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RESUMO

Nos sistemas de comunica¢do animal, a relagdo social entre emissor e o receptor é
determinante para modelar as propriedades do sinal actstico. Em anuros a selecao sexual
€ o principal processo que modifica, dentro da uma escala evolutiva, os cantos de antincio
dos machos de acordo com a preferéncia e capacidade auditiva das fémeas em sua
populacdo. No entanto, o conhecimento sobre a percep¢ao dos anuros € 0 comportamento
diante das alteracdes nas diferentes propriedades actsticas dos sinais emitidos em
diferentes contextos ainda € incipiente. Assim, nosso trabalho investigou o significado
das estruturas harmdnicas na comunicacdo acustica da espécie Neotropical
Dendropsophus minutus, utilizando dois diferentes experimentos: (1) escolha da fémea e
(2) interacdo macho-macho. Hipotetizamos que as estruturas harmonicas sao necessarias
para o reconhecimento especifico e escolha do parceiro. Desta forma, esperamos que as
modificagdes nas estruturas harmonicas dos cantos de andncio provocassem diferentes
respostas comportamentais em machos e fémeas. As fémeas foram testadas em uma caixa
semi-anecdica, onde oferecemos alternadamente por 10 minutos, dois estimulos
compostos por notas ABCC (como vocalizacio da espécie): (1) naturais com harmonicos
e (2) sintéticos sem harmdnicos. Os experimentos de reprodu¢do com machos ocorreram
diretamente em seu sitio de vocalizacdo e testamos trés estimulos compostos pela
repeticdo de trés notas B apresentados aleatoriamente: (1) natural com harmonicos, (2)
sintéticos sem harmodnico e (3) editado com o harmoénico dominante invertido. Tanto
fémeas quanto machos responderam a todos os estimulos e ndo discriminaram entre os
cantos naturais e sintéticos. Os machos reduziram a frequéncia dominante das notas A
(de antincio) e aumentaram a taxa de emissao de notas B (agressivas) sobre a influéncia
dos estimulos. Concluimos que a auséncia de estrutura harmonica nos sinais acusticos
emitidos nos cantos de anuncio de D. minutus nao prejudica a funcio de reconhecimento
da espécie, nao sendo relevante para a selecido sexual. Este trabalho aumenta nosso
conhecimento sobre a funcdo de tracos acusticos na comunicacao dos anuros, € sugerimos
que a estrutura harmonica no sistema de comunicacao de D. minutus € apenas um artefato

mecanico neutro da producao de som.

Palavras-chave: Resposta acustica, preferéncia das fémeas, canto harmdnico,

experimento de playback, selecdo sexual, discriminacao de sinal, territorialidade.



ABSTRACT

In animal communication, the relationship between sender and receiver is determinant for
the evolution of signal properties. In anurans, sexual selection is the main process that
modifies, within an evolutionary scale, the advertisement calls of males according to the
preference and hearing capacity of females. Knowledge on how anurans perceive and
react to changes on the structure of acoustic signals is relevant for the classification of the
social meaning of particular acoustic properties. We therefore hypothesized that harmonic
structures are fundamental for specific recognition and mate choice. Thus, we expected
that modifications on harmonic structures of natural calls would provoke different male
and female behavioral responses. In order to address that, we investigated the significance
of harmonic structures on the acoustic communication of the Neotropical treefrog
Dendropsophus minutus, in two different playback experiments: (1) female choice, and
(2) male-male interactions. Females were tested in a semi-anechoic box, where we offered
alternately, for 10 minutes, two stimuli composed by ABCC notes: (1) natural call with
harmonics, and (2) synthetic calls without harmonics. Playback experiments with males
occurred directly on male’s calling site, and we tested three stimuli composed by the
repetition of BBB calls in the randomly presented set: (1) natural calls with harmonics,
(2) synthetic calls without harmonics, and (3) synthetic calls with the dominant harmonic
inverted. Both females and males responded to all stimuli and were unable to discriminate
among natural and synthetic calls. Males usually reduced dominant frequency of notes A
(advertisement call) and increased the rate of B (aggressive call) notes, under the
influence of stimuli. We conclude that the absence of harmonic structure in acoustic
signals emitted in the advertising calls of D. minutus does not jeopardize the species
recognition and is not relevant for sexual selection. This work increases our knowledge
on the function of acoustic traits on frog’s communication, and we suggest that harmonic
structure in the communication system of D. minutus is only a neutral mechanic by-

product of the sound production.

Keywords: Acoustic responses, female choice, harmonic calls, playback experiment,

sexual selection, signal discrimination, territoriality



Lista de Figuras

FagUIe Lo 38
FagUIE 2. e 38
FagUIe 3. 38
FagUIe 4. o 39
FagUIe 5. 40

Fig. S1. Top view of the semi-anechoic arena used in experiments with females...44

Lista de Tabelas

Table 1. Multiple comparison of acoustic properties among male-male interaction
experimental stages. Results of a sequence of ANOVA analyses with and post-hoc test
of Fischer with specific differences among experimental stages.......................... 41

Table S 1. Experiments playback field with three populations of D. minutus from the
state of Sdo Paulo, southeastern Brazil: Sorocaba; Ribeirdo Grande and Sdo Luiz do
Paraitinga. Geographic coordinates, climate and type vegetation. *IBGE............... 43

Table S 2. Air temperature, humidity, hour and body size (snout-vent length — SVL) for
each male-male interaction experiment in each locality.......................oooot. 44



SUMARIO

INtrOAUGAO EIAL.... ittt et ettt et e sb et st nbeenaeas 11
TNELOAUCTION. ...ttt ettt ettt e b e be e st e bt e sbe e sbe e bt e bt e sbeenbeesbeesaaeeas 13
1 1 10 T £ 15
D1 (0T 1 I 0T 1 15
SIS . ettt et et 15
Recordings, preparation and analySes...........o.eiiuiiiiieiiiii i 16
Female ChOiCe @XPETIMENT. ... . .uiueteet sttt ettt e et et et ettt e e et e eeae e enneannas 17
Male-male interaction EXPEeriMeNt. ... .....veerieteeteert et et et et eane et aaneaeaaneenneanns 18
Data AnalYSiS. ..ottt ettt e 19
RESULLS. ..t 20
Female ChoiCe. ... . ..o 20
Male-male INEEIACTION. ... .ttt e e e e eaeaens 20
L) T 73 () o 21
ACKNOWIBAGEMENLS. ... .ottt e e 24
Considerages FInais. ... .o.oiiuiiii i e 25
RETEIEICES. ...ttt et e b et e st e s bt e s bt e sat e bt e bt e saeenbeesbeesaneeas 26
Appendix 1: legends and FiGUIes..........ccocieiieiiiiiiiieiieie ettt ettt s 37

APPENAIX 21 TADIES. ...cviiieieiieiieee ettt ettt ettt ettt e be bttt be bt e sateeateea 41

AANIEXOS. .ottt e ettt —eeeaeee ettt —————aaeeeettaa——————atetttaa———————————s 48



11

Introducao geral

A comunicagdo acustica ¢ um importante componente do comportamento dos
anuros (Bodnar 1996). Muitos animais sdao capazes de produzir e perceber sons com alta
complexidade em sua comunicacdo (Simmons 1988; Simmons et al. 2003; Vielliard 2004),
entre eles ha os que apresentam a capacidade de produzir sons harmonicos, que consistem em
vibragdes sonoras originadas em diferentes regides do 6rgao vibrante (Kohler et al. 2017), com
a presenca de uma frequéncia fundamental (primeira faixa de frequéncia), seguida por faixas
complementares que sdo multiplos inteiros da frequéncia fundamental (Schwartz and Simmons

1990; Blackstock 2000; Vielliard and Silva 2008; Toledo et al. 2015).

Em invertebrados temos o exemplo da ordem Orthoptera, em que a presenca do
harmodnico em sua comunicagio acustica influenciou nas relacdes de predacdo, selecdo sexual
e competi¢cdo interespecifica por nicho (Robillard et al. 2007). J4 em vertebrados os estudos
indicam que o harmonico estd relacionado a comunicacio realizada a longa distincia por
individuos da mesma espécie, como no primata Galago senegalensis senegalensis (Zimmerman

1985), em Elefantes, Rinocerontes e Ledes (O’Connell-Rodwell et al. 2001).

A comunicagdo acustica exerce um papel fundamental nas questOes relativas a
sobrevivéncia e reproducdo dos animais (Ryan 1991; Vielliard 2004). Isso porque tais sinais
acusticos produzidos por muitos vertebrados e invertebrados podem auxiliar no reconhecimento
especifico (Wells 2007; Duellman 1970) e até em sistemas de defesa (Charnov and Krebs 1975;
Sherman 1977; Toledo et al. 2015). A complexidade vocal muitas vezes € fruto da evolugado de
processos de divergéncia especifica e de forcas exercidas pela pressdo de selecdo sexual
(Amézquita et al. 2005), entretanto também podem ser fruto consequéncias da evolugdo
biomecanica (Akre et al. 2014). A pressdo exercida pelas fémeas sobre as caracteristicas
acusticas apresentadas pelos machos de sua espécie pode ser muito significativa (Bee et al.
2000a; Gerhard and Huber 2002). Pois a escolha realizada pelas fémeas avalia um conjunto de
informacdes presentes no canto como intensidade do canto, taxa de notas e dura¢do do canto
(Wells and Schwartz 2007), sendo esses parametros fundamentais também para o estudo da
comunicacdo acustica (Fine and Parmentier 2015). Tais informacgdes sdo condicionadas a
caracteristicas morfologicas e fisiologicas do emissor (Boeckle et al. 2009), dessa forma, as
propriedades acusticas do som emitido dependem do tamanho do animal (Boeckle et al. 2009;

Kelley 2001), do formato e das caracteristicas do 6rgao vocal (Boeckle et al. 2009; Kelley
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2001). Os anuros vocalizam por meio de contragcdes musculares da parede do corpo do animal,
forcando o ar contido nos pulmdes a passar da laringe para o saco vocal (Narins and Feng 2007).
O saco vocal atua apenas como um 6rgao ressonante, porém as caracteristicas da laringe, desde
estrutura a tensdo das cordas vocais, podem interferir significativamente na qualidade do som
produzido (Bositel et al. 2011; Narins and Feng 2007).

Em geral, entre os anuros o som é primeiramente captado pelo timpano (orelha
externa), transportado pelo estribo (orelha média) até a orelha interna, onde € traduzido em
sinais elétricos, que apresenta dois 6rgdos sensoriais responsdveis pela recep¢do do som: a
papilla amphibiorum (PA) e a papila basilar (PB) (Narins and Feng 2007). Algumas
caracteristicas do sistema auditivo dos anuros sdo compartilhadas pelos diferentes grupos de
vertebrados (Simmons 1988), e por isso € esperado que espécies ndo humanas de vertebrados
também apresentem a capacidade de compreensao harmoniosa. Isso foi constatado por estudos
realizados com Hyla cinerea apontam que a espécie € capaz de distinguir sons harmdnicos, 0
que sugere a possibilidade de que demais espécies de anuros possuam tal capacidade (Gerhardt
et al.1990) No entanto, a efetividade de atragdo de fémeas por sinal de antincio com harmonicos
ainda precisa ser avaliada em outras espécies, assim como a importancia deles na comunicacao
entre machos. Assim, o presente trabalho testou a efetividade de componentes harmo6nicos nas

vias de comunica¢do macho-fémea e macho-macho.
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Introduction

Acoustic signals produced by animals are crucial for intraspecific communication,
which may affect territorial defense, spatial location and reproduction (Goodenough et al. 1993,
Breed and Moore 2012). Such signals are acoustically characterized at least by the variation on
three dimensions: frequency, time, and amplitude (Snowdon 2011; Wilkins et al. 2012). In
anuran advertisement calls, acoustic traits in these dimensions usually have social functions,
which may be linked to species recognition (Kollarits et al. 2017), mate choice (Bush et al.
2002), and territorial conflicts (Davies and Halliday 1978). For example, most anurans have
hearing structures tuned to the dominant frequency of the advertisement call of their own
species (Fuzessery and Feng 1981, Gerhardt and Schwartz 2001; Phelps 2007). Therefore,
sound frequencies produced are key to species proper communication. At the same time,
motivational state, body size and vocal sac morphology may determine some of these acoustic
properties in advertisement calls (Kelley 2001, Boeckle et al. 2009). For example, we expect
that larger males normally call with lower frequencies (Gingras et al. 2013), while those
sexually more excited call with higher rates than those less excited (Klump and Gerhardt 1987).
Therefore, variations in call parameters are frequent and may influence in intraspecific
communication.

Evaluation of the impact of such variations on behavioral responses of individuals
constitutes an important way for determining their social role. Many studies found that females
usually choose the nearest, larger and more motivated males to reproduce, based on signal
amplitude, frequency, and advertisement duration call (Klump and Gerhardt 1992; Tarano and
Herrera 2003; Beckers and Schul 2004; Marquez et al. 2008). The harmonic structure is
composed of frequency bands complementary to a fundamental frequency band (first band),
with the complementary bands being multiples of the fundamental frequency (Watkins 1968;
Schwartz and Simmons 1990; Vielliard and Silva 2008; Toledo et al. 2015 Fig. 1), originated
from sound vibrations in different regions of the vibrating organ (Kohler et al. 2017). These
effects are relatively well known for many call traits in anurans; however, the possible functions
of the harmonic structure haven’t received much attention in the current literature. For
individuals living in noisy environments the harmonic has a function of overlapping the corner
with ambient noise, as seen by members of the Hylodidae family (Vielliard and Cardoso 1996;
Haddad and Giaretta 1999; Lingnau and Bastos 2007; Pimenta et al.2008; Caldart et al. 2011;
Caldart et al. 2016). Studies with Hyla cinerea indicate that the species is able to distinguish
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harmonic sounds, which suggests the possibility that other species of anurans have such a
capacity (Gerhardt et al.1990)

With the exception of deaf frogs (e.g., Goutte et al. 2017), anurans generally have
a broad spectral sensitivity, which may even include ultrasonic frequency bands (Feng et al.
2006). Also, the registration of the corners can depend on the amount of selectivity of the
neurons as characteristics of the singing (Adler and Rose 1998; Edwards et al. 2002; Gerhardt
and Bee 2007). Typical tuning curves in anurans respect a bimodal pattern, with, at least, two
best excitatory frequencies, generally matching with fundamental and dominant frequency of
the species call (Gerhardt and Schwartz 2001). Therefore, we may expect that higher
frequencies, received mostly by the basilar papila (Wilczynski and Capranica 1984), are
enabled to be heard and perform some function or make the signal more attractive. However,
previous playback experiments showed contrasting results by not finding a pattern of preference
for harmonic signals considering responses to stimuli with frequency ratios of harmonically
structured calls (see Gehardt 1974; Akre et al. 2014).

Here we hypothesized that harmonic structures of the advertisement call from the
Neotropical treefrog Dendropsophus minutus are crucial for specific recognition and female
preference. Thus, we tested such prediction in playback experiments, exposing females and
males to natural and synthetic calls (without harmonics or with the dominant harmonic

inverted).
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Methods

Model species

The Neotropical treefrog Dendropsophus minutus is a well-known species regarding
naturalistic aspects (Cardoso and Haddad 1984; Haddad and Cardoso 1992; Morais et al. 2012;
Toledo et al. 2015). It’s described from the state of Rio de Janeiro, southeastern Brazil, but has
a large distribution occurring in different countries from South America (Frost 2017). However,
many different lineages were recognized, what possibly represents a cryptic species complex
(Hawkins et al. 2007; Gehara et al. 2014). The species is common and is a perfect model to our
study, because males present a complex call, usually composed by three types of harmonic
notes, A, B and C (Cardoso and Haddad 1984; Toledo et al. 2015). Most energy is usually
concentrated in the second harmonic (Cardoso and Haddad 1984). However, these notes are
different regarding duration, dominant frequency, and pulses’ structure. Notes A and C are
similar, pulsed (Cardoso and Haddad 1984), and have the function of mate attraction (Haddad
and Cardoso 1992; Toledo et al. 2015 Fig. 1). The advertisement call is usually composed of
the sequence of ABCC notes (Cardoso and Haddad 1984; Toledo et al. 2015 Fig. 2). Note B 1s
not pulsed, usually lower, and has a social function related to territoriality and aggressiveness

between males (Cardoso and Haddad 1984; Haddad and Cardoso 1992; Toledo et al. 2015 Fig.
1).

Sites

We run playback field experiments with three populations of D. minutus from the
state of Sao Paulo, southeastern Brazil, in the following municipalities: (1) Sorocaba (between
15 and 20 November 2015); (2) Ribeirdo Grande (between 13 and 15 January 2016); and (3)
Sao Luiz do Paraitinga (at 29 December 2015). Geographic coordinates, climate and vegetation

classification are present in the Table S1.
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Recordings, preparation and analyses

For each population we prepared stimuli for two playback experiments: female
choice and male-male interaction. Before editing the audios, in the first day of fieldwork in each
locality we recorded a series of calling males: 7 from Sorocaba, 3 from Ribeirdo Grande, and 3
from Sao Luiz do Paraitinga. We used a microphone Sennheiser ME67 coupled to a Zoom H4N
digital recorder for recording a sequence of calls with males about 1 m from the microphones.
Recordings were obtained with 24 bits of resolution and 96 kHz of sampling rate. These calls
were immediately analyzed in the software Raven Pro 1.4 (Bioacoustics Research Program
2011 — Cornell Lab of Ornithology). From these recordings, we measured call rate, note
duration, and dominant frequency. Note duration was obtained in the oscillograms, and we used
FFT (Fast Fourier Transformation) 1024 points, and 50% of window overlap to obtain values
of dominant frequency. Based on our sample we selected the male’s calls that were closest to
the average on each population for edition and usage in the experiments. For calibrating the
signal intensity in the experiments for each site, we measured the sound pressure level of 4
males, calling at 0.5 m using a SPL meter (Instrutherm DEC-490 model) with the following
settings: range of 30 to 130 dBC, and fast time weighting.

For edition, using the software Raven, we used bandpass filter to decrease
background noise and export specific notes to the playback audio files. In the female choice
experiments, for both stimuli, we edited a sequence of ABCC notes as a call unit repeated during
10 minutes with a call rate of 9 calls/minute. Each call had about 1 s of duration and the same
silence interval of 5 s. The treatment-audio file was prepared without harmonic structures using
the bandpass filter tools in Raven (Fig. 1). In the male-male interaction experiment we edited a
sequence of BBB notes as a call unit (aggressive signal), repeated during 1 minute, with a call
rate of 23 calls/minute. Each call had about 1 s of duration and the same silence interval of 1.6
s. This experiment had three different stimuli: (1) natural calls; (2) synthetic calls without
harmonics (only the dominant frequency remained); and (3) synthetic calls with the dominant
harmonic inverted. In the condition (3) we replaced the energy power equivalently from
harmonic 2 to the harmonic 1. Therefore, the dominant frequency was lowered (Fig. 2). For this
last edition we used the tool “spectrum filter” in the software Goldwave v6.19. The final edition
of all stimuli used in both experiments passed by note normalization at -0.8 dB with Audacity

2.1.1 software.
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Female choice experiment

We tested a total of 28 females from Sdo Luiz do Paraitinga, which were captured
in the breeding site and conditioned in plastic bags moistened until the experiment, which
occurred between 9:40 p.m. and 4:15 a.m. on the same day, and was conducted outdoor near
the installations of the accommodation-house at the field station (about 150 m from the breeding
site), what favored a minimization of the stress caused by the experiment. After the capture, we
submitted each female (once) to the acoustic stimuli (natural and synthetic calls without
harmonics), offered alternately from two different 25 W (RMS) speakers (JBL-GT 328, kHz),
inside a semi-anechoic arena with the following dimensions: 1 x 0.45 x 0.64 m (Fig. 1). Both
speakers were attached to an amplifier (Taramps TS- 150X2, 2 Ohms, maximum power of 150
Watt RMS and frequency range of 18 Hz to 40 kHz), which was connected to a Sony Vaio
laptop for experiment controlling. Sound pressure level for the stimuli was equalized to 97.4
and 95 dBC at 0.5 m in Sdo Luiz do Paraitinga and Ribeirdo Grande, respectively. The arena
had attenuation foam on the walls for background noise reduction and to improve the
propagation quality of acoustic stimuli (Fig. S1). We positioned the speakers side by side (30
cm from each other) at one ending of the rectangular arena, and, in each experiment, we released
the female on the pavement in the other end, 70 cm from the speakers. The specific disposition
of tested females and equipment can be visualized in Fig. 2. All experiments were recorded
with a Sony DCR —SR47 camera (videos were deposited in the Fonoteca Neotropical Jacques
Vielliard following the access numbers: FNJV 1000538-79), and illuminated with red light 150
W lamp placed about 2 m from the arena, at a height sufficient for complete illumination of the
arena floor. We achieved positive phonotaxis with 25 females attracted for at least one of the
two stimuli. We delimitated 4 rectangular sections on the arena floor with yellow adhesive tape
to obtain behavioral measurements. The sections II and III measured 40 x 22 cm and represented
the area for the speakers’ selection. The adjacent sections I and VI measured 60 x 22 cm and
represented neutral area for the choice experiment (Fig. 2). We quantified three variables:
choice prevalence (%), interest timing (s), and latency (s).

We counted stimulus chosen when the female passed for three stages: 1) directed
the head toward one of the speakers, ii) walked or jumped towards one of them, and iii)
positioned, firstly, within the II or III sections indicated on the arena floor. This sequence
indicates the first and original choice, counted as official, even if the female approached the

other speaker after an unsuccessful search for the “first male”. We measured ‘interest timing’
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by the time interval spent into the speaker area (once many females approached both speakers),

and “latency” as the time interval between the stimulus and the first female head tracking.

Male-male interaction experiment

We run playback experiments with a total of 13 males (7 from Sorocaba, 3 from Sao
Luiz do Paraitinga and 3 from Ribeirdo Grande), which were found vocally active in breeding
sites, between 19:52pm and 00:24am. Males selected for the experiment were calling, however,
with distances larger than 1 m from the nearest neighbor. After we found a focal-male, we
placed the equipment to reproduce the stimuli and for recording the behavioral and acoustic
data. The speaker was placed about 50 cm from the focal individual to simulate an invader male
(Fig. 3). We used an Instrutherm TR700 laser distance measurer for obtaining such distances.
For each locality we adjusted the speaker sound pressure level (mean based in previous
measurements) for the stimuli using a SPL meter 0.5 m from the speaker inside a semi-anechoic
box. For males from Sorocaba we used 84.9 dBC, 95 dBC for males from Ribeirdo Grande, and
94.8 dBC in Sdo Luiz do Paraitinga. We used the same speaker model, amplifier, red lamp
(about 2 m from focal males) and computer to run, illuminate and control the playback as was
described in the experiment for female choice. For recording acoustic responses, we used a
Zoom H4N digital recorder with a directional microphone Sennheiser ME67 supported by a
tripod about 1 m from the focal male.

For each male, we tested, sequentially, three stimuli (natural with harmonics, synthetic
without harmonics, and synthetic with dominant harmonic inverted) with randomized order and
interval, at least longer than 13 min, to achieve independence among acoustic treatments.
However, each phase of the experiment only started when males were vocally active. For each
acoustic treatment we made recordings and observations on the focal-male in three experiment
stages: 1) two min before (pre-stimulus), ii) one min during (simultaneous), and iii) two min
after (post-stimulus) the stimulus. In order to capture the effect of the acoustic stimuli, we
evaluated on each male, in all stages of the experiment (pre, simultaneous, and post-stimulus),
the rate of call emission, dominant frequency, duration of notes A, B, and C, and if there was
movement towards the signal. Males were captured and kept in plastic bags after the sequence
of acoustic treatments, for body size (snout-vent length: SVL) measurements, using a digital
caliper rule Mitutoyo with accuracy 0.1 mm. This procedure avoided males participating more

than one time in the experiments. We released all males at the end of the experiments in each
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breeding site. Data on air temperature, humidity, hour during each experiment, as well as,

males’ SVL are in Table S2.

Data analysis

We used a G test for evaluating statistic difference in females’ choice prevalence
among natural and synthetic (without harmonics) calls. Interest timing and latency among
acoustic stimuli were compared through paired ¢ test, once we found normal distribution. To
access 1f males responded differently to natural and synthetic calls (without harmonics and with
dominant harmonic inverted), we applied a sequence of ANOVAs comparing rate, dominant
frequency, and duration of notes A, B, and C among different experiment stages. The Post-hoc
test of Fischer was used for finding specific differences of acoustic properties among
experiment stages for each stimulus. We performed the statistical analysis in the software

Bioestat 3.0 (Ayres et al. 2003) and Statistica 7.1 (StatSoft 2005).
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Results

Female choice

Most females (80%) choose the synthetic (without harmonics) over the natural call
(G =3.986, Log-likelihood = 2; P =0.045; n = 25) (Fig. 4A). We detected difference in interest
timing (¢ = 0.6.721; P <0.001; n = 25) and difference in latency (¢ = 1.296; P = 0.27; n = 25)
among stimuli (Fig. 4B and C).

Male-male interaction

Most males (53.3 %) reacted aggressively, moving the head towards the sound
source and adopting the body raising posture, independent of the stimuli used in the playback.
Males usually modified their calls in response to all types of stimuli (Fig. 5). However, each
stimulus produced specific responses with significant differences. The rate of emission of note
C, presents a significant difference for the three treatments applied. The treatment with
synthetic with dominant harmonic inverted is P = 0.032 and P = 0.024, between Pre-stimulus
and Simultaneous, and between Simultaneous and Post-stimulus respectively. The synthetic
without harmonic test showed a difference between Pre-stimulus and simultaneous P = 0.01
and simultaneous and post-stimulus P = 0.024, following the same difference pattern between
treatment. The test with the Natural with harmonic, presents a difference between pre-stimulus
and simultaneous P = 0.015 and simultaneous and post-stimulus P = 0.03 (Table 1).

Although there were no significant results, other differences could be observed
during the Playback with natural calls, which provoked changes on all notes rate of emission
and dominant frequency of note A. Synthetic calls without harmonics provoked modifications
on rate of notes B and C, and dominant frequency of note A; while the treatment with dominant
harmonic inverted provoked modifications on rate of emission of note B, and dominant
frequency and duration of note A. Patterns of such modifications were similar among different
stimuli. Rate of emission of notes A were normally reduced with the stimuli, while rate of
emission of notes B and C increased, mainly in the simultaneous experimental stage. Dominant

frequency and duration of note A always decreased as response to the stimuli (Table 1; Fig. 5).
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Discussion

Different of what we expected, once individuals from both sexes emitted response to all
stimuli tested, the absence of harmonic structures on the advertisement call of the Neotropical
treefrog D. minutus did not affect the species recognition and the intraspecific communication
system. Apparently, both females and males recognized the intraspecific signals even with
modifications on the harmonic structure (Ryan et al. 1992; Ryan and Rand 2001; Akre 2014).
This shows that the context of species recognition on acoustic signals, exposes focal individuals
to strange signals and conspecific calls, finding strong positive phonotaxis to conspecific calls.
In this context, we understand that our synthetic modifications on harmonic structures of natural
calls were not sufficient to avoid the species recognition. Advertisement calls carry many
properties that ensure the species recognition (Gerhardt 1982). However, there is a consensus
that dominant frequency is the main acoustic property related to species recognition, and, it is
likely that we found positive behavioral responses, because we kept all original acoustic
properties and, at least, a minimum energy on the regular band of dominant frequency of the
species, in the synthetic signals tested, since D. minutus naturally inverts the energy of the
harmonics (LFT, personal observation).

Although females apparently preferred synthetic (without harmonics) over natural calls,
we found differences on interest timing and not in latency among stimuli, which supports the
hypothesis that females are not able to discriminate among the tested signals. Thus, both signals
were equally attractive for them. This result matches with what was previously found for the
tingara frog (Physalaemus pustulosus), where females were indifferent to harmonic calls (Akre
et al. 2014). Females’ choice is influenced by multiple acoustic factors (Gerhardt and Brooks
2009), but possibly not for harmonic structures. Such results can suggest the hypothesis that
harmonic calls did not evolve as a response to females’ preference on sexual selection, maybe
characterizing the harmonic structures as a neutral feature and a mechanic by-product of the
sound production.

In opposition to our findings, Gerhardt (1974) tested frequency preference by
phonotaxis in females of the hylid Dryophytes cinereus, and noted that there was maximized
response to acoustic stimulus having a bimodal spectrum. Females were more responsive
according to a specific energy distribution on frequency bands (Gerhardt 1974). It is relatively
well accepted that female’s auditory systems, by the spectral sensitivity, determines such

preferences. Many species of frogs have hearing abilities with best excitatory frequencies in a
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bimodal pattern (Gerhardt and Schwartz 2001), possibly matching with fundamental and
dominant frequency of their own species call. Anecdotally, Rose et al. (1988) observed females’
response to playback of calls characterized only by the fundamental frequency.

In some cases, harmonic calls are able to stimulate, at the same time, both sensitive
organs in the inner ear, the amphibian and basilar papillae (Ryan and Rand 1990). As the
sensory exploitation theory predicts, harmonic calls should increase signal attractiveness,
making our results contradictory. Therefore, we indicate the need for additional playback
experiments with D. minutus and other species, coupled with physiological essays to
understand the spectral sensitivity and best excitatory call frequencies. These trials would give
us a general idea of the significance of harmonic calls for the male-female communication in
anurans.

It is important to note that males and females may present substantial differences on
auditory tuning and response to different call frequencies, mainly when the species has complex
calls (Narins and Capranica 1976). Different notes in the complex advertisement call of D.
minutus probably act with different social roles, according to the evidences we have (Haddad
and Cardoso 1992; Toledo et al. 2015). Notes A and B have different dominant frequencies,
and while note A (higher dominant frequency) is determinant for mate attraction (directed for
females), the note B (lower dominant frequency) is fundamental to solve territorial conflicts
(directed for males) (Toledo et al. 2015). There may be no relevant differences in the best
excitatory frequency between the sexes of D. minutus, since both males and females responded
to synthetic calls, and differences of dominant frequency among notes are not so strong.

Males were aggressive and changed their calls in response to the three stimuli tested.
Although, some stimuli did not produce significant differences in acoustic responses, the
patterns of males’ modifications on acoustic signals after the stimuli were similar (Fig. 4).
Generally, males reduced the dominant frequency of notes A and C and increased the rate of
the aggressive notes (B) for any kind of competitor simulated. Similar changes on dominant
frequency and aggressive calls rate are common responses among territorial males in anurans
(Wells 1988; Wagner 1989; Bee et al. 2000b; Bee and Bowling 2002; Gardner and Graves
2005; Nali and Prado 2014; Fang et al. 2014; Morais et al. 2015).

The substantial reduction on the duration of notes A after the stimuli, suggests that this
note have a minor importance during territorial encounters and supports the hypothesis that
their social role is related to mate attraction, once males reduce the dominant frequency in the
presence of an imminent competitor (Haddad and Cardoso 1992). Regarding the negative

relationship between call frequency and body size (Gingras et al. 2013) we would expect that
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the stimulus composed by dominant harmonic inverted (simulating a larger male) would
provoke different responses in territorial males than that observed with other stimuli. But, it is
possible that territorial individuals of D. minutus use the same pattern of aggressive response
to invaders, independently of spectral properties (adopting the bourgeois strategy, where the
territorial male faces the invader independent of the characteristics of the invading male, see:
Maynard Smith and Parker 1976), as a mechanism to neutralize dishonest males (Bee et al.
2000b).

This work increases our knowledge on the functions of acoustic traits during the
intraspecific communication among anurans. Herein we conclude that the harmonic structure
present in the advertisement call of D. minutus have no special role on species recognition and
on sexual selection, once both males and females were not able to discriminate among synthetic

and natural calls.
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Consideracoes Finais

A partir das andlises realizadas compreendemos que o componente harmonico nao
oferece informacdes essenciais para o reconhecimento especifico de D. minutus, seja na
comunicacdo macho-macho ou macho-fémea, contrariando a perspectiva que inicialmente
tinhamos. Entretanto, todas as modifica¢des realizadas nos cantos e emitidas nos playbacks
puderam ser reconhecidas pelos individuos testados, demonstrando que o reconhecimento
especifico independe do harmonico no qual a frequéncia dominante estd inserida. Tais fatos nos
levam a sugerir que a estrutura harmonica presente no canto de diversas espécies de anuros,
possivelmente independente de uma pressao seletiva gerada pela escolha das fémeas. Em outros
grupos como em Elefantes e Rinocerontes sabe-se que o harmonico detém a importante fungdo
de favorecer a propagacao da informacdo a longas distancias, o que nos leva a indagar se para
0s anuros 0 harmonico também pode possuir alguma funcdo relacionada a comunicacdo a longa
distancia.

Assim, considerando as diversas formas de comunicacdo existentes, hi necessidade de
que sejam conduzidos novos estudos sobre o tema, abrangendo a comunicagao acustica macho-
macho e macho-fémea em anuros, que apresentem tanto hédbito quanto sitio de reproducao
diferentes de D. minutus para que assim possamos compreender as possiveis variagdes do

significado biolégico do harmdnico para a comunicacao acustica.
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Appendix 1 — Legends and Figures:

Fig. 1. Natural call with harmonics (FF: fundamental frequency and DF: dominant frequency).

Fig. 2. Acoustic stimuli, equipment disposition and dimensions of the semi-anechoic arena for

female choice experiments.

Fig. 3. Acoustic stimuli (natural with harmonics: NWH, synthetic without harmonics: SWH,
synthetic with dominant harmonic inverted: SDHI) and speaker disposition for the male-male

interaction experiments.

Fig. 4. Choice prevalence with binomial error (A), interest timing (B), and latency (C) for
female choice experiment regarding natural and synthetic (free of harmonics) stimuli. Boxplot

with mean, standard error and 90 % of confidence interval.

Fig. 5. Oscillograms, rate, dominant frequency and duration of notes A, B, and C in response
to three types of stimuli: 1) natural with harmonics (blue), i1) without harmonics (red), and 1iii)

dominant harmonic inverted (green).
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Appendix 2- Tables

Table 1. Multiple comparison of acoustic properties among male-male interaction experimental stages. Results of a sequence of ANOVA analyses with and post-hoc test of

Fischer with specific differences among experimental stages.

F

Stimuli Acoustic variables . Degrees et freedum value P value Fischer test
rate of emission of 1 "
Natural with harmonics note A < B - i
rate of emission of -
Synthetic without harmonics note A 9 2 ehe: oA
Synthetic with dominant harmonic rate of emission of 29 5 ) _
inverted note A - =
rate of emission of 13 5
Natural with harmonics note B = B B B
rate of emission of 16 n
Synthetic without harmonics note B = B B B
Synthetic with dominant harmonic rate of emission of 29 5 ) ) )
mverted note B - -
rate of emission of 32 5 ) P=0015; P= Pre-stimulus # Simultaneous; Simultaneous # Post-
Natural with harmonics note C = 0.038 stimulus
rate of emission of 14 5 } P=0.010;P= Pre-stimulus# Simultaneous; Simultaneous # Post-
Synthetic without harmonics note C - 0.024 stimulus
Synthetic with dominant harmonic  rate of emission of 28 5 ) P=0032; Pre-stimulus 3 Simultaneous; Simultaneous # Post-
mverted note C = = 0.024 stimulus
Dominant frequency 24 5 . . -
Natural with harmonics of note A >
Dominant frequency -
Synthetic without harmonics of note A wu 2 20 944
Synthetic with dominant harmonic Dominant frequency 24 - - . -
inverted of note A - =
Natural with harmonics
Dominant frequency 24 - ) -
Natural with harmonics of note B - -
Dominant frequency 24 5 ) -
Synthetic without harmonics of note B = =
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Synthetic with dominant harmonic
inverted

Natural with harmonics

Synthetic without harmonics
Synthetic with dominant harmonic
inverted

Natural with harmonics

Synthetic without harmonics
Synthetic with dominant harmonic
inverted

Natural with harmonics

Synthetic without harmonics
Synthetic with dominant harmonic
inverted

Natural with harmonics

Synthetic without harmonics
Synthetic with dominant harmonic
inverted

Dominant frequency
of note B

Dominant frequency
of note C

Dominant frequency
of note C

Dominant frequency
of note C

Duration of note A
Duration of note A

Duration of note A

Duration of note B
Duration of note B

Duration of note B

Duration of note C
Duration of note C

Duration of note C

(S R S O] (Ee]

(S R O]

[S]

[SS R P

[S%]
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Figure S 1. Top view of the semi-anechoic arena used in experiments with females

Table S 1. Experiments playback field with three populations of D. minutus from the state of Sdo Paulo,
southeastern Brazil: Sorocaba; Ribeirdo Grande and S3o Luiz do Paraitinga. Geographic coordinates, climate and

type vegetation. *IBGE
Sorocaba Ribeiriao Grande Sip Lulz e
Paraitinga
feagraphic 23°17'S,47°16 W 24°25°S.48°3° W 23°20'S, 45°08' W
coordinates
Climate category Cwa (Koppen) Cwa (Koppen) Cwa (Koppen)
Semideciduous Drue S
Vegetation type* ot an ey | ombrophylous ombrophylous

forest forest
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Table S 2. Air temperature, humidity, hour and body size (snout-vent length — SVL) for each male-male interaction experiment in each locality.

Locality

Male

Stiunuli

SVL (mm)

Air temperature (°C)

Humidity (%)

Hour

Sorocaba

Synthetic
whithout
harmonics
Natural
whith
harmonics
Natural
whith
harmonics
Syunthetic
whithout
harmonics
Natural
whith
harmonics
Synthetic
whithout
harmonics
Natural
whith
harmonics
Synthetic
whithout
harmonics
Natuoral
whith
harmonics
Synthetic
with
dominant
harmonic
inverted

Not measured

Not measured

Not measured

Not measured

Not measured

Not measured

Not measured

Not measured

Not measured

Not measured

233

235

230

227

N
o
v

66

76

77

78

75

70

73

77

71

77

20n21

20b41

21h

21h10

21h37

21129

19052

20n09

20017

20h38
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Ribeirdo
Grande

Syunthetic
with
dominant
harmonic
inverted
Natuoral
whith
harmonics
Synthetic
with
dominant
harmonic
inverted
Synthetic
whithout
barmonics
Natuoral
whith
harmonics
Synthetic
with
dominant
harmonic
inverted
Synthetic
whithout
harmonics

Natural
whith
harmonics
Syathetic
whithout
harmonics

Not measured

Not measured

Not measured

Not measured

Not measured

Not measured

Not measured

Not measured

Not measured

~
]
o«

229

230

228

~
]
v

217

75

77

76

77

70

72

73

71

73

20h56

21h10

21h24

21b31

21h37

22h

22h14

23n09

23h19
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Sdo Luiz do
Paraitinga

10

10

10

11

11

11

Natuoral
whithout
harmonics
Synthetic
whitht
harmonics
Synthetic
with
dominant
harmonic
inverted
Nommal
whith
harmonics
Syathetic
whithout
harmonics
Synthetic
with
dominant
harmonic
inverted
Natural
whith
harmonics
Syathetic
whithout
harmonics
Natural
whith
harmonics
Syathetic
whithout
harmonics

Not measured

Not measured

Not measured

Not measured

Not measured

18

20

203

20.5

211

215

19.6

18.0

173

75

75

77

75

75

69

70

71

79

79

23h54

00h06

23h54

00h06

00h16

22009

22h22

22h30

23h15

23h28
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12

13

13

13

Synthetic

with

dominant

harmonic

inverted

Natuoral

whith =
harmonics
Synthetic

whithout 21
harmonics

Synthetic

with

dominant -
harmonic

inverted

179

205

205

20.5

80

80

83

83

23045

22h29

23h

23h07
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COMUNICACAO ACUSTICA EM ANUROS, registrada com o n® 4395-1, sob @ responsabilidade de Prof.
Dr. Luis Felipe de Toledo Ramos Pereira e Roseli Maria Foratto, que envolve 3 produgao, manutenco
muﬂaacaodemmmmmﬂom.mvmwmebomn)mﬁsde
pesquisa cientifica (ou ensino). encontra-se de acordo com os preceitos da LEI N° 11.794, DE 8 DE
mwm,mmmMommﬁfmummmow
GM‘DEWDEMHODEZM.emasmmmMWﬁCm&
Experimentacio Animal (CONCEA), tendo sido aprovada pela Comissdo de Etica no Uso de Animais
uumm«m-cmmm.mwww.

Finalidade: ( ) Ensino ( x ) Pesquisa Cientifica

Vigéncia do projeto: 15/10/2016-15/05/2017

Vigéncia da autorizagdo para manipulacio | 15/10/2016-15/05/2017

animal:

Espécie / linhagem/ raga: Anfibio / Dendropsophus minutus

No. de animais: 45

Peso / Idade: 01ano/3g

Sexo: 15 machos / 30 fémeas

Origem: Unidade de Conservacdo Estadual, Parque
Estadual Intervales

A aprovagao pela CEUAJUNICAMP n3o dispensa autorizago prévia junto ao IBAMA_ SISBIO ou CiBio.

Campinas, 03 de outubro de 2016.

n

)

A\
A;fﬁM MA)U-:{/L— \K‘;‘c: wy ,/\
Profa. Dra Liana Mana Cardoso Verinaud Fatima .
Presidente Secretarna Executiva
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Sejam submendos.
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Comisséo de Etica no Uso de Animais
CEUA/Unicamp

CERTIFICADO

Certificamos que o projeto de pesquisa intitulado EVOLUCAO E FUNCAO

DE_COMPONENTES HARMGNICOS NA COMUNICACAQ ACUSTICA EM
ANUROS (protocolo CEUA/UNICAMP n° 4395-1), de responsabilidade do Prof.

Dr. Luis Felipe de Toledo Ramos Pereira e Roseli Maria Foratto, teve o titulo
alterado para Funcao dos componentes harménicos na comunicacao
acustica de Dendropsophus minutus (Peters, 1872).

Este documento é valido apenas se apresentado junto com os certificados
emitidos onginalmente pela CEUA/UNICAMP, sendo emitido em 03/10/2016.

Campinas, 12 de julho de 2017.
.'\‘
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Profa. Dra. Liana M. C. Verinaud Fatima Alonso

Presidente Secretaria Executiva

- NICAMP Teiefone. (19) 3621-8359
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