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Abstract
Most male frogs produce calls to attract females and repel rivals. The transmission of these calls can be affected bymany acoustic
and environmental characteristics, which can influence the detection and decoding of the signal by the receiver. Calling-perch
height has a strong influence on sound propagation and acoustic spacing with neighboring males, but how frogs optimize their
calling behavior in this context is poorly understood. In this study, we investigated if and how frogs can adjust the calling energy
in the context of acoustic spacing. Our aim was to evaluate the relationship between calling-perch height, nearest-neighbor
distance, and sound-pressure level in the brilliant-thighed poison frog Allobates femoralis. We found that frogs flexibly adjust the
calling amplitude according to the calling-perch height without affecting the effectiveness signal propagation. Accompanying
signal propagation experiments demonstrated that calls produced with lower amplitude from higher perches propagate similar to
louder calls from the ground. Our results suggest an adjustment to the hypothesis of a general positive effect of calling-perch
height on signal effectiveness, where highly territorial frogs adjust their calling behavior to reduce energy expenditure and
optimize acoustic communication with conspecifics.

Significance statement
In acoustically communicating species, sound propagates better when broadcasted from elevated positions. However, callers may
adjust their calling behavior to optimize the sound transmission under ecological constraints. By using a correlative and manipulative
approach, we show in a poison frog model that males can adjust their calling amplitude according to the calling-perch height. We then
discuss that this calling adjustment optimizes the acoustic spacing between conspecific males and reduces energy consumption.
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Acoustic spacing

Introduction

In acoustically communicating species, sound production and
signal detection are critical for social interactions, such as
species recognition and mating (Gerhardt 1994; Owings and
Morton 1998). In anuran amphibians, acoustic communica-
tion determines the reproductive behavior where usually
males produce calls to attract females (Gerhardt 1994). In
territorial frogs, acoustic communication also mediates the
acquisition and defense of territories by males (Gerhardt
1994; Pröhl 2005). For effective communication, the emitted
signal containing certain information (e.g., species identity,
position, reproductive motivation) must propagate, be re-
ceived, and decoded by the receiver to influence its behavior
(Wells and Schwartz 2007).
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The efficiency of information transfer is shaped by the
sender’s intrinsic morphological and energetic constraints on
signal production (Hödl et al. 2004; Amézquita et al. 2006;
Göd et al. 2007). Extrinsic environmental conditions (e.g.,
distance from the ground, vegetation structure, temperature;
Wiley and Richards 1982; Gerhardt 1994; Narins et al. 2006;
Bro-Jørgensen 2010) can additionally limit the propagation by
sound attenuation and degradation. In frogs, sound attenuation
(Brenowitz et al. 1984; Robertson 1984; Wilczynski and
Brenowitz 1988; Brenowitz 1989; Gerhardt et al. 1989) and
degradation (Ringler et al. 2017) have been shown to affect
the phonotactic response of both males and females, and the
calling responses of neighboring males, resulting in modified
mate choice and male spacing patterns. Excess attenuation,
i.e., the reduction of sound-pressure level (SPL) beyond loss
through spherical spreading, can provide additional informa-
tion on habitat characteristics and the distance of the sender,
and thus further influence the response of a signal’s receiver
(Marten and Marler 1977; Wiley and Richards 1982).

In complex acoustic environments, where acoustically
communicating species face acoustic attenuation and degra-
dation, abiotic acoustic interference, and the competition for
acoustic space, callers should adjust their calling behavior to
maximize signal effectiveness (Hödl 1977; Duellman and
Pyles 1983; Gerhardt and Huber 2002). Calling at higher
perches allows the signal to propagate over larger distances
and thereby increases the likelihood of reaching intended re-
ceivers (e.g., females, conspecific intruders). This positive re-
lationship between calling-perch height and sound propaga-
tion has been shown in insects (Walker and Forrest 1989),
birds (Sorjonen 1986), and amphibians (Greer and Wells
1980; Wells and Schwartz 1982; Brenowitz et al. 1984;
Kime et al. 2000; Parris 2002; Kats et al. 2012; Schwartz
et al. 2015). However, animals can also adjust the amplitude
of the signal depending on the level of masking abiotic and/or
inter- and intraspecific background noise (Lombard 1911;
Brumm and Todt 2002, 2004). For instance, signals with
higher amplitude may counteract masking effects and travel
farther and so be more easily detected by receivers (Lombard
1911; Forrest 1994). This noise-dependent vocal plasticity has
been described in few species of amphibians (Halfwerk et al.
2016; Shen and Xu 2016; Zhao et al. 2018). However, to our
knowledge, amplitude adjustment independent of masking
background noise has only been demonstrated in the White-
Lipped Frog, Leptodactylus albilabris (Lopez et al. 1988).
This species presents plasticity of the advertisement call am-
plitude in response to increasing-amplitude stimuli, suggest-
ing a “shouting match” between directly competing males
(Love and Bee 2010).

Among amphibians , Neotropical poison frogs
(Dendrobatidae) present some of the most complex social be-
haviors, including a high degree of territoriality, different
types of parental care, and acoustic communication (Lötters

et al. 2007; Wells 2007). Males of the brilliant-thighed poison
frog, Allobates femoralis, are strongly territorial, a behavior
associated with prominent advertisement calls (Hödl 1983).
Males therefore may benefit from producing calls that propa-
gate as far as possible to better repel conspecific males and
reach more females. Whereas specific temporal and spectral
properties, sound-radiation patterns, behavioral aspects, evo-
lutionary patterns, and adaptive consequences related to the
advertisement call have been extensively studied in this spe-
cies (Narins et al. 2003; Hödl et al. 2004; Amézquita et al.
2005; Amézquita et al. 2006; Göd et al. 2007; Gasser et al.
2009; de Luna et al. 2010; Rodríguez and Hödl 2020), little
information exists on how males adapt their calling behavior
to interfering habitat-induced factors to optimize signal
effectiveness.

In a pilot experiment, we found that the calling-perch
height in A. femoralis males was not positively related to
sound propagation. This observation is quite surprising giving
the strong evidence of such a positive effect in other anuran
species (Greer and Wells 1980; Wells and Schwartz 1982;
Brenowitz et al. 1984; Parris 2002), suggesting that the call
amplitude and/or the calling-perch height can be adjusted by
A. femoralis males in the context of territoriality and acoustic
spacing. In this study, we addressed this issue with two dif-
ferent approaches: first, by relating natural calling-perch
heights with the produced SPL and the inter-individual dis-
tances of calling A. femoralis males in two geographically
distant populations; and second, by conducting signal propa-
gation experiments to test the effect of calling-perch height on
the SPL at the location of the receiver. Our specific aims were
to test (1) whether males that call at higher perches deliver
calls with higher amplitude at the receivers and therefore have
larger nearest-neighbor distances (NNDs) than males that call
at lower perches; (2) whether the calling amplitude and/or the
calling-perch height are being flexibly adjusted by
A. femoralis males; and (3) whether the calling-perch height
has an effect on sound propagation under natural conditions.

Methods

Study species and study area

We conducted our study on the brilliant-thighed poison frog,
Allobates femoralis BOULENGER (1883; Dendrobatidae:
Aromobatinae; AmphibiaWeb 2020). This species is terrestri-
al and diurnally active. The reproductive behavior consists of
prolonged courtships involving auditory, visual, and tactile
signals (Montanarin et al. 2011; Stückler et al. 2019). Males
usually call from slightly elevated vegetation structures on the
forest ground, like fallen trees, logs, lianas, and leaves
(Roithmair 1992). Parental care is usually performed by
males, who transport tadpoles to small water bodies
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(Roithmair 1992; Ringler et al. 2013). We conducted our
study in two geographically distant populations of
A. femoralis and in different years. First, we used 15 frogs
from a population in the Tanimboca Natural Reserve near
the city of Leticia in the Colombian Amazon (4° 07′ S–69°
57′ W; www.tanimboca.org) in July and August 2011 (from
now on, Let11) and April 2014 (from now on, Let14). Later,
we replicated the experiments using 34 frogs from a
population near the “Pararé field camp,” located in the Les
Nouragues Natural Reserve in French Guiana (4° 02′ N–52°
41′ W; Bongers et al. 2013; see Ringler et al. (2015) for a
description of the population characteristics), during the early
reproductive season between February and April in 2018
(from now on, FG18) and in 2019 (from now on, FG19).
Both study sites present structural and floristic heterogeneity.
Detailed information about the structure and floristic compo-
sition is given in Bongers et al. (2001) for the “Pararé field
camp,” and CORPOAMAZONIA (2006) for Tanimboca.

We performed the experiments at the two sites in the same
way (except for NNDmeasurements; see below) and between
0700–1000 and 1500–1800, which corresponds to the peak
calling activity of this species (Kaefer et al. 2012). We cap-
tured frogs using transparent plastic bags and measured their
snout-urostyle length (SUL). We used digital images of the
individually unique ventral patterns of A. femoralis for indi-
vidual identification.

Calling intensity, perch height, and nearest-neighbor
distance

Wemeasured the sound-pressure level (SPL) of the advertise-
ment call of A. femoralis males with a SPL meter (Voltcraft
329, Conrad Electronic SE, Wenberg Köblitz, Germany),
using the peak detector in the C-weighting curve and in fast
mode. The SPL meter was mounted either on a small tabletop
or on a full-size tripod, aligned parallel to the forest floor, at
the same height relative to the frog and pointing towards the
frog with no vegetation in between. The frogs generally start
calling with suboptimal advertisement calls of less than
steady-state SPL, defined as “warm-up calls” (Jameson
1954; Toledo et al. 2014); therefore, we measured the SPL
from the 5th four-note call in a call series and we took the
average of three SPL measurements after a linear conversion
to pascals (Pa = 20μPa˙10dB/20). Because SPL measurements
were taken at different distances (in a range of 0.24–3.1 m)
from the calling frog, we fitted an exponential regression
using the distance as a predictor and the logarithm of SPL as
the response variable and used the residuals as the new
distance-independent SPL (residuals (SPL)) in the subsequent
statistical analysis. Snout-to-urostyle length (SUL) was not
related to the SPL (F1,13 = 2.13; P = 0.16; R2 = 0.07; N =
15). Since A. femoralis males have a nearly omnidirectional
sound radiation pattern (Rodríguez and Hödl 2020), the

cardinal position of the frogs in reference to the SPL meter
was registered, being 0/360° the position of the SPL meter in
the cardinal plane, in order to know whether the frogs’ orien-
tation affect the SPL measured in relation to the calling-perch
height.

Subsequently, we measured the calling-perch height of the
males from the exact spot where they were calling to the
surface of the compacted leaf litter on the ground.
Subsequently, we measured the NND as follows: In
“Tanimboca,” we measured the inter-individual distances
from the exact spot where the frogs were calling by using
measuring tapes. At the “Pararé field camp,” we first per-
formed a series of capture-recapture surveys only when the
males were calling and recorded every capture point on a
digital map of the study area (distance error estimate ~ 10
cm; Ringler et al. 2014) using pocket PCs (MobileMapper
10, Spectra Precision, Sunnyvale, CA, USA) with the mobile
GIS software ArcPad (ESRI, Redlands, CA, USA). We used
the traversing function in ArcPad to map the 2-D position of
the frogs using laser range finders (DLE 50, Bosch, Gerlingen
Germany) and precision compasses (Tandem (magnetic incli-
nation zone 2), Suunto, Vantaa, Finland) for distance and
direction measurements, respectively. Finally, we calculated
the capture-point centroid for each male and measured the
Euclidean distance between centroids to obtain NNDs in R
(R Core Team 2017), using the “centroid” function of the R-
package geosphere (Hijmans et al. 2017).

Effect of perch height on sound propagation

This experiment was conducted between February and April
2018 at the “Pararé field camp.” To test the effect of calling-
perch height on sound propagation, we used an artificial call
of A. femoralis featuring the average call properties from a
nearby population (with a call consisting of four notes), ap-
proximately 30 km downstream on the Arataye river (for
details on temporal and spectral parameters, see Narins et al.
2003; Gasser et al. 2009). We calibrated the loudspeaker with
an integrated music player (Creative MUVO 2c, Creative,
Singapore) at SPLs of 73, 76, and 81 dB using an SPL meter
(Voltcraft 329) at 1-m distance by adjusting the volume set-
ting. Then, we repeatedly broadcast playback signal three
times at each SPL with the loudspeaker placed on logs at
heights of 0, 10, and 20 cm. We replicated 20 times the play-
back experiments using broadcast locations and directions
within the natural habitat of the local A. femoralis population
and selected opportunistically to let unobstructed playback
paths between the speaker and the SPL meter. Both, the
SPLs and heights were chosen to match the natural range of
variation of the “Pararé field camp” population of A. femoralis
(Table 1). SPL measurements of broadcast signals were taken
at a horizontal distance of 6 m from the loudspeaker, which
corresponds to the average territory radius of the “Pararé field
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camp” population of A. femoralis (Ringler et al. 2011;
Tumulty et al. 2018), with the SPL meter on the ground
pointing towards the speaker.

Repeatability of call amplitude and calling-perch
height

This experiment was conducted between February and April
2019 in the A. femoralis population near the “Pararé field
camp.” For each calling A. femoralis male, we measured the
SPL and the height from their calling perch to the ground on
three different occasions with minimum intervals of 3 days.
To measure repeatability, we estimated the proportion of the
total variance that is assigned to between-individual variation
in the SPL and calling-perch height across the three different
occasions (Nakagawa and Schielzeth 2010).

Blinded methods

To minimize observer bias, blinded methods were used when
propagation experiments data were recorded and/or analyzed.
However, for vocal behavior and repeatability measurements,
it was not possible to record data blind because our experi-
mental design involved focal animals in the field.

Statistical analyses

To estimate the relationship between the calling-perch height,
call amplitude, and NND, we fitted linear mixed effects
models by maximum likelihood using the “lmer” function
within the lme4 package (Bates et al. 2015) in R (R core
Team 2017). As p values for mixed effects models are not as
easy to interpret as for linear models (Johansson 2011), we
compared the likelihood of several models by using the
“lrtest” function within the package lmtest (Zeileis and
Hothorn 2002) in R. Prior to all comparisons, we evaluated
whether the fixed effects were interdependent on each other or
not (i.e., if the interaction matters), by comparing models with
and without the interaction effect. Subsequently, in all cases,
we compared a full model (including all the fixed effects)
against a reducedmodel (excluding the fixed effect of interest
in each comparison) as follows: (1) To evaluate the effect of
calling-perch height on the call amplitude, we fitted a full

model using calling-perch height and data sets (i.e., Let11,
Let14, FG18, and FG19) as fixed factors, the individual inter-
cepts as random factor, and residuals (SPL) as the response
variable. The reduced model was identical but excluded the
calling-perch height; (2) to evaluate the effect of the call am-
plitude on the NND, we fitted a full model using residuals
(SPL) and data sets as fixed factors, the individual intercepts
as random factor, and NDD as the response variable, the
reduced model was identical but excluded the residuals
(SPL); and (3) to evaluate the effect of the calling-perch height
on the NND, we fitted a fullmodel using calling-perch height
and data sets as fixed factors, the individual intercepts as ran-
dom factor, and the NND as the response variable. The
reduced model was identical but excluded the calling-perch
height. In all cases, we log-transformed the calling-perch
height and square root–transformed the NND to fit a normal
distribution. In each comparison, we assumed that the fixed
effect had a significant effect when the difference between the
likelihood of the full and reduced models was significant.
Additionally, we performed simple linear regressions for ev-
ery comparison in Let11, Let14, and FG18 data sets, and
linear mixed regression in FG19. Furthermore, we estimated
the effect of the frogs’ orientation on the relationship between
calling amplitude and calling-perch height by fitting a linear
mixed effects model. We used the residuals (SPL) as the de-
pendent variable, the interaction between calling-perch height
and the orientation of the frog as fixed factor, and the ID of the
frog as random factor. Likelihood ratio test was also per-
formed between a fullmodel (including the interaction) versus
a null model (without the interaction).

To estimate the effect of the calling-perch height on signal
propagation, we performed a linear mixed effects model using
the received SPLs as response variable, the broadcast heights
and SPLs as fixed effects, and repetitions and trials as nested
random factors. Then, we used planned least-squares means
contrasts using the “lsmeans” function within the lsmeans
package (Lenth 2016). Post hoc comparisons were adjusted
using Tukey’s method for multiple comparisons. Significant
statistical differences between the mean values would be in-
dicated by non-overlapping 99.9% confidence intervals.

To estimate repeatability (R), we used the “rpt” function of
the package rptR (Nakagawa and Schielzeth 2010) in R. In our
fitted model, SPL or calling-perch height were used as the

Table 1 Descriptive statistics of calling behavior traits at “Tanimboca natural reserve” and “Pararé field camp.” SPL = sound-pressure level; NND =
nearest-neighbor distance

Site SPL (dB) Calling-perch height (cm) NND (m)

x̅ ± SD Range (n) x̅ ± SD Range (n) x̅ ± SD Range (n)

Tanimboca 71.60 ± 2.94 65–77.6 (15) 26.88 ± 18.41 2.78–72.6 (15) 13 ± 6.9 1.4–27 (15)

Pararé 74.38 ± 4.17 64.23–81.5 (34) 13.22 ± 6.23 3–31.6 (34) 8.79 ± 3.87 4–17.41 (30)
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response variable, the data sets as the fixed factor, and the
individual ID of the frog as the random factor. Statistical sig-
nificance against the null hypothesis (repeatability = 0) was
estimated by likelihood ratio test.

Results

We found that A. femoralis males that perch higher pro-
duced calls at significant lower amplitudes (X2 = 4.14, df
= 1, P = 0.04; Fig. 1a). While this effect was highly signif-
icant for the FG18 data set (F = 15.35, R2 = 0.4, P < 0.01;
Fig. 1b), for the Let11, Let14, and FG19 data sets, it was not
statistically significant (Let11: F = 0.52, R2 = 0.07, P = 0.5;
Let14: F = 0.74, R2 = 0.04, P = 0.42; FG19: t = − 0.08, P =
0.93; Fig. 1b). Males producing higher amplitude calls did
not have larger inter-individual distances to the nearest

males (X2 = 0.02, df = 4, P = 0.99; Fig. 2a). Interestingly,
in the FG18 data set, males had significant larger inter-
individual distances when calling at lower amplitudes (t =
− 2.3, R2 = 0.2, P = 0.03; Fig. 2b), while this effect was not
significant for the other data sets (Let11: F = 0.2, R2 = 0.12,
P = 0.67; Let14: F = 0.56, R2 = 0.07, P = 0.48; FG19: t = 0, P
= 1; Fig. 2b). Moreover, higher perched males had larger
inter-individual distances to the nearest males (X2 = 17.16,
df = 4, P = 0.001; Fig. 3a). Nevertheless, while this effect
was significant for the FG18 data set (F = 4.42, R2 = 0.16, P
= 0.05; Fig. 3b) being not statistically significant for the
Let11, Let14, and FG19 data sets (Let11: F = 4.5, R2 =
0.33, P = 0.07; Let14: F = 0.54, R2 = 0.08, P = 0.5; FG19:
t = 0, P = 1; Fig. 3b), the relationship between calling-perch
height and calling amplitude was not interdependent on the
frog’s orientation when the SPL was measured (X2 = 4.9,
df = 3, P = 0.17).

Fig. 1 Relationship between
sound pressure levels (SPLs) and
perch height in A. femoralis. a
Fitted regression line from a linear
regression mixed model with
“data set” as a co-variable
(diamonds: Let11 (N = 8);
triangles: Let14 (N = 7); circles:
FG18 (N = 22); squares: FG19 (N
= 12)). b Simple linear regression
models for every “data set.”
Shaded regions indicate 95%
confidence intervals

Fig. 2 Relationship between
nearest-neighbor distance (NND)
and sound-pressure levels (SPL)
in A. femoralis. a Fitted
regression line from a linear
regression mixed model with
“data set” as a co-variable
(diamonds: Let11 (N = 8);
triangles: Let14 (N = 7); circles:
FG18 (N = 18); squares: FG19 (N
= 12)). b Simple linear regression
models for every “data set.”
Shaded regions indicate 95%
confidence intervals
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SPLs of the advertisement call of A. femoralis males were
statistically not repeatable (R = 0.18, P = 0.14; Fig. 4).
Conversely, calling-perch height was statistically repeatable
across the three trials (R = 0.36, P = 0.02; Fig. 4).

In our propagation experiments, signals broadcast at 76 dB
from 0-cm height propagated equally as signals at 73 dB from
20-cm height (planned lsmeans contrast: t = − 2.51, P = 0.22;
Fig. 5; SupplementaryMaterial Table S1) while signals broad-
cast at 81 dB from 0-cm height propagate farther than signals
at 76 dB from 20-cm height (planned lsmeans contrast: t =
10.48, P < 0.001; Fig. 5; Supplementary Material Table S1).
We found no significant differences between 0 and 10 cm or
between 10 and 20 cm (Fig. 5; Supplementary Material
Table S1) of perch height with test signals broadcast at most
of the three different intensities (73, 76, and 81 dB; Fig. 5).
However, perch height differences between 0 and 20 cm sig-
nificantly increase the sound propagation (planned lsmeans
contrast: all P < 0.001; Fig. 5; Supplementary Material
Table S1).

Discussion

Numerous studies have shown the positive effect of calling-
perch height on sound propagation on long- and short-
distance communication systems. Sound is attenuated when
closer to the ground because of the dense vegetation and
ground effect (Marten and Marler 1977; Richard and Wiley
1980; Wells and Schwartz 1982; Forrest 1994; Schwartz et al.
2015). In the case of A. femoralis, our results suggest an ad-
justment to the hypothesis of a general positive effect of
calling-perch height on signal effectiveness, where males take
advantage of the signal-enhancing effects of calling from high
perches without affecting the effectiveness of acoustic spacing
with conspecifics.

As acoustic communication mediates reproductive and ter-
ritorial behaviors (e.g., territorial advertising, aggressive en-
counters, mating), evolution exerts selective pressures on the
signals and/or on behavioral adaptations (Gerhardt 1994;
Owings and Morton 1998). Two selective pressures might
be driving the behavioral plasticity regarding calling ampli-
tude and the choice of calling-perch heights in A. femoralis.
First, because calling with higher amplitude is energetically
costly (Prestwich 1994; Ryan 1988), calling at higher perches
and thereby reducing attenuation (Morton 1975; Marten and
Marler 1977) allows the frogs to save energy by producing
calls with lower amplitude but still sufficient propagation.
Second, calling at elevated sites above the ground level en-
hance acoustic and visual conspicuousness to females and
conspecific males, as has been shown in the glass frog
Centrolenella fleischmanni (Greer and Wells 1980) and in
the strawberry poison frog Oophaga pumilio (Kats et al.
2012). However, possible costs include an increased visual
and acoustic conspicuousness also towards predators (Haff
and Magrath 2011; Dugas et al. 2015), which could be
counteracted by either reducing the amplitude of the signal
(Tuttle and Ryan 1982) or developing visual antipredatory
mechanisms (e.g., cryptic appearance, Batesian or Müllerian
mimicry; Ruxton et al. 2004; Amézquita et al. 2017).

We present evidence of both antipredator mechanisms in
A. femoralis. First, males had a significant intra-individual
variation in advertisement call amplitude, but they maintained
relatively small variation in the calling-perch height (Fig. 4),
indicating that they can actively vary the calling amplitude.
Plasticity in the call amplitude has been shown in some anuran
species in response to ambient noise (Lopez et al. 1988; Penna
et al. 2005; Cunnington and Fahrig 2010; Halfwerk et al.
2016), and also by exploiting signal-enhancing structures
(Lardner and bin Lakim 2002). To our knowledge, this is
the first study that shows evidence of call amplitude

Fig. 3 Relationship between
nearest-neighbor distance (NND)
and calling-perch height in
A. femoralis. a Fitted regression
line from a linear regression
mixed model with “data set” as a
co-variable (diamonds: Let11 (N
= 8); triangles: Let14 (N = 7);
circles: FG18 (N = 18); squares:
FG19 (N = 12)). b Simple linear
regression models for every “data
set.” Shaded regions indicate 95%
confidence intervals

Behav Ecol Sociobiol (2020) 74: 7676 Page 6 of 10



adjustment in a territorial frog. Second, in our two study pop-
ulations, A. femoralis co-occurs with their toxic “co-mimic”
Ameerega hahneli. The two species have similar brightly col-
ored femoral patches and dorsolateral lines, with reflectance
spectra that do not differ significantly at the Tanimboca natu-
ral reserve near Leticia (see Online Resource ESM1).

Several studies have shown that acoustic communicating
species use the amplitude of the signal as a reliable cue to
assess neighbor distances, allowing acoustic spacing between
neighbors (Naguib 1997; Nelson 2000). However, if neigh-
boring males are able to modulate their call amplitude, it is
unreliable to use only SPL of the signal to infer neighbor
proximity (Richards 1981; Morton 1982). In our study, SPL
did not predict the inter-individual distances between calling
A. femoralismales. Considering that A. femoralis can vary the

calling amplitude, acoustic ranging and territory spacing may
therefore depend on other factors than SPL alone. Indeed,
another study in the “Pararé field camp” population suggested
that males use also other cues independent from SPL, like
spectral degradation or reverberation, for assessing neighbor
distance (Ringler et al. 2017). However, SPL had a negative
effect on the NND in the FG18 data set (Fig. 2b). One possible
explanation for this unexpected result is that signals close to
the ground are more prone to degradation and likely they
sound as if they would originate from further away than sig-
nals produced from higher perches, even when they are at a
lower SPL. Therefore, frogs assessing their neighbor’s dis-
tance (also) from signal degradation (Ringler et al. 2017) con-
sequently may settle closer to more degraded signals, assum-
ing they come from further away. This third effect might add
to the concomitant effect of signal-source height and the am-
plitude of the signal on inter-individual spacing in
A. femoralis.

In line with the hypothesis that male frogs benefit from
calling at elevated perches to increase inter-individual spac-
ing, by improving the sound propagation (Greer and Wells
1980; Wells and Schwartz 1982; Gerhardt et al. 1989), we
found that higher perched A. femoralis males had larger
NND. Several studies have shown that the source height of
the signal affects the propagation distance, with a pronounced
effect on sound attenuation below 1 m above the ground
(Morton 1975; Marten and Marler 1977; Wiley and
Richards 1982; Forrest 1994; Kime et al. 2000; Parris 2002).

Fig. 4 Plot showing individual measurements in A. femoralis of sound-
pressure levels (SPLs) of the advertisement call (upper plot) and calling-
perch height (lower plot) over three trials. Symbols represent each
individual. We estimated repeatability (R) and 95% confidence intervals
(in square brackets)

Fig. 5 Violin plots showing the effect of the calling-perch height on the
detected SPL at three different broadcasted SPLs and at 6 m of horizontal
distance from the loudspeaker. Black dots and horizontal bars denote
means and shaded square boxes denote 99.9% confidence intervals
after Bonferroni’s correction
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In fact, under realistic field conditions, our propagation exper-
iments showed that calling-perch heights of just 20 cm signif-
icantly increase the signal propagation compared to calling
perches on the ground. Therefore, males calling close to the
ground could suffer disadvantages from unwanted signal re-
flection and/or excess attenuation due to ground cover.
Interestingly, our experimental data also show that softer sig-
nals produced at higher calling perches propagate as well as
louder signals from the ground. That is, frogs might spend less
metabolic energy in calling (i.e., low rate of oxygen consump-
tion to produce low-amplitude calls) by exploiting the enhanc-
ing effects on sound propagation of calling from elevated
positions (Ryan 1988; Forrest 1994). Then, our results suggest
that reducing the calling amplitude when perching higher
might have concomitant benefits associated with energy sav-
ing, antipredator strategies, and acoustic communication opti-
mization. Further propagation experiments are needed with
the speaker and the SPL meter positioned on the average of
typical calling-perch height in order to mimic the natural po-
sition of both senders and receivers.

It is noteworthy that the relationships between calling ampli-
tude, calling-perch height, and NND did not follow the same
pattern across the different data sets. This suggests that the
acoustic behavior in A. femoralis is more complex and may
depend on additional ecological factors like weather conditions,
motivational state, or population density. Also, we cannot dis-
card that the inverse relationship between call amplitude and
calling-perch height could be an epiphenomenon of multimodal
signaling, where males perch higher to improve the sound prop-
agation but also increase the visibility of the vocal sac towards
neighboring males and females (Narins et al. 2003; Halfwerk
et al. 2016). Further research is needed to clarify the reasons of
such variation in the vocal behavior across different locations
and time periods. Likewise, we present evidence for elevation-
related changes in call amplitude in A. femoralis males for just
one location and year (FG19). However, to claim a behavioral
adaptation across the A. femoralis species complex (Amézquita
et al. 2009; Grant et al. 2017), further experimental studies are
needed to assess the flexibility of territorial frogs’ calling ampli-
tude in different populations, for instance, by measuring SPLs
after presenting calling-perch structures with different heights
within male’s territories.

Behavioral adjustments may grant benefits when selected or
developed in a specific context (Sol et al. 2013). In the acoustic
communication context, animals must interact with the environ-
ment and adjust their calling behavior to improve their commu-
nication. Overall, our study suggests that highly territorial frog
males can adjust their calling behavior by exploiting the signal-
enhancing effects of elevated calling positions and producing
calls with lower amplitude. We propose that such behavioral
adjustment can be advantageous to enhance the effectiveness
of communication through improving call propagation, energy
saving, and minimizing predation risk.
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