interactions under climate
change. Trends in Ecology & Evolution, 25(6), 325–331.

Gosner, K. L. (1960). A simplified table for staging anuran embryos and
larvae with notes on identification. Herpetologica, 16(3), 183–190.

Gunderson, A. R., & Stillman, J. H. (2015). Plasticity in thermal tolerance
has limited potential to buffer ectotherms from global warming.
Proceedings of the Royal Society B: Biological Sciences, 282(1808),

20150401.
Gvoždík, L., & Boukal, D. S. (2021). Impacts of predator‐induced

behavioural plasticity on the temperature dependence of
predator–prey activity and population dynamics. Journal of Animal

Ecology, 90(2), 503–514.
Gvoždík, L., Černická, E., & Van Damme, R. (2013). Predator–prey

interactions shape thermal patch use in a newt larvae‐dragonfly
nymph model. PLoS ONE, 8(6), e65079.

Herrando‐Pérez, S., Monasterio, C., Beukema, W., Gomes, V., Ferri‐Yáñez,
F., Vieites, D. R., Buckley, L. B., & Araújo, M. B. (2020). Heat
tolerance is more variable than cold tolerance across species of
Iberian lizards after controlling for intraspecific variation. Functional
Ecology, 34(3), 631–645.

Huey, R. B., Deutsch, C. A., Tewksbury, J. J., Vitt, L. J., Hertz, P. E.,

Álvarez Pérez, H. J., & Garland, T. (2009). Why tropical forest lizards
are vulnerable to climate warming. Proceedings of the Royal Society B:
Biological Sciences, 276(1664), 1939–1948.

Huey, R. B., & Kingsolver, J. G. (1989). Evolution of thermal sensitivity of
ectotherm performance. Trends in Ecology & Evolution, 4(5),

131–135.
Huey, R. B., & Stevenson, R. D. (1979). Integrating thermal physiology and

ecology of ectotherms: A discussion of approaches. American

Zoologist, 19(1), 357–366.
Hughes, G. E., Owen, E., Sterk, G., & Bale, J. S. (2010). Thermal activity

thresholds of the parasitic wasp Lysiphlebus testaceipes and its aphid
prey: Implications for the efficacy of biological control. Physiological
Entomology, 35(4), 373–378.

Hutchison, V. H. (1961). Critical thermal maxima in salamanders.

Physiological Zoology, 34(2), 92–125.
Izem, R., & Kingsolver, J. G. (2005). Variation in continuous reaction

norms: Quantifying directions of biological interest. The American

Naturalist, 166(2), 277–289.

Katzenberger, M., Duarte, H., Relyea, R., Beltrán, J. F., & Tejedo, M.
(2021). Variation in upper thermal tolerance among 19 species from
temperate wetlands. Journal of Thermal Biology, 96, 102856.

Katzenberger, M., Hammond, J., Duarte, H., Tejedo, M., Calabuig, C., &

Relyea, R. A. (2014). Swimming with predators and pesticides: How
environmental stressors affect the thermal physiology of tadpoles.
PLoS ONE, 9(5), e98265.

Lescano, J. N., Bellis, L. M., Hoyos, L. E., & Leynaud, G. C. (2015).
Amphibian assemblages in dry forests: Multi‐scale variables explain

variations in species richness. Acta Oecologica, 65‐66, 41–50.
Lescano, J. N., & Miloch, D. (2023). Reproductive choices lead tadpole

survival in Lepidobatrachus llanensis and Pleurodema guayapae. The
South American Journal of Herpetology, 29(1), 10–17.

Lescano, J. N., Miloch, D., & Leynaud, G. C. (2018). Functional traits reveal

environmental constraints on amphibian community assembly in a
subtropical dry forest. Austral Ecology, 43(6), 623–634.

Lutterschmidt, W. I., & Hutchison, V. H. (1997). The critical thermal maximum:
History and critique. Canadian Journal of Zoology, 75(10), 1561–1574.

de Mira‐Mendes, C. V., Costa, R. N., Dias, I. R., Carilo Filho, L. M., Mariano, R.,

Le Pendu, Y., & Solé, M. (2019). Effects of increasing temperature on
predator–prey interaction between beetle larvae and tadpoles. Studies on
Neotropical Fauna and Environment, 54(3), 163–168.

Mirza, R. S., Ferrari, M. C. O., Kiesecker, J. M., & Chivers, D. P. (2006).

Responses of American toad tadpoles to predation cues: Behavioural
response thresholds, threat‐sensitivity and acquired predation
recognition. Behaviour, 143(7), 877–889.

Mitchell, W. A., & Angilletta Jr., M. J. (2009). Thermal games: Frequency‐
dependent models of thermal adaptation. Functional Ecology, 23,

510–520.
Monaco, C. J., Wethey, D. S., & Helmuth, B. (2016). Thermal sensitivity

and the role of behavior in driving an intertidal predator–prey
interaction. Ecological Monographs, 86(4), 429–447.

Nelson, E. H., Matthews, C. E., & Rosenheim, J. A. (2004). Predators

reduce prey population growth by inducing changes in prey

behavior. Ecology, 85(7), 1853–1858.
Newman, R. A. (1992). Adaptive plasticity in amphibian metamorphosis.

Bioscience, 42(9), 671–678.
Nussey, D. H., Wilson, A. J., & Brommer, J. E. (2007). The evolutionary

ecology of individual phenotypic plasticity in wild populations.
Journal of Evolutionary Biology, 20, 831–844.

Pedersen, E. J., Miller, D. L., Simpson, G. L., & Ross, N. (2019). Hierarchical
generalized additive models in ecology: An introduction with mgcv.

PeerJ, 7, e6876.
Perotti, M. G., Bonino, M. F., Ferraro, D., & Cruz, F. B. (2018). How

sensitive are temperate tadpoles to climate change? The use of
thermal physiology and niche model tools to assess vulnerability.
Zoology, 127, 95–105.

Perotti, M. G., Pueta, M., Jara, F. G., Úbeda, C. A., & Moreno Azocar, D. L.
(2016). Lack of functional link in the tadpole morphology induced by
predators. Current Zoology, 62(3), 227–235.

Pintanel, P., Tejedo, M., Salinas‐Ivanenko, S., Jervis, P., & Merino‐Viteri, A.
(2021). Predators like it hot: Thermal mismatch in a predator–prey
system across an elevational tropical gradient. Journal of Animal

Ecology, 90(8), 1985–1995.
Pollock, M. S., Chivers, D. P., Mirza, R. S., & Wisenden, B. D. (2003).

Fathead minnows, Pimephales promelas, learn to recognize chemical
alarm cues of introduced brook stickleback, Culaea inconstans.

Environmental Biology of Fishes, 66(4), 313–319.
Pueta, M., Cruz, F. B., & Perotti, M. G. (2016). Feeding regime and food

availability determine behavioral decisions under predation risk in
Pleurodema thaul (Anura: Leiuperidae) tadpoles. Herpetological

Journal, 26(1), 61–64.
Pueta, M., & Perotti, M. G. (2016). Anuran tadpoles learn to recognize

injury cues from members of the same prey guild. Animal Cognition,
19(4), 745–751.

408 | MILOCH ET AL.

 24715646, 2024, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jez.2793 by U

niv N
acional de C

ordoba U
N

C
, W

iley O
nline L

ibrary on [26/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1086/285797


R Development Core Team. (2020). R: A language and environment for

statistical computing. R Foundation for Statistical Computing.
Rezende, E. L., Tejedo, M., & Santos, M. (2011). Estimating the adaptive

potential of critical thermal limits: Methodological problems and

evolutionary implications. Functional Ecology, 25, 111–121.
Richter‐Boix, A., Katzenberger, M., Duarte, H., Quintela, M., Tejedo, M., &

Laurila, A. (2015). Local divergence of thermal reaction norms among

amphibian populations is affected by pond temperature variation.
Evolution, 69(8), 2210–2226.

Roig, F. A., Roig‐Juñent, S., & Corbalán, V. (2009). Biogeography of the

Monte desert. Journal of Arid Environments, 73(2), 164–172.
Sanabria, E. A., González, E., Quiroga, L. B., & Tejedo, M. (2021).

Vulnerability to warming in a desert amphibian tadpole community:
The role of interpopulational variation. Journal of Zoology, 313(4),
283–296.

Somero, G. N. (2010). The physiology of climate change: How potentials
for acclimatization and genetic adaptation will determine ‘winners’
and ‘losers’. Journal of Experimental Biology, 213(6), 912–920.

Di Tada, I. E. (1999). Patrones de distribución de los anfibios anuros de la

provincia de Córdoba. Tesis Doctoral, Universidad Nacional de
Córdoba.

Tattersall, G. J., Sinclair, B. J., Withers, P. C., Fields, P. A., & Seebacher, F.
(2012). Coping with thermal challenges: Physiological adaptations

to environmental temperatures. Comprehensive Physiology, 2(3),
2151–2202.

Taylor, E. N., Diele‐Viegas, L. M., Gangloff, E. J., Hall, J. M., Halpern, B.,

Massey, M. D., Rödder, D., Rollinson, N., Spears, S., Sun, B., &
Telemeco, R. S. (2021). The thermal ecology and physiology of
reptiles and amphibians: A user's guide. Journal of Experimental

Zoology Part A: Ecological and Integrative Physiology, 335(1), 13–44.
Tejedo, M., Duarte, H., Guiérrez Pesquera, L. M., Beltrán, J. F., &

Katzenberger, M. (2012). El estudio de las tolerancias térmicas para
el examen de hipótesis biogeográficas y de la vulnerabilidad de los
organismos ante el calentamiento global: Ejemplos en anfibios.
Boletín de la Asociación Herpetológica Española, 23(12), 2–27.

Turriago, J. L., Tejedo, M., Hoyos, J. M., Camacho, A., & Bernal, M. H.
(2023). The time course of acclimation of critical thermal maxima is
modulated by the magnitude of temperature change and thermal
daily fluctuations. Journal of Thermal Biology, 114, 103545.

Valetti, J. A., Grenat, P. R., Baraquet, M., & Martino, A. L. (2014). Biología

reproductiva de Pleurodema guayapae (Anura: Leptodactylidae:
Leiuperinae). Revista de biología tropical, 62(1), 173.

Vasseur, D. A., & McCann, K. S. (2005). A mechanistic approach for

modeling temperature‐dependent consumer‐resource dynamics. The
American Naturalist, 166(2), 184–198.

Watkins, T. B. (1996). Predator‐mediated selection on burst swimming
performance in tadpoles of the pacific tree frog, Pseudacris regilla.
Physiological Zoology, 69(1), 154–167.

Wellborn, G. A., Skelly, D. K., & Werner, E. E. (1996). Mechanisms creating
community structure across a freshwater habitat gradient. Annual

Review of Ecology and Systematics, 27(1), 337–363.
Wisenden, B. D., Cline, A., & Sparkes, T. C. (1999). Survival benefit to

antipredator behavior in the amphipod Gammarus minus (Crustacea:
Amphipoda) in response to injury‐released chemical cues from
conspecifics and heterospecifics. Ethology, 105(5), 407–414.

Wisenden, B. D., & Millard, M. C. (2001). Aquatic flatworms use chemical
cues from injured conspecifics to assess predation risk and to
associate risk with novel cues. Animal Behaviour, 62(4), 761–766.

Zak, M. R., & Cabido, M. (2002). Spatial patterns of the Chaco vegetation

of central Argentina: Integration of remote sensing and phyto-
sociology. Applied Vegetation Science, 5(2), 213–226.

SUPPORTING INFORMATION

Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Miloch, D., Cecchetto, N. R., Lescano,

J. N., Leynaud, G. C., & Perotti, M. G. (2024). Is thermal

sensitivity affected by predation risk? A case study in tadpoles

from ephemeral environments. Journal of Experimental Zoology

Part A: Ecological and Integrative Physiology, 341, 400–409.

https://doi.org/10.1002/jez.2793

MILOCH ET AL. | 409

 24715646, 2024, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jez.2793 by U

niv N
acional de C

ordoba U
N

C
, W

iley O
nline L

ibrary on [26/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/jez.2793

	Is thermal sensitivity affected by predation risk? A case study in tadpoles from ephemeral environments
	1 INTRODUCTION
	2 MATERIAL AND METHODS
	2.1 Study species
	2.2 Study design
	2.3 Thermal tolerance
	2.4 Thermal sensitivity
	2.5 Data analysis
	2.6 Ethical statement

	3 RESULTS
	3.1 Thermal tolerance
	3.2 Thermal sensitivity

	4 DISCUSSION
	5 CONCLUSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION




