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Abstract

Extreme climatic events, such as hurricanes, droughts, and floods, have been implicated
in altering various phenotypic traits in affected populations. The 2015 El Nifio cycle led
to one of the driest wet seasons recorded throughout parts of Central America. We exam-
ined the effects of this climatic event on sexual and natural selection using behavioral and
morphological data from tangara frogs (Engystomops pustulosus) collected before, dur-
ing, and after this event. In a species renowned for robust female mating preferences, we
found a cross-generational reduction and loss of female mate preferences for certain male
advertisement call properties following this event. We identified reductions in body length
and simultaneous increases in condition during the climatic event. Reduced availability
and permanence of aquatic breeding sites may explain these behavioral and morphological
changes. Mate choice preferences reverted rapidly, while the restoration of body length
was sex dependent following this period of drastically reduced precipitation. These find-
ings highlight immediate and lingering effects of single climatic events and demonstrate
the ability of climatic events to disrupt established mate preferences. As climate change
increases the frequency and severity of extreme events, monitoring behavioral and mor-
phological phenotypes will be imperative to fully understand the consequences of these
events on animal populations.
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Introduction

Climate change has increasingly been shown to have wide-ranging effects on organisms,
including altering range distributions of populations (Chen et al. 2011) and impacting indi-
vidual physiology, morphology, and behavior (Sheridan and Bickford 2011; Calabrese and
Pfennig 2023). In addition to the general trend of warmer global temperatures, climate
change has increased the variability of climate and weather patterns, a phenomenon most
noticeable with the increase in the frequency and severity of extreme climate events (ECEs)
(Jentsch et al. 2007; van de Pol et al. 2017) such as particularly strong hurricanes and mon-
soons, abnormally cold temperatures, heat waves, and droughts.

Similar to effects of gradually warming temperatures, single ECEs can influence animal
populations (Parmesan et al. 2000; Easterling et al. 2000; Coulson et al. 2001) as well as
ecosystem assemblages (Brawn et al. 2017; Ummenhofer and Meehl 2017). Climatic events
have been associated with changes at various levels of organization. At a population level,
ECEs have been implicated with reduced nesting success in birds (Van De Pol et al. 2010)
and increased mortality in sheep (Coulson et al. 2001). Additionally, rapid changes in mor-
phological phenotypes at the individual level have been documented in populations that
have experienced ECEs (Grant and Grant 2014; Campbell-Staton et al. 2017; Donihue et
al. 2018). Knowledge of the effects of ECEs on animal populations is still limited, however,
and this is especially true of behavioral phenotypes.

Between 2015 and 2016, Panama experienced a historically significant El Nifio Southern
Oscillation (ENSO) (Kogan and Guo 2017), a major meteorological force shaping weather
patterns throughout the Americas, causing hurricanes and torrential rainfall in certain
regions, as well as drought and reduced rainfall in others (Neelin et al. 2003). In Panama,
El Nifio years are associated with reduced rainfall. While ENSO events happen relatively
frequently in Central America, this specific ENSO event resulted in one of the lowest levels
of precipitation on record, particularly during the normal wet season in 2015 (Bretfeld et al.
2018; Paton 2019).

We investigated the effects of this single ECE on behavioral and morphological traits in
the tingara frog (Engystomops pustulosus), a locally abundant species that is a model for
sexual selection and sexual signal evolution. Specifically, we examined female mate choice,
as this behavior has significant ecological and evolutionary consequences, including dic-
tating the reproductive success of males and influencing signal evolution, phenotypic and
genetic diversity, and speciation (Ryan 1985; Seehausen et al. 2008; Rosenthal 2017). Addi-
tionally, we leveraged long-term mate choice data in this species to compare yearly female
mate choice across historical averages (Ryan 1985; Ryan et al. 2019). Although females in
this species demonstrate highly repeatable and robust preferences for male signals (Ryan
and Rand 2003; Gridi-Papp et al. 2006; Ryan et al. 2019; Taylor et al. 2021), previous data
suggests that female preferences may shift in response to an El Nifio event (Ryan et al.
2019). We therefore expected that female mate choice would be altered in response to the
2015-2016 El Nifio event (Table 1).

We also measured body size and condition as these morphological traits are known to be
influenced by environmental conditions (Gardner et al. 2011). Both of these morphological
traits have significant consequences on survivorship and reproductive fitness (Ryan 1985;
Smit et al. 2019). We anticipated that both males and females would be negatively impacted
by drier conditions during the 2015 El Nifio event (Brodeur et al. 2012; Walls et al. 2013;
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Table 1 Background, predictions, results, and implications for the tingara population after an extreme
climatic event focusing on the two focal traits
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Rollins-Smith and Le Sage 2023), resulting in smaller individuals with lower body condi-
tion (Table 1).

Materials and methods
General methods and study species

All behavioral and morphological data were collected in or around Gamboa, Panama. Here
we define data collected before 2015 as “pre-El Nifio”, data collected in 2015 as “during El
Nifio”, and data collected after 2015 as “post-El Nifio”. Morphological data were collected
in June-August between 2013 and 2017. For behavioral data, we integrated previously pub-
lished data (see below for details) with data we collected in June-August 2016 and 2017.
The tingara frog is found throughout Central America. Like many frog species, male
tungara frogs form leks in highly ephemeral pools of water at night and produce repro-
ductive advertisement calls. Tungara frogs rely exclusively on these ephemeral ponds for
breeding activity, as males must be in water to successfully call and water is required for
egg deposition. Due to the reliance on these water bodies, breeding activity occurs dur-
ing the wet season (typically between April-December in Panama). These ephemeral ponds
likely reduce predation risks from macro-invertebrates and fish. Adults likely breed in only
a single season, as genetic data (Hunter, unpublished data) and mark recapture data (Ryan
1985) suggest that most frogs do not live more than one year. The male advertisement call
consists of two components: a “whine” that sweeps from a higher to lower frequency, and
a harmonically rich “chuck” (Fig. S1). Males always produce a whine (simple call) and
can voluntarily append one or more chucks to the end of the whine, creating a complex
call. Complex calls are five times more attractive to females (Gridi-Papp et al. 2006; Ryan
et al. 2019). In addition, calls with lower frequency whines, longer duration whines, and
higher amplitude chucks are more attractive (Ryan 1985). Female preference for specific
calls, based on combinations of the previously mentioned call properties, are highly robust
in experiments in which females are presented with two alternative calls differing in these
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properties (Ryan and Rand 2003; Gridi-Papp et al. 2006; Ryan et al. 2019; Coss et al. 2021;
Taylor et al. 2021) (Fig. S1). The sex ratio at these nighttime choruses is strongly male
biased, with females sampling calling males and choosing a mate based primarily on prop-
erties of their advertisement call (Ryan 1985). A female selects a male by approaching and
touching the calling male. The male then clasps the female from behind in a position called
amplexus. Females then oviposit the eggs (up to several hours later) into an ephemeral water
body, where the tadpoles will develop.

Meteorological data

In order to incorporate highly detailed long-term meteorological datasets, we utilized data
provided by the Physical Monitoring Program of the Smithsonian Tropical Research Insti-
tute staff and by the Meteorological and Hydrological Branch of the Autoridad de Canal de
Panama (Paton 2019). Although Gamboa does have meteorological data, we utilized data
collected from BCI, as several months were missing from the dataset in Gamboa, and BCI is
a more robust dataset including additional environmental measurements. BCI is located near
Gamboa (approximately 15 km), and overall represents a similar environment to Gamboa.
To ensure that weather patterns at BCI were comparable to Gamboa, we regressed annual
rainfall from 1969 to 2015 for the two locations (Fig. S2). BCI and Gamboa share similar
patterns of rainfall, thus BCI served as an appropriate proxy for Gamboa rainfall. However,
Gamboa receives less rainfall on average, and therefore likely experienced slightly more
pronounced reductions in rainfall than BCI. BCI rainfall data were collected daily using a
260-250-A tipping bucket (NovaLynx, Grass Valley, CA, USA). To compare rainfall pat-
terns during the 2015 El Nifio event with other years, we used a Welch’s two sample t-test
comparing monthly rainfall within 2015 with average monthly rainfall across all other years
between 1990 and 2017.

Behavioral trials

Amplexed pairs of tingara frogs were collected between 1900 and 2300 h. Each pair was
placed in a plastic bag (one pair per bag) with sufficient air and moisture to maintain the
health of the frogs. We placed all pairs into a cooler and transported them to a Smithson-
ian Tropical Research Institute laboratory. Pairs remained in a dark cooler for a minimum
of 15 min in order to decrease stress from light and handling. We separated females from
their males and then individually placed females under a plastic funnel in an Acoustic Sys-
tems (ETS-Lindgren, Austin, TX) sound attenuation chamber. The funnel was placed in
the middle of the chamber, equidistant from two Mirage Nanostat speakers (Klipsch Group
Inc. Indianapolis, IN). When testing female preferences for simple (W) vs. complex calls
(WC), these speakers were separated either by 180° and 130 cm from the funnel, or by 70°
and 110 cm from the funnel. The 180° angle has been the standard test protocol for phono-
taxis (sound only) tests for decades (Ryan et al. 2019). The 70° angle is used when frogs
are being tested for simultaneous visual and acoustic preferences (Taylor et al. 2008). We
tested for potential differences in female choice between these setups and found that female
responses were highly robust to trial angle, with no significant differences between the two
experimental designs (Fisher’s exact test, p>0.88). Therefore, these data were combined in
subsequent analyses. Once the female was placed under the funnel, acoustic stimuli were
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played antiphonally at a duty cycle of two seconds, typical of a calling male. The female
was able to move freely while under the funnel, and had an acclimatization period of two
minutes in the arena. After this period, the funnel was raised, and the female was allowed to
move freely around the chamber.

If a female did not move from the center of the chamber after two minutes, jumped up
the wall, or did not enter a choice zone within 10 min, then she was considered a ‘foul out’
(Cronin et al. 2019). Females that fouled out twice were removed from the experiment, due
to a presumed lack of motivation. A choice was scored once a female entered a choice zone
and remained within the choice zone for three seconds. The choice zone in W vs. WC trials
was 10 cm in front of the speakers and 20 cm to the sides of the speakers. In the natural call
trials, the choice zone was a 10 cm around the speakers. The choice zones differed in size
due to the differences in the distances between speakers. This distance was greater in the
W vs. WC experiment, and therefore females were less likely to change their choice after a
close approach to a single speaker.

All stimuli were calibrated each night to broadcast at 82dB SPL (re. 20 pPa, fast
C-weighting) at the starting position of the female frog. Throughout the course of the night,
speakers were recalibrated to ensure that the amplitude between the speakers did not vary.
To avoid potential side bias, the stimuli were switched between the speakers throughout the
course of the night.

Simple and complex calls were synthesized by averaging 15 acoustic parameters from
250 calls recorded from 50 males. The whine of the two calls was identical, but the complex
call had one appended synthetic chuck (Fig. S1). These synthetic calls have been used in
previous studies (Ryan and Rand 2003). The natural calls used for this experiment consisted
of eight paired stimuli. These stimuli were a subset of male recordings collected from sites
around Gamboa and used in previous studies, where it was determined that one group was
more attractive (Ryan and Rand 2003; Taylor et al. 2021). Each of the stimulus pairings used
in the current study had one attractive and one unattractive call (Fig. S1). We conducted
experiments with both W vs. WC stimuli and paired natural calls as female responses to
these different stimuli are likely driven by different neural processes (Wilczynski et al. 1995;
Wilczynski and Ryan 2010).

Female preference for complex calls are highly robust, and has been documented repeat-
edly for nearly 40 years (Ryan 1985; Gridi-Papp et al. 2006). In the 19 years prior to and
during the 2015 ENSO event, females showed a preference for a synthetic complex call over
a synthetic simple one, with an average of 86% of females selecting the complex call (Ryan
et al. 2019). Therefore, we compared the portion of females that selected the complex (WC)
signal to this a priori probability of 0.86.

Similarly strong and repeatable preferences are found for natural whine-chuck calls,
with females displaying preferences for longer duration, lower dominant whine frequency,
higher chuck amplitudes, and lower chuck frequencies (Ryan 1980; Ryan and Rand 2003;
Taylor et al. 2021) (Fig. S1). For attractive vs. unattractive natural calls (both complex), two
studies conducted before the 2015 ENSO event (Ryan and Rand 2003; Taylor et al. 2021)
and more than ten years apart, both revealed strong and similar preferences using the same
pair of natural complex calls. The first study found a 79.37% preference (Ryan and Rand
2003) and the second, a 81.25% preference rate (Taylor et al. 2021) for the call with higher
amplitude chucks and lower dominant frequencies (mean==80.3%). An additional study,
conducted before the 2015 ENSO event, and published 17 years after the Ryan and Rand
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2003 study, using one exemplar pair of the natural calls, also found the identical strengths of
preference for that particular call pair (Coss et al. 2021), demonstrating that the preference
for attractive natural calls is robust and repeatable. Therefore, female preference for “attrac-
tive” calls in our experiments were compared against the historical proportion (80.3), using
a binomial exact test.

Morphological analyses

We collected snout-vent length (SVL) and mass of each female used in our experiments as
well as their male mating partner. SVL was collected using calipers, and mass was collected
using an electronic balance (Fig. S3). All individuals were kept in the same conditions prior
to testing and measurement, ensuring that using mass would not bias our results. At the time
of measuring all females were gravid.

To create a body condition index, we first calculated the residuals of a linear regression
based on the cube root of body mass and SVL in SPSS (Ver. 24). These residuals were then
divided by an individual’s SVL (Dyson et al. 1998; Bernal et al. 2007). We analyzed data
for males and females separately due to sexual size dimorphism in this species. All morpho-
logical measures, including body condition, SVL, and mass were compared between years
using a mixed effects model in the R package Ime4 (version 1.1.29) (Bates et al. 2015), with
year as a fixed effect and site as a random effect. We tested pairwise comparisons between
years with the package emmeans (versions 1.7.4.1) (Lenth 2022).

Results
Climatic conditions

The 2015 ENSO was one of the most severe in recorded history. In Panama, this event also
resulted in one of the longest dry seasons on record, with over 90% of the country experienc-
ing drought during this period (Bretfeld et al. 2018; Paton 2019). This pattern was evident
in our study site. The 2015 wet season (April-December) had significantly reduced rainfall
compared to the previous 28 years (Welch’s two-sample t-test p=0.011, 2015 mean monthly
rainfall=169.4 mm; mean monthly rainfall for 1990-2017 (excluding 2015)=286.4 mm,
standard deviation=81.11) (Fig. S4). Following the ENSO event in 2015, the following two
wet seasons (2016 and 2017) were characterized by a weak La Nifia and a neutral cycle;
wet seasons experienced typical rainfall and typical wet-season frog breeding conditions.

Female mate preference

In the 2016 wet season following the ENSO event, we found that female preference for
complex calls was significantly lower than the long-term average (binomial exact test:
expected=0.86, p=0.002, N=69), with 72% of females preferring the complex call
(Fig. 1). Female preference for the formerly attractive natural calls was also significantly
reduced, as females chose the known attractive calls only 56% of the time (binomial exact
test: expected=0.803, p=0.002, N=32). In fact, the preference for attractive natural calls
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Fig. 1 Reduction of strength of female mate preference for complex and natural calls after severely re-
duced rainfall. Female preferences for complex calls (2016 n=69; 2017 n=75), and female preference
for ‘attractive’ natural male calls (2016 n=32; 2017 n=32), showing mean preference £ 95% confidence
intervals. The dotted blue line represents random choice (0.5). The dotted red lines are expected values
based on robust preferences for complex stimuli (Ryan et al. 2019), and specific attractive natural calls
(Ryan and Rand 2003; Taylor et al. 2021). **P<0.01

effectively disappeared and was not different from random choice (binomial exact test:
expected=0.5, p=0.54, N=32) (Fig. 1).

Surprisingly, we found that the reduction and loss of preference for attractive calls in
2016 was followed by a rapid reversion. In the 2017 rainy season, eighty per cent of females
chose the complex call, which was not significantly different from the long-term average
(binomial exact test: expected=0.86, p=0.113, N=75). Female responses to the attractive
natural calls also returned to pre-El Nifio levels; their preferences were nearly identical to
prior experiments with 81.25% of females choosing the attractive call (binomial exact test:
expected=0.803, p=0.912, N=32) (Fig. 1) (Ryan and Rand 2003; Taylor et al. 2021).

Body size and condition

Pairwise comparisons of snout-vent length (SVL) collected before, during, and after the
2015 ENSO event, show that both male and female SVL was significantly reduced in 2015
(Fig. 2). In the two years prior to the ENSO event, female SVL was stable, but was signifi-
cantly reduced by 6.0% in 2015 (estimate =-1.805, SE=0.185, p<0.0001). Males similarly
had a 5.0% reduction in SVL during the 2015 ENSO event (estimate = -1.372, SE=0.203,
»<0.0001). In both sexes, this decline in SVL was followed by a significant increase in
2016, although the magnitude of these changes was lower than the response to the ENSO
event year, with a 2.2% increase in female and a 3.2% increase in male SVL (female: esti-
mate=0.613, SE=0.184, p=0.008; male: estimate=0.832, SE=0.198, p=0.0003). Follow-
ing this increase, SVL stabilized in both sexes between 2016 and 2017. However, females
still had a 4.1% reduction in SVL in 2017 compared to pre-ENSO (estimate = -1.229,
SE=0.258, p<0.0001) whereas males quickly reverted to pre-ENSO sizes. Although we
found a decrease in SVL for both sexes during the ENSO event, body condition increased
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Fig. 2 Significant change in snout vent length (SVL) and body condition during the 2015 ECE (in or-
ange), with rapid reversion to previous levels. Plots based on raw data of females and males across years
with means + standard error. Female) 2013: n=145, 2014: n=223, 2015: n=145, 2016: n=261, 2017:
n=119. Male) 2013: n=164, 2014: n=227, 2015: n=143, 2016: n=265, 2017: n=65. Distinct letters
indicate a significant difference between years (p<0.05). See main text for statistical details

during the ENSO compared to the year before (females: estimate=0.002, SE=0.0002,
»<0.0001; males: estimate=0.0018, SE=0.0002, p<0.0001), largely due to stable masses
of both sexes across all years (Fig. S3).

Discussion

In the wake of severely reduced rainfall during an extreme ENSO event, we documented
behavioral and morphological shifts. Repeatable female mate preference for advertisement
calls significantly decreased in the year following reduced rainfall, and returned the follow-
ing year. Both males and females were significantly smaller during the ENSO event, with
males recovering more rapidly than females. However, both males and females increased in
body condition following the ENSO event.

Our findings that female mate choice can change in response to a climatic event are sur-
prising due to the robustness of female preferences in this species. In addition to consistent
behavioral responses, the neural underpinnings of certain female preferences are already
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known. For example, female preferences for complex calls are based on the stimulation
of two inner ear organs tuned to different frequencies (Wilczynski et al. 1995; Phelps et
al. 20006). The complex call stimulates both inner ear organs (the amphibian papilla (AP)
and basilar papilla (BP)), whereas simple calls primarily stimulate the AP. Thus, changes
in female responses to these signals as a consequence of the 2015 ENSO suggest a physi-
ological shift at the population level. However, stronger behavioral shifts were documented
when examining female preferences for natural calls, in which all presented stimuli con-
tained one chuck. Thus, both choices available to females stimulated the BP. Therefore, the
preferences for these ‘attractive’ stimuli are likely based on higher-level processing, not
simply auditory filtering by the ear. Our understanding of specific mechanisms behind these
preference changes, however, remains limited (Wilczynski and Ryan 2010). The decrease
in preference for both complex and previously ‘attractive’ calls may be driven by different
perceptual mechanisms, which suggests that this ENSO event had a profound impact on
multiple processes governing female mating decisions. Additionally, most males calling
together in choruses will make complex calls. Therefore, the loss of preference documented
in the natural call experiments may more closely reflect female mating decisions in nature.

Although we documented significant shifts in female mate choice preferences across an
extreme climatic event, one of the potential difficulties in identifying phenotypic changes in
response to severe climatic events is their infrequency. Importantly, long-term data exam-
ining female mate choice by MJR documents a similar behavioral response to a previous
climatic event (Ryan et al. 2019). In the wake of another period of drastically reduced pre-
cipitation induced by a strong El Niflo event in 1997-1998, female preferences for the com-
plex call dropped significantly from 91 to 70%. This is consequently the only other year that
female mate preference for complex calls significantly deviated from the long term average
(Ryan et al. 2019). Similarly, preferences rebounded the subsequent year to pre-El Nifio
levels (Ryan et al. 2019), supporting the conclusion that the behavioral shifts we document
here are a result of these ENSO events.

Due to the fact that strong El Nifio years can have wide ranging effects, and that reduc-
tions in precipitation could have a variety of impacts on a species, it can be difficult to deter-
mine the specific mechanisms responsible for the various behavioral and morphological
changes that we discovered. However, as we previously suggested, these changes are likely
explained by the lack of reliability of ephemeral ponds, which tingara frogs exclusively
rely on for breeding. The prevalence and persistence of these ephemeral ponds is dependent
on several factors, including the timing and amount of rainfall, as well as temperature.
While the 2015 ENSO event led to a sharp decrease in overall rainfall, this event also led
to changes in both temperature and the periodicity of rainfall. The 2015 ENSO event was
characterized by a higher proportion of days without rain (Fig. 3A) and higher average
temperatures (Fig. 3B), leading to fewer ephemeral ponds available for breeding. Many of
our regular collection sites remained completely dry during the 2015 wet season, especially
during one, highly unusual, 26-day dry spell between 11 June and 6 July 2015. During
normal wet seasons, the number of tingara frogs breeding at ponds varies with rainfall, but
individuals can be found reproducing on most nights. During the 2015 ENSO event, the
lack of breeding sites meant that many nights had no tungara frog activity. The assertion
that reduced access to breeding sites could play a significant role in explaining our findings
is supported by the fact that two other years with low overall rainfall (2005 and 2008), did
not show similar trends in behavioral mate choice preferences. Both 2005 and 2008 were
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characterized by relatively lower temperatures and a higher proportion of days with rainfall
compared to 1997 and 2015, the two years which are associated with a subsequent reduc-
tion in female mating preferences (Fig. 3). These findings suggest that a reduction in the
availability and persistence of ephemeral ponds in 2015, rather than rainfall per se, may
have resulted in fewer opportunities to mate and altered the developmental conditions for
the next generation.

The mechanism of the female mate preference reduction following the ENSO event
and returning to historical levels the following year is unresolved but is likely a result of
the developmental conditions experienced in 2015. Predation rates on tingara frogs are
extremely high, and mark-recapture data suggest that most individuals do not survive longer
than a year (Ryan 1985). While the adult frogs we examined in 2016 experienced normal wet
conditions, with above average precipitation (Paton 2019), most of these individuals would
have developed during the period of reduced rainfall in 2015. With few ephemeral ponds
for breeding during the 2015 ENSO, tadpoles likely developed in areas with high densities
and a high risk of desiccation. The rapid dry down of larval developmental ponds during
2015 likely resulted in faster developing individuals, which could be based on selection,
developmental plasticity, or a combination of these processes (Gomez-Mestre et al. 2013;
Charbonnier and Vonesh 2015). Regardless of the underlying mechanisms, such changes in
the rate of developmental timing can have long-lasting effects on individual morphology
(Touchon et al. 2013; Charbonnier and Vonesh 2015) and survivorship (Székely et al. 2020).
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Conditions during tadpole development can even lead to changes in brain size (Gonda et al.
2010), which may remain or emerge after metamorphosis in anurans (Trokovic et al. 2011).
One brain region that appears to be affected post-metamorphosis by conditions during larval
development is the diencephalon (Trokovic et al. 2011), which is heavily involved in audi-
tory and sensorimotor processing (Wilczynski and Ryan 2010). Thus, there is potential that
increased developmental stress during the ENSO event influenced the development of the
sensorimotor processing system of female tungara frogs, leading to a change in their mate
choice preferences (Ronald et al. 2017).

A lack of persistent breeding sites may also help explain the increase in body condition
found in 2015. Reproductive activity is a metabolically taxing process for both males and
females (Bucher et al. 1982; Ryan et al. 1983). With fewer opportunities to call in 2015,
males would not expend as much energy for mate attraction. Likewise, fewer mating oppor-
tunities may lead to females producing fewer egg clutches over the course of the breed-
ing season. This reduction in allocation of reproductive energy likely contributed to the
increased body condition in both sexes during the ENSO event. However, changes in body
size may be explained by alternative processes, including as a consequence of selection or
due to suboptimal growth conditions for frogs collected in 2015. Crucially, ENSO events
are typically associated with elevated temperatures as well as reduced rainfall in this region.
Elevated temperatures have been proposed as a cause of recent global trends in body size
reduction across several taxa, although this remains unsettled (Gardner et al. 2011). Alterna-
tively, as frogs have indeterminate growth, it is possible that there may have been increased
mortality of older (and therefore larger) individuals during the El Nifio event in 2015.

Our findings also illustrate how rapidly populations may recover from an ECE. Notably,
the change in female mate preference seen in 2016 reverted to typical preference levels in
the following year, suggesting that changes in behavioral phenotypes were driven by devel-
opmental plasticity. Morphological and physiological changes in SVL and body condition
also stabilized quickly following the 2015 ENSO event, although these changes remained
over longer time spans, suggesting a potential role of underlying genetic processes. How-
ever, even these short-term shifts can have substantial effects on populations over time. For
example, the relaxed female preferences observed in 2016, potentially driven by develop-
mental plasticity, may have reduced sexual selection pressures on male signals and allowed
for a decreased skew in reproductive success for males. Such changes could have helped
maintain genetic variation within this population in the wake of environmental stress caused
by the strong ENSO event in 2015. However, further investigation on the genetic make-up
of'this population across years would be required to test this. Overall, these data suggest that
the implications of isolated ECEs may not be as devastating for resilient species with well-
established populations, but may cause significant phenotypic and possibly genetic changes
in less abundant or adaptable species (van de Pol et al. 2017).

Additionally, altered female mating decisions could have significant consequences on the
evolution of sexual signals. Although the heritability of calling traits in this species is cur-
rently unknown, many traits important to females, like call rate and call complexity, appear
to be highly flexible. In species with more heritable sexual signals (e.g. visual or chemical),
changes in preferences for certain signals could have much longer lasting implications for
subsequent generations. It is also difficult to overstate that female tingara frogs demonstrate
highly robust preferences for certain call types. The patterns documented in this study may
differ with other species that show more variable preferences. Additional studies in other
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species with varying preference strengths for sexual signals would allow for a more robust
understanding of the implications of extreme climatic events.

In this study, we document multiple phenotypic responses to a severe reduction in pre-
cipitation associated with a strong ENSO event, including reduced female preference for
attractive mating calls, a phenomenon not previously demonstrated. Our findings refute the
notion that mate choice behaviors can be assumed to be consistent across environmental
gradients (Chaine and Lyon 2008; Bro-Jergensen 2010; Candolin 2019). Additionally, we
suggest that the influences of ECEs can be distinct for different life stages. In 2015, adults
showed changes in morphology, whereas tadpoles developing the same year showed signifi-
cant behavioral changes when they reached sexual maturity the subsequent year. Extreme
weather events are becoming more common across the world, with record high global tem-
peratures and greatly reduced precipitation again in Panama in 2023. Therefore, it is impera-
tive that behavioral mate choice studies on wild populations be maintained over longer time
scales to better understand how climatic events alter the evolution of sexual signals and
communication.

Supplementary Information The online version contains supplementary material available at https://doi.org
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