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a  b  s  t  r  a  c  t

We  studied  patterns  of  the geographic  variation  of mating  calls  of the  common  lesser  escuerzo  Odon-
tophrynus  americanus  including  populations  living  in syntopy  with  the  closely  related  O.  cordobae  and
adjacent  allopatric  populations.  The dominant  frequency,  pulse  rate,  call duration  and  pulses/call  showed
the  lowest  intra-individual  variation  (CV  <  3%). The  discriminant  function  analysis  (DFA)  assigned  88%  of
all calls  to the  correct  individual,  indicating  that  the advertisement  calls  of  O. americanus  are individually
distinctive.  Call  duration,  pulses  per  call  and  the  dominant  frequency  were  likely related  to  individual
distinctiveness.  Pulse  rate  and  pulse  temporal  parameters  related  consistently  showed  the  lowest  val-
ues  of CVb/CVw ratio  and  could  be considered  key  properties  for species  recognition  in O. americanus.  We
nuran communication
ioacoustics
haracter displacement
eographic variation
dontophrynus
yntopy

found  a  greater  call  divergence  between  species  in  syntopy  than  in allopatry  in  terms  of  the  pulse  rate  and
particularly  the  interpulse  interval.  These  results  appear  to be consistent  with a pattern  of reproductive
character  displacement.  Further  studies  testing  female  selectivity  should  be essential  to evaluate  whether
acoustic  differences  observed  between  syntopic  and  allopatric  populations  are  biologically  significant  and
if there  are  differences  in selectivity  between  such  areas.

©  2016  Published  by  Elsevier  GmbH.
. Introduction

Animal signals can vary at different scales and the identification
nd characterization of this variation is a critical first step in the
nderstanding of the adaptive functions of signals (Gerhardt and
uber, 2002; Bee et al., 2010). In anurans there are many studies

hat document intra-specific variation in frog calls, measuring and
omparing variation within and among individuals in a population
e.g., Tarano, 2001; Castellano et al., 2002; Smith and Hunter, 2005;
renat et al., 2013). Furthermore, several intra-specific studies
emonstrated that inter-populational differences in sexual signals
re common and influence mate recognition (Pröhl et al., 2006,
007; Dreher and Pröhl, 2014). However, the implications of the
ariability in the expression of sexual signals are still poorly under-
tood (Smith and Hunter, 2005). Identifying potential causes of

attern of divergence in characters within and among populations
rovides support for hypotheses about how divergence arises and
ow it is maintained (Jang and Gerhardt, 2006). Consequently, the

∗ Corresponding author.
E-mail addresses: adolfomartino@gmail.com, amartino@exa.unrc.edu.ar

A.L. Martino).

ttp://dx.doi.org/10.1016/j.jcz.2016.06.007
044-5231/© 2016 Published by Elsevier GmbH.
analysis of signal variation at different levels of organization might
provide an important source of information for the understand-
ing of signal evolution (Castellano et al., 2002b; Gasser et al., 2009).
Additionally, geographic overlap with other related species can not
only promote acoustic divergence between species, and between
allopatric and sympatric populations of a single species, but it can
even lead to differentiation of calls and preferences among conspe-
cific populations within the contact zone (Gerhardt, 1994; Higgie
et al., 2000; Lemmon, 2009; Gerhardt, 2013).

Tetraploid Odontophrynus americanus (Duméril and Bibron,
1841) was  the first natural bisexual polyploid anuran species
described (Beç ak et al., 1966). In central Argentina, it is distributed
to the south of the province of Córdoba and the northernmost pop-
ulations coexist in syntopy with their cryptic related species, the
diploid Odontophrynus cordobae (Martino and Sinsch, 2002; Grenat
et al., 2009a,b). As individual differences and geographic variation
of advertisement calls between syntopic and non-syntopic popula-
tions of O. cordobae have been found (Grenat et al., 2013) it would be
highly interesting to know whether similar call patterns are present

in the closely related polyploid O. americanus.

In this paper, we  examine call trait variation and stereotypy of
the common lesser escuerzo O. americanus in central Argentina. We
characterized the acoustic properties on the basis of their intra- and

dx.doi.org/10.1016/j.jcz.2016.06.007
http://www.sciencedirect.com/science/journal/00445231
http://www.elsevier.com/locate/jcz
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcz.2016.06.007&domain=pdf
mailto:adolfomartino@gmail.com
mailto:amartino@exa.unrc.edu.ar
dx.doi.org/10.1016/j.jcz.2016.06.007
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Fig. 1. Geographical position of sampled Odontophrynus americanus (black point)
and O. cordobae (white point) populations. LM,  Los Membrillos; RC, Río Cuarto; BA,
B
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aigorria; ES, Espinillo; AG, Alcira Gigena; A1, Alpa Corral-La Escondida S1; A2, Alpa
orral-La Escondida S2; G1, Gigena-El Cano S1; G2, Gigena-El Cano S2; EC, El Cano;
E,  La Escondida; BE, Berrotarán; VGB, Villa General Belgrano.

nterpopulational variation and we studied patterns of geographic
ariation of O. americanus advertisement calls. Finally, we  evaluated
all differences between O. americanus and O. cordobae in allopatric
nd syntopic populations and we analyzed the directionality of call
hange in both species living syntopically.

. Materials and methods

.1. Sampling and study site

The anuran Odontophrynus americanus is a prolonged breeder,
hich reproduces during austral spring-summer months

September–March) using temporary and permanent ponds.
e recorded advertisement calls of individuals between 1999 and

012 from ponds in 11 sampling sites from the provinces Córdoba
nd San Luis: Los Membrillos, Río Cuarto, Baigorria, Espinillo, Alcira
igena, Alpa Corral-La Escondida S1, Alpa Corral-La Escondida S2,
igena-El Cano S1, Gigena-El Cano S2, El Cano, La Escondida (Fig. 1).

n the last two sites, populations of tetraploid O. americanus coexist
n syntopy with its cryptic diploid counterpart, O. cordobae (Grenat
t al., 2009a,b) while the remaining study sites were considered
llopatric because no O. cordobae were found. We  did not include
ore distant sites across the species’ distribution range because

ur focus was to study the short scale variation. For the analysis
etween species, we include calls of O. cordobae from syntopic
La Escondida) and allopatric (Berrotarán; Villa General Belgrano)
opulations (Grenat et al., 2013).

.2. Recording and analysis of advertisement calls

Vocal series of three to ten advertisement calls were recorded
rom 130 O. americanus and 42 O. cordobae males using a Walkman
igital AudioTape (DAT) SonyTM TCD-100 with stereo microphone
CM-MS907 SonyTM. Throughout each recording, the microphone

as held at around 1 m from the focal calling male. Immediately

fter the acoustic recording, water temperature of breeding site
to the nearest 0.1 ◦C) was registered. These temperatures ranged
etween 15.1 ◦C and 28 ◦C.
zeiger 268 (2017) 143–150

Because these species are morphologically cryptic, the ploidy of
individuals was analyzed by mean erythrometry in all populations
for a correct identification of the species (see Grenat et al., 2009a,b).
In syntopic populations cytogenetic analyses of males sampled
acoustically were performed for ploidy confirmation (Grenat et al.,
2009a,b; Otero et al., 2013). Odontophrynus americanus is very sen-
sitive to disturbance and often disrupted its acoustic activity for
long periods when it feels threatened. Therefore, it was  not pos-
sible to associate the body measurement of every single calling
male because, in many cases, males were not captured until after
recording the call series of all males at the sample site. As several
authors have reported a relationship between body size and the
spectral call properties, we  conducted a separate intra- and inter
populational analysis to evaluate the morphometric variation. We
obtained very low intra-population variability in body length (SVL)
with coefficients of variation (CV) of less than 9%. In addition, no
significant differences between populations in terms of SVL were
found (ANOVA, p = 0.0543). These results agree with a previous
morphometric study including the same sites (see Grenat et al.,
2012).

Acoustic signals were digitized and analyzed by means of
oscillograms, spectrograms and power spectra using the software
Adobe® AuditionTM 1.0 (sampling rate: 44.1 KHz; bit depth: 16 bit).
A call of O. americanus consists of a single pulse group, with pulses
located at the beginning of the call having low intensity, followed
by increasing intensity pulses, and a decrease in pulse intensity at
the end of call. The call structure of O. americanus is similar to O. cor-
dobae (Fig. 2). Frequency spectra were calculated with the following
settings: window function hamming, frame length 512 points, grid
resolution 128 points, FFT size 1024 points; amplitude logarithmic.
Each call series was characterized by six call properties: (1) Call
duration (CD) [ms]; (2) Pulses/Call (P/C) [N]; (3) Pulse duration (PD)
[ms]; (4) Interpulse interval (IPI) [ms]; (5) Intercall interval (ICI) and
(6) Dominant frequency (DF) [Hz]. Pulse rate (PR) [pulses/s] and
Duty cycle (DC) [PD/IPI] were also calculated (Martino and Sinsch,
2002; Grenat et al., 2013). Call properties associated with pulse
characteristics (e.g., PD and IPI) were measured in at least three
pulses in each call.

2.3. Statistical analyses

The arithmetic means of all call parameters were calculated for
each series and used for further analyses. Acoustic data were shown
to be normally distributed using the Shapiro-Wilk test for normal-
ity (p < 0.05). Linear regressions between call variables and water
temperature were performed to assess the effect of this environ-
mental variable on acoustic traits. Because temperature can affect
anuran call properties (Gerhardt and Huber, 2002), we corrected all
properties which were significantly correlated with temperature by
adjusting their values to 20 ◦C (mean of registered temperatures)
following Heyer and Reid (2003).

2.3.1. Variability in call structure of O. americanus at different
levels

We  used a coefficient of variation (CV = (SD/Mean) × 100) to
compare patterns of variation at different levels: within individual
(among calls from the same individual), within population (among
individuals from the same population) and among populations. CVs
of higher levels were estimated using the mean values of the acous-
tic parameter obtained at the immediately lower level, applying an
approach similar to that employed in the variance computation in a
nested ANOVA model (see Castellano and Giacoma, 1998). We  used

within-male CVs to characterize the variability of each call proper-
ties as static (CVw < 4%) or dynamic (CVw > 12%), following Gerhardt
(1991). We  calculated the ratio of between-male to within-male
CV (CVb /C Vw) as a measure of relative between-male variability.
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Fig. 2. Oscillogram, spectrogram and power spectrum of Odont

f the CVb /C Vw ratio was >1.0 for a property, then the property is
elatively more variable among individuals and may  function as
ndividual recognition cue (Bee et al., 2001; Gasser et al., 2009). To
stimate whether the observed variability in call properties var-
ed significantly among males, we conducted a one-way ANOVA
Gasser et al., 2009).

For call comparison between O. americanus populations, sepa-
ate univariate analyses of variance (ANOVA) were performed for
ach call property. If significant differences were found, pairwise
ests between populations (Tukey’s HSD) were applied to deter-

ine which groups showed differences. Discriminant function
nalysis (DFA) was used to examine the individual and popula-
ion distinctiveness when all call properties were included. For
opulational analysis we included populations with more of five

ndividuals. The discriminant functions generated in a DFA can be
sed to classify signals as belonging to particular individuals. Fur-
hermore, classification success serves as a measure of how well the
inear combinations of variables in the discriminant functions dis-
inguish among individuals (Bee et al., 2001). Phenetic clustering of
opulations based on acoustic distance (squared Mahalanobis dis-
ances) was applied using the unweighted pair-group method with
rithmetic averaging (UPGMA).

.3.2. Geographic patterns of call variation
To evaluate a potential clinal call variation in O. americanus,

ean population values of temperature-adjusted call variables
ere regressed against latitude. To examine the geographic dis-

ance effect, we performed Mantel tests (MANTEL for Windows
.18; Calvalcanti, 2008). This test calculates correlations among
imilarity/dissimilarity and distance matrices considering that the
ame data point is used for multiple comparisons. We  built a Maha-

anobis distance dissimilarity matrix between the means of call
ariables, and correlated it with a matrix of linear geographical dis-
ances between all pairs of study sites. Ten thousand iterations were
sed to assess the significance of the results.
us cordobae (left) and O. americanus (right) advertisement call.

2.3.3. Call variation between species: syntopic versus allopatric
populations

For analysing acoustic behaviour in contact areas we  included
advertisement calls of syntopic and allopatric O. americanus and
closely related O. cordobae. Only the more distant allopatric popula-
tions of O. americanus (i.e., Río Cuarto, Espinillo and Los Membrillos)
in respect to the contact areas entered the analysis. In all analyses
we considered four groups: allopatric O. americanus,  syntopic O.
americanus, allopatric O. cordobae and syntopic O. cordobae.

For acoustic comparisons between species we  performed sep-
arate ANOVAs for each call parameter. Principal Components
Analysis (PCA) was used to statistically examine the group dis-
tinctiveness when all call variables were included. To evaluate
the magnitude of acoustic differences between O. americanus and
O. cordobae allopatric and syntopic populations, we performed a
discriminant function analysis (procedure: backward selection).
Phenetic clustering (UPGMA) of groups based on acoustic distance
was applied to examine the directionality and magnitude of the
call divergence. All calculations were performed using the program
package STATGRAPHICS for Windows, version 5.0, and INFOSTAT
v.2013.

3. Results

3.1. Variability in call structure of O. americanus at different
levels

Population means and standard deviations for all acoustic prop-
erties of O. americanus advertisement calls are given in Table 1. DF,
PR, CD and P/C showed the lowest variation within-male (CVw < 4%),
and can be considered as static properties (see Table 2). PD and
IPI together with DC were classified as intermediate with val-

ues near to 5%. The intercall interval was  considered the only
dynamic property, showing CVw greater than 12%. CVs for prop-
erties classified as static or intermediates increased with the level
of analysis both within individuals towards populations, while the
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Table 1
Mean and standard deviation of acoustic measurements taken on call series of Odontophrynus americanus from 11 breeding sites and O. cordobae from three localities.
Parameters abbreviations: CD: call duration; P/C: pulses/call; DF: dominant frequency; PD: pulse duration; IPI: interpulse interval; PR: pulse rate; DC: duty cycle. N: number
of  call analyzed.

Locality N Acoustical parameter

CD (ms) P/C PD (ms) IPI (ms) DF (Hz) PR DC

O. americanus
Los Membrillos 21 462.1 ± 28.8 39.2 ± 2.7 5.5 ± 0.4 6.5 ± 0.4 869.5 ± 30.2 83.7 ± 3.6 0.86 ± 0.1
Río  Cuarto 114 502.7 ± 81.1 39.1 ± 4.7 5.7 ± 0.6 7.6 ± 0.5 1051.3 ± 76.6 75.2 ± 4.1 0.76 ± 0.1
Espinillo 18 507.7 ± 43.8 41.0 ± 2.1 5.7 ± 0.8 6.8 ± 0.9 1033.9 ± 64.6 80.3 ± 6.2 0.8 ± 0.2
Baigorria 30 502.0 ± 31.5 42.7 ± 3.4 4.7 ± 0.5 6.2 ± 0.6 1033.0 ± 56.7 91.3 ± 2.0 0.77 ± 0.1
Alcira  Gigena 54 530.9 ± 56.0 39.1 ± 4.8 5.0 ± 0.4 8.0 ± 1.1 1048.7 ± 130.6 80.4 ± 5.8 0.68 ± 0.1
Gigena-El Cano S1 15 496.7 ± 76.7 43.7 ± 6.1 5.2 ± 0.3 6.6 ± 0.6 962.3 ± 21.7 85.2 ± 3.9 0.81 ± 0.1
Gigena-El Cano S2 30 481.7 ± 45.3 40.2 ± 4.0 5.7 ± 0.4 6.3 ± 0.5 971.1 ± 47.7 82.9 ± 2.6 0.90 ± 0.1
A-Corral-La Esc S1 18 525.6 ± 31.1 45.2 ± 2.0 5.2 ± 0.3 6.2 ± 0.2 1003.0 ± 19.0 86.2 ± 1.9 0.9 ± 0.02
A-Corral-La Esc S2 12 481.3 ± 40.4 42.7 ± 4.5 5.7 ± 0.4 6.1 ± 0.4 1017.9 ± 20.5 86.2 ± 2.6 0.91 ± 0.1
La  Escondida 39 435.9 ± 55.7 40.1 ± 3.1 4.9 ± 0.8 5.8 ± 0.9 963.6 ± 76.6 92.6 ± 10.8 0.87 ± 0.2
El  Cano 21 540.1 ± 24.9 50.3 ± 2.2 5.1 ± 0.3 5.7 ± 0.3 1072.6 ± 26.8 92.1 ± 1.9 0.87 ± 0.1

O.  cordobae
V◦ Gral. Belgrano 90 432.2 ± 51.3 49.6 ± 3.4 3.9 ± 0.4 4.9 ± 0.5 990.7 ± 42.0 119.4 ± 3.7 0.85 ± 0.1
Berrotarán 60 412.9 ± 18.7 49.8 ± 2.2 3.8 ± 0.1 4.3 ± 0.2 927.8 ± 59.6 129.6 ± 4.2 0.87 ± 0.1
La  Escondida 60 410.9 ± 49.8 52.2 ± 4.7 3.7 ± 0.2 3.8 ± 0.3 1007.3 ± 64.9 135 ± 9.1 0.98 ± 0.1

Table 2
Coefficients of variation for advertisement call parameters calculated at three different levels of analysis and CVa/CVw ratio for each acoustic property. CD: call duration;
P/C:  pulses/call; DF: dominant frequency; PD: pulse duration; IPI: interpulse interval; PR: pulse rate; DC: duty cycle; ICD: Intercall duration.

Analysis level CD P/C DF PD IPI PR DC ICD

Within individual 2.92 ± 2.04 2.90 ± 2.09 1.05 ± 1.22 4.31 ± 2.55 4.35 ± 2.60 2.25 ± 1.44 7.43 ± 4.49 18.62 ± 13.8
8.41 ± 4.57 8.50 ± 3.35 4.88 ± 2.98 13.75 ± 5.43 40.23 ± 12.4

12.36 14.18 10.96 16.8 42.49
1.95 1.95 2.17 1.85 2.16
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Fig. 3. Cluster analysis based on square Mahalanobis distances showing the sim-
ilar acoustical population groups in Odontophrynus americanus. A: Allopatric; S:
Syntopic.
Among  individuals 8.92 ± 3.05 8.74 ± 3.38 5.11 ± 3.23 

Among  populations 11.29 12.55 8.63 

CVa/CVw 3.05 3.01 4.87 

ynamic call interval showed similar values within and among
opulations. All properties varied more among males than within
ales, with CVb /C Vw ratios higher than 1.8 (Table 2). Static

roperties exhibited higher CVb /C Vw ratios compared to both
ynamic and intermediate properties (Table 2). Additional one-way
NOVA confirmed significant differences in the static properties
etween CVb and CVw ratios (ANOVA, CD: F1,136 = 81.78, p < 0.0000;
/C: F1,136 = 73.40, p < 0.0000; DF: F1,136 = 81.50, p < 0.0000; PR:
1,136 = 28.65, p < 0.0000). The CVb/CVw ratio for the spectral prop-
rty, dominant frequency, was considerably higher than for all
emporal properties.

Individual acoustic distinctiveness was examined using discrim-
nant function analysis. Discriminant functions were highly signif-
cant (Wilks’ lambda = 0.00000059; canonical correlation = 0.995;

 < 0.0001), and the first two functions explained 84% of the indi-
idual variation. The first function was strongly associated with P/C
nd CD, while the second function was mainly associated with the
ominant frequency. DFA correctly classified 88% of the calls to a
espective male.

Univariate analysis demonstrated significant differences
mong populations in all call parameters (CD: F10,113 = 3.21,

 < 0.01; P/C: F10,113 = 5.92, p < 0.0001; DF: F10,113 = 5.55, p < 0.0001;
D: F10,113 = 4.93, p < 0.0001; IPI: F10,113 = 16.35, p < 0.0001; PR:
10,113 = 19.13, p < 0.0001; DC: F10,113 = 4.27, p < 0.0001). Pairwise
ests between O. americanus populations showed that calls of
yntopic populations were significantly different from the remain-
ng populations in three out of seven acoustic properties (P/C,
PI, PR; Tukey test, p < 0.05). The result was supported by the
PGMA cluster analysis (Fig. 3). Herein the syntopic populations
ppeared as two distant groups separated of the remaining study
opulations.
When we grouped populations based on its acoustic character-
stics using the discriminant function analysis, we obtained seven
iscriminant functions, the first four of which were highly sig-
ificant. Functions 1 (Variance = 47%; Wilks’ lambda = 0.0456745;
canonical correlation = 0.84561; p < 0.0001) and 2 (Variance = 38%;
Wilks’ lambda = 0.160293; canonical correlation = 0.81820;
p < 0.0001) had eigenvalues greater than 1 and accounted for
85% of the total variation. The first function was strongly related
with call duration (standardized coefficient = −2.26761) and
pulses/call (sc = 2.4685) while the second function loaded heavily
with pulse rate (sc = −2.78446). DFA revealed a more pronounced
separation of syntopic individuals with respect to the remaining
populations that showed overlap each other (Fig. 4). However, in
the classification of individuals on the basis of these discriminant
functions, 77% (range 50–100%) were correctly assigned to their

original population.
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Fig. 5. Acoustic distinction among allopatric (fill) and syntopic (empty) popula-
tions of O. cordobae (square) and O. americanus (triangle): (A) Principal Component
Analysis; (B) Discriminant Function Analysis.

Fig. 6. Cluster analysis based on square Mahalanobis distances showing the acous-
ig. 4. Acoustic distinction among populations of O. americanus based on Discrimi-
ant Function Analysis.

.2. Geographic patterns of call variation

Simple regressions between O. americanus call variables and
atitude coordinates showed a north-south-wise increase in call
uration (r = −0.25; p< 0.01), pulse duration (r = −0.37; p< 0.0001)
nd interpulse interval (r = −0.48; p < 0.0001) and a north-south
ecrease in pulse rate (r = 0.63; p < 0.0001) and pulses/call (r = 0.32;

 < 0.001). Dominant frequencies and duty cycles were not sig-
ificantly correlated with latitude (DF: r = −0.15; p = 0.0859; DC:

 = 0.015; p = 0.0979). The Mantel test revealed no significant
orrelation between geographic and call distance (correlation
atrix was r = 0.101 and the one-tail probability was  p [random

 < observed Z] = 0.671).

.3. Call variation between species: syntopic versus allopatric
opulations

In the univariate inter-specific comparison we  found acousti-
al differences between syntopic populations in all call properties
ANOVA: p < 0.001) except in DF (F1,29 = 0.12; p = 0.7301) while non-
yntopic populations differed significantly in all call traits (p < 0.05).
n both comparisons CD, PD and IPI showed lower values for O. cor-
obae while P/C, PR and DC showed lower values for O. americanus.

The first three components of the principal component anal-
sis explained 89% of the total variation. PC1 (eigenvalue = 4.09)
ignificantly correlated with pulse rate and interpulse interval
component weight = 0.485 and 0.484 respectively), and was the
ey component separating the four groups: allopatric and syn-
opic populations of each species (Fig. 5). Discriminant function
nalysis was significant (Wilks’ lambda = 0.033; canonical correla-
ion = 0.97; p < 0.0001) and only three properties were maintained
n the analysis (IPI, PR and DC). The first canonical function
xplained 92% of the total variation among the four groups
allopatric and syntopic populations of each species) and was

ainly associated to pulse rate (standardized coefficient = 1.44).
his function separate two species and, partiality, syntopic and
llopatric calls within-species (Fig. 5). The second function mainly
eparated syntopic individuals between species and syntopic and
llopatric calls of both species and was strongly associated to inter-
ulse interval and duty cycle (standardized coefficients = 3.22 and
.16 respectively). When pooling all individuals, 87% were correctly
ssigned to their original group. All groups showed a correct clas-
ification of individuals higher than 75%. No correctly classified
ndividuals of syntopic populations were assigned as belonging to
ny allopatric populations of the same species.

Cluster analysis using squared Mahalanobis distances revealed
wo inter- and intraspecifically well-separated groups (Fig. 6).
nterspecific analysis showed higher acoustic divergence between

yntopic populations in comparison with allopatric populations
Fig. 6A and B). Intraspecifically, a higher acoustic differentiation
as observed between allopatric and syntopic populations of Odon-

ophrynus cordobae (Fig. 6C).

tical association between population groups of Odontophrynus americanus and O.
cordobae:  (A) syntopic populations; (B) allopatric populations; (C) syntopic and
allopatric populations of both species.
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. Discussion

.1. Patterns of call variability: dynamics and statics properties

Static and dynamic properties have a potential to encode differ-
nt kinds of biologically significant information: static properties
ight encode species, population or even individual identity,
hereas dynamic properties might transmit mate-quality infor-
ation (Gerhardt, 1992). Following Gerhardt (1991) we may

ategorize the PR, DF, CD and P/C as static properties and the ICI
s dynamic trait for Odontophrynus americanus. As Gerhardt (1991)
roposed, static and dynamic properties represent two ends of a
ontinuum of variability. In support of this view, PD, IPI and DC
ere intermediately variable properties in our study. However,

tatic or dynamic classification for a same property varies consid-
rably across species. For example, call duration has been classified
n different studies as static (Gerhardt, 1991; Friedl and Klump,
002; Bee et al., 2010), dynamic (Gerhardt, 1991; Castellano and
iacoma, 1998; Gambale et al., 2014), or intermediate (Bee et al.,
001; Pröhl, 2003; Pettitt et al., 2013; Grenat et al., 2013). In general,
elatively long signals exhibit greater intra-individual variability
han shorter signals (Bee et al., 2010). Gerhardt (1991) suggests that
his variability across species could be related to the temporal struc-
ure of the vocalization, with pulsed calls being more variable than
npulsed or very rapidly pulsed calls. Furthermore, since call dura-
ion depends upon the activity of muscles that force the air from
he lungs through the larynx, the low intra-individual CVs for this
arameter in a single calling bout might be caused by motor pat-
ern stereotypy rather than morphological constraints (Castellano
t al., 2002b). The number of pulses per call was also categorized
s a static property but its low within-individual variation might
rise from the combined effect of the low variation of call duration
nd the pulse/interpulse structure (Grenat et al., 2013).

The low within-individual variability of PR and DF and its conse-
uent classification as static properties are consistent with previous
tudies in other anurans and insects (see Gerhardt and Huber,
002). Such properties tend to be under stabilizing or weakly direc-
ional selection with females often preferring values at or near
opulation means (Bee et al., 2010). Particularly, PR is reported as
n important species recognition cue for many anurans (Loftus-
ills and Littlejohn, 1971; Schwartz, 1987; Schul and Bush, 2002)
hile DF is also proposed to be important in species recognition,

ut patterns of preferences for this parameter are more vari-
ble than those based on PR (Gerhardt, 1991). Unfortunately, our
tudy fails to examine the possible relationship of the acoustic
ariables and body size. Spectral properties of most anuran adver-
isement calls are directly related to the frequency at which the
ocal cords vibrate, and therefore depend upon their mass and ten-
ion, strongly associated with body size (Castellano and Giacoma,
998). Our analysis of variability in SVL showed no intra or inter-
opulation differences. This result is consistent with low intra-
nd inter-population variability observed in the DF and with the
bsence of correlation between this parameter and between lati-
ude. Other authors have reported no association between SVL and
F in anuran species, suggesting that this call property does not pro-
ide receptive females with consistent information on the size of
allers (Pseudacris maculata – Bee et al., 2010; Anomaloglossus bee-
ei – Pettitt et al., 2013). However, our results are limited to infer
hether the observed low variability is because there are forces

cting directly on this acoustic property or is an indirect result of
ts association with body size.

On the other hand, dynamic properties may  provide spe-

ific information to females about the energetic investment in
ourtship of potential mates (Gerhardt, 1991). Consequently, tem-
oral parameters as intercall duration are constrained by the
nergy that males can invest in signalling and might therefore serve
zeiger 268 (2017) 143–150

as a potential indicator of male relative condition (Castellano et al.,
2002). It is known that ICI can change dramatically within a few
seconds, usually in response to the behaviour of other conspecific
individuals or external perturbations (Gerhardt, 1991; Castellano
et al., 2002). Like many other species, O. americanus often breed
in large groups or aggregations of signalling individuals. Several
studies indicate that call alternation could reduce the masking of
signals by conspecific or heterospecific neighbours (Brumm, 2006;
Wong et al., 2009). Therefore, the observed variation in the intercall
interval could be associated with strategies used for males to adjust
their call cycles to coincide with periods of low masking noise.

4.2. Individual distinctiveness of O. americanus advertisement
call

The DFA revealed that O. americanus advertisement calls are
highly individually distinctive, with 88% of calls successfully
assigned to the correct individual using a sample of 130 males.
Other studies using multivariate approaches in anurans (e.g.; Bee
et al., 2001, 2010; Gasser et al., 2009; Pettitt et al., 2013) and in
other taxonomic groups (mammals – Blumstein and Munos, 2005;
Charlton et al., 2011; birds – Jouventin et al., 1999; Reers et al.,
2011; fish – Amorim et al., 2011) have demonstrated that individual
distinctiveness in animal vocalizations is not unusual. These stud-
ies have reported discriminant function models typically assigning
calls to the correct individual at rates between 50 and 100%. It
should be noted that some variation among studies could result
from differences in sample size included in the analysis (Bee et al.,
2001; Gasser et al., 2009).

Two temporal parameters (CD and P/C), followed by the sin-
gle spectral property (DF) contributed more to the individual
distinctiveness in O. americanus. For a signal property to func-
tion as a useful cue for individual recognition, it must minimally
show greater variation among individuals than within individuals
(Jouventin et al., 1999; Bee et al., 2001; Pettitt et al., 2013). While
all variables showed CVb /C  Vw >1, DF, CD and P/C had the highest
CVb /C Vw ratios (Table 2), accentuating their potential role as indi-
vidual recognition cues. Although these properties showed a very
low within-individual variability, among-individual variation was
by far less stereotyped. Thus, these static properties could convey
mainly information associated with individual distinction rather
than the recognition of species.

Other studies have reported acoustic temporal properties
mainly contributing to the individual distinctiveness in anurans
(e.g.; Allobates femoralis – Gasser et al., 2009; A. beebei – Pettitt
et al., 2013; Scinax constrictus – Gambale et al., 2014). Studies in
diplo/tetraploid complex Hyla chrysoscelis/H. versicolor reported
female preferences for call duration in both species highly direc-
tional in favour of calls with higher pulse numbers (Bee, 2008;
Gerhardt et al., 2000) and indicated that H. versicolor females associ-
ated with this preference could receive indirect benefits in the form
of increased offspring fitness (Welch et al., 1998; Welch, 2003).
Hence, pulse number could be considered to be an honest indicator
of a male’s genetic quality or physiological condition (Bee, 2008).

Call properties may  propagate differentially through the
environment depending of habitat structure, calling site and back-
ground noise, and then a single call property may  have a limited
potential of identification for the signal receiver (Bee et al., 2001;
Gasser et al., 2009). Sstereotyped temporal patterns could be useful
for localization of conspecifics at close range and lower densi-
ties (Grafe, 1999; Bush et al., 2002). Consequently, preferences for
longer calls are reduced when signals are perceived in noisy envi-

ronments (Schwartz et al., 2001). On the other hand, low-frequency
spectral components, such as dominant frequency of O. americanus,
propagate well through breeding habitats (Bee et al., 2001) and
could be mainly important for individual distinctiveness in large
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roups or aggregations of signalling individuals. For this, in many
ases it would be expected males using a subset of call proper-
ies rather than a single property for discrimination (Bee et al.,
001; Gasser et al., 2009). Future playback studies using synthetic
alls that vary in different properties could elucidate the poten-
ial role these properties play in individual discrimination for O.
mericanus.

.3. Species recognition traits of O. americanus advertisement
all

Some static properties may  fail to uniquely identify individuals,
ot because they are variable within males, but because of limited
mong-male variability (Bee et al., 2001). For static properties, a low
mong-individual variation suggests that there has been a response
o stabilizing selection and such traits are suitable for promoting
pecies recognition (Gerhardt, 1991). PR and temporal parame-
ers related (PD and IPI) consistently showed the lowest values of
Vb/CVw ratio and could be considered key properties for species
ecognition in O. americanus. These acoustic properties were also
eported as important for species recognition in the closely related
. cordobae (Grenat et al., 2013).

Signal properties under morpho-physiological constraints
ight show the lowest variation at the within-individual level, but

he highest variation at micro- and macro-geographic scales, and
hey may  convey key information for mate recognition (Castellano
t al., 2002). PR showed a moderate clinal north-south decrease
onsistent with the opposite behaviour of PD and PI. The pattern
f geographic variation observed was consistent with the higher
ariability obtained for among-population CVs in these acoustic
arameters. Thus, these acoustic properties with greater restric-
ions could be the most appropriate to transmit messages whose

isinterpretation would have a higher cost in fitness, for both
ignaller and receiver, and, at the same time, may  provide the
trongest responses to selection favouring the divergence of popu-
ations and, eventually, the origin of new species (Castellano et al.,
002).

For many anurans, pulse rate is a relevant call property used by
emales in selecting conspecifics mates, especially among closely
elated species that live in sympatry (e.g.; Schul and Bush, 2002;
emmon, 2009). Furthermore, this call parameter has been com-
only used for the interspecific distinction of closely related

nurans belonging to diploid/polyploid or polyploid/polyploid
omplexes (e.g., Hyla chrisoscelis/H. versicolor – Ralin, 1977; Bufo
iridis complex – Stöck, 1998; Pleurodema kriegi/P. cordobae –
aletti et al., 2009), including the diplo/tetraploid species pair O.
ordobae and O. americanus (Martino and Sinsch, 2002). This acous-
ic difference between ploidy levels could be associated to a direct
ffect of polyploid on call structure, mainly on pulse rate, as result
f increased gene dosage, ploidy specific alteration in gene expres-
ion, increased nuclear and cell volume or a combination of these
actors (Ueda, 1993; Keller and Gerhardt, 2001) and the subsequent
enotypic evolution increasing the divergence. In consequence, if
he polyploidization had a direct effect on pulse rate the difference
n this property could be sufficient for rejection of tetraploid calls
y females of diploid species and vice verse (Keller and Gerhardt,
001).

.4. Acoustic divergence between O. americanus and O.
ordobae in syntopy: evolution of reproductive character
isplacement
Multivariate analysis showed a higher acoustic differenti-
tion between species (DFA = 100% positive classification) and
ithin species (75–100%) in PR and pulse structure compared

o other call traits. Several studies have shown that geographic
zeiger 268 (2017) 143–150 149

overlap with related species can promote call divergence between
species and between allopatric and sympatric populations of a
single species (Pfennig and Ryan, 2006). For O. americanus, DFA
and cluster analysis considering all studied populations showed
an evident divergence between the syntopic populations of La
Escondida and El Cano with respect to the other populations
(Figs. 3 and 4), although the call properties associated to this dis-
placement appeared to be different (PR rate and P/C, respectively).
However, PCA and DFA including both species showed that PR is the
property mainly separating species and IPI and DC appear to be the
property regulating the divergence between syntopic and allopatric
populations in both species, although their effect was  more pro-
nounced in O. cordobae. The analysis of acoustic distances revealed
a higher divergence between species in syntopy than in allopa-
try and confirmed a higher displacement in the diploid species.
These outcomes appear to be consistent with a pattern of repro-
ductive character displacement (RCD; Brown and Wilson, 1956;
Howard, 1993). Gerhardt (2013) defined RCD as a geographical pat-
tern in which mate-attracting signals, preferences or both differ
more in areas of sympatry than in areas of allopatry. Several robust
examples of divergence in anuran communication systems in sym-
patric areas are consistent with RCD (see Gerhardt and Huber,
2002; Gerhardt, 2013). This evolutionary pattern may  result from at
least two  processes including selection against hybridization (rein-
forcement) or selection against signal interference by neighbours
(Howard, 1993). At present, natural hybrids between O. cordobae
and O. americanus have not been found. However, artificial crosses
among O. americanus diploid and tetraploid individuals from Brazil
show that reproductive isolation is based on premating barriers
and does not result from a reduced viability of hybrids (Beç ak et al.,
1970). In both species, syntopic individuals showed an increase
in PR and a decrease in IPI. Since these call properties could be
related to species recognition in both species (Grenat et al., 2013;
our results) an accentuation of differences in these parameters and
female preferences between species in syntopy would be expected
in order to prevent mismating and gamete wastage. However, while
differences in PR between allopatric and syntopic populations
within each species were similar (about 15%), the divergence in IPI
was higher in O. cordobae (20%) than O. americanus (15%) explaining
the higher observed displacement in the diploid species. Preference
criteria in closely related species in which the signal differences are
mainly quantitative suggests that the co-evolution of senders and
receivers is probably not always stepwise and parallel (Gerhardt,
2005). Schul and Bush (2002) reported divergence in selectivity of
females in diplo/tetraploid complex of treefrogs. Whereas selec-
tivity of H. chrysoscelis females is based on pulse rate alone, in H.
versicolor it is based on an evaluation of pulse/interpulse structure
(Schul and Bush, 2002). Consequently, to confirm the occurrence of
RCD it would be essential to test female selectivity in further stud-
ies to evaluate (1) whether acoustic differences observed between
syntopic and allopatric populations are biologically significant, and
(2) if there are differences in receiver selectivity between such
areas.
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