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ARTICLE INFO ABSTRACT

Keywords: The effects of climate warming on phenological patterns and species distributions have been described for many
Amphibian species but understanding how changes in behavior and demography lead to these shifts is less understood. We
Capture-mark-recapture followed a population of the common frog, Eleutherodactylus coqui, as part of an in-situ field warming experiment
E:ZX;hRico (Tropical Responses to Altered Climate Experiment; TRACE), in a humid tropical forest using capture-mark-
Survival recapture methods. We assessed how growth, body size, and survival varied by warming treatment, sex, and
TRACE developmental stage of frogs. In warmed plots (+-4°C above ambient), adult female frogs grew faster but attained
Tropical a smaller body size than frogs in control plots, suggesting a fitness tradeoff. Growth rates of adult males and

juveniles did not vary between treatments, but body size was smaller in warmed plots. Survival rates did not
differ significantly between warmed and control plots for juveniles, females, or males. Our results suggest that
demographic responses to warming are complex and likely to vary between sexes and stages within a population.
We conclude that an increase of 4°C remains within the tolerable temperature range for E. coqui at lowland sites,
at least within the spatial and temporal scale of our experiment. However, this temperature increase brings this
frog population perilously close to its high temperature threshold, beyond which performance is likely to decline.
If this threshold is reached and the species is unable to acclimate or adapt, long-term persistence could be
threatened. For a common, generalist species like E. coqui, identifying this tipping point is crucial for under-
standing demographic consequences in Puerto Rico as well as for its invasive potential in locations where it has
been introduced.

et al., 2019; Gaston, 2010, 2011). As such, they warrant increased
attention when estimating the ecological consequences of climate

1. Introduction

Climate warming is driving widespread shifts in species distributions
across the globe (Taheri et al., 2021; Chen et al., 2011; Thomas, 2010;
Parmesan, 2006). However, before these large-scale changes in range
occur, individual behavior and population demographics change in
response to altered performance and fitness under new climatic condi-
tions (Parmesan, 2006). Detecting and understanding these early re-
sponses is critical for predicting and mitigating the impacts of climate
change on biodiversity (Urban et al., 2016), especially for endemic or
rare species with small geographic ranges. While disproportionate
attention is often given to rare species, common species with broad
distributions may play larger roles in ecosystem functioning (Avolio

change.

A fundamental pattern in ecology is that ecosystems are composed of
few extremely abundant species and many rare species (Gaston, 2010;
Whittaker, 1965). It is generally assumed that common species exert
greater evolutionary and ecological influence than rare species (Gaston,
2010). For instance, in terrestrial systems, common species are respon-
sible for the majority of nutrient turnover and compose more biomass
than rare species; therefore, their loss can dramatically disrupt
ecosystem structure, function, and services (Gaston and Fuller, 2008;
Grime, 2002). Common species often shape microevolution of species
they interact with such as the common narrowleaf cottonwood (Populus
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angustifolia) driving levels of tannin tolerance in aphids (Pemphigus
betae; Whitham et al., 2006) or the mussel (Mytilus californianus), a
common predator in intertidal zones, impacting microevolution of
limpet (Lottia pelta) shell shapes (Paine, 1966). Moreover, common
species are more likely to become successful invaders when introduced
outside of their native range (Colautti et al., 2014; Hui et al., 2011). It
follows that if common species are more tolerant of abiotic and biotic
change in comparison to rare species, they may be more likely to persist
when confronted with climate-related challenges. These patterns un-
derscore the importance of better understanding how common species
respond to anthropogenic change.

Species respond to climate change via a variety of demographic pa-
rameters including growth, survival, and recruitment (Chevin et al.,
2013). For instance, climate warming has led to altered seasonal activ-
ity (Anaxyrus fowleri; Green, 2017), reduced growth rates (Plethodon
cinereus; Munoz et al., 2016), and changes in body size (decreased:
Caruso et al., 2014 or increased: McCarthy et al., 2017 in P. cinereus).
Smaller body size has been linked to lower monthly survival and
reduced population growth rates in P. cinereus (Hernandez-Pacheco
et al., 2021). These findings suggest that climate warming is creating
ecological winners and losers (Somero, 2010). Some species, such as
Bechstein's bat (Myotis bechsteinii; Mundinger et al., 2022), thrive as
warming accelerates growth, enabling earlier reproduction at a younger
age and higher lifetime reproductive output. This response could result
in a species that becomes more dominant in their native ecosystem and
plays a larger ecological role. In contrast, other species lose with climate
warming as temperature alters breeding phenology (American pika
(Ochotona princeps; Johnston et al., 2019)) or causes reduced survival as
temperatures exceed physiological limits and decrease competitive
ability (Arctic fox (Vulpes lagopus) relative to the red fox (Vulpes vulpes);
Elmhagen et al., 2017; Hersteinsson and Macdonald, 1992). Tropical
ectotherms are predicted to generally have narrower thermal tolerances
compared to species at cooler latitudes (Deutsch et al., 2008). To better
predict these outcomes as our climate warms, it is crucial to understand
short-term changes in amphibian growth and survival. The common
frog, Eleutherodactylus coqui, is native to Puerto Rico and a successful
invader in Hawaii (Beard et al., 2009), Costa Rica (Barrantes-Madriga
et al, 2019), and the U.S. Virgin Islands (Waddle et al., 2006;
MacLean, 1982). It is a fully terrestrial, direct-developing species that is
abundant and widely distributed in Puerto Rico (Stewart and
Woolbright, 1996), making it an ideal candidate to study how climate
warming affects population dynamics.

Widespread warming and drying are expected across the eastern
Caribbean, including Puerto Rico (Bhardwaj et al., 2018; Chadwick,
2017). The study of how warming affects tropical forest species using
in situ experiments has so far been limited to short-term warming of
individual trees or leaves (Brazil; Doughty, 2011; Australia; Crous et al.,
2023) or warming of soil (Soil Warming Experiment in Lowland Tropical
Rainforest (SWELTR) in Panama; McFarlane et al., 2024). The Tropical
Responses to Altered Climate Experiment (TRACE; Kimball et al., 2018)
in Puerto Rico is the only long-term experiment in the tropics using a
design that actively warms the above-ground vegetation (+4°C warm-
ing; (conservative estimate of projected increase based on Khalyani
et al., 2016)). Opportunities to conduct long-term studies on tropical
amphibians are rare in general and the TRACE plots offer a unique op-
portunity to follow how the common frog E. coqui responds to elevated
surface temperatures in situ. Using capture-mark-recapture methods, we
assessed whether growth, survival, and body size of frogs differed be-
tween warmed and control plots, and if any effects differed by sex or
developmental stage. We hypothesized that increased evaporative water
loss, caused by warmer temperatures and drier conditions (Tracy et al.,
2008), would reduce frog growth, survival, and body size relative to
frogs in unheated control plots (Deutsch et al., 2008). However,
reduction in these demographic rates depends on how individuals
respond to the +4°C increase; for instance, growth rate should increase
with temperature up to an upper thermal maximum, beyond which
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growth should decline (Huey and Kingsolver, 2019). Specifically, when
temperatures are below this upper threshold, we expect digestion effi-
ciency to be high, and as long as food demands are met, accelerated
growth should occur. Above this threshold, we expected physiological
stress from increased evaporative water loss and reduced foraging or
digestive efficiency to suppress growth (Huey and Kingsolver, 2019). We
also predicted smaller average body size in warmed plots, consistent
with previous findings (Hernandez-Pacheco et al., 2021; Caruso et al.,
2014; Bergmann, 1847), and lower survival due to increased desicca-
tion risk.

2. Materials and methods
2.1. Study species

The frog Eleutherodactylus coqui occurs throughout Puerto Rico at
low and high elevations, in wet and dry forests, as well as human-
dominated areas (Joglar, 1998). It reaches population densities
ranging from 988 to 11,440 adult frogs/ha, with a maximum of 24,800
individuals/ha if juveniles are included (Stewart and Woolbright, 1996).
It is expected to play significant ecological roles within the tropical
forest food web (Beard and Pitt, 2005; Beard et al., 2003). Although
native to Puerto Rico, E. coqui is an introduced species in Hawaii, where
it is particularly bothersome and considerable efforts have been un-
dertaken to reduce its population size, which can be as high as 91,000
frogs/ha (Beard et al., 2008, 2009; Campbell and Kraus, 2002). It was
also introduced in Florida (Austin and Schwartz, 1975), Louisiana
(Dundee, 1991), Guam (Christy et al., 2007), and the Dominican Re-
public (Joglar and Rios, 1998) but populations never established (IUCN,
2021). The IUCN Redlist category for E. coqui is Least Concern, with its
population listed as increasing (IUCN, 2021). In Puerto Rico, population
declines of highland coqui frogs (E. coqui and congeners) have been
attributed to extensive dry periods and their interaction with chytrid
fungal infection (Longo and Burrowes, 2010; Burrowes et al., 2004),
which are both direct and indirect consequences of climate change.
Eleutherodactylus coqui is well-suited for capture-mark-recapture studies
because it is highly philopatric and has a very small home range size of
approximately 2 m in diameter (Joglar, 1998; Woolbright, 1985). It is
also the most commonly encountered amphibian in the study area and is
active year-round.

2.2. Study area

Six plots (each 12 m? in area) were established in the Luquillo
Experimental Forest (LEF) in northeastern Puerto Rico (18.32465° N,
65.73058° W; 100 m in elevation) in 2015 and artificial warming was
initiated in September 2016 (see Kimball et al., 2018 for details on
experiment installation). The plots are in a secondary subtropical wet
forest (Holdridge, 1967), which has regenerated from pasture in the
1950s (Kimball et al., 2018). The region experiences a regular distur-
bance regime including hurricanes, droughts, and landslides
(Zimmerman et al., 2021), along with the more novel disturbance of
climate warming (Reed et al., 2020). In September 2017, Hurricanes
Irma and Maria passed over the island of Puerto Rico, severely affecting
forest structure at this site. Mean annual temperature is 24°C and mean
annual precipitation is 3500 mm per year (Garcia-Martino et al., 1996).
The forest is aseasonal with no month receiving less than 200 mm of
rainfall; however, there are wetter conditions typically from April to
January and a drier period that commonly occurs in February and
March. A meteorological station run by the United States Department of
Agriculture Forest Service Sabana Field Research Station located near
the TRACE plots maintains temperature and precipitation records
(Gonzalez et al., 2021).

Each plot consists of a hexagonal array of six aluminum poles spaced
approximately 2.3 m apart, with neighboring plots located a minimum
of 10 m apart. Heating in three plots (temperature treatment plots) is via
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infrared heaters set to 4°C above ambient temperatures of the average
understory vegetation temperature (measured continuously by infrared
thermometers) in the three unheated control plots (Kimball et al., 2018).
The infrared heaters (Model Raymax 1010, Watlow Electric
Manufacturing Co., St. Louise, MO, 480 V) function via T-FACE (tem-
perature free-air controlled enhancement) by warming the surfaces of
vegetation which in turn warms the air due to re-radiation of heat from
the vegetation (Kimball et al., 2008). Calibration and maintenance plans
are described thoroughly in Kimball et al. (2018). Uniformity of
warming is affected by the distribution of live vegetation and plot slope,
yet surface soil temperatures (0-10 cm) showed little variation within
TRACE control plots (23.1 + 0.06 (mean + SE) or heated plots
(26.4 £ 0.32) during an initial six-month testing period (Kimball et al.,
2018). The nocturnal habitat of E. coqui includes tree trunks, branches,
epiphytes, and leaves at heights between 0.5 and 3.0 m in the forest
understory (Stewart and Woolbright, 1996), so the warmed surfaces are
expected to include many microhabitats utilized by frogs. We compared
the mean temperature in control and warmed experimental plots
measured using infrared radiometers (Apogee IRT sensors) for each hour
of the day from 1 September 2018 to 31 January 2020 to the critical
thermal maximum of E. coqui (35.39 — 36.72°C; high to low elevation
populations respectively (Delgado-Suazo and Burrowes, 2022).

2.3. Data collection

Between September 2018 and July 2019, we sampled the six plots for
frogs twice a month, with additional single samples in August and
October 2019 and three in January 2020, for a total of 26 sampling
events. Two observers used time-constrained (15 min) visual encounter
methods to search for frogs by walking between the poles on the exterior
of each plot between 19:00 and 21:00. One person focused on the
interior of the plot, while the other focused on searching up to 0.5 m
outside the hexagonal plot. When we encountered a frog, we confirmed
that it was E. coqui and then placed it in an individual plastic bag,
recording the location it was found (nearest pole and inside or outside)
and whether it was vocalizing on the bag. After all plots were sampled
for frogs, we returned to the lab at the Sabana Field Station (less than
100 m away from the plots) to complete measurements and marking the
same night and following day. At all times, frogs were housed in indi-
vidual plastic bags and handled as little as possible. We identified
whether each frog was a recapture or new individual by checking all
limbs for visible implant elastomer (VIE) marks. New individuals were
given unique VIE marks in up to four locations near each limb (Grant,
2008; Bailey, 2004). Next, we measured body size (snout-to-vent
length; SVL) to the nearest 1 mm and determined the sex of adults. Male
sex was confirmed by the presence of a vocal sac or if they were
vocalizing when captured. We assigned all frogs equal or smaller than
24 mm SVL as juveniles, according to size and stage classes used by
Fogarty and Vilella (2002). We returned frogs to the location where they
were captured, generally the following day, after measuring and
marking was complete.

2.4. Survival analyses

We estimated the effects of experimental warming on frog survival
using a Cormack-Jolly-Seber (CJS) model (Cormack, 1989; Jolly, 1965;
Seber, 1965) with the package marked (Laake et al., 2013). All sampling
events were separated by a minimum of 9 days, except the final three
(January 3, 4, and 8) which we combined into a single event for this
analysis. We fit the CJS model using maximum likelihood to estimate
apparent survival (@), the probability of an individual frog surviving to
the next month and not permanently emigrating, and detection proba-
bility (p), the probability of a frog being captured during a capture event.
Besides the effect of the warming treatment, we predicted that frog
survival and detection probability differed between demographic groups
(adult males, adult females, and juveniles; group hereafter). We fit a
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model where ® varied with treatment, group, and the interaction be-
tween treatment and group. We estimated effects on p from treatment,
group, and the interaction between treatment and group. There were
insufficient numbers of captures to estimate the effects of plot on ® and
p. We tested the goodness-of-fit using the overall test for each de-
mographic group separately (juveniles, females, males) in the R2ucare
package (Gimenez et al., 2018).

2.5. Growth analyses

We used growth intervals to test how experimental warming affected
frog growth rates. We used within-year growth rates because growth
over long periods is non-linear as animals increase in size towards an
approximate asymptote (Von Bertalanffy, 1957). For each frog captured
more than once within a year, we fit a linear regression with SVL as the
response variable and date as the predictor variable. We only included
captures separated by at least 20 days because that is the interval
required to detect growth at an average growth rate of 0.05 mm/day
with measurements precise to 1 mm (i.e., 0.05 mm/day x 20 = 1 mm).
We then used the slope estimates (growth rates; mm/day) as the
response variable in a linear mixed-effects model fit with treatment,
group, and the interaction between treatment and group as independent
variables. We included random intercept effects of frog identity and
year. We fit the linear mixed-effects model with the Ime4 package (Bates
et al., 2018) and tested the main effects with type-3 F-tests.

2.6. Body size analyses

We compared body size between frogs in warmed and control plots
using a linear mixed-effects model. We used SVL as the response vari-
able, and treatment, group, and the interaction between treatment and
group as fixed effects. We included random intercept effects of frog
identity and year.

3. Results
3.1. General

We captured and marked 604 frogs in 963 captures (222 captures of
females, 475 captures of males, 266 captures of juveniles) between 18
September 2018 and 8 January 2020. Individual frogs were captured 1-9
times (mean = 1.6 captures per frog) and 436 frogs were never recap-
tured (recapture rate of 27.8 %). An average of 37 + 2 frogs were
captured in each of the 26 sampling days (range 17-53). Frogs ranged in
SVL from 8 to 44 mm.

Mean daily air temperature fluctuated between 25°C and 34°C in the
warmed plots and 20°C and 29°C in the control plots (Fig. 1). As planned
with the experimental design, temperatures in the warmed plots were 4-
5°C higher than temperatures in the control plots.

3.2. Survival analyses

The overall R2ucare tests did not find significant evidence for lack of
goodness-of-fit in juveniles (42 = 5.21, df = 12, P = 0.95), females
(4% =36.79, df = 63, P = 0.99), or males (2 = 87.11, df = 82, P = 0.33)
for our Cormack-Jolly-Seber model. The model estimates of apparent
monthly survival (mean + 1 SE; Table 1) did not differ between warmed
(juveniles: 0.53 £+ 0.19, 95 % CI: 0.20 — 0.84; females: 0.84 + 0.04, 95 %
CIL: 0.74 — 0.90; males: 0.88 + 0.02, 95 % CI: 0.84 — 0.92) and control
plots (juveniles: 0.62 + 0.13, 95 % CIL: 0.36 — 0.83; females: 0.87 + 0.04,
95 % CI: 0.75 - 0.93; males: 0.88 + 0.02, 95 % CI: 0.83 - 0.92; Fig. 2).
There was some evidence of differences in survival between juveniles,
adult females, and adult males (Fig. 2) but estimates of monthly survival
for all groups overlapped in 95 % confidence intervals. Detection
probability of females was slightly higher in warmed plots (0.09 + 0.02,
95 % CI: 0.06 — 0.13) than in control plots (0.06 £+ 0.01, 95 % CI: 0.04 —
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Fig. 1. The mean temperature in each of the three control and three warmed
experimental plots in Puerto Rico measured using infrared radiometers for each
hour of the day from 1 September 2018 to 31 January 2020. Points represent
mean values and vertical lines are 95 % confidence intervals around the means.
The dashed horizontal lines are estimates of critical thermal maximum for
Eleutherodactylus coqui at high and low elevations.

Table 1

Model coefficients, standard error (SE) and 95 % confidence estimates of
apparent monthly survival (®) and detection probability (p) for Eleutherodactylus
coqui (n = 604 individuals marked and 963 captures) from six plots (3 control
plots, 3 warmed plots) in Puerto Rico. Model estimates are on the logit scale.

Parameter Coefficient SE Lower Upper
Dintercept (female) 1.87 0.39 1.11 2.62
Dwarmed Treatment —0.23 0.50 -1.20 0.74
Djyvenile -1.37 0.67 —2.69 —0.05
Dpale 0.12 0.44 -0.75 0.99
Dwarmed Treatment:juvenile —-0.15 1.07 —-2.25 1.95
Dwarmed Treatment:male 0.25 0.57 -0.87 1.38
Pintercept (female) —2.72 0.24 -3.19 —2.25
Pwarmed Treatment 0.40 0.33 —0.25 1.05
Pjuvenile —0.84 0.60 —2.02 0.33
Pwmale 0.89 0.27 0.36 1.43
Pwarmed Treatment:juvenile —-1.05 1.01 —3.04 0.94

—-0.25 0.37 —-0.98 0.49

Pwarmed Treatment:male

—

—

Monthly survival estimate
o °
(4] ~
o o

(>4
IS
a

0.00 1

juvenile juvenile female female male male
control warmed control warmed control warmed

Group

Fig. 2. Estimated apparent monthly survival (points) and 95 % confidence
intervals (vertical lines) for Eleutherodactylus coqui in control (green) and 4°C
warmed (orange) plots for juveniles, adult females, and adult males. Each point
represents an estimate from three plots.

0.10). Conversely, detection probability was similar in warmed and
control plots for juveniles (warmed: 0.01 £ 0.01, 95 % CI: 0.003 — 0.06;
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control: 0.03 + 0.01, 95 % CI: 0.01 — 0.08) and males (warmed:
0.16 4 0.02, 95 % CI: 0.13 — 0.19; control: 0.14 + 0.02, 95 % CI: 0.11 —
0.17).

3.3. Growth rates

Frog growth rates were higher in warmed plots (juveniles:
0.04 + 0.02 mm/day, 95 % CI: 0.03 — 0.05 mm/day, n = 7, females:
0.06 + 0.01 mm/day, 95 % CI: 0.04 — 0.08 mm/day, n = 10, males:
0.01 + 0.003 mm/day, 95 % CIL: 0.002 — 0.02 mm/day, n = 54) than in
control plots (juveniles: 0.04 + 0.01 mm/day, 95 % CI: 0.01 — 0.07 mm/
day, n = 5, females: 0.01 £+ 0.01 mm/day, 95 % CI: —0.01 — 0.03 mm/
day, n = 14, males: —0.004 + 0.005 mm/day, 95 % CI: —0.01 —
0.005 mm/day, n = 43; Fy, 125 = 16.42, P < 0.001; Fig. 3). The mean
growth rate of males in control plots was negative but overlapped zero;
any negative growth examples in our study likely represent measure-
ment error rather than shrinking. Demographic groups had different
growth rates (Fo, 120 = 5.03, P = 0.008), with the lowest rate for males
and highest rate for females. Additionally, there was evidence of an
interaction between treatment and group (Fgi122 = 4.48, P = 0.01),
indicating that juvenile growth rates did not differ between treatments,
the difference for males was weak, and female growth rates were higher
in warmed than in control plots (Fig. 3).

3.4. Body size

Frogs differed in SVL based on demographic group (Fz, 719 = 673.34,
P < 1074, treatment (Fq, 757 = 11.99, P = 0.0006), and the interaction
between treatment and group (Fo, 777 = 12.61, P < 10*4; Fig. 4). Ju-
veniles were larger in the warmed plots (16.7 + 0.4 mm, 95 % CIL: 16.1 -
17.5 mm, n = 149) than in control plots (15.2 + 0.4 mm, 95 % CI: 14.4 -
16.0 mm, n = 117), with a similar pattern in adult males (warmed plots:
30.9 + 0.1 mm, 95 % CI: 30.6 — 31.1 mm, n = 270; control plots:
30.3 + 0.1 mm, 95 % CI: 30.0 — 30.6 mm, n = 205). However, females in
control plots (32.8 + 0.4 mm, 95 % CL: 31.9 — 33.7 mm, n = 121) were
larger than females in warmed plots (31.0 + 0.4 mm, 95 % CIL: 30.2 —
31.9 mm, n = 101).

4. Discussion

Our study examined how survival, growth, and body size of a com-
mon frog species responded to artificial climate warming in a tropical
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Fig. 3. Within-year growth rates (mm/day; hollow points), group means (solid
points), and 95 % confidence intervals (vertical lines) for Eleutherodactylus coqui
in control (green) and 4°C warmed (orange) plots. Each hollow point represents
a frog's growth rate within one year and frogs were from 6 different plots (3
control plots and 3 warmed plots). Asterisks indicate pairwise differences from
the linear mixed-effects model that do not overlap zero.
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Fig. 4. Snout-vent length (mm; hollow points), group means (solid points), and
95 % confidence intervals (vertical lines) for Eleutherodactylus coqui in control
(green) and 4°C warmed (orange) plots. Each hollow point represents a mea-
surement of a frog's length and frogs were from 6 different plots (3 control plots
and 3 warmed plots). Asterisks indicate pairwise differences from the linear
mixed-effects model that do not overlap zero.

lowland forest. Frog responses varied by sex and stage, suggesting that
the effects of warming are complex and difficult to generalize. We found
no difference in frog survival between control and warmed plots. Female
growth rates were higher in warmed plots in comparison to those in
control plots, but their body size was smaller, suggesting that female
fitness may be compromised by warming at this level. Larger females
produce larger clutch sizes (Woolbright, 1989), and thus this effect may
result in population declines over time. Identifying physiological and
behavioral mechanisms altered by climate warming will allow better
predictive modeling of eventual outcomes for species under expectations
of continued and future global warming (Neel et al., 2021; Urban et al.,
2016). Our findings have important implications for understanding the
response of this common species to climate warming in its native range
as well as understanding its invasive potential in locations where it is
introduced.

Eleutherodactylus coqui are capable of acclimation to different ele-
vational temperatures (Marchetti et al., 2023), so the lack of observed
effects of warming on survival may be attributed to rapid local accli-
mation, although not directly measured with physiological markers in
this study. Furthermore, at low elevation sites in Puerto Rico, E. coqui
had a higher average critical thermal maximum (36.72°C) than those
from high elevation sites (35.39°C), suggesting adaptation to recent
climate warming (Delgado-Suazo and Burrowes, 2022) or local adap-
tation to elevation. Together these studies indicate that E. coqui exhibit
phenotypic plasticity in response to variation in temperature and
adaptation at the local scale. Alternatively, a survival response may be
observed if our recapture rate (28 %) was higher. Natural mortality rates
of E. coqui are high, with approximately 94 % of adults not surviving an
entire year (Stewart and Woolbright, 1996). To improve the estimation
of survival rates of E. coqui, future studies should consider sampling
populations more frequently.

Frogs in warmed plots likely experienced temperature stress and
reduced performance during the hottest hours of the day since maximum
mean daily temperatures in warmed plots (34°C) approached the esti-
mated critical thermal maximum (CTmax) values. In experimental lab
settings, the jumping performance of E. coqui declined at temperatures
above 26.7°C (Delgado-Suazo and Burrowes, 2022) and with dehydra-
tion (Rogowitz et al., 1999). Given that the mean temperature in
warmed plots was above 25°C each hour of the day during the study, we
expect that some reduction in individual performance was occurring.
Some amphibian species are capable of adjusting cutaneous resistance,
via skin secretions, to reduce evaporative water loss, allowing body
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temperature cooling at high air temperatures and ability to avoid
reaching CTmax (Tracy et al., 2008). Experimental evidence suggests
that E. coqui is not capable of adjusting cutaneous resistance and instead
is likely to use behavioral mechanisms to maintain water balance
(Rogowitz et al., 1999). Amphibians are capable of using behavior to
mediate potential negative effects of climate warming (Matlaga et al.,
2021; Farallo et al., 2018; Stevenson, 1985; Bogert, 1949) and this
response may mask larger differences in performance of frogs in our
study between warmed and control plots. In warmed plots, frogs can
move away from the heaters on hot days to find a thermal refuge under
vegetation or just outside of the plot. In a temperature selection exper-
iment, the median temperature selected by low elevation E. coqui was
26.3°C (range 20°-33.3°C; Delgado-Suazo and Burrowes, 2022). In
natural settings, E. coqui seek hydrated retreat locations and assume
body positions that conserve water (Pough et al., 1983), yet they are also
highly philopatric (home range size of 2 m in diameter) and territorial
(Joglar, 1998; Woolbright, 1985; Stewart and Pough, 1983), indicating
that individuals will not move far to escape heat. In addition, by the time
a frog starts to experience physiological stress from heat, it may be too
late to act without risking further physiological stress by moving during
the day, when they are typically inactive. Frogs are more active in
warmed plots and may increase movements to encounter prey items in
order to meet dietary needs due to higher metabolic rates (Matlaga et al.,
2021). However, increased activity could be indicative of a maladaptive
response or an ecological trap (Wrensford et al., 2025; Beever et al.,
2017) since moving more often or longer distances likely also in-
creases exposure to heat or predators. A reduction in performance may
be realized as reduced ability to evade a predator or altered 24-h
phenology patterns, such as a reduced number of active hours each
day. Additional field studies comparing daily phenology, use of micro-
habitat refuges, and activity rates in control and warmed plots would
illuminate how frogs use behavior to thermoregulate.

The growth rate of female frogs was up to six times higher in warmed
compared to control plots, indicating that a 4°C increase is accelerating
growth, yet still within the range of physiological tolerance for E. coqui.
The difference in growth between sexes was expected, as previous
research showed that adult females grow faster than adult males at all
body sizes, fitting the trend across most amphibians (Woolbright, 1983;
Shine, 1979), with Coqui males essentially ceasing growth after repro-
ductive size is reached (Woolbright, 1989). In control plots, frog growth
in both sexes was similar to estimates in Hawaii (females in this study
0.01 mm/day, n = 14, females in Hawaii 0.0097 mm/day, n = 11, males
in this study —0.004 mm/day, n = 54, males in Hawaii 0.0077 mm/day,
n = 90 (Beard et al., 2008)). Increased growth rates in warmed condi-
tions is consistent with results reported for over 80 % of ectotherms
(Verberk et al., 2021; Atkinson, 1994), including numerous amphibians
(Zhu et al., 2023; Blaustein et al., 2010; Browne and Edwards, 2003), as
well as alpine grassland plants (Wang et al., 2020) and soil microbes
(Jansson and Hofmockel, 2020). A positive growth response agrees with
our hypothesis that growth will increase if temperatures experienced by
an organism are within their optimal temperature range (Huey and
Kingsolver, 2019; Ohlberger, 2013). Therefore, faster growth specif-
ically for the female sex may be explained by a combination of the
species-specific trend that males stop growing after reaching reproduc-
tive size (Woolbright, 1989) and the positive influence of warmer tem-
perature in the warmed plots.

Increased growth and developmental rates are expected to lead to
reduced average adult body size at age via the temperature-size rule
(Atkinson, 1994; Berrigan and Charnov, 1994). In the TRACE plots, ju-
venile body size was 9 % larger and male body size was 2 % larger in
warmed plots, but this size difference was reversed for females, with a
5 % reduction in warmed plots compared to control plots. Larger body
size in warmed plots is unexpected as the general size pattern in Puerto
Rico is smaller frogs in lowland (warmer) compared to highland (cooler)
sites (Delgado-Suazo and Burrowes, 2022). The trends we observed in
growth and size can be attributed to a strategy of increased investment
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in growth to rapidly attain a critical size needed for reproduction. In
warmed plots, temperature cues may suggest a mortality risk, resulting
in faster growth to reach reproductive size more rapidly according to the
terminal investment hypothesis (Duffield et al., 2017; Clutton-Brock,
1984). This response may be more drastic for females which need to
attain a larger minimum size than males before reproductive maturity
(Woolbright, 1989). Females attain a body size that is 29 % larger than
that of males and this sexual dimorphism is attributed to the increased
energetic costs of reproductive behavior, especially vocalizing, for males
(Woolbright, 1989). At adulthood, females may continue investment in
growth initially to increase body size and hence clutch size (Woolbright,
1989) but then switch to greater investment in egg production, leading
to reduced average body size in warmed plots compared to control plots.
Trade-offs between growth and reproduction should lead to greater
lifetime reproductive output (Williams et al., 1968) and are an avenue
for further study in climate warming research.

The temperature-growth rate relationship may be stronger for
aquatic than for terrestrial species (Forster et al., 2012) and is hard to
generalize across different species, as it is in part dependent on how
species control water loss. Direct-developing, terrestrial frogs, such as
E. coqui, are particularly susceptible to desiccation (Delgado-Suazo and
Burrowes, 2022; Tracy, 1975) and are completely dependent on mois-
ture in the forest environment. Increased temperatures typically corre-
late strongly with decreased environmental moisture, so it is important
to study the effects of both simultaneously, as in the TRACE experi-
mental plots. Our study demonstrates that a generalized pattern of
increased negative consequences of climate warming for tropical ecto-
therms (Deutsch et al., 2008) does not apply to E. coqui within the spatial
and temporal scale of our experiment.

Bioenergetic models suggest that climate warming could lead to
metabolic meltdown, where ectotherms have reduced growth rates
caused in part by a reduction in optimal foraging time because of sub-
optimal temperatures (Huey and Kingsolver, 2019). The temperatures at
which this meltdown occurs depends on species-specific physiological
constraints, food availability, and food intake (Koskela et al., 1997). If
species such as E. coqui exhibit flexibility in tolerance to temperature,
then we could expect growth rates to increase until a tipping point at
which the temperature becomes physiologically intolerable. There are
numerous examples of species that have hit metabolic meltdown, such
as the damselfly Coenagrion puella, which has reduced growth and sur-
vival rates under warming (Tiiziin and Stoks, 2021). Other species avoid
meltdown by changing phenological patterns, such as Atlantic bluefin
tuna (Thunnus thynnus) which now spawn earlier to match larval growth
with optimal prey populations and temperatures (Fiksen and Reglero,
2022). Our results suggest that although E. coqui in the warmed plots
may not have met metabolic meltdown with a 4°C increase in temper-
ature, this thermal regime puts them perilously near the edge of their
tolerance. Furthermore, our findings offer additional evidence of the
potential for E. coqui to exhibit behavioral and physiological plasticity
and exploit a novel environment. The species’ plasticity highlights the
difficulty in identifying effective control measures in places where it is
invasive, similar to findings by Beard et al. (2008) and Marchetti et al.
(2023).

5. Conclusion

Our study examined how survival, growth rates, and body size of
E. coqui respond to experimental warming in a tropical forest, providing
insight into demographic responses of a common terrestrial ectotherm to
climate change. While the inferences from some analyses may have been
constrained by moderate recapture rates and limited sample sizes for
specific demographic groups, these values are typical for amphibians
and remain informative for detecting treatment effects. Importantly, the
TRACE experiment offers a rare opportunity to evaluate complex
warming responses in situ, where behavioral mechanisms that mediate
physiological stress are preserved. Because vegetative recovery from
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Hurricane Maria coincided with experimental warming, our results also
reflect the co-occurring disturbances that characterize contemporary
tropical forests, underscoring the importance of long-term studies to
determine if the trends described here persist.

To our knowledge, this is the first report of accelerated growth for
female frogs in warmed conditions in an in-situ field experiment. Such
sex-specific demographic responses are often unmeasured and over-
looked until population-level changes become evident. Faster female
growth has potential consequences for long-term population dynamics,
including reduced age at maturity (Ohlberger, 2013; Atkinson, 1994),
and reduced lifetime fertility because of smaller female body size. The
divergent responses we observed among sexes and life stages for de-
mographic measures highlight the complexity of species responses to
climate warming. For populations living near the upper edge of their
thermal performance curve, long-term outcomes may include shifts in
phenology or geographic range, or reduced survival if physiological
thresholds are exceeded.

As a common and widely distributed species, E. coqui has the ca-
pacity to disrupt ecological functioning if warming temperatures extend
beyond tolerable limits. Because this study focused on a lowland pop-
ulation, future work should examine responses across elevational gra-
dients to better capture the species’ full thermal niche. Moreover,
demographic responses of a focal species are also influenced by in-
teractions with predators, competitors, and prey, rather than tempera-
ture alone (Ohlberger, 2013; Vasseur and McCann, 2005). We encourage
future studies to assess warming effects on multiple interacting species
over extended time periods, integrating demographic, behavioral, and
physiological mechanisms to improve predictions of ecological re-
sponses to climate warming.
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