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ABSTRACT: To thoroughly understand the drivers of dynamic signal
elaboration requires assessing the direct and indirect effects of natu-
rally interacting factors. Here, we use structural equation modeling to
test multivariate data from in situ observations of sexual signal produc-
tion against a model of causal processes hypothesized to drive signal
elaboration. We assess direct and indirect effects, and relative impacts,
of male-male competition and attacks by eavesdropping frog-biting
midges (Diptera: Corethrellidae) on call elaboration of male ttingara
frogs (Engystomops pustulosus). We find that the intensity of attacks
by these micropredator flies drives the extent to which frogs elaborate
their calls, likely due to a temporal trade-off between signaling and
antimicropredator defense. Micropredator attacks appear to dynam-
ically limit a male’s call rate and complexity and consequently dampen
the effects of intrasexual competition. In accounting for naturally inter-
acting drivers of signal elaboration, this study presents a counterpoint
to the mechanisms traditionally thought to drive sexual selection in this
system. Moreover, the results shed light on the relatively unexamined
and potentially influential role of eavesdropping micropredators in the
evolution of sexual communication systems.

Keywords: communication, foraging, male-male competition, plas-
ticity, predator-prey, structural equation modeling.

Introduction

Despite a rich history of studies dating back to Darwin
(1871) and Wallace (1891), evolutionary biologists continue
to investigate and debate the mechanisms that shape the ex-
travagant sexual signals observed across organisms (Kokko
et al. 2006; Prum 2010). It is clear, however, that the evolu-
tion of secondary sexual traits emerges from a balance struck
between benefits and costs (Wallace 1891; Kirkpatrick and
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Ryan 1991; Andersson 1994). Depending on the commu-
nication context (i.e., inter- vs. intrasexual), target receivers
of sexual signals often prefer or are more threatened by elab-
orated signal components (i.e., traits of greater quantity;
Ryan and Keddy-Hector 1992) and thus drive the reproduc-
tive benefits of signal elaboration. While research on the
costs of sexually selected traits has largely focused on ener-
getic requirements for production and maintenance (e.g.,
Eberhardt 1994; Simmons and Emlen 2006; Somjee et al.
2018), there is a building body of empirical work on how
mating communication systems are shaped by the costs im-
posed by eavesdropping natural enemies (i.e., predators,
parasitoids, and parasites that exploit communication sys-
tems to find and attack their signaling victims; Zuk and Kol-
luru 1998). Eavesdropping enemies are potentially strong
agents of selection on sexual signal elaboration given that
elaborate signal components that increase attractiveness to
a potential mate or degree of threat to competitors are often
also more conspicuous to eavesdropping enemies. Examples
of such eavesdropping enemies that overlap with potential
mates in their enhanced attraction to elaborated sexual
signals include frog-eating bats (Trachops cirrhosus) and
frog-biting midges (Corethrella spp.; Ryan et al. 1982; Bernal
et al. 2006), as well as parasitoid flies (Ormia ochracea [Wag-
ner 1996] and Therobia leonidei [Lehmann et al. 2001]). In
these cases, the signaling sex must navigate a fundamental
trade-off between the potential cost of predation risk and
the reproductive benefit of signaling.

It is then unsurprising that some organisms dynamically
alter components of their sexual signals to optimize fitness
in response to variation in perceived costs of signal elabo-
ration (Lindstrom et al. 2009), including costs imposed by
predation (e.g., Candolin 1997). Risk-dependent responses
of prey to perceived predation risk is indeed a well-studied
phenomenon within predator-prey interactions (Miner et al.
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2005; Stevens 2016). Given that the intensity of predation
risk varies in time and space (Valeix et al. 2009; Palmer
etal. 2017) and that antipredatory strategies come at a cost,
the threat sensitivity hypothesis predicts that antipredator
behavior is scaled in proportion to the magnitude of pre-
dation risk (Sih 1986; Helfman 1989). Thus, for animals
capable of dynamically elaborating conspicuous mating
signals, this hypothesis predicts that the extent of elabora-
tion is inversely related to perceived predation risk from
eavesdropping enemies.

While examinations of the threat sensitivity hypothesis
have focused on mechanisms that indirectly reduce preda-
tion risk, use of defensive behaviors to directly counter pre-
dation risk is also expected. Such strategies may be common,
for instance, when confronting micropredators, such as
herbivores and blood-sucking flies, which individually have
limited impacts on their victim’s fitness (Lafferty and Kuris
2002). Regarding threats from eavesdropping enemies, sig-
naling prey may employ a range of defenses that are unre-
lated to signal elaboration but also scale in proportion to
the threat. Calling male tungara frogs (Engystomops pus-
tulosus), for instance, exhibit graded evasive responses to
differing degrees of predation risk from the eavesdropping
fringe-lipped bat (Tuttle et al. 1982). The armored cricket
(Acanthoplus speiseri) also shows risk-dependent antipred-
ator behaviors when calling, such as alarm stridulation
and autohemorrhaging (Bateman and Fleming 2013). Such
physical defenses, while preventing depredation, may come
with immediate reproductive costs if they force the signaler
to allocate time and energy away from signal production
and elaboration.

The degree of risk imposed by eavesdropping enemies
is only one of multiple factors that can dynamically shape
sexual signal elaboration. Variation in intrasexual compe-
tition also strongly influences the extent to which a signaler
(typically male) modifies a sexual signal. To counter the
threat of increased competition for mates, the signaler may
elaborate signal characteristics, such as intensity, size, rate,
or complexity (e.g., Ryan 1985; Salazar and Stoddard 2009;
Kim and Velando 2014). While ecological factors, such as
food availability, can influence the behaviors of male com-
petitors in the long-term (e.g., Marler and Ryan 1996; Kol-
luru et al. 2007), it remains unclear how ecological mod-
ifiers of sexual signals interact with intrasexual competition
in the short-term. The interaction between the risks imposed
by eavesdropping enemies and threats from intrasexual com-
petitors presents one such short-term, dynamic challenge—
to suppress or enhance signal elaboration—that males must
navigate to optimize fitness.

Here, our specific objectives are to (1) define and evaluate
hypothesized causal processes through which intrasexual
competition and eavesdropping enemies are thought to
drive mating signal elaboration, (2) determine the poten-

tial direct and indirect effects of both intrasexual competi-
tion and attacks from eavesdropping enemies on mating
signal elaboration, (3) test the threat sensitivity hypoth-
esis’s prediction that antipredator strategies scale with risk
of attack, and (4) assess the relative impacts of intrasexual
competition and attacks from eavesdropping enemies on
mating signal elaboration. To accomplish these objectives,
we used piecewise structural equation models (SEMs) to ex-
amine the impact of naturally varying intensities of male
competitors and frog-biting midges (obligate eavesdrop-
ping micropredators) on call properties of male tingara
frogs. We hypothesize that calling males assess the risk of
midge attacks relative to the degree of intrasexual compe-
tition to adjust their call rate and complexity. While micro-
predators, because of their unique consumer strategy, have
been predicted to elicit relatively weak avoidance and de-
fensive responses in their victims (Daversa et al. 2019), on
the basis of preliminary observations, we predict that anti-
midge swatting defense intensifies with increasing midge
attacks. We predict that, as a by-product, more frequent
midge attacks suppress the impact of intrasexual competi-
tion on signal rate and complexity. This effect may result
because of a temporal trade-off between swatting and call-
ing, direct reduction in call elaboration in response to per-
ceived risk, or a combination of the two. We expect, how-
ever, that greater numbers of neighboring rival males will
result in fewer midge attacks per capita, as frog-biting midges
will be spread across more frogs (i.e., the dilution effect; Fos-
ter and Treherne 1981; Alem et al. 2011). In testing these
predictions, this study parses the relative impacts of two
distinct and potentially antagonistic modifiers of signal-
ing plasticity—intrasexual competition and eavesdropping
micropredators.

Methods
Study System

In this study, we investigated the calling strategies of tiingara
frogs in Gamboa, Panama, in and around the facilities of
the Smithsonian Tropical Research Institute. Like most frogs,
tungara frogs heavily invest in signaling to attract mates. The
tungara frog’s call is composed of a simple “whine” compo-
nent, to which additional complex “chucks” can be added
(up to seven chucks per call; Bernal et al. 20074). In re-
sponse to rival calls, male tingara frogs dynamically mod-
ify their call elaboration by adjusting their call rate and
number of chucks per call (i.e., “complexity”), typically by
adding or removing a single chuck at a time (Rand and
Ryan 1981; Bernal et al. 20074, 2009a; Goutte et al. 2010).
That is, to increase his likelihood of mating, a male will in-
crease his call elaboration in response to the elevated call
elaboration of neighboring males.



Increasing call rate and adding complex chucks make
calling males more attractive to females and eavesdropping
enemies, such as bats and frog-biting midges (Ryan et al.
1982; Bosch et al. 2000b; Bernal et al. 2006; Akre et al.
2011; Akre and Ryan 2011; Aihara et al. 2016). Female
frog-biting midges use their prey’s mating calls to detect
and localize the source of their blood meals (McKeever
1977; Borkent 2008; Bernal and de Silva 2015). A single
motivated calling frog can attract hundreds of midges in
just 30 min (Bernal et al. 2006). As a result, tingara frogs
can incur a loss of ~10% of their total blood volume through-
out a night (X. E. Bernal, unpublished data) and risk infec-
tion from the midge-vectored blood parasite (Trypanosoma
tungarae; Bernal and Pinto 2016). Thus, over the course of a
night, male tingara frogs are forced to balance the benefits
and costs of signaling that are imposed by multiple types of
receivers.

Frogs, however, are not without a defense—they swat
with their arms and legs to dislodge blood-sucking midges
(McKeever 1977; Bernal et al. 2006; Borkent 2017). Such a
response is not unique. For instance, many mammalian
victims of attacks by sanguivorous flies employ an array
of behaviors akin to the tungara frog’s swat—they might
flick, toss, twitch, switch, swipe, or stamp to fend off the
attackers (reviewed in Hart and Hart 2018). Swatting is
common when tungara frogs are attacked by midges in
natural conditions (up to a rate of 0.78 swats/s; de Silva
et al. 2014). Yet combating midges potentially presents a
temporal trade-off between signaling and defense, as males
do not call while swatting (X. E. Bernal and B. C. Leavell,
personal observation), likely because of a physical con-
straint imposed by the frog’s inflated vocal sac (see the sup-
plemental videos available via the Dryad Digital Repository
[https://doi.org/10.5061/dryad.7wm37pvr5; Leavell et al.
2021]).

Behavioral Observations

During the summers of 2010 and 2012, we observed calling
male tingara frogs in situ. For each observation, which
took place between 1900 and 2300 hours, we illuminated
a calling male (hereafter, “focal frog”) with infrared LED
arrays (Sima SL-201R) and recorded audio and video us-
ing a Sony DCR-SR220D 120-GB Handycam camcorder.
Intrasexual competition was estimated by counting all of
the calling males within 1 m of the focal frog. We chose
a 1-m radius because tungara frogs have been shown to
respond only to local competitors (~3 males maximum)
within a chorus and this distance allows for comparison
with past studies of male-male competition in this species
(Greenfield and Rand 2000; Bernal et al. 2007a). Addition-
ally, as a proxy for overall social activity in the chorus, each
observation was assigned a number along a scale from 0
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to 3 (following Heyer et al. 1994) according to a research-
er’s estimate of audible calling males at the time and place
when recording a focal frog (0 = only focal frog heard call-
ing; 1 = individual calling frogs could be counted; 2 =
calls of frogs overlapping but individuals distinguishable;
3 = full chorus, cannot distinguish individuals). Following
an observation, the focal frog was toe clipped to prevent
pseudoreplication and released at point of capture in ad-
herence to protocols established by the American Society
of Ichthyologists and Herpetologists (https://asih.org/animal
-care-guidelines). We conducted all research in compliance
with Panamanian legal and ethical regulations (Mi Am-
biente collection permits: SE/A-67-10, SC/A-20-12) and
following institutional animal care and use committee pro-
tocols (Texas Tech University: 11056-08; Smithsonian Trop-
ical Research Institute: 2011-0616-2014-11).

To analyze calling behaviors, we selected a sequence
of the first 50 consecutive calls per focal frog, ensuring that
the recordings maintained sufficient signal-to-noise ratios.
We used the duration of the sequence, which varied per
frog, to derive the call rate (i.e., the total number of calls,
minus one, divided by the time from the beginning of
the first call to the beginning of the last call; Cocroft and
Ryan 1995). The total number of chucks produced was
counted over the same time. To assess the threat of midge
attacks, the total number of instances in which midges
landed on the focal frog were counted from video playback
during the 50-call sequence. We also counted the total
number of times the focal frog swatted during the same se-
quence. Out of a total of 100 focal frogs that were recorded,
we omitted data from 15 individuals because of high back-
ground noise levels or poor video quality that precluded
behavioral analysis. The observed data set thus includes
data from a total of 85 males (for matrix plot of behavioral
data, see fig. S1; figs. S1-S6 are available online).

Piecewise Structural Equation Model

To assess potential direct and indirect effects, and relative
impacts, of male-male competition and frog-biting midges
on male call elaboration, we analyzed the observed data
set using piecewise SEM in the package piecewiseSEM in
R (ver. 3.5.1; R Core Team 2018). Piecewise SEM, also re-
ferred to as confirmatory path analysis or a form of third-
generation SEM, takes a graph-theoretic approach to causal
modeling and relaxes assumptions of traditional path anal-
yses (Grace et al. 2012; Lefcheck 2016). This approach
integrates a network of local estimations that are modeled
individually (i.e., piecewise) to disentangle complex rela-
tionships among variables. As a result, one can quantita-
tively test indirect and hierarchical effects within complex
natural systems (e.g., Grace et al. 2007). The piecewise ap-
proach offers added flexibility over traditional SEMs in
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that local-level models can accommodate random effects
and nonnormal error structures. Additionally, by relying
on local estimations, piecewise SEM prevents local errors
from compounding throughout the network—a potential
issue for SEMs that rely on global estimation (Grace et al.
2015). The network of local estimations is typically de-
picted by path diagrams, wherein arrows indicate the hy-
pothesized relationships among observed variables, which
can be assigned as predictors, responses, or both.

Here, following SEM conventions (Grace 2006), we es-
tablished an initial hypothesized causal network based on
prior knowledge of the midge-tingara frog system (fig. 1;
see the supplemental PDF, available online, for extended
justifications of hypothesized causal paths). We confirmed

that the paths in the network did not feed back on each
other (i.e., were acyclic), which is a key assumption of
piecewise SEM (Shipley 2009; Lefcheck 2016). We also
confirmed that the number of samples per parameter fell
within the recommended range of 5-20 (Grace et al. 2015).
While SEM is amenable to both confirmatory and explor-
atory analytical approaches (Grace 2006), for the purpose
of this study we take an exploratory approach to assess
how modifying paths of the initial network affects the mod-
el’s fit with the observed data. That is, we were interested in
uncovering alternative, more robust explanations of our
observations, which might guide future studies, rather than
simply testing our initial hypothesized network. In accor-
dance with recommended practices, modifications were
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Figure 1: Initial hypothesized causal network. Blue and red paths indicate hypothesized positive and negative effects, respectively. Single-headed
arrows represent direct effects, while double-headed arrows represent partial correlations. See the supplemental PDF for detailed path justifi-
cations. Briefly, hypothesized causal paths are based on the following: (1) male tingara frogs increase their call rate in response to increased num-
bers of calling rival males (Green 1990; Bernal et al. 20094, 2009b), (2) male tungara frogs dynamically modify the number of chucks they add per
call in response to rival calls (Ryan 1985; Bernal et al. 20074, 2009a; Goutte et al. 2010), (3) increases in the number of aggregated prey reduce an
individual’s predation risk via the dilution effect (Foster and Treherne 1981; Alem et al. 2011). Here, we predict that more rivals will result in fewer
midge attacks of the focal frog; (4) there is likely a temporal trade-off between swatting and calling, as males do not appear to be capable of
performing both tasks simultaneously (X. E. Bernal and B. C. Leavell, personal observation; see the supplemental videos available via the Dryad
Digital Repository [https://doi.org/10.5061/dryad.7wm37pvr5; Leavell et al. 2021]). Thus, swatting should reduce an individual’s call rate; (5) fol-
lowing the threat sensitivity hypothesis, males will swat more frequently in response to greater numbers of midge attacks (Sih 1986; Helfman 1989);
(6) similar to how the threat sensitivity hypothesis (Sih 1986; Helfman 1989) predicts that physical defensive behaviors scale in intensity with pre-
dation risk, if males scale their calling behaviors in response to the risk of midge attacks, then males should reduce calling rates, independent of
swatting frequency, in response to greater numbers of midges; (7) midges prefer calls with chucks to calls without chucks (Bernal et al. 2006). Also,
males that produce more chucks attract more midges (Aihara et al. 2016); (8) males often change their call rate and the number of chucks con-
comitantly (Green 1990; Bernal et al. 20094). Illustrations by Razi Hedstrom.



made only if they were consistent with our knowledge of
the system (Grace 2006).

The overall fit of the SEM was assessed by Shipley’s test
of directed separation, which tests causal independence
claims among the missing paths in the model (Shipley
2009) and is common practice in evaluating piecewise SEMs
(Lefcheck 2016). The fit of the data to the hypothesized
causal relationships of the model was deemed adequate
when the observed data underlying the causal independence
claims could have occurred by chance (Lefcheck 2016). Spe-
cifically, the x* distributed Fisher’s C statistic is generated
by the d-separation test, with P < .05 indicating poor model
fit. Thus, SEM is used to falsify a hypothesized network of
causal relationships (Shipley 2016).

Modeling Local Estimations and Statistical Analyses

Before modeling local relationships between endogenous
(response) and exogenous (predictor) variables in the SEM,
we used variance inflation factors to determine collinearity
among variables (Zuur et al. 2009). The number of neigh-
boring rival males and level of the background calling
environment exhibited high collinearity (generalized vari-
ance inflation factors >5). We kept the former and re-
moved the latter variable given that a main objective of
the model was to assess the role of male rivals on call plas-
ticity. Once this variable was removed, all remaining
variables exhibited generalized variance inflation factor
values <3 and were thus included in subsequent models.
To generate local estimates for each path in the hypoth-
esized network, we first formulated linear mixed effects
models using the package Ime4 (Bates et al. 2015). All mod-
eled relationships included date as a random effect. We
compared models with varying random effect structures
(slope and intercept) to determine the best fit, as we did
not have a priori justifications to omit specific random ef-
fect structures. To assess whether each model in this study
met assumptions of normality and homoscedasticity, we
visually inspected residual plots and implemented Shapiro-
Wilk tests (see the R code available in the Dryad Digital Re-
pository [https://doi.org/10.5061/dryad.7wm37pvr5; Leavell
et al. 2021]). For endogenous variables of nonnormally dis-
tributed count data, we formulated generalized linear mixed
effects models with Poisson error structures and compared
models with log and square root link functions. We accounted
for overdispersion as indicated by tests from the packages
blmeco (Korner-Nievergelt et al. 2015) and DHARMa
(Hartig 2019) by including individual frog identity as an ob-
servational level random effect (Elston et al. 2001; Harrison
2014). We also tested for zero inflation using DHARMa.
While one local-level model indicated zero-inflated data,
we elected to still include it in the piecewiseSEM because
(i) piecewiseSEM does not currently support zero-inflated
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or zero-altered models and (ii) the fitted values and error
from the local-level model were consistent with a separate
hurdle model that accounted for zero inflation (fig. S2;
see the supplemental PDF for detailed methods). All local-
level models were compared and selected using con-
ditional AIC (cAIC) values from the cAIC4 package to
control for biases when comparing models with differing
random effects (Sitken et al. 2018). For each response var-
iable, the model with the lowest cAIC value was integrated
in the SEM. See tables S1-S9, available online, and R code
for detailed overviews of model structures, their outputs,
and subsequent analyses.

Evaluating Structural Equation Models

To assess and compare the relative magnitudes of effects
across a network, we calculated the standardized regression
coefficient for each path. Although 8 estimates are often
standardized according to variables’ standard deviations,
this can lead to incorrect interpretations, especially when
derived from nonnormal data, as present in this study
(Grace and Bollen 2005). Standardizing across the rele-
vant range of each variable, rather than the standard devi-
ation, is considered to be a more robust and meaningful
approach (Grace and Bollen 2005; Grace et al. 2012). Fol-
lowing this approach, we took the observed minimum and
maximum values of a given predictor while holding all of
the other predictors at their mean values to derive the change
in the response variable (e.g., Grace et al. 2012; Dorresteijn
et al. 2015). We divided the difference in response values
from the previous step by the range of the response vari-
able. This generated the standardized estimate for the given
predictor—that is, the proportion that a response variable
changes relative to its total (i.e., relevant) range as the pre-
dictor varies across its own range.

To further examine the effects of male rivals relative to
attacking frog-biting midges, we evaluated and compared
two additional SEMs that excluded the effects of either
rivals or midges on call plasticity. SEM comparisons were
based on sample size-corrected Akaike information crite-
rion (AICc) values, following recommendations for piece-
wise SEMs (Lefcheck 2016). A top model was defined as
having the lowest AICc value that was at least two units less
than that of the next-best model.

Results and Discussion

Fit of Observational Data to Hypothesized
Causal Network

Our first objective was to define and evaluate a network of
causal processes that we hypothesized to drive signal elab-
oration plasticity. The initial hypothesized causal network
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was a poor fit to the observed data and therefore was falsi-
fied (fig. 1; C, = 11.041, P = .026). Although wehadnoa
priori reason to expect male swatting effort to directly in-
fluence the number of chucks in his calls (or vice versa),
the test of directed separation suggested a significant miss-
ing relationship between antimidge swats and the focal
male’s chucks. Still, the revealed correlation between swats
and chucks, while not explicitly accounted for in the initial
SEM, is not in conflict with our initial hypothesized net-
work. The correlation can be explained by our predictions
that swats drive call rate and call rate is partially correlated
with chucks, a relationship likely driven by extraneous fac-
tors known to influence calling behaviors (e.g., hormones;
Marler and Ryan 1996; Kime et al. 2007; Still et al. 2019).
We controlled for this relationship in a revised (hereafter,
“global”) SEM by assuming a partial correlation between
the two variables, as there was (i) no compelling biological
basis to include a causal relationship between swats and
chucks in the SEM, (ii) no impact on the significance and
magnitude of effects of other paths in the network or the
resulting conclusions of the study when this relationship
was included in a subsequent SEM (see the supplemental
PDF), and (iii) plausible, noncausal processes that explain
their correlation. The test of directed separation for the
global model indicated no significant missing pathways
and an acceptable data-model fit (i.e., a lack of falsification;
fig. 2; C, = 0.524, P = .769), supporting the notion that
the hypothesized causal pathways align with natural pro-
cesses in this system.

Effects of Eavesdropping Micropredators

Our second objective in this study was to determine the di-
rect and indirect effects of both intrasexual competition
and eavesdropping enemies on signal elaboration plastic-
ity. The global SEM revealed that the number of midge
attacks was a strong positive predictor of a male’s propen-
sity to swat (standardized direct effect = 0.756, P < .001;
fig. 2; table 1; see fig. S3 for individual effect plots), and
swatting had a negative impact on a male’s call rate (stan-
dardized direct effect = —0.300, P = .014). These sig-
nificant direct effects supported our initial predictions.
Contrary to our prediction, however, the intensity of midge
attacks had no direct effect on call rate (P = .451; fig. 2).
That is, even though reducing call rate can be an effective
strategy to decrease the chances of midge attacks (Aihara
et al. 2016) and many animals reduce signaling rates in
response to elevated predation risk (e.g., Farr 1975; Jones
et al. 2002; Simon 2007), males do not appear to compro-
mise signaling rates directly in response to the intensity of
micropredator attack. Yet in capitalizing on SEM’s capac-
ity to parse direct and indirect effects, our results reveal
that midges impose a strong indirect, negative impact on

call rate by eliciting antimidge swats in their victims (stan-
dardized indirect effect = —0.227; table S7).

Such a paradox, in which the intensity of midge attacks
indirectly affects call rate despite having no direct effect, is
likely due to unexplained among-male variation in re-
sponse to midge attacks. It is unclear, however, what might
underlie this variation. The physiological state of a male,
such as his hormone levels or body condition, may affect
his tendency to call versus swat. Factors external to males
seem less likely to drive such heterogeneity. Temperature
and precipitation are, for example, abiotic factors that seem
to affect both frogs and midges in similar ways and would
result in a positive correlation between midge attacks and
call rate, rather than the observed indirect, negative effect
and lack of direct effect. Overall, further investigation of
this relationship reveals no conclusive ecological driver that
could generate heterogeneity resulting in subgroups with
different responses (see the supplemental PDF for a full de-
scription of these analyses).

Males that invest in swatting to combat midge attacks
thus do so at the expense of a reduced call rate. This trade-
off between swatting and calling is not surprising given that
males do not and likely cannot call while swatting because
of their sizeable inflated vocal sacs (X. E. Bernal and B. C.
Leavell, personal observation; see the supplemental videos
available via the Dryad Digital Repository [https://doi.org
/10.5061/dryad.7wm37pvr5; Leavell et al. 2021]). Further-
more, considering the influence of swatting on call rate and
that the partial correlation between a male’s call rate and
number of chucks was significant and positive (standardized
estimate = 0.336, P = .001; fig. 2; table 1), it appears that
males indirectly scale multiple dimensions of call elabora-
tion (i.e,, rate and complexity) in response to the intensity
of attacks by frog-biting midges. These findings collectively
suggest that males are forced into a trade-off between benefit-
ing from increasing signal elaboration (to increase attractive-
ness to potential mates) and mitigating the costs of conspic-
uous calling by swatting (to remove micropredators).

While frog-biting midges are shown here to dynamically
influence male signal elaboration, the effects of eavesdrop-
ping micropredators may also extend to the female receiver.
By limiting male signal elaboration, frog-biting midges may
curtail intraspecific signal variation, directly impacting fe-
male choice (Ryan et al. 2007; Akre et al. 2011). Here, how-
ever, we find considerable variation in individual call rates
that are not explained by midge attacks, swats, or male
competitors (R, = 0.17). This large unexplained variation
may again reflect how the degrees to which a male invests in
antimidge swats and subsequently adjusts his call rate are
driven by state-dependent fitness payoffs, which can be in-
fluenced by a suite of factors, including each male’s physi-
ological condition and previous reproductive opportunities
(e.g., Badyaev and Duckworth 2003; de Moraes et al. 2019).
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Figure 2: Effects of rival male competition and frog-biting midges on call elaboration, estimated by piecewise structural equation model. Blue and
red paths indicate positive and negative direct effects, respectively. Solid lines indicate significant effects. Path width reflects relative effect size for
only significant effects. Dashed lines indicate nonsignificant effects. Numbers along paths are standardized estimates (single-headed arrows) or
partial correlations (double-headed arrows). The term R, is the marginal coefficient of determination, which represents the proportion of variance
explained solely by the fixed effects. The term R? is the conditional R?, which represents the proportion of variance explained by both the fixed

effects and the random effects. Illustrations by Razi Hedstrém.

Although the number of midge attacks explains little of
the variance in call rates among males, the total effect of
midges on call rates underscores the impact of antimidge
swatting on within-male call plasticity in this system (total
effect equals the sum of direct and indirect effects; stan-
dardized total effect = —0.316; table S7). Evidence from
frogs and crickets suggests that the degree of within-male
variation in sexual signals is generally associated with par-
ticular receiver preference functions—static signal traits
are often associated with unimodal female preference func-
tions, while plastic traits are linked with open-ended female
preference functions (Gerhardt 1991; Shaw and Herlihy
2000). An untested but exciting prospect is that, by sup-
pressing within-male variation in signal elaboration, frog-
biting midges may indirectly influence the evolution of fe-
male preferences.

While the results here shed light on the role of midges on
amale’s call plasticity, we also examined whether call prop-
erties could in turn drive the intensity of midge attacks.
We had included the effect of chucks on midges based
on (i) the preferences of midges in two-choice playback ex-

periments showing that midges are more attracted to calls
with chucks (Bernal et al. 2006) and (ii) field collection of
midges attacking naturally interacting, calling males in
small choruses (<4 males), which shows that frogs produc-
ing calls with more chucks attract more midges (Aihara
et al. 2016). Therefore, we predicted that the more a male
chucked, the more he would be attacked by midges. Yet the
impact of chucks on the magnitude of midge attack was
nonsignificant (P = .182). It appears, then, that chucks
do not drive midge attacks under natural conditions as we
had initially predicted. A potential explanation for this find-
ing could be that, because of the correlation between a
male’s call rate and complexity, the negative, indirect effect
of midge attacks on a male’s call rate is large enough to sup-
press any direct effect of the number of chucks on the in-
tensity of midge attacks. Another possible mechanism is
that swatting directly decreases a male’s propensity to chuck,
thus attracting fewer midges thereafter. For instance, it is
possible that a male’s own swat might cause a temporary
reduction in his call complexity before he once again ramps
up the number of chucks added to his calls. A temporary
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Table 1: Unstandardized and standardized coefficients for the global piecewise structural equation model

Unstandardized Standardized estimate

Response, predictor estimate Standard error  Critical value P (relevant range)
Swats:

Midges .037 .006 6.235 .000""" .756
Midges:

Chucks —.014 .010 —1.336 .182 —.144

Rival males .091 .350 .260 795 .026
Call rate:

Rival males .010 .010 .999 322 .078

Swats —.002 .001 6.298 .014" —.300

Midges —.0003 .000 .573 451 —.089
Chucks:

Rival males 8.058 3.732 4.435 .038" 221
Correlated error structure:

Chucks ~~ call rate 336 NA 3.232 .001" NA

Chucks ~~ swats —.165 NA —1.517 .067 NA

" P<.05.

" P <.001.

interruption owing to swatting may then temporarily re-
duce midge attraction. Such an effect and its underlying
mechanism is purely speculative, which is why a causal re-
lationship between swats and chucks was not included in
the global SEM. Inclusion of this path in an alternative, ex-
ploratory SEM, however, indicates an acceptable model-
data fit, suggesting that this hypothesized mechanism
deserves future empirical work (C, = 0.524, P = .769;
see the supplemental PDF for full analysis and discussion).
Considering either mechanism, a male’s antimidge swat-
ting defense could effectively negate any influence of chucks
on midge attraction. Indeed, midges shown to prefer males
producing more complex calls were collected before they
landed on their frog prey (Aihara et al. 2016), precluding
any antimidge swatting response. When viewed alongside
the results here, it appears that while relative call complexity
guides midge foraging decisions, antimidge swatting offsets
this effect by suppressing a male’s call elaboration relative
to the intensity of midge attacks.

Given that call complexity did not drive the number of
midge attacks, we performed a post hoc test of the hypoth-
esis that to regulate the costs imposed by these micro-
predators, males actively modify their call complexity in
response to the number of midge attacks. We compared
the global SEM with an SEM in which we reversed the di-
rectionality of the path between midges and chucks (fig. $4;
table S2). Modeling midge attacks as a predictor of a male’s
number of chucks resulted in an SEM of equally adequate
fit to the observed data compared with the global SEM
(AAICc = 0, C, = 0.524, P = .769). The direct effect
of midges on chucks was still not significant (P = .369).
This finding indicates that, as with call rate, males do not

adjust their number of chucks per se in response to the in-
tensity of midge attacks. When attacked by these eaves-
dropping micropredators, males appear to alter their sex-
ual signal elaboration as part of a cascade of indirect effects
stemming from their defensive swats.

Threat Sensitivity Hypothesis

Our third aim for this study was to test a prediction of the
threat sensitivity hypothesis that antipredator strategies scale
with risk of attack (Sih 1986; Helfman 1989). Examinations
of this hypothesis generally address how physical defensive
behaviors scale in intensity with risk. Physical defenses, how-
ever, are only one of the multiple strategies used by animals
to avoid attacks. As animals can actively reduce their degree
of signal elaboration to avert the attraction of eavesdrop-
ping enemies (e.g, Montgomerie et al. 2001; Steinberg et al.
2014), our use of “antipredator strategies” here includes both
physical and signaling behaviors that reduce the risk of
attack from eavesdropping micropredators.

While we expected a male to alter his call rate and
complexity directly in response to the number of attacking
midges, as shown above, there were no such effects. Male
tungara frogs do not appear to directly alter the attractive-
ness of their signals relative to their risk of attack. Con-
versely, calling males scale their antimidge swatting defense
with the intensity of midge attacks. While attracting a pred-
ator such as a frog-eating bat carries potential high risk (i.e.,
death), the risk of attracting micropredators is likely den-
sity dependent (Lafferty et al. 2015) and comparatively
low if the male can swat them off before they begin feeding.
Considering that males also indirectly reduce their signal



elaboration when swatting, there has likely been weak selec-
tive pressure for males to directly scale call elaboration with
risk of attack. Altogether, we find support for the threat sen-
sitivity hypothesis only in the form of an antimidge physical
defense.

Effects of Intrasexual Competition

While midges suppress male call rate and complexity, the
effects of rival males are mixed. As the number of rivals in-
creased, focal males added more attractive, conspicuous
chucks to their calls (standardized direct effect = 0.221,
P = .038; fig. 2). The direct effect of competition from
neighbors on calling behavior is not surprising given that
previous field observations (Ryan 1985) and playback ex-
periments (Bosch et al. 2000a; Bernal et al. 2007b, 20094;
Goutte et al. 2010) have shown that increased male compe-
tition causes a male to increase his call rate and number of
chucks. The effect of calling rivals on call complexity has
been mainly examined in one-on-one interactions between
a focal male and a playback of a rival male, but the findings
extend to more natural interactions at a chorus (Ryan
1985; Greenfield and Rand 2000). No study of intrasexual
competition, however, has explicitly accounted for the ef-
fect of frog-biting midge attacks and the antimidge swat-
ting behaviors they induce in their victims. Here, the
SEM reveals that, while the number of rival males drove
a focal male’s propensity to add chucks, it did not impact
the focal male’s call rate (P = .322).

The social calling dynamics of a chorus may explain why
the intensity of male-male competition does not impact
call rate. One potential mechanism is that a male’s call rate
is constrained by the tingara frog’s alternating signal-
timing strategy. Males appear to attend to a maximum of
two or three nearby males and time their own calls to avoid
following these rivals—a strategy that has likely evolved
in response to female tingara frogs” strong preference for
“leading” males (Greenfield and Rand 2000; Legett et al.
2020). Therefore, while competition intensifies with in-
creasing numbers of neighbor males, a focal male’s call rate
is limited as a by-product of avoiding lagging behind the
calls of his rivals. Fine temporal signal dynamics between
males may thus explain why focal males increased com-
plexity, but not call rate, in response to increased numbers
of rivals.

An alternative, but not mutually exclusive, explanation
for why the males we observed did not change their call
rate in response to the number of rival males is that the in-
direct effect of eavesdropping midges outweighs any effect
of intrasexual competition on call rate. In a natural and dy-
namic setting, such as the in situ observations here, males
might perceive their nearby competitors’ reduced call rate
(caused by midge-induced swatting) and the correlated re-
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duction in number of chucks as reduced competition. This
subdued acoustic social environment may then dampen
the effects competitors would otherwise have on a male’s
call elaboration. Additionally, if the focal male’s total chuck
number and call rate are also reduced in response to midge
attacks, his competitors may perceive him as reduced com-
petition and, in turn, reduce their call elaboration. Thus,
midges may cause a feedback loop among the neighboring
males until all males equilibrate their call rate and com-
plexity. This mechanism, however, is dependent on the un-
tested assumption that all nearby males incur similar num-
bers of midge attacks.

Although we did not record the number of midges that
attacked rival males or their calling behaviors, the SEM
revealed that the number of rival males did not directly af-
fect the intensity at which midges attacked the focal male
(P = .795); the same was true when considering the total
effect of rival males on midge attack intensity, which
includes the indirect effect via chucks (standardized total
effect = —0.006; table S7). This result does not support
our prediction that more neighboring rivals reduces the
number of midge attacks per frog. A potential explanation
for this finding could be that frog and midge activity levels
are driven by similar environmental factors, such as tem-
perature, precipitation, and ambient light conditions. One
hypothesis for why animals broadcast mating signals in
groups, as seen in many frogs and other animals, is that
aggregations dilute predation risk (Foster and Treherne
1981). Indeed, chorus size is negatively correlated with a
male tdngara frog’s predation risk from the eavesdropping
fringe-lipped bat (Ryan et al. 1981). In contrast, for many
host-parasite systems, infection risk is typically assumed to
positively covary with host density, though the dilution of
risk is predicted to occur when a parasite’s infective-stage
production and transmission are spatially or temporally
decoupled (Buck et al. 2017). Here, however, a male’s pre-
dation risk from foraging midges was unaffected by the
number of neighboring rivals (i.e., local “host” density).
Future research is needed to address whether such lack of
relationship extends beyond this study to micropredators
and their victims in general.

Relative Effects of Eavesdropping Micropredators
and Intrasexual Competition

To more thoroughly examine the effects of male rivals rel-
ative to attacking frog-biting midges—the fourth and last
objective of this study—we compared the global SEM with
two additional independent SEMs that considered the hy-
pothesized effects of either male-male competition or midge
attacks (fig. S5). In the first additional model, we removed
the effect of male rivals while preserving the effects of midges
directly on calling behavior and indirectly through swatting
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(fig. S5A, table S3). This model fit the data well and was a
better fit than our global SEM (AAICc = 15.358, C, =
3.252, P = .777). Furthermore, the effect sizes were simi-
lar to those of the global SEM (table S4), confirming that
frog-biting midges can be important drivers of call plastic-
ity in tungara frogs. In the second additional model, we re-
moved the effect of midges (and thus swatting) while pre-
serving the effects of male rivals (fig. S5B; table S5). In
contrast, this second model was a poor fit to the observed
data (C, = 25.342, P < .001), confirming that intrasexual
competition, by itself, is not predictive of call elaboration
when frogs are under attack from frog-biting midges. When
examined together, and in light of the aforementioned
findings from this study, these SEMs suggest that frog-
biting midges are dynamic limiters of signal elaboration
in naturally occurring choruses of tungara frogs and can
outweigh the effects of intrasexual competition.

Conclusion

Elaboration of the male tdngara frog’s sexual signal is
among the most well-supported targets of female prefer-
ence (Ryan et al. 2019). Here, we show that eavesdropping
frog-biting midges, by eliciting antimidge defenses in call-
ing male tungara frogs, suppress the elaboration of their
victims’ signals and concomitantly dampen the effects of
intrasexual competition. Furthermore, the degree to which
these micropredators limit signal elaboration scales with
the intensity of their attacks. Through either direct effects
or indirect effects, eavesdropping micropredators offer a
particularly intriguing opportunity to investigate how their
signaling victims modify plastic signal traits in response
to graded levels of risk. These ecological interactions have
the potential to drive the evolution of sexual communica-
tion systems. Similar to herbivores that are hypothesized
to have constrained the elaboration of female floral traits
in pistillate plants by eavesdropping on the chemical sig-
nals sent by flowers to pollinators (Theis et al. 2007), eaves-
dropping micropredators have the potential to determine
the evolutionary path of sexual signals. Incorporating the
effects of eavesdropping micropredators as part of a more
complete set of ecological costs of sexual signals may reveal
more robust predictions in models of sexual selection and
new insights in the fields of animal communication and
predator-prey ecology.
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Frog-biting midges (Corethrella spp.) attacking a calling male tungara frog (Engystomops pustulosus). Photo by Ximena E. Bernal.



