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Amphibians balance their thermal and water budgets depending on their physiological 
state and the physical environment, with both factors capable of constraining activity. 
Most mechanistic assessments emphasize thermal over water constraints, potentially 
missing important aspects of amphibian ecophysiological patterns. Here, we evalu-
ate the potential role of thermal and hydric constraints on the activity time of three 
Neotropical frogs (Leptodactylus fuscus, L. mystacinus, and L. macrosternum) across their 
geographic distribution. We inferred environmental suitability based on heat and mass 
transfer principles through a mechanistic modeling procedure anchored to empiri-
cally obtained laboratory and field data. We integrated species-specific thermal, hydric, 
and performance attributes with their immediate physical environment (ground-level 
microclimate) under nocturnal conditions, while allowing for the interactive response 
of retreating into shelter when facing physiological heat or water stress. Our results 
demonstrate the desiccation-prone role of smaller body sizes in increasing hydric 
restrictions and inhibiting activity, even under thermally adequate conditions, as well 
as the role of shelters as thermal and hydric refugia. More strikingly, thermal-induced 
restrictions in activity were linked to low temperatures rather than warmer conditions, 
indicating that their engagement in activity is mostly driven by the lower thermal 
bounds of their functional organismal performance. These findings provide a broader 
picture of climatic constraints on anuran activity and distribution, as well as insights 
into how species may respond to changing climatic conditions.

Keywords: amphibians, locomotor performance, mechanistic species distribution 
modeling, microclimate, shelter use

Introduction

Thermal and hydric constraints are key drivers of ectotherm activity (Kearney 2013, 
Gunderson and Leal 2016) and several ecological and geographic patterns (Rozen-
Rechels et al. 2019). In general, ectotherms engage in activity when ambient conditions 
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allow them to maintain body temperature (Tb) within cer-
tain thermal thresholds, retreating to refuges if temperature 
becomes physiologically restricting (Kearney  et  al. 2018, 
Huey and Kingsolver 2019). The sensitivity of their perfor-
mance to changes in Tb is often described using a thermal 
performance curve (TPC). This curve typically increases from 
a critical minimum temperature (CTmin) until it peaks at an 
optimal temperature (Topt) and then decreases until it reaches 
a critical thermal maximum (CTmax) (Huey and Stevenson 
1979). However, hotter temperatures usually increase the 
risk of organisms losing excessive water through evapora-
tion from body surfaces, potentially compromising water 
balance. This particular risk is especially relevant in groups 
with highly permeable skin, such as the amphibians (Wells 
2007), in which excessive evaporative water loss (EWL) may 
lead to dehydration. In turn, dehydration can impact behav-
ioral performance either directly by its deleterious effects on 
physiological systems, or indirectly by inducing the lowering 
in Tb (Köhler et al. 2011). Consequently, it is expected that 
amphibians integrate their activity within a given range of 
temperature and humidity levels that provide enough heat 
to achieve adequate levels of performance while minimizing 
the risk of dehydration (Seebacher and Alford 2002, Mitchell 
and Bergmann 2016).

The amphibians’ ability to maintain their Tb close to their 
Topt is indeed constrained by hydration and other compet-
ing thermal-dependent physiological demands (Mitchell and 
Bergmann 2016) or by the availability of suitable habitats 
(Seebacher and Alford 2002). As microclimatic conditions 
constantly change, the thermal and hydric states of animals 
are bound to vary, which, in turn, may impose limits on their 
engagement in activity (Tracy et al. 2014, Ruthsatz et al. 2022). 
Restrictions on activity time resulting from thermal or hydric 
trade-offs potentially lead to reduced food intake, energy 
deficits, increased reproductive costs (the ‘lost opportunity 
hypothesis’; Huey and Slatkin 1976, Huey and Kingsolver 
2019, Cunningham et al. 2021), ultimately leading to local 
population decline or even extinction (Sinervo et al. 2010, 
Bestion et al. 2015). Among amphibians from tropical and 
subtropical regions, where daytime temperatures are higher 
and more variable than those at night (Schwarzkopf and 
Alford 1996, Muñoz and Bodensteiner 2019), most species 
are strictly nocturnal (Anderson and Wiens 2017). Although 
nocturnality may buffer against the higher water costs usually 
prevalent during daytime, amphibians are not free from water 
stress during nighttime. Nocturnality significantly affects 
amphibian behavioral performance because the reduced 
evaporative water loss is usually accompanied by decreased 
thermoregulatory opportunities (Hitchcock and McBrayer 
2006, Rock and Cree 2008). Therefore, the compromise 
with water balance regulation may lead to reduced opportu-
nities to keep Tb close to its optimal function (O’Connor and 
Tracy 1992), reducing or even entirely restricting the time 
allocated to activity (Feder and Londos 1984, Peterman and 
Semlitsch 2014).

These thermal and hydric constraints can compound 
temporally and spatially, affecting amphibians’ niche and 

geographic distribution (Rubalcaba  et  al. 2019a). Bridging 
local activity patterns with broad-scale patterns of environ-
mental constraints is challenging but essential for understand-
ing climatic effects on species’ resilience. Mechanistic models 
are a powerful tool for integrating the particular biophysical 
and physiological attributes of animals with microclimatic 
conditions to scale them up to larger geographical extents. 
Such models have been deployed to investigate amphibian 
activity based on the potential interactions between ther-
mal and hydric constraints (Enriquez‐Urzelai  et  al. 2019, 
Rubalcaba  et  al. 2019a, Ginal  et  al. 2021, Greenberg and 
Palen 2021). However, mechanistic assessments focused on 
Neotropical amphibians are rare, and the few physiolog-
ical-based studies primarily focus on thermal constraints 
for activity (Cassemiro  et  al. 2012, Díaz-Ricaurte  et  al. 
2020). This results in overlooking the potential hydric com-
promises regarding evaporative water loss during activity 
(Kearney et al. 2008).

Here, we use thermal and hydric organismal traits from 
three nocturnal Neotropical frogs (Leptodactylus fuscus, 
L.  mystacinus, and L. macrosternum) and combine mul-
tiple modeling approaches to identify potential thermal 
and hydric constraints on their activity throughout their 
geographic distribution. We integrated biophysical aspects 
of the species with physiological information on thermal 
(CTmin and CTmax), hydric (evaporative water loss and dehy-
dration tolerance; EWL and EWLtol), and behavioral perfor-
mance (thermal performance curves for locomotion) with 
hourly ground-level microclimate variables (Kearney et  al. 
2014). Using this spatially explicit biophysical modeling 
approach (Rubalcaba  et  al. 2019b), we identified physio-
logically limiting constraints on activity and inferred envi-
ronmental optimality in areas potentially accessible to the 
studied species.

Material and methods

Frog species
Leptodactylus frogs (Anura, Leptodactylidae) are a mor-
phologically and ecologically diverse genus occupying 
various habitats throughout the Neotropics, being particu-
larly abundant in lowland and montane tropical forests 
(Wells 2007). We focused on three leptodactylid frog spe-
cies: the small-sized Leptodactylus fuscus (5–9 g body mass; 
snout–vent length (SVL) 32–56 mm), the moderate-sized 
L. mystacinus (14–18 g mass; SVL 43–67 mm), and the 
moderate-to-large-size L. macrosternum (55–80 g mass; SVL 
65–97 mm) (Sá et al. 2014). Apart from the size, these frogs 
are generally similar in morphology and natural history. 
Unlike most treefrogs, which can avoid rapid desiccation 
due to a diverse set of specializations acting to lower skin 
permeability (Lillywhite 2006), our Leptodactylus species can 
be considered ‘typical’ anurans in the sense that they lack 
specialized integumental features to minimize EWL. Thus, 
the three Leptodactylus species herein studied have low skin 
resistance to evaporation. They also exhibit ground-dwelling 

 16000587, 2026, 1, D
ow

nloaded from
 https://nsojournals.onlinelibrary.w

iley.com
/doi/10.1002/ecog.07617 by U

niversidade E
stadual Paulista, W

iley O
nline L

ibrary on [04/09/2026]. 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



Page 3 of 16

nocturnal habits and spend most of their time in highly to 
moderately moist areas (Solano 1987, Silva and Giaretta 
2008). Indeed, they are generally associated with habitats 
near standing waters. However, L. fuscus can occur at greater 
distances from bodies of water than its congeners during its 
peak reproductive period, as it constructs foam nests far-
ther from permanent water sources (Méndez-Narváez et al. 
2015, Venturelli et al. 2021). Their activity and reproductive 
periods coincide with the warmest and wettest months of 
the year (Haddad et al. 2013).

Physiological data
Physiological information used to perform mechanistic 
models corresponds to average trait values collected from 
Leptodactylid frogs (unpubl.). Details of the animal housing 
conditions and protocols for experimental data collection are 
virtually the same as those provided elsewhere (Maenaka et al. 
2023), but here we describe them briefly. We used adult 
individuals of both sexes of L. fuscus (n = 46; 8.79 ± 1.60 g; 
43.12 ± 1.32 mm of SVL), L. mystacinus (n = 11; 14.92 ± 
1.83 g; 50.55 ± 1.23 mm), and L. macrosternum (n = 14; 
56.87 ± 8.97 g; 81.52 ± 4.97 mm) collected in São Paulo 
State, southeastern Brazil. Physiological data comprise criti-
cal components of thermal, water balance, and locomotor 
functions related to ambient constraints and/or parameters 
necessary as inputs to solve the ectotherm heat model.

We empirically quantified the frogs’ behavioral perfor-
mance by constructing their thermal performance curves 
(TPC) for the locomotor/escape response. More specifically, 
we determined the maximum jump distance (out of five con-
secutive jumps) achieved by the animals at different tempera-
tures, which was then used to construct species-specific TPC. 
All trials were conducted at night in a 5-m long jumping 
arena at six test temperatures (10, 15, 20, 25, 30, and 35°C), 
with individual frogs tested once at each temperature, and no 
more than one temperature per day (details in the Supporting 
information). From the TPC, we extracted the frog tempera-
ture at which optimal performance was attained (Topt) and 
the thermal performance breadth (B80: the range of Tb across 
which jumping ability remained at least 80% of maximal per-
formance) (Fig. 1). Even though B80 represents a performance 
decrease compared to Topt, it is generally interpreted as the 
thermal range at which animals perform ‘well’ (Huey and 
Stevenson 1979). Beyond the B80 limits, performance drops 
toward the critical thermal minimum (CTmin) or maximum 
(CTmax), the physiological endpoints at which performance 
is zero. The CTmin and CTmax, however, were determined in 
a different set of experiments independent of TPC determi-
nations. The CTmin and CTmax were measured by gradually 
decreasing or increasing Tb at a constant cooling/heating rate 
(1°C 10 min−1) until attaining the non-lethal point of right-
ing reflex loss (a transitory loss of skeletal muscles coordina-
tion identified by the animals’ incapacity to right their body 
after being flipped onto their back). Because activity cannot 
occur beyond these critical limits, we used them as the lower 
and upper thermal thresholds for activity in our computing 
simulations. We should note, however, that this may slightly 

Figure 1.Empirical thermal performance curves for the longest dis-
tance (cm) jumped by Leptodactylus fuscus, L. mystacinus, and 
L. macrosternum Neotropical anurans. Green vertical dashed lines 
indicate the optimal temperature (Topt), green horizontal arrows 
indicate the thermal range at which locomotory function remains 
above 80% of its maximum capacity (i.e. the B80), and head arrows 
indicate the B80 lower and upper limits, respectively. Diamonds 
indicate the empirically determined CTmin (blue diamond) and 
CTmax (red diamond). Filled circles depict individual frog’s Tb and 
the black solid line indicates the best fitted curve found for jumped 
observations.
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overestimate potential activity levels, as voluntary thermal 
limits in nature are less extreme than critical temperatures 
(Rezende et al. 2014).

The rates of EWL from animals were measured at different 
temperatures (15, 20, and 25°C) using an open flow-through 
system (i.e. without recirculating the system airstream). This 
system consisted of a continuous dry airflow (< 1% relative 
humidity; RH) that ventilated a chamber containing the 
animal while the air humidity leaving the chamber was con-
tinuously monitored using an RH analyzer connected to a 
computer. From these data, we calculated the absolute EWL 
(gH2O h−1) rates for each species (see Maenaka et al. (2023) 
for experimental setup details). We also determined the spe-
cies' ability to tolerate dehydration by exposing previously 
100% hydrated frogs to a wind tunnel until they lost the 
righting reflex response (Hillman 1980, Carey and Zelick 
1993). At this point, frogs were weighed again, and their 
dehydration tolerance (EWLtol) was calculated as the per-
centage (%) of body mass lost relative to their fully hydrated 
initial mass (see the Supporting information for a summary 
of physiological parameters). EWLtol was used as the hydric 
physiological threshold for the cessation of activity in our 
computing simulations.

The permit for the animal collection was issued by the 
Instituto Chico Mendes da Conservação da Biodiversidade, 
Brazil (JCMBIO-MMA, no. 22028). All procedures 
and experimental protocols were approved by the Ethics 
Committee for the Use of Animals in Research, CEUA-
Unesp (protocol no. 2570, 6915, and 5909).

Thermal and hydric ecological modeling

Species distributional areas
We restricted our analysis to the South American region, 
which encompasses the known distribution of the studied 
species (Sá et al. 2014, Magalhães et al. 2020). We delineated 
the distributional areas for each species based on the α-hull 
method (Burgman and Fox 2003). This technique yields 
geographical range estimates by fitting Delauney α-hull 
polygons (Delauney triangulation) around species presence 
records (Supporting information). Presence records were 
obtained from the Global Biodiversity Information Facility 
portal (GBIF; www.gbif.org) for L. fuscus and L. mystacinus. 
For L. macrosternum, we used georeferenced records from 
Magalhães  et  al. (2020), which offer updated and revised 
occurrence data for this species. After a data cleaning proce-
dure to remove suspicious records (detailed in the Supporting 
information), we used 2901 records for L. fuscus, 258 for 
L. mystacinus, and 265 for L. macrosternum.

Because available occurrence data constrain polygo-
nal range delimitation, spatial coverage can suffer discon-
tinuities due to sampling gaps in areas that may represent 
suitable locations for species presence (Marsh et al. 2023), 
especially in under-sampled regions such as the Neotropics 
(Fouquet  et  al. 2007). Therefore, we used predicted pres-
ences from species distribution models (SDM) to reduce 
potential geographical gaps of suitable areas and to 

complement our previous polygonal range delimitations 
(Pena et al. 2014, Syfert et al. 2014). We constructed SDMs 
by relating species presence records (used for polygonal 
range delimitations) to bioclimatic variables obtained from 
the WorldClim database (www.worldclim.org). We selected 
them for their ecological relevance and low spatial collin-
earity. We used an ensemble modeling technique (Araújo 
and New 2007), in which the outputs of multiple predictive 
models were combined to estimate species habitat suitabil-
ity, with values ranging between 0 and 1 (see the Supporting 
information for full details on bioclimatic variable selection 
and SDM procedures). Suitability maps were then con-
verted into binary maps (0 = unsuitable and 1 = suitable) by 
applying the lowest presence threshold (LPT; Pearson et al. 
2007), a method that sets the lowest suitability value by 
which all grid cells equal to (or better than) those contain-
ing a species record are retained, thus minimizing omission 
error (Pearson et al. 2007). The LPT also accounts for mod-
erately suitable yet feasible locations for the species presence 
that more restrictive methods would otherwise overlook 
(Peterson and Raghavan 2017). Finally, the LPT maps were 
superimposed on the polygonal range estimates to produce 
a derived range delimitation. Although SDM presence pre-
dictions can suffer from the same under-sampling issues as 
polygonal delimitations, SDMs are a relatively robust alter-
native to complement polygonal range estimates (Pena et al. 
2014, Syfert  et  al. 2014). Furthermore, this combined 
approach yielded better spatial continuity with broader 
environmental conditions, which is well suited for the aims 
of the present study.

Microclimatic conditions
We used the existing ‘microclim’ dataset of Kearney et  al. 
(2014) to estimate species responses to ambient conditions 
at the organismal level. This ready-to-use microclimatic 
dataset was built using the ‘NicheMapR’ R package (Kearney 
and Porter 2017). It uses biophysical modeling to estimate 
climatic parameters at the microhabitat level, based on the 
input of various descriptors for 24 hours of a monthly day at 
a 15 km spatial resolution. We extracted microclimatic con-
ditions at various shading levels (0, 25, 50, 75, and 90%) of 
wind speed, relative humidity, solar radiation, soil surface 
(and 5 cm below surface) temperatures, and air temperature 
1 cm above the ground (Kearney et al. 2014). Our model 
species exhibit a wide geographical distribution (Sá  et  al. 
2014, Magalhães et al. 2020), which covers different biomes 
with contrasting vegetation structures (Hansen et al. 2013). 
In this regard, one variable of particular relevance to our 
study is the differences in canopy cover. We assigned each 
microclimatic grid cell a representative canopy-shading 
level and retained only the appropriate shading microcli-
mate features corresponding to each respective cell. These 
shading levels were derived from a 30-m resolution tree 
cover map (Hansen et al. 2013), which was upscaled to a 
15-km resolution and reclassified into five canopy classes 
(0, 25, 50, 75, 90%) (the Supporting information contains 
further details).
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A second issue with our species' wide distribution is 
their seasonal activity period, which varies by region. For 
example, in their southernmost distribution, L. fuscus and 
L.  mystacinus are primarily active between December and 
April (Abe and Garcia 1991, Lucas et al. 2008), while in the 
central region, activity occurs mainly between August and 
November (De-Carvalho et al. 2008). Finally, in the northern 
portion, L. fuscus is primarily active between March and July 
(Solano 1987, Martins 1988, Méndez-Narváez et al. 2015). 
Similarly, L. macrosternum activity begins in December 
in the south (Prado  et  al. 2000) and in May in the north 
(Chaves  et  al. 2021), aligning with regional rainy seasons 
(Alvarez et al. 2014). To account for this regional effect on 
phenology, we set cell-specific seasonal periods of activity. 
In our target modeling areas, the climate generally consists 
of a 4–6-month wet summer and a dry–cold winter (more 
pronounced at higher latitudes). Still, Leptodactylus activ-
ity largely coincides with wet months when seasonal rainfall 
is concentrated (Maffei  et  al. 2011, Haddad  et  al. 2013). 
Therefore, we identified the most humid month as the frogs' 
peak activity period and used it to define an asymmetric six-
month activity window (two months before and three months 
after the peak), representing three simplified seasonal activity 
phases: 1) early season (emergence from aestivation as rains 
begin and humidity levels rise), 2) mid-season (during their 
peak activity, which often coincides with highest humidity 
due to heavier rainfalls), and 3) late season (when activity 
and humidity levels gradually decline as the wet season ends). 
We accomplished this by separating the 12-month stacked 
microclimate raster layers by month and identifying, for each 
grid cell, the wettest month (i.e. the month with the high-
est daily average RH). We then retained the microclimatic 
data for this peak month, along with data from two months 
prior to and the third month after the peak. The assumption 
of asymmetry for the six-month activity window reflects the 
unequal potential for frog activity, as ambient humidity is low 
in both the early and late seasons, but water bodies formed 
by accumulated rains persist longer in the latter, allowing for 
prolonged potential activity (Vieira et al. 2007, Maffei et al. 
2011, Silva 2016).

Body temperature and evaporative water loss evaluation
To link frogs to the ground-level microclimate, we first solved 
the expected inflows and outflows of heat energy for Tb using 
the biophysical model described by Rubalcaba et al. (2019b). 
Briefly, the model builds on heat exchange mechanisms for 
ectotherms, as described by Porter et al. (1973), calculating 
the steady-state Tb by balancing heat inflows (solar and long-
wave radiation) and outflows (air convective heat flow, con-
duction to the ground, and cutaneous evaporative cooling). 
It should be noted that longwave radiation, convection, and 
conduction can act as either inflows or outflows depending 
on the temperature gradients between the organism and its 
environment. These heat exchanges are a function of both 
species-specific morphological features (body size and pos-
ture, which affects body surface-to-volume ratios (SA:V) and 
proportions of skin surface area exposed to body heat/mass 

fluxes, body heat capacity, and skin resistance to evaporation) 
and the local hourly microclimate conditions described above 
(see Rubalcaba  et  al. (2019b) for a detailed explanation). 
This biophysical model has already been validated by empiri-
cal observations of more than 40 lizards (Rubalcaba  et  al. 
2019b). Here, we evaluated its predictive performance using 
thermal data from wet-skinned (agar models) deployed 
under field conditions. Agars serve as a simplified yet effec-
tive method for approximating the evaporative properties 
of equivalent-sized living animals and are a well-established 
approach for field thermal studies (Nowakowski et al. 2017, 
Anderson  et  al. 2018, Lertzman-Lepofsky  et  al. 2020, 
Ortega-Chinchilla et al. 2022). Even though agar models do 
not replicate the physiological processes at play in live ani-
mals, they provide an approximation of the passive water 
exchange between a generalized amphibian with negligible 
or no cutaneous resistance to water loss and the environ-
ment (Riddell et al. 2017). We used the agar model results to 
evaluate the biophysical model over a wide temporal window 
(various days), as it provides continuous operative thermal 
measures. We deployed agar models of various sizes (5, 23, 
28, and 112 g) in the field over sunny and shady locations and 
monitored their core temperatures using thermal data loggers 
for six consecutive days. This agar deployment arrangement 
allowed us to evaluate the biophysical model under typical 
but simplified size–microclimate combinations that anurans 
might experience (Supporting information). Concurrently, 
using the biophysical modeling described above, we com-
putationally simulated the expected hourly temperatures 
for equivalent-sized hypothetical agars at the same sunny 
and shady locations as the real agar models. To compare the 
congruency between these two approaches, we generated 
temperature curves from simulations and mean hourly field 
observations (Tb collected from real agar models) and evalu-
ated the similarity between them via discrete Fréchet distance 
(DFD) analysis (Eiter and Mannila 1994, Cui et al. 2022). 
This metric measures the dissimilarity between two curve 
shapes. The lower the value, the more similar the curves are.

Evaporative cooling is an essential component of the 
organismal heat budget. The biophysical model incorpo-
rates this effect by estimating the expected rate of cutane-
ous EWL based on key organismal attributes, environmental 
conditions, and physical principles governing mass transfer 
(the same as for heat exchange, as mentioned above). We 
used the empirically determined EWL rates for the three 
studied species to evaluate the EWL accuracy estimated by 
the biophysical model. For this, we first identified grid cells 
in our microclimate dataset that had a combined profile of 
wind speed (1 ± 0.1 m s−1) and air and ground temperatures 
(15, 20, 25°C with a ± 1°C variation) that closely matched 
our experimental conditions of airflow rate (21 cm3 s−1) and 
test temperatures (15, 20, 25°C) used in living frogs. For 
these same grid cells, we used the biophysical model to simu-
late the expected EWL for a theoretical 9 g L. fuscus, 15 g 
L. mystacinus, and 57 g L. macrosternum (the average mass 
of our measured living frogs) represented by an anuran-like 
ectotherm with species-specific morphological characteristics 
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(see the Supporting information for model settings). We 
then compared the evaporative water loss between these two 
approaches at different temperatures using generalized linear 
mixed-effect models (GLMM). We run this analysis sepa-
rately for each species, with the interaction between source 
(simulations versus empirical measures) and temperature 
(15,  20, and 25°C) as fixed factors, the identity of living 
frogs as a random factor, and EWL as the response variable. 
GLMMs were followed by Tukey’s tests to identify significant 
differences at each temperature.

The empirically derived and biophysically calculated Tb 
and EWL were compared using DFD and GLMM analy-
ses, respectively, as overall congruency measures, whereas 
hourly temperature deviations were used as diagnoses for 
hourly Tb congruency. While not identical, the level of con-
gruency between empirical and biophysical Tb estimations 
(particularly in shady conditions) deviated, on average, equal 
to or less than 2.7°C (Supporting information). Similarly, 
although the EWL differed at some species-specific test tem-
peratures (varying between 6.2 and 28.5%; Supporting infor-
mation), the empirical and biophysical calculations coincided 
with others (see Results). Based on these results, we accepted 
the level of congruency for the empirical versus biophysical 
estimations (Supporting information) and proceeded with 
biophysical projections in all further analyses.

Activity and environmental restrictions
We simulated the hourly Tb distribution for a theoretical 9 g 
L. fuscus, 15 g L. mystacinus, and 57 g L. macrosternum at 1 cm 
above ground conditions. As nocturnal frogs, we allowed sur-
face activity across all nighttime hours (18:00–05:00 h) and 
assumed that animals retreat to underground refugia (become 
inactive) during the daylight hours (06:00–17:00  h) (Silva 
and Giaretta 2008, Henrique and Grant 2019). Because sim-
ulations incorporate a body thermal inertia (i.e. the Tb at a 
given hour is influenced by the Tb in the previous time step 
hour), we assumed that animals start activity (18:00 h) with 
a Tb matching their retreat site temperature the hour before 
emergence (17:00 h). Our simulations focused primarily on 
organismal-based heat and water exchange processes to infer 
environmental constraints. We implemented two interactive 
subroutines that simulated simple behavioral responses based 
on the organism’s internal temperature state (thermal sensi-
tivity of locomotor performance) and hydration (dehydra-
tion thresholds derived from cumulative EWL).

First, we used the thermal sensitivity of locomotor perfor-
mance from empirical TPC to infer habitat thermal suitabil-
ity. We set CTmin and CTmax as the lower and upper thermal 
thresholds at which activity ceases due to locomotor impair-
ment (i.e. the ‘thermal activity timeframe’ in our simulations). 
Within this thermal timeframe, we adopted a temperature-
dependent probability of activity following Gunderson and 
Leal (2016), in which the surface activity transitions from 
zero (defined by physiological limits) to greater than zero 
(dictated by organismal performance capabilities). This 
smooth transitional model of activity patterns has proven to 
be very effective in predicting empirical observations of lizard 

species (Rozen-Rechels  et  al. 2020). Therefore, our models 
assume that frogs with a Tb within their thermal performance 
breadth (B80) are physiologically capable of conducting most 
ecological tasks and, as a result, are always active at the surface 
(100% probability of activity) unless severely dehydrated. 
Beyond these limits, performance, and hence the probabil-
ity of activity, rapidly decreases following the descending 
portions of locomotor TPC until performance reaches zero 
(i.e. as set by the lower and upper thermal thresholds). To 
account for the potential costs associated with hydric stress, 
we incorporated the sensitivity to EWL (derived from the 
EWL simulated by the biophysical model) as a potential 
constraint for activity. We assumed that the animals were 
fully hydrated at the time of shelter emergence. From this 
point on, we computed the hourly cumulative EWL (gH2O 
h−1) until it reached the maximum body water loss tolerance 
(EWLtol) by L. fuscus (38.49%), L. mystacinus (35.53%), and 
L. macrosternum (31.78%). The 'hydric activity timeframe' 
was defined as the time (total hours) between emergence and 
reaching the dehydration threshold (the EWLtol), assum-
ing no further activity or rehydration during this period. 
Regardless of the hydration level, this hydric activity time-
frame can be curtailed at any time if the animal attains a 
critical thermal threshold. In summary, we considered that 
frogs would retreat to underground shelter during nighttime 
hours if they experienced harmful temperatures (CTmin or 
CTmax) or chronic hydric deficits (EWLtol) and during all the 
daytime hours.

Although frogs are nocturnally active, daytime shelters 
can also affect their thermal budgets (Forget-Klein and Green 
2021). In nature, our species tend to build burrows in very 
wet soils (Solano 1987, Silva and Giaretta 2008) at depths of 
approximately 5–9 cm, depending on the species (Martins 
1988, Lucas et al. 2008, Oliveira-Filho and Giaretta 2008). 
Based on their burrow characteristics, we assumed frogs to 
be 5 cm deep and fully hydrated when sheltered. We used 
the hourly substrate temperature 5 cm below the surface as 
a proxy measure for sheltering Tb because sheltered animals 
will inevitably attain thermal equilibrium with their shelters 
shortly (Smits 1984). Note that ‘sheltering’ is a facultative 
state during activity that permits animals to escape harmful 
surface conditions. However, during daytime, sheltered frogs 
will perish if their Tb are not between CTmin and CTmax, thus 
rendering those geographical locations (grid cells) unsuitable 
to be occupied.

Suitability maps
To identify the physiologically limiting constraints on activ-
ity across the entire geographical distribution of the species, 
we identified for grid cells in which the activity time was cur-
tailed before nighttime hours were completed, the hours of 
restrictions (Hr: nighttime hours of inactivity due to thermal 
and hydric constraints), and the respective traits responsible 
for this cessation (CTmin, CTmax, or EWLtol). The resulting grid 
cell output was then spatially rasterized into new raster layers 
to represent the potential physiological constraints on activ-
ity in a geographic space. Based on these spatial physiological 
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outputs, we also calculated the percentage of these Hr grid 
cells relative to the total geographical distribution of the 
species.

The production of suitability maps involved two steps. 
First, a thermal and hydric suitability map was produced sep-
arately by considering the two primary physiological criteria 
(thermal performance and body hydration thresholds) used to 
infer environmental constraints in our simulations. Then, the 
resulting suitability maps were overlaid to produce a derived 
map representing the joint suitability as a function of the 
thermal and hydric criteria. From a thermal standpoint, our 
models were constructed based on thermal thresholds bound-
ing temperature-dependent activity probabilities (dictated by 
organismal performance capabilities), all related to the hourly 
microclimate. Hence, for a continuously active frog, the ther-
mal thresholds and probabilities of activity will vary hourly 
as the nightly thermal conditions change over time. For this 
reason, we quantified a location's thermal suitability by scal-
ing hourly surface activity scores between 0 (least suitable) 
if the animal was impeded from engaging in activity due to 
thermal restrictions (0 h of activity) and 1 (highly suitable) 
if the animal achieved at least 6 h of activity with its Tb kept 
within the B80 limits. This assumption is based on field obser-
vations of some leptodactylid species, whose activity occurs 
primarily during the first half of the night (Woolbright 1985, 
De-Carvalho et al. 2008, Bardier et al. 2014).

On the other hand, unlike thermal traits, EWL is a cumu-
lative process that occurs hourly (sum across hours) until it 
attains the physiological endpoint defined by EWLtol. Hence, 
the hydric suitability of locations was estimated by scaling 
the total cumulative EWL scores into relative scores ranging 
from 0 (least suitable) when the cumulative EWL reached 
EWLtol during the first hour of activity (0 h of activity due 
to hydric restrictions) to 1 (highly suitable) if the animal was 
able to be active at night with a cumulative EWL less than 
1% of its initial state of complete hydration. Finally, we com-
bined the thermal and hydric suitability maps by averaging 
their scores to produce a joint suitability map ranging from 
0, where either thermal or hydric restrictions curtailed activ-
ity, and 1, where animals could maintain an optimal range of 
Tb (at least 6 h of activity within their B80 limits) and a good 
hydration level.

Results

In general, the overall agreement of hourly predictions and 
observations was better in shady (DFD = 1.48 for 28  g 
agars; DFD = 1.56 for 5 g agars) than in sunny locations 
(DFD = 5.36 for 112 g agars; DFD = 5.83 for 23 g agars). 
There was an average hourly SD of 1.28°C for 28 g agars 
(maximum SD of 3.09°C), 1.32°C for 5 g agars (maxi-
mum SD of 3.16°C), 2.67°C for 112 g agars (maximum 
SD of 6.96°C), and 2.56°C for 23 g agars (maximum SD 
of 7.42°C). Simulated and empirical EWL differed for 
L. fuscus (χ2

2 = 57.06, p < 0.001), L. mystacinus (χ2
2 = 41.27, 

p < 0.001), and L. macrosternum (χ2
2 = 41.98, p < 0.001), 

this difference being significant (p < 0.05) at 20°C for 
L. fuscus, at 15 and 25°C for L. mystacinus, and 15 and 20°C 
for L. macrosternum (Supporting information).

Considering only the period in which frogs were active, 
CTmin imposed a variable number of hours of restriction 
(Hr) on all species within their current geographic distribu-
tion across early, mid, and late seasons. EWLtol also imposed 
restrictions, but only on the smallest species, L. fuscus. On 
average, considering only the grid cells where the animals 
experienced some restriction, L. fuscus was restricted by a 
nightly Hr of 3.5, 3.2, and 3.6 h for the early, mid, and late 
seasons, respectively. These restrictions covered 36.5, 10.2, 
and 41.0% of the total distribution of L. fuscus for the early, 
mid, and late season, respectively. The mid-sized species, 
L. mystacinus, was restricted by a nightly average of 2.7, 6.1 
and 6.7 Hr for the early, mid, and late seasons, with activ-
ity constraints covering 8.7, 14.3, and 21.9%, respectively, 
of its total distribution. The large species, L. macrosternum, 
experienced the least nightly restriction overall, averaging 
1.5, 4.1, and 4.1 Hr for the early, mid, and late season, and 
covering 3.4, 6.0, and 7.3% of its distribution, respectively. 
However, the responsible constraint for activity was not geo-
graphically uniform among species. In L. fuscus, restrictions 
occurred mainly along the southern border of its distribu-
tion due to CTmin (Fig. 2A–C) and in the central and eastern 
regions due to EWLtol, particularly during the early and late 
season (Fig. 2D–F). In L. mystacinus and L. macrosternum, 
restrictions occurred mainly at the southern limits of their 
distributions due solely to CTmin, and it was particularly evi-
dent during the mid and late season (Fig. 2G–I, J–L, respec-
tively). No species attained CTmax during activity across their 
entire distribution.

Suitability maps revealed that central and northern regions 
provide suitable thermal conditions for all three species, where 
animals can maintain at least 6 h of activity within an optimal 
range of Tb (i.e. within their B80 limits), particularly during 
the mid-season (Fig. 3A–D, 4A–D, and 5A–D). On the other 
hand, hydric conditions were more suitable (i.e. areas with 
lower cumulative EWL during activity) in the southern limits 
of L. fuscus (Fig. 3E–G), the southern portion of the distri-
bution of L. mystacinus (Fig. 4E–G), and almost the entire 
distribution of L. macrosternum (Fig. 5E–G). Moreover, for 
L. fuscus, hydric suitability was lower during the early and 
late season (Fig. 3H), and more generally, its overall hydric 
suitability was much lower than that of the other two larger 
species, whose hydric suitability tended to remain consistent 
across seasonal phases (Fig. 4H, 5H, respectively). The com-
bination of the thermal and hydric suitability maps clearly 
showed that the level of suitability varied spatially based on 
species-specific temperature locomotor sensitivity and hydric 
requirements (Fig. 3I–L, 4I–L, 5I–L).

Discussion

Our results pointed out that the level of time restriction in 
activity varied among the three Leptodactylus species across 
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Figure 2. Spatial physiological constraints on activity time derived from mechanistic simulations for Leptodactylus fuscus (A–F), L. mystacinus 
(G–I), and L. macrosternum (J–L). The top section shows the frogs' seasonal activity phases: when they emerge with the first seasonal rains 
(early season), during their period of maximal activity in the most humid month (mid-season), and when their activity gradually reduces as 
the rainy season ends (late season). Gray areas indicate the species' distribution ranges. Areas in red are locations where the animals reached 
their critical thermal minimum (CTmin), and areas in blue where they reached their dehydration tolerance (EWLtol) during activity, regardless 
of the total hours of restrictions. Consequently, these areas also represent locations where species presence is mediated by the buffering effect 
of shelter use. EWLtol areas are absent for L. mystacinus and L. macrosternum, as these species never reached their EWLtol threshold during 
activity.
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Figure 3. Spatially explicit thermal suitability (A–C), hydric suitability (E–G), and joint suitability (a combination of hydric and thermal 
suitability; I–K) for the Neotropical frog Leptodactylus fuscus. Latitudinal suitability represents the mean suitability across the species' lati-
tudinal range during the early (orange line), mid (blue line), and late (gray line) frog activity season for thermal (D), hydric (H), and joint 
suitability (L) maps. The darker frog silhouette at the top indicates the body size of L. fuscus (small) relative to the other two studied species. 
Blue points on the joint suitability maps represent known presence records for the species (see the Supporting information for details on 
presence records).
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Figure 4. Spatially explicit thermal suitability (A–C), hydric suitability (E–G), and joint suitability (a combination of hydric and thermal 
suitability; I–K) for the Neotropical frog Leptodactylus mystacinus. Latitudinal suitability represents the mean suitability across the species' 
latitudinal range during the early (orange line), mid (blue line), and late (gray line) frog activity season for thermal (D), hydric (H), and 
joint suitability (L) maps. The darker frog silhouette at the top indicates the body size of L. mystacinus (medium) relative to the other two 
studied species. Blue points on the joint suitability maps represent known presence records for the species (see the Supporting information 
for details on presence records).
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Figure 5. Spatially explicit thermal suitability (A–C), hydric suitability (E–G), and joint suitability (a combination of hydric and thermal 
suitability; I–K) for the Neotropical frog Leptodactylus macrosternum. Latitudinal suitability represents the mean suitability across the spe-
cies' latitudinal range during the early (orange line), mid (blue line), and late (gray line) frog activity season for thermal (D), hydric (H), 
and joint suitability (L) maps. The darker frog silhouette at the top indicates the body size of L. macrosternum (large) relative to the other 
two studied species. Blue points on the joint suitability maps represent known presence records for the species (see the Supporting informa-
tion for details on presence records).
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seasonal phases, reflecting their different sensitivity to ther-
mal and hydric conditions. During the early, mid, and late 
seasons, L. mystacinus had the highest restriction on activity 
time (averaging 2.7, 6.1, and 6.7 Hr, respectively), followed 
by L. fuscus (3.5, 3.2, and 3.6 Hr), and L. macrosternum 
(1.5, 4.1, and 4.1 Hr). Despite showing more consistent 
restriction levels across seasonal phases, the smallest species, 
L. fuscus, faced greater constraints in the early and late phases, 
mostly due to its high rates of EWL rather than thermal con-
straints. Conversely, the large size of L. macrosternum con-
ferred a greater capacity to retain body water, resulting in low 
and consistent seasonal water constraints, yet more variable 
thermal restrictions, particularly in the mid and late phases. 
Still, it exhibited the lowest overall activity restrictions across 
all periods compared to the other two species. Leptodactylus 
mystacinus, with its more southerly distribution (compared to 
the other two species), disproportionately faced the most sig-
nificant thermal restrictions due to the colder conditions at 
higher latitudes, especially during the late season when cooler 
temperatures predominate.

Restriction in activity was linked to CTmin for all three 
species and EWLtol for L. fuscus. This finding contrasts with 
most assessments linking activity restriction in ectotherms 
to increasing temperatures, particularly true for squamate 
reptiles (Sinervo  et  al. 2010, Kearney 2013, Sears  et  al. 
2016, Kearney  et  al. 2018), but also in some anuran spe-
cies (Enriquez–Urzelai et al. 2019, Lertzman-Lepofsky et al. 
2020). Indeed, the prevalent view is that tropical ectotherms 
operate at temperatures closer to their upper thermal tol-
erance and are more likely to be constrained by warmer 
temperatures. We argue that this view may be restricted to 
diurnal thermoregulator squamates, which have dominated 
studies on this theme. Our results, however, show that this 
is not a general rule, particularly in the case of nocturnally 
active anurans, with similar evidence in some other anuran 
species and salamanders (Beukema et al. 2021). None of the 
three Leptodactylus species we studied reached their upper 
thermal threshold for activity (CTmax). In fact, their Tb dis-
tribution during activity was below their optimal perfor-
mance temperature and upper thermal B80 limit (Supporting 
information). Thus, the only thermal restriction identified 
was caused by lower temperatures, especially during the late 
season and along the southern border of their distribution, 
characterized by colder habitats. Our findings do not oppose 
previous claims about the susceptibility of tropical species 
to climate change (Deutsch et al. 2008, Duarte et al. 2012, 
Scheffers et al. 2013, Simon et al. 2015). Instead, they high-
light the pervasiveness of the lower thermal bound for activity 
and suggest that overemphasizing upper thermal limits may 
provide an incomplete understanding of climatic constraints 
on anurans, particularly those with nocturnal behavior.

Our models assume continuous activity during the entire 
nighttime, and this assumption may have influenced some 
of the restriction outcomes just discussed. For example, 
most Leptodactylus frogs are more active during the first half 
of the night (Woolbright 1985, De-Carvalho  et  al. 2008, 
Bardier et al. 2014) coinciding with the warmest nighttime 

hours (Zina and Haddad 2005, Chaves et al. 2017, Henrique 
and Grant 2019). However, most of the predicted restrictions 
on activity associated with low temperature were identified 
by our simulations at the end of the night (Supporting infor-
mation). Thus, the impact of this particular restriction may 
not be as strong as estimated. Also, the pattern of nightly 
activity is likely to change across the different phases of the 
activity season and among the species. Unfortunately, a 
detailed behavioural assessment of the patterns of activity in 
Leptodactylus is not available, precluding us from refining the 
temporal resolution of our models to account for such poten-
tial effects.

Suitable regions have average conditions generally below 
the species’ Topt, and these lower temperatures also account for 
lower EWL rates, which might explain, at least partially, why 
the studied Leptodactylus frogs were less constrained by water 
in our models. The unfavorable surface-to-volume ratio of 
smaller species also leads to faster dehydration, which results 
in interspecific differences in the magnitude of such water 
constraints. The hydric-restricted regions for the smaller spe-
cies, L. fuscus and L. mystacinus, reflected this effect, even 
though these areas were thermally suitable for performance. 
We found these conditions to occur mainly in Brazil's central 
and northernmost regions, where drier conditions markedly 
reduced hydric suitability for L. mystacinus (Fig. 4E–G) and 
caused L. fuscus to lose body water to near lethal dehydra-
tion levels (Fig. 2D–F). Thermal conditions were generally 
most favorable during the early and mid-seasons, aligning 
with warmer months. In contrast, the late season exhibited 
reduced thermal suitability, primarily reflecting the transition 
from the hot–wet to the cold–dry season. The joint suitability 
of the small L. fuscus was primarily limited by its high hydric 
sensitivity, with thermal constraints becoming prominent in 
the early and late seasons. For the mid-sized L. mystacinus, 
thermal restrictions dominated its overall suitability due to 
its southerly distribution, with hydric restrictions playing a 
secondary but non-negligible role. In contrast, the large-sized 
L. macrosternum exhibits high joint suitability, facing mini-
mal hydric restrictions and only slight thermal constraints 
during the late season. As a whole, mid-season peaks in rain-
fall and warmth create near-optimal conditions for all spe-
cies, maximizing activity with lower hydric constraints, while 
the drier conditions of the early and late seasons, combined 
with colder temperatures in the latter, contribute to further 
restrictions for smaller species, especially at higher latitudes.

The hydric constraints identified in our study can be 
considered conservative, as the estimates were based on the 
maximum body water loss tolerance, which, although quite 
relevant from a functional perspective, might well surpass the 
voluntary tolerance limits for free-ranging frogs. Both maxi-
mum and voluntary dehydration are physiologically driven 
but represent different ends of the response spectrum to dehy-
dration stress. Under mechanistic assessments, the first might 
better reflect a resilience threshold for activity under extreme 
events (e.g. drier seasonal activity months and prolonged 
droughts). At the same time, the latter represents plastic 
behavioral strategies for avoiding dehydration under routine 
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conditions. Unfortunately, voluntary thresholds for dehydra-
tion remain undetermined for these and other Neotropical 
anurans, indicating the need for future studies to determine 
and incorporate them to refine hydric suitability estimates. 
Our results also emphasize the need to consider desiccation 
risks alongside upper thermal limits in diurnal ectotherms, 
as the interaction of higher temperatures and low humidity 
during peak daytime hours may further exacerbate bodily 
water losses, a potential limiting factor for diurnal activity 
(Kearney et al. 2018, Huang et al. 2020). This consideration 
extends to nocturnal ectotherms as well. For example, assess-
ing activity restrictions under climate warming based solely 
on temperature may initially benefit nocturnal species like 
Leptodactylus frogs by reducing CTmin constraints. However, 
the hydric sensitivity evaluated here suggests they could even-
tually face greater hydric challenges as warming intensifies, 
especially for smaller individuals.

Our results on thermal and hydric constraints indicate 
locations where frogs were forced to abandon surface activ-
ity due to heat or water stress, especially true in the drier 
central and colder southern regions (Fig. 2). Thus, they 
reflect locations where the buffering effect of shelter is par-
ticularly relevant in avoiding hydric and thermal extremes 
during activity. This conclusion aligns with the growing view 
of shelter as a key environmental component when assess-
ing amphibian responses to climate alterations (Sunday et al. 
2014, Burrow et al. 2023). The buffering potential of shelter 
is still dependent on the diel cycle of temperature, though, 
as sheltered frogs reached their CTmax during the daytime in 
a few warmer coastal areas (Supporting information). One 
simplifying aspect of our modeling approach was adopt-
ing a dichotomous behavioral response of either being sur-
face active or seeking underground shelter during the frogs' 
active period. However, this ignores possible shelter-related 
responses during their resting hours. Shelters represent 
exploitable water and thermal refugia that animals can uti-
lize. For example, they can facilitate occasional rehydration 
during activity (Rittenhouse  et  al. 2008) or offer thermo-
regulatory opportunities while resting (Oromí  et  al. 2010, 
Forget-Klein and Green 2021). Depending on the context, 
the former would maximize activity time and the latter would 
aid in heat stress avoidance during the warmest part of the 
day. Whether resting Leptodactylid frogs actively manage 
their Tb through the thermal properties of their burrowing 
system remains to be determined (Simioni et al. 2014), but 
adopting such an approach in species that do so certainly pro-
vides an opportunity for further improvement in estimating 
the overall costs of activity.

In summary, incorporating the thermal sensitivity of loco-
motor performance, dehydration tolerance, and the behav-
ioral possibility of shelter use into a mechanistic assessment 
provided novel insights into how the activity of Neotropical 
anurans may be constrained by temperature and water across 
their geographic range. Contrary to the prevalent view of 
Neotropical ectotherms, we found that thermal restric-
tions on activity were linked to low temperatures rather 
than excessively warm conditions. We also identified areas 

where hydric conditions restrained activity, yet this effect was 
minor and mediated by body size, with smaller species being 
more vulnerable than larger ones. Moreover, the larger activ-
ity restrictions in early and late season due to the seasonal 
modulation of thermal and hydric constraints, especially at 
higher latitudes, underscore the importance of considering 
potential regional effects on phenology when assessing ecto-
therms’ responses to climate variability. Our results highlight 
that restrictions in activity time may stem from constraints 
determined by different functional attributes, and that such 
constraints may vary among different species and along their 
geographic distribution.
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