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All sound recordings used to produce spectrograms and oscillograms for this study have been deposited in the Fonoteca
Neotropical Jacques Vielliard under accession numbers FNJV 32326-32362. Sound recordings of Leptodactylus used for
analyses of nightly call variation are deposited in the animal sound archive (animalsoundarchive.org) under accession numbers
77936-77941.

Abstract

Vocalizations of anuran amphibians have received much attention in studies of behavioral ecology and physiology, but
also provide informative characters for identifying and delimiting species. We here review the terminology and variation
of frog calls from a perspective of integrative taxonomy, and provide hands-on protocols for recording, analyzing, com-
paring, interpreting and describing these sounds. Our focus is on advertisement calls, which serve as premating isolation
mechanisms and, therefore, convey important taxonomic information. We provide recommendations for terminology of
frog vocalizations, with call, note and pulse being the fundamental subunits to be used in descriptions and comparisons.
However, due to the complexity and diversity of these signals, an unequivocal application of the terms call and note can
be challenging. We therefore provide two coherent concepts that either follow a note-centered approach (defining unin-
terrupted units of sound as notes, and their entirety as call) or a call-centered approach (defining uninterrupted units as call
whenever they are separated by long silent intervals) in terminology. Based on surveys of literature, we show that numer-
ous call traits can be highly variable within and between individuals of one species. Despite idiosyncrasies of species and
higher taxa, the duration of calls or notes, pulse rate within notes, and number of pulses per note appear to be more static
within individuals and somewhat less affected by temperature. Therefore, these variables might often be preferable as tax-
onomic characters over call rate or note rate, which are heavily influenced by various factors. Dominant frequency is also
comparatively static and only weakly affected by temperature, but depends strongly on body size. As with other taxonomic
characters, strong call divergence is typically indicative of species-level differences, whereas call similarities of two pop-
ulations are no evidence for them being conspecific. Taxonomic conclusions can especially be drawn when the general
advertisement call structure of two candidate species is radically different and qualitative call differences are thus ob-
served. On the other hand, quantitative differences in call traits might substantially vary within and among conspecific
populations, and require careful evaluation and analysis. We provide guidelines for the taxonomic interpretation of adver-
tisement call differences in sympatric and allopatric situations, and emphasize the need for an integrative use of multiple
datasets (bio-acoustics, morphology, genetics), particularly for allopatric scenarios. We show that small-sized frogs often
emit calls with frequency components in the ultrasound spectrum, although it is unlikely that these high frequencies are
of biological relevance for the majority of them, and we illustrate that detection of upper harmonics depends also on re-
cording distance because higher frequencies are attenuated more strongly. Bioacoustics remains a prime approach in in-
tegrative taxonomy of anurans if uncertainty due to possible intraspecific variation and technical artifacts is adequately
considered and acknowledged.

Key words: Amphibia, Anura, sound, vocalization, call, note, pulse, definitions, call variation, call analysis, call descrip-
tion, taxonomy, species delimitation

Introduction

Taxonomy, the inventory and classification of organisms, is increasingly becoming an integrative discipline
(Dayrat 2005; Padial e al. 2009). Under the general lineage or evolutionary concept of species (Simpson 1961;
Wiley 1978; Mayden 1997; De Queiroz 1998, 2007) a variety of characters and lines of evidence can serve to
delimit species. In this varied toolbox, evidence related to reproductive isolation is particularly powerful as it
satisfies the biological species criterion, an unambiguous and undisputed means for species delimitation (Mayr
1969; Padial et al. 2010). Evidence for reproductive isolation can be found through a variety of approaches,
including postzygotic hybrid inviability, divergent morphological structure of genitals, or differences in behavioral
characters mediating mate recognition. In amphibians, mechanisms of mate recognition and mate choice involve
pheromones in salamanders and frogs (Malacarne & Giacoma 1986; Pearl er al. 2000; Toyoda et al. 2004;
Kikuyama et al. 2005; Byrne & Keogh 2007; Belanger & Corkum 2009; Poth et al. 2012; Starnberger et al. 2013;
Treer et al. 2013), visual signaling such as foot-waving (Hodl & Amézquita 2001; Toledo et al. 2007; Boeckle et
al. 2009), elaborated nuptial displays in newts (Halliday 1977) or inflation of, sometimes colorful, vocal sacs (e.g.,
Rosenthal et al. 2004; Hirschmann & Hdodl 2006), water surface waves (Walkowiak & Miinz 1985), surface
vibrations (Narins 1990; Cardoso & Heyer 1995; Lewis et al. 2001; Caldwell et al. 2010), acoustic signals (most
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recent summary in Wells 2007), and in some species a multimodal combination of several of these cues (Narins et
al. 2003, 2005; Taylor et al. 2007; Grafe et al. 2012; Starnberger et al. 2014a; De Sa et al. 2016).

The taxonomic utility of acoustic signals is well known for numerous organisms (e.g., Littlejohn 1969; Payne
1986; Alstrom & Ranft 2003; Jones & Barlow 2003; Bickford et al. 2006; Tishechkin 2014). Call divergence has
been observed to be involved in sympatric speciation processes in some birds and bats (Sorenson et al. 2003;
Kingston & Rossiter 2004; but see Slabbekoorn & Smith 2002). It is however known that bird songs can be molded
by learning rather than reflecting genetic determination (Raposo & Héfling 2003). Yet, call recordings have been
crucial in discovering and delimiting new avian species over the past decades (Alstrom & Ranft 2003). As far as is
thought, the calls of anuran amphibians are heritable although, interestingly, an experimental study on
Engystomops pustulosus indicated that early individual acoustic experience may lead to changes of the
advertisement call (Dawson & Ryan 2009). In insects, bioacoustical taxonomy is typically limited to those taxa
with conspicuous sounds, but the degree of signal variability differs among orders, families and even congeneric
species (Tishechkin 2014). Sounds emitted by insects are highly stereotyped and genetically determined, as has
been studied in the courtship sounds of Drosophila (Kyriacou & Hall 1986; von Philipsborn et al. 2011). Numerous
cryptic insect species have been discovered based on their sounds (Obrist ef al. 2010).

The field of anuran bioacoustics has seen high research intensity with insights from multiple angles, mostly
from those of behavioral sciences and behavioral ecology (Bogert 1960; Blair 1963, 1968; Schneider 1966;
Lescure 1968; Paillette 1971; Salthe & Mecham 1974; Keister 1977; Wells 1977, 1988; Gerhardt 1988; Rand 1988;
Gerhardt & Schwartz 1995; Ryan 2001; Gerhardt & Huber 2002; Wells & Schwartz 2007), ecology (Schietz 1973),
evolution (Straughan 1973; Ryan 1988; Gerhardt 1994a; Cocroft & Ryan 1995; Goicoechea et al. 2010),
physiology (Narins & Zelick 1988; Kelley 2004), with the most comprehensive coverage probably provided by
Gerhardt & Huber (2002) and Wells (2007). In a number of frogs, speciation by reinforcement of advertisement
call differentiation has been convincingly demonstrated (especially in Liforia treefrogs: Hoskin ef al. 2005; see also
Littlejohn & Loftus-Hills 1968). Surprisingly, although the function of frog calls as a premating isolation
mechanism implies a high importance for systematics (Duellman 1963; Blair 1964; Littlejohn 1969), this aspect
has received less attention in contemporary comprehensive treatments. Nevertheless, the application of
comparative bioacoustical analyses has globally resulted in the discovery of many morphologically cryptic anuran
species during the last third of the 20" century and consequently in a boost of species numbers (Glaw & Kéhler
1998; Kohler er al. 2005a; Vences & Kohler 2008).

In this review, we focus on the utility of anuran vocalizations for taxonomy, with the main goal of providing
clear guidelines for recording, analyzing and interpreting frog calls in the taxonomic context, specifically for
species delimitation and species identification. Such a perspective is rare in reviews published to date (but see
Schneider & Sinsch 2007), and comprehensive hands-on recommendations for carrying out such work are largely
missing. We first provide brief summaries of current knowledge about morphological, physiological, behavioral,
ecological and evolutionary aspects of frog bioacoustics, but for deeper insights into these fields we recommend
the respective original publications or reviews, or the comprehensive accounts in Wells (2007). Our goal is instead
to provide detailed knowledge on the use of bioacoustics in frog taxonomy.

Terminology of sounds and sound production
Sound production in anurans

Animals produce a variety of sounds of which only those conferring some kind of signal to either conspecifics or to
potential predators (Collias 1960) are relevant for this review. A signal is defined as the use of specialized, species-
typical morphology or behavior to influence the current or future behavior of another individual (Owren et al.
2010; Bradbury & Vehrencamp 2011).

In general, any kind of acoustic wave can be subsumed under the term sound, whereas other terms are more
specific (see terminology in Table 1). Acoustical signals are such sounds that mediate intraspecific or interspecific
communication. Vocalizations are those sounds produced by means of the respiratory system of a vertebrate
animal, typically by the action of vocal cords, while the terms call and song are used in different ways in different
animal taxa (see below). These are typically described using a limited number of categories (call, note, pulse, and
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derivatives such as call series, note series, pulse group, etc.). These terms will be defined in more detail in
subsequent sections. In brief, any vocalization emitted by a frog is considered as a call, independent of its function
and structure, and might be further categorized if appropriate. Some species also produce sounds and/or surface
vibrations by shaking (tremulation) display (e.g., red-eyed treefrogs, Agalychnis callidryas: Caldwell et al. 2010),
by tapping the gular pouch against the ground (Leptodactylus albilabris: Lewis & Narins 1985; Lewis et al. 2001;
Hydrolaetare dantasi: Souza & Haddad 2003), or by drumming with their forelimbs on the substrate
(Leptodactylus syphax: Cardoso & Heyer 1995). We here largely exclude such sound production mechanisms from
our further discussion and focus on anuran vocalizations.

TABLE 1. Glossary of terms used to describe animal vocalizations, with a focus on anurans. General definitions are
standard physical terminology and have been adapted only in some cases (e.g., Vocalization). Specific terms for anuran
bioacoustics largely agree with standard use (e.g., Duellman & Trueb 1994; Wells 2007) but definitions have been
refined herein (detailed rationale see main text).

Term Definition / Comments

General definitions

Acoustical signal A sound emitted with the function of eliciting a behavioral response from another,
conspecific or heterospecific, animal.

Amplitude of sound Difference between peak pressure (corresponds to peak of sound wave) to ambient
pressure. Proportional to sound intensity. Amplitude can be compared among
recordings obtained under standardized conditions (same recording equipment with
same level settings, same angle and same distance to sound emitter).

Amplitude modulation Change in the amplitude level of a sound wave over time. A 100% amplitude
modulation means a change from maximum relative amplitude to full silence.

Audible sound Defined as the sound perceivable by humans: 20-20,000 Hz.

Bioacoustic / bioacoustical Adjective referring to sounds produced by animals. Analogous to the recommended

usage of acoustic vs. acoustical (Hunt 1955) we suggest using "bioacoustic" when the
term being qualified designates something with the properties or characteristics of
sound waves, such as energy, wave or signal; and the use of "bioacoustical" when
referring to something without such characteristics, such as measurement, trait,
analysis, or method.

Envelope The shape of the waveform of a pulse, note or call; generally symmetrical about the
Zero axis.
FFT Fast Fourier Transformation. Decomposition of a complex waveform into sine waves

for analysis. An algorithm used to produce spectrograms and power spectra.

FFT window size (FFT resolution)  Segment length in number of samples per segment used for FFT analysis. Longer
segments allow for higher resolution of frequency but lower time resolution, and vice

versa.
Frequency modulation Change in the instantaneous frequency of a signal over time
Harmonic Many sounds have their energy concentrated in several separated, evenly spaced

frequencies called harmonics. These frequencies are multiples of the lowest (i.e., first
or fundamental) harmonic, and result from periodic patterns of oscillation, caused by
back-bouncing after completion of a wave of the longest wavelength (dominant
frequency). Visually, harmonic-like patterns in a spectrogram can however also be
caused by more complex acoustic phenomena (e.g., sidebands; see below) and
artifacts, and will for instance emerge with high FFT bandwidth values.

Infrasound Sounds < 20 Hz, used for long-distance communication in some animals such as
elephants.

Nyquist frequency Highest frequency that can be digitized without introducing artifacts. Corresponds to
half the sampling rate of the digitizing (recording) device.

Oscillogram A visual representation of a sound, displaying the changes in amplitude over time.

Power spectrum A visual representation of a sound, showing the relative amplitude of each frequency
component.

....continued on the next page
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TABLE 1. (Continued)

Term

Definition / Comments

Pulse

Physically, a single unbroken wave train isolated in time by significant amplitude
reduction. See adapted definition of pulse in the terms used for anuran call descriptions
below.

Sampling rate (R)

Number of amplitude measurements taken per second when digitizing a sound wave
(e.g., 44.1 kHz sampling rate results in 44,100 samples of amplitude measurement for
every second).

Sideband

Frequency bands in sounds with amplitude or frequency modulation. Sidebands occur
as additional frequency bands above and below the modulated carrier frequency. They
might be produced either naturally, or caused by the electronics of the recording
device, or by interaction with unrelated sounds.

Sound

Longitudinal pressure waves travelling through a medium such as air, water or
substrate.

Sound intensity

Product of sound pressure and particle velocity. Proportional to the square of a wave's
amplitude.

Sound pressure

Deviation of local pressure from ambient atmospheric pressure produced by sound
waves. Note that absolute sound pressure and sound intensity cannot be measured from
a normal (uncalibrated) sound recording but require application of particular devices
and protocols in the field or laboratory.

Sound frequency

Number of oscillation cycles of sound waves per time unit; cycles per second are
measured in Hertz (Hz) or kiloHertz (kHz = 1,000 Hz)

Spectrogram

A visual representation of a sound, displaying the frequency and amplitude of the
sound over time. Equivalent to audiospectrogram, sonagram or sonogram (‘sonagram’
is a registered trademark of Kay Sonagraphs and its use is not recommended).

Tonal

A sound consisting of a single frequency component at any time instant (although this
can vary in time, hence being modulated).

Ultrasound

Sound frequencies > 20,000 Hz, frequently registered in insects, echolocating bats and
whales, but also in some frogs.

Vocalization

Any kind of sound produced by animals by means of their respiratory system, typically
by the action of vocal cords, independent of its categorization (song, call) or structure
(tonal, pulsatile, pulsed, etc.). Some animal sounds are produced using different
mechanisms and therefore do not qualify as vocalizations under this definition.

Wavelength

Period of a wave — distance at which the shape of a wave is repeated. Wavelength is
inversely proportional to frequency.

Windowing

Segments in FFT analysis with sharp start or stop would result in broad frequency
bands. To avoid such artifacts, different windowing functions taper the onset and offset
of each segment gradually. Usage of any of these (Hanning, Hamming, Blackwell etc.)
will emphasize different regions of the time slice. Many anuran call analyses use
Hanning windowing with a bandwidth of 256 or 512 for spectrograms.

Terms and definitions suggested for describing anuran vocalizations (see also general definitions in first part of this

table for additional terms)

Amplitude modulation

Changes in the amplitude or envelope of a signal over time; if the sound is completely
interrupted it is 100% modulated.

Call

An acoustic unit of frog vocalization, a distinct sound; a call is separated from other
calls by periods of silence (typically much longer than the call); duration of calls of one
type is usually consistent and regular; a call may be emitted solely (i. e. not as
mandatory part of a series); next higher level of acoustic element is the call group or
call series. Might be composed of one or several notes of the same type (simple call) or
of different types of notes (complex call).

Call duration

The duration of a single call, no matter if composed of single or multiple notes;
measured from beginning to the end of the call.

....continued on the next page
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TABLE 1. (Continued)

Term

Definition / Comments

Call duty cycle or calling effort

The fraction of the signaling period where a call is produced. Can be calculated as the
ratio of the call duration to the call period, or call rate multiplied by call duration [in
seconds, hours or dimensionless (percentage as ratio of sound to silence)].

Call group

Calls may be organized into groups which are separated from other such groups by
periods of silence much longer than the inter-call intervals; inter-call intervals within
groups are stable or changing in a predictable pattern.

Call period

Call duration plus inter-call interval, or, time between the beginning of one call to the
beginning of the consecutive call.

Call (repetition) rate

Instantaneous call rate. Number of calls emitted in a defined period of time. It can be
either calculated as reciprocal of the call period or as the ratio of the absolute number
of calls and the absolute duration in which these calls were emitted—the latter may not
be ‘instantaneous’. Thus, the way of calculation must be precisely stated. The value
should be provided as calls per minute.

Call series

A call group, within which calls are repeated at regular intervals.

Call type

A category of vocalizations emitted in a particular social context and particular
function (reproductive, aggressive, defensive). See main text and Table 2 for a list of
call types distinguished in anurans. The advertisement call repertoire of some species
may consist of more than one type of advertisement call.

Dominant frequency

The peak frequency of the call (or note); the frequency containing the highest sound
energy (in Hz or kHz).

Bandwidth

Total range of frequencies present in the emitted sound. 7otal bandwidth is typically
difficult to measure in natural recordings. Measurements can more easily be carried out
at a given threshold level which must be specified and kept constant in all
measurements for comparison purposes; we recommend measuring 90% bandwidth (-
10 dB threshold; containing 90% of the sound energy). In recordings with strong
background noise, only approximate prevalent bandwidth (range of frequencies with at
least some sound energy assignable to the call) can be estimated.

Frequency modulation

Changes in frequency over time. May be ascending, descending, ‘v’ shaped, or even
sinusoidal.

Inter-call interval

The interval between two consecutive calls, measured from the end of the call to the
beginning of the consecutive call.

Inter-note interval

The interval between two consecutive notes within the same call, measured from the
end of one note to the beginning of the consecutive note.

Inter-pulse interval

The interval between two consecutive pulses, its duration measured from the end of
one pulse to the beginning of the consecutive pulse. Should only be defined and
measured in such cases where fully silent intervals between pulses occur (i.e., 100%
amplitude modulation).

Note

Main subunit of a call. Calls are often broken into smaller subunits (= notes) by 100%
amplitude modulation with only short intervals between them relative to length of call.
Calls can also consist of only a single note. Notes might be further subdivided into
pulses.

Note type

A call might consist of very similar notes arranged in a stereotyped or more complex
manner (one note type = simple calls). But the notes might also differ from each other
in temporal, spectral and/or energetic properties and different types of notes can be
defined (more than one note type = complex calls).

Note group

Notes may be organized into groups which are separated from other such groups by
periods of silence that are longer than the intervals between notes in a group; spacing
of notes within groups is regular or changing in a predictable pattern.

Note series

A note group with notes repeated at regular intervals.

Note duration

The duration of a single note within a call; measured from beginning to the end of the
note.

....continued on the next page
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TABLE 1. (Continued)

Term

Definition / Comments

Note (repetition) rate

Number of notes repeated within a defined time period within a call or note series. The
value should be provided as notes per second.

Pulsatile

A sound consisting of poorly defined energy bursts, namely fast alternating amplitude
modulation without intermittent silence and no clearly countable peaks (if clearly
countable, amplitude peaks refer to pulses).

Pulse

A single burst of sound energy, not further subdivided into subunits, separated by
strong amplitude modulation from other pulses. Amplitude modulation is often less
than 100%; hence pulses in anuran calls often are not separated by a fully silent
interval due to intrinsic properties of the call, although background noise can lead to a
similar situation. See also physical definition of pulse in first part of this table.

Pulsed

A sound consisting of a series of well-defined energy bursts (pulses).

Pulse duration

The duration of a pulse, measured from one amplitude minimum to the next amplitude
minimum. As background noise can mask these minima, an amplitude threshold (i.e.,
% from the maximum) can be applied in order to make measurements comparable.

Pulse group

Pulses might be arranged into distinct groups, separated from other such groups by an
unpulsed part of a note, or differing in intensity or spectral frequency.

Pulse period

Pulse duration plus inter-pulse interval.

Pulse (repetition) rate

Instantaneous pulse rate. Number of pulses repeated in a defined period of time within

a note. The value should be provided as pulses per second. It can be either calculated as
reciprocal of the pulse period (time from the beginning of one note to the beginning of
next consecutive note) or as the ratio of the absolute number of pulses and the absolute
duration in which these pulses were emitted—the latter may not be ‘instantaneous’.
Note that the pulse rate may vary during a note or call and such variation is best
averaged using the pulse/duration ratio. Thus, the way of calculation must be precisely
stated.

Pulse series Not a separate category but rather a descriptive term to refer to a call or note made up
by a train of pulses, especially if these are of regular spacing, intensity and frequency.

Pulse train Synonym of pulse series.

Where detailed analyses have been carried out, sound production in frogs has mainly been found to occur
during expiration (i.e., by air passing from the lungs into the vocal sac, through the larynx: Martin 1971; Martin &
Gans 1971; Duellman & Trueb 1994). Well-studied exceptions are fire-bellied toads of the genus Bombina
(Bombinatoridae), which produce calls during inspiration (Fig. 1) (Zweifel 1959; Lorcher 1969), and Discoglossus
(Alytidae), which produce intermittently inspiratory and expiratory notes (Weber & Schneider 1971; Weber 1974;
Glaw & Vences 1991).

In frogs with expiratory calls, positive pressure caused by contraction of muscles in the buccal cavity pumps
air into the lungs. Then, in the second phase of the respiratory cycle, contraction of trunk muscles leads air to move
back from the lungs into the buccal cavity, passing through the larynx where it causes the vocal cords to vibrate and
produce sounds, further modified by muscles of the larynx (De Jongh & Gans 1969; Gans 1973; Gridi-Papp 2008;
Ryan & Guerra 2014) and other related structures (Gridi-Papp et al. 2006; Kime ef al. 2013).

As reported by Wells (2007) and obvious from numerous species of bufonids or microhylids with very long
calls, it is clear that the inhalation-exhalation system during call emission can be more complex. In such species,
contractions of trunk muscles might be pulsatile (Martin 1972), and such series of short contractions would lead to
alternating periods of inspiration and expiration (Gans 1973). For most of these species it has not yet been assessed,
if sound production might also occur during short inhalatory phases, but evidence has been recently provided for
such inspiratory sound production in the microhylid frog Dermatonotus muelleri (Giaretta et al. 2015).

In males of many species of frogs, vocal sacs connect to the buccal cavity, typically via slit-like openings, and
are inflated during vocalization. Their morphology varies from a median single subgular sac, to bilobate and paired
subgular sacs or to paired lateral sacs (Fig. 2). Anuran vocal sacs might be slightly or highly distensible and were
early defined as either internal or external vocal sacs (Liu 1935). Their form and color might also have a role in
visual signaling (Starnberger et al. 2014b). Vocal sacs radiate the sound energy to the environment (Martin 1972;
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FIGURE 1. Inspiratory calling of Bombina bombina (above) and expiratory calling in Pelophylax Kl. esculentus (below).
Oscillograms show one call and small photos show state of vocal sac at the respective time indicated. Video and sound recorded
with a Nikon D750 and processed in Windows Movie Maker software; oscillograms drawn in CoolEdit Pro 2.0 software.
Recording of Bombina made at Schortheide-Chorin Reserve, Germany on 24 May 2015; recording of Pelophylax made at
Riddagshausen Reserve, Braunschweig, Germany, on 2 June 2015.
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FIGURE 2. Vocal sac variation in anurans. Except for Ceratophrys cranwelli (emitting a warning call with open mouth) and
the pictured specimens of Hyperolius (emitting advertisement calls with aggressive components in male-male combat) all
pictured specimens are emitting advertisement calls. Phrynobatrachus alleni is suspected to use its yellow vocal sac for visual
signalling, and a visual function is also probable for the bright white vocal sacs of the two Guibemantis species, and of other
frogs. All hyperoliids (such as Hyperolius viridiflavus shown here) have gular glands on the vocal sac that might have a visual
function, in addition to probably producing pheromones (Starnberger et al. 2013). Note that the distinction between vocal sac
types is not always clear; for instance, the vocal sacs of Rana temporaria and Boophis tsilomaro can be considered as partially
paired subgular and partially paired lateral. All photos by the authors except Trachycephalus typhonius and Pseudopaludicola
Jjaredi (by Daniel Loebmann).
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Wells 2007), and their shape and size influence some properties of the sound signal, such as frequency modulation
(Dudley & Rand 1991) although, as far as known, they do not act as cavity resonators altering the frequency
composition (Rand & Dudley 1993). Surprisingly, how the structure and size of vocal sacs influence sound and
sound transmission is poorly known (Wells 2007).

In many species of frogs, vocal sacs are small and inconspicuous, and sometimes absent. This involves many
diurnal-calling species, usually terrestrial or semiaquatic, in which an inflated vocal sac might be disadvantageous
by drawing the attention of visually oriented predators. Vocal sacs are often lacking in frogs living in noisy
environments such as fast-flowing torrents where long-range communication is difficult (summary in Wells 2007),
or also in mute species (Jim & Caramaschi 1979). However, numerous exceptions to such trends are known (Wells
2007) and thorough analyses of trait evolution are needed to understand ecological correlates of vocal sac variation.
Certain taxa, such as some Asian Limnonectes (Dicroglossidae), some bufonids, and some hyperoliids are
considered voiceless (Rddel et al. 2003), although in some cases, calls from putatively voiceless species have been
reported (Matsui 1995; Orlov 1997; Tsuji & Lue 1998; Vences ef al. 2004). The identification of Barbourula
kalimantanesis (Bombinatoridae) as the first known lungless anuran species (Bickford ef al. 2008) might indicate
its voicelessness as well.

In some frogs with relatively inconspicuous vocal sacs, males have a larger tympanum than females, often a
much larger one. As studied in North American bullfrogs (Lithobates catesbeianus) and African petropedetids
(Purgue 1997; Narins et al. 2001) these tympani serve not only for hearing but also radiate a substantial portion of
call energy to the environment.

The respiratory ventilation system, with air cycling from the lungs into the buccal cavity/vocal sac and back,
typically takes place with a closed mouth, without releasing air to the outside (Gridi-Papp 2008; Fig. 1). In the
special case of defensive, distress, alarm or warning calls, those are instead emitted with an open mouth (Fig. 2:
Ceratophrys cranwelli) (Toledo et al. 2015a). Similarly, African frogs of the genus Conraua (including the largest
anuran on Earth, C. goliath) and Southeast Asian frogs of the genus Staurois emit advertisement calls with open
mouths (Amiet 1989; Rédel & Branch 2002; Rodel & Bangoura 2004; Boeckle et al. 2009; Preininger et al. 2016).

A totally different mechanism of sound production is known in the aquatic Pipidae (Yager 1996). Frogs in the
genera Hymenochirus, Pipa and Xenopus call motionless, without obvious movement of an air column and lack
vocal cords in their box-like enlarged larynx (Rabb 1960; Rabb & Rabb 1963; Yager 1996), whereas
Pseudhymenochirus has reverted to an air-stream driven sound production mechanism (Irisarri et al. 2011). In
Xenopus, vocalizations are based on implosion of air into a vacuum caused by rapidly moving structures in the
larynx (Yager 1992, 1996), and a similar mechanism can be assumed for Pipa and Hymenochirus. Although pipid
acoustic signals have been termed courtship songs by some authors (e.g., Leininger & Kelley 2015), we suggest
describing them with the same terminology as vocalizations of other anurans.

Underwater calling in non-pipid adult frogs apparently occurs more frequently than usually observed and has
been reported for Telmatobiidae (Cei & Roig 1965), Leptodactylidae (Dudley & Rand 1992), Ranidae (Boatright-
Horowitz et al. 1999), Pelobatidae (Frommolt ef al. 2008) and Megophryidae (Zheng et al. 2011).

Functional categories of anuran vocalizations

Anurans emit a variety of calls in different contexts. These have been subdivided into different categories (types) of
calls by Bogert (1960) and with minor modifications (e.g., Littlejohn 1977; Wells 1977, 1988, 2007) this
classification still applies today. We here mainly follow the functional categorization proposed by Toledo et al.
(2015a), according to which anuran vocalizations are subdivided in three overarching categories: reproductive,
aggressive and defensive calls (see Table 2), each with various subcategories.

Doubtless, reproductive calls are the anuran vocalizations most commonly heard and of highest value in
taxonomy. This in particular applies to the sound signal most frequently emitted by males (in some species also by
females; Emerson & Boyd 1999; Boistel & Sueur 1997; review in Preininger et al. 2016) during the breeding
season, the advertisement call (sensu Wells 1977). This call type was named mating call by Bogert (1960) and
referred to under yet different names by different authors (e.g., breeding call, sex call, sex trills, courtship call,
initial call, warm up call, sporadic call or chuckle call; Larson 2004; Toledo et al. 2015a). Advertisement calls are
those conspicuous calls typically heard in the wild and they apparently serve two main functions: attracting
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potential mates and conveying territorial information to conspecifics. In numerous examples, playback
experiments have shown female frogs approaching conspecific advertisement calls (Wells 2007). For taxonomic
purposes, analyses almost exclusively focus on advertisement calls, because (1) they are the most frequent calls in
most species and are easy to record, and (2) they are emitted in the context of mating and thus can be expected to
convey species-specific information involved in pre-zygotic isolation.

A further subcategory of reproductive calls consists of the male and female release calls (termed contact calls
in Penna & Veloso 1987; other synonyms in Toledo ef al. 2015a), emitted by non-receptive individuals in response
to an amplexus attempt. Species with derived mating behavior without amplexus often lack release calls (e.g.,
Malagasy frogs in the subfamily Mantellinae; Vences et al. 2007; but see Willaert ef al. 2016 for release calls in
Nyctibatrachidae), but this subcategory is in general observed across the majority of anuran families. Release calls
can differ among closely related species (e.g., Castellano ef al. 2002a) and have been proposed as a possible
taxonomic character (Grenat & Martino 2013). A special case is the post-oviposition male release call, emitted by
the male during amplexus, after oviposition and prior to the release of the female. Little research has been devoted
to possible interspecific signalling through release calls. Although infrequent, female release calls might in some
cases be directed to males of other species, with a putative function of avoiding heterospecific mating. In such
situations, selective pressures could act to stabilize inter-specific differences in such vocalizations, increasing their
value for taxonomy. Equally understudied are the relationships between the structure of advertisement and release
calls (but see Leary 2001; Castellano et al. 2002a). According to our observations, often the general structure of
these two call types bears some similarity. For example, species with a pulsed advertisement call usually also have
a pulsed release call. This, however, might be influenced more strongly by morphological constraints of the sound-
producing apparatus than by selective forces.

An additional subcategory of reproductive calls consists of the courtship calls of males and females. These are
sounds emitted in some species when males and females are in close proximity. The male courtship calls might be
just modifications of regular advertisement calls (e.g., with longer durations of notes or calls; Rosen & Lemon
1974; Wells 1980; Wells & Taigen 1986; Klump & Gerhardt 1987). In other cases, male courtship calls can
distinctly differ from advertisement calls, especially in species with complex mating behaviors, and sometimes
more than one type of courtship call exists (Wells 2007). In some species, females respond with courtship calls, but
such behavior has been documented in a few species only. Little information on courtship calls is available. They
might be genuinely restricted to a limited number of species, or just be rarely heard and recorded, given the rarity
of observing courtship behavior and the fact that they are often less intense than advertisement calls (Wells 2007).

Rain calls and amplectant calls have also been described as types of reproductive calls (Toledo et al. 2005a).
Their function is poorly understood. They are rarely emitted and therefore have received little attention in
taxonomic comparisons.

Terminology within the overarching category of aggressive calls is less unanimous in the literature, also
because a reliable identification of the function of such calls requires in-depth study of a species' social behavior.
Calls included in one of the subcategories of aggressive calls (Table 2) are not always easy to distinguish from the
advertisement call, given that often the advertisement call confers both mating and territorial signals, and might be
composed of different note types having respectively a stronger function in attracting females or signalling to other
males (Narins & Capranica 1978; Toledo et al. 2015a). Yet, in some species, specific signals are emitted during
close contact or fighting between males. Aggressive calls usually differ from advertisement calls of the same
species in temporal variables, although similarities in general structure and frequency are often apparent, as with
release calls (Wells 2007). Some species possess a graded signaling system with variable aggressive and
advertisement calls that can grade into each other, for example, by a gradual change of duration or number of notes
(Wells 2007; Toledo et al. 2015a). Some authors have also used the term aggressive call to refer to defensive/
distress calls when these are emitted while retaliating to a predator. We follow Toledo et al. (2015a) in restricting
aggressive calls to those emitted in an intraspecific behavioral context.

Defensive calls (including distress, warning and alarm calls) are typically emitted in response to an attack or
approach of a potential predator and probably are aimed at startling or deterring it. The most common defensive
calls are distress calls, which have a characteristic structure, often being loud screams or hissing sounds emitted
with open mouth. Similar hissing sounds can also be emitted by some larger frogs during the approach of a
potential predator, or even while attacking this predator, typically along with a threat display; we name these calls
warning calls (Toledo et al. 2015a). A third subcategory of defensive calls are made up by alarm calls; these can be
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screams but might also be other kinds of vocalizations, emitted by frogs without evident threat display and are
probably emitted to confuse the predator or to alarm conspecifics. Although many anurans have the potential to
emit defensive calls, reports and recordings are rare. The general structure of distress calls is rather similar across
species (Hodl & Gollmann 1986) and it is unlikely that these could provide reliable taxonomic information.
However, in some extreme cases, as in extinct anurans, the only call information available for a species might refer
to defensive calls (Martinelli & Toledo 2016).

We here propose in a preliminary way a new category of calls, feeding calls, to refer to the sounds emitted by
tadpoles and juvenile frogs of different species, often in the context of feeding. For instance, Reeve ef al. (2011)
documented calls of a probable aggressive function during feeding in tadpoles of the Malagasy frog Gephyromantis
azzurrae that fit into this category. The sound production mechanism of these immatures is unknown, but it is
likely that sounds are produced with the respiratory system and thus qualify as vocalizations because tadpoles of G
azzurrae emit sounds during an opening and closing of the mouth (Reeve et al. 2011). Also, juvenile spadefoot
toads (Pelobates fuscus) emit feeding calls in the presence of prey, probably in the context of a general arousal (ten
Hagen et al. 2016). The underwater calls of tadpoles of Ceratophrys (Natale et al. 2011; Salgado-Costa et al. 2014)
probably fit into the warning call subcategory, but might also in part represent feeding calls.

Anecdotal evidence suggests feeding calls occurring in immature frogs of additional species. Observations
have been made in captive-bred juveniles of Xenopus victorianus (F. Glaw, pers. obs.), in juveniles of Pelobates
Sfuscus (ten Hagen et al. 2016; see also Nollert 1984) and in metamorphs of Phyllomedusa burmeisteri (Toledo et
al. 2015a). Such calls might be emitted in a competitive context as has been hypothesized in fishes (Amorim &
Hawkins 2000; Amorim et al. 2004; Polgar et al. 2011). Alternatively, calls emitted by metamorphs or juveniles
while foraging could be related to group aggregation, as an ecological strategy of defense. Bokermann (1974)
reported on advertisement calls in pedomorphic male metamorphs of Sphaenorhynchus bromelicola, and distress
calls emitted by juveniles have been described for some Neotropical species, such as Hypsiboas faber, H. lundii,
Leptodactylus chaquensis, and L. labyrinthicus (Sazima 1975; Toledo et al. 2005; Toledo & Haddad 2009).
Whether these calls might also in part represent feeding calls is unknown. However, due to their rarity and the poor
understanding of their function, we do not recommend their use in anuran taxonomy.

As emphasized by Littlejohn (1969), isolating mechanisms such as divergence in reproductive signals are often
intricately related to the speciation process and consequently have an immediate relevance for species delimitation.
It is therefore reasonable to assume (and has been established in a vast number of case studies) that reproductive
calls are very suitable characters for anuran taxonomy. Because the most common reproductive calls are
advertisement calls, these can readily be recorded, described, and compared among species. In the following
sections, we will focus on these calls, although most of our proposed terminology and discussion will also apply to
other call types.

Spectral and temporal variables in anuran vocalizations

When using bioacoustical traits in taxonomy, a detailed, correct, and verifiable description is essential to
characterize the traits and their variation, and thereby provide a rationale for species delimitation. Describing and
illustrating calls requires a basic understanding of the underlying physics of sound.

Sound waves represent a pattern of disturbance in pressure of a transfer medium (typically air or water in
anuran sounds). The source is usually a vibrating object (such as a vocal cord) disturbing molecules in the medium;
this disturbance is then propagated by these molecules to those next to them, and so on. Thus, inside the transfer
medium, the molecules show a movement pattern leading to alternating higher and lower density (compression and
rarefaction of molecules in the medium). In their simplest form these fluctuations of the pressure in the medium
can be represented as a sinusoidal curve. The period by which such a curve repeats is the wavelength, and inversely
correlated to this period is the frequency of the sound (number of wave repeats per time unit).

Pure sinusoidal (sine) waves are thus easy to describe but are uncommon in nature. Although some anuran
calls resemble such sine waves, most calls consist of a complex waveform presenting modulations of frequency
(caused by increasing/decreasing wavelength) and amplitude (caused by increasing/decreasing sound pressure)
within a wave. The resulting overall waveform is graphically illustrated as an oscillogram (amplitude vs. time; Fig.
3).
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FIGURE 3. Two calls of Dryophytes andersonii (recording taken from Elliot ez al. 2009) depicted in exemplary spectrogram,
oscillogram and power spectrum, showing units and explaining details and analytical purpose of the graphs. Graphs were
produced with the R package Seewave (Sueur et al. 2008a).

A natural sound consists of a base frequency (fundamental frequency) and several additional frequencies.
These additional frequencies are integer multiples of the fundamental frequency and are called harmonics.
Ultimately, harmonics result from extra oscillations that originate in different regions of the vibrant structure once
the main wave bounces back from the fixed extremes of that structure. The fundamental harmonic (also called first
harmonic) will emanate from oscillations between the two extremes with amplitude peaks in the middle of the
cord; the second harmonic will be caused by oscillations between the extremes and one node located at half the
cord length, and so on until reaching the motionless extremes of the cord. As a result, the frequency of the resulting
harmonics will be a multiple of the main oscillation or fundamental frequency (for a detailed explanation see
Bradbury & Vehrencamp 2011).

Frequencies observed in natural vocalizations of anurans often depart from this basic model. The vibration of
the cords is influenced by the form of the vocal cords and by fibrous material sometimes attached to them, which
determines the presence and the amplitude of harmonics (Wilczynski ef al. 1993; McClelland et al. 1996, 1998;
Gridi-Papp et al. 2006). In the rather rare cases where the vocal cord vibrations are near sinusoidal, little energy
will be visible in the higher-frequency harmonics, but the less sinusoidal a vibration is, the more the higher-
frequency harmonics will become apparent. Modifying this effect, and further adding to the complexity of
waveforms, are various factors like deflection, rebounding and reflection in the buccal cavity (Gerhardt & Huber
2002; Bradbury & Vehrencamp 2011), which lead to overlap, cancellation or amplification of particular
frequencies.
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The method applied to analyze and visualize the frequency composition of complex waveforms was developed
mainly by J.B.J. Fourier (1768-1830) and J.P.G.L. Dirichlet (1805-1859) (Bradbury & Vehrencamp 2011).
Basically, a Fourier analysis decomposes a function of time (the waveform in acoustics) into its component
frequencies and their relative amplitudes, converting a time-domain function into a frequency domain. Hence,
periodic and continuous waveforms are decomposed into simple sine waves, which are easier to measure. The Fast
Fourier Transformation (FFT, as used by modern analysis software) accelerates the calculations by discretizing the
time domain into multiple fragments of sound.

The results can be graphically represented as a spectrogram (time vs. frequency; Fig. 3) and as a power
spectrum (frequency vs. amplitude; Fig. 3). When used on digitized sounds, the output of a FFT analysis will
depend on the sampling accuracy, sampling rate (number of amplitude measurements per time unit), length of the
discrete fragments (FFT length or number of points in FFT), the overlap between the discrete fragments (expressed
in percent or points), and the selected windowing function (Table 1).

Spectrograms and power spectra serve to illustrate the spectral properties characterizing a sound, but are
strongly dependent on the above parameters. Most importantly, the FFT function will always result in an
unavoidable trade-off between temporal and spectral resolutions. An increase in spectral resolution will necessarily
reduce the temporal resolution and researchers should bear this in mind when choosing FFT parameter values.
Different researchers can select different combinations of parameters and produce radically different visualizations
of sound (Fig. 4).

Although a spectrogram with reasonable high frequency resolution provides information about the structure of
a sound over time, it is not suitable for providing precise information on its temporal variables. In anuran calls, this
refers to measurements of the duration of call, note, pulse, and of intervals. These temporal variables should be
measured on the oscillogram. Spectral variables can be visualized in spectrograms (especially those that involve
changes of frequency over time, as frequency modulation), but should not be manually assessed from the
spectrogram either. Instead, they should be measured using a power spectrum (Zollinger et al. 2012), or using an
integrated frequency analysis tool available in some programs.

Whereas calls and notes in an anuran vocalization are subjective categories (see next section), a pulse can be
defined in physics as a transient (time-limited) disturbance in a medium (i.e., a burst of sound energy). Pulses in
bioacoustics have been defined as single unbroken wave train isolated in time by significant amplitude reduction
(e.g., Broughton 1963). Although in many cases the identification of pulses is obvious, precisely identifying these
units based on a strict application of their physical properties is not always straightforward. Where terminological
accuracy is required and compliance with the physical definition of a pulse is uncertain (i.e., pulses are not clearly
separated and thus not countable), a generally pulsatile structure (see below for definition) might nevertheless be
evident and named as such rather than attempting to precisely measure or count single pulses.
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FIGURE 4. Comparative spectrograms of a call of Dryophytes andersonii, all drawn with Hanning window function, showing
the effect of different FFT resolution on the graphic representation of calls. Each spectrogram shows the identical 300 ms
section of a recording. Note that with higher FFT settings, the spectral detail of the call representation increases. At lower FFT
settings, the temporal pattern of the call is more clearly recognizable. Call recording taken from Elliot ez al. (2009). Graphics
produced with the R package Seewave (Sueur ez al. 2008a).
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Sound categories in anuran calls

As a first approximation to define the main appearance of a vocalization, it is useful to consider the very general
sound categories proposed by Beeman (1998) for animals. These categories, here slightly modified and illustrated
with anuran call examples (Fig. 5), refer to general properties of a sound, independent of the vocalization subunit to
which the sound belongs (e.g., call, note) except for the definition of pulse, because presence and delimitation of
pulses is instrumental for several of Beeman's (1998) sound categories. The general sound category to which an
anuran advertisement call belongs is important information, and therefore should be mentioned and described when
used in taxonomy.

(1) Tonal sounds are those containing a single frequency component at any time instant, even if frequency or
amplitude varies over time. In general, the frequency spectrum can vary between a pure tone, which contains only
a single frequency, along a continuum to a so-called white noise, which contains all frequencies with equal energy
(thus not being tonal). Animal vocalizations on the tonal side of the continuum typically are whistles, but might
appear as clicks if the subunits are very short. Many bird and whale vocalizations classify as tonal, and within
anurans, there are numerous species producing exclusively or partly tonal sounds. Some birds can produce
polytonal sounds, where two independent sound-production systems operate simultaneously, but an equivalent
double sound production is unknown in amphibians (but see Souza & Haddad 2003). Spectograms of tonal sounds
may or may not contain visible harmonics; in most tonal anuran calls harmonics are present, even if only detectable
at short recording distances (see below).

(2) Pulse-repetition sounds are series of energy bursts (pulses). Pulses are transient (time-limited) disturbances
in the medium and in bioacoustics can be defined as short bursts of sound energy. Pulsed calls are common among
anurans, and we extend the definition of this category insofar as the pulses should be separated from each other by
distinctly reduced amplitude, but not necessarily 100%, which means there may be no completely silent intervals
between pulses.

(3) Sparse-harmonic sounds are those with a relatively small number of harmonically related spectral
components, without a dominant role of one of the harmonics (i.e., without a very clearly defined single dominant
frequency as observed in tonal sounds). Such sounds are rare in anurans, but some distress calls approach this
category.

(4) Dense harmonic sounds have a larger number of harmonically related spectral components. Some anuran
distress calls qualify for this category. A pulsatile structure is visible in the oscillogram but with a relevant amount
of sound amplitude between the energy peaks. A distinct structure of harmonics is recognizable in the spectrogram,
but with spectral components between the harmonics.

(5) Pulsatile-harmonic sounds are a combination of tonal or harmonic components with an important
proportion of amplitude modulation. Some remains of a harmonic structure are visible in the spectrogram but
sounds are emitted over a wide and continuous band of frequencies. Alternating amplitude modulation is
recognizable in the oscillogram but without silent intervals between the energy peaks. The example shown in
Figure 5 (Andinobates fulguritus) has signals emitted with a broad bandwidth with distinct harmonic structure (but
without tonal component), and with energy clearly concentrated in a narrow frequency band.

(6) Spectrally-structured pulsatile sounds are emitted over a wide frequency band with one or more spectral
peaks but without a visible structure of harmonics. Alternating amplitude modulation can be recognized in the
oscillogram, but usually without discrete energy peaks that could unambiguously be referred to as pulses. The
example shown (Fig. 5; Amietia angolensis) shows a call where energy is concentrated at different frequency bands
but without a clear harmonic structure. Further, the pulse structure is indistinct, with some pulses rather well
delimited in the beginning of the call, but these energy maxima becoming denser and fused in the second half of the
call; a clear count of pulses is therefore not possible, complying with the definition of pulsatile (see below) and
thereby differing from pulse repetition calls.

Further important properties of animal sound, also frequently observed in anuran calls, are modulations of
amplitude and frequency. These terms describe whether the frequency and amplitude of a call (or of a subunit of a
call) remain constant over its entire duration. For instance, the intensity of a call or a note can increase or decrease
from their start to their end, and such a pattern can be described as amplitude modulation. Likewise, if the
frequency (fundamental or dominant, of a call or note) increases or decreases over time, such a pattern can be
described as an ascending or descending frequency modulation, respectively.

18 - Zootaxa 4251 (1) © 2017 Magnolia Press KOHLER ET AL.



Tonal - not frequency-modulated Tonal - frequency-modulated

Hypsiboas tetete Rhombophryne coronata —
I
',:“1(8) amplitude
T (dB)
x ﬁ / 0
5 ; .
g 4 o o s I
o
o 2 s
w =
0 I 20
()
23 -30
B E -
= Q
Q
£
® g
Sparse harmonics Dense harmonics
Tomopterna marmorata Dryophytes andersonii
10
¥s
x
560 > 2 z z
- A
o —
2 - - - e -
0
2%
]
= kX
Q
3
rZ
Pulse repetition Pulse repetition
Ptychadena anchietae Ceratophrys cornuta
10
¥l i
=
5 6L
st
g 2
™ \ ® 00000
0
28
g2 — e
= Q
Q
£
rZ
Pulsatile harmonics Spectrally structured pulsatile
Andinobates fulguritus Amietia angolensis
0
¥s
=
> 6 « oy
g o, ¥
o 4L N
> oy,
g 2 b ubncboe B W
[T
0
28
S
= Q
[0}
L35
00 02 04 06 08 1.0 00 02 04 06 08 1.0

Time (s) Time (s)

FIGURE 5. Spectrograms and oscillograms of anuran advertisement calls conforming to the general sound categories
proposed by Beeman (1998) for animals (and slightly modified herein). All graphics produced with the R package Seewave
(Sueur ez al. 2008a), from recordings of AmphibiawebEcuador.org (Hypsiboas tetete: Hylidae), Dendrobates.org (Andinobates
Sfulguritus: Dendrobatidae), Vences et al. (2006) (Rhombophryne coronata: Microhylidae), Du Preez & Carruthers (2009)
(Ptychadena anchietae: Ptychadenidae; Tomopterna marmorata and Amietia angolensis: Pyxicephalidae), Cocroft e al. (2001)
(Ceratophrys cornuta: Ceratophryidae), Elliot et al. (2009) (Dryophytes andersonii: Hylidae). All spectrograms at Hanning
window function, 512 bands resolution.
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Units and terms recommended for the description of anuran calls

While the term ‘call’ is well established when referring to anuran vocalizations (see Wells 2007; Toledo et al.
2015a), different terms and different definitions of the same term have been used in other animals. Complex
vocalizations of birds are often named songs (Baker 2001; Catchpole & Slater 2008), whereas the term ‘calls’ is
usually used to refer to sounds of lower complexity emitted by birds in a non-reproductive context. Sounds
produced by orthopterans and cicadas (e.g., Robinson & Hall 2002), and even by flies (e.g., Kyriacou & Hall 1986;
von Philipsborn et al. 2011) and diplopods (Wesener et al. 2011) are often named songs as well, even if these are
much more stereotyped and less complex than songbird vocalizations. In mammals, human speech apart,
vocalizations are more commonly referred to as calls, while the complex vocalizations of gibbons and bats are
named songs by some authors (e.g., Cowlishaw 1992; Clarke et al. 2006; Smotherman et al. 2016). Subaquatic
sounds can be emitted by insects (e.g., Sueur et al. 2011), crustaceans (e.g., Popper et al. 2001), cetaceans and other
marine mammals (e.g., Edds-Walton 1997), anurans (Wells 2007), and by a multitude of fish species (Sisneros et
al. 2016). The latter are often described by onomatopoeia such as ‘hum’, ‘grunt’ and ‘growl’ (e.g., Mclver et al.
2014), or functional categories such as agonistic and submissive sounds (e.g., Colleye & Parmentier 2012).

Given the complexity of sounds emitted by animals, it is tempting to propose complex classification schemes.
For instance, bird songs have been subdivided in a variety of subcategories (e.g., Shiovitz 1975) of which as many
as 28 have been compiled by Thompson et al. (1994), including syllable, note, bout, phrase, trill and element.
These authors also proposed a complex formula system for bird songs, which however has not been adopted by
many ornithologists. Also for anurans, there would be a plethora of possibilities to define and propose a rather
particularized terminology. We are, however, convinced that the continued use of the basic and well-established
units call, note and pulse, if properly defined, is more appropriate to efficiently describe anuran vocalizations. We
are aware that terminology and definition of units and structures in anuran vocalizations will continue to be a
matter of debate, as classification of natural phenomena into fixed human-made categories by principle has to fail
to a certain extent. Several authors already provided definitions of units and terms (e.g., Heyer et al. 1990;
Schneider & Sinsch 1992; Duellman & Trueb 1994; Glaw & Vences 1994; Ko6hler 2000; Toledo et al. 2015a), but
these were not necessarily in complete agreement, not followed, or in part inconsistently applied in subsequent
works. Herein, our proposed definitions and terminology are aimed at reaching a maximum consensus among
anuran taxonomists without ignoring or loosing aspects of logic and current knowledge. Even if far from being
perfect and criticizable for various reasons, sticking to a standardized terminology in practice, as far as possible,
will prevent many of the current pitfalls in anuran call descriptions, comparisons and their interpretation. This will
lead to a more standardized approach and, consequently, to a more stable taxonomy. We here focus on
advertisement calls as the most relevant functional call category for taxonomy, defining basic acoustical units first,
followed by further useful terms.

(1) Call—We define a call as the main acoustic unit in a frog vocalization (Figs. 6-7). In advertisement calls,
theoretically, this functional entity is responsible for mate recognition. Calls are separated from other calls by silent
inter-call intervals, typically longer (often several times longer) than the call. A single call can often be emitted
(i.e., not as part of a coherent series of defined duration).

(2) Note.—Calls are often broken into notes. These are smaller subunits, almost always separated by intervals
of silence (i.e., 100% amplitude modulation), with the duration of these intervals being short relative to the
duration of the note (often shorter than, or not much longer than the note itself). Silent intervals and notes are
typically long and distinct enough to be discernable by the human ear. A call consists of a single note if no such
subunits can be distinguished.

(3) Pulse—As stated above, a pulse by principle has a physical definition that can be applied to any discrete
sound unit. Some of such units should better be termed calls or notes in bioacoustics, but they can also be pulses by
physical concept. For anuran bioacoustics, we suggest restricting the term pulse to sound bursts within calls or
notes. As defined here, a pulse is the shortest, undividable unit in anuran vocalization. We recommend restricting
the bioacoustics term pulse to short undividable sound units, typically in the range of 5-50 ms, although longer
sounds without amplitude modulation (usually tonal), strictly speaking would fall into the physical definition of the
pulse category as well.

Anuran vocalizations can be tonal, pulsatile, or pulsed. In a pulsed call, it is usually possible to distinguish all
or most single pulses when analyzed. Although in most cases the identification of such a unit as pulse will be
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uncontroversial, difficulties might arise in complex vocalizations. Pulses are often separated from each other by an
amplitude modulation of less than 100% (i.e., no completely silent inter-pulse intervals), but in some cases, spaced
pulses with silent intervals do occur (Fig. 8). Because pulses in our proposed definition are a basic unit, no
subdivisions such as subpulses should be used. Also, for clarity, we do not suggest the use of the term pseudopulse
(de Araujo et al. 2011) which has been coined to avoid strictly complying with the physical definition of pulse.
Where a call contains two different types of pulses (e.g., separated by intervals of different length, or by different
degrees of amplitude modulation) it might be an option to describe these as different pulse types or as primary and
secondary pulses, or to use the term pulse group, but we here refrain from attempting definitions for any of these
categories. Pulsatile notes as defined here are neither tonal, nor clearly pulsed, but apparently exhibit some barely
quantifiable alternating amplitude modulation. In the literature, such pulsatile notes have often been described as
being noisy, referring to their acoustic character caused by alternating amplitude modulation (Fig. 8).
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FIGURE 6. Hierarchy of main units and subunits proposed for the description of anuran vocalizations. Call, note and pulse are
primary units (in gray boxes). Call is the fundamental unit which might consist of a single note or several notes. In call
descriptions, units can consist only of subunits in top-down direction of decreasing hierarchy. Pulses are defined here as the
smallest, undividable unit.
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(4) Call group/call series.—Calls might be arranged in call groups which are separated from other such groups
by longer periods of silence; spacing of calls in call groups may change, sometimes in a predictable pattern, or be
regular; in the latter case, a call group can also be named a call series.

(5) Note group/note series—Equivalent to call groups and call series, notes can also be arranged into note
groups (with each note group being separated from other such groups by silent intervals of longer duration than the
inter-note intervals). If within such a group of notes the inter-note intervals are regular, then the note group might
also be called a note series. If a call consists of several notes, spaced with regular or irregular intervals but without
subdivision into distinct note groups or note series, then there is only a single note group or note series per call, and
the use of these terms is discretionary. However, we suggest that the term note group should not be used to replace
the term call. Instead, we recommend that descriptions should for instance state that the call is a series of notes, or
that the call consists of several note groups.

(6) Note (repetition) rate—Note rate is defined as the number of notes repeated in a defined period of time
within a call or within a note series. The value is usually provided as notes per second or minute.

(7) Pulse (repetition) rate.—Pulse rate is defined as number of pulses repeated in a defined period of time
within a note/call. The value is usually provided as pulses per second.

(8) Note type.—Arrangement of notes in a call can be even more complex due to the existence of different note
types that can be arranged in a regular or irregular succession. Often, calls consist of either a single note type or of
2-3 note types, of which one might have a predominant signalling function towards males (territorial) and the
other(s) be mainly directed at attracting females (e.g., in Eleutherodactylus coqui: Narins & Capranica 1976, 1978;
Dendropsophus minutus: Haddad & Cardoso 1992; Toledo et al. 2015a). Calls consisting of a single note type can
be named simple calls and calls consisting of different note types are complex calls. Delimitation of different note
types remains somehow subjective, but we recommend basing it on qualitative differences (differences in pulse
structure and/or amplitude modulation, tonal versus pulsatile or pulsed, etc.) or on quantitative differences in more
than one acoustic variable. This will avoid excessive subdivisions of calls into note types when only one call
feature varies between sound units (e.g., continuous variation in duration).

(9) Dominant frequency.—The dominant frequency of a call or note is defined as the frequency where most
sound energy is concentrated within the whole power spectrum. In rare cases, it might be difficult to determine this
frequency with maximum sound energy as there are two or three peaks of almost equal intensity with the most
powerful varying from one call/note to another, especially in calls with harmonics. In these cases, it is
recommendable to provide all respective frequency values for similarly powerful peaks.

(10) Bandwidth.— Physically defined as the total range of frequencies present in the emitted sound. Often, the
total range of frequencies is rather difficult to measure in field recordings of anuran vocalizations, even with high-
end equipment, due to the overlap of low energy call components with the background noise. Therefore, in high-
quality recordings the bandwidth should be measured at a given threshold level which should be clearly specified
and kept constant in all measurements for comparison purposes. Measurements at -3, -6, and -10 dB from the peak
amplitude will include the frequencies with 50, 75, or 90% of the sound energy in the call, respectively. The
specific goals of each study and the signal-to-noise ratio of the set of recordings used, often dictates the power level
that can be chosen as bandwidth reference. For the sake of comparability, measurements at -10 dB threshold should
be reported whenever possible, and the resulting frequency range reported as 90% bandwidth. However, in some
recordings (strong background noise, calls of different species overlapping) such an objective measurement is
impossible. Furthermore, taxonomists will often have to include in their comparisons and discussions old
publications with graphical representations of the sounds, without having access to the original recordings. Even in
such cases, a rough estimate of the range of frequencies encompassing the main proportion of sound energy
attributable to the vocalization in target is often still possible by careful application of the power spectrum tool to
various parts of the recording, and in the worst case (old publications) very roughly by visual inspection of the
spectrogram. We suggest referring to such estimated frequency ranges as approximate prevalent bandwidth. In
either case, when reporting bandwidth, the crucial values to mention are not the width of the frequency range but
the actual minimum and maximum frequency values as these are biologically most relevant.

(11) Fundamental frequency.—The fundamental frequency is the base frequency produced by the vocal cords.
In many cases, it is the dominant frequency in the call or note. However, there are cases where higher frequencies
may contain more energy compared to the fundamental frequency. As it can be rather difficult to identify which
one is the frequency produced by the vocal cords, we consider pinpointing the fundamental frequency of secondary
importance in these cases, although it should be reported in call descriptions if it can be unambiguously identified.

22 - Zootaxa 4251 (1) © 2017 Magnolia Press KOHLER ET AL.



Call-centered and note-centered terminological schemes

The definitions of calls and notes in the previous paragraphs have the advantage of being widely applicable and
universal in use. However, in discussions with colleagues and even among the authors of this review, we have not
been able to reach a complete terminological consensus for all examples of anuran vocalizations. This particularly
applies when a vocalization could be classified whether as a call group (made up of various calls), or alternatively,
as a call made up of various notes.

There are several theoretical approaches to define the units cal/ and note. One approach would be to define the
unit 'call' as the acoustic entity which is functional in mate recognition, and it could be argued that this approach
might be of value in taxonomy. In reality, this acoustic entity can either be a single unit (defined as a note in other
approaches), or a combination of multiple units (otherwise defined as a call group, note group, or note series).
Using the functional character as criterion for the definition of a call versus a note, in practice is hampered by the
fact that only few experimental studies have tested which unit is used for mate recognition (e.g., Marquez et al.
2008).

Another terminological approach may consider the mode of sound production. In many species, a call (or a
note) may correspond to the vocalization emitted during a single expiration, that is, one cycle of pumping air from
the lung through the vocal cords. While this definition of an acoustic unit (note or call) can be a useful yardstick in
some groups of anurans to help defining homologous units, it is obvious that in taxonomic practice it is often not
suitable. Although expiration is thought to represent the predominant mode of sound production, multiple modes of
sound production have been reported (see above) and a single expiration may either produce one or multiple
distinct sounds. The mode-based approach is furthermore not applicable for species with non-expiratory or
combined sound production systems. Furthermore, expiration in many cases is rather difficult or even impossible
to observe.

Given the practical difficulties to apply these theoretical approaches, we here suggest distinguishing two
purely practical approaches for the use in taxonomy. We propose to use either a call-centered or a note-centered
terminology (see Fig. 7 for examples), and to clearly state which of these two approaches is used.

The call-centered approach typically starts defining a call as the main coherent sound unit (longer than a
typical pulse), separated from other such units by a distinct period of silence (typically as long as, or longer than the
call). If a call is subdivided into subunits (longer than pulses) separated by short periods of silence, then these
subunits are considered notes. If calls are arranged in groups or series, then these are call groups or call series. In
contrast, the note-centered approach starts defining an entire coherent unit of sound as call. If this coherent unit is
further subdivided into subunits separated by (long or short) periods of silence, then these subunits are notes, and
these notes might be arranged in note groups or note series.

Because anuran vocalizations often consist of sound units arranged in series, the two approaches will often
differ in defining basic units of sound as either calls or notes, but in other cases will agree on the definitions (Fig.
7). Uncertainty and discordance about definitions emerges especially when a stereotyped series of sounds is
emitted. Along with the discussion of this topic in Glaw & Vences (1994), we recommend to distinguish species
with a finite and relatively regular number of units in such series, and those with a highly irregular number of units
in a series. As an example among Malagasy frogs (Glaw & Vences 1994; Vences et al. 2006), the species
Gephyromantis eiselti emits a stereotyped series of tonal sounds (i.e., with regular intervals between the sounds).
Such a vocalization can last up to 10 seconds and consists of 7-24 sound units, and is followed by a long period of
silence. In comparison, many Malagasy microhylid frogs emit series of stereotyped tonal sounds that are not a
priori limited in duration or number of notes, and this also applies to many other anurans such as Neotropical frogs
of the genus Leptodactylus and Eleutherodactylus (see sections on individual call variation below). These frogs
often emit series of stereotyped sounds uninterruptedly for many minutes. Indeed, sound emission can endure for
most of the night. In such cases, defining each single sound as a call is straightforward, such as in Figure 7A (and it
might be said that calls are arranged in stereotyped call series, with undefined number of calls per call series). The
situation is more ambiguous for species such as Gephyromantis eiselti as mentioned above. In this species, one
sound might also be defined as a call, and the entire vocalization as a call series with a defined number of 7-24
calls (call-centered approach; see Fig. 7C). Alternatively, it might be preferable to define the entire series as one
call, composed of a series of 7-24 notes, as done by Glaw & Vences (1994) (note-centered approach; see Fig. 7C).
A note-centered terminology seems to be more appropriate in cases of complex calls composed of different note
types (Toledo ef al. 2015a).
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FIGURE 7. Concordance and discordance among call centered and note centered approaches to name sound units in anuran
vocalizations. The upper two schematic spectrograms show examples where both approaches lead to the same categorization of
sounds. (A) A single tonal sound is repeated after regular silent intervals of longer duration than the sounds. There is no defined
duration of the series of sounds; if undisturbed, calling could go on for minutes or hours. In both approaches, one sound unit
would be a call, and the note-centered approach would define each call consisting of a single note. (B) Series of rapidly
repeated sounds, each composed of a series of bursts of sound energy. Because these bursts are < 10 ms in duration they are
defined as pulses. The call-centered approach does not define each major subunit as call because the silent intervals between
them are much shorter than the units themselves; thus, both approaches agree in defining the units as notes. (C) This species
emits clearly defined and stereotyped series of sounds, each series being separated by variable intervals from the next series.
The note-centered approach defines one coherent entity of sound emission as a call; hence, each sound series unit is a call, and
the subunits are notes. In contrast, the call-centered approach defines each sound unit as a call (and each series as a call series)
because it is separated from other such units by a long silent interval. (D) This species emits two distinct kinds of pulsatile
sound units, of which one is much longer than the other. Because the combination of sounds is emitted as coherent entity, in the
note centered approach the entire sound emission is a call and the sound units are notes of two types, of which one is arranged
in a series. In the call-centered approach, each sound unit is a call because they are separated by long silent intervals from the
next unit. Two call types can be distinguished and one of these is arranged in a call series.
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FIGURE 8. Comparative oscillograms of notes of four anuran species, illustrating differences in amplitude modulation and
respective differences in descriptive terminology, particularly the bioacoustical application of the term pulse as defined herein.
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The use of these alternative approaches depends to a degree on the subjective preference of the observer. As
with many biological phenomena, it is clear that descriptions cannot fully account for the complexity of anuran
vocalizations. It should, however, be kept in mind that the primary goal of such descriptions is to facilitate
communication and research. Hence, it is of prime importance to keep the comparability among descriptions of
vocalizations of related species (see Fig. 9).
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FIGURE 9. Example illustrating the need to consider homology aspects in terminoloy of anuran vocalizations. The calls
shown are from four related species of mantellid frogs in the nominal subgenus of the genus Gephyromantis. The four species
emit vocalizations consisting of a series of sound units (each corresponding to one expiration), with a defined number of units
per series. All spectrograms are to scale; for G boulengeri, an entire series is shown whereas the remaining spectrograms show
parts of a series. In a note-centered terminology, one entire series would be a call, and each sound unit a note. In a call-centered
terminology, in G boulengeri, a series might be defined as one call (because no intervals of full silence occur between sound
units), while in G enki, each sound unit would be a call (separated by wide intervals of silence from the next call) and the series
would be a call series. Either definition might be appropriate when looking at a single species, but in a comparative taxonomic
study, it is of utmost importance to compare homologous bioacoustical entities and to apply the same name to them; hence, in a
call centered approach, also the vocalization of G boulengeri would need to be dubbed a call series. Spectrograms made with
the R package Seewave (Sueur et al. 2008a) at Hanning windowing function, 512 bands resolution. Note that we here refer to
homology from the perspective of sound production (one unit corresponding to one expiration) and not from the perspective of
signal content of the respective sound unit.

We here distinguish primary descriptive units of anuran vocalizations (call, note and pulse) and secondary
units (all others) (Fig. 6). In any description of an anuran vocalization, it should be defined what a call is, and a call
by definition will consist of notes (either of a single note, or of several ones). The pulse is a primary unit because it
is rather clearly defined. It should therefore be used to refer to vocalizations that contain units matching this
definition (Fig. 8), but certain calls are not pulsed and this term will therefore not be used in the respective
descriptions.

Whether it is useful to use secondary units such as call group or note group in a description remains a
discretionary decision. But whatever a researcher decides in this respect, it should be mandatory to clearly define
the units and strictly respect their hierarchy, as illustrated in Figures 6-7. Ideally, all units used in a certain
contribution should be indicated once in the published figures.

BIOACOUSTICS IN ANURAN TAXONOMY Zootaxa 4251 (1) © 2017 Magnolia Press - 25



Intraspecific variation in frog advertisement calls

Advertisement calls of anurans are usually considered species-specific. Consequently, and despite the often-
restricted gene flow among amphibian populations, many frog species have remarkably uniform calls across their
distribution ranges. This statement appears paradoxical given the large body of literature dealing with such
variation (reviewed in the following sections), but in the majority of cases, intraspecific call variation in anurans
refers to relatively subtle differences in quantitative variables, and not to fundamental differences in call structure.
As suggested by Vences & Wake (2007), it remains to be critically tested whether this might be due to circular
reasoning —because frog populations with strongly divergent calls would be considered as distinct species by
taxonomists, thereby eliminating instances of intraspecific variation (but see Amézquita et al. 2009 and Rowley et
al. 2015 for examples of substantial call variation among populations). One obvious hypothesis that requires
thorough testing is that call variation within species might originate and increase more slowly than does
morphological variation, and whether this difference is accentuated in species from open areas showing little
phylogeographic structure (Rodriguez et al. 2015a). In fact, examples of intraspecific morphological variation in
amphibians (e.g., over elevational clines) are well known to herpetologists, although the amount of such variation
has been rarely quantified. It includes variation in body size and hindlimb length, as in Palearctic brown frogs such
as Rana macrocnemis and R. temporaria (Tarkhnishvili et al. 1999; Vences et al. 2013), body size and skin texture
(e.g., in European widespread toads of the genus Bufo; Arntzen et al. 2013; Cadenovié et al. 2013; and invasive
cane toads; Shine ef al. 2011), body size in montane hylid frogs (Amézquita 1999), and color polymorphism in
multiple species (reviewed in Hoffman & Blouin 2000).

From an evolutionary perspective, it is likely that sexual selection plays a primary role in acoustic divergence
between populations and species of anurans and other animals (reviewed by Wilkins ef al 2013), but
environmental factors might be of considerable influence as well (e.g., Goutte et al. 2013; Vargas-Salinas &
Amézquita 2013).

Bioacoustical variation in anurans is generally studied at four levels: (1) within individuals, (2) between
individuals of the same population, (3) between (geographically separate) populations of the same species, and (4)
between independent evolutionary lineages (i.e., species). Drawing accurate taxonomic conclusions requires a
correct distinction of individual and intraspecific variation (levels 1-3, taxonomically not relevant) from
interspecific variation (level 4; highly relevant for species delimitation and identification). As we will review in the
following sections, call variation within and between individuals of many frog species is great and is strongly
influenced by individual motivation of the calling male due to intrinsic and/or extrinsic factors. This affects mainly
call variables that can be defined as dynamic (see below), but also extends to emission of different call types as in
some frogs call variation is exacerbated by the gradation and combination of different note and call types.
Aggressive and advertisement calls might be part of a graded signaling system in which components of the call can
be gradually adjusted according to social context, for example, by the distance between interacting males
(Schwartz 1986; Wagner 1989a, c; Grafe 1995; Jehle & Arak 1998; Reichert 2013a; reviewed in Wells 2007 and in
Toledo et al. 2015a). In some species, a clear distinction of aggressive and advertisement calls is difficult or
impossible, and a hyperextended vocal repertoire is observed especially in highly motivated individuals (e.g.,
Amnirana nicobariensis, Dendropsophus minutus, Polypedates leucomystax, Boophis madagascariensis: Jehle &
Arak 1998; Narins et al. 2000; Christensen-Dalsgaard et al. 2002; Toledo et al. 2015a). A well-studied example is
the Neotropical frog Dendropsophus ebraccatus (Wells & Schwartz 1984; Wells 1989; Reichert 2010, 2011a, b,
2013b), where advertisement and aggressive calls can grade into each other: in response to increasing acoustic
competition, males increase the duration and reduce the pulse-repetition rate of the primary note by reducing the
number of secondary notes at the same time, resulting in a highly escalated aggressive call that is less attractive to
females than the advertisement call.

Whereas there is general agreement that interspecific variation serves species recognition (Ryan & Rand 1993;
Gerhardt & Huber 2002), the causes and possible functions of intraspecific variation in animal signals are
insufficiently resolved (see below; Table 3). Nevertheless, species recognition and mate preference can be seen as
part of the same process (Gerhardt 1982; Ryan & Rand 1993; Castellano ef al. 2002b). Regarding the taxonomic
importance of call traits, in theory we would expect a pattern of variation that is a (multimodal) continuum with
increasing variation. This variation can be expected to be lowest within individuals, followed by variation between
males in the same population, between conspecifics of different populations, and with highest divergences found
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between species (and theory predicts that this last case of divergence is particularly high in cases of sympatry)
(Table 3; Fig. 10).

Only few studies on call variation actually address more than one or two of the above-mentioned levels of
intraspecific variation (e.g., Castellano & Giacoma 1998; Castellano e al. 2002b; Gerhardt 2012), or combine a
comprehensive intraspecific approach with interspecific variation (Forti er al. 2016). However, assessing variation,
no matter on which level, is taxonomically relevant and important for the understanding of species delimitation and
species recognition, as well as for the understanding of speciation and signal evolution.

If bioacoustical characters are to be useful for taxonomy, then a prerequisite is that their variation between
species should exceed variation within species, and that bioacoustical divergence above a certain threshold and in
certain traits should be indicative of species-level divergence. How such a threshold can be identified and which
measurable variables of a call are most suitable for taxonomic purposes will require careful assessment on a case-
by-case basis for different groups of anurans and different geographical scenarios. The following sections will
review the available evidence on factors influencing call variation.
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FIGURE 10. Individual, intraspecific and interspecific call trait variation in Leptodactylus spp. exemplified by the trait call
duration. (A) Individual variation in call duration during one night in individual A (one nightly calling activity phase of ca. 1
hrs of calling; N = 4,401 calls; 18 November 2014; 29.1 to 29.4 °C); (B) Intraspecific variation: comparison of call durations of
three individuals during each one night of calling (individual A: see above; individual B: n = 22,472 calls, ca. 5:20 hrs of
calling, 27 November 2014, 23.0 to 23.4 °C; individual C: n = 15,561, 2:50 hrs of calling, 14 November 2014, 22.7 to 23.4 °C);
(C) Interspecific variation: comparison of Kernel density estimates of call durations of three sympatric species (L. syphax: same
three individuals as above, n = 38,434 calls; L. mystacinus: one individual, ca. 3:20 hrs of calling, n = 49,573, 24 January 2012,
25.1 to 25.9 °C; L. vastus, one individual, ca. 1:10 hrs of calling, n = 3,649 calls, 16 November 2014, 25.2 to 26.4 °C). All
recordings were done at the Research Station ‘Chiquitos’, Bolivia, with Song Meters SM2 (Wildlife Acoustics) respectively
Olympus DM-550 recorders (sampling frequency 22.05 kHz; 16-bit resolution), and afterwards analyzed with software Raven
Pro, version 1.4 (Bioacoustics Research Program 2011) using implemented amplitude detectors; statistics were done with R;
only calls with high amplitude were considered (i.e., less intense ‘initial calls’ of a series were excluded; M. Jansen,
unpublished data).
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Variation within individuals
Energetics and endocrine control

Frog calls can be very loud sounds, with sound pressures of 100—120 dB at 50 cm distance (e.g., Gerhardt 1975;
Passmore 1981), and in many species of frogs, emission of advertisement calls is probably the most costly activity
in terms of energy expenditure (Pough et al. 1992; Grafe et al. 1992; Grafe & Thein 2001), with metabolic rates of
callers increasing up to tenfold over the resting metabolism (Wells 2007). Temporal variables of calls correlate with
energy expenditure and male frogs can adjust them in the presence of other callers. Call variation is therefore
influenced by energy budget and social context (Wells & Taigen 1986). Recent findings, however, indicate that
relationships between calling activity and energy consumption may be complex (Carvalho et al. 2008),
emphasizing the need for more comprehensive observations of amphibian traits related to calling activity, such as
incorporating not only social context, but also breeding period, locomotor behavior, and calling strategies.

Intricately related to these two factors are hormones (Moore ef al. 2005; Wilczynski et al. 2005; Arch & Narins
2009). Several studies have suggested that androgens and the neuropeptide arginine vasotocin (AVT) influence the
calling behavior of frogs (Emerson & Hess 1996; Solis & Penna 1997; ten Eyck 2005), and higher androgen levels
have been found in frogs exposed to conspecific vocalizations (Brzoska & Obert 1980; O'Bryant & Wilczynski
2010). Intense calling leads to increased energy expenditure, and the associated stress causes corticosteroid
hormone levels to rise (Emerson & Hess 2001; Leary ef al. 2004). These have been found to be particularly high in
individuals and species of high calling activity (Emerson & Hess 2001), and, when at high levels, corticosteroids
can inhibit calling (Burmeister et al. 2001). The available results from different species are however not fully
concordant, especially regarding the relationship of androgen levels and calling behavior (Moore et al. 2005; Wells
2007). Evidence is more straightforward suggesting that AVT stimulates calling behavior (reviewed by Wilczynski
et al. 2005) and, more importantly, that it influences call features such as call patterning, call duration and pulse
number (Marler er al. 1995; Chu et al. 1998; Klomberg & Marler 2000; Trainor et al. 2003; Kime et al. 2007).
Taken together, the available evidence suggests that social interactions, hormones, and energetics are tightly linked
to each other in numerous ways, and all of these factors have the potential to influence those features of frog
vocalizations that are often considered relevant for taxonomic purposes.

Static and dynamic call traits

In an influential work, Gerhardt (1991) suggested that patterns of variation in anuran call traits are related with
female preferences, and that different traits encode different kinds of biologically significant information (i.e., they
have different functions in interactions with conspecifics or heterospecifics). He proposed that on the within-
individual level, less variable (static or stereotyped) traits might encode species recognition and populational or
individual identity, whereas more variable (dynamic) properties might transmit information on mate quality
(Gerhardt 1991). He proposed the classification into static and dynamic traits as ends of a continuum, by using
thresholds of the coefficient of variation (CV = SD*100/mean): static traits are those with CV values less than 5%,
whereas dynamic traits are those having CV values above 10% (Gerhardt 1991). Distinguishing static vs. dynamic
traits appears paramount for taxonomy: differences (between individuals or populations) in static characters can be
hypothesized to be more taxonomically relevant than differences in dynamic characters (i.e., those characters that
in the target group have been demonstrated to be dynamic in the same individual or population).

This concept of assessing call variation by CVs was originally suggested for the ‘within bout’ variation. It is
mostly used on the within-individual level (CV_;; Gerhardt 1991) and has become a standard method (Bee et al.
2016). CVs may be used on other levels as well, such as the comparisons among / between individual males (CV, or
CV,), and very often the relation of within- and between-individual variation (CV_;/ CV,) is used, for example, to
test if individuals differ from each other by their calls (i.e., CV, > CV_; Bee & Gerhardt 2001; Bee ef al. 2001,
2010, 2016; Bee 2004a; Prohl 2003; Gasser et al. 2009; Feng et al. 2009a; Kaefer & Lima 2012; Gambale ef al.
2014; Forti et al. 2016).

However, it is important to mention that Gerhardt (1991), as well as several subsequent (mostly experimental)
studies, suggested that static properties are under stabilizing or weakly directional selection, because females often
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prefer values at or near the mean of the population, and that dynamic properties seem to be under directional
selection, because females tend to prefer extreme values (Gerhardt 1991; Castellano & Giacoma 1998; Wollerman
1998; Friedl 2006; Reinhold 2011).

Reinhold (2009) conducted a comprehensive literature review and did not find evidence for a general bimodal
pattern of variation (i.e., static vs. dynamic) in acoustical advertisement call traits in insects and anurans,
confirming Gerhardt's (1991) characterization of a continuum framed by these two extremes. A main problem in
characterizing variation of call traits (and thus their position in the static-dynamic continuum) was that their
variation increased with the duration of the analyzed calls. Because the time span over which measurements are
taken increases the number of influential factors, it is likely that more trait variation is inferred from longer calls.
According to these results, Reinhold (2009) concluded that the variation of acoustic signal traits cannot be used to
classify traits into two groups. However, in a subsequent meta-analysis of sexual selection strength and trait
variability in anuran and insect sounds, Reinhold (2011) showed that traits under stronger selection had lower
variation even after controlling for signal duration, supporting the hypothesis that lower CVs might be caused by
stabilizing selection of female preferences (Gerhardt 1991; Castellano & Rosso 2006). Gerhardt’s suggestion that
static properties are more important in species recognition and that dynamic properties are more important in mate
choice most probably still holds (Gerhardt 1991, 1994b). Thus, from a taxonomic perspective, a clear-cut
distinction of static vs. dynamic traits is not crucial, but comparing coefficients of variation of traits can be very
informative.

It was initially proposed by Gerhardt (1991) and largely confirmed thereafter that spectral and fine temporal
call traits (e.g., pulse rate) are typically more static call properties in frogs, whereas gross temporal traits were
suggested to be typically more dynamic. We reviewed 52 original studies (many of which were included in
Reinhold 2009) including 48 species that used Gerhardt’s (1991) concept for the assessment of within-individual
call variation of frogs (Table 4). Although this review does not raise the claim of being a complete cover of the
large literature body (we searched for terms such as “coefficient of variation in frogs” in Google and Google
Scholar), we think that most of the relevant studies were included, and thus reflect the status quo of research on this
topic quite well. The results of this review confirmed the initial proposal, as we found that in most of the studied
species dominant frequency was classified as a static trait (69% of 48 studied species; classified as a dynamic trait
in only three species; Table 4). Moreover, the temporal traits pulse rate (27%) and call duration (21%) were also
sometimes described as static (having a relative low variation). This might be due to stabilizing selection (females
preferring trait values that are close to the population's mean) or to morphological constraints (e.g., body size).
Thus, individual variation in these traits is expected to be low and a large portion of between-individual variation is
explained by variation in body size (e.g., Gerhardt & Huber 2002; Rodriguez et al. 2015b; but see next paragraphs
for exceptions, such as change of spectral traits in relation to the social context and motivational state). Our
literature review further confirmed that gross temporal traits were classified as ‘intermediate’ or ‘dynamic’ in most
cases (e.g., call or note duration in 69% of reviewed studies; Table 4). These findings are in concordance with
many behavioral studies that found plasticity in temporal call traits in different social contexts.

Most of the studies reviewed (Table 4) used a set of calls that typically comprised 3—70 calls per individual (15
in average; data not shown), with the exceptions of Friedl & Klump (2002), Larson (2004), Castellano & Rosso
(2006), Rosso et al. (2006) and Reichert (2013a), who analyzed more than 250 calls per individual. Thus, the actual
call variation during sustained calling through a defined period might be underestimated (see below), and our
knowledge on the plasticity of vocalizations is still quite limited (Dyson ef al. 2013).

Social context and acoustic environment

Because females tend to prefer males investing a high calling effort, many frogs increase calling rate (while
simultaneously decreasing call duration), call duration (while simultaneously decreasing call rate), or call
complexity (by adding notes or changing the number or the relative positions of different notes that compose the
call) in choruses or in the presence of a competitor (e.g., Dendropsophus ebraccatus: Wells & Schwartz 1984;
Dendropsophus microcephalus: Schwartz 1986; Schwartz et al. 1995; Dendropsophus minutus: Haddad & Cardoso
1992; Morais et al. 2012; Toledo et al. 2015a; Dryophytes versicolor: Wells & Taigen 1986; Schwartz et al. 2001,
2002; Rana dalmatina: Lesbarreres & Lodé 2002). Further, some species that usually emit single notes might add
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notes in chorus situations (e.g., Lithobates clamitans: Bee & Perril 1996), increase the rate of emission of
aggressive calls (dcris crepitans: Wagner 1989a), or emit calls differing in structure or complexity
(Dendropsophus ebraccatus, D. microcephalus and D. phlebodes, Wells 1988; Lithobates septentrionalis: Bevier et
al. 2004; for reviews see Wells 2007; Dyson ef al. 2013).

An example of the plasticity of a purportedly static (spectral) trait under the influence of social context is
reported in the white-lipped frog, Leptodactylus albilabris, where males shifted the dominant frequency of their
calls over a mean range of about 100 Hz (and, in one case, about as much as 400 Hz) towards the frequency of
playbacks of other males (Lopez ef al. 1988). Active alteration of dominant frequency in accordance to different
social contexts was also shown by Wagner (1989b, 1992) in the cricket frog (Acris crepitans). Similarly, male
green frogs (Lithobates clamitans) can lower the dominant frequency of their calls in response to broadcasts of
conspecific calls (Bee & Perrill 1996; Bee et al. 2000), and males of Anaxyrus americanus emitted calls with lower
frequencies when their calls overlapped with calls of other males (Howard & Young 1998). Finally, Reichert &
Gerhardt (2013) showed that Dryophytes versicolor males decreased the frequencies of their aggressive calls in
socially escalated situations.

Spontaneous changes in vocalizations which prevent masking interference between sound signals have been
well documented in birds (Brumm & Slabbekoorn 2005; reviewed in Brumm 2013), and recent studies indicate that
some frogs vary call frequency, avoiding overlap with the spectral components of syntopically calling conspecific
or heterospecific anurans, or with background noise (e.g., Lopez et al. 1988; Parris et al. 2009; Jansen et al. 2016a;
reviewed in Schwartz & Bee 2013). For example, Both & Grant (2012) found that Hypsiboas albomarginatus are
able to shift their calls to higher frequencies (from an average ca. 2050-2150 Hz dominant frequency) in response
to calls of invasive Lithobates catesbeianus. Green Frogs (Lithobates clamitans) and Northern Leopard Frogs
(Lithobates pipiens) significantly increased dominant frequency of their calls in response to traffic noise (L.
clamitans: from ca. 480 to 860 Hz in average; L. pipiens: from 850 to 1200 Hz at average; Cunnington & Fahrig
2010). Penna et al. (2005) showed that Fupsophus calcaratus increased call duration and call rate in response to
abiotic background noise (wind, rain, creek and sea surf), and they suggested these vocal responses are adaptations
that allow frogs to cope with high interference with sounds produced by the local acoustic environment.

Fine-tuning of calls in response to microhabitat conditions might also be common. For example, Lardner &
Lakim (2002) showed in a simulated tree-hole experiment that Bornean tree-hole frogs (Metaphrynella sundana)
are able to adjust the dominant frequency of their calls to the resonant frequency of the hole where they were
calling from. Ziegler et al. (2011) revealed a strong effect of habitat structure on temporal call parameters of
Hypsiboas pulchellus, and found an effect of site temperature conditioning the body size of calling males at each
site, thus indirectly affecting dominant frequency. Males of Hypsiboas prasinus generally call around ponds and
lakes. However, during cold nights they frequently call from inside the water (Fig. 2) and under such circumstances
notes showed lower dominant frequencies, longer durations and longer intervals between notes (Delgado &
Haddad 2015).

Temperature

Temperature affects the rate of metabolic reactions in animals and, due to their ectothermic nature, many aspects of
amphibian physiology are closely linked to the environmental temperature. Calling is an energetically expensive
activity involving muscular contractions and hence is strongly dependent on operational temperature. In many
species, environmental temperature regulates the vocal activity period (Wells 2007; Steelman & Dorcas 2010) as
well as characteristics of the acoustic signals emitted. Temperature effects are more evident in those temporal
features directly linked to muscular contractions like call rate, pulse rate and call duration, while it tends to be
subtle or inexistent on spectral traits (Gayou 1984; Gerhardt 1994a; Prohl er al. 2007; Gasser et al. 2009; Lemmon
2009; Bee et al. 2013a, b; Ziegler et al. 2015).

Usually, researchers evaluate the strength of the association between environmental temperature at the time of
recording and acoustic features by means of tests of correlation or linear regression. Unfortunately, and probably
due to space limitations, neither all the details of these tests nor the original underlying data are typically published,
and this complicates a correct meta-analysis of the general effects of temperature on the different call features. In
order to ascertain the extent to which the values of acoustic parameters are affected by temperature, we screened
papers on temperature-dependent acoustic variation in anurans for those that provide original values of slope,
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intercept, and temperature ranges for all statistically significant linear regressions. We subsequently used these
values to calculate the temperature coefficient (Q,,) for each call feature in each species value. The Q,, value
represents the amount of change registered in a given feature that will derive from a 10 °C increase in temperature.
This coefficient allows a direct comparison across species and has been used in several studies of the thermal
dependency in amphibians (Navas 1996a, b; Navas & Bevier 2001). Obviously, the temperature range over which
measurements are taken does not need to be exactly 10 °C and the Q,, can be calculated with the following

formula:
10
Fa -
o 2]
Fi

Where F, and F, are the maximum and minimum values reported in the slope of a given call feature and 7', and
T, are the corresponding temperature values. We focused our across-species comparisons on the four most
commonly reported call traits: call rate, call duration, pulse rate and dominant frequency. We obtained adequate
regression estimates allowing the calculation of Q,, values for these call traits in 20 different species (Table 5) and
estimated the average and standard deviation of the O, values of each call property taking the values of each
species as data points. The results (Fig. 11; Table 5) show that call rate is the most affected trait showing on average
a two-fold increment in values as the temperature increases by 10 °C (mean + SD; number of studies: Q,,= 2.03 +
0.39; N = 10). Pulse rate was the next most temperature-affected trait, also showing a nearly two-fold average
increment with each 10 °C temperature increase (Q,,= 1.71 £ 0.23, N = 8). These two traits are likely dependent on
muscular contraction in the studied species, which becomes more efficient at higher temperatures, resulting in
shorter time intervals between actively-produced sound units. However, our evaluation in these two traits may
suffer from the different terminology used in published analyses, as the terms call and pulse may both correspond
to the term notes under different definitions. Call duration was negatively affected by temperature, with values
lowering by almost 40% as the temperature increases 10 °C (Q,,= 0.63 + 0.21, N = 12). Dominant frequency
showed Q,,close to one (Q,,= 1.16 + 0.09, N = 8) indicating a very weak temperature dependence of this call trait.

Variation through time. body condition and fatigue

Extrinsic (e.g., climate, social context) and intrinsic (e.g., metabolism rate, energy reserves, body condition) factors
can affect within-individual hourly, daily or seasonal variation in calling or calling performance (e.g., Wells &
Taigen 1986; Runkle et al. 1994; Schwartz et al. 1995, 2002; Docherty et al. 2000; Brepson et al. 2013; Humfeld
2013; Ziegler et al. 2015). Castellano & Gamba (2011) studied nightly within-individual variation on call
properties of Hyla intermedia and showed that, although pulse rate and call duration had been previously described
as static traits (Castellano & Rosso 2006), they strongly varied during time elapsed in sustained calling,
independent of environmental temperature variation. The authors hypothesized that this might be due to different
strategies to avoid vocal fatigue, a phenomenon that might be widespread among species with prolongued vocal
activity during mating (Humfeld 2013; Pitcher et al. 2014). Similarly, Jansen et al. (2016b) reported temperature-
independent intra-individual variation during sustained calling of one male Leptodactylus mystacinus of about 12%
of the mean dominant frequency (difference between minimum and maximum dominant frequency measured
during the night / mean dominant frequency = 258 Hz/2136 Hz) and 90% variation in call duration (39 ms/43 ms).
Significant variation in call traits during time was as well observed in Leptodactylus syphax. Within two hours of
sustained calling, dominant frequency varied by 36% (576 Hz/1587 Hz; Fig. 12A), and call duration by even 60%
(40 ms/67 ms; Fig. 12B). The causes of variability in call traits during time are still unresolved, but we can
speculate that this plasticity might be linked to trade-offs between quality and quantity of calling performance, and
energy limitations (Castellano & Gamba 2011; Humfeld 2013; Jansen er al. 2016b).

Although not studied in detail, differences in air humidity may affect body condition and result in call
differences (P.J.R. Kok., pers. obs., see also Kok er al. 2013). Where precision is required, we recommend
measuring this variable using a hygrometer.
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FIGURE 11. Box plots of Q,, values reported in the literature for four call traits in 20 different species of amphibians. The red
line indicates no temperature effects (Q,, = 1). CD, call duration; DF, dominant frequency; PR, pulse rate; CR, call rate.

Variation in call traits within and among breeding seasons

Studies over longer periods of time are necessary in order to understand the repeatability of call traits and the ratio
of inter-individual trait variation versus total trait variation (e.g., Howard & Young 1998). Repeatability is a
phenotypic measure that estimates the upper limit of the heritability of a trait, but may also be useful to describe
stereotypy of behavior (Boake 1989). Studies of call variation using statistical analyses on repeated recordings of
the same individual between nights or seasons revealed ambiguous results (Sullivan 1982; Sullivan & Hinshaw
1990, 1992; Gerhardt 1991; Runkle e al. 1994; Wagner & Sullivan 1995; Gerhardt et al. 1996; Howard & Young
1998; Docherty et al. 2000; Bee & Gerhardt 2001; Humfeld 2013; overviews in Tarano 2001 and Reichert 2013b).
For example, in Anaxyrus woodhousei there was a 7% change in dominant frequency, a 13% change in pulse rate
and a 24% change in call duration over the course of a breeding season (Sullivan 1982). Runkle et al. (1994)
revealed that calls of individual Dryophytes versicolor differed significantly between nights concerning calling rate
and number of pulses per call. In contrast, many studies actually found high repeatability within or between
seasons, at least for some of the studied call traits. For example, Docherty er al. (2000) demonstrated in a
laboratory study that Hyperolius marmoratus were very consistent in call rate during a period of 21 days, and they
assumed that call rate is a determinant of mating success. Howard & Young (1998) observed variation in call
duration of Anaxyrus americanus between breeding seasons, but not in dominant frequency. Gambale ef al. (2014)
found no significant seasonal effects in Scinax comstrictus advertisement calls. Smith & Hunter (2005) found
moderate values of repeatability of dominant frequency in Litoria booroolongensis between years, but high
repeatabilities for some temporal call traits (note duration, note rate, pulse number), leading them to the suggestion
that these traits most likely have a heritable basis.
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TABLE 5. Temperature coefficients (Q70) of four call features of anurans. For each species, the values were calculated
from the regression equations reported in the references listed. Acoustic properties were abbreviated as follows. CD: call
duration, CR: call rate; PR: pulse rate; DF: dominant frequency.

Species CD CR PR DF Reference
Acris crepitans 0.58 2.26 1.33 1.05 Wagner (1989a)
Alytes cisternasii 0.67 Marquez & Bosch (1995)
Alytes obstetricans 0.60 Marquez & Bosch (1995)
Anaxyrus fowleri 0.55 1.95 Zweifel (1968)
Bombina variegata 0.61 2.03 1.26 Zweifel (1959)
Bufotes viridis 0.50 2.00 Castellano et al. (1998)
Dendropsophus labialis 2.4 1.54 Navas (1996b);

Luddecke & Sanchez (2002)
Eleutherodactylus auriculatus 0.80 2.25 1.19 Rodriguez (2010)
Eleutherodactylus coqui 1.63 1.20 Benevides & Mautz (2014)
Eleutherodactylus glamyrus 1.63 De la Nuez (2007)
Hyla arborea 0.56 1.82 Friedl & Klump (2002)
Dryophytes versicolor 1.20 1.82 1.05 Gayou (1984)
Dryophytes wrightorum 0.54 1.56 Gergus et al. (2004)
Hyloxalus subpunctatus 2.04 Navas (1996b)
Leptodactylus fuscus 0.65 2.74 1.29 Heyer & Reid (2003)
Pleurodema thaul 1.09 Penna & Veloso (1990)
Pseudacris crucifer 1.49 1.11 Sullivan & Hinshaw (1990);

Zimmitti (1999)
Pseudacris triseriata 0.32 Platz & Forester (1988)
Pelophylax lessonae (bergeri) 1.82 Schneider & Sinsch (2007)
Pelophylax lessonae 1.65 Schneider & Sinsch (2007)
Average 0.63 2.03 1.71 1.16

Nevertheless, during a single season call parameters can vary due to changes in body condition (Humfeld
2013). Similarly, the perception of sound signals through a frog’s auditory midbrain may vary along the same
reproductive season, possibly influenced by hormones. Goense & Feng (2005) found seasonal changes in
frequency tuning and temporal processing in single neurons, leading to a frequency tuning shift from sensitiveness
to intermediate frequencies (700-1200 Hz) in winter, to low frequencies (100-600 Hz) in summer in Lithobates
pipiens.

Variation among individuals of the same population

Although species-specific in their general structure, anuran advertisement calls exhibit not only considerable
within-individual variation, but also between-individual variation in many traits. A general pattern found in various
studies is the direct relationship between within-individual and between-individual variation (e.g., Gerhardt 1991;
Howard & Young 1998; Bee & Gerhardt 2001; Bee et al. 2001; see Table 4). Traits that are more static on the
within-individual level (based on low CV values) often have low between-individual CVs, and within-individual
dynamic call traits are often also more variable among calls of different male individuals. However, this does not
necessarily mean that differences between males are higher in dynamic traits, or that traits on the static end of the
static-dynamic continuum have per se a low between-individual variation (Gerhardt 2012). In fact, some traits
usually considered to be static, such as dominant frequency, are strongly dependent on body size and thus highly
variable among individuals. Such variation between individuals probably serves sexual selection (Gerhardt 1991;
see below) and plays a role in male-male interactions.
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FIGURE 12. Nightly variation of dominant frequency (A) and call duration (B) in one individual of Leprodactylus syphax. One
nocturnal activity phase of ca. 2 hrs of calling (n = 8,106 calls; 29.9 to 31.8 °C). Recording was obtained on 17 November 2014
at the Research Station ‘Chiquitos’, Bolivia, with a Song Meter SM2 (Wildlife Acoustics; sampling frequency 22,050 Hz; 16-
bit resolution), and afterwards analyzed with software Raven Pro, version 1.4 (Bioacoustics Research Program 2011) using
implemented amplitude detectors; statistics were done with R; only calls with high amplitude were considered (i.e., less intense
‘introductory calls’ of a series were excluded). Red lines show smoothed data (Local Polynomial Regression Fitting with
span=0.05; M. Jansen & A. Masurowa, unpubl. data).

Body size and individual recognition

Body size effects are among the best-studied determinants of call trait variation between individuals (Rodriguez et
al. 2015b). Body size is usually strongly correlated with spectral traits, and this correlation also holds between
species, suggesting that fundamental and dominant frequencies are under morphological constraints, with smaller
frogs (with shorter vocal cords) producing calls at higher frequencies (Gerhardt & Huber 2002; Gingras et al.
2013). This correlation is almost universal in anurans, with few exceptions (Sullivan 1984; Sullivan & Malmos
1994; Lingnau & Bastos 2007), including frogs that can actively adjust frequency depending on the context (see
above).

Whereas body size effects on frequency might characterize the vast majority of frog species, temporal traits
have only rarely been suggested to be influenced by body size (Bee & Gerhardt 2001: duty cycle; Castellano et al.
2002b: intercall duration; Prohl 2003 and Gasser et al. 2009: call rate; Toledo & Haddad 2009: call duration;
Rodriguez et al. 2010a: rise time; Gambale ef al. 2014: pulse number and note duration; Bee et al. 2013a, b: pulse
rate and pulse rise time).

For between-individual variation of spectral traits it is appealing to hypothesize ‘honest signalling’, in which
signals transfer reliable information on male quality from sender to receiver. Given the physical body size
constraint of frequency in anuran calls, females and competitors can interpret frequency traits as an honest signal
informing about the body size of the sender and thus, possibly about its strength and quality (Davies & Halliday
1978; Wells 2007). As an extended discussion of honest signalling is beyond the scope of this paper, we refer
readers to existing reviews (e.g., Maynard Smith & Harper 2003; Searcy & Nowicki 2005; Greenfield 2006;
Davies ef al. 2012; and Bee ef al. 2000 for an example in frogs).
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In a more general way, between-individual differences in call traits might encode individual identity (Gerhardt
1991). Although some studies provided statistical evidence for the individual distinctiveness of frog calls
(‘individual signature’: Shy 1985; Bee ef al. 2001, 2010; Gasser et al. 2009; Feng et al. 2009b; Pettitt er al. 2013),
only a few tested individual recognition experimentally. The so called ‘neighbor stranger discrimination’ (NSD) or
‘dear enemy-effect’ (Table 6) postulates that territorial males exhibit lower aggression levels towards established
neighbors than towards unknown intruders. By habituation to familiar calls, males can avoid repeated and
energetically costly territorial fights with familiar neighbors that already have their own territory with established
borders. Until now, there are five anuran species where NSD has been demonstrated (Lithobates catesbeianus:
Davis 1987; Bee & Gerhardt 2001, 2002; Bee 2004a; Lithobates clamitans: Owen & Perrill 1998; Bee et al 2001;
Rana dalmatina: Lesbarréres & Lodé 2002; Odorrana tormota: Feng et al. 2009a; and Anomaloglossus beebei:
Bourne er al. 2001; Pettitt er al. 2013; Table 6), and one species for which NSD was experimentally rejected
(Oophaga pumilio: Bee 2003; Gardner & Graves 2005).

TABLE 6. Experimental studies that investigated acoustically mediated social recognition in anurans (‘neighbor stranger
discrimination’, NSD, or ‘dear enemy-phenomenon’). ‘Yes’ means that NSD was found, ‘No’ means that no
experimental evidence supports NSD. ‘Call trait’ indicates the call properties that statistically contributed most to
individual destinctiveness found in the respective studies. Fh1 = fundamental frequency; DF = dominant frequency, PD =
pulse duration, PR = pulse rate, and PI = pulse interval.

Species NSD Call trait Reference

Ranidae

Lithobates catesbeianus Yes DF, Fh, Davis (1987); Bee & Gerhardt (2001, 2002); Bee (2004a)
Lithobates clamitans Yes DF, Fh, Owen & Perrill (1998); Bee et al. (2001)

Rana dalmatina Yes Lesbarréres & Lodé (2002)

Odorrana tormota Yes Fh, Feng et al. (2009a)

Aromobatidae

Anomaloglossus beebei Yes DF, PD, PR, PI Bourne et al. (2001); Pettitt et al. (2013)

Dendrobatidae

Oophaga pumilio No Bee (2003); Gardner & Graves (2005)

Physical and physiological handicaps

Although poorly studied so far, differences in calls of conspecifics within one population could be due to the
existence of physically or physiologically impaired individuals. These could originate from injuries or
malformations of sound-generating anatomical structures (e.g., larynx, lungs, vocal cords, vocal sac), from
infestation of these structures by parasites (see Prohl er al. 2013), from fungal or viral infections, bacterial
inflammations, from pathological alterations of the testes, or from deficiencies of the hormonal system. These
circumstances could potentially produce aberrations from normal species-specific calls. Furthermore, hormonal
pollution of the environment can affect acoustic characters in frog calls (Hoffmann & Kloas 2012).

Variation among (geographically separate) conspecific populations

The main function of communication signals —separating conspecifics from heterospecifics —should account for
a constraint in the variation of intraspecific signals. However, despite this potential constraint, signals used in
species recognition vary geographically. Wilczynski & Ryan (1999) suggested that acoustic signals “need not be
subject to strong stabilizing selection operating on the species level” as it had been proposed by Dobzhansky
(1937) and Paterson (1982). The amount of such variation has, however, rarely been quantified (e.g., Forti et al.
2016). Littlejohn (1965) claimed that differences in call traits between geographically separated populations may
equal those between species, which however is not surprising considering that many allopatric species have very
similar calls.
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Divergence in communication signals between populations of the same species or lineage can result from
various factors, such as (1) genetic drift (isolation-by-distance hypothesis), (2) natural selection, as adaptations to
different habitats and environmental conditions, and (3) sexual selection, reinforcement and reproductive character
displacement. In the following sections, we will address some of these influences on geographic call variation in
more detail.

Geography and genetics

Geographic variation in frog advertisement calls has been reported in several species (for reviews see Wilczynski
& Ryan 1999; Velasquez 2014; an overview of quantitative and qualitative trait divergences identified in 32 frog
species is given in Table 7). Some studies found evidence of clinal variation in calls, either resulting from
altitudinal differences between populations (Narins & Smith 1986; Liiddecke & Sanchez 2002; O’Neill & Beard
2011; Narins & Meenderink 2014; Baraquet et al. 2015), or from latitudinal and/or longitudinal differences (Smith
et al. 2003a; Bernal et al. 2005; Prohl et al. 2007; Magrini et al. 2010; Faria et al. 2013; Baraquet et al. 2015; Forti
et al. 2016). Additionally, geographic barrier effects on populational differences in frog calls have been recorded
(Simdes et al. 2008; Magrini et al. 2010; Kaefer et al. 2012). Pleiotropic effects of body size may also contribute to
call trait differences between different populations: populations might differ in body size and, as a consequence, in
acoustic traits (Nevo & Capranica 1985; Narins & Smith 1986; Castellano et al. 2000; Smith er al. 2003b;
Marquez-Garcia et al. 2009; O’Neill & Beard 2011; Micancin & Wiley 2014; Narins & Meenderink 2014;
Baraquet et al. 2015). Although rarely tested, geographic variation in predation may also play an important role in
the evolution and maintenance of mating signal divergence (Trillo ef al. 2012). Castellano et al. (2000) found some
evidence for different patterns of geographic variation in static vs. dynamic properties in the Bufotes viridis
complex. Differences between distant populations were higher in presumably more static properties (pulse rate and
fundamental frequency) than in dynamic properties.

Geographic effects might also depend on the phylogeographic structure of the species. If numerous genetically
divergent units are present (as a product of vicariant differentiation in rather deep time), the boundaries between
these units can often be hypothesized to be concordant with call differences. On the other hand, species distributed
over vast distances, without obvious phylogeographic breaks and with continuous gene flow, can be predicted to be
bioacoustically uniform, or to have bioacoustical differences correlated with geographic distances between
recorded individuals (‘isolation-by-distance’ sensu Slatkin 1993). Only few studies have attempted to thoroughly
test these predictions. Research on genetic variation and genetic divergence of frog populations including
bioacoustical analyses has led to somewhat ambiguous results, possibly reflecting the differences in
phylogeographic structure among the studied species (Ryan et al. 1996; Wycherley et al. 2002a, b; Lougheed e al.
2006; Klymus et al. 2010; Twomey et al. 2015; for reviews see Wilczynski & Ryan 1999; Rodriguez-Tejeda et al.
2014; Velasquez 2014; Rodriguez et al. 2015a; Forti et al. 2016). In Rheobates palmatus, a correlation between
geographic, genetic and bioacoustical distances among populations has been found (Bernal ef al. 2005) suggesting,
to some degree, an isolation-by-distance mechanism. Amézquita et al. (2009) reported on genetic and bioacoustical
variation in correlation with geographic distances in Allobates femoralis. In contrast, Funk ef al. (2009) found
correlations of genetic with call differences among populations in two Engystomops species, but no correlations
with geographic distance. Similar results were reported in Velasquez ef al. (2013) for the Chilean frog Pleurodema
thaul. Forti et al. (2016) did not find any correlation between genetic and acoustical distances in Brazilian
Proceratophrys moratoi. Jang et al. (2011) suggested a combination of a barrier model and an isolation-by-distance
model to explain the genetic and call variation in Dryophytes japonicus.

Other studies revealed more complex relationships between genetic and acoustical divergence among
allopatric populations. For example, in the tiingara frog, Préhl et al. (2006) found that differences in calls along a
550-km transect of 25 populations were explained better by geographic distance than by genetic distance. In a
similar study along a transect from northern Costa Rica to western Panama on Oophaga pumilio (Prohl et al. 2007),
the correlation between bioacoustical and genetic distance disappeared after call data were controlled for
geographic distance. Cases of high genetic variation and low bioacoustical divergence between frog populations
have also been reported (Heyer & Reid 2003: Leptodactylus fuscus). In general, the reported geographic variation
in frog calls relate to differences in quantitative traits (such as dominant frequency, call or pulse rate, or note
duration), but not to changes in general call structure.
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Adaptations to different environments

In addition to omnipresent spherical attenuation, complex environments promote so called excess sound
attenuation (Richards & Wiley 1980). Plant coverage or the choice of microhabitat or calling site have impacts on
the production, transmission, refraction and reflection of acoustic signals (for reviews see Gerhardt & Huber 2002;
Erdtmann & Lima 2013), potentially resulting in pronounced changes in their temporal and spectral properties
(Forrest 1994). Temporal and spectral traits are differently affected by environmental features as calls propagate.
On the one hand, higher frequencies are more attenuated in any environment than lower frequencies and thus high
frequencies do travel shorter distances than lower frequency sounds (Kime et al. 2000). On the other hand, the
temporal structure of calls may be distorted by echoes (Forrest 1994).

Although many aspects of anuran communication have been studied intensively, the adaptation of signaling
behavior in different environments (‘acoustic adaptation hypothesis’) has only rarely been examined—especially at
the intraspecific level—and the existing studies had ambiguous outcomes (Wells & Schwartz 1982; Zimmermann
1983; Penna & Solis 1998; Kime ef al. 2000; Bosch & De la Riva 2004; Boeckle et al. 2009; Ziegler et al. 2011;
Penna et al. 2013; Rohr & Junca 2013; Vargas-Salinas & Amézquita 2014; for reviews see Ey & Fischer 2009;
Erdtmann & Lima 2013; Villanueva-Rivera 2014), and there is little evidence for different environments
influencing signal structure in frogs. One example at the inter-specific level comes from the North American
cricket frog (Acris crepitans complex). The two species, A. blanchardi, mainly occurring in grasslands, and 4.
crepitans, inhabiting pine forests, differ significantly in the dominant frequency of their calls (ca. 3000 Hz in A.
blanchardi; 4200 Hz in A. crepitans; ca. 930 km east-west distance), call rate and call group duration. Although
general call structure remains the same, grassland populations are much more diverse (in multivariate space) in
overall call structure than are forest populations (Ryan ef al. 1990; Ryan & Wilczynski 1991; Wilczynski & Ryan
1999).

In an among-species comparison, Rohr er al. (2016) have recently shown that stream-breeding frog species call
at higher frequencies, a tendency also supported by the occurrence of ultrasound communication in torrent species
(e.g., Feng et al. 2006; Arch et al. 2008). Although not studied at the intraspecific level, it can be expected that the
low-frequency background noise produced by fast-flowing streams might exert a selective pressure on populations
to increase the frequency of their calls (Boeckle et al. 2009).

Character displacement

The coexistence with heterospecifics may also influence signal variation in frogs. In areas where congeneric
species occur in both allopatry and sympatry (e.g., across secondary contact zones) character displacement may be
an outcome (Dobzhansky 1940; Brown & Wilson 1956; Grant 1972; Higgie et al. 2000; Panhuis et al. 2001). On
the one hand, ecological character displacement (ECD) is a regular phenomenon in sympatric congeners and is
usually attributed to selection caused by competition for limited ecological resources (Slatkin 1980; Howard 1993;
Schluter 2000; Pfennig & Pfennig 2010). Reproductive character displacement (RCD), on the other hand, stems
from selection against heterospecific matings (reviewed in Cooley 2007; Jang 2008; Pfennig & Pfennig 2009,
2010; Gerhardt 2013). RCD, when mediated by diversification of advertisement calls, as an adaptive process, can
arise from reinforcement mechanisms driven by selection against hybrids, resulting in pre-zygotic reproductive
isolation (Dobzhansky 1937, 1940; Howard 1993; Coyne & Orr 2004). A definition of reproductive character
displacement was given by Gerhardt & Huber (2002: 384) as “a geographic pattern in which differences in the
communication systems of two taxa (or incipient taxa) are greater in sympatry than in allopatry because of
selection in sympatry against costly mating mistakes (= reduced viability or fitness of hybrids, wasted gametes, or
missed mating opportunities)”.

Empirical evidence for character displacement in amphibians was found for an array of species (Blair 1955,
1974; Littlejohn 1965, 1999; Loftus-Hills & Littlejohn 1992; Gerhardt 1994a; Marquez & Bosch 1997; Pfennig
2000; Hobel & Gerhardt 2003; Pfennig & Pfennig 2005, 2010; Hoskin et al. 2005; Guerra & Ron 2008; Lemmon
& Lemmon 2010; Richards-Zawacki & Cummings 2010; Rice & Pfennig 2010; Micancin & Wiley 2014; Jansen et
al. 2016a), but this process may not apply to all genera (Toledo ef al. 2015¢). RCD in frogs regularly concerns
acoustical signal traits related to mate finding and choice (e.g., temporal call parameters: Fouquette 1975; Lemmon
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2009; spectral call parameters: Hobel & Gerhardt 2003); however, other aspects of reproductive biology can also
be affected (e.g., female preferences: Marquez & Bosch 1997; aggregation behavior of calling males: Pfennig &
Stewart 2011; use of different types of calling perches: Hobel & Gerhardt 2003). Mechanistically, RCD in male
courtship signals can be caused by selection against signal interference (Gerhardt & Huber 2002), or it can be an
adaptation to diverging female preferences (Boul ef al. 2007). Pfennig & Pfennig (2009) described how initial
differences between traits of the competing species facilitate character displacement and how these differences can
be emphasized in sympatry (see also Fig. 9.8. in Littlejohn 2001).

Population differences in body size may facilitate displacement in dominant frequency of calls, and thus, the
actual evolutionary causes of character displacement may be difficult to resolve (differences in body size caused by
RCD to reduce acoustic interference, vs. character displacement in dominant frequency resulting from ECD
through selection on body size or mass caused by other reasons; Micancin & Wiley 2014; Jansen ef al. 2016a).

Effects of hybridization

Deviant calls observed within populations of frogs can be indicative of interspecific hybrids. While such instances
are rare in nature, effects of possible hybridization need to be taken into account when interpreting call variation.
Where documented, hybrid calls often have been described to some degree being intermediate between the calls of
the parental species (Duellman & Trueb 1994; Wells 2007). This has been described, among others, for Dryophytes
cinereus X D. gratiosus (Mecham 1960; Gerhardt et al. 1980), Dryophytes avivoca x D. chrysoscelis (Gerhardt
1974), Dryophytes versicolor x D. chrysoscelis (Mable & Bogart 1991), Dryophytes versicolor X Hyla arborea
(Mable & Bogart 1991), Spea bombifrons x S. hammondii (Forester 1973), Geocrinia laevis x G victoriana
(Littlejohn & Watson 1976), Crinia pseudinsignifera x C. subinsignifera (Roberts 2010), and toads of the genus
Anaxyrus (Blair 1956a, b; Zweifel 1968). In other cases, however, hybrids produce calls more similar to those of
one of the parental species and sometimes, calls that include unique traits (e.g., in European water frogs of the
genus Pelophylax; Wycherley et al. 2002b) where call variation also is in line with genome dosage effects in
triploid hybrids (Hoffmann & Reyer 2013). An additional example documented here is that of the leaf frogs,
Phyllomedusa distincta and P. tetraploidea, which produce triploid hybrids (Haddad et al. 1994; Gruber et al.
2013). These frogs have very similar calls but subtle differences exist and the hybrids have intermediate number of
notes (Fig. 13).

This example, along with other documented cases, suggests that in the contact zones of some closely related
species, hybrids can be common and might in some cases explain high between-individual variation encountered in
the wild. This could be particularly true for explosive breeders with scramble competition mating strategies, such
as many bufonid toads (e.g., Haddad et al. 1990; Dodd 2013). In these species females have fewer opportunities to
select males based on their call characteristics, which might explain why hybridization is relatively common and a
substantial proportion of a population of calling males can potentially consist of hybrids (Malmos ef al. 2001).

Species identification and delimitation by advertisement calls

The previous chapter has long elaborated on the many instances and causes of intraspecific variation of
bioacoustical traits in anurans. We have also emphasized that the amount of this intraspecific variation can at
times—but not commonly—be substantial. This obviously implies that care needs to be taken when interpreting
bioacoustical differences in a taxonomic context. It should however not distract from the fact that bioacoustical
characters are extremely reliable and effective in diagnosing and delimiting anuran species.

An important asymmetry using evidence from vocalizations in taxonomy—as with most other characters in
integrative taxonomy—is that presence of differences potentially serves as evidence for taxonomic distinctness,
while absence of differences does not serve as evidence for taxonomic identity (because the distinguishing
evidence might be found in another character or another line of evidence). This reflects a general epistemological
problem in integrative taxonomy: refuting a one-species hypothesis and delimiting a new species is
straightforward, while conclusively refuting a two-species or multi-species hypothesis to lump the respective
individuals into a single species is sometimes impossible (Miralles & Vences 2013).
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FIGURE 13. Comparative spectrograms and oscillograms exemplifying the effect of hybridization on the call structure of
anurans. The two tree frogs Phyllomedusa distincta (diploid) and P. tetraploidea (tetraploid) co-occur and hybridize in Ribeirdo
Branco, south of Sdo Paulo state, Brazil, producing triploid hybrids (3n = 39) (Haddad et al. 1994; Gruber et al. 2013). Their
advertisement calls are of similar structure and indistinguishable to the human ear, but have subtle quantitative differences
(Student’s #-Test = 11.06; p < 0.0001): 611 notes (7.8 £ 1.02; n = 31 calls from 3 males) in P. distincta, 8—17 notes (12.8 + 2.4;
n = 58 calls from 8 males) in P. tetraploidea (4n). An intermediate range of 6—16 notes (9.7 £ 1.9; n = 78 calls from 9 males) is
found in triploid hybrids (3n). Recordings obtained in the hybridization zone (Ribeirdo Branco, Sdo Paulo, Brazil) using a
Nagra E tape recorder and a Sennheiser ME8O microphone, at air temperatures varying from 14.5 to 21°C. All recorded
specimens were karyotyped to confirm their identities. Spectrograms made with the R package Seewave (Sueur et al. 2008a)
with Hanning window function at 512 bands FFT resolution.

Although not all anuran species differ from each other in advertisement calls, there is no doubt that, overall, the
degree of bioacoustical divergence between species exceeds that of within-species call divergence, particularly if
comparing complete anuran communities rather than closely related species. Surprisingly, this question has rarely
been explored using thorough statistical methods. This might in part be due to the fact that calls of different anurans
are so different that defining homologous variables is highly contentious.

Bioacoustical variation in species-rich frog faunas is already obvious from the fact that body sizes in such
assemblages often vary over one order of magnitude, from <1 cm to >10 cm, with the respective variation also in
spectral traits. Figure 14A shows the correlation of dominant frequency of the calls and maximum male body size
for 155 Madagascan frogs of the family Mantellidae (based mostly on recordings published by Vences et al. 2006)
illustrating that, similar to body size, the dominant frequency also varies over one order of magnitude (from 700 to
7800 Hz) across this species assemblage. Variation in average note duration is even more extreme, ranging over
more than two orders of magnitude (from 10 to 4600 ms). Based on an admittedly limited sample size (5—20 notes
measured per species), and despite considerable intraspecific variation, it is obvious that for the majority of
pairwise species comparisons, between-species variation vastly exceeds within-species variation in note duration
(Fig. 14B). The data also show that extremes of intraspecific variation are skewed towards shorter note duration,
often representing incomplete notes emitted at the start of calling activity. If we furthermore consider that (1)
variation is to a large degree uncorrelated in the two dimensions discussed (dominant frequency and note duration),
and that (2) overall call variation extends over numerous additional uncorrelated dimensions (e.g., inter-note
intervals, pulsed vs. tonal notes, number of note types), it becomes obvious that for the vast majority of
comparisons among species in this anuran assemblage, distinct and diagnostic call differences are expected.

However, due to overlapping call characteristics and within-species variation, exceptions to this general
pattern are frequent. Especially in allopatrically distributed species complexes, call differences between species are
often subtle and value ranges of all traits might vastly overlap. In 252 anuran species from Madagascar for which
call data were available, Vences et al. (2008) estimated that 59 (23%) could not be reliably identified by their calls
alone. For each of these 59 species there was at least another species with very similar calls. As stated above and
also noted for other organisms (e.g., Tishechkin 2014), identity of acoustic signals does not provide conclusive
evidence for taxonomic identity. However, under sympatric conditions (except for narrow contact and hybrid

BIOACOUSTICS IN ANURAN TAXONOMY Zootaxa 4251 (1) © 2017 Magnolia Press - 43



zones) it is highly unlikely that two distinct species will be characterized by identical vocalizations because
selective pressures would promote bioacoustical divergence (but see Toledo er al. 2015¢ for discussion on
sympatric and allopatric selective pressures). Hence, under conditions of sympatry, bioacoustical identity can serve
as an indication, although not conclusive evidence, for taxonomic identity. In the next sections, we will provide
guidelines for interpreting these rules in taxonomic practice and subsequently will summarize the value of different
call traits for the purpose of taxonomy.
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FIGURE 14. Variation of two call traits within the Madagascar-Comoroan anuran family Mantellidae. (A) Correlation of
dominant frequency and maximum male snout-vent length in 155 mantellid species. (B) Variation of note duration (mean,
minimum and maximum values) among 171 species of mantellids, ordered by mean note duration (5-20 measurements per
species). On Y-axis values are arranged along a logarithmic scale for graphical reasons (but scale shows original values in
milliseconds, not log-transformed values). Notes defined following a note-centered scheme (cf. Fig. 7).

Interpretation of call differences in taxonomic practice

As demonstrated above, calls of frogs may vary greatly according to a multitude of factors. Only part of this call
variation is due to selection in the context of pre-zygotic isolation, and important call traits—including those
recommended for taxonomy herein—can differ due to temperature, body size, or other factors between and within
individuals of the same species (Fig. 15). Hence, the main task, when using bioacoustics in taxonomic approaches,
is the discrimination of intra-specific from inter-specific call variation. When doing this, we reiterate that the most
important questions to be asked are: (1) If qualitative differences in calls are observed, do these really refer to the
same type of call or note in each recording? (2) If quantitative differences are observed, can we exclude that they
are caused by differences in temperature, body size and body mass, or motivational factors?

Calling motivation

Except for obvious differences in temperature or body size, under field conditions it is hardly possible identifying
the factors that might cause call variation within or between conspecific individuals. However, many of these
differences can be subsumed under the term calling motivation (Fig. 15B). Nocturnal species often start calling at
dusk with rather irregular calls, which then become regular later in the evening. Males calling in choruses typically
will be more motivated than those calling in isolation. As calling motivation may also strongly depend on social
context, the observer should be aware of the possible presence of different call types, some of which might not be
useful for taxonomy. Ideally, call comparisons would be more reliable if conducted on calls recorded from
obviously motivated males, emitting calls at relatively regular intervals.
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A Intra-specific call variation: different call types
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FIGURE 15. Spectrograms and oscillograms showing intra-specific call variation in two treefrog species from Madagascar,
exemplifying the need to account for the possibility of different call / note types and of strong influence of motivation when
taxonomically interpreting bioacoustical differences. (A) Males of Boophis at Antsatramidola, Madagascar, were emitting two
very different types of calls, one of which might represent a territorial call. However, we never heard the two calls from the
same individuals and therefore in the field were convinced of the presence of two morphologically cryptic species. Subsequent
genetic study revealed that the individuals were all conspecific with B. tampoka and emitting two different call types (Kohler et
al. 2007; Vences et al. 2011). (B) Boophis ankaratra emits long series of notes. Typical note repetition rate is reflected by the
call from Manjakatompo, emitted by a male in the presence of several other calling males. At Itremo, during a dry evening,
only few specimens were sporadically calling and obviously were in a state of low sexual motivation; despite a slightly higher
temperature, note repetition rate was much lower at this occasion. Spectrograms produced with CoolEdit Pro at Hanning
window function, 256 bands resolution.
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FIGURE 16. Spectrograms illustrating qualitative call differences between closely related species (all mantellid frogs from
Madagascar). All spectrograms show only a section of a longer series of notes. Gephyromantis eiselti and G thelenae form a
clade together with a third species (Kaffenberger et al. 2011). While G eiselti emits series of tonal notes, G thelenae emits
much slower series of much longer pulsed notes at similar temperatures. Boophis majori and B. narinsi are sister species
(Wollenberg et al. 2011) and differ extremely in note duration and note repetition rate (short clicks vs. long pulsatile sounds). In
both cases, the species in each pair occur in syntopy and are extremely similar to each other in adult morphology. Despite
distinct qualitative call differences, genetic divergences between each of the two species pairs are remarkably low (p-distances
2.2-3.3% in a fragment of the mitochondrial 16S rRNA gene; Wollenberg & Harvey 2010; Vences et al. 2012a). In such
extreme cases of bioacoustical divergence, and if the presence of different call types or recording artifacts can be excluded,
bioacoustical data provide conclusive evidence for species level divergence. Recordings from Vences et al. (2006, 2012a);
spectrograms made with the R package Seewave (Sueur ef al. 2008a) at Hanning windowing function, 512 bands resolution.

Qualitative call differences

As taxonomic comparisons often imply using data from different populations recorded at different conditions, the
key question is: could the observed acoustic differences represent within-species variation? When call differences
are truly qualitative, then taxonomic inference is immediate. Very pronounced differences in call structure were
named qualitative by Vieites et al. (2009), such as presence of different note types, strongly pulsed versus tonal
calls, call series vs. single calls. If such differences are encountered (and motivational artifacts or different call
types are reliably excluded; see Fig. 15), then the importance of detailed statistical comparisons of temporal or
spectral parameters, correction for body size and temperature, and of the quality of recording equipment is
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secondary. Two examples in Figure 16 show two closely related species pairs of mantellid frogs that differ radically
(qualitatively) in their advertisement call structure, and Figure 17A includes an even more drastic example for
South American hylids. Such qualitative differences normally provide clear evidence for specific distinctness,
although exceptionally might also characterize populations whose species status is not ascertained, such as
different arrangement of notes in populations of Allobates femoralis (Amézquita et al. 2009) or call structure in
speciating populations of Engystomops petersi (Boul et al. 2007). Yet, in these and all other cases in which genetic
data were available, the qualitative differences in calls were accompanied by genetic divergence (even if low),
whereas differences in morphology were often not obvious (morphologically cryptic species).

Geographic setting, concordance and comparability

The interpretation of qualitative differences is particularly straightforward in cases of sympatric occurrence of the
individuals with strongly divergent calls (Fig. 17A), although even in such cases, it needs to be carefully excluded
that the distinct calls might represent different call types of the same species (Fig. 15A). But the distinction
between sympatry and allopatry gains importance when call differences are quantitative only. As a general rule,
divergent calls in sympatry (i.e., two potentially divergent calls recorded from specimens occurring at the same
site, or at least from sites very close to each other), indicate specific distinctness more reliably than in allopatry
(e.g., from two populations of frogs specialized to high elevations and occurring on mountains not connected by
suitable habitat).

Besides the geographic setting, an important factor to be considered is the concordance of bioacoustical
differences with another species criterion (e.g., fixed differences in a genetic marker or in a morphological
character). Again, such evidence gains importance in sympatry. If a representative group of specimens emits calls
different from another group of specimens (even with weak quantitative differences such as statistical differences
between call traits with overlapping ranges) and a second diagnostic difference concordantly distinguishes the two
groups of specimens, then in a sympatric setting this is an almost fully reliable evidence for the co-occurrence of
two non-interbreeding lineages (Padial ef al. 2010).

A third important factor to be taken into consideration is the comparability of the available recordings.
Taxonomic interpretation even of slight quantitative call differences is straightforward, if recordings are fully
comparable (i.e., recorded in a sympatric setting at the same site and time). Interpretation becomes more difficult, if
the dataset contains calls (even from sympatric frogs) which were recorded under different conditions (e.g.,
different points of time, different temperatures, etc.).

Quantitative call differences: sympatry versus allopatry

When referring to closely related species, in most cases taxonomists have to deal with quantitative differences in
calls. Closely related species often have a rather similar general structure in their advertisement calls, reflecting
joint evolutionary history (Goicoechea et al. 2010). Although there is little experimental evidence, we here posit as
an assumption that quantitative differences without overlap of the parameters measured (Fig. 17B) are stronger
indication for taxonomic distinctness than slight or moderate differences with overlap (e.g., Kohler er al. 2005b;
Padial et al. 2008; Fig. 18B).

In sympatric settings, if slight quantitative differences are detected, it is highly recommended to record as
many calls and individuals of each respective group as possible (as minimum requirement in such a scenario, we
recommend 10—20 individuals per species and at least 10 calls per individual), and collect representative call
vouchers to provide a sufficiently convincing dataset. In sympatry, even such slight call differences can be
indicative of species-level distinctness, if observed concordantly between two groups of calling individuals, but
additional lines of evidence are usually necessary to support a taxonomic conclusion. However, cases of sympatry
with slight quantitative call differences are probably rather rare, and in many cases, might reflect a contact zone
among predominantly parapatric species, with possible hybridization.

More common will be situations where sympatric species share a general structural pattern but quantitative
properties of their calls differ strongly, with little or no overlap in their range values. Such a difference in even a
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single call trait will potentially be as conclusive as a qualitative difference (Fig. 17B), as long as body size,
temperature and motivational effects can be excluded. Given that these non-overlapping call parameters often work
well as pre-zygotic isolation mechanisms (but exceptions occur; e.g., Mayer et al. 2014), genetic divergence
between these sympatric and related species should be recognizable.
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FIGURE 17. Interpretation of advertisement call differences: (A) Example showing spectrograms and oscillograms with
distinct qualitative call differences of two frogs in sympatry (syntopy), providing evidence for species-level divergence, despite
a comparatively low level of genetic divergence (Kohler ez al. 2010). (B) Example showing distinct and constant quantitative
call differences of two frogs in sympatry (syntopy), providing clear indication of species-level divergence, corroborated by
high genetic divergence (Vences et al. 2010b). Spectrograms produced with CoolEdit Pro at Hanning window function, 256

bands resolution.
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FIGURE 18. Interpretation of advertisement call differences: (A) Spectrograms and oscillograms of calls of two allopatric frog
species without any significant differences (evidence for species-level divergence by molecular genetics and tadpole
morphology; Vences et al. 2010a). (B) Moderate structural call differences of two allopatric populations currently assigned to
the same species. The calls of Blommersia wittei from Sambava and Andrakata are composed of clicking notes of a metallic
sound, whereas at Nosy Be, Benavony, and Montagne d’Ambre, notes contain pulses and calls exhibit less distinct inter-note
intervals. Spectrograms produced with CoolEdit Pro at Hanning window function, 256 bands resolution.

The situation becomes more disputable when referring to advertisement call differences (or similarity) among
allopatric populations. Related allopatric species do not require calling differently, as they do not need to isolate
from each other for mating. As exemplified by Vences et al. (2010a), calls of a closely related pair of allopatric
species (Boophis boehmei, B. quasiboehmei) are virtually identical when analyzed in-depth, although the two
species can be distinguished by pronounced genetic divergence and slight differences in morphology (Fig. 18A).
Hence, similar or identical calls among allopatric populations do not indicate conspecificity.
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On the other hand, call differences among allopatric populations do not necessarily indicate specific
distinctness. As discussed in depth in previous sections, separated populations of a single species may be exposed
to different environmental factors triggering the modification of behavior and vocalization. Such factors may for
example involve the sympatric presence of a closely related species, promoting character displacement at one site,
but not at the other. Given that in most cases the exact circumstances will be unknown, interpretation of allopatric
call differences remains tricky. As a general but untested assumption, qualitative differences among calls of
allopatric populations are more likely indicative of specific distinctness than quantitative differences. Concerning
quantitative call differences in allopatry, which may in reality also constitute variation along a putative cline,
taxonomic judgement is exceptionally difficult.

As a general guideline, we strongly recommend, especially when dealing with advertisement call differences
among allopatric anuran populations, to obtain a representative and dense geographic coverage of samples
(including zones of contact or in close spatial proximity, if applicable), and to use additional character sets. These
character sets may reveal differences or not, and spatial distribution of acoustic characters might concord with or
contradict other character sets. In any case, combined datasets will bring more light to complex situations and, in
many cases, will either support or prevent taxonomic revision (e.g., Padial et al. 2009; Glaw et al. 2010).

In conclusion, taxonomic practice and correct interpretation of call differences (or similarities) strongly
depends on the scenario observed. Whereas a sympatric occurrence of target taxa provides perfect conditions for
the use of bioacoustics in taxonomy, allopatric scenarios always have to be analyzed with greatest care and
interpreted with considerable scepticism. If evidence from different character sets remains inconclusive, we
strongly recommend refraining from taxonomic action. In these cases, reporting the results of intraspecific
variation is advisable, as they can potentially provide the background for future evolutionary and taxonomy
studies.

Usage of statistics in call comparisons

The application of statistics in bioacoustical comparisons becomes more important when (1) the number of traits
differing between two groups of individuals decreases, (2) differences are found in traits known to be more
dynamic and strongly dependent on body size, temperature, and motivation, and (3) lower levels of differentiation
are observed. It also needs to be taken into account that as sample size decreases, the arsenal of applicable
statistical tools also decreases. When only a few individuals were recorded per group, statistical hypothesis testing
might not be reliably applicable. When information from several individuals per group is available, it is important
to make an informed statistical decision. In such cases, a suitable option would be to perform multiple linear
regression analysis for each call trait including temperature and body size as independent variables. The residuals
of those regressions can then safely be considered as not affected by the independent variables, and the regression
equation might be used to adjust the observed values to a given temperature and/or size.

Alternatively, analyses of covariance could be used to search for call trait differences among groups of
individuals (defined as independent canonical variable), and temperature and body size as covariable; however,
such ANCOVAs might not yield conclusive results in situations in which the different groups of specimens were
recorded exclusively at different, non-overlapping temperatures.

It is furthermore paramount to clearly mention the number of individuals included. Often, it is advisable to
summarize all measurements per individual, and then use these average values as data points in statistical
comparisons between populations, to avoid pseudoreplication (but mention minimum and maximum values).
When multiple groups are compared, homogeneity of slopes must be tested before adjusting all data with a single
regression equation. If slopes differ between groups, separate regression equations should be used for each group.
Statistical comparisons will always be affected by sampling design and sample size and thus conclusions should be
drawn with caution.

An additional point is the increased probability of type I errors when multiple call traits are compared among
multiple groups. It is important to realize that two different kinds of a priori questions can be assessed by statistics.
On one hand, taxonomists might be interested in comparing two populations to find one or several characters
distinguishing them, and then using these characters in an integrative framework as bioacoustical evidence for their
species-level distinctness. In such analyses, type I errors would be of high impact as they could lead to unjustified
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recognition of species, and the use of statistical tools to correct for multiple testing is therefore absolutely
indispensable (or the number of call traits to be compared can be reduced using ordination techniques such as
Principal Component Analysis). On the other hand, researchers might just want to identify all the call traits by
which two populations differ, without drawing further conclusions from any of the single tests; in such cases,
multiple testing without adjustment might be justifiable to avoid an exaggerated lowering of statistical power and
thus prevent type 11 errors (see Perneger 1998; Nakagawa 2004).

Eventually, we need to carefully evaluate whether such statistical differences in advertisement call
comparisons have taxonomic relevance, for example, with respect to female recognition and phonotaxis (Marquez
et al. 2008). When comparing advertisement calls of allopatric populations with sophisticated statistical tools, it is
rather likely that we will detect statistically significant differences in some temporal or spectral parameters, but
these might not be indicative of species-level divergence (see above). If in sympatric situations two genetically or
morphologically divergent groups consistently differ also in a bioacoustical variable, even if slightly, this can be a
strong indicator for taxonomic distinctness. Multivariate statistics of call parameters might be useful to visualize
these slight but consistent differences detected (see Toledo ef al. 2015c¢).

A thorough examination of the statistical methods to be applied in species delimitation based on phenotypic
data alone or in combination with genotypic caracters can be found elsewhere (Wiens & Servedio 2000; Guillot et
al. 2012; Solis-Lemus et al. 2015) and it is beyond the scope of the present compilation. As a general rule, a choice
on a given statistical test will usually require some assumptions to be met by the data and deviations from these
could produce spurious results. Therefore, before embarking in complex statistics, researchers should make an
adequate assessment of the problem and the data at hand in order to select the most robust statistical techniques
applicable to their specific situation.

Useful call traits in taxonomy

Which bioacoustical traits are most relevant for taxonomy will strongly differ among anuran species. Especially if
qualitative differences are absent, it is important to undertake informed choices of the quantitative parameters that
will be compared. As discussed below, we suggest that for taxonomic inference weight should be allocated in
decreasing order to note / call duration, dominant frequency, pulse rate and note / call rate.

Our review has indicated that, among temporal variables, the duration of basic uninterrupted call units shows
comparatively limited intraspecific variation (in some cases being on the static side of the continuum), is only
moderately influenced by temperature and, probably in general, is not influenced by variation in body size. Call
duration can vary over two orders of magnitude among species in the same family. This applies to the parameter
named ‘call duration’ (in a call-centered approach) or ‘note duration’ (in a note-centered approach) (Fig. 7), and we
flag it as a comparatively valuable taxonomic indicator. As a caveat, it is important to compare equivalent
(homologous) units among species, apply the same terminology in each comparison (call-centered or note-
centered), and be aware of possible influences of recording equipment, temperature, and methods used in analyses
(see below). Always consider that, although regarded as static, substantial variation might also exist in call duration
in some species, within individuals as well as among populations (average percent change = 37.5; minimum-—
maximum: 3.0-76.0%; Table 7), and that in some cases the values of note or call duration can almost double with
every 10 °C shift in environmental temperature.

Dominant frequency is very static, as reported in numerous studies, and, unlike temporal call variables, shows
average temperature 0, close to 1 (Fig. 11). Furthermore, it is easy and uncontroversial to measure (except if
several harmonics of similar energy exist; see Box I1I), it is recorded reliably by a variety of recording devices (see
below), and it can vary over one order of magnitude among species at the level of anuran families. However, as an
important caveat, it is strongly dependent on body size. This means that considerable variation can occur within a
species, among individuals of different size, and differences encountered between populations might be a side
effect of different body sizes of individuals in these populations, rather than indicative of different species. Percent
change in dominant frequency between populations averaged 21.0% (minimum — maximum: 3.0-44.6%) with
ranges of variation between populations reaching up to 1320 Hz in Leptodactylus fuscus (Heyer & Reid 2003) and
1500 Hz in Oophaga pumilio (Prohl et al. 2007) (Table 7). Another caveat is the capacity of males of some species
to change the dominant frequency during social interactions (e.g., Bee et al. 2000).
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Pulse repetition rate (= pulse rate) is a third variable that has often been highlighted as being comparatively
static within species and there is evidence that suggest pulse rate being anatomically constrained (Gerhardt 2001).
Pulse rate is an important trait for taxonomy and is considered to represent the most important call property in mate
recognition in some species (e.g., Littlejohn 1971; Gerhardt 1994a; Gergus et al. 1997). In some cases, however, it
might be more dependent on temperature than other temporal call traits, such as call / note duration. In general, we
hypothesize that (1) temperature affects the duration of silent intervals between sound units (if pulses are separated
by silence), but (2) pulse rate is far less affected by temperature effects than call repetition rate (equals note
repetition rate in a note-centered terminology). Furthermore, temperature-dependent changes of pulse rate probably
do not strongly affect its value in mate recognition as the perception of pulse rate changes accordingly with
temperature, at least in some species (Gerhardt 1978; Brenowitz ef al. 1985). Still, possible temperature effects
need to be taken into account when using pulse rate as a taxonomic character.

Moreover, if a certain entity (call / note) of a frog vocalization contains pulses, the number of pulses per entity
in many cases is a rather invariable trait, not depending on temperature or motivation, and thus potentially valuable
for taxonomic purposes.

Call repetition rate (or note repetition rate) is strongly affected by temperature and various other factors that
might be summed up by the term motivation (see above). Call repetition rate seems to be particularly dynamic
within individuals and is very strongly affected by the motivational state of the specimen. It should therefore be
used in taxonomy only if calls of comparative individuals were recorded in exactly identical situations (i.e.,
syntopically at the same time), or if the particular vocalizations consist of longer series of rather regularly repeated
calls / notes, and only after correcting for temperature. In any case, taxonomists should be rather cautious when
comparing call repetition rates.

Future studies might reveal other properties of anuran calls that are useful for taxonomy. One of these has been
pointed out by Gingras et al. (2013): the spectral flatness, a quantitative measure of tonality, has turned out to be
valuable in the identification of different clades of frogs. The spectral flatness, also known as tonality coefficient or
Wiener entropy, is calculated as the geometric mean of the power spectrum divided by its arithmetric mean
(Dubnov 2004). This measurement has not been tested so far as a tool for species delimitation in taxonomic
approaches, but similar to dominant frequency, spectral flatness has been found to be inversely related to SVL in
three of four frog clades studied (Gingras et al. 2013).

Among the most unreliable call properties for taxonomic purposes are the presence and number of harmonics.
As shown herein (see sections on recording artifacts below), visualization of harmonics in a spectrogram depends
on numerous non-biological factors such as recording distance, recording angle, recording level and saturation, and
even on the selected FFT window width (Fig. 4). Even if such technical factors can be fully excluded, it is unlikely
that the presence or absence of true harmonics in a call would be indicative of taxonomic differences.

Recommendations for call descriptions used in anuran taxonomy

In a description of an anuran vocalization for taxonomic purposes, it is recommendable to provide as much
information as possible on the kind of sound that is being described. At first, the type of call should be mentioned
(in taxonomy in most cases this will be the advertisement call). While an onomatopoeic description of the sound
might be useful sometimes, it is more important to provide a general classification based on more objective
categories such as those of Beeman (1998) (Fig. 5). It is important to define the description scheme used (call-
centered or note-centered) and clearly define what is considered a call and a note. As a next step, detailed
information on the general structure of the call should be provided and may contain the following parameters, if
applicable (in parentheses the respective variables in call-centered definitions): (1) number of note (or call) types;
(2) structure of note (or call) type(s); (3) number of notes per call (or calls per call series); (4) pulsed, tonal or other
properties of notes (calls); (5) arrangement in groups or in series; (6) number of pulses per note (call); (7)
amplitude modulation of notes (calls); (8) frequency modulation of notes (calls); (9) presence or absence of
harmonics.

In addition, the following temporal and spectral variables should be measured, if applicable: (1) call duration;
(2) note duration; (3) duration of inter-note intervals (inter-call intervals); (4) note repetition rate within calls (call
repetition rate); (5) pulse duration; (6) pulse repetition rate within notes; (7) inter-call intervals; (8) dominant
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frequency; and (9) bandwidth (or approximate prevalent bandwidth), i.e., the upper and lower frequencies of the
call.

Temporal and spectral measurements should be presented in a statistically meaningful way, such as mean +
standard deviation, and the range (minimum and maximum values). Precise information should be provided on the
number of call units measured for each variable, and on the number of different individuals recorded and used for
the analysis and description. If calls of several conspecific individuals were analyzed, in case of slight quantitative
differences, it is recommendable to calculate and provide mean and range of values for each individual separately.

In taxonomy, comparative bioacoustics always should include good quality, comparative figures. The settings
in the analysis software should be chosen in favor of a clear representation of the call structures. This may involve
the need of careful filtering and/or adjusting the sensitivity settings of the spectrogram (but the unfiltered recording
should always be made available). A spectrogram and the corresponding oscillogram should be provided at the
same parallel time scale. When directly comparing calls of different lineages, populations, or species, all respective
oscillograms and spectrograms should be provided at the same time and frequency scale, and same FFT setting, if
possible. Often, it will be useful to provide additional spectrograms and/or oscillograms at different temporal
resolution to illustrate different aspects of call structure—for instance, all calls of one call series in a temporal
resolution of 10 s, and the pulses of a single call in a resolution of 1 s.

Detailed information on recording conditions, namely precise locality, date, time, temperature (of air and/or
water, depending on the calling site) at time of recording, weather conditions, air humidity, social context, calling
behavior, etc., as well as a description of the recording gear (recorder, microphone), gear set up (e.g., sampling rate
of the recorder), and all procedures conducted during analysis (e.g., filtering, spectral settings, resolution) is part of
a call description. Especially for taxonomic purposes it is also of utmost importance including metadata. Besides
date, time, site and temperature of recording, information should be given that links the recording analyzed with the
call voucher, including the field number and/or scientific collection number, the respective GenBank accession
number of sequence data referring to the same specimen (if available), and number of the sound file deposited in a
public archive. Additional suggestions can be found in the boxes below that summarize our hands-on
recommendations.

Verifiability of call recordings
Voucher specimens and photos

Any attempt to use call recordings in anuran taxonomy requires a reliable identification of the individual emitting
the sound. Although sounding trivial, achievement of a proper identification of the individual might be exposed to
several practical problems, and uncertainty should thus be clearly reported. If the respective permissions are
available, collection of the recorded calling frog as a scientific voucher specimen is one of the most crucial steps
for using bioacoustics in taxonomy (see the boxes below for precise recommendations on how to proceed with
identifying and collecting voucher specimens).

Information needed to relate the recording to the voucher specimen should be reported. This is preferably done
by proper tagging of specimens with field numbers, and relating field notes, recording ID and miscellaneous
observations to these numbers (see Kok & Kalamandeen 2008 for description of field methods for voucher
specimen preparation).

A well-prepared and documented voucher specimen is essential for any future revision of its taxonomic status.
For maximum availability to the scientific community, it should be deposited in a well-managed and accessible
scientific collection. Apart from the exact locality, date of collection and collectors’ names, its collection data
should include the link to the respective call recording and its place of storage.

Prior to preparation of a voucher specimen, the individual should be photographed in life. These photographs
should at least include a dorsal and a ventral view of the specimen and should include a size scale. However, we
strongly recommend taking as many detailed pictures of the living voucher as necessary to identify possible
diagnostic characters in external morphology later (Kok & Kalamandeen 2008). These may include a lateral close-
up view of the head (including the tympanum area), details of ventral surfaces of hands and feet (including
webbing), details of hidden surfaces of legs and details of particular structures apparently characteristic for the
species (e.g., prepollex, femoral, inguinal or gular glands, dermal appendages, etc.). These photos will later be of
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help to evaluate the identity of the calling frog and are exceptionally important in cases where there is no
permission to collect specimens. In such cases, the photos, preferably in association with measurement of the
snout-vent length and a buccal swab for DNA barcoding (if permitted), constitute the available dataset to allocate
the sound recordings.

If a preserved voucher is lacking, call information is often only of limited use for conclusively taking
taxonomic decisions. Yet, when accompanied with detailed photographs, call information can be valuable to
assessing call variation in species that are easily diagnosed by external characters, and to hinting at the presence of
possibly taxonomically distinct units which require additional collection work.

It is recommended that representative photos of the recorded individual are deposited together with metadata
in publically accessible photo (or audiovisual) archives (Toledo et al. 2015b). There are several options to deposit
photos in online picture archives, such as AmphibiaWeb, which also allows the upload of sound files. However, in
any case, make sure that the respective photos appear linked with information on the respective call recording.

In cases where bioacoustics constitutes an essential part of taxonomic species delimitation and results in the
description of a new species, it is highly advisable that authors select a call-recorded voucher as the holotype
specimen. When advertisement calls are described for species that have already been named, it is recommendable
to obtain recordings from their type locality (as well as obtaining topotypic voucher specimens), as this increases
the chances of actually describing the call of a particular nominal species. However, in the latter case, careful
morphological comparisions of newly collected call vouchers and original type specimens is warranted, as (cryptic)
diversity at a single locality can be unexpectably high, particularly in the tropics (e.g., Jansen ef al. 2011; Gehara et
al. 2014; Fouquet et al. 2016).

In recent years, recordings of anuran calls from various geographic regions were published as audio CDs (e.g.,
Marty & Gaucher 1999; Rodel 2000; Cocroft et al. 2001; Marquez et al. 2002; Haddad et al. 2005; Vences et al.
2006; Alonso et al. 2007; Elliot et al. 2009; Du Preez & Carruthers 2009; Kwet & Marquez 2010; Rosa et al.
2011). These published sound files are potentially useful sources for call comparisons in taxonomy, but only if
respective recordings are accompanied by data allowing for the verification of the identity of calls. While most
booklets in such audio CDs provide information on recording locality, recording date and temperature, data on
voucher specimens is usually lacking. Thus, in many cases the taxonomic allocation of calls in these publications
must be considered to be potentially in error. Using published sound recordings in taxonomy requires great care
(the same is true for comparisons with described calls in printed literature; see below) and it is highly advisable to
contact authors of such recordings directly in order to verify published data or supplemental information.

DNA barcoding

The application of molecular genetics and its integration into taxonomic research on anurans has revealed a
tremendous amount of hidden diversity, particularly in the most species-rich tropical regions (e.g., Kohler et al.
2005a; Stuart et al. 2006; Fouquet et al. 2007; Crawford et al. 2010, 2013; Funk ef al. 2012; Barej et al. 2015; Kok
et al. 2017). A great part of this uncovered diversity is considered to represent different species (Fouquet et al.
2007; Vieites et al. 2009). Most of this formerly undescribed species diversity is to some extent cryptic, adults of
different evolutionary lineages being similar in external characters and thus very difficult to distinguish from each
other by morphology alone. Furthermore, other integrative taxonomic studies revealed considerable genetic
variation in what today is considered a single species (e.g., Gehara et al. 2014), or extreme morphological and
chromatic polymorphism among individuals which are almost identical genetically (e.g., Kéhler et al. 2010; Kok et
al. 2012). Although these recent findings constitute a great progress in knowledge and understanding of species
diversity and evolution, they potentially put in doubt published call descriptions (as well as descriptions of
tadpoles, life history, etc.) if these cannot be reliably linked to one of the genetic clusters. This applies, for example,
to the results of Gehara et al. (2014), who by applying molecular genetics discovered 43 divergent lineages in what
was considered to represent the hylid frog Dendropsophus minutus and a few related South American treefrog
species. With up to three different lineages occurring in sympatry, it becomes obvious that it is impossible to
unequivocally allocate former call descriptions referring to the name D. minutus from any locality to one of the
lineages identified, unless these are accompanied by a genetic identification of the call voucher (for a similar
example in Africa, see Channing et al. 2013).
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Taxonomy based on call comparisons of specimens without molecular identification will—in view of the
possibly large degree of cryptic diversity—always suffer from uncertainty of allocations to names or lineages, and
thus contribute little to a sound taxonomy. In conclusion, we strongly suggest that call descriptions should
wherever possible be accompanied by a DNA sequence of the recorded specimen, or at least of another specimen
from the same population that also was reliably heard emitting the same call. Where collection of a voucher is not
possible due to permit constraints, or because the species is of high conservation concern, non-invasive sampling
techniques are an alternative to allow for making species identification of call recordings verifiable using
molecular methods. If permitted, it is recommendable to obtain a tissue sample by toe-clipping or cutting a tiny
piece of webbing. When obtaining tissue samples is not allowed, an alternative is to take a buccal swab, which will
yield sufficient quantity and quality of DNA (if appropriately preserved) to at least amplify and sequence a
fragment of the mitochondrial DNA.

While reliable species identifications are still best achieved by sequencing a segment of the mitochondrial 16S
rRNA gene for many anuran groups (Vences et al. 2005), it might be more useful in most cases to contribute to the
global DNA barcoding efforts (Murphy er al. 2013) and sequence instead the ‘barcoding segment’ of the
cytochrome oxidase subunit [ (COI or cox-1) gene. Amphibian primers for this gene now exist and have been
shown to work reasonably well (e.g., Smith et al. 2008; Crawford et al. 2010, 2013; Xia et al. 2012; Che et al.
2012; Perl et al. 2014; Hawlitschek et al. 2016). Detailed protocols for DNA barcoding amphibians have been
summarized by Vences et al. (2012b).

Collection management of sound recordings

Since the rise of appropriate mechanical devices, biologists have increasingly recorded and documented sounds
from nature (see Ranft 2004 for a review). Sound recordings per se have a high scientific value yet most of them
are not made available along with call descriptions, and are not appropriately archived. Recordings that are not
housed in institutions or sound archives are at high risk of loss by material degradation or misplacement (Marques
et al. 2014). As a consequence, efforts are being undertaken to meet the challenge of preserving, storing and
managing audio and video recordings for subsequent generations of scientists, and making these data accessible to
the public, via scientific institutions, sound archives and repositories (Ranft 2004; Obrist et al. 2010; Cugler et al.
2011; Marques & Auratjo 2014; Marques et al. 2014; Toledo et al. 2015b).

Taxonomically, the highest relevance corresponds to recordings of specimens that were collected and
deposited in zoological collections. These recordings should be stored, managed and cataloged along with the
collected specimens in the same institutional collection, or in a sound archive or repository linked to the respective
voucher in a museum (Obrist et al. 2010). The same is true for video sequences of calling anurans that increasingly
are used in call descriptions and include important additional information, such as microhabitat, calling site or
muscle contraction during sound production (Bee et al. 2013a, b).

The International Bioacoustics Council (http://www.ibac.info/links.html#libs) provides a comprehensive list of
links to all major sound archives (e.g., Tierstimmenarchiv Berlin, British Library Sound Archive's wildlife
collection, Macaulay Library of Sounds, Fonoteca Neotropical Jacques Vielliard Brazil; see Table 8). Sound
archives are important repositories of worldwide biodiversity (Ranft 2004; Toledo et al. 2015b), but depositing
sound files in accessible collections is yet to become a universal practice (Toledo er al. 2015b). Given the
importance of bioacoustics in frog taxonomy, it would much facilitate taxonomic work if all described calls were
already deposited in sound archives.

It has become best practice in biology to follow an open-access policy for repositories of data that are linked to
published results (for an overview of major biological repositories see http://www.nature.com/sdata/data-policies/
repositories). This is common practice for DNA sequences where most journals require that they are deposited in
the International Nucleotide Sequence Database Collaboration (http://www.insdc.org/) which includes GenBank,
the DNA DataBank of Japan (DDBJ), or the European Molecular Biology Laboratory (EMBL). The Dryad
repository (http://datadryad.org/) makes a variety of data available, and specialized image repositories exist as well.
In a similar way, it will be important to establish a user friendly and open-access network of sound repositories for
anuran calls. These should ideally be accessible (guaranteeing data sharing and replication of past studies) and
institutional (increasing the chances of long-term maintenance). At present, 85% of the recordings available in
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wildlife sound collections are from birds (C. Aratjo & P. Marques, pers. comm.). Online open-access is not a
common practice for all data in the available anuran sound libraries (Table 8), although subsets of data are
generally available. For the time being, we recommend submitting call recordings in their entirety to one of the
major sound repositories (Table 8), and representative sections (in particular those that were used for producing
spectrograms) also to AmphibiaWeb (http://amphibiaweb.org/) where they can be linked directly to the respective
species accounts.

We recommend speaking some baseline information (locality, date, temperature, social context, etc.) on the
same track containing the recorded calls, as these data will then be unequivocally connected to the sound recording
facilitating its proper archiving.

Technical equipment and software for call recording and analysis
Recording equipment

In the early years of bioacoustics research, different types of tape recorders were the first choice to record anuran
calls in the field (Littlejohn 1998). Although these produced recordings of reasonable quality, they frequently
suffered from mechanical or electrical problems caused by high humidity and rough field conditions. These
problems sometimes resulted in artificial noise on the recordings, varying tape speed or complete disfunction.
Later, digital tape recorders (DAT) in theory promised uncompressed high quality recordings, but the mechanical
apparatus included turned out to be even more delicate and, thus, more prone to damage (Heyer 1994). MiniDisc
recorders were apparently more robust, but suffered from excessive data compression and, as a result, from
recognizable alteration of sounds. We recommend using modern digital recorders that save files on flash memory
cards or hard drives. These are compact in size, are rather less susceptible to mechanical damage, provide a better
frequency response and are comfortable in use.

The market of mobile digital devices suitable for anuran call recordings has grown considerably, and the
turnover is very fast. The mass production of integrated processors made hand-held digital recording devices much
more affordable and the quality / price relation in general increased significantly. Most of these devices are
designed for high-quality music recording and thus fulfill the requirements for frog call recording in almost all
cases. We refrain from recommending any particular devices. However, we list some major companies/brands that
proved to produce suitable hand-held recorders: Marantz, Olympus, Roland/Edirol, Sony, SoundDevices, Tascam
and Zoom.

In any case, the recorder should have the possibility to manually adjust the recording level, as automated
adjustment can lead to numerous artifacts. Furthermore, it must be possible to save digital sound files in an
uncompressed format such as *.WAV (recording in a compressed sound format such as MP3 must be avoided).
Depending on the intended usage, the recorder should be of solid build to withstand rough field conditions. Needed
batteries should be of a common and widely available type. A built-in speaker, even if of low quality, may aid in
triggering calls in the field by playback of sound, but it needs to be considered that this method might interfere with
the calling motivation of the recorded frog or elicit aggressive calls rather than advertisement calls.

Some important properties of the recording equipment are the technical frequency response, frequency range
and low distortion (Heyer 1994). Anurans are able to produce very low frequencies as well as ultrasonic sounds.
For standard recordings, a flat frequency response of the microphone—recorder combination in the 60—16,000 Hz
range is recommendable for most species, but the wider the frequency range, the better. Recordings targeted at
documenting ultrasounds require particular equipment (see below). A flatter frequency response usually implies
more expensive, high-quality equipment. Detailed information on technical features of any recording device or
microphone should be available from the manufacturer, if not provided with the manual. When different
microphone-recorder combinations have been used, and only quantitative differences in the spectral domain are
found between putative species, researchers should guarantee that differences in the dynamic ranges of the
equipment are not influencing their results. An easy test to control this effect would be to simultaneously record a
synthetic signal, with spectral properties encompassing the range observed in the study species, with all the
recorder-microphone combinations used in the study. Variation in repetitive spectral measurements of such
recordings should be considerably smaller than those observed among amphibian populations under study.
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In general, quality of the recording equipment is obviously important. Researchers planning to do
bioacoustical research, or to work on taxonomically complex anuran groups where detailed statistical comparisons
of bioacoustical variables are necessary, should adhere to best practice and work with solid-state recorders with
external microphones. An external uni-directional microphone is certainly part of a best-practice equipment and is
particularly useful in noisy environments where there is the need to partly blind out unwanted sounds and focus on
a particular target sound (i.e., a calling frog individual).

However, not in all situations will such best-practice equipment be available. Many observations of rare frogs
are made occasionally, for instance after heavy thunderstorms, and often by biologists who were not even planning
to do bioacoustical research. In such situations, it should be considered that built-in microphones of many digital
recorders available today are commonly of very good quality and, in most cases, are sufficient to obtain good to
very good recordings. In semi-professional equipment, these built-in microphones often are accompanied by an
option for setting a directional function. Even in most digital cameras and smartphones, there are options for
recording sounds; even if these will often be of comparatively poor quality, they can be useful at least to extract
rough information on call structure.

In order to provide a first, even if not fully representative evaluation of the effect of recording equipment on
acoustic measurements, we performed a field trial with one individual of Bombina bombina recorded
simultaneously with four different combinations of recorder/microphone, as follows: (1) Tascam DROS5 digital
recorder with Sennheiser K6+ME66 microphone; (2) Edirol R09 recorder with built-in microphone; (3) Apple
iPhone 6 with built-in microphone; and (4) Sony D6C analog tape recorder (fitted with a type 11 cassette tape) with
Audio Technica ATR6250 external microphone. All digital recordings were performed at a sampling rate of 44,100
Hz and the analog recording was later digitized with CoolEdit Pro software at the same sampling rate. Sound files
were amplitude-normalized and automatic measurements were taken with the aid of SoundRuler 0.9.6 software
(Gridi-Papp 2003). This program allows the use of facultative algorithms for quick and objective acoustic
measurement of various call features, with high accuracy (Bee 2004b). We opted for automated call recognition
and measurements to eliminate every observer bias in the comparison. We used manual call recognition settings
and visually inspected oscillograms and spectrograms until all calls were measured under the same settings (1024
FFT, 90% overlap; spectral resolution = 43 Hz). A total of nine calls from a single call series exhibited sufficient
quality for measurements. The variables bandwidth (-10 dB), call rise time, envelope shape, and call duration
diverged the most between recording equipment used (Figs. 19-20). The results can be explained by differences in
signal-to-noise ratio and its effects on the delineation of pulses and bandwidth measurements. The Tascam /
Sennheiser and Sony / Audio Technica combinations showed the lowest median values of bandwidth and rise time,
and were probably closest to the true values. There was, however, a broad overlap of values between all four
equipments and the differences detected were mostly on temporal features where the maximum difference between
group means were in call duration (25 ms) and call rise time (30 ms). Spectrally, the dominant frequency was
identical among all recording equipment combinations, and the detected variation in bandwidth is probably of little
relevance as the maximum difference between group means was only 0.75 Hz (Fig. 19).

In addition to these measurements, which derive from pre-defined call properties, we also assessed overall
acoustic similarity between calls from different recording combinations using spectral cross correlation analysis.
Spectral cross correlation analysis slides one spectrogram over another and reports the maximal similarity value
(0-1) found between the two sounds. We selected one Bombina bombina call recorded simultaneously with the
four combinations of recording equipment and applied spectral cross correlation analysis as implemented in
SoundRuler software. The spectral correlation matrix was plotted along with a dendrogram (complete linkage
clustering). This suggests that spectral properties of calls analyzed from the two digital recorders (with or without
external microphone) were very similar. The recordings from the analog recorder (Sony) were still more similar to
these two than those of the iPhone, which were the most divergent overall.

These results indicate that, in natural settings, the quality of the microphone and recorder impacted more
heavily on the fine-scale temporal parameters of call recordings than on the registered dominant frequency.
However, we reiterate that devices such as smartphones and cameras with built in microphones are to be used only
as a last resort, in cases with no other option available to record a frog call, and cannot be considered as best-
practice equipment.
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FIGURE 19. Comparison of the recording performance of four different recorder/microphone combinations on a set of nine
advertisement calls of one individual of Bombina bombina at Schortheide-Chorin Reserve, Germany. All recordings were made
simultaneously at the same recording distance, and same calls were thus compared. Call variables were automatically assessed
using SoundRuler software (see text for details on the methods employed). Recording equipment as follows: Tascam DR-05
digital recorder/Sennheiser K6+ME66 microphone; Edirol R09 recorder with built-in microphone; Macintosh iPhone 6 with
built-in microphone and recording software; Sony D6C cassette tape recorder with Audiotechnica external microphone
(recordings digitized with CoolEdit Pro software at sampling rate of 44.1 kHz). Rise time is the time from the start of a call to
the point where it reaches the maximum amplitude. Shape-on is the ratio between the rise time and the total duration of a call.
Other call properties as defined in the text. Boxplots show median (middle line), first and third quartiles (upper and lower box
limits), and non-outlier range (whiskers).

Ultrasounds

When choosing recording equipment and interpreting the results of spectral analysis, it is important to keep in mind
that many standard microphones are optimized for recording in the frequency range audible to humans. Even if the
default sampling rate used by many programs would allow detecting sound emissions up to 20 kHz, these are
simply not recorded by many microphones (although many built-in microphones of modern mobile digital

BIOACOUSTICS IN ANURAN TAXONOMY Zootaxa 4251 (1) © 2017 Magnolia Press - 63



recorders have a frequency response of up to 20 kHz). Recent research has however identified at least three frog
species (Odorrana tormota, O. livida and Huia cavitympanum) that emit and detect vocalizations in the ultrasound
spectrum (Feng et al. 2006; Feng & Narins 2008; Arch er al. 2008, 2009, 2012; Shen et al. 2008, 2011). There is
also an indication that distress calls of the Neotropical Haddadus binotatus reaches ultrasound frequencies (Toledo
& Haddad 2009). While pure ultrasonic frog calls might be exceptional and geographically restricted to noisy
torrent environments, the existence of some ultrasound components in anuran vocalizations is probably more
frequent than currently recognized (Orrico et al. 2014). Our own recordings of a variety of anurans indicate that
especially in miniaturized frogs, important components of the emitted frequencies are above 20 kHz, and also in
other frogs, harmonics can reach the ultrasonic range (Fig. 21). It is uncertain, if these high-frequency components
can be perceived by conspecifics and it appears unlikely that they convey important signals. However, to fully
understand vocalizations, especially in frogs living in noisy environments or of very small body size, it might be
useful to perform recordings with equipment suitable for ultrasounds. This is possible, for instance, by using
several of the more advanced bat detectors commercially available, or by using special ultrasonic microphones
such as the Ultramic 200k (Dodotronic, Italy).
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FIGURE 20. Results of a spectrogram cross-correlation analysis (FFT = 1024, window = Hanning, overlap = 90%) comparing
one call of Bombina bombina at Schorfheide-Chorin Reserve, Germany, recorded with four different combinations: Tascam
DROS5 digital recorder with Sennheiser K6/ME66 microphone (Tascam); Edirol R09 recorder with built-in microphone
(Edirol); Sony D6C analog tape recorder (fitted with a type Il cassette tape) with Audio Technica ATR6250 external
microphone (Sony); and Apple iPhone 6 with built-in microphone (iPhone). Values in the cells represent pairwise pixel-by-
pixel similarity values between spectrograms, produced from the respective recordings of the same individual call.

Available sound analysis software

A number of computer programs are available for sound analysis. Most have been designed for general scientific
sound analysis (sometimes for speech, e.g., PRAAT, Signalyze) and are suitable for analysis in anuran
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bioacoustics. Some have the advantage of having been specifically designed for animal research, often primarily
for bird and bat calls. In the field of anuran bioacoustics, more specifically in anuran call descriptions, the programs
most commonly cited are Canary and Raven; other software regularly employed in call descriptions are Adobe
Audition (formerly Cool Edit), Audacity, Avisoft, Syrinx, Seewave package for R, Signalyze, and Sound Ruler.
The use of other computer programs such as Arbimon, Goldwave, PRAAT, Signal/RTS, WASIS, or Sound
Analysis Pro seems less frequent in anuran bioacoustics. The perfect software does not exist and all these programs
have interesting features, qualities, and shortcomings. Cost of the license can also be an issue. We provide below a
short overview of the most frequently cited computer programs in anuran call descriptions, with some pro and
contra arguments. As of today, using Raven in combination with the Seewave package for R seems a good
compromise between performance, ease of use, and cost; both work on multiple platforms, which is an additional
advantage in terms of reproducibility of measurements (i.e., whatever the platform used, analyses are reproducible
using the same software). However, all of the mentioned programs are adequate for analysis of anuran calls for
taxonomic purposes, and all are able to handle uncompressed sound file formats such as *.WAV which are
recommended for analysis (see above). Of the plethora of compressed sound file formats available, many will not
be readable by most of the programs.

The software Raven (Bioacoustics Research Program 2011) works on multiple platforms (Linux, Macintosh,
Windows). Originally designed for animal acoustics, this software can perform most analyses required in anuran
taxonomy. The interface is intuitive and customizable, and there is the useful feature to store measurements in
tables. A free (limited) version is available, and the pro version license is relatively inexpensive (400 USD/ca. 360
EUR for the academic version; discounts of 25-100% are applied to users from developing countries). Recent
versions of the software now provide ‘robust signal measurements’ that are less dependent on the selection
rectangle and should be prefered over the selection-dependent measurements. One possible shortcoming is that
spectrogram illustration may sometimes require graphic refinement before publication, but this is mostly a matter
of taste. In Appendix la, we provide a step-by-step guide to this program.

Seewave (Sueur et al. 2008a) is a plugin for R (R Development Core Team 2015). It provides the possibility of
scripting and therefore automated and customized analyses become possible but require substantial programming
skills. One of the biggest advantages of Seewave is the possibility to produce graphically appealing spectrograms
and oscillograms, as used for several figures herein. In Appendix 1b, we provide a protocol for spectrogram
production with this program.

Audacity (http://audacity.fr/) also works on multiple platforms (Linux, Macintosh, Windows). It is free and the
interface is intuitive. Audacity is an excellent program for editing/exporting sounds, as well as for exploring
spectral features, but it is not as powerful as most software dedicated to call analysis. It is also sometimes less
convenient to use (e.g., there is no side-by-side view of spectrograms/oscillograms).

Adobe Audition (Adobe Systems Software; formerly Cool Edit) works on Macintosh and Windows platforms.
As Audacity, Adobe Audition is primarily designed for digital audio editing. There are multiple display setting
options, including parallel view of different recordings. Filtering, sample type conversion and other useful
functions are easy to apply. The program is excellently suited for viewing or screening long recordings, as the
implemented zooming tools are very powerful and comfortable in use. However, licensing is somewhat expensive
with prices starting from 26 USD/ca. 23 EUR per month and there is no side-by-side view of spectrograms and
oscillograms.

SoundRuler (Gridi-Papp 2003) is a free and open source program that runs on Windows, Macintosh and Linux
platforms, specially designed for quick and objective measurement of relatively simple and repetitive sounds as
they are typical of many anurans. The program uses facultative algorithms for measuring various call features with
high accuracy (reviewed by Bee 2004b). Although standardization, objectivity and speed are its main strengths, the
software also provides publication-grade graphics. Its main drawbacks are possibly: (1) navigation and sound
visualization are a bit cumbersome; (2) determining the optimal call and pulse recognition settings can be
complicated and time-consuming as the user manual is not very informative; (3) customizing the graphs requires
comparatively long time. In summary, SoundRuler is the ideal software for fast processing of simple sounds but
with a steep learning curve for the user.

Syrinx (http://www.syrinxpc.com/) works on Windows only and offers basic analysis and setting abilities.
Syrinx is free, simple (only grayscale spectrograms) and easy to use, but currently not in active development.

Avisoft-SASLab Pro (Specht 2006; Avisoft Bioacoustics, Germany) works on Windows only. It is animal-
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specific and can perform all analyses required in anuran taxonomy (perhaps outperforming Raven and SoundRuler
in objectivity and accuracy of measurements, and graphical output). Interface is intuitive, a free (limited) version is
available, but the pro version license is rather expensive (1800 EUR/ca. 2030 USD for the educational version).
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FIGURE 21. Spectrograms and oscillograms showing frog advertisement calls with components at frequencies higher than
usually reported, partly reaching into the ultrasound spectrum. In these four frog species, the dominant frequency is below 10
kHz but harmonics are visible at much higher frequency. Eleutherodactylus iberia (from Bahia de Taco, Cuba) and Stumpffia
sp. [Ca6 Vieites et al. 2009] (from Andasibe, Madagascar) are miniaturized frogs with < 11 mm snout-vent length (SVL)
whereas Eleutherodactylus [Ca4 Rodriguez et al. 2010b] and Platypelis barbouri are small sized frogs around 20 mm SVL.
Note that frequency of the spectrograms goes up to 40 kHz. Eleutherodactylus [Ca4] has almost no frequency components in
the ultrasound spectrum, yet frequency reaches distinctly above 10 kHz, much higher than usually reported for frogs.
Recordings were made with ultrasound microphone Ultramic200k (Dodotronic, Italy). Graphics produced with the R package
Seewave (Sueur et al. 2008a). All spectrograms produced at Hanning window function, 1024 bands resolution. Format of
candidate species names follows Padial ez al. (2010).

Automated recording and signal recognition

A number of technological advances now make possible the automatic acquisition, storage, and processing of large
amounts of acoustic information and lead to the development of soundscape ecology, a sub-discipline of landscape
ecology (Pijanowski et al. 2011).
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There is an obvious gap between the increasing number of species descriptions of anurans, and the lack of
detailed quantitative descriptions of their vocalizations (Bee et al. 2013a, b). The individual call repertoire,
variation, plasticity and change over time might be underestimated (Narins et al. 2000; Jansen et al. 2016b) and
knowledge on the effective signal space of individuals, populations or species might be of taxonomic relevance.
Automated recorders and signal processing are helpful in bioacoustical monitoring approaches (e.g., Terry et al.
2005; Tripp & Otter 2006; Bardeli ef al. 2010; Laiolo 2010; Blumstein et al. 2011) and thus in ecological studies
and conservation. There are several recent works using modern passive recording devices for the estimation of
biodiversity in holistic approaches (e.g., Sueur et al. 2008b; Blumstein et al. 2011; Depraetere et al. 2012; Gasc et
al. 2013; Potamitis 2014; for a review see Obrist er al. 2010). Relatively few studies target anuran assemblages
(Bridges & Dorcas 2000; Todd ef al. 2003; Acevedo et al. 2009; Acevedo & Villanueva-Rivera 2006; Villanueva-
Rivera 2007; Waddle et al. 2009; Llusia et al. 2011; 2013a, b; Ospina et al. 2013) or concern the acoustic
monitoring of single rare frog species. Results are potentially relevant for taxonomy, if comprehensive and
quantitative call descriptions are provided (Akmentins et al. 2014; Jansen et al. 2016b; Willacy et al. 2015).
However, recordings obtained from automated devices can be affected by environmental effects (e.g., differential
excess attenuation, reverberation on trees and shrubs) and might be biased if calling individuals are too close or too
far from the automated recorder, so their use in taxonomy must be approached with caution.

For the long-term acoustic monitoring of natural habitats, autonomous, waterproof recording devices
(Automatic Recording Systems, ARS) can be installed in the field. Many studies use Frogloggers (construction
manual given by Peterson & Dorcas 1994; e.g., Acevedo & Villanueva-Rivera 2006; Akmentins ef al. 2014) or the
Songmeter recorders (Wildlife Acoustics Inc.; e.g., Lehmann et al. 2014; Zwart et al. 2014; Ganchev et al. 2015;
Jansen et al. 2016b). For the automatic detection of particular animal sounds there is a variety of algorithms that
can be used, and several programs on the market have already implemented species identification tools for several
taxonomic groups (Ganchev ef al. 2015). Although it is not in the focus of this paper to evaluate this increasing
body of software, algorithms or machine learning techniques for signal detection (Acevedo et al. 2009; Huang et
al. 2009), we will give some commonly used examples — without evaluating their efficiency.

The program Raven Pro includes two kinds of detectors (amplitude and band limited energy) that create
‘selections’ based on pre-selected thresholds. Those selections result in measurements such as dominant frequency
or call duration (Jansen et al. 2016b).

Song Scope (Wildlife Acoustics Inc. 2014) is a software that uses recognizers created by the user based on
reference vocalizations of the targeted species, and it provides the user with measurements, for instance of
dominant frequency and call duration (e.g., Waddle et al. 2009; Zwart et al. 2014; Willacy et al. 2015).

Arbimon II is a web-based network for storing, sharing, and analyzing acoustic information (Aide et al. 2013;
Ospina et al. 2013). The website (arbimon.sieve-analytics.com) provides a module for viewing, listening, and
annotating recordings, as well as an interface for automated species identification based on the Hidden Markov
Model (HMM) algorithm.

Avisofi-SASLab Pro includes automated parameter measurements, classification of sounds by means of
spectrogram cross-correlation or pulse train analysis (e.g., birds: Frommolt & Tauchert 2014; frogs: Hanna et al.
2014).

XBAT (Bioacoustics Research Program of the Cornell Laboratory of Ornithology, https:/
dl.dropboxusercontent.com/u/4142063/build/home.html), written for MATLAB and designed to satisfy the diverse
sound analysis needs of scientists who deal with large-scale datasets. It provides a vast array of tools for call
detection, measurement, and illustration that can be customized to the specific research needs through
programming interfaces.

WASIS is a freeware and compares sound files (e.g., from different species) by means of two algorithms: the
Hidden Markov Model (HMM), which is based on machine learning, and power spectrum correlation analyses
(Tacioli et al. 2016).

Finally, packages written in the R environment, like monitoR (Hafner & Katz 2014) or Seewave (Sueur et al.
2008a), or in the MATLAB environment (‘semiautomatic procedure’; Castellano & Rosso 2006; Rosso et al. 2006)
may be promising tools for signal recognition.

Automated detection and recognition programs, however, still have their shortcomings and limitations, and
results should not be used without careful verification. It needs to be taken into account that the automated
detection of calls in longterm recordings obviously relies on the quality and situation setting. Generally, automated
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detection works better in recordings made under low ambient noise conditions, with single individuals of frogs that
vocalize with a rather simple signal structure (e.g., Jansen et al. 2016b).

Another category of software that can be expected soon to increase in importance consists of web-based and
mobile applications for analyzing and detecting calls. One web-based tool targeted at anuran calls is Arbimon (see
above). Until now no mobile application for the identification of anuran calls is available, however, an ‘app’ with
identification keys for frogs was recently developed (Parveen ef al. 2014), and the implementation of acoustic
identification in such ‘apps’ will probably be realized soon, as already done for bats (BatMobile: http://
batmobile.blogs.ilrt.org/) or birds (Bird Song ID: http://www.isoperla.co.uk/BirdSongld.html; Warblr: http://
warblr.net).

Obviously, call recognition algorithms are developed to identify sounds based on their similarities to training
models (e.g., samples of known calls). Because taxonomists frequently aim at describing the unknown biodiversity,
the application of call recognition algorithms to taxonomic problems is limited and we strongly recommend not
relying solely on automated analyses in purely taxonomic approaches. In our experience, at their current stage,
automated analyses have some probability to measure sound structures not being part of the target sound. This is
particularly evident in recordings of lower quality (e.g., low amplitude of the target sound, background noise,
overlapping calls, echos, etc.). A proper analysis of call characters for taxonomic purposes and comparisons can
indeed benefit from automatic measurements, but will always require an expert validation of results, especially
regarding the identification and separation of the target sounds and to control for different kinds of artifacts.

Common pitfalls and recommendations for recording and editing sounds

Recording sounds in the field, and analyzing the sounds on a computer, are straightforward in the advent of solid-
state digital recorders and menu-driven sound-processing software. However, a number of artifacts may occur in
the process and need to be taken into consideration.

In the field, manual adjustment of the recording level is of high importance. The recording level should always
be set so that no oversaturation occurs at the highest amplitude corresponding to the targeted call. Automated
leveling of recording might lead to numerous artifacts, especially to grossly distorted frequency information. It can
also lead to inaccurate temporal measurements, especially if a frog suddenly starts calling after a longer period of
silence and the device automatically levels down the recording after detecting the sudden sound energy. In
recorders that have a level meter with a pointer precaution is necessary when recording high frequency
vocalizations of short duration, because the pointer has not sufficient time to reach the correct position, giving
lower measurement of sound intensity, and resulting in oversaturated recordings. In such cases, it is necessary to
record using a level threshold distinctly below the limit of saturation.

Many microphones have switchable built-in frequency filters (e.g., low noise filter). Although in the hand of
experts these can be very useful, we recommend switching these off during recording of anuran vocalizations, as
filter settings may affect frequencies that are part of the acoustic signal.

A past problem was the irregular recording or playback of defective tapes (damaged by humidity or by worn-
out drive belts), leading to irregular temporal representation of the recording in digitized files obtained from those
tapes. A related phenomenon with digital recorders is the presence of small and easily overlooked switches that
lead to accelerated or decelerated recording, which grossly distort temporal and spectral parameters. Because such
functions may accidentally be switched on during transport, regular checking recorded sounds by playback is
important.

Not all cases of distinct frequency bands in a spectrogram are indicative of true harmonics. As shown above
(Fig. 4), in high FFT resolution a spectrogram will automatically be structured in frequency bands, even if the call
is not tonal and does not contain distinct harmonics. The presence of distinct frequency bands, not reflecting
harmonics, is most often obvious in rapidly pulsed or strongly pulsatile calls (see Fig. 22 for examples). Such calls
are particularly prone to result in frequency bands in spectrograms (even at low FFT resolution), sometimes
resembling harmonics. These frequency bands are caused by high rates of emission of acoustic structures (pulses),
and thus reflect the pulse rate (Jackson 1996; Gerhardt 1998), as empirically demonstrated early by Watkins
(1967), who found a relationship between pulse rate and frequency band intervals and their relative energy. Also
the poorly explored phenomenon of sidebands (Frommolt 1999) should be mentioned in this context. These are
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frequency bands typically occurring in pairs within frequency-modulated or amplitude-modulated sounds,
equidistant both above and below of the dominant frequency. Sidebands can be a natural phenomenon, but might
also be caused by technical artifacts of the recording or analysis device, or by interaction with unrelated sounds.
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FIGURE 22. Spectrograms and corresponding oscillograms of the advertisement calls of two anuran species, exemplifying the
presence of parallel frequency bands in the spectrogram, although at comparatively low FFT resolution (256; Hanning window
function), not representing harmonics, but resulting from a high pulse rate. Left: Section of the advertisement call of
Elachistocleis sp., with a pulse rate of 245 pulses/second and a total call duration of 2000-3040 ms. Right: Advertisement call
of Physalaemus albonotatus, with seven recognizable and modulated frequency bands. Its call is exceptionally fastly pulsed,
with an approximate rate of 470 pulses/second. Figures modified and data taken from Kohler (2000). Spectrograms and
oscillograms produced with CoolEdit Pro.

False harmonics (an additional number of harmonics) are commonly found in spectrograms when the
recording was (over)saturated (Fig. 23). This generally happens when the microphone is too close to the sound
source, and the sensitivity of the microphone and recorder (recording level and filters) are not properly adjusted.
False harmonics can be more frequent among loud and high-pitched calls. Because true harmonics are those
formed by multiples of the fundamental frequency, false harmonics may be detected as frequency bands that are not
exact multiples (or fractions) of the dominant frequency (because sometimes we cannot observe the fundamental
frequency in the spectrogram). It is possible, but insufficiently explored in anurans, that some species may filter
lower or specific frequency bands using morphological or behavioral traits (as observed in songbirds; Greenewalt
1968). Sometimes, the harmonics are not visible in the spectrographic display because they have low energy. The
number of true harmonics detected in a spectrogram can be underestimated if recording levels are low. More
importantly, the number of harmonics also depends on recording distance: because high frequencies are attenuated
more rapidly by the environment, especially at the ground level (e.g., Kime et al. 2000), they do not propagate as
far as low frequencies. Therefore, even at recording levels set to compensate for distance, upper harmonics will
fade out when recordings are taken from relatively long distances. As a consequence, holding a microphone at 50
cm to a frog (without oversaturating the recording), will detect more harmonics than recordings obtained from
larger distances, as here demonstrated with calls of Bombina (Fig. 23). In some cases, one of the upper harmonics
has higher sound energy than the lower harmonics, and despite stronger excess attenuation of higher frequencies, it
might still be visible on spectrograms of long-distance recordings, while some harmonics at lower frequencies
might not be detected.

Conclusive remarks and future perspective

Biologists studying amphibians apply bioacoustical methods with different purposes. In many cases, especially
when working at the intraspecific level, high precision and statistical accuracy are of utmost importance. But frogs
do not wait calling until complex equipment is assembled or until the rain stops and it is thus safe to take such
equipment to the field. In times of globalization, more and more scientists—and citizen scientists—venture into
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tropical environments hosting numerous poorly known species of frogs. They will rarely have expensive digital
recorders and microphones in their backpacks, but almost certainly will carry a smartphone or digital camera with
video/audio function. When observing a rare frog calling, maybe one for which vocalizations are unknown, it will
definitely be worth recording it (and making it available to the scientific community along with a photo of the
specimen). Like many natural history observations, such fragmentary data can provide important pieces of
evidence to better understand the biology of a species or hint at existence of new taxa, despite their limited
usefulness in rigorous taxonomic, ecological or evolutionary evaluations.
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FIGURE 23. Spectrograms and oscillograms of calls of the same individual of Bombina bombina recorded at different
saturations of the recording levels and different recording distances (Tascam DR-05 digital recorder and a Sennheiser K6/
ME66 microphone; water temperature 22.1 °C; 24 May 2015 at Schorfheide-Chorin Reserve, Germany). Calls were
successively recorded from the same individual within a short time period of ca. 30 minutes and each spectrogram thus shows a
different call. The upper left spectrogram is from a recording with recording levels in the field deliberately set on
oversaturation. The other three spectrograms were analyzed with equalized levels. Note that the number of harmonics is highest
in the oversaturated recording, but also depends on recording distance, with the highest-frequency harmonics disappearing with
increasing distance. Sounds of birds and insects are visible on the recordings that were not filtered to allow objective
comparison. All spectrograms made with the R package Seewave (Sueur er al. 2008a), with settings: Hanning window
function, 1024 bands resolution, overlap = 90%.
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Anuran bioacoustics is a wide and fascinating field, and has led to important insights in behavioral ecology,
physiology, and evolution. In the present paper, we have reviewed these aspects from a taxonomic perspective, and
in the boxes below we emphasize the practical application of bioacoustical methods in the taxonomy of
amphibians. We are convinced that more standardized descriptions of calls and a wider general availability of well-
curated collections of recordings have the potential of further speeding up and improving the quality of amphibian
taxonomy.

To achieve this goal, we here identify a number of potentially fruitful fields of future research. In the advent of
ever more powerful genomic methods, it will become possible to search for genes influencing call patterns. If
integrated with morphological studies of laryngeal structures, such data will probably increase our knowledge
about the evolution of sound signals and its associated morphological constraints. Meta-analyses of call patterns
across multiple frog communities might aid studies on the environmental influences on particular call traits. These
could be aided by computer-based automated sound comparison software. Eventually, it will be worth testing
different hypotheses about the rates of call evolution, in particular whether call traits (under sexual selection) are
more stable within species than morphological traits (under natural selection), especially in species distributed
across wide ecological gradients. Call variation might be a driver of ‘cryptic’ diversification, and ‘acoustic
radiations’ will potentially become evident in species-rich taxonomic groups of frogs with large distribution areas
and several secondary contact zones.

Many amphibians have experienced, and are experiencing dramatic declines and extinctions (Stuart et al.
2004; Wake & Vredenburg 2008), and at the same time there still is a large number of undescribed species (Hanken
1999; Meegaskumbura et al. 2002; Kohler et al. 2005a; Stuart et al. 2006; Fouquet et al. 2007; Vieites et al. 2009;
Jansen et al. 2011; Funk et al. 2012). A complete and correct taxonomy is at the core of threat status assessments,
and considering the high importance of call differences in delimiting and identifying frog species, further
development of methods and concepts in this field is of importance for effective conservation planning and future
management of amphibian diversity.

Acknowledgments

We are grateful to an uncounted number of colleagues for stimulating discussions on anuran bioacoustics and
taxonomy over the past 20 years. In particular, we would like to mention Walter Hodl, Rafael Marquez, Peter
Narins, Jos¢ M. Padial, Mike Ryan and Kentwood Wells. For suggesting literature or providing important
suggestions, we would like to thank Eric Patel. Norbert Schneeweiss helped with fieldwork on Bombina. Daniel
Loebmann kindly provided photographs. We are furthermore indebted to two anonymous reviewers for valuable
comments and to Pedro Ivo Simdes for his remarkable editorial efforts in handling and improving this manuscript.
AR’s work was supported by an Alexander von Humboldt fellowship. PJRK’s work is supported by postdoctoral
fellowships from the Fonds voor Wetenschappelijk Onderzoek Vlaanderen (FWO12A7614N/12A7617N). CFBH
and LFT thank the National Council of Technological and Scientific Development (CNPq) and Sado Paulo Research
Foundation (FAPESP) for a fellowship (#302589/2013-9) and grants (#2011/52070-7, #2013/50741-7, #2014/
23388-7 and #2014/50342-8). MV was supported by a CAPES visiting researcher fellowship in the lab of CFBH.

References

Acevedo, M.A., Corrada-Bravo, C.J., Corrado-Bravo, H., Villanueva-Rivera, L.J. & Aide, T.M. (2009) Automated
classification of bird and amphibian calls using machine learning: A comparison of methods. Ecological Informatics, 4,
206-214.
https://doi.org/10.1016/j.ecoinf.2009.06.005

Acevedo, M.A. & Villanueva-Rivera, L.J. (2006) Using automated digital recording systems as effective tools for the
monitoring of birds and amphibians. Wildlife Society Bulletin, 34,211-214.
https://doi.org/10.2193/0091-7648(2006)34[211:UADRSA]2.0.CO;2

Aide, T.M., Corrada-Bravo, C., Campos-Cerqueira, M., Milan, C., Vega, G. & Alvarez, R. (2013) Real-time bioacoustics
monitoring and automated species identification. PeerJ, 1, €103.
https://doi.org/10.7717/peerj.103

Akmentins, M.S., Pereyra, L.C., Sanabria, E.A. & Vaira, M. (2014) Patterns of daily and seasonal calling activity of a direct-

BIOACOUSTICS IN ANURAN TAXONOMY Zootaxa 4251 (1) © 2017 Magnolia Press - 71


https://doi.org/10.2193/0091-7648(2006)34[211:UADRSA]2.0.CO;2
https://doi.org/10.2193/0091-7648(2006)34[211:UADRSA]2.0.CO;2

developing frog of the subtropical Andean forests of Argentina. Bioacoustics, 24, 89-99.
https://doi.org/10.1080/09524622.2014.965217

Alonso, R., Rodriguez, A. & Marquez, R. (2007) Guia sonora de los anfibios de Cuba. Alosa, sons de la natura, FonoZoo
Barcelona, Spain. [audio CD]

Alstrom, P. & Ranft, R. (2003) The use of sounds in avian systematics and the importance of bird sound archives. Bulletin of
the British Ornithologists’ Club, 123 A, 113—135.

Amézquita, A. (1999) Color pattern, elevation and body size in the high Andean frog Hyla labialis. Revista de la Academia
Colombiana de Ciencias Exactas Fisicas y Naturales, 23, 231-238.

Amézquita, A., Lima, A.P., Jehle, R., Castellanos, L., Ramos, O., Crawford, A.J., Gasser, H. & Hodl, W. (2009) Calls, colours,
shapes, and genes: a multi-trait approach to the study of geographic variation in the Amazonian frog Allobates femoralis.
Biological Journal of the Linnean Society, 9, 826—838.
https://doi.org/10.1111/1.1095-8312.2009.01324.x

Amiet J.-L. (1989) Images d’amphibiens camerounais. II. L’enfouissement et la phonation bouche ouverte chez Conraua
crassipes (Buchholz & Peters, 1875). Alytes, 8, 99-104.

Amorim, M.C.P. & Hawkins, A.D. (2000) Growling for food: acoustic emissions during competitive feeding of streaked
gurnard. Journal of Fish Biology, 57, 895-907.
https://doi.org/10.1111/§.1095-8649.2000.tb02200.x

Amorim, M.C.P., Stratoudakis, Y. & Hawkins, A.D. (2004) Sound production during competitive feeding in the grey gurnard.
Journal of Fish Biology, 65, 182—184.
https://doi.org/10.1111/.0022-1112.2004.00443 x

Arch, V.S., Grafe, T.U., Gridi-Papp, M. & Narins, P.M. (2009) Pure ultrasonic communication in an endemic Bornean frog.
PLoS One, 4, e5413.
https://doi.org/10.1371/journal.pone.0005413

Arch, V.S., Grafe, T.U. & Narins, P.M. (2008) Ultrasonic signalling by a Bornean frog. Biology Letters, 4, 19-22.
https://doi.org/10.1098/rsb1.2007.0494

Arch, V.S. & Narins, P.M. (2009) Sexual hearing: the influence of sex hormones on acoustic communication in frogs. Hearing
Research, 252, 15-20.
https://doi.org/10.1016/j.heares.2009.01.001

Arch, V.S., Simmons, D.D., Quifiones, P.M., Feng, A.S., Jiang, J., Stuart, B.L., Shen, J.X., Blair, C. & Narins, P.M. (2012) Inner
ear morphological correlates of ultrasonic hearing in frogs. Hearing Research, 283, 70-79.
https://doi.org/10.1016/j.heares.2011.11.006

Arntzen, J.W., McAtear, J., Recuero, E., Ziermann, J.M., Ohler, A., van Alphen, J. & Martinez-Solano, I. (2013) Morphological
and genetic differentiation of Bufo toads: two cryptic species in Western Europe (Anura, Bufonidae). Contributions to
Zoology, 82, 147-169.

Baker, M.C. (2001) Bird song research: the past 100 years. Bird Behavior, 14, 3-50.

Baraquet, M., Grenat, P.R., Salas, N.E. & Martino, A.L. (2015) Geographic variation in the advertisement call of Hypsiboas
cordobae (Anura, Hylidae). Acta Ethologica, 18, 79-86.
https://doi.org/10.1007/s10211-014-0188-2

Bardeli, R., Wolff, D., Kurth, F., Koch, M., Tauchert, K.H. & Frommolt, K.H. (2010) Detecting bird sounds in a complex
acoustic environment and application to bioacoustic monitoring. Pattern Recognition Letters, 31, 1524—1534.
https://doi.org/10.1016/j.patrec.2009.09.014

Barej, M.F., Schmitz, A., Penner, J., Doumbia, J., Sandberger-Loua, L., Hirschfeld, M., Brede, C., Emmrich, M., Kouamé,
N.G, Hillers, A., Gonwouo, N.L., Nopper, J., Adeba, P.J., Bangoura, M.A., Gage, C., Anderson, G. & Rddel, M.-O. (2015)
Life in the spray zone — overlooked diversity in West African torrent-frogs (Anura, Odontobatrachidae, Odontobatrachus).
Zoosystematics and Evolution, 91, 115-149.
https://doi.org/10.3897/zse.91.5127

Bee, M.A. (2003) A test of the "dear enemy effect" in the strawberry dart-poison frog (Dendrobates pumilio). Behavioral
Ecology and Sociobiology, 54, 601-610.
https://doi.org/10.1007/s00265-003-0657-5

Bee, M.A. (2004a) Within-individual variation in bullfrog vocalizations: implications for a vocally mediated social recognition
system. Journal of the Acoustic Society of America, 116, 3770-3781.
https://doi.org/10.1121/1.1784445

Bee, M.A. (2004b) Sound Ruler acoustical analysis: a free, open code, multi-platform sound analysis and graphing package.
Bioacoustics, 14, 171-178.
https://doi.org/10.1080/09524622.2004.9753520

Bee, M.A., Cook, J.M., Love, E.K., O’Brian, L.R., Pettitt, B.A., Schrode, K. & Vélez, A. (2010) Assessing acoustic signal
variability and the potential for sexual selection and social recognition in Boreal Chorus Frogs (Pseudacris maculata).
Ethology, 116, 564-576.
https://doi.org/10.1111/.1439-0310.2010.01773.x

Bee, M.A. & Gerhardt, H.C. (2001) Neighbour-stranger discrimination by territorial male bullfrogs (Rana catesbeiana): 1.
Acoustic basis. Animal Behaviour, 62, 1129—1140.

72 - Zootaxa 4251 (1) © 2017 Magnolia Press KOHLER ET AL.



https://doi.org/10.1006/anbe.2001.1851

Bee, M.A. & Gerhardt, H.C. (2002) Individual voice recognition in a territorial frog (Rana catesbeiana). Proceedings of the
Royal Society of London Series B, 269, 1443—1448.
https://doi.org/10.1098/rspb.2002.2041

Bee, M.A., Kozich, C.E., Blackwell, K.J. & Gerhardt, H.C. (2001) Individual variation in advertisement calls of territorial male
green frogs, Rana clamitans: implications for individual discrimination. Ethology, 107, 65-84.
https://doi.org/10.1046/j.1439-0310.2001.00640.x

Bee, M.A. & Perrill, S.A. (1996) Responses to conspecific advertisement calls in the green frog (Rana clamitans) and their role
in male-male communication. Behaviour, 133, 283-301.
https://doi.org/10.1163/156853996X00152

Bee, M.A., Perrill, S.A. & Owen, P.C. (2000) Male green frogs lower the pitch of acoustic signals in defense of territories: a
possible dishonest signal of size? Behavioral Ecology, 11, 169-177.
https://doi.org/10.1093/beheco/11.2.169

Bee, M.A., Reichert, M.S. & Tumulty, J.P. (2016) Assessment and recognition of rivals in anuran contests. Advances in the
Study of Behavior, 48, 161-249.
https://doi.org/10.1016/bs.asb.2016.01.001

Bee, M.A., Suyesh, R. & Biju, S.D. (2013a) Vocal behavior of the Ponmudi Bush Frog (Raorchestes graminirupes): repertoire
and individual variation. Herpetologica, 69, 22-35.
https://doi.org/10.1655/HERPETOLOGICA-D-11-00042

Bee, M.A., Suyesh, R. & Biju. S.D. (2013b) The vocal repertoire of Pseudophilautus kani, a shrub frog (Anura:
Rhacophoridae) from the Western Ghats of India. Bioacoustics, 22, 67-85.
https://doi.org/10.1080/09524622.2012.712750

Beeman, K. (1998) Digital signal analysis, editing, and synthesis. /n: Hopp, S.L., Owren, M.J. & Evans, C.S. (Eds.), Animal
Acoustic Communication: Sound Analysis and Research Methods. Springer Verlag, Berlin, pp. 59-103.
https://doi.org/10.1007/978-3-642-76220-8 3

Belanger, R. & Corkum, L. (2009) Review of aquatic sex pheromones and chemical communication in anurans. Journal of
Herpetology, 43, 184-191.
https://doi.org/10.1670/08-054R 1.1

Benevides, F.L. & Mautz, W.J. (2014) Temporal and spectral characteristics of the male Eleutherodactylus coqui two-note
vocalization in Hawaii. Bioacoustics, 23, 29-38.
https://doi.org/10.1080/09524622.2013.805308

Bernal, X.E., Guarnizo, C. & Liiddecke, H. (2005) Geographic variation in the advertisement call and genetic structure of the
Andean frog Colostethus palmatus. Herpetologica, 61, 395-408.
https://doi.org/10.1655/04-87.1

Bevier, C.R., Larson, K., Reilly, K. & Tat, S. (2004) Vocal repertoire and calling activity of the mink frog, Rana septentrionalis.
Amphibia-Reptilia, 25, 255-264.
https://doi.org/10.1163/1568538041975107

Bickford, D., Iskandar, D.T. & Barlian, A. (2008) A lungless frog discovered on Borneo. Current Biology, 18, R374-R375.
https://doi.org/10.1016/j.cub.2008.03.010

Bickford, D., Lohman, D.J., Sodhi, N.S., Ng, PK.L., Meier, R., Winker, K., Inram, K.K. & Das, I. (2006) Cryptic species as a
window on diversity and conservation. Trends in Ecology and Evolution, 22, 148—155.
https://doi.org/10.1016/j.tree.2006.11.004

Bioacoustics Research Program (2011) Raven Pro: interactive sound analysis software (Version 1.4). The Cornell Lab of
Ornithology, Ithaca, New York. Available from: http://www.birds.cornell.edu/raven (accessed 8 February 2017)

Blair, W.F. (1955) Mating call and stage of speciation in the Microhyla olivacea-M. carolinensis complex. Evolution, 9, 469—
480.
https://doi.org/10.2307/2405481

Blair, W.F. (1956a) Call difference as an isolating mechanism in southwestern toads (genus Bufo). Texas Journal of Science, 8,
87-106.

Blair, W.F. (1956b) The mating call of hybrid toads. Texas Journal of Science, 8, 350-355.

Blair, W.F. (1963) Acoustic behaviour of Amphibia. /n: Busnel, R.G. (Ed.), Acoustic behaviour of animals. Elsevier, New York,
pp. 694-708.

Blair, W.F. (1964) Isolating mechanisms and interspecies interactions in anuran amphibians. The Quarterly Review of Biology,
39, 334-344.
https://doi.org/10.1086/404324

Blair, W.F. (1968) Amphibians and reptiles. /n: Sebeok, T.A (Ed.), Animal communication. Indiana University Press,
Bloomington, pp. 289-310.

Blair, W.F. (1974) Character displacement in frogs. American Zoologist, 14, 1119-1125.
https://doi.org/10.1093/icb/14.4.1119

Blumstein, D.T., Mennill, D.J., Clemins, P., Girod, L., Yao, K., Patricelli, G., Deppe, J.L., Krakauer, A.H., Clark, C.,
Cortopassi, K.A., Hanser, S.F., McCowan, B., Ali, AM. & Kirschel, AN.G. (2011) Acoustic monitoring in terrestrial

BIOACOUSTICS IN ANURAN TAXONOMY Zootaxa 4251 (1) © 2017 Magnolia Press - 73



environments using microphone arrays: applications, technological considerations and prospectus. Journal of Applied
Ecology, 48, 758-767.
https://doi.org/10.1111/j.1365-2664.2011.01993.x

Boake, C.R.B. (1989) Repeatability: its role in evolutionary studies of mating behaviour. Evolutionary Ecology, 3, 173—182.
https://doi.org/10.1007/BF 02270919

Boatright-Horowitz, S.S., Cheney, C.A. & Simmons, A.M. (1999) Atmospheric and underwater propagation of bullfrog
vocalizations. Bioacoustics, 9, 57-80.
https://doi.org/10.1080/09524622.1999.9753404

Boeckle, M., Preininger, D. & Hodl, W. (2009) Communication in noisy environments [: acoustic signals of Staurois
latopalmatus Boulenger 1887. Herpetologica, 65, 154-165.
https://doi.org/10.1655/07-071R1.1

Bogert, C.M. (1960) The influence of sound on the behavior of amphibians and reptiles. /n: Lanyon, W.E. & Tavolga, W.N.
(Eds.) Animal sounds and communication. AIBS, Washington, DC, pp. 137-320.

Boistel, R. & Sueur, J. (1997) Comportement sonore de la femelle de Platymantis vitiensis (Amphibia, Anura) en 1’absence du
male. Comptes Rendus de I'Académie des Sciences - Séries Il - Sciences de la Vie, 320, 933-941.
https://doi.org/10.1016/s0764-4469(97)80879-7

Bokermann W.C.A. (1974) Observagdes sobre desenvolvimento precoce em Sphaenorhynchus bromelicola Bok, 1966 (Anura,
Hylidae). Revista Brasileira de Biologia, 34, 35—41.

Bosch, J. & De la Riva, 1. (2004) Are frog calls modulated by the environment? An analysis with anuran species from Bolivia.
Canadian Journal of Zoology, 82, 880—888.
https://doi.org/10.1139/204-060

Both, C. & Grant, T. (2012) Biological invasions and the acoustic niche: the effect of bullfrog calls on the acoustic signals of
white banded tree frogs. Biology Letters, 8, 714-716.
https://doi.org/10.1098/rsb1.2012.0412

Boul, K.E., Funk, W.C., Darst, C.R., Cannatella, D.C. & Ryan, M.J. (2007) Sexual selection drives speciation in an Amazonian
frog. Proceedings of the Royal Society of London B, 274, 399—406.
https://doi.org/10.1098/rspb.2006.3736

Bourne, GR., Collins, A.C., Holder, A.M. & McCarthy, C.L. (2001) Vocal communication and reproductive behavior of the
frog Colostethus beebei in Guyana. Journal of Herpetology, 34, 272-281.
https://doi.org/10.2307/1566118

Bradbury, J.W. & Vehrencamp, S.L. (2011) Principles of animal communication. Vol. 2. Sinauer Associates, Sunderland, 697
pp-

Brenowitz, E.A., Rose, G. & Capranica, R.R. (1985) Neural correlates of temperature coupling in the vocal communication
system of the gray treefrog (Hyla versicolor). Brain Research, 359, 364-367.
https://doi.org/10.1016/0006-8993(85)91452-0

Brepson, L., Voituron, Y. & Lengagne, T. (2013) Condition-dependent ways to manage acoustic signals under energetic
constraint in a tree frog. Behavioral Ecology, 24, 488—496.
https://doi.org/10.1093/beheco/ars189

Bridges, A.S. & Dorcas, M.E. (2000) Temporal variation in anuran calling behavior: implications for surveys and monitoring
programs. Copeia, 2000, 587-592.
https://doi.org/10.1643/0045-8511(2000)000[0587: TVIACB]2.0.CO;2

Briggs, V.S. (2010) Call trait variation in Morelett’s tree frog, Agalychnis moreletii, of Belize. Herpetologica, 66, 241-249.
https://doi.org/10.1655/HERPETOLOGICA-D-09-00011.1

Broughton, W.B. (1963) Method in bio-acoustic terminology. /n: Busnel, R.G. (Ed.), Acoustic behaviour of animals, Elsevier,
Amsterdam, pp. 3-24.

Brown, W.L. & Wilson, E.O. (1956) Character displacement. Systematic Zoology, 5, 49—65.
https://doi.org/10.2307/2411924

Brumm, H. (2013) Animal Communication and Noise. Springer, Berlin Heidelberg, 453 pp.
https://doi.org/10.1007/978-3-642-41494-7

Brumm, H. & Slabbekoorn, H. (2005) Acoustic communication in noise. Advances in the Study of Behavior, 35, 151-209.
https://doi.org/10.1016/S0065-3454(05)35004-2

Brzoska, J. & Obert, H.-J. (1980) Acoustic signals influencing the hormone production of the testes in the grass frog. Journal of
Comparative Physiology A, 140, 25-29.
https://doi.org/10.1007/BF00613744

Burmeister, S., Somes, C. & Wilczynski, W. (2001) Behavioral and hormonal effects of exongenous vasotocin and
corticosterone in the green treefrog. General and Comparative Endocrinology, 122, 189-197.
https://doi.org/10.1006/gcen.2001.7625

Byrne, P. & Keogh, J. (2007) Terrestrial toadlets use chemosignals to recognize conspecifics, locate mates and strategically
adjust calling behaviour. Animal Behaviour, 74, 1155-1162.
https://doi.org/10.1016/j.anbehav.2006.10.033

Cadenovi¢, N., Vukov, T., Popovié, E. & Ljubisavljevi¢, K. (2013) Morphological differentiation of the common toad Bufo

74 - Zootaxa 4251 (1) © 2017 Magnolia Press KOHLER ET AL.


https://doi.org/10.1643/0045-8511(2000)000[0587:TVIACB]2.0.CO;2
https://doi.org/10.1643/0045-8511(2000)000[0587:TVIACB]2.0.CO;2
https://doi.org/10.1016/0006-8993(85)91452-0
https://doi.org/10.1016/0006-8993(85)91452-0
https://doi.org/10.1016/s0764-4469(97)80879-7
https://doi.org/10.1016/s0764-4469(97)80879-7
https://doi.org/10.1016/S0065-3454(05)35004-2
https://doi.org/10.1016/S0065-3454(05)35004-2

bufo (Linnaeus, 1758) in the central part of the Balkan Peninsula. Archives of Biological Science Belgrade, 65, 685—695.
https://doi.org/10.2298/ABS1302685C

Caldwell, M.S., Johnston, GR., McDaniel, J.G. & Warkentin, K.M. (2010) Vibrational signaling in the agonistic interactions of
red-eyed treefrogs. Current Biology, 20, 1012—1017.
https://doi.org/10.1016/j.cub.2010.03.069

Cardoso, A.J. & Heyer, W.R. (1995) Advertisement, aggressive, and possible seismic signals of the frog Leptodactylus syphax
(Amphibia, Leptodactylidae). Alytes, 13, 67-76.

Carvalho, J.E., Gomes, F.R. & Navas, C.A. (2008) Energy substrate utilization during nightly vocal activity in three species of
Scinax (Anura/Hylidae). Journal of Comparative Physiology B, 178, 447-456.
https://doi.org/10.1007/s00360-007-0236-6

Castellano, S. & Gamba, M. (2011) Marathon callers: acoustic variation during sustained calling in treefrogs. Ethology Ecology
& Evolution, 23, 329-342.
https://doi.org/10.1080/03949370.2011.575801

Castellano, S. & Giacoma, C. (1998) Stabilizing and directional female choice for male calls in the European green toad.
Animal Behaviour, 56, 275-287.
https://doi.org/10.1006/anbe.1998.0784

Castellano, S., Giacoma, C. & Dujsebayeva, T. (2000) Morphometric and advertisement call geographic variation in polyploid
green toads. Biological Journal of the Linnean Society, 70, 341-360.
https://doi.org/10.1111/§.1095-8312.2000.tb00214.x

Castellano, S., Giacoma, C., Dujsebayeva, T., Odierna, G. & Balletto, E. (1998) Morphometrical and acoustical comparison
between diploid and tetraploid green toads. Biological Journal of the Linnean Society, 63, 257-281.
https://doi.org/10.1111/1.1095-8312.1998.tb01517.x

Castellano, S., Cuatto, B., Rosalba, R., Rosso, A. & Giacoma, C. (2002b) The advertisement call of the European treefrogs
(Hyla arborea): a multilevel study of variation. Ethology, 108, 75-89.
https://doi.org/10.1046/j.1439-0310.2002.00761.x

Castellano, S., Tonttini, L., Giacoma, C., Lates, A. & Balletto, E. (2002a) The evolution of the release and advertisement calls
in the Green Toads (Bufo viridis complex). Biological Journal of the Linnean Society, 77, 379-391.
https://doi.org/10.1046/j.1095-8312.2002.00118.x

Castellano, S. & Rosso, A. (2006) Variation in call temporal properties and female preferences in Hyla intermedia. Behaviour,
143, 405—424.
https://doi.org/10.1163/156853906776240650

Catchpole, C.K. & Slater, P.J.B. (2008) Bird Song: Biological Themes and Variations. 2" Edition. Cambridge University Press,
Cambridge, 335 pp.
https://doi.org/10.1017/CB0O9780511754791

Cei, JM. & Roig, V.G. (1965) The systematic status and biology of Telmatobius montanus Lataste (Amphibia,
Leptodactylidae). Copeia, 1965, 421-425.
https://doi.org/10.2307/1440989

Channing, A., Hillers, A., Lotters, S., Rodel, M.-O., Schick, S., Conradie, W., Rédder, D., Mercurio, V., Wagner, P., Dehling,
J.M., Du Preez, L.H., Kielgast, J. & Burger, M. (2013) Taxonomy of the super-cryptic Hyperolius nasutus group of long
reed frogs of Africa (Anura: Hyperoliidae), with descriptions of six new species. Zootaxa, 3620 (3), 301-350.
https://doi.org/10.11646/zootaxa.3620.3.1

Charif, R.A., Waack, AM. & Strickman, L.M. (2010) Raven Pro 1.4 User’s Manual. Cornell Laboratory of Ornithology,
Ithaca, NY, 379 pp.

Che, J., Chen, H.M., Yang, J.X., Jin, J.Q., Jiang, K., Yuan, Z.Y., Murphy, R.W. & Zhang, Y.P. (2012) Universal COI primers for
DNA barcoding amphibians. Molecular Ecology Resources, 12, 247-258.
https://doi.org/10.1111/j.1755-0998.2011.03090.x

Christensen-Dalsgaard, J., Ludwing, T.A. & Narins, P.M. (2002) Call diversity in an Old World treefrog: level dependence and
latency of acoustic responses. Bioacoustics, 13, 21-35.
https://doi.org/10.1080/09524622.2002.9753484

Chu, J., Marler, C.A. & Wilczynski, W. (1998) The effects of arginine vasotocin on the calling behavior of male cricket frogs in
changing social contexts. Hormones and Bahavior, 34, 248-261.
https://doi.org/10.1006/hbeh.1998.1479

Clarke, E., Reichard, U.H. & Zuberbiihler, K. (2006) The syntax and meaning of wild gibbon songs. PLoS Orne, 1, €73.
https://doi.org/10.1371/journal.pone.0000073

Cocroft, R., Morales, V.R. & McDiarmid, R.W. (2001) Frogs of Tambopata, Peru. Cornell Laboratory of Ornithology,
Macaulay library of naturals sounds, New York, USA. [audio CD]

Cocroft, R.B. & Ryan, M.J. (1995) Patterns of advertisement call evolution in toads and chorus frogs. Animal Behaviour, 49,
283-303.
https://doi.org/10.1006/anbe.1995.0043

Colleye, O. & Parmentier, E. (2012) Overview on the diversity of sounds produced by clownfishes (Pomacentridae):
importance of acoustic signals in their peculiar way of life. PLoS One, 7, €49179.

BIOACOUSTICS IN ANURAN TAXONOMY Zootaxa 4251 (1) © 2017 Magnolia Press - 75



https://doi.org/10.1371/journal.pone.0049179

Collias, N.E. (1960) An ecological and functional classification of animal sounds. /n: Lanyon, W.E. & Tavolga, W.N. (Eds.),
Animal sounds and communication. Intelligencer Printing Company, Washington, D.C., pp. 368-391.

Cooley, J.R. (2007) Decoding asymmetries in reproductive character displacement. Proceedings of the Academy of Natural
Sciences of Philadelphia, 156, 89-96.
https://doi.org/10.1635/0097-3157(2007)156[89:DAIRCD]2.0.CO;2

Cowlishaw, G. (1992) Song function in gibbons. Behaviour, 121, 131-153.
https://doi.org/10.1163/156853992X00471

Coyne, J. & Orr, H.A. (2004) Speciation. Sinauer Associates, Massachusetts, 545 pp.

Crawford, A.J., Cruz, C., Griffith, E., Ross, H., Ibafiez, R., Lips, K.R., Driskell, A.C., Bermingham, E. & Crump, P. (2013)
DNA barcoding applied to ex situ tropical amphibian conservation programme reveals cryptic diversity in captive
populations. Molecular Ecology Resources, 13, 1005-1018.

Crawford, A.J., Lips, K.R. & Bermingham, E. (2010) Epidemic disease decimates amphibian abundance, species diversity, and
evolutionary history in the highlands of central Panama. Proceedings of the National Academy of Sciences of the U.S.A.,
107, 13777-13782.
https://doi.org/10.1073/pnas.0914115107

Cugler, D.C., Medeiros, C.B. & Toledo, L.F. (2011) Managing animal sounds - some challenges and research directions.
Proceedings V eScience Workshop-XXXI Brazilian Computer Society Conference, 2011, 174.

Cunnington, G.M. & Fahrig, L. (2010) Plasticity in the vocalizations of anurans in response to traffic noise. Acta Oecologica,
36, 463—470.
https://doi.org/10.1016/j.actao.2010.06.002

Davis, M.S. (1987) Acoustically mediated neighbor recognition in the North American bullfrog, Rana catesbeiana. Behavioral
Ecology and Sociobiology, 21, 185-190.
https://doi.org/10.1007/BF00303209

Davies, N.B. & Halliday, T.R. (1978) Deep croaks and fighting assessment in toads, Bufo bufo. Nature, 274, 683—685.
https://doi.org/10.1038/274683a0

Davies, N.B., Krebs, J.R. & West, S.A. (2012) An Introduction to Behavioural Ecology. 4" Edition. Wiley-Blackwell,
Chichester, 520 pp.

Dawson, B. & Ryan, M.J. (2009) Early experience leads to changes in the advertisement calls of male Physalaemus pustulosus.
Copeia, 2009, 221-226.
https://doi.org/10.1643/CE-07-254

Dayrat, B. (2005) Toward integrative taxonomy. Biological Journal of the Linnean Society, 85, 407—415.
https://doi.org/10.1111/1.1095-8312.2005.00503.x

de Aratjo, C.B., Marcondes Machado, L.O. & Vielliard, JM.E. (2011) Vocal repertoire of the Yellow-Faced Parrot
(Alipiopsitta xanthops). The Wilson Journal of Ornithology, 123, 603—608.
https://doi.org/10.1676/10-102.1

De Jongh, H.J. & Gans, C. (1969) On the mechanism of respiration in the bullfrog, Rana catesbeiana: a reassessment. Journal
of Morphology, 127, 259-290.
https://doi.org/10.1002/jmor.1051270302

De la Nuez, D. (2007) Variacion intraespecifica de la llamada de anuncio y aspectos eto-ecoldgicos de la conducta vocal de
Eleutherodactylus glamyrus (4nura: Leptodactylidae). BSc. Thesis., Universidad de La Habana, Havana, 86 pp.

De S4, F.P,, Zina, J. & Haddad, C.F.B. (2016) Sophisticated communication in the Brazilian torrent frog Hylodes japi. PLoS
One, 11, e0145444.
https://doi.org/10.1371/journal.pone.0145444

Delgado, D.B. & Haddad, C.F.B. (2015) Calling activity and vocal repertoire of Hypsiboas prasinus (Anura, Hylidae), a
treefrog from the Atlantic forest of Brazil. Herpetologica, 71, 88-95.
https://doi.org/10.1655/HERPETOLOGICA-D-13-00071

Depraetere, M., Pavoine, S., Jiguet, F., Gasc, A., Duvail, S. & Sueur, J. (2012) Monitoring animal diversity using acoustic
indices: implementation in a temperate woodland. Ecological Indicators, 13, 46-54.
https://doi.org/10.1016/j.ecolind.2011.05.006

De Queiroz, K. (1998) The general lineage concept of species, species criteria, and the process of speciation: a conceptual
unification and terminological recommendations. /n: Howard, D.J. & Berlocher, S.H. (Eds.), Endless forms: Species and
speciation. Oxford University Press, New York, pp. 57-75.

De Queiroz, K. (2007) Species concepts and species delimitation. Systematic Biology, 56, 879-886.
https://doi.org/10.1080/10635150701701083

Dobzhansky, T. (1937) Genetics and the Origin of Species. Columbia University Press, New York, 364 pp.

Dobzhansky, T. (1940) Speciation as a stage in evolutionary divergence. American Naturalist, 74, 312-321.
https://doi.org/10.1086/280899

Docherty, S., Bishop, PJ. & Passmore, N.I. (2000) Consistency of calling performance in male Hyperolius marmoratus
marmoratus: implications for male mating success. African Journal of Herpetology, 49, 43-52.
https://doi.org/10.1080/21564574.2000.9650015

76 - Zootaxa 4251 (1) © 2017 Magnolia Press KOHLER ET AL.



Dodd, C.K. Jr. (2013) Frogs of the United States and Canada. 2 Vols. Johns Hopkins University Press, Baltimore, xxvii + 962
pp-

Dubnov, S. (2004) Generalization of spectral flatness measure for non-Gaussian linear processes. /EEE Signal Processing
Letters, 11, 698-701.
https://doi.org/10.1109/LSP.2004.831663

Dudley, R. & Rand, A.S. (1991) Sound production and vocal sac inflation in the Tungara frog, Physalaemus pustulosus
(Leptodactylidae). Copeia, 1991, 460—470.
https://doi.org/10.2307/1446594

Dudley, R. & Rand, A.S. (1992) Underwater sound production in a Neotropical anuran, Physalaemus pustulosus
(Leptodactylidae). Bioacoustics, 4, 211-216.
https://doi.org/10.1080/09524622.1992.9753222

Duellman, W.E. (1963) Importance of breeding call in amphibian systematics. Proceedings of the International Congress of
Zoology, 16, 106-110.

Duellman, W.E. & Trueb, L. (1994) Biology of Amphibians. The Johns Hopkins University Press, Baltimore, 670 pp.

Du Preez, L. & Carruthers, V. (2009) 4 complete Guide to the Frogs of Southern Africa. Struik Nature, Cape Town, 488 pp.
[with audio CD]

Dyson, M.L., Reichert, M.S. & Halliday, T. (2013) Contests in amphibians. /n: Hardy, I.C. W. & Briffa, M. (Eds), Animal
contests. Cambridge University Press, Cambridge, pp. 228-257.
https://doi.org/10.1017/cbo9781139051248.013

Edds-Walton, P.L. (1997) Acoustic communication signals of mysticete whales. Bioacoustics, 8, 47—60.
https://doi.org/10.1080/09524622.1997.9753353

Elliott, L., Gerhardt, C. & Davidson, C. (2009) The Frogs and Toads of North America: A Comprehensive Guide to their
Identification, Behavior and Calls. Houghton Mifflin Harcourt, Boston, 344 pp. [with audio CD]

Emerson, S.B. & Boyd, S.K. (1999) Mating vocalizations of female frogs: control and evolutionary mechanisms. Brain,
Behavior and Evolution, 53, 187-197.
https://doi.org/10.1159/000006594

Emerson, S.B. & Hess, D.L. (1996) The role of androgens in opportunistic breeding tropical frogs. General and Comparative
Endocrinology, 103, 220-230.
https://doi.org/10.1006/gcen.1996.0113

Emerson, S.B. & Hess, D.L. (2001) Glucocorticoids, androgens, testis mass, and the energetics of vocalization in breeding male
frogs. Hormones and Behavior, 39, 59-69.
https://doi.org/10.1006/hbeh.2000.1635

Erdtmann, L.K. & Lima, A.P. (2013) Environmental effects on anuran call design: what we know and what we need to know.
Ethology Ecology & Evolution, 25, 1-11.
https://doi.org/10.1080/03949370.2012.744356

Ey, E. & Fischer, J. (2009) The “acoustic adaptation hypothesis” - a review of the evidence from birds, anurans and mammals.
Bioacoustics, 19, 21-48.
https://doi.org/10.1080/09524622.2009.9753613

Faria, D.C. do C., Signorelli, L., de Morais, A.R., Bastos, R.P. & Maciel, N.M. (2013) Geographic structure and acoustic
variation in populations of Scinax squalirostris (A. Lutz, 1925) (Anura: Hylidae). North-Western Journal of Zoology, 9,
329-336.

Feng, A.S., Arch, V.S., Yu, Z., Yu, X.-J., Xu, Z.M. & Shen, J.X. (2009a) Neighbor—stranger discrimination in Concave-eared
Torrent Frogs, Odorrana tormota. Ethology, 115, 851-856.
https://doi.org/10.1111/j.1439-0310.2009.01666.x

Feng, A.S. & Narins, P.M. (2008) Ultrasonic communication in concave-eared torrent frogs (4dmolops tormotus). Journal of
Comparative Physiology A, 194, 159-167.
https://doi.org/10.1007/s00359-007-0267-1

Feng, A.S., Narins, PM., Xu, C.H., Lin, W.Y., Yu, Z.L., Qiu, Q., Xu, Z.M. & Shen, J.X. (2006) Ultrasonic communication in
frogs. Nature, 440, 333-336.
https://doi.org/10.1038/nature04416

Feng, A.S., Riede, T., Arch, V.S., Yu, Z., Xu, Z.-M., Yu, X.-J. & Shen, J.-X. (2009b) Diversity of the vocal signals of Concave-
eared Torrent Frogs (Odorrana tormota): evidence for individual signatures. Ethology, 115, 1015-1028.
https://doi.org/10.1111/j.1439-0310.2009.01692.x

Forester, D.C. (1973) Mating call as a reproductive isolating mechanism between Scaphiopus bombifrons and S. hammondii.
Copeia, 1973, 60—67.
https://doi.org/10.2307/1442358

Forrest, T.G. (1994) From sender to receiver: propagation and environmental effects on acoustic signals. American Zoologist,
34, 644-654.
https://doi.org/10.1093/icb/34.6.644

Forti, L.R., Costa, W.P., Martins, L.B., Nunes-de-Almeida, C.H.L. & Toledo, L.F. (2016) Advertisement call and genetic
structure conservatism: good news for an endangered Neotropical frog. PeerJ, 4, €2014.

BIOACOUSTICS IN ANURAN TAXONOMY Zootaxa 4251 (1) © 2017 Magnolia Press - 77



https://doi.org/10.7717/peerj.2014

Forti, L.R., Marquez, R. & Bertoluci, J. (2015) Advertisement call of Dendropsophus microps (Anura: Hylidae) from two
populations of southeastern Brazil. Zoologia, 32, 187—194.
https://doi.org/10.1590/S1984-46702015000300002

Forti, L.R., Martins, F.A.M. & Bertoluci, J. (2012) Advertisement call and geographical variation in call features of
Dendropsophus berthalutzae (Anura: Hylidae) from the Atlantic Rainforest of southeastern Brazil. Zootaxa, 3310, 66—68.

Fouquet, A., Gilles, A., Vences, M., Marty, C., Blanc, M. & Gemmell, N.J. (2007) Underestimation of species richness in
Neotropical frogs revealed by mtDNA analyses. PLoS One, 2, e1109.
https://doi.org/10.1371/journal.pone.0001109

Fouquet, A., Martinez, Q., Zeidler, L., Courtois, E.A., Gaucher, P, Blanc, M., Lima, J.D., Marques Souza, S., Rodrigues, M.T.
& Kok, PJ.R. (2016) Cryptic diversity in the Hypsiboas semilineatus species group (Amphibia, Anura) with the
description of a new species from the eastern Guiana Shield. Zootaxa, 4084 (1), 79-104.
https://doi.org/10.11646/zootaxa.4084.1.3

Fouquette, M.J. (1975) Speciation in chorus frogs. I. Reproductive character displacement in the Pseudacris nigrita complex.
Systematic Zoology, 24, 16-22.
https://doi.org/10.2307/2412694

Friedl, T.W.P. (2006) Individual male calling pattern and male mating success in the European Treefrog (Hyla arborea): is there
evidence for directional or stabilizing selection on male calling behaviour? Ethology, 112, 116—126.
https://doi.org/10.1111/j.1439-0310.2005.01132.x

Friedl, TW.P. & Klump GM. (2002) The vocal behaviour of male European treefrogs (Hyla arborea): implications for inter-
and intrasexual selection. Behaviour, 139, 113—-136.
https://doi.org/10.1163/15685390252902319

Frommolt, K.-H. (1999) Sidebands — facts and artifacts. Bioacoustics, 10, 219-224.
https://doi.org/10.1080/09524622.1999.9753432

Frommolt, K.-H. & Tauchert, K.-H. (2014) Applying bioacoustic methods for long-term monitoring of a nocturnal wetland
bird. Ecological Informatics, 21, 4-12.
https://doi.org/10.1016/j.ecoinf.2013.12.009

Frommolt, K.H., Kaufmann, M., Mante, S. & Zadow, M. (2008) Die LautduBerungen der Knoblauchkrote (Pelobates fuscus)
und Moglichkeiten einer akustischen Bestandserfassung der Art. Rana, Special Issue, 5, 101-112.

Frost, D. (2017) Amphibian Species of the World: an Online Reference. Version 6.0 (11 January 2017). Electronic Database.
American Museum of Natural History, New York, USA. Available from: http://research.amnh.org/herpetology/amphibia/
index.html (accessed 8 February 2017)

Funk, W.C., Caminer, M. & Ron, S.R. (2012) High levels of cryptic species diversity uncovered in Amazonian frogs.
Proceedings of the Royal Society of London B, 279, 1806—1814.
https://doi.org/10.1098/rspb.2011.1653

Funk, W.C., Cannatella, D.C. & Ryan, M.J. (2009) Genetic divergence is more tightly related to call variation than landscape
features in the Amazonian frogs Physalaemus petersi and P. freibergi. Journal of Evolutionary Biology, 22, 1839-1853.
https://doi.org/10.1111/j.1420-9101.2009.01795.x

Gambale, P.G. & Bastos, R.P. (2014) Vocal repertoire and bioacoustic analyses in Physalaemus cuvieri (Anura,
Leptodactylidae) from southern Brazil. Herpetological Journal, 24, 31-34.

Gambale, P.G., Signorelli, L. & Bastos, R.P. (2014) Individual variation in the advertisement calls of a Neotropical treefrog
(Scinax constrictus). Amphibia-Reptilia, 3, 271-281.
https://doi.org/10.1163/15685381-00002949

Gancheyv, T.D., Jahn, O., Marques, M.I., Figueiredo, J.M. de & Schuchmann, K.-L. (2015) Automated acoustic detection of
Vanellus chilensis lampronotus. Expert Systems with Applications, 42, 6098—6111.
https://doi.org/10.1016/j.eswa.2015.03.036

Gans, C. (1973) Sound production in the Salientia: mechanism and evolution of the emitter. American Zoologist, 13, 1179—
1194.
https://doi.org/10.1093/icb/13.4.1179

Gardner, E.A. & Graves, B.M. (2005) Responses of resident male Dendrobates pumilio to territory intruders. Journal of
Herpetology, 39, 248-253.
https://doi.org/10.1670/95-04A

Gasc, A., Sueur, J., Pavoine, S., Pellens, R. & Grandcolas, P. (2013) Biodiversity sampling using a global acoustic approach:
contrasting sites with microendemics in New Caledonia. PLoS One, 8, €65311.
https://doi.org/10.1371/journal.pone.0065311

Gasser, H., Amézquita, A. & Hodl, W. (2009) Who is calling? Intraspecific call variation in the aromobatid frog Allobates
femoralis. Ethology, 115, 596—607.
https://doi.org/10.1111/j.1439-0310.2009.01639.x

Gayou, D.C. (1984) Effects of temperature on the mating call of Hyla versicolor. Copeia, 1984, 733-738.
https://doi.org/10.2307/1445157

Gehara, M., Crawford, A.J., Orrico, V.G.D., Rodriguez, A., Létters, S., Fouquet, A., Barrientos, L.S., Brusquetti, F., De la Riva,

78 - Zootaxa 4251 (1) © 2017 Magnolia Press KOHLER ET AL.



I., Ernst, R., Gagliardi Urrutia, G., Glaw, F., Guayasamin, J.M., Holting, M., Jansen, M., Kok, P.J.R., Kwet, A., Lingnau,
R., Lyra, M., Moravec, J., Pombal Jr., J.P., Rojas-Runjaic, F.J.M., Schulze, A., Seiiaris, J.C., Solé, M., Trefaut Rodriguez,
M., Twomey, E., Haddad, C.F.B., Vences, M. & Kohler, J. (2014) High levels of diversity uncovered in a widespread
nominal taxon: continental phylogeography of the Neotropical tree frog Dendropsophus minutus. PLoS One, 9, €103958.
https://doi.org/10.1371/journal.pone.0103958

Gergus, E.W.A., Reeder, T.W. & Sullivan, B.K. (2004) Geographic variation in Hyla wrightorum: advertisement calls,
allozymes, mtDNA, and morphology. Copeia, 2004, 758-769.
https://doi.org/10.1643/CG-04-061R

Gergus, E.W.A., Sullivan, B.K. & Malmos, K.B. (1997) Call variation in the Bufo microscaphus complex: implications for
species boundaries and the evolution of mate recognition. Ethology, 103, 979-989.
https://doi.org/10.1111/j.1439-0310.1997.tb00140.x

Gerhardt, H.C. (1974) The vocalizations of some hybrid treefrogs: acoustic and behavioral analyses. Behaviour, 49, 130-151.
https://doi.org/10.1163/156853974X00435

Gerhardt, H.C. (1975) Sound pressure levels and sound radiation patterns of the vocalizations of some North American frogs
and toads. Journal of Comparative Physiology, 102, 1-12.
https://doi.org/10.1007/BF 00657481

Gerhardt, H.C. (1978) Temperature coupling in the vocal communication system of the gray tree frog, Hyla versicolor. Science,
199, 992-994.
https://doi.org/10.1126/science.199.4332.992

Gerhardt, H.C. (1982) Sound pattern recognition in some North American treefrogs (Anura: Hylidae): implications for mate
choice. American Zoologist, 22, 581-595.
https://doi.org/10.1093/icb/22.3.581

Gerhardt, H.C. (1988) Acoustic properties used in call recognition in frogs and toads. /n: Fritzsch, B., Ryan, M.J., Wilczynski,
W., Hetherington, T.E. & Walkowiak, W. (Eds.), The Evolution of the Amphibian Auditory System. Wiley, New York, pp.
455-483.

Gerhardt, H.C. (1991) Female mate choice in treefrogs: static and dynamic acoustic criteria. Animal Behaviour, 42, 615-635.
https://doi.org/10.1016/S0003-3472(05)80245-3

Gerhardt, H.C. (1994a) The evolution of vocalization in frogs and toads. Annual Reviews of Ecology and Systematics, 25, 293—
324.
https://doi.org/10.1146/annurev.es.25.110194.001453

Gerhardt, H.C. (1994b) Reproductive character displacement of female mate choice in the grey treefrog, Hyla chrysoscelis.
Animal Behaviour, 47, 959-969.
https://doi.org/10.1006/anbe.1994.1127

Gerhardt, H.C. (1998) Acoustic signals of animals: recording, field measurements, analysis and description. 7/n: Hopp, S.L.,
Owren, M.J. & Evans, C.S. (Eds.), Animal Acoustic Communication: Sound Analysis and Research Methods. Springer,
Berlin, pp. 1-23.
https://doi.org/10.1007/978-3-642-76220-8 1

Gerhardt, H.C. (2012) Evolution of acoustic communication: a multi-level analysis of signal variation. Bioacoustics, 21, 9—11.
https://doi.org/10.1080/09524622.2011.647469

Gerhardt, H.C. (2013) Geographic variation in acoustic communication: reproductive character displacement and speciation.
Evolutionary Ecology Research, 15, 605—632.

Gerhardt, H.C. & Davis, M.S. (1988) Variation in the coding of species identity in the advertisement calls of Litoria verreauxi
(Anura: Hylidae). Evolution, 42, 556—565.
https://doi.org/10.2307/2409039

Gerhardt, H.C., Dyson, M.L. & Tanner, S.D. (1996) Dynamic properties of the advertisement calls of gray tree frogs: patterns
of variability and female choice. Behavioral Ecology, 7, 7-18.
https://doi.org/10.1093/beheco/7.1.7

Gerhardt, H.C., Guttman, S.I. & Karlin, A.A. (1980) Natural hybrids between Hyla cinerea and Hyla gratiosa: Morphology,
vocalization and electrophoretic analysis. Copeia, 1980, 577-584.
https://doi.org/10.2307/1444432

Gerhardt, H.C. & Huber, F. (2002) Acoustic Communication in Insects and Frogs: Common Problems and Diverse Solutions.
University of Chicago Press, Chicago, 542 pp.

Gerhardt, H.C. & Schwartz, J.J. (1995) Interspecific interactions in anuran courtship. /n: Heatwole, H. & Sullivan, B.K. (Eds.),
in Amphibian Biology. Vol. 2. Social Behaviour. Surrey Beatty and Sons, Chipping Norton, New South Wales, pp. 603—
632.

Giacoma, C., Zugolaro, C. & Beani, L. (1997) The advertisement calls of the green toad (Bufo viridis): variability and role in
mate choice. Herpetologica, 53, 454-464.

Giaretta, A.A., Vo, P., Herche, J., Tang, J.N. & Gridi-Papp, M. (2015) Reinterpreting features of the advertisement call of
Dermatonotus muelleri (Boettger, 1885; Anura, Microhylidae). Zootaxa, 3972 (4), 595-598.
https://doi.org/10.11646/zootaxa.3972.4.11

Gingras, B., Boeckle, M., Herbst, C.T. & Fitch, W.T. (2013) Call acoustics reflect body size across four clades of anurans.

BIOACOUSTICS IN ANURAN TAXONOMY Zootaxa 4251 (1) © 2017 Magnolia Press - 79



Journal of Zoology, 289, 143—150.
https://doi.org/10.1111/j.1469-7998.2012.00973.x

Given, M.F. (1996) Intensity modulation of advertisement calls in Bufo woodhousii fowleri. Copeia, 1996, 970-977.
https://doi.org/10.2307/1447660

Glaw, F. & Kohler, J. (1998) Amphibian species diversity exceeds that of mammals. Herpetological Review, 29, 11-12.

Glaw, F., Kohler, J., De la Riva, I., Vieites, D.R. & Vences, M. (2010) Integrative taxonomy of Malagasy treefrogs:
combination of molecular genetics, bioacoustics and comparative morphology reveals twelve additional species of
Boophis. Zootaxa, 2383, 1-82.

Glaw, F. & Vences, M. (1991) Bioacoustic differentiation in painted frogs (Discoglossus). Amphibia-Reptilia, 12, 385-394.
https://doi.org/10.1163/156853891X00031

Glaw, F. & Vences, M. (1994) 4 Fieldguide to the Amphibians and Reptiles of Madagascar. Second Edition. Vences & Glaw
Verlag, Cologne, 496 pp.

Goense, J.B.M. & Feng, A.S. (2005) Seasonal changes in frequency tuning and temporal processing in single neurons in the
frog auditory midbrain. Journal of Neurobiology, 65, 22-36.
https://doi.org/10.1002/neu.20172

Goicoechea, N., De la Riva, I. & Padial, J.M. (2010) Recovering phylogenetic signal from frog mating calls. Zoologica Scripta,
39, 141-154.
https://doi.org/10.1111/j.1463-6409.2009.00413.x

Goutte, S., Dubois, A. & Legendre, F. (2013) The importance of ambient sound level to characterise anuran habitat. PLoS One,
8, ¢78020.
https://doi.org/10.1371/journal.pone.0078020

Grafe, T.U. (1995) Graded aggressive calls in the African painted reed frog Hyperolius marmoratus (Hyperoliidae). Ethology,
101, 67-81.
https://doi.org/10.1111/.1439-0310.1995.tb00346.x

Grafe, T.U., Preininger, D., Sztatecsny, M., Kasah, R., Dehling, J.M., Proksch, S. & Hodl, W. (2012) Multimodal
communication in a noisy environment: a case study of the Bornean rock frog Staurois parvus. PLoS One, 7, €37965.
https://doi.org/10.1371/journal.pone.0037965

Grafe, T.U., Schmuck, R. & Linsenmair, K.E. (1992) Reproductive energetics of the African reed frogs, Hyperolius viridiflavus
and Hyperolius marmoratus. Physiological Zoology, 20, 153—171.
https://doi.org/10.1086/physzool.65.1.30158244

Grafe, T.U. & Thein, J. (2001) Energetics of calling and metabolic substrate use during prolonged exercise in the European
treefrog Hyla arborea. Journal of Comparative Physiology B, 171, 69-76.
https://doi.org/10.1007/s003600000151

Grant, P.R. (1972) Convergent and divergent character displacement. Biological Journal of the Linnean Society, 4, 39-68.
https://doi.org/10.1111/1.1095-8312.1972.tb00690.x

Greenfield, M.D. (2006) Honesty and deception in animal signals. /n: Lucas, J.R. & Simmons, L.W. (Eds.), Essays in Animal
Behaviour: Celebrating 50 Years of Animal Behaviour. Academic Press, London, pp. 279-298.

Greenewalt, C.H. (1968) Bird song: Acoustic and Physiology. Smithsonian Institute Press, Washington, DC, 496 pp.

Grenat, P.R. & Martino, L. (2013) The release call as a diagnostic character between cryptic related species Odontophrynus
cordobae and O. americanus (Anura: Cycloramphidae). Zootaxa, 3635 (5), 583-586.
https://doi.org/10.11646/zootaxa.3635.5.8

Gridi-Papp, M. (2003) SoundRuler, acoustic analysis and graphing. Sourceforge. Available from: http://
soundruler.sourceforge.net (accessed 3 November 2016)

Gridi-Papp, M. (2008) The structure of vocal sounds produced with the mouth closed or with the mouth open in treefrogs.
Journal of the Acoustical Society of America, 123, 2895-2902.
https://doi.org/10.1121/1.2897001

Gridi-Papp, M., Rand, A.S. & Ryan, M.J. (2006) Animal communication: complex call production in the TGngara frog. Nature,
441, 38.
https://doi.org/10.1038/441038a

Gruber, S.L., Silva, A.P., Haddad, C.F.B. & Kasahara, S. (2013) Cytogenetic analysis of Phyllomedusa distincta Lutz, 1950 (2n
= 2x = 26), P. tetraploidea Pombal and Haddad, 1992 (2n = 4x = 52), and their natural triploid hybrids (2n = 3x = 39)
(Anura, Hylidae, Phyllomedusinae). BMC Genetics, 14, 75.
https://doi.org/10.1186/1471-2156-14-75

Guerra, M.A. & Ron, S.R. (2008) Mate choice and courtship signal differentiation promotes speciation in an Amazonian frog.
Behavioral Ecology, 19, 1128—1135.
https://doi.org/10.1093/beheco/arn098

Guillot, G, Renaud, S., Ledevin, R., Michaux, J. & Claude, J. (2012) A unifying model for the analysis of phenotypic, genetic,
and geographic data. Systematic Biology, 61, 897-911.
https://doi.org/10.1093/sysbio/sys038

Haddad, C.F.B. & Cardoso, A.J. (1992) Eleccion del macho por la hembra de Hyla minuta (Amphibia: Anura). Acta Zoologica
Lilloana, 41, 81-91.

80 - Zootaxa 4251 (1) © 2017 Magnolia Press KOHLER ET AL.



Haddad, C.F.B., Cardoso, A.J. & Castanho, L.M. (1990) Hibrida¢do natural entre Bufo ictericus e Bufo crucifer (Amphibia:
Anura). Revista Brasileira de Biologia, 50, 739-744.

Haddad, C.F.B., Giovanelli, J.GR., Giasson, L.O.M. & Toledo, L.F. (2005) Sound Guide of the Atlantic Rain Forest Anurans.
Lab. Herpetologia, UNESP, Rio Claro, SP, 14 pp. [audio CD with an explanatory booklet]

Haddad, C.F.B., Pombal, J.P. & Batistic, R.F. (1994) Natural hybridization between diploid and tetraploid species of leaf-frogs,
genus Phyllomedusa (Amphibia). Journal of Herpetology, 28, 425—430.
https://doi.org/10.2307/1564953

Hafner, S.D. & Katz, J. (2014) Package ‘monitoR’. Acoustic Template Detection in R. CRAN. Available from: http://
www.uvm.edu/rsenr/vtcfwru/R/?Page=monitoR/ monitoR.htm (accessed 3 November 2016)

Halliday, T.R. (1977) The courtship of European newts: an evolutionary perspective. /n: Taylor, D.H. & Guttman, S.I. (Eds.),
The Reproductive Biology of Amphibians. Plenum Press, New York, pp. 185-232.
https://doi.org/10.1007/978-1-4757-6781-0_6

Hanken, J. (1999) Why are there so many new amphibian species when amphibians are declining? Trends in Ecology and
Evolution, 14, 7-8.
https://doi.org/10.1016/S0169-5347(98)01534-1

Hanna, D.E.L., Wilson, D.R., Blouin-Demers, G. & Mennill, D.J. (2014) Spring peeper (Pseudacris crucifer) modify their call
structure in response to noise. Current Zoology, 60, 438—448.
https://doi.org/10.1093/cz00l0/60.4.438

Hawlitschek, O., Moriniére, J., Dunz, A., Franzen, M., Rodder, D., Glaw, F. & Haszprunar, G. (2016): Comprehensive DNA
barcoding of the herpetofauna of Germany. Molecular Ecology Resources, 16, 242-253.
https://doi.org/10.1111/1755-0998.12416

Heyer, W.R. (1994) Recording frog calls. /n: Heyer, W.R., Donnelly, M.A., McDiarmid, R.W., Hayek, L.A.C. & Foster, M.S.
(Eds.), Measuring and Monitoring Biological Diversity. Standard Methods for Amphibians. Smithsonian Institution Press,
Washington DC, pp. 285-287.

Heyer, W.R., Rand, A.S., Da Cruz, C.A.G,, Peixoto, O.L. & Nelson, C.E. (1990) Frogs of Boracéia. Arquivos de Zoologia, 1,
237-410.

Heyer, W.R. & Reid, Y.R. (2003) Does advertisement call variation coincide with genetic variation in the genetically diverse
frog taxon currently known as Leptodactylus fuscus (Amphibia: Leptodactylidae)? Anais da Academia Brasileira de
Ciéncias, 75, 39-54.
https://doi.org/10.1590/S0001-37652003000100006

Higgie, M., Chenoweth, S. & Blows, M.W. (2000) Natural selection and the reinforcement of mate recognition. Science, 290,
519-521.
https://doi.org/10.1126/science.290.5491.519

Hirschmann, W. & Hodl, W. (2006) Visual signaling in Phrynobatrachus krefftii Boulenger, 1909 (Anura: Ranidae).
Herpetologica, 62, 18-27.
https://doi.org/10.1655/04-06.1

Hobel, G. & Gerhardt, H.C. (2003) Reproductive character displacement in the communication system of green treefrogs (Hyla
cinerea). Evolution, 57, 894-904.
https://doi.org/10.1111/j.0014-3820.2003.tb00300.x

Hodl, W. & Amézquita, A. (2001) Visual signalling in anuran amphibians. /n: Ryan, M.J. (Ed.), Anuran Communication.
Smithsonian Institution Press, Washington DC, pp. 121-141.

Haodl, W. & Gollmann, G. (1986) Distress calls in Neotropical frogs. Amphibia-Reptilia, 7, 11-21.
https://doi.org/10.1163/156853886X00226

Hoffman, E. & Blouin, M. (2000) A review of colour and pattern polymorphisms in anurans. Biological Journal of the Linnean
Society, 70, 633—665.
https://doi.org/10.1111/1.1095-8312.2000.tb00221.x

Hoffmann, F. & Kloas, W. (2012) Estrogens can disrupt amphibian mating behavior. PLoS One, 7, €32097.
https://doi.org/10.1371/journal.pone.0032097

Hoffmann, A. & Reyer, H.U. (2013) Genomic effects on advertisement call structure in diploid and triploid hybrid waterfrogs
(Anura, Pelophylax esculentus). BMC Ecology, 13, 47.
https://doi.org/10.1186/1472-6785-13-47

Hoskin, C.J., Higgie, M., McDonald, K.R. & Moritz, C. (2005) Reinforcement drives rapid allopatric speciation. Nature, 437,
1353-1356.
https://doi.org/10.1038/nature04004

Howard, D.J. (1993) Reinforcement: origin, dynamics & fate of an evolutionary hypothesis. /n: Harrison, R.G. (Ed.), Hybrid
Zones and the Evolutionary Process. Oxford University Press, New York, pp. 46—69.

Howard, R.D. & Young, J.R. (1998) Individual variation in male vocal traits and female mating preferences in Bufo
americanus. Animal Behaviour, 55, 1165-1179.
https://doi.org/10.1006/anbe.1997.0683

Huang, C.-J., Yang, Y-J., Yang, D.-X. & Chen, Y.-J. (2009) Frog classification using machine learning techniques. Expert
Systems with Applications, 36, 3737-3743.

BIOACOUSTICS IN ANURAN TAXONOMY Zootaxa 4251 (1) © 2017 Magnolia Press - 81



https://doi.org/10.1016/j.eswa.2008.02.059

Humfeld, S.C. (2013) Condition-dependent signaling and adoption of mating tactics in an amphibian with energetic displays.
Behavioral Ecology, 25, 520-530.
https://doi.org/10.1093/beheco/art024

Hunt, F.V. (1955) Acoustic vs Acoustical. Journal of the Acoustical Society of America, 27, 975.
https://doi.org/10.1121/1.1908102

Irisarri, 1., Vences, M., San Mauro, D., Glaw, F. & Zardoya, R. (2011) Reversal to air-driven sound production revealed by a
molecular phylogeny of tongueless frogs, family Pipidae. BMC Evolutionary Biology, 11, 114.
https://doi.org/10.1186/1471-2148-11-114

Jackson, L. (1996) Sidebands — artefacts or facts? Bioacoustics, 7, 163—164.
https://doi.org/10.1080/09524622.1996.9753325

Jang, Y. (2008) Asymmetry in reproductive character displacement. Journal of Ecology and Field Biology, 31, 255-260.
https://doi.org/10.5141/jefb.2008.31.4.255

Jang, Y., Hahm, E.H., Lee, H.-J., Park, S., Won, Y.-J. & Choe, J.C. (2011) Geographic variation in advertisement calls in a tree
frog species: gene flow and selection hypotheses. PLoS One, 6, €23297.
https://doi.org/10.1371/journal.pone.0023297

Jansen, M., Bloch, R., Schulze, A. & Pfenninger, M. (2011) Integrative inventory of Bolivia’s lowland anurans reveals hidden
diversity. Zoologica Scripta, 40, 567-583.
https://doi.org/10.1111/j.1463-6409.2011.00498.x

Jansen, M., Masurowa, A. & O"Hara, R.B. (2016b) Temporal variation, duty cycle and absolute calling effort during sustained
calling of Leptodactylus mystacinus (Anura: Leptodactylidae). Salamandra, 52, 328-336.

Jansen, M., Plath, M., Brusquetti, F. & Ryan, M. (2016a) Asymmetric frequency shift in advertisement calls of sympatric frogs.
Amphibia-Reptilia, 37, 137-152.
https://doi.org/10.1163/15685381-00003038

Jehle, R. & Arak, A. (1998) Graded call variation in the Asian cricket frog Rana nicobariensis. Bioacoustics, 9, 35-48.
https://doi.org/10.1080/09524622.1998.9753378

Jim, J. & Caramaschi, U. (1979) Uma nova espécie de Hyla da regido de Botucatu, Sdo Paulo, Brasil (Amphibia, Anura).
Revista Brasileira de Biologia, 40, 717-719.

Jones, G. & Barlow, K.E. (2003) Cryptic species of echolocating bats. /n: Thomas, J.A., Moss, C. & Vater, M. (Eds.),
Echolocation in Bats and Dolphins. University of Chicago Press, pp. 345-349.

Kaefer, I.L. & Lima, A.P. (2012) Sexual signals of the Amazonian frog Allobates paleovarzensis: geographic variation and
stereotypy of acoustic traits. Behaviour, 149, 15-33.
https://doi.org/10.1163/156853912X623757

Kaefer, I.L., Tsuji-Nishikido, B.M. & Lima, A.P. (2012) Beyond the river: underlying determinants of population acoustic
signal variability in Amazonian direct-developing Allobates (Anura: Dendrobatoidea). Acta Ethologica, 15, 187-194.
https://doi.org/10.1007/s10211-012-0126-0

Kaffenberger, N., Wollenberg, K.C., Kohler, J., Glaw, F., Vieites, D.R. & Vences, M. (2011) Molecular phylogeny and
biogeography of Malagasy frogs of the genus Gephyromantis. Molecular Phylogenetics and Evolution, 62, 555-560.
https://doi.org/10.1016/j.ympev.2011.09.023

Keister, A.R. (1977) Communication in amphibians and reptiles. /n: Sebeok, T.A. (Ed.), How Animals Communicate. Indiana
University Press, Bloomington, pp. 519-544.

Kelley, D.B. (2004) Vocal communication in frogs. Current Opinions in Neurobiology, 14, 751-757.
https://doi.org/10.1016/j.conb.2004.10.015

Kikuyama, S., Nakada, T., Toyoda, F., Iwata, T., Yamamoto, K. & Conlon, J.M. (2005) Amphibian pheromones and endocrine
control of their secretion., Annals of the New York Academy of Sciences, 1040, 123—130.
https://doi.org/10.1196/annals.1327.015

Kime, N.M., Ryan, M.J. & Wilson, P.S. (2013) A bond graph approach to modeling the anuran vocal production system.
Journal of the Acoustic Society of America, 133, 4133—4144.
https://doi.org/10.1121/1.4802743

Kime, N.M., Turner, W.R. & Ryan, M.J. (2000) The transmission of advertisement calls in Central American frogs. Behavioral
Ecology, 11, 71-83.
https://doi.org/10.1093/beheco/11.1.71

Kime, N.M., Whitney, T.K., Davis, E.S. & Marler, C.A. (2007) Arginine vasotocin promotes calling behavior and call changes
in male Tungara frogs. Brain Behavior and Evolution, 69, 254-265.
https://doi.org/10.1159/0000996 13

Kingston, T. & Rossiter, S.J. (2004) Harmonic-hopping in Wallacea's bats. Nature, 429, 654—657.
https://doi.org/10.1038/nature02487

Klomberg, K.F. & Marler, C.A. (2000) The neuropeptide arginine vasotocin alters male call characteristics involved in social
interactions in the grey treefrog, Hyla versicolor. Animal Behaviour, 59, 807-812.
https://doi.org/10.1006/anbe.1999.1367

Klump, GM. & Gerhardt, H.C. (1987) Use of non-arbitrary acoustic criteria in mate choice by female gray tree frogs. Nature,

82 - Zootaxa 4251 (1) © 2017 Magnolia Press KOHLER ET AL.



326,286-288.
https://doi.org/10.1038/326286a0

Klymus, K.E., Humfeld, S.C., Marshall, V.T., Cannatella, D. & Gerhardt, H.C. (2010) Molecular patterns of differentiation in
canyon treefrogs (Hyla arenicolor): evidence for introgressive hybridization with the Arizona treefrog (H. wrightorum)
and correlations with advertisement call differences. Journal of Evolutionary Biology, 23, 1425—1435.
https://doi.org/10.1111/j.1420-9101.2010.02008.x

Kohler, J. (2000) Amphibian diversity in Bolivia: a study with special reference to montane forest regions. Bonner zoologische
Monographien, 48, 1-243.

Kohler, J., Glaw, F. & Vences, M. (2007) A new green treefrog, genus Boophis Tschudi 1838 (Anura Mantellidae), from arid
western Madagascar: phylogenetic relationships and biogeographic implications. Tropical Zoology, 20, 215-227.

Kohler, J., Koscinski, D., Padial, J.M., Chaparro, J.C., Handford, P., Lougheed, S.C. & De la Riva, 1. (2010) Systematics of
Andean gladiator frogs of the Hypsiboas pulchellus species group (Anura, Hylidae). Zoologica Scripta, 39, 572—590.
https://doi.org/10.1111/j.1463-6409.2010.00448.x

Kohler, J., Scheelke, K., Schick, S., Veith, M. & Léotters, S. (2005b) Contribution to the taxonomy of hyperoliid frogs
(Amphibia, Anura, Hyperoliidae): advertisement calls of twelve species from East and Central Africa. African Zoology,
40, 127-142.

Kohler, J., Vieites, D.R., Bonett, R.M., Hita Garcia, F., Glaw, F., Steinke, D. & Vences, M. (2005a) New amphibians and global
conservation: a boost in species discoveries in a highly endangered vertebrate group. BioScience, 55, 693—696.
https://doi.org/10.1641/0006-3568(2005)055[0693:NAAGCA]2.0.CO;2

Kok, P.J.R. & Kalamandeen, M. (2008) Introduction to the Taxonomy of the Amphibians of Kaieteur National Park, Guyana.
Abc Taxa, Belgian Development Corporation, Brussels, 278 pp.

Kok, P.J.R., MacCulloch, R.D., Means, D.B., Roelants, K., Van Bocxlaer, I. & Bossuyt, F. (2012) Low genetic diversity in tepui
summit vertebrates. Current Biology, 22, R589-R590.
https://doi.org/10.1016/j.cub.2012.06.034

Kok, P.J.R., Willaert, B. & Means, D.B. (2013) A new diagnosis and description of Anomaloglossus roraima (La Marca, 1998)
(Anura: Aromobatidae: Anomaloglossinae), with description of its tadpole and call. South American Journal of
Herpetology, 8, 29-45.
https://doi.org/10.2994/SAJH-D-12-00021.1

Kok, P.J.R., Russo, V.G, Ratz, S., Means, D.B., MacCulloch, R.D., Lathrop, A., Aubret, F. & Bossuyt, F. (2017) Evolution in
the South American “Lost World”: insights from multilocus phylogeography of stefanias (Anura, Hemiphractidae,
Stefania). Journal of Biogeography, 44, 170—181.
https://doi.org/10.1111/jbi.12860

Kwet, A. & Marquez, R. (2010) Sound guide of the calls of frogs and toads from southern Brazil and Uruguay. Alosa, sons de
la natura, FonoZoo, Barcelona, Spain. [audio CD]

Kyriacou, C.P. & Hall, J.C. (1986) Interspecific genetic control of courtship song production and reception in Drosophila.
Science, 232, 494-497.
https://doi.org/10.1126/science.3083506

Laiolo, P. (2010) The emerging significance of bioacoustics in animal species conservation. Biological Conservation, 143,
1635-1645.
https://doi.org/10.1016/j.biocon.2010.03.025

Lardner, B. & Lakim, M.B. (2002) Tree-hole frogs exploit resonance effects. Nature, 420, 475.
https://doi.org/10.1038/420475a

Larson, K.A. (2004) Advertisement call complexity in northern leopard frogs, Rana pipiens. Copeia, 2004, 676—682.
https://doi.org/10.1643/CH-03-247R2

Leary, C.J. (2001) Investigating opposing patterns of character displacement in release and advertisement vocalizations of Bufo
Jowleri and Bufo americanus (Anura: Bufonidae). Canadian Journal of Zoology, 79, 1577-1585.
https://doi.org/10.1139/cjz-79-9-1577

Leary, C.J., Jessop T.S., Garcia, A.M. & Knapp, R. (2004) Steroid hormone profiles and relative body condition of calling and
satellite toads: implications for proximate regulation of behavior in anurans. Behavioral Ecology, 15, 313-320.
https://doi.org/10.1093/beheco/arh015

Lehmann, G.U.C., Frommolt, K.-H., Lehmann, A.W. & Riede, K. (2014) Baseline data for automated acoustic monitoring of
Orthoptera in a Mediterranean landscape, the Hymettos, Greece. Journal of Insect Conservation, 18, 905-925.
https://doi.org/10.1007/s10841-014-9700-2

Leininger, E.C. & Kelley, D.B. (2015) Evolution of courtship songs in Xenopus: vocal pattern generation and sound production.
Cytogenetic and Genome Research, 145, 302-314.
https://doi.org/10.1159/000433483

Lemmon, E.M. (2009) Diversification of conspecific signals in sympatry: geographic overlap drives multi-dimensional
reproductive character displacement in frogs. Evolution, 63, 1155-1170.
https://doi.org/10.1111/j.1558-5646.2009.00650.x

Lemmon, E.M. & Lemmon, A.R. (2010) Reinforcement in chorus frogs: lifetime fitness estimates including intrinsic natural
selection and sexual selection against hybrids. Evolution, 64, 1748—1761.

BIOACOUSTICS IN ANURAN TAXONOMY Zootaxa 4251 (1) © 2017 Magnolia Press - 83


https://doi.org/10.1641/0006-3568(2005)055[0693:NAAGCA]2.0.CO;2
https://doi.org/10.1641/0006-3568(2005)055[0693:NAAGCA]2.0.CO;2

https://doi.org/10.1111/j.1558-5646.2010.00955.x

Lesbarreres, D. & Lodé, T. (2002) Variations in male calls and responses to an unfamiliar advertisement call a territorial
breeding anuran Rana dalmatina: evidence for a dear enemy effect. Ethology Ecology and Evolution, 14, 287-295.
https://doi.org/10.1080/08927014.2002.9522731

Lescure, J. (1968) Le comportement social des Batraciens. Revue du comportement animal, 2, 1-33.

Lewis, E.R. & Narins, P.M. (1985) Do frogs communicate with seismic signals? Science, 227, 187—189.
https://doi.org/10.1126/science.227.4683.187

Lewis, E.R., Narins, P.M., Cortopassi, K., Yamada, W. & Moore, S. (2001) Do white-lipped frogs use seismic signals for
intraspecific communication? American Zoologist, 41, 1185—-1199.
https://doi.org/10.1093/icb/41.5.1185

Ligges, U., Krey, S., Mersmann, O. & Schnackenberg, S. (2014) tuneR: Analysis of music. Available from: http://r-forge.r-
project.org/projects/tuner/ (accessed 8 February 2017)

Lingnau, R. & Bastos, R.P. (2007) Vocalizations of the Brazilian Torrent Frog Hylodes heyeri (Anura: Hylodidae): repertoire
and influence of temperature on advertisement call variation. Journal of Natural History, 41, 1227-1235.
https://doi.org/10.1080/00222930701395626

Littlejohn, M.J. (1965) Premating isolation in the Hyla ewingi complex (Anura: Hylidae). Evolution, 19, 234-243.
https://doi.org/10.2307/2406376

Littlejohn, M.J. (1969) The systematic significance of isolating mechanisms. /n: Systematic Biology: Proceedings of an
International Conference. National Academy of Sciences, Washington D.C., pp. 459-482.

Littlejohn, M.J. (1971) A reappraisal of mating call differentiation in Hyla cadaverina (= Hyla californiae) and Hyla regilla.
Evolution, 25, 98-112.
https://doi.org/10.2307/2406502

Littlejohn, M.J. (1977) Long-range acoustic communication in anurans: an integrated and evolutionary approach. /n: Taylor,
D.H. & Guttman, S.I. (Eds.), The Reproductive Biology of Amphibians. Plenum, New York, pp. 263-294.
https://doi.org/10.1007/978-1-4757-6781-0_8

Littlejohn, M.J. (1998) Historical aspects of recording and analysis in anuran bioacoustics: 1954-1997. Bioacoustics, 9, 69-80.
https://doi.org/10.1080/09524622.1998.9753380

Littlejohn, M.J. (1999) Variation in advertisement calls of anurans across zonal interactions. The evolution and breakdown of
homogamy. /n: Foster, S.A. & Endler, J.A. (Eds.), Geographic Variation in Behavior. Perspectives on Evolutionary
Mechanisms. Oxford University Press, New York, pp. 209-233.

Littlejohn, M.J. (2001) Patterns of differentiation in temporal properties of acoustic signals in anurans. /n: Ryan, M.J. (Ed.),
Anuran Communication. Smithsonian Institution Press, Washington and London, pp. 102—120.

Littlejohn, M.J. & Loftus-Hills, J.J. (1968) An experimental evaluation of premating isolation in the Hyla ewingi complex
(Anura: Hylidae). Evolution, 22, 659-663.
https://doi.org/10.2307/2406893

Littlejohn, M.J. & Watson, G.F. (1976) Effectiveness of a hybrid mating call in eliciting phonotaxis by females of the Geocrinia
laevis complex (Anura: Leptodactylidae). Copeia, 1976, 76-79.
https://doi.org/10.2307/1443775

Liu, C.C. (1935) Types of vocal sac in the Salientia. Proceedings of the Boston Society of Natural History, 41, 19-40.

Llusia, D., Marquez, R., Beltran, J.F., Benitez, M. & do Amaral, J.P. (2013a) Calling behaviour under climate change:
geographical and seasonal variation of calling temperatures in ectotherms. Global Change Biology, 19, 2655-2674.
https://doi.org/10.1111/gcb.12267

Llusia, D., Marquez, R., Beltran, J.F., Moreira, C. & do Amaral, J.P. (2013b) Environmental and social determinants of anuran
lekking behavior: intraspecific variation in populations at thermal extremes. Behavioral Ecology and Sociobiology, 67,
493-511.
https://doi.org/10.1007/s00265-012-1469-2

Llusia, D., Méarquez, R & Bowker, R. (2011) Terrestrial sound monitoring systems, a methodology for quantitative calibration,
Bioacoustics, 20, 277-286.
https://doi.org/10.1080/09524622.2011.9753651

Lorcher, K. (1969) Vergleichende bioakustische Untersuchungen an der Rot- und Gelbbauchunke Bombina bombina (L.) und
Bombina variegata (L.). Oecologia, 3, 84—124.
https://doi.org/10.1007/BF00344635

Loftus-Hills, J.J. & Littlejohn, M.J. (1992) Reinforcement and reproductive character displacement in Gastrophryne
carolinensis and G. olivacea (Anura: Microhylidae): a reexamination. Evolution, 46, 896-906.
https://doi.org/10.2307/2409744

Lopez, P.T., Narins, PM., Lewis, E.D. & Moore, S.W. (1988) Acoustically induced call modification in the white-lipped frog,
Leptodactylus albilabris. Animal Behaviour, 36, 1295—1308.
https://doi.org/10.1016/S0003-3472(88)80198-2

Lougheed, S.C., Austin, J.D., Bogart, J.P., Boag, P.T. & Chek, A.A. (2006) Multi-character perspectives on the evolution of
intraspecific differentiation in a Neotropical hylid frog. BMC Evolutionary Biology, 6, 23.
https://doi.org/10.1186/1471-2148-6-23

84 - Zootaxa 4251 (1) © 2017 Magnolia Press KOHLER ET AL.


http://r-forge.r-project.org/projects/tuner/

Liiddecke, H. & Sanchez, O.R. (2002) Are tropical highland frog calls cold-adapted? The case of the Andean frog Hyla
labialis. Biotropica, 34, 281-288.
https://doi.org/10.1111/j.1744-7429.2002.tb00539.x

Mable, B.K. & Bogart, J.P. (1991) Call analysis of triploid hybrids resulting from diploid-tetraploid species crosses of hylid tree
frogs. Bioacoustics, 3, 111-119.
https://doi.org/10.1080/09524622.1991.9753167

Magrini, L., Facure, K.G., Giaretta, A.A., Silva, W.R. & Costa, R.C. (2010) Geographic call variation and further notes on
habitat of Ameerega flavopicta (Anura, Dendrobatidae). Studies on Neotropical Fauna and Environment, 45, 89-94.
https://doi.org/10.1080/01650521.2010.494025

Malacarne, G. & Giacoma, C. (1986) Chemical signals in European newt courtship. ltalian Journal of Zoology, 53, 79-83.
https://doi.org/10.1080/11250008609355487

Malmos, K.B., Sullivan, B.K. & Lamb, T. (2001) Calling behavior and directional hybridization between two toads (Bufo
microscaphus X B. woodhousii) in Arizona. Evolution, 55, 626—630.
https://doi.org/10.1554/0014-3820(2001)055[0626:CBADHB]2.0.CO;2

Marler, C.A., Chu, J. & Wilczynski, W. (1995) Arginine vasotocin injection increases probability of calling in cricket frogs, but
causes call changes characteristic of less aggressive males. Hormones and Behavior, 29, 554-570.
https://doi.org/10.1006/hbeh.1995.1286

Marques, P.A.M. & de Aratjo, C.B. (2014) The need to document and preserve natural soundscape recordings as acoustic
memories. Proceedings Invisible Places Conference. Available from: http://invisibleplaces.org/pdf/ip2014-marques.pdf
(accessed 13 October 2014)

Marques, P.A .M., Magalhdes, D.M., Pereira, S.F. & Jorge, P.E. (2014) From the past to the future: natural sound recordings and
the preservation of the bioacoustics legacy in Portugal. PLoS One, 9, e114303.
https://doi.org/10.1371/journal.pone.0114303

Marquez, R. & Bosch, J. (1995) Advertisement calls of the midwife toads Alytes (Amphibia, Anura, Discoglossidae) in
continental Spain. Journal of Zoological Systematics and Evolutionary Research, 33, 185-192.
https://doi.org/10.1111/j.1439-0469.1995.tb00971.x

Marquez, R. & Bosch, J. (1997) Male advertisement call and female preference in sympatric and allopatric midwife toads.
Animal Behaviour, 54, 1333—1345.
https://doi.org/10.1006/anbe.1997.0529

Marquez, R., Bosch, J. & Eekhout, X. (2008) Intensity of female preference quantified through playback setpoints: call
frequency versus call rate in midwife toads. Animal Behaviour, 75, 159—166.
https://doi.org/10.1016/j.anbehav.2007.05.003

Marquez, R., De la Riva, 1., Bosch, J. & Matheu, E. (2002) Sounds of Frogs and Toads of Bolivia. Alosa, sons de la natura,
FonoZoo Barcelona, Spain. [audio CD]

Marquez, R. & Eekhout, X.R. (2006) Advertisement calls of six species of anurans from Bali, Republic of Indonesia. Journal
of Natural History, 40, 571-588.
https://doi.org/10.1080/00222930600712129

Marquez, R., Penna, M. & Do Amaral, J.P.S. (2005) Diverse types of advertisement calls in the frogs Eupsophus calcaratus and
E. roseus (Leptodactylidae): a quantitative comparison. Herpetological Journal, 15, 257-263.

Marquez-Garcia, M., Correa-Solis, M., Sallaberry, M. & Mendez, M. (2009) Effects of pond drying on morphological and life-
history traits in the anuran Rhinella spinulosa (Anura: Bufonidae). Evolutionary Ecology Research, 11, 803—815.

Martin, W.F. (1971) Mechanics of sound production in toads of the genus Bufo: Passive elements. Journal of Experimental
Zoology, 176, 273-294.
https://doi.org/10.1002/jez.1401760304

Martin, W.F. (1972) Evolution of vocalization in the genus Bufo. In: Blair, W.F. (Ed.), Evolution in the Genus Bufo. University
of Texas Press, Austin, pp. 279-308.

Martin, W.F. & Gans, C. (1971) Muscular control of the vocal tract during release signaling in the toad Bufo valliceps. Journal
of Morphology, 137, 1-28.
https://doi.org/10.1002/jmor.1051370102

Martinelli, A. & Toledo, L.F. (2016) The last scream: the distress call of a probably extinct Brazilian anuran (Holoaden bradei
Lutz, 1958). Zootaxa, 4184, 383-385.
https://doi.org/10.11646/zootaxa.4184.2.10

Marty, C. & Gaucher, P. (1999) Guide sonore des Amphibiens Anoures de Guyane. CEBA, Mens. [audio CD]

Matsui, M. (1995) Calls produced by a “voiceless” frog, Rana blythi Boulenger 1920, from Peninsular Malaysia (Amphibia,
Anura). Tropical Zoology, 8, 325-831.
https://doi.org/10.1080/03946975.1995.10539289

Mayden, R.L. (1997) A hierarchy of species concepts: The denouement in the saga of the species problem. /n: Claridge, M.F.,
Dawah, H.A. & Wilson, M.R. (Eds.), Species: The Units of Biodiversity. Chapman and Hall, London, pp. 381-424.

Mayer, M., Schulte, L.M., Twomey, E. & Létters, S. (2014) Do male poison frogs respond to modified calls of a Miillerian
mimic? Animal Behaviour, 89, 45-51.
https://doi.org/10.1016/j.anbehav.2013.12.013

BIOACOUSTICS IN ANURAN TAXONOMY Zootaxa 4251 (1) © 2017 Magnolia Press - 85



Maynard Smith, J. & Harper, D. (2003) Animal Signals. Oxford University Press, Oxford, 166 pp.

Mayr, E. (1969) Principles of Systematic Zoology. McGraw-Hill, New York, 428 pp.

McClelland, B.E., Wilczynski, W. & Ryan, R.J. (1996) Correlations between call characteristics and morphology in male
cricket frogs (Acris crepitans). Journal of Experimental Biology, 199, 1907—1919.

McClelland, B.E., Wilczynski W. & Ryan, R.J. (1998) Intraspecific variation in laryngeal and ear morphology in male cricket
frogs (Acris crepitans). Biological Journal of the Linnean Society, 63, 51-67.
https://doi.org/10.1111/j.1095-8312.1998.tb01638.x

Mclver, E.L., Marchaterre, M.A., Rice, A.N. & Bass, A.H. (2014) Novel underwater soundscape: acoustic repertoire of plainfin
midshipman fish. Journal of Experimental Biology, 217, 2377-2389.
https://doi.org/10.1242/jeb.102772

Mecham, J.S. (1960) Introgressive hybridization between two southeastern treefrogs. Evolution, 14, 445-457.
https://doi.org/10.2307/2405994

Meegaskumbura, M., Bossuyt, F., Pethiyagoda, R., Manamendra-Arachchi, K., Bahir, M., Milinkovitch, M.C. & Schneider,
C.J. (2002) Sri Lanka: an amphibian hot spot. Science, 298, 379.
https://doi.org/10.1126/science.298.5592.379

Meuche, 1., Brusa, O., Linsenmair, K.E., Keller, A. & Préhl, H. (2013) Only distance matters — non-choosy females in a poison
frog population. Frontiers in Zoology, 10, 29.
https://doi.org/10.1186/1742-9994-10-29

Micancin, J.P. & Wiley, R.H. (2014) Allometric convergence, acoustic character displacement, and species recognition in the
syntopic cricket frogs Acris crepitans and A. gryllus. Evolutionary Biology, 41, 425—438.
https://doi.org/10.1007/s11692-014-9274-7

Miralles, A. & Vences, M. (2013) New metrics for comparison of taxonomies reveal striking discrepancies among species
delimitation methods in Madascincus lizards. PLoS One, 8, €68242.
https://doi.org/10.1371/journal.pone.0068242

Moore, F.L., Boyd, S.K. & Kelley, D.B. (2005) Historical perspective: hormonal regulation of behaviors in amphibians.
Hormones and Behavior, 48, 373-383.
https://doi.org/10.1016/j.yhbeh.2005.05.011

Morais, A.R., Batista, V.G., Gambale, P.G., Signorelli, L. & Bastos, R.P. (2012) Acoustic communication in a Neotropical frog
(Dendropsophus minutus): vocal repertoire, variability and individual discrimination. Herpetological Journal, 22, 249—
257.

Murphy, R.W., Crawford, A.J., Bauer, A.M., Che, J., Donnellan, S.C., Fritz, U., Haddad, C.F.B., Nagy, Z.T., Poyarkov, N.Y.,
Vences, M., Wang, W.-Z. & Zhang, Y.-P. (2013) Cold Code: the global initiative to DNA barcode amphibians and
nonavian reptiles. Molecular Ecology Resources, 13, 161-167.
https://doi.org/10.1111/1755-0998.12050

Nakagawa, S. (2004) A farewell to Bonferroni: the problems of low statistical power and publication bias. Behavorial Ecology,
15, 1044-1045.
https://doi.org/10.1093/beheco/arh107

Narins, P.M. (1990) Seismic communication in anuran amphibians. BioScience, 40, 268-274.
https://doi.org/10.2307/1311263

Narins, PM. & Capranica, R.R. (1976) Sexual differences in the auditory system of the tree frog Eleutherodactylus coqui.
Science, 192, 378-380.
https://doi.org/10.1126/science.1257772

Narins, PM. & Capranica, R.R. (1978) Communicative significance of the two-note call of the treefrog Eleutherodactylus
coqui. Journal of Comparative Physiology, 127, 1-9.
https://doi.org/10.1007/BF00611921

Narins P.M., Grabul, D.S., Soma, K.K., Gaucher, P. & Hodl, W. (2005) Cross-modal integration in a dart-poison frog.
Proceedings of the National Academy of Sciences of the U.S.A, 102, 2425-2429.
https://doi.org/10.1073/pnas.0406407102

Narins, P.M., Hodl, W. & Grabul, D.S. (2003) Bimodal signal requisite for agonistic behavior in a dart-poison frog,
Epipedobates femoralis. Proceedings of the National Academy of Sciences of the U.S.A., 100, 577-580.
https://doi.org/10.1073/pnas.0237165100

Narins, P.M., Lewis, E.R. & McClelland, B.E. (2000) Hyperextended call note repertoire of the endemic Madagascar treefrog
Boophis madagascariensis (Rhacophoridae). Journal of Zoology, 250, 283-298.
https://doi.org/10.1111/j.1469-7998.2000.tb00772.x

Narins, P.M., Lewis, E.R., Purgue, A.P., Bishop, P.J., Minter, L.R. & Lawson, D.P. (2001) Functional consequences of a novel
middle ear adaptation in the central African frog, Petropedetes parkeri (Ranidae). Journal of Experimental Biology, 204,
1223-1232.

Narins, P. & Meenderink, S.W.F. (2014) Climate change and frog calls: long-term correlations along a tropical altitudinal gradient.
Proceedings of the Royal Society of London B, 281, 20140401.
https://doi.org/10.1098/rspb.2014.0401

Narins, P. & Smith, S. (1986) Clinal variation in anuran advertisement calls: basis for acoustic isolation? Behavioral Ecology

86 - Zootaxa 4251 (1) © 2017 Magnolia Press KOHLER ET AL.



and Sociobiology, 19, 135-141.
https://doi.org/10.1007/BF00299948

Narins, PM. & Zelick, R.D. (1988) The effects of noise on auditory processing and behavior in amphibians. /n: Fritzsch, B.,
Ryan, M.J., Wilczynski, W., Hetherington, T.E. & Walkowiak, W. (Eds.), The Evolution of the Amphibian Auditory System.
Wiley, New York, pp. 511-536.

Natale, G.S., Alcalde, L., Herrera, R., Cajade, R., Schaefer, E.F., Marangoni, F. & Trudeau, V.L. (2011) Underwater acoustic
communication in the macrophagic carnivorous larvae of Ceratophrys ornata (Anura: Ceratophryidae). Acta Zoologica,
92, 46-53.
https://doi.org/10.1111/j.1463-6395.2009.00445.x

Navas, C.A. (1996a) The effect of temperature on the vocal activity of tropical anurans: a comparison of high and low-
elevation species. Journal of Herpetology, 30, 488—497.
https://doi.org/10.2307/1565691

Navas, C.A. (1996b) Thermal dependency of field locomotor and vocal performance of high-elevation anurans in the tropical
Andes. Journal of Herpetology, 30, 478—487.
https://doi.org/10.2307/1565690

Navas, C.A. & Bevier, C.R. (2001) Thermal dependency of calling performance in the eurythermic frog Colostethus
subpunctatus. Herpetologica, 57, 384-395.

Nevo, E. & Capranica, R.R. (1985) Evolutionary origin of ethological reproductive isolation in Cricket Frogs, Acris.
Evolutionary Biology, 19, 147-214.
https://doi.org/10.1007/978-1-4615-6980-0 4

Nollert, A. (1984) Die Knoblauchkrdite. Die Neue Brehm-Biicherei, Wittenberg-Lutherstadt, 103 pp.

Obrist, M.K., Pavan, G., Sueur, J., Riede, K., Llusia, D. & Marquez, R. (2010) Bioacoustics approaches in biodiversity
inventories. /n: Eymann, J., Degreef, J., Hiuser, C., Monje, J.C., Samyn, Y. & VandenSpiegel, D. (Eds.), Manual on Field
Recording Techniques and Protocols for All Taxa Biodiversity Inventories. Vol. 8. Abc Taxa, Brussels, pp. 68-99.

O'Bryant, E.L. & Wilczynski, W. (2010) Changes in plasma testosterone levels and brain AVT cell number during the breeding
season in the green treefrog. Brain, Behavior and Evolution, 75, 271-281.
https://doi.org/10.1159/000316084

O’Neill, E.O. & Beard, K.H. (2011) Clinal variation in calls of native and introduced populations of Eleutherodactylus coqui.
Copeia, 2011, 18-28.
https://doi.org/10.1643/CH-10-012

Opazo, D., Velasquez, N., Veloso, A. & Penna, M. (2009) Frequency-modulated vocalizations of Eupsophus queulensis
(Anura: Cycloramphidae). Journal of Herpetology, 43, 657—664.
https://doi.org/10.1670/08-189.1

Orlov, N. (1997) Breeding behavior and nest construction in a Vietnam frog related to Rana blythi. Copeia, 1997, 464-465.
https://doi.org/10.2307/1447774

Orrico, V.G.D., Peloso, P.L.V., Suraro, M.J., Silva-Filho, H.F., Neckel-Oliveira, S., Gordo, M., Faivovich, J. & Haddad, C.F.B.
(2014) A new bat-voiced species of Dendropsophus Fitzinger, 1843 (Anura, Hylidae) from the Amazon basin, Brazil.
Zootaxa, 3881 (4), 341-361.
https://doi.org/10.11646/zootaxa.3881.4.3

Ospina, O., Villanueva-Riviera, L.J., Corrada-Bravo, C.J. & Aide, M. (2013) Variable response of anuran calling activity to
daily precipitation and temperature: implications for climate change. Ecosphere, 4, 1-12.
https://doi.org/10.1890/ES12-00258.1

Owen, P.C. & Perrill, S.A. (1998) Habituation in the green frog, Rana clamitans. Behavioral Ecology and Sociobiology, 44,
209-213.
https://doi.org/10.1007/s002650050533

Owen, P.C. & Tucker, J.K. (2006) Courtship calls and behavior in two species of chorus frogs, genus Pseudacris (Anura:
Hylidae). Copeia, 2006, 137—144.
https://doi.org/10.1643/0045-8511(2006)006[0137:CCABIT]2.0.CO;2

Owren, M.J., Rendall, D. & Ryan, M.J. (2010) Redefining animal signaling: influence versus information in communication.
Biological Philosophy, 25, 755-780.
https://doi.org/10.1007/s10539-010-9224-4

Padial, J.M., Castroviejo-Fisher, S., Kohler, J., Vila, C., Chaparro, J.C. & De la Riva, 1. (2009) Deciphering the products of
evolution at the species level: the need for an integrative taxonomy. Zoologica Scripta, 38, 431-447.
https://doi.org/10.1111/j.1463-6409.2008.0038 1.x

Padial, J.M., Kéhler, J., Mufioz, A. & De la Riva, I. (2008) Assessing the status of tropical frogs through bioacoustics:
geographical variation in the advertisement calls in the Eleutherodactylus discoidalis species group (Anura). Zoological
Journal of the Linnean Society, 152, 353-365.
https://doi.org/10.1111/1.1096-3642.2007.00341.x

Padial, J.M., Miralles, A., De la Riva, I. & Vences, M. (2010) The integrative future of taxonomy. Frontiers in Zoology, 7, 16.
https://doi.org/10.1186/1742-9994-7-16

Paillette, M. (1971) Communication acoustique chez les Amphibiens anoures. Journal de Psychologie normale et

BIOACOUSTICS IN ANURAN TAXONOMY Zootaxa 4251 (1) © 2017 Magnolia Press - 87


https://doi.org/10.1643/0045-8511(2006)006[0137:CCABIT]2.0.CO;2
https://doi.org/10.1643/0045-8511(2006)006[0137:CCABIT]2.0.CO;2

pathologique, 68, 327-351.

Panhuis, T.M., Butlin, R., Zuk, M. & Tregenza, T. (2001) Sexual selection and speciation. Trends in Ecology and Evolution, 16,
364-371.
https://doi.org/10.1016/S0169-5347(01)02160-7

Pargana, J.M., Marquez, R., Reques, R., Sdnchez-Herraiz, M.J., Tejedo, M. & Crespo, E.G. (2003) The mating call of Pelodytes
ibericus (Anura, Pelodytidae). Herpetological Journal, 13, 199-204.

Parris, K.M., Velik-Lord, M. & North, J.M.A. (2009) Frogs call at a higher pitch in traffic noise. Ecology and Society, 14, 25.
https://doi.org/10.5751/ES-02687-140125

Parveen, B., Chew, T.H. Shamsir, M.S. & Ahmad, N. (2014) Development of a mobile application for amphibian species
recognition. /[OP Conference Series: Earth and Environmental Science, 18, 012091.
https://doi.org/10.1088/1755-1315/18/1/012091

Passmore, N.I. (1981) Sound levels of mating calls of some African frogs. Herpetologica, 37, 166—171.

Paterson, H.E.H. (1982) Perspectives on speciation by reinforcement. South African Journal of Science, 78, 53-57.

Payne, R.B. (1986) Bird songs and avian systematics. Current Ornithology, 3, 87—126.
https://doi.org/10.1007/978-1-4615-6784-4 2

Pearl, C.A., Cervantes, M., Chan, M., Ho, U., Shoji, R. & Thomas, E.O. (2000) Evidence for a mate-attracting chemosignal in
the dwarf African clawed frog Hymenochirus. Hormones and Behavior, 38, 67-74.
https://doi.org/10.1006/hbeh.2000.1609

Penna, M., Plaza, A. & Moreno-Gémez, F.N. (2013) Severe constraints for sound communication in a frog from the South
American temperate forest. Journal of Comparative Physiology, 199, 723-733.
https://doi.org/10.1007/s00359-013-0831-9

Penna, M., Pottstock, H. & Velasquez, N. (2005) Effect of natural and synthetic noise on evoked vocal responses in a frog of
the temperate austral forest. Animal Behaviour, 70, 639-651.
https://doi.org/10.1016/j.anbehav.2004.11.022

Penna, M. & Solis, R. (1998) Frog call intensities and sound propagation in the South American temperate forest region.
Behavioral Ecology and Sociobiology, 42, 371-381.
https://doi.org/10.1007/s002650050452

Penna, M. & Veloso, A. (1987) Vocalizations by Andean frogs of the genus Telmatobius (Leptodactylidae). Herpetologica, 43,
208-216.

Penna, M. & Veloso, A. (1990) Vocal diversity in frogs of the South American temperate forest. Journal of Herpetology, 24,
23-33.
https://doi.org/10.2307/1564285

Perl, R.G.B., Nagy, Z.T., Sonet, G., Glaw, F., Wollenberg, K.C. & Vences, M. (2014) DNA barcoding Madagascar’s amphibian
fauna. Amphibia-Reptilia, 35, 197-206.
https://doi.org/10.1163/15685381-00002942

Perneger, T.V. (1998) What's wrong with Bonferroni adjustments. British Medical Journal, 316, 1236—1238.
https://doi.org/10.1136/bmj.316.7139.1236

Peterson, C.R. & Dorcas, M.E. (1994) Automated data acquisition. /n: Heyer, W.R., Donnelly, M.A., McDiarmid, R.W., Hayek,
L.C. & Foster, M.S. (Eds.), Measuring and monitoring biological diversity: standard methods for amphibians.
Smithsonian Institution, Washington, D.C., pp. 47-57.

Pettitt, B.A., Bourne, GR. & Bee, M.A. (2013) Advertisement call variation in the Golden Rocket Frog (4nomaloglossus
beebei): evidence for individual distinctiveness. Ethology, 119, 244-256.
https://doi.org/10.1111/eth.12058

Pfennig, K.S. (2000) Female spadefoot toads compromise on mate quality to ensure conspecific matings. Behavioral Ecology,
11, 220-227.
https://doi.org/10.1093/beheco/11.2.220

Pfennig, K.S. & Pfennig, D.W. (2005) Character displacement as the “best of a bad situation™: fitness trade-offs resulting from
selection to minimize resource and mate competition. Evolution, 59, 2200-2208.

Pfennig, D.W. & Pfennig, K.S. (2009) Character displacement: ecological and reproductive responses to a common
evolutionary problem. Quarterly Review of Biology, 84, 253-276.
https://doi.org/10.1086/605079

Pfennig, D.W. & Pfennig, K.S. (2010) Character displacement and the origins of diversity. American Naturalist, 176, 26—44.
https://doi.org/10.1086/657056

Pfennig, K.S. & Stewart, A.B. (2011) Asymmetric reproductive character displacement in male aggregation behavior.
Proceedings of the Royal Society of London B, 278, 2348-2354.
https://doi.org/10.1098/rspb.2010.2196

Pijanowski, B.C., Villanueva-Rivera, L.J., Dumyahn, S.L., Farina, A., Krause, B.L., Napoletano, B.M., Gage, S.H. & Pieretti,
N. (2011) Soundscape ecology: the science of sound in the landscape. BioScience, 61, 203-216.
https://doi.org/10.1525/bi0.2011.61.3.6

Pitcher, B.J., Briefer, E.F., Vannoni, E. & McElligott, A.G. (2014) Fallow bucks attend to vocal cues of motivation and fatigue.
Behavioral Ecology, 25, 392—401.

88 - Zootaxa 4251 (1) © 2017 Magnolia Press KOHLER ET AL.



https://doi.org/10.1093/beheco/art131

Platz, J.E. & Forester, D.C. (1988) Geographic variation in mating call among the four subspecies of the Chorus Frog:
Pseudacris triseriata (Wied). Copeia, 1988, 1062—1066.
https://doi.org/10.2307/1445734

Polgar, G., Malavasi, S., Cipolato, G., Georgalas, V., Clack, J.A. & Torricelli, P. (2011) Acoustic communication at the water's
edge: evolutionary insights from a mudskipper. PLoS ONE, 6, e21434.
https://doi.org/10.1371/journal.pone.0021434

Popper, A.N., Salmon, M. & Horch, K.W. (2001) Acoustic detection and communication by decapod crustaceans. Journal of
Comparative Physiology A, 187, 83-89.
https://doi.org/10.1007/s003590100184

Potamitis, 1. (2014) Automatic classification of a taxon-rich community recorded in the wild. PLoS One, 9, €96936.
https://doi.org/10.1371/journal.pone.0096936

Poth, D., Wollenberg, K.C., Vences, M. & Schulz, S. (2012) Volatile amphibian pheromones: macrolides of mantellid frogs
from Madagascar. Angewandte Chemie International Edition, 51, 2187-2190.
https://doi.org/10.1002/anie.201106592

Pough, F.H., Magnusson, W.E., Ryan, M.J., Wells, K.D. & Taigen, T.L. (1992) Behavioral energetics. /n: Feder, M.E. &
Burggren, W.W. (Eds.), Environmental Physiology of the Amphibians. University of Chicago Press, Chicago, pp. 395-436.

Preininger, D., Handschuh, S., Boeckle, M., Sztatecsny, M. & Hodl, W. (2016) Comparison of female and male vocalization
and larynx morphology in the size dimorphic foot-flagging frog species Staurois guttatus. Herpetological Journal, 26,
187-197.

Prohl, H. (2003) Variation in male calling behaviour and relation to male mating success in the strawberry poison frog
(Dendrobates pumilio). Ethology, 109, 273-290.
https://doi.org/10.1046/j.1439-0310.2003.00863.x

Prohl, H., Eulenberg, J., Meuche, 1. & Bolafios, F. (2013) Parasite infection has little effect on sexual signals and reproductive
behaviour in strawberry poison frogs. Evolutionary Ecology, 27, 675-692.
https://doi.org/10.1007/s10682-013-9634-2

Prohl, H., Hagemann, S., Karsh, J. & Hobel, G. (2007) Geographic variation in male sexual signals in strawberry poison frogs
(Dendrobates pumilio). Ethology, 113, 1669—1679.
https://doi.org/10.1111/§.1439-0310.2007.01396.x

Prohl, H., Koshy, R.A., Mueller, U., Rand, A.S. & Ryan, J.R. (2006) Geographic variation of genetic and behavioral traits in
northern and southern Tungara frogs. Evolution, 60, 1669—1679.
https://doi.org/10.1111/j.0014-3820.2006.tb00511.x

Purgue, A.P. (1997) Tympanic sound radiation in the bullfrog Rana catesbeiana. Journal of Comparative Physiology A4, 181,
438-445.
https://doi.org/10.1007/s003590050127

R Development Core Team (2015) R: a language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna. Available from: http://www.R-project.org (accessed 3 November 2016)

Rabb, G.B. (1960) On the unique sound production of the Surinam toad, Pipa pipa. Copeia, 1960, 368-369.
https://doi.org/10.2307/1439780

Rabb, G.B. & Rabb, M.S. (1963) On the behavior and breeding biology of the African pipid frog Hymenochirus boettgeri.
Zeitschrift fiir Tierpsychologie, 20, 215-241.
https://doi.org/10.1111/§.1439-0310.1963.tb01151.x

Rand, A.S. (1988) An overview of anuran acoustic communication. /n: Fritzsch, B., Ryan, M.J., Wilczynski, W., Hetherington,
T.E. & Walkowiak, W. (Eds.), The Evolution of the Amphibian Auditory System. Wiley, New York, pp. 415-431.

Rand, A.S. & Dudley, R. (1993) Frogs in helium: the anuran vocal sac is not a cavity resonator. Physiological Zoology, 66,
793-806.
https://doi.org/10.1086/physz00l.66.5.30163824

Ranft, R. (2004) Natural sound archives: past, present and future. Anais da Academia Brasileira de Ciéncias, 76, 455—465.
https://doi.org/10.1590/S0001-37652004000200041

Raposo, M.A. & Hofling, E. (2003) Overestimation of vocal characters in Suboscine taxonomy (Aves: Passeriformes: Tyranni):
causes and implications. Lundiana, 4, 35-42.

Reeve, E., Ndriantsoa, S.H., Straul3, A., Randrianiaina, R.-D., Rasolonjatovo Hiobiarilanto, T., Glaw, F., Glos, J. & Vences, M.
(2011) Acoustic underwater signals with a probable function during competitive feeding in a tadpole.
Naturwissenschaften, 98, 135—143.
https://doi.org/10.1007/s00114-010-0752-1

Reichert, M.S. (2010) Aggressive thresholds in Dendropsophus ebraccatus: habituation and sensitization to different call types.
Behavioral Ecology and Sociobiology, 64, 529-539.
https://doi.org/10.1007/s00265-009-0868-5

Reichert, M.S. (2011a) Aggressive calls improve leading callers’ attractiveness in the treefrog Dendropsophus ebraccatus.
Behavioral Ecology, 22, 951-959.
https://doi.org/10.1093/beheco/arr074

BIOACOUSTICS IN ANURAN TAXONOMY Zootaxa 4251 (1) © 2017 Magnolia Press - 89



Reichert, M.S. (2011b) Effects of multiple-speaker playbacks on aggressive calling behavior in the treefrog Dendropsophus
ebraccatus. Behavioral Ecology and Sociobiology, 65, 1739-1751.
https://doi.org/10.1007/s00265-011-1182-6

Reichert, M.S. (2013a) Sources of variability in advertisement and aggressive calling in competitive interactions in the grey
treefrog, Hyla versicolor. Bioacoustics, 22, 195-214.
https://doi.org/10.1080/09524622.2013.777942

Reichert, M.S. (2013b) Patterns of variability are consistent across signal types in the treefrog Dendropsophus ebraccatus.
Biological Journal of the Linnean Society, 109, 131-145.
https://doi.org/10.1111/bij.12028

Reichert, M.S. & Gerhardt, H.C. (2013) Gray tree frogs, Hyla versicolor, give lower-frequency aggressive calls in more
escalated contests. Behavioral Ecology and Sociobiology, 67, 795-804.
https://doi.org/10.1007/s00265-013-1503-z

Reinhold, K. (2009) Variation of acoustic courtship signals in insects and amphibians: no evidence for bimodality, but identical
dependence on duration. Ethology, 115, 134-140.
https://doi.org/10.1111/j.1439-0310.2008.01587.x

Reinhold, K. (2011) Variation in acoustic signalling traits exhibits footprints of sexual selection. Evolution, 65, 738—745.
https://doi.org/10.1111/j.1558-5646.2010.01130.x

Rice, A.M. & Pfennig, D.W. (2010) Does character displacement initiate speciation? Evidence of reduced gene flow between
populations experiencing divergent selection. Journal of Evolutionary Biology, 23, 854-865.
https://doi.org/10.1111/§.1420-9101.2010.01955.x

Richards-Zawacki, C.L. & Cummings, M.E. (2010) Intraspecific reproductive character displacement in a polymorphic poison
dart frog, Dendrobates pumilio. Evolution, 65, 259-267.
https://doi.org/10.1111/j.1558-5646.2010.01124.x

Richards, D.G. & Wiley, R.H. (1980) Reverberations and amplitude fluctuations in the propagation of sound in a forest:
implications for animal communication. The American Naturalist, 115, 381-399.
https://doi.org/10.1086/283568

Roberts, J.D. (1997) Geographic variation in calls of males and determination of species boundaries in tetraploid frogs of the
Australian genus Neobatrachus (Myobatrachidae). Australian Journal of Zoology, 45, 95—112.
https://doi.org/10.1071/Z096006

Roberts, J.D. (2010) Natural hybrid between the frogs Crinia pseudinsignifera and Crinia subinsignifera (Myobatrachidae)
from southwestern Australia defined by allozyme phenotype and call. Journal of Herpetology, 44, 654—657.
https://doi.org/10.1670/09-053.1

Robinson, D.J. & Hall, M.J. (2002) Sound signalling in Orthoptera. /n: Evans, P. (Ed.), Advances in Insect Physiology, 29, pp.
151-278.
https://doi.org/10.1016/S0065-2806(02)29003-7

Rodel, M.-O (2000) Herpetofauna of West Africa. Vol. I. Amphibians of the West Afiican savanna. Edition Chimaira, Frankfurt/
M., 335 pp. [with audio CD by T.U. Grafe]

Rodel, M.-O. & Bangoura, M.A. (2004) A conservation assessment of amphibians in the Forét Classée du Pic de Fon,
Simandou Range, southeastern Republic of Guinea, with the description of a new Amnirana species (Amphibia Anura
Ranidae). Tropical Zoology, 17, 201-232.
https://doi.org/10.1080/03946975.2004.10531206

Rodel, M.-O. & Branch, W.R. (2002) Herpetological survey of the Haute Dodo and Cavally forests, western Ivory Coast, Part
I: Amphibians. Salamandra, 38, 245-268.

Rodel, M.-O., Kosuch, J., Veith, M. & Ernst, R. (2003) First record of the genus Acanthixalus Laurent, 1944 from the Upper
Guinean rain forest, West Africa, with the description of a new species. Journal of Herpetology, 37, 43-52.
https://doi.org/10.1670/0022-1511(2003)037[0043:FROTGA]2.0.CO;2

Rodriguez, A. (2010) Delimitacion de especies cripticas en Eleutherodactylus auriculatus por métodos genéticos y
bioacusticos. PhD Thesis, Facultad de Biologia., Universidad de La Habana, La Habana, 141 pp.

Rodriguez, A., Borner, M., Pabijan, M., Gehara, M., Haddad, C.F.B. & Vences, M. (2015a) Genetic divergence in tropical
anurans: deeper phylogeographic structure in forest specialists and in topographically complex regions. Evolutionary
Ecology, 29, 765-785.
https://doi.org/10.1007/s10682-015-9774-7

Rodriguez, A., De la Nuez, D. & Alonso, R. (2010a) Intraspecific variation in the advertisement call of the cloud-forest frog
Eleutherodactylus glamyrus (Anura: Eleutherodactylidae). Journal of Herpetology, 44, 457-466.
https://doi.org/10.1670/09-038.1

Rodriguez, A., Vences, M., Nevado, B., Machordom, A. & Verheyen, E. (2010b) Biogeographic origin and radiation of Cuban
Eleutherodactylus of the auriculatus species group, inferred from mitochondrial and nuclear gene sequences. Molecular
Phylogenetics and Evolution, 54, 179-196.
https://doi.org/10.1016/j.ympev.2009.08.023

Rodriguez, R.L., Araya-Salas, M., Gray, D.A., Reichert, M.S., Symes, L.B., Wilkins, M.R., Safran, R.J. & Hobel, G. (2015b)
How acoustic signals scale with individual body size: common trends across diverse taxa. Behavioral Ecology, 26, 168—

90 - Zootaxa 4251 (1) © 2017 Magnolia Press KOHLER ET AL.


https://doi.org/10.1670/0022-1511(2003)037[0043:FROTGA]2.0.CO;2
https://doi.org/10.1670/0022-1511(2003)037[0043:FROTGA]2.0.CO;2

177.
https://doi.org/10.1093/beheco/arul 74

Rodriguez-Tejeda, R.E., Méndez-Cardenas, M.G., Islas-Villanueva, V. & Macias Garcia, C. (2014) Geographic variation in the
advertisement calls of Hyla eximia and its possible explanations. Peer.J, 2, €420.
https://doi.org/10.7717/peerj.420

Rohr, D.L. & Juncé, F.A. (2013) Micro-habitat influence on the advertisement call structure and sound propagation efficiency
of Hypsiboas crepitans (Anura: Hylidae). Journal of Herpetology, 47, 549—554.
https://doi.org/10.1670/10-210

Rohr, D.L., Paterno, G.B., Camurugi, F., Juncd, F.A. & Garda, A.A. (2016) Background noise as a selective pressure: stream-
breeding anurans call at higher frequencies. Organisms Diversity & Evolution, 16, 269-273.
https://doi.org/10.1007/s13127-015-0256-0

Rosa, GM., Marquez, R. & Andreone, F. (2011) The astonishing calls of the frogs of Betampona. Museo Regionale di Scienze
Naturali di Torino and Fonoteca Zoologica. [audio CD & booklet]

Rosen, M. & Lemon, R.E. (1974) The vocal behavior of spring peepers, Hyla crucifer. Copeia, 1974, 940-950.
https://doi.org/10.2307/1442594

Rosenthal, G,, Rand, A. & Ryan, M. (2004) The vocal sac as a visual cue in anuran communication: an experimental analysis
using video playback. Animal Behaviour, 68, 55-58.
https://doi.org/10.1016/j.anbehav.2003.07.013

Rosso, A., Castellano, S. & Giacoma, C. (2006) Preferences for call spectral properties in Hyla intermedia. Ethology, 112, 599—
607.
https://doi.org/10.1111/j.1439-0310.2005.01186.x

Rowley, J., Dau, V.Q., Hoang, H.D., Nguyen, T.T., Le, D.T.T. & Altig, R. (2015) The breeding biologies of three species of
treefrogs with hyperextended vocal repertoires (Gracixalus; Anura: Rhacophoridae). Amphibia-Reptilia, 36, 277-285.
https://doi.org/10.1163/15685381-00003007

Runkle, L.S., Wells, K.D., Robb, C.C. & Lance, S.L. (1994) Individual, nightly, and seasonal variation in calling behavior of
the gray tree frog, Hyla versicolor: implications for energy expenditure. Behavioral Ecology, 5, 318-325.
https://doi.org/10.1093/beheco/5.3.318

Ryan, M.J. (1988) Constraints and patterns in the evolution of anuran acoustic communication. /n: Fritzsch, B., Ryan, M.J.,
Wilczynski, W., Hetherington, T.E. & Walkowiak, W. (Eds.), The Evolution of the Amphibian Auditory System. Wiley,
New York, pp. 637-677.

Ryan, M.J. (2001) (ed.) Anuran Communication. Smithsonian Institution Press, Washington, DC, 252 pp.

Ryan, M.J., Cocroft, R.B. & Wilczynski, W. (1990) The role of environmental selection in intraspecific divergence of mate
recognition signals in the cricket frog, Acris crepitans. Evolution, 44, 1869—1872.
https://doi.org/10.2307/2409514

Ryan, M.J. & Guerra, M.A. (2014) The mechanism of sound production in Ttngara frogs and its role in sexual selection and
speciation. Current Opinions in Neurobiology, 28, 54-59.
https://doi.org/10.1016/j.conb.2014.06.008

Ryan, M.J. & Rand, S. (1993) Species recognition and sexual selection as a unitary problem in animal communication.
Evolution, 47, 647-657.
https://doi.org/10.2307/2410076

Ryan, M.J., Rand, A.S. & Weigt, L.A. (1996) Allozyme and advertisement call variation in the Tangara frog, Physalaemus
pustulosus. Evolution, 50, 2435-2453.
https://doi.org/10.2307/2410711

Ryan, M.J. & Wilczynski, W. (1991) Evolution of intraspecific variation in the advertisement call of a cricket frog (Acris
crepitans, Hylidae). Biological Journal of the Linnean Society, 44, 249-271.
https://doi.org/10.1111/1.1095-8312.1991.tb00619.x

Salgado-Costa, C., Chuliver Pereyra, M., Alcalde, L., Herrera, R., Trudeau, V.L. & Natale, G.S. (2014) Underwater sound
emission as part of an antipredator mechanism in Ceratophrys cranwelli tadpoles. Acta Zoologica, 95, 367-374.
https://doi.org/10.1111/az0.12035

Salthe, S.N. & Mecham, J.S. (1974) Reproduction and courtship patterns. /n: Lofts, B. (Ed.), Physiology of the Amphibia. Vol.
2. Academic Press, New York, pp. 309-521.
https://doi.org/10.1016/B978-0-12-455402-3.50010-3

Sazima, I. (1975) Distress call in the newly metamorphosed smith frog, Hyla faber Wied. Herpetologica, 31, 471-472.

Schigtz, A. (1973) Evolution of anuran mating calls: ecological aspects. /n: Vial, J.L. (Ed.), Evolutionary Biology of the
Anurans. University of Missouri Press, Columbia, pp. 311-319.

Schluter, D. (2000) The Ecology of Adaptive Radiation. Oxford University Press, Oxford, 288 pp.

Schneider, H. (1966) Bioakustik der Froschlurche. Stuttgarter Beitrdige zur Naturkunde, 152, 1-16.

Schneider, H. & Sinsch, U. (1992) Mating call variation in lake frogs referred to as Rana ridibunda Pallas, 1771: taxonomic
implications. Zeitschrift fiir zoologische Systematik und Evolutionsforschung, 30, 297-315.
https://doi.org/10.1111/j.1439-0469.1992.tb00179.x

Schneider, H. & Sinsch, U. (2007) Contributions of bioacoustics to the taxonomy of the Anura. /n: Heatwole, H. (Ed.),

BIOACOUSTICS IN ANURAN TAXONOMY Zootaxa 4251 (1) © 2017 Magnolia Press - 91



Amphibian Biology. Vol. 7. Systematics. Surrey Beatty & Sons, Chipping Norton, pp. 2892-2932.

Schwartz, J. (1986) Male calling behavior and female choice in the Neotropical treefrog Hyla microcephala. Ethology, 73, 116—
127.
https://doi.org/10.1111/j.1439-0310.1986.tb01003.x

Schwartz, J.J. & Bee, M.A. (2013) Anuran acoustic signal production in noisy environments. /n: Brumm, H. (Ed.) Animal
Communication and Noise. Springer, New York, pp. 91-132.
https://doi.org/10.1007/978-3-642-41494-7 5

Schwartz, J.J., Buchanan, B.W. & Gerhardt, H.C. (2001) Female choice in the gray treefrog (Hyla versicolor) in three
experimental environments. Behavioral Ecology and Sociobiology, 49, 443—455.
https://doi.org/10.1007/s002650100317

Schwartz, J.J., Buchanan, B.W. & Gerhardt, H.C. (2002) Acoustic interactions among male gray treefrogs, Hyla versicolor, in a
chorus setting. Behavioral Ecology and Sociobiology, 53, 9—19.
https://doi.org/10.1007/s00265-002-0542-7

Schwartz, J., Ressel, S.J. & Bevier, C.R. (1995) Carbohydrates and calling: depletion of muscle glycogen and the chorusing
dynamics of the Neotropical treefrog Hyla microcephala. Behavioral Ecology and Sociobiology, 37, 125—135.
https://doi.org/10.1007/BF00164158

Searcy, W.A. & Nowicki, S. (2006) The Evolution of Animal Communication: Reliability and Deception in Signaling Systems.
Princeton University Press, Princeton, NJ, 288 pp.

Shen, B., Chen, P., Zheng R.Q., Min, J.J., Dong, B.J. & Zhao, M.M. (2015) Geographic variation in the advertisement calls of
the giant spiny frog (Paa spinosa). Acta Ethologica Sinica, 35, 39-45.
https://doi.org/10.1016/j.chnaes.2015.01.001

Shen, J.X., Feng, A.S., Xu, Z.M., Yu, Z.L., Arch, V.S., Yu, X.J. & Narins, P.M. (2008) Ultrasonic frogs show hyperacute
phonotaxis to female courtship calls. Nature, 453, 914-916.
https://doi.org/10.1038/nature06719

Shen, J.X., Xu, Z.M., Feng, A.S. & Narins, P.M. (2011) Large odorous frogs (Odorrana graminea) produce ultrasonic calls.
Journal of Comparative Physiology A, 197, 1027-1030.
https://doi.org/10.1007/s00359-011-0660-7

Shine, R., Brown, G.P. & Phillips, B.L. (2011) An evolutionary process that assembles phenotypes through space rather than
through time. Proceedings of the National Academy of Sciences of the U.S.A4., 108, 5708-5711.
https://doi.org/10.1073/pnas.1018989108

Shiovitz, K.A. (1975) The process of species-specific song recognition y the indigo bunting, Passerina cyanea, and its
relationship to the organization of avian acoustical behavior. Behaviour, 55, 128—179.
https://doi.org/10.1163/156853975X00452

Shy, E. (1985) Individuality in the mating calls of the treefrog Hyla arborea savignyi. Amphibia-Reptilia, 6, 343-353.
https://doi.org/10.1163/156853885X00335

Simdes, P.I., Lima, A.P., Magnusson, W.E., Amézquita, A. & Hodl, W. (2008) Acoustic and morphological differentiation in
the frog Allobates femoralis: relationships with the upper Madeira River and other potential geological barriers.
Biotropica, 40, 607-614.
https://doi.org/10.1111/j.1744-7429.2008.00416.x

Simpson, G.G. (1961) Principles of Animal Taxonomy. Columbia University Press, New York, 347 pp.

Sisneros, J.A. (2016) Fish Hearing and Bioacoustics. An Anthology in Honor of Arthur N. Popper and Richard R. Fay.
Springer, New York, 484 pp.

Slabbekoorn, H. & Smith, T.B. (2002) Bird song, ecology and speciation. Philosophical Transactions of the Royal Society of
London B, 357, 493-503.
https://doi.org/10.1098/rstb.2001.1056

Slatkin, M. (1980) Ecological character displacement. Ecology, 61, 163—177.
https://doi.org/10.2307/1937166

Slatkin, M. (1993) Isolation by distance in equilibrium and non-equilibrium populations. Evolution, 47, 264-279.
https://doi.org/10.2307/2410134

Smith, M.A., Poyarkov, N.A. Jr. & Hebert, P.D.N. (2008) CO1 DNA barcoding amphibians: take the chance, meet the
challenge. Molecular Ecology Resources, 8, 235-246.
https://doi.org/10.1111/j.1471-8286.2007.01964.x

Smith, M.J. & Hunter, D. (2005) Temporal and geographic variation in the advertisement call of the Booroolong frog (Litoria
booroolongensis: Anura: Hylidae). Ethology, 111, 1103—-1115.
https://doi.org/10.1111/§.1439-0310.2005.01101.x

Smith, M.J., Osborne, W. & Hunter, D. (2003a) Geographic variation in the advertisement call structure of Litoria verreauxii
(Anura: Hylidae). Copeia, 2003, 750—758.
https://doi.org/10.1643/HA02-133.1

Smith, M.J., Roberts, J.D., Hammond, T.J. & Davis, R.A. (2003b) Intraspecific variation in the advertisement call of the sunset
frog Spicospina flammocaerulea (Anura: Myobatrachidae): a frog with a limited geographic distribution. Journal of
Herpetology, 37, 285-291.

92 - Zootaxa 4251 (1) © 2017 Magnolia Press KOHLER ET AL.


https://doi.org/10.1670/0022-1511(2003)037[0285:IVITAC]2.0.CO;2

https://doi.org/10.1670/0022-1511(2003)037[0285:1VITAC]2.0.CO;2

Smotherman, M., Knornschild, M., Smarsh, G. & Bohn, K. (2016) The origins and diversity of bat songs. Journal of
Comparative Physiology A, 202, 535-554.
https://doi.org/10.1007/s00359-016-1105-0

Solis, R. & Penna, M. (1997) Testosterone levels and evoked vocal responses in a natural population of the frog Batrachyla
taeniata. Hormones and Behavior, 31, 101-109.
https://doi.org/10.1006/hbeh.1997.1366

Solis-Lemus, C., Knowles, L.L. & Ane, C. (2015) Bayesian species delimitation combining multiple genes and traits in a
unified framework. Evolution, 69, 492—-507.
https://doi.org/10.1111/evo.12582

Sorenson, M.D., Sefc, K.M. & Payne, R.B. (2003) Speciation by host switch in brood parasitic indigobirds. Nature, 424, 928—
931.
https://doi.org/10.1038/nature01863

Souza, M.B. & Haddad, C.F.B. (2003) Redescription and reevaluation of the generic status of Leptodactylus dantasi
(Amphibia, Anura, Leptodactylidae), and description of its unusual advertisement call. Journal of Herpetology, 37, 490—
497.
https://doi.org/10.1670/259-01A

Specht, R. (2006) Software tools for automatically detecting, measuring and classifying animal sounds. /n: Advances in
Bioacoustics 2, Dissertationes Classis IV. Historia Naturali. XLVII-3. Slovenian Academy of Sciences and Arts, Ljubljana,
pp. 177-184.

Starnberger, 1., Poth, D., Peram, P.S., Schulz, S., Vences, M., Knudsen, J., Barej, M.F., Rodel, M.-O., Walzl, M. & Hodl, W.
(2013) Take time to smell the frogs: vocal sac glands of reed frogs (Anura: Hyperoliidae) contain species-specific
chemical cocktails. Biological Journal of the Linnean Society, 110, 828—838.
https://doi.org/10.1111/bij.12167

Starnberger, 1., Preininger, D. & Hodl, W. (2014a) From uni- to multimodality: towards an integrative view on anuran
communication. Journal of Comparative Physiology A, 200, 777-787.
https://doi.org/10.1007/s00359-014-0923-1

Starnberger, 1., Preininger, D. & H6dl, W. (2014b) The anuran vocal sac: a multimodal signalling tool. 4nimal Behaviour, 97,
281-288.
https://doi.org/10.1016/j.anbehav.2014.07.027

Steelman, C.K. & Dorcas, M.E. (2010) Anuran calling survey optimization: developing and testing predictive models of anuran
calling activity. Journal of Herpetology, 44, 61—68.
https://doi.org/10.1670/08-329.1

Straughan, I.R. (1973) Evolution of anuran mating calls: bioacoustical aspects. /n: Vial, J.L. (Ed.), Evolutionary Biology of the
Anurans. University of Missouri Press, Columbia, pp. 321-327.

Stuart, B.L., Inger, R.F. & Voris, H.K. (2006) High level of cryptic species diversity revealed by sympatric lineages of
Southeast Asian forest frogs. Biology Letters, 2, 470-474.
https://doi.org/10.1098/rsbl.2006.0505

Stuart, S.N., Chanson, J.S., Cox, N.A., Young, B.E., Rodriguez, A.S.L., Fishman, D.L. & Waller, R.-W. (2004) Status and trends
of amphibian declines and extinctions worldwide. Science, 306, 1783—1786.
https://doi.org/10.1126/science.1103538

Sueur, J., Aubin, T. & Simonis, C. (2008a) Equipment review: Seewave, a free modular tool for sound analysis and synthesis.
Bioacoustics, 18, 218-226.
https://doi.org/10.1080/09524622.2008.9753600

Sueur, J., Mackie, D. & Windmill, J.F.C. (2011) So small, so loud: extremely high sound pressure level from a pygmy aquatic
insect (Corixidae, Micronectinae). PLoS ONE, 6 (6), €21089.
https://doi.org/10.1371/journal.pone.0021089

Sueur, J., Pavoine, S., Hamerlynck, O. & Duvail, S. (2008b) Rapid acoustic survey for biodiversity appraisal. PLoS One, 3,
e4065.
https://doi.org/10.1371/journal.pone.0004065

Sullivan, B.K. (1982) Significance of size, temperature, and call attributes to sexual selection in Bufo woodhousei australis.
Journal of Herpetology, 16, 103—106.
https://doi.org/10.2307/1563801

Sullivan, B.K. (1984) Advertisement call variation and observations on breeding behavior of Bufo debilis and B. punctatus.
Journal of Herpetology, 18, 406—411.
https://doi.org/10.2307/1564103

Sullivan, B.K. & Hinshaw, S.H. (1990) Variation in advertisement calls and male calling behavior in the spring peeper
(Pseudacris crucifer). Copeia, 1990, 1146—1150.
https://doi.org/10.2307/1446500

Sullivan, B.K. & Hinshaw, S.H. (1992) Female choice and selection on male calling behaviour in the grey treefrog Hyla
versicolor. Animal Behaviour, 44, 733-744.

BIOACOUSTICS IN ANURAN TAXONOMY Zootaxa 4251 (1) © 2017 Magnolia Press - 93


https://doi.org/10.1670/0022-1511(2003)037[0285:IVITAC]2.0.CO;2

https://doi.org/10.1016/S0003-3472(05)80299-4

Sullivan, B.K. & Malmos, K.B. (1994) Call variation in the Colorado River Toad (Bufo alvarius): behavioral and phylogenetic
implications. Herpetologica, 50, 146—156.

Tacioli, L., Medeiros, C.B. & Toledo, L.F. (2016) WASIS: Wildlife Animal Sound Identification System (Version ). Available
from: http://www.naturalhistory.com.br/wasis.html (accessed 8 August 2017)

Tarano, Z. (2001) Variation in male advertisement calls in the Neotropical frog Physalaemus enesefae. Copeia, 2001, 1064—
1072.
https://doi.org/10.1643/0045-8511(2001)001[1064:VIMACI]2.0.CO;2

Tarkhnishvili, D.N., Arntzen, J.W. & Thorpe, R.S. (1999) Morphological variation in brown frogs from the Caucasus and the
taxonomy of the Rana macrocnemis group. Herpetologica, 55, 406—417.

Taylor, R., Buchanan, B. & Doherty, J. (2007) Sexual selection in the squirrel treefrog Hyla squirella: the role of multimodal
cue assessment in female choice. Animal Behaviour, 74, 1753—1763.
https://doi.org/10.1016/j.anbehav.2007.03.010

ten Eyck, GR. (2005) Arginine vasotocin activates advertisement calling and movement in the territorial Puerto Rican frog,
Eleutherodactylus coqui. Hormones and Behavior, 47, 223-229.
https://doi.org/10.1016/j.yhbeh.2004.10.005

ten Hagen, L., Rodriguez, A., Menke, N., Gocking, C., Bisping, M., Frommolt, K.H., Ziegler, T., Bonkowski, M. & Vences, M.
(2016) Vocalizations in juvenile anurans: common spadefoot toads (Pelobates fuscus) regularly emit calls before sexual
maturity. The Science of Nature, 103, 75.
https://doi.org/10.1007/s00114-016-1401-0

Terry, A.M.R., Peake, T.M. & McGregor, P.K. (2005) The role of vocal individuality in conservation. Frontiers in Zoology, 2,
10.
https://doi.org/10.1186/1742-9994-2-10

Thompson, N.S., LeDoux, K. & Moody, K. (1994) A system for describing bird song units. Bioacoustics, 5, 267-279.
https://doi.org/10.1080/09524622.1994.9753257

Tishechkin, D.Y. (2014) The use of bioacoustic characters for distinguishing between cryptic species in insects: potentials,
restrictions, and prospects. Entomological Review, 94, 289-309.
https://doi.org/10.1134/S0013873814030014

Todd, M.J., Cocklin, R.R. & Dorcas, M.E. (2003) Temporal and spatial variation in anuran calling activity in the western
Piedmont of North Carolina. Journal of the North Carolina Academy of Science, 119, 103—110.

Toledo, L.F., Aratijo, O.G.S., Guimardes, L.D., Lingnau, R. & Haddad, C.F.B. (2007) Visual and acoustic signaling in three
species of Brazilian nocturnal tree frogs (Anura, Hylidae). Phyllomedusa, 6, 61-68.
https://doi.org/10.11606/issn.2316-9079.v6ilp61-68

Toledo, L.F. & Haddad, C.F.B. (2009) Defensive vocalizations of Neotropical anurans. South American Journal of
Herpetology, 4, 25-42.
https://doi.org/10.2994/057.004.0104

Toledo, L.F., Llusia, D., Vieira, C.A., Corbo, M. & Marquez, R. (2015¢) Neither convergence nor divergence in the
advertisement call of sympatric congeneric Neotropical treefrogs. Bioacoustics, 24, 31-47.
https://doi.org/10.1080/09524622.2014.926831

Toledo, L.F., Martins, I.A., Bruschi, D.P., Passos, M.A., Alexandre, C. & Haddad, C.F.B. (2015a) The anuran calling repertoire
in the light of social context. Acta Ethologica, 18, 87-99.
https://doi.org/10.1007/s10211-014-0194-4

Toledo, L.F., Tipp, C. & Marquez, R. (2015b) The value of audiovisual archives. Science, 347, 484.
https://doi.org/10.1126/science.347.6221.484-b

Toledo, L.F., Tozetti, A. & Zina, J. (2005) Leptodactylus labyrinthicus (Pepper Frog): defensive repertoire. Herpetological
Bulletin, 90, 29-31.

Toyoda, F., Yamamoto, K., Iwata, T., Hasunuma, 1., Cardinali, M., Mosconi, G., Polzonetti-Magni, A.M. & Kikuyama, S.
(2004) Peptide pheromones in newts. Peptides, 25, 1531-1536.
https://doi.org/10.1016/j.peptides.2003.10.025

Trainor, B.C., Rouse, K.L. & Marler, C.A. (2003) Arginine vasotocin interacts with the social environment to regulate
advertisement calling in the gray treefrog (Hyla versicolor). Brain, Behavior and Evolution, 61, 165-171.
https://doi.org/10.1159/000070700

Treer, D., Van Bocxlaer, 1., Matthijs, S., Four Du, D., Janssenswillen, S., Willaert, B. & Bossuyt, F. (2013) Love is blind:
indiscriminate female mating responses to male courtship pheromones in newts (Salamandridae). PLoS ONE, 8, e56538.
https://doi.org/10.1371/journal.pone.0056538

Trillo, P.A., Athanas, K.A., Goldhill, D.H., Hoke, K.L. & Funk, W.C. (2012) The influence of geographic heterogeneity in
predation pressure on sexual signal divergence in an Amazonian frog species complex. Journal of Evolutionary Biology,
26, 216-222.
https://doi.org/10.1111/jeb.12041

Tripp, T.M. & Otter, K.A. (2006) Vocal individuality as a potential long-term monitoring tool for Western Screech-owls,
Megascops kennicottii. Canadian Journal of Zoology, 84, 744-753.

94 - Zootaxa 4251 (1) © 2017 Magnolia Press KOHLER ET AL.


https://doi.org/10.1643/0045-8511(2001)001[1064:VIMACI]2.0.CO;2
https://doi.org/10.1643/0045-8511(2001)001[1064:VIMACI]2.0.CO;2

https://doi.org/10.1139/206-055

Tsuji, H. & Lue, K.-Y. (1998) Temporal aspects of the amplexus and oviposition behavior of the fanged frog, Rana kuhlii from
Taiwan. Copeia, 1998, 769-773.
https://doi.org/10.2307/1447813

Twomey, E., Mayer, M. & Summers, K. (2015) Intraspecific call variation in the mimic poison frog Ranitomeya imitator.
Herpetologica, 71, 252-259.
https://doi.org/10.1655/HERPETOLOGICA-D-15-00004

Vargas-Salinas, F. & Amézquita, A. (2013) Stream noise, hybridization, and uncoupled evolution of call traits in two lineages
of poison frogs: Oophaga histrionica and Oophaga lehmanni. PLoS ONE, 8, €77545.
https://doi.org/10.1371/journal.pone.0077545

Vargas-Salinas, F. & Amézquita, A. (2014) Abiotic noise, call frequency and stream-breeding anuran assemblages.
Evolutionary Ecology, 28, 341-359.
https://doi.org/10.1007/s10682-013-9675-6

Velasquez, N.A. (2014) Geographic variation in acoustic communication in anurans and its neuroethological implications.
Journal of Physiology, 108, 167-173.
https://doi.org/10.1016/j.jphysparis.2014.10.001

Velasquez, N.A., Marambio, J., Brunetti, E., Méndez, M.A., Vasquez, R.A. & Penna, M. (2013) Bioacoustic and genetic
divergence in a frog with a wide geographical distribution. Biological Journal of the Linnean Society, 110, 142—155.
https://doi.org/10.1111/bij.12113

Vences, M., Andreone, F. & Glaw, F. (2004) Voice of a giant: bioacoustic data for Mantidactylus guttulatus (Amphibia:
Mantellidae). Amphibia-Reptilia, 25, 112—115.
https://doi.org/10.1163/156853804322992887

Vences, M., Chiari, Y., Teschke, M., Randrianiaina, R.-D., Raharivololoniaina, L., Bora, P., Vieites, D.R. & Glaw, F. (2008)
Which frogs are out there? A preliminary evaluation of survey techniques and identification reliability of Malagasy
amphibians. /n: Andreone, F. (Ed.), A Conservation Strategy for the Amphibians of Madagascar. Monografie del Museo
Regionale di Scienze Naturali di Torino, 45, 233-253.

Vences, M., Gehara, M., Kohler, J. & Glaw, F. (2012a) Description of a new Malagasy treefrog (Boophis) occurring
syntopically with its sister species, and a plea for studies on non-allopatric speciation in tropical amphibians. Amphibia-
Reptilia, 33, 503-520.
https://doi.org/10.1163/15685381-00002856

Vences, M., Glaw, F. & Marquez, R. (2006) The Calls of the Frogs of Madagascar. Alosa, sons de la natura, FonoZoo
Barcelona, Spain. [audio CD]

Vences, M., Hauswaldt, J.S., Steinfartz, S., Rupp, O., Goesmann, A., Kiinzel, S., Orozco-terWengel, P., Vieites, D.R., Nieto-
Roman, S., Haas, S., Laugsch, C., Gehara, M., Bruchmann, S., Pabijan, M., Ludewig, A.-K., Rudert, D., Angelini, C.,
Borkin, L.J., Crochet, P.-A., Crottini, A., Dubois, A., Ficetola, GF., Galan, P., Geniez, P., Hachtel, M., Jovanovic, O.,
Litvinchuk, S.N., Lymberakis, P., Ohler, A., Smirnov, N.A. (2013) Radically different phylogeographies and patterns of
genetic variation in two European brown frogs, genus Rana. Molecular Phylogenetics and Evolution, 68, 657-670.
https://doi.org/10.1016/j.ympev.2013.04.014

Vences, M. & Kohler, J. (2008) Global diversity of amphibians (Amphibia) in freshwater. Hydrobiologia, 595, 569-580.
https://doi.org/10.1007/s10750-007-9032-2

Vences, M., Kéhler, J., Crottini, A. & Glaw, F. (2010a) High mitochondrial sequence divergence meets morphological and
bioacoustic conservatism: Boophis quasiboehmei sp. n., a new cryptic treefrog species from south-eastern Madagascar.
Bonn zoological Bulletin, 57, 241-255.

Vences, M., Kohler, J., Pabijan, M. & Glaw, F. (2010b) Two syntopic and microendemic new frogs of the genus Blommersia
from the east coast of Madagascar. African Journal of Herpetology, 59, 133—156.
https://doi.org/10.1080/21564574.2010.512961

Vences, M., Kohler, J., Vieites, D.R. & Glaw, F. (2011) Molecular and bioacoustic differentiation of deep conspecific lineages
of the Malagasy treefrogs Boophis tampoka and B. luteus. Herpetology Notes, 4, 239-246.

Vences, M., Nagy, Z.T., Sonet, G., Verheyen, E. (2012b) DNA barcoding amphibians and reptiles. /n: Kress, W.J. & Erickson,
D.L. (Eds.), DNA Barcodes: Methods and Protocols. Springer Protocols Methods in Molecular Biology, 858, pp. 79-107.
https://doi.org/10.1007/978-1-61779-591-6_5

Vences, M., Thomas, M., Bonett, R.M. & Vieites, D.R. (2005) Deciphering amphibian diversity through DNA barcoding:
chances and challenges. Philosophical Transactions of the Royal Society London B, 360, 1859—1868.
https://doi.org/10.1098/rstb.2005.1717

Vences, M., Wahl-Boos, G., Hoegg, S., Glaw, F., Spinelli Oliveira, E., Meyer, A. & Perry, S. (2007) Molecular systematics of
mantelline frogs from Madagascar and the evolution of their femoral glands. Biological Journal of the Linnean Society, 92,
529-539.
https://doi.org/10.1111/j.1095-8312.2007.00859.x

Vences, M. & Wake, D.B. (2007) Speciation, species boundaries and phylogeography of amphibians. /n: Heatwole, H.H. &
Tyler, M. (Eds.), Amphibian Biology. Vol. 6. Systematics. Surrey Beatty & Sons, Chipping Norton, pp. 2613-2669.

Vieites, D.R., Wollenberg, K.C., Andreone, F., Kohler, J., Glaw, F. & Vences, M. (2009) Vast underestimation of Madagascar's

BIOACOUSTICS IN ANURAN TAXONOMY Zootaxa 4251 (1) © 2017 Magnolia Press - 95



biodiversity evidenced by an integrative amphibian inventory. Proceedings of the National Academy of Sciences of the
US.A., 106, 8267-8272.
https://doi.org/10.1073/pnas.0810821106

Villanueva-Rivera, L.J. (2007) Digital recorders increase detection of Eleutherodactylus frogs. Herpetological Review, 38, 59—
63.

Villanueva-Rivera, L.J. (2014) Eleutherodactylus frogs show frequency but no temporal partitioning: implications for the
acoustic niche hypothesis. Peer.J, 2, €496.
https://doi.org/10.7717/peerj.496

von Philipsborn, A.C., Liu, T., Yu, J.Y., Masser, C., Bidaye, S.S. & Dickson, B.J. (2011) Neuronal control of Drosophila
courtship song. Neuron, 69, 509-522.
https://doi.org/10.1016/j.neuron.2011.01.011

Waddle, H.J., Thigpen, T.F. & Glorioso, B.M. (2009) Efficiancy of automated vocalization recognition software for anuran
monitoring. Herpetological Conservation and Biology, 4, 384-388.

Wagner, W.E. (1989a) Social correlates of variation in male calling behavior in Blanchard’s cricket frog, Acris crepitans
blanchardi. Ethology, 82, 27-45.
https://doi.org/10.1111/§.1439-0310.1989.tb00485.x

Wagner, W.E. (1989b) Fighting, assessment, and frequency alteration in Blanchard's cricket frog. Behavioral Ecology and
Sociobiology, 25, 429-436.
https://doi.org/10.1007/BF00300189

Wagner, W.E. (1989c) Graded aggressive signals in Blanchard's cricket frog: vocal responses to opponent proximity and size.
Animal Behaviour, 38, 1025-1038.
https://doi.org/10.1016/S0003-3472(89)80141-1

Wagner, W.E. (1992) Deceptive or honest signalling of fighting ability? A test of alternative hypotheses for the function of
changes in call dominant frequency by male cricket frogs. Animal Behaviour, 44, 449—462.
https://doi.org/10.1016/0003-3472(92)90055-E

Wagner, W.E. & Sullivan, B.K. (1995) Sexual selection in the Gulf Coast toad, Bufo valliceps: female choice based on variable
characters. Animal Behaviour, 49, 305-319.
https://doi.org/10.1006/anbe.1995.0044

Wake, D.B. & Vredenburg, V.T. (2008) Are we in the midst of the sixth mass extinction? A view from the world's amphibians.
Proceedings of the National Academy of Sciences of the U.S.A., 105, 11466—11473.
https://doi.org/10.1073/pnas.0801921105

Walkowiak, W. & Miinz, H. (1985) The significance of water surface-waves in the communication of fire-bellied toads.
Naturwissenschaften, 72, 49-51.
https://doi.org/10.1007/BF00405335

Watkins, W.A. (1967) The harmonic interval: fact or artifact in spectral analysis of pulse trains. /n: Tavolga, W.N. (Ed.), Marine
bio-acoustics. Vol. 2. Pergamon Press, Oxford, pp. 15-42.

Weber, E. (1974) Vergleichende Untersuchungen zur Bioakustik von Discoglossus pictus, Otth 1837, und Discoglossus sardus,
Tschudi 1837 (Discoglossidae, Anura). Zoologische Jahrbiicher Physiologie, 78, 40-84.

Weber, E. & Schneider, H. (1971) Artspezifische Paarungsrufe bei Discoglossus pictus Otth, 1837 und Discoglossus sardus
Tschudi, 1837 (Discoglossidae, Anura). Zeitschrift fiir Naturforschung, 26B, 1055—-1057.

Wells, K.D. (1977) The social behaviour of anuran amphibians. Animal Behaviour, 25, 666—693.
https://doi.org/10.1016/0003-3472(77)90118-X

Wells, K.D. (1980) Social behavior and communication of a dendrobatid frog (Colostethus trinitatis). Herpetologica, 36, 189—
199.

Wells, K.D. (1988) The effect of social interactions on anuran vocal behavior. /n: Fritzsch, B., Ryan, M.J., Wilczynski, W.,
Hetherington, T.E. & Walkowiak, W. (Eds.), The Evolution of the Amphibian Auditory System. Wiley, New York, pp. 433—
454.

Wells, K.D. (1989) Vocal communication in a Neotropical treefrog, Hyla ebraccata: responses of males to graded aggressive
calls. Copeia, 1989, 461-466.
https://doi.org/10.2307/1445444

Wells, K.D. (2007) The Ecology and Behavior of Amphibians. The University of Chicago Press, Chicago, 1148 pp.
https://doi.org/10.7208/chicago/9780226893334.001.0001

Wells, K.D. & Schwartz, J.J. (1982) The effect of vegetation on the propagation of calls in the Neotropical frog Centronella
fleischmanni. Herpetologica, 38, 449—455.

Wells, K.D. & Schwartz, J.J. (1984) Vocal communication in a Neotropical treefrog, Hyla ebraccata: Advertisement calls.
Animal Behaviour, 32, 405-420.
https://doi.org/10.1016/S0003-3472(84)80277-8

Wells, K.D. & Schwartz, J.J. (2007) The behavioral ecology of anuran communication. /n: Narins, P.M. & Feng, A.S. (Eds.),
Hearing and sound communication in amphibians. Springer Verlag, New York, pp. 44-86.

Wells, K.D. & Taigen, T.L. (1986) The effect of social interactions on calling energetics in the gray treefrog (Hyla versicolor).
Behavioral Ecology and Sociobiology, 19, 9-18.

96 - Zootaxa 4251 (1) © 2017 Magnolia Press KOHLER ET AL.


https://doi.org/10.1016/0003-3472(92)90055-E
https://doi.org/10.1016/0003-3472(92)90055-E
https://doi.org/10.1016/S0003-3472(84)80277-8
https://doi.org/10.1016/S0003-3472(84)80277-8

https://doi.org/10.1007/BF00303837

Wesener, T., Koéhler, J., Fuchs, S. & van den Spiegel, D. (2011) How to uncoil your partner - "mating songs" in giant pill-
millipedes (Diplopoda: Sphaerotheriida). Naturwissenschaften, 98, 967-975.
https://doi.org/10.1007/s00114-011-0850-8

Wiens, J.J. & Servedio, M.R. (2000) Species delimitation in systematics: inferring diagnostic differences between species.
Proceedings of the Royal Society of London B, 267, 631-636.
https://doi.org/10.1098/rspb.2000.1049

Wilczynski, W., Lynch, K.S. & O'Bryant, E.L. (2005) Current research in amphibians: studies integrating endocrinology,
behavior, and neurobiology. Hormones and Behavior, 48, 440—450.
https://doi.org/10.1016/j.yhbeh.2005.06.001

Wilczynski, W., McClelland, B.E. & Rand, A.S. (1993) Acoustic, auditory, and morphological divergence in three species of
Neotropical frogs. Journal of Comparative Physiology A, 172, 425-438.
https://doi.org/10.1007/BF00213524

Wilczynski, W. & Ryan, M.J. (1999) Geographic variation in animal communication systems. /n: Foster, S.A. & Endler, J.A.
(Eds.), Geographic Variation in Behavior: Perspectives on Evolutionary Mechanisms. Oxford University Press, New
York, pp. 234-261.

Wildlife Acoustics Inc. (2014) Bioacoustics Software and Field Recording Equipment website. Available from: http://
www.wildlifeacoustics.com/ (accessed 3 November 2016)

Wiley, E.O. (1978) The evolutionary species concept reconsidered. Systematic Zoology, 27, 17-26.
https://doi.org/10.2307/2412809

Wilkins, M.R., Seddon, N. & Safran, R.J. (2013) Evolutionary divergence in acoustic signals: causes and consequences. Trends
in Ecology and Evolution, 28, 156—166.
https://doi.org/10.1016/j.tree.2012.10.002

Willacy, R.J., Mahony, M. & Newell, D.A. (2015) If a frog calls in the forest: bioacoustic monitoring reveals the breeding
phenology of the endangered Richmond Range Mountain Frog (Philoria richmondensis). Austral Ecology, 40, 625—-633.
https://doi.org/10.1111/aec.12228

Willaert, B., Suyesh, R., Garg, S., Giri, V.B., Bee, M.A. & Biju, S.D. (2016) A unique mating strategy without physical contact
during fertilization in Bombay Night Frogs (Nyctibatrachus humayuni) with the description of a new form of amplexus
and female call. PeerJ, 4, e2117.
https://doi.org/10.7717/peerj.2117

Wollenberg, K.C. & Harvey, J. (2010) First assessment of the male territorial vocal behaviour of a Malagasy leaf litter frog
(Gephyromantis thelenae). Herpetology Notes, 3, 141-150.

Wollenberg, K.C., Vieites, D.R., Glaw, F. & Vences, M. (2011) Speciation in little: the role of range and body size in the
diversification of Malagasy mantellid frogs. BMC Evolutionary Biology, 11, 217.
https://doi.org/10.1186/1471-2148-11-217

Wollerman, L. (1998) Stabilizing and directional preferences of female Hyla ebraccata for calls differing in static properties.
Animal Behaviour, 55, 1619-1630.
https://doi.org/10.1006/anbe.1997.0697

Wycherley, J., Doran, S. & Beebee, T.J.C. (2002a) Frog calls echo microsatellite phylogeography in the European pool frog
(Rana lessonae). Journal of Zoology, 258, 479-484.
https://doi.org/10.1017/S0952836902001632

Wycherley, J., Doran, S. & Beebee, T.J.C. (2002b) Male advertisement call characters as phylogeographical indicators in
European water frogs. Biological Journal of the Linnean Society, 77, 355-365.
https://doi.org/10.1046/j.1095-8312.2002.00104.x

Xia, Y., Gu, H.F., Peng, R., Chen, Q., Zheng, Y.C., Murphy, R.-W. & Zeng, X.M. (2012) COI is better than 16S rRNA for DNA
barcoding Asiatic salamanders (Amphibia: Caudata: Hynobiidae). Molecular Ecology Resources, 12, 48-56.
https://doi.org/10.1111/.1755-0998.2011.03055.x

Yager, D.D. (1992) A unique sound production mechanism in the pipid anuran Xenopus borealis. Zoological Journal of the
Linnean Society, 104, 351-375.
https://doi.org/10.1111/1.1096-3642.1992.tb00927 .x

Yager, D.D. (1996) Sound production and acoustic communication in Xenopus borealis. In: Tinsley, R.C. & Kobel, H.R. (Eds.),
The Biology of Xenopus. Clarendom Press, Oxford, pp. 121-141.

Zheng, Y., Rao, D., Murphy, R.W. & Zeng, X. (2011) Reproductive behavior and underwater calls in the Emai Mustache Toad,
Leptobrachium boringii. Asian Herpetological Research, 2, 199-215.

Ziegler, L., Arim, M. & Bozinovic, F. (2015) Intraspecific scaling in frog calls: the interplay of temperature, body size and
metabolic condition. Oecologia, 181, 673—681.
https://doi.org/10.1007/s00442-015-3499-8

Ziegler, L., Arim, M. & Narins, P.M. (2011) Linking amphibian call structure to the environment: the interplay between
phenotypic flexibility and individual attributes. Behavioral Ecology, 22, 520-526.
https://doi.org/10.1093/beheco/arr011

Zimmermann, B.L. (1983) A comparison of structural features of calls of open and forest habitat frog species in the Central

BIOACOUSTICS IN ANURAN TAXONOMY Zootaxa 4251 (1) © 2017 Magnolia Press - 97



Amazon. Herpetologica, 39, 235-246.

Zimmitti, S.J. (1999) Individual variation in morphological, physiological, and biochemical features associated with calling in
Spring Peepers (Pseudacris crucifer). Physiological and Biochemical Zoology, 72, 6666—6676.
https://doi.org/10.1086/316706

Zollinger, S.A., Podos, J., Nemeth, E., Goller, F. & Brumm, H. (2012) On the relationship between, and measurement of,
amplitude and frequency in birdsong. Animal Behaviour, 84, E1-E9.
https://doi.org/10.1016/j.anbehav.2012.04.026

Zwart, M.C., Sueur, A., McGowan, P.J.K. & Whittingham, M.J. (2014) The use of automated bioacoustic recorders to replace
human wildlife surveys: an example using nightjars. PLoS ONE, 9, e102770.
https://doi.org/10.1371/journal.pone.0102770

Zweifel, R.G. (1959) Effect of temperature on call of the frog, Bombina variegata. Copeia, 1959, 322-327.
https://doi.org/10.2307/1439890

Zweifel, R.G. (1968) Effects of temperature, body size, and hybridization on mating calls of toads, Bufo a. americanus and Bufo
woodhousii fowleri. Copeia, 1968, 269-285.
https://doi.org/10.2307/1441753

Boxes: A guide to bioacoustics in taxonomy

Box I: Essentials for recording anuran calls for taxonomy

Sampling strategy: For use in taxonomy, the recording of frog calls has to meet several requirements, whereas other
criteria, important in ethological or ecological studies, might be of minor importance. Frog bioacoustical studies come in
different flavors. Many of our recommendations stem from our own experience in the exploration of largely unknown faunas
in remote areas of the world, where time is limited and multiple tasks (observation, collection and preservation of specimens,
collection of ecological data, as well as call recordings) are often carried out under suboptimal field conditions. This typically
leads also to suboptimal bioacoustical data which nevertheless are often taxonomically informative in an integrative
framework.

On the contrary, when planning a specific study to gather bioacoustical data for clarifying the taxonomy of a particular
group of anurans, design your sampling and fieldwork beforehand. If data exist pointing to the presence of different lineages
or candidate species whose status is to be tested, include various localities (at least two) per lineage. Include localities both
from the core area of each lineage and from the presumed contact or hybrid zone. Make sure you visit the different study sites
in the peak activity of the frogs in order to obtain recordings of highly motivated males (see below). If possible, take sufficient
time to record 10—20 males per site. Use state-of-the-art equipment (Box II), and wherever possible use the same equipment
and settings at all study sites.

Social context / call type: Keep in mind that the sound production with highest taxonomic relevance in anurans is the
species-specific advertisement call of males. This is the call emitted by a male to attract a conspecific female (and sometimes
with added signalling function to other males). The social context in which calls are emitted constitutes an important factor to
evaluate the taxonomic relevance of possible bioacoustical differences. As several call types with different function have been
documented in anurans, you have to be as sure as possible that you are recording calls with relevance for taxonomy. For many
frog species, aggressive calls have been documented which occur often when there is a dense aggregation of conspecific
males at one calling site. These calls with aggressive function are triggered by the presence of other conspecific males calling
at close distances. Therefore, dense choruses of males of the same species have the disadvantage of the difficulty to locate a
single calling male for recording, overlap of calls from many males, and possible predominant presence of a call type different
from the advertisement call.

In our field experience, a call can likely be considered to represent an advertisement call, if it is emitted in a
stereotyped manner outside of very dense male aggregations. This view might be further supported if you recognize the same
call type being emitted by several males (these not being close neighbors possibly competing for the same calling perch).

Motivation: Individual calling motivation is possibly a factor commonly underestimated in practice and in the literature.
Depending on different biotic and abiotic factors, calling motivation of an individual frog may vary greatly. These factors
include for example temperature, precipitation, wind, moonlight, presence of conspecifics, presence of potential predators,
individual hormonal stage, disturbance and others. Furthermore, in nocturnal frogs, starting to call at dusk or shortly after, it is
commonly observed that early calls are quite different from regular calls emitted later, at full motivation.

Be sure that the recorded male is calling on a regular basis, and that calls emitted are repeated frequently and are similar
to the calls emitted by other males of the same population.
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Voucher specimen: Collecting the recorded individual as a scientific voucher specimen is one of the most crucial
requirements for using bioacoustics in taxonomy. The perfect dataset would be a good call recording of a particular frog, the
same individual collected as voucher specimen and a tissue sample of that specimen for genetic analyses. If you have no
permits to collect the specimen, make sure to take at least a sample (buccal swab or toe clip, if allowed by local legislation) for
subsequent molecular analysis (DNA barcoding). However, getting such data poses a practical difficulty. In many regions,
simultaneous calling of several different frog species at the same site is a very common phenomenon. Therefore, there are
chances that the voucher collected was not the actual source of the call recorded.

Make sure to get as close as possible to the calling individual when recording, without disturbing it, to see that particular
individual calling. For this, look for movement of the vocal sac or of the flanks during call emission. Try to observe (if
applicable and possible) which unit of the call corresponds to one expiration. If you were too close and you disturbed the frog,
step back and wait for calling activity to resume. After a recording is obtained, try to catch the individual recorded. Take note
of all information related to the recording and the voucher specimen (preferably by adding the field number of the voucher
specimen to the recording and adding the ID of the recording file to your field notes).

Sometimes, calls can be heard and properly recorded, and the specimens putatively emitting the sounds can be located,
but it turns out to be impossible to see the actual vocal sac movement that would confirm this individual as the one emitting
the calls (e.g., because it is extremely shy, or calling from very dense vegetation, hiding places, or high in the canopy). In such
cases, and provided that the species has a small body-size, a last resource to confirm that the recordings correspond to the
collected specimens is to catch some individuals and keep them alive in a plastic bag. Leave this bag preferably close to the
original collection site in the wild, and wait until they start calling from the bag again. Even if you do not obtain good
recordings from this specimen, you will have a confirmation that this individual emits calls similar to those recorded from
free-ranging specimens.

Success rates in difficult cases can be improved by playback of randomly recorded calls of the same species (which do
not have to meet all mentioned criteria, as only used for playback purposes). If recording in the field proves impossible, for
instance in frogs with calls of very low intensity or calling under water, recordings can be achieved by keeping frogs in
terraria and recording their calls from these. Such recordings may however slightly suffer from echo effects and other
artifacts, and often, captive frogs will not call with high motivation. Furthermore, other call types might be stimutated:
usually, in species with amplexus, the emission of a release call (with potential value in taxonomy) can be stimulated by
pressing gently the flanks of the frog (simulating an amplexus). In such scenarios when recordings were obtained from
constrained specimens, researchers should report a detailed description of the procedures, considering all potential physical or
behavioral artifacts for the resulting recordings.

If there is no permission to collect, take as many detailed pictures of the living voucher as necessary to identify possible
diagnostic characters in external morphology later, measure its snout-vent length and, if allowed, take a small tissue sample or
buccal swab for DNA barcoding.

Deposit your recordings in sound archives. These files, besides being useful for future research, are also a testimony of
the presence of the species in a particular place and time.

Recording quality: A perfect call recording is the best data basis for detailed call analyses. In practice, a nearly perfect
or even good recording is usually difficult to obtain. Many factors may alter the quality of a recording like loud background
noise (traffic, rain, fast-flowing river, wind, flying insects, sound emissions of other animals, etc.), great distance to calling
frog, and less suitable recording equipment. In practice, it is recommendable not to refrain from making a recording even
under inappropriate circumstances. If you are far away from the calling frog, make a recording, and subsequently try to get
closer and make a better one, then try to get even closer and so on. In extreme cases when the only available recording device
is your mobile phone, go ahead and use it—it is better than nothing (but see Box II for restrictions of suboptimal equipment).

Box II: Recommendations for recording calls

Recording equipment: Preferably use a good digital (solid-state) recording device able to record in an uncompressed
file format (see below). In field practice, tape recorders frequently suffer from varying tape speed or other mechanical
problems, particularly under humid/tropical conditions. They also produce sound from integrated engines, which
unpreventably become part of the recording. Digital recorders, many of which were designed to record high quality music
files, have several advantages over tape recorders, and most of today’s built-in microphones are of good to very good quality.
Although the use of external microphones is here still recommended as best practice, these devices have become less essential
because of the good quality of built-in microphones and the lack of motor noise produced by the device. Advantages of
external directional microphones include that they typically capture less environmental noise and can be used at larger
distances, which is especially helpful when recording frogs that are easily disturbed when approaching too close, or those
calling from the tree canopy. Protection of the microphone by foam or feather windscreens can be of paramount importance,
especially in open windy areas because pressure changes can severely affect recordings.

Apart from the recorder itself, it is highly recommended to take a thermometer, and ideally a hygrometer, to the recording
site. Take temperature data of air and substrate, and of water, if the frog calls from a water body or its edge. Ideally also
measure the body temperature of each frog, for example by capturing the frog and measuring cloacal temperature with a fast-
reacting thermocouple, or by measuring body surface temperature with an infrared laser thermometer.
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Recorder settings: As you may encounter calling frogs right in front of your ‘door’, it is important to check settings and
battery power before you go out. Starting to check and adjust these in front of a calling frog may possibly result in
considerable delay, disturbance of the frog and, eventually, lack of any recording.

Use the best quality settings available on your device. This means, if a digital recorder is used, the highest sampling rate,
highest resolution and uncompressed file format (e.g., WAV, AIFF, PCM, LPCM, BWF). If you have a stereo recording
device, switch to mono if possible, as the stereo signal does not provide any further valuable information. If there are separate
settings for the microphone (no matter if built-in or of external type), preferably select a directional mode to suspend as many
undesired sounds from the recording as possible, and switch off preset frequency filters. During recording make sure that the
recording level is adjusted properly, namely avoiding an exaggerated input level which might result in several artifacts such
as distortion and false harmonics. A slightly too low recording level is less problematic than a level set too high.

Recording time: Try to record a reasonably long section of the vocalization. The recorded section should preferably
contain at least 10 regular calls, but the more calls are recorded the more choices are available for analyses. Try to record
several consecutive calls emitted by the same male without pausing your recorder, even if intervals between calls are rather
long.

Recording distance: In practical field work, it is generally recommendable to use a recording distance between
microphone and frog ranging from 0.5 to 1.5 m. However, reality mostly will demand a compromise, as getting too close to
the calling frog may disturb it and result in ceased calling. In cases of highly motivated calling males, it might be possible to
get very close to the caller. However, such a very short distance to the calling individual may likely result in unwarranted
near-field effects which may alter the natural call. Near-field effects can be expected to be larger in very loud calls (sound
levels of frog calls can reach 120 dB measured at 0.5 m distance) or calls with considerable sound energy at the edges of the
equipment’s frequency range. Under unproblematic conditions, we recommend a recording distance between 0.5 and 1.5 m,
but researchers should always compare the recorded sound (via headphones) with the natural sound and adjust recording
distance if sound alteration is recognized. Check the recording level settings again after adjustment of the distance to the
calling frog.

Recording procedure: Either before you start the recording of the frog call, or after you obtained a sufficient recording,
provide some basic data by speaking on the recording. These data should at least include your name, date, time, exact locality
information, and taxonomic information of the frog recorded as far as known (family, genus, species group, species complex);
and as appropriate and available, also information on temperature, humidity, habitat, perch, perch height, weather conditions
and social context. Make sure from the spoken information to be able to distinguish recordings from different individuals later
(e.g., using a field number system). If observed, also add information on individual calling behavior, vocal sac type and other
observations that may later be of importance. This way, basic information is unequivocally connected to your recording file.
You may note these data later in a field book, but leave them as audio information with the recording to assist identification of
files later.

If available, use headphones during recording to control for quality and unwanted noise. In case your equipment features
a microphone with some directional character, try to find a position / direction / distance in favor of a clear call sound and
only little background noise.

If you are in front of a dense chorus (of a single species or several species), try to select an isolated caller for recording,
so that later your recordings can be assigned to a single individual.

If possible, observe the frog calling during recording. Check for synchronicity of sound and observations such as vocal
sac inflation. If call emission and vocal sac movement are not in agreement, there is probably another individual calling close
by. Red light torches or headlamps might be useful to observe the frogs during recording, as they disturb less than white light.

Once you are satisfied with your recording save it as a separate file. Put your recorder, microphone and headphones in a
safe place, such as a dry bag or container, and try to catch the recorded frog.
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Box III: Recommendations for advertisement call analyses

It is highly preferable that call analyses are performed by the same person who recorded the calls in the field. There are
several good reasons for it, as the recordist may remember the recording situation in the field. This is an important
precondition because circumstances unknown to the analyzing person may result in misinterpretation of sounds on the
recording. The recordist may easily distinguish among different call types in view of the social context, calls from other
anuran species which were calling simultaneously, background noise, number of calling males of the recorded species, etc. If
this is not possible, the analyzing person should demand as many details as possible from the recordist, particularly if many
different sounds are audible on the recording. It obviously is essential to select the correct sounds for analysis instead of
analyzing artifacts or sounds from unwanted sources.

In order to estimate call variation, we recommend, depending on the complexity of call structure, to analyze a minimum
of 10 calls of each individual, but more are highly preferable, particularly if the analysis reveals some notably variable call
parameters. If recordings of more than one individual are available, include all of these in the analysis. Be transparent about
possible shortcomings of your description by always clearly stating how many calls from how many individuals you are using
for the description. The number of calls to be analyzed depends on the purpose of the study. In comparisons among closely
related species with similar calls, a minimum of 10 individuals, if possible from various locations should be included. For
statistical comparison make sure to avoid pseudoreplication: first calculate a mean value for each specimen, and then use
every specimen as a data point in analyses at the population level.

Prior to start an analysis: Assuming that you have a digital file on your computer ready for analysis, it is important to
listen to the recording one time completely. Apart from listening to some basic information provided on the recording by the
recordist (supposed species recorded, date, locality, habitat, temperature, other species on recording, etc.), which should be
noted now once again, you may detect artifacts or recording problems at this stage. First, make sure that the technical transfer
to your computer did not alter the recording. Is the overall sound of the recording clear and without unusual shifts in
frequency? Frequency shifts are sometimes a problem of older tape recordings as the respective recorders were running at
varying speed under certain circumstances. If it is easy to hear the call of the target species clearly, undistorted and well-
separated from other noises, the conditions for an analysis are probably good. If there is a lot of background noise, calls from
non-target species, overlapping conspecific calls, etc., the preparation of the analysis requires additional care.

Have a close look at the spectrogram of the entire recording while listening. Is the target call clearly visible as being the
sound with highest amplitude compared to other sounds? Is it well-separated or is there overlap with other noises or calls of
other males? In recordings with many frogs calling plus some other sounds, it might not be an easy task to identify the
structure to be analyzed. Try to find a section in the recording where the target call apparently is least affected by interfering
sounds. Zoom-in to this section to become aware of the structure of the target call and listen to this section again for control.
Then, search for this structure in other, less clear sections of the recording. If this turns out to be difficult, you may adjust the
display settings of the spectrogram by selecting grayscale (if you are in color mode) for amplitude and lower the sensitivity.
Depending on the setting level, this will result in display of the sounds with highest energy only. Given that the microphone
was relatively close to the calling target male, you will probably recognize its calls with setting low display sensitivity much
more easily. This procedure does not alter the recording, as it simply changes the display of sounds in relation to their
recording amplitude, and assists in identifying the target structures.

Analysis of temporal parameters: Use only those calls for analysis that look and sound clear and ‘natural’.

Having selected a clear and well-separated call, an oscillogram displaying the relative amplitude over time will provide a
clear picture of the temporal structure of a call. Make sure that amplitude alignment in the oscillogram appears ‘natural’ and
within the frame. If amplitude peaks are flattened at top and bottom, these were probably cut due to acoustic saturation (e.g.,
from an exaggerated recording level, alteration by software). Apart from providing information on number of notes per call,
number of pulses per note and other, the temporal parameters of a call are easily measured by selecting frames with your
cursor in such an oscillogram. Make sure to position your cursor as exactly as possible. Zooming-in to certain structure should
facilitate exactness. Listen to your selection again before measurement to verify that all structures shown belong to the call.
This way, measurements of basic call parameters (call duration, note duration, inter-note interval, etc.) can be obtained. When
measuring repetition rates, keep in mind how these are calculated and that you always have to measure a certain number of
call structures plus the exactly same number of respective intervals.

In lower quality recordings, the oscillogram may not be suitable for temporal measurements, as the target structure shows
overlap with other sounds, such as background noise, insect sounds, and other calling frog males. In such cases, it might be
the only option to take rough measurements of temporal parameters from the spectrogram. To do so, select a low FFT
frequency resolution (< 400) for display in your spectrogram, as this automatically increases time resolution. Search for the
identified structures and measure these as you would do in the oscillogram. As these measurements may be less exact
compared to oscillogram measurements, detail this procedure in your methods paragraph.

Older tape recordings may suffer from flutter and varying speed of the recorder. If you recognize unusual flutter by
frequency shifts in the recording, it becomes almost useless for analysis as temporal parameters were significantly altered.
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Analysis of spectral parameters: Spectral traits are visualized with spectrograms, but spectral information should not
be extracted from these visualizations (see Zollinger ef al. 2012). Instead, power spectra / spectral analysis tools should be
used for assessing spectral variables. For frequency analysis, choose a high FFT resolution (> 500). For identifying the
frequency of highest energy within the call, select a single call only and apply the frequency analysis tool to check for the
most dominant energy peak. Repeat this procedure with other calls and note respective values as these will vary more or less.
If the call is composed of several notes, repeat this procedure by selecting single notes only. In calls with distinctly
recognizable harmonics, state to which harmonic the dominant frequency corresponds. In some cases, initial notes may have
their energy peak at a different frequency compared to subsequent notes, or there is an overall frequency modulation within
the call from its beginning to the end, or notes themselves are heavily frequency modulated. In the latter case, measure the
dominant frequency at the beginning and at the end of the note, separately. Make sure to record the respective frequency
values and temporal position to enable a proper description of any kind of frequency modulation. In rare cases, several peaks
of similar intensity might be present, especially in calls with harmonics and, in such cases, the frequency for all of these peaks
should be measured and reported. Apart from the dominant frequency, the bandwidth is of importance. In clean recordings,
we recommend calculating 90% bandwidth, whereas in recordings with important background noise, only the approximate
prevalent bandwidth can be estimated using the frequency analyzing tool, or directly from the spectrogram.

Filtering: In many cases, frog calls in the field are recorded simultaneously with other sounds. Loud sounds produced by
cicadas and other insects can be particularly disturbing, but they often call at much higher frequencies than frogs. To filter
certain sections of the recording may facilitate analysis, as it removes unwanted sounds and will thus result in more clear
oscillograms of the call you are interested in. Filtering always has to be done in view of the spectrogram. You may apply a
lowpass or highpass filter, or both. Make sure that the call to be analyzed is not affected by your filter settings. Choose your
filter frequency settings with at least 0.5 kHz distance to the minimum respectively maximum frequency displayed by the call
itself. After having applied the filter, listen to the filtered section again. The call should sound exactly like prior to filtering.
Always mention any used filter settings in the methods.

Selective amplification: In some recordings with partly soft and weak signals, it might be helpful for analysis to amplify
a specific sound of the recording prior to analysis. This can be done without, prior to, or after selective filtering. Alternatively,
selective negative amplification may reduce disturbance by unwanted sounds. Selective amplification, positive or negative,
should only be done after unequivocal identification of the target sounds. If done properly, such process may result in more
clear and analysable structures. If applied for graphical representation, then we recommend the selectively amplified sound
should be shown in a separate figure (i.e., do not mix selectively amplified with non-amplified sounds in one spectrogram).

Another option provided by several programs is to ‘normalize’ the amplitude, bringing the maximum energy peaks to a
certain preset value. Equally, this can be done without, prior to, or after selective filtering. In any case, check the settings for
this procedure carefully and make sure by watching and listening to the structures that the recording is not artificially altered
by this action.

Automatic noise reduction: Most programs used for sound analysis do provide the option for automatic noise reduction.
The application of such usually reduces white noise, but to our experience also affects the call itself. When listening to noise
reduced recordings, frog calls somehow sounded different compared to the original recording. We therefore recommend not
using automatic noise reduction.

Box IV: Recommendations for advertisement call descriptions

Methods: The first important part of a call description is to describe the methods applied in every detail. Apart from the
software and settings used, also describe possible filter application and procedures of measurements. If appropriate, illustrate
measurements on an accessory figure of the oscillogram and spectrogram. Clearly state which terminology you are using in
your description and the number of calls and number of individuals you analyzed.

Context and circumstances: Start your call description with some information on circumstances during recording (e.g.,
date, time, locality, geographic coordinates, habitat, temperature, weather, social context). Mention if recorded calls were
emitted continuously at more or less regular intervals, arguing for an apparently regular calling motivation (or mention the
opposite if observed). Honestly mention all technical and biological restrictions of the recording (missing data, lack of direct
observation, shortcomings of technical equipment).

General call properties: Prior to providing detailed numerical parameters, it is recommended to describe the general
properties of a call (e.g., whistle, pulsed multinote call, series of pulse groups; or using the categories of Beeman 1998). Do
calls consist of single notes or multiple notes, and are there different note types? Are calls repeated ‘endlessly’ after regular
intervals, or are call series of defined numbers of calls emitted? In addition, some detailed characteristics should be mentioned
which are not adequately described by numerical parameters alone. These details may include amplitude modulation within
calls or notes (e.g., ascending, descending), frequency modulation within calls or notes (e.g., upward sweep, terminal drop in
frequency), and differences among certain notes within a call (e.g., initial note longer, followed by shorter subsequent notes).
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Terminology: Always define the acoustic units call and note and mention the rationale you are using for defining a note
and a call. If applicable, mention if you follow a call-centered or note-centered terminology, as defined herein (Fig. 7). Calls
might consist of a single note only. In this case, it should be clearly stated.

Always adhere strictly to the hierarchy of terms (Fig. 6). Categories other than call, note and pulse might be used in a
flexible way, but always in the hierarchical order. Avoid using other terms than those recommended here (Fig. 6), such as
those often used for bird vocalizations (song, syllable, dialect, and so forth).

Comparability of calls largely depends on conformity of the terminology used in descriptions. If someone by default or
by mistake categorizes a call as a note or vice versa, the respective call description will be barely comparable with those using
a different definition. Thus, obviously in taxonomy there is the need to use a comparable terminology. Both the call-centered
and the note-centered approach as defined herein have their advantages and disadvantages. Rather than strictly applying any
such convention, the essential for taxonomic comparison is to apply the same term to homologous entities when comparing
the vocalizations of two species. When comparing new recordings with the literature, be aware that different researchers
might have used different terminologies.

Always include an explicit statement on amplitude modulations (pulses). These are either recognizable or not; if they are,
then they should be further described (pulse number, pulse rate, pulse duration, modulation depth, etc.) as appropriate.
Especially in calls with complex structure (e.g., different note types) it can be useful to illustrate the terminology used in a
spectrogram/oscillogram figure, with arrows and lines marking the different subunits as used in the description.

Numerical parameters: Provide all numerical (quantitative) parameters in the same manner. For example, for
descriptive call properties, use range (#### — ####) followed by mean + one standard deviation (#### + ####). Make sure you
provide the values for all parameters characterizing a call and do not skip any. Always use the same units of measurement for
time and frequency information, respectively. In comparative descriptions, it probably makes sense to provide comparative
values in a table. Although not yet usually done, we recommend as future best practice to prepare and publish supplementary
tables with original measurements of calls, distinguishing call measurements from different individuals. Provide the sample
size (e.g., number of calls, notes, pulses, intervals) used for calculating average values and variance of each acoustic
parameter (see as well Box III).

Graphic presentation of calls: The graphic presentation of a call constitutes an important part of every call description,
particularly when directly comparing calls. Select a recording section of best quality and low interference with unwanted
sounds for presentation. Such graphs should always encompass a spectrogram and an oscillogram of the identical section of
the recording, hence both should be presented at the same time scale. Select the time scale for presentation to display the main
call characters of that particular species clearly. That might be one single call, a short series of calls in case of single note calls
or, preferably, a composite figure illustrating both. In calls with a more complex structure, it might be desirable to provide
details of selected sections by presenting them in additional figures, using different time scales.

The spectrogram should mainly provide information on the frequency distribution of sounds over time. However, as it is
the most complete presentation of a call, including information on both frequency and amplitude distribution over time, most
informative results are achieved by choosing some intermediate settings for the presentation, such as a FFT window width not
exeptionally high (which would result in low time resolution and may largely mask the temporal structure of the call), nor
exceptionally low (which would result in a lack of information on frequency distribution). In practice, best results are
obtained by selecting FFT widths of 256 or 512 for the spectrogram. The use of colors versus grayscale presentation for sound
energy in spectrograms is a matter of taste. In both cases, make sure that settings are chosen aiming at an informative and
clear presentation of the general call characteristics. Try to avoid the presentation of unwanted sounds with similar sound
energy (see filtering and selective amplification section above), which will hamper the recognition of call structures for the
viewer. Almost all programs offer the option for display settings for the spectrogram by adjusting sensitivity. Given that the
sound of the call should be the most energetic signal in the selected section, you can easily improve clarity of the presentation
by lowering the sensitivity, which will result in blinding out unwanted sounds of lower energy and thus a clear outline of the
call structure. A usual scaling for the frequency presentation in a spectrogram for frog calls is 0 to 10 kHz. However, as
current research revealed frog calls with a rather high frequency spectrum up to ultrasound, in some cases it can be useful
choosing a scaling in accordance with the frequency response of your recording equipment (given that settings for sampling
were chosen accordingly).

The corresponding oscillogram is aimed at providing information on amplitude modulation. It is a display of relative (not
absolute) amplitude over time. It is important as it may clearly reveal species-specific differences in call structure. Its
presentation should thus be as clear as possible. Make sure that highest peaks of energy are not cropped in the graph, but on
the other side are not too low. You may adjust the presentation by amplifiying or normalizing the amplitude (see above).
Background noise and unwanted overlapping sounds may strongly mask the call structure. In such cases, consider filtering
(see above).

When comparing calls for taxonomy purposes, provide all graphical presentations of calls in identical time scales. This
way, differences become immediately evident visually. Independent of the scaling provided by the analysis software, the time
scale in a printed presentation always should start at zero and end with the value in agreement with the time frame chosen. We
suggest choosing a time frame with a 'rounded' value, such as 0-0.5 s, 0—1 s, 0—10 s, or similar. In many cases, the numbers at
axes provided by the available programs are not suited for reproduction in print, as they are too small in relation to the whole
figure, or provide an unnecessary number of decimals. In such cases, you should modify the original graph with suitable
editing software of your choice to meet the requirements of the respective journal and to ensure readability. It is important to
appropriately label both axes (time, relative amplitude, frequency) and mention the respective units of measurement.
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APPENDIX 1. Standard Operating Protocols for software use in describing frog calls

As reviewed in detail in this paper, species-specific, advertisement calls of anurans (frogs and toads) are a powerful behavioural
prezygotic isolating factor, and their usefulness in the recognition of distinct taxa in conjunction with morphological characters
has been repeatedly acknowledged over time, even if exceptions exist.

Call analyses have become increasingly popular in descriptions of anuran species, together with descriptions of larvae and
genetic data, and many call descriptions appeared as stand-alone papers over the recent years. Since anuran taxonomists are not
always experts in bioacoustics, some bioacoustical analyses unfortunately lack the necessary standardization for reliable
diagnoses, making comparisons between congeneric taxa difficult and overly time consuming, if not simply impossible,
especially when original recordings are not available. Comparisons are also hampered by different methods applied in different
studies or by the lack of information about the analytical procedures. Although in-depth analyses are not always necessary for
comparisons in a taxonomic framework (i.e., in new species descriptions), acquiring baseline information on some standard call
parameters is advisable in all cases. Kok & Kalamandeen (2008) provided a brief introduction to basic call analysis, but to our
knowledge no standardized method has ever been proposed with the aim of (1) clearly listing the necessary data useful in
species comparisons; and (2) explaining, step by step, how to gather and illustrate these data to non-specialists in the field of
bioacoustics. We feel that such standardized methods would make comparisons easier, faster, and first and foremost more
accurate.

In this appendix we propose a series of hands-on protocols that should provide a simple, straightforward, and relatively
fast, step-by-step procedure for bioacoustical analyses to be used in anuran species descriptions. We explain with screenshots
how to apply the respective software, and reiterate recommendations of how important call structures should be defined, named
and illustrated to accompany call descriptions. More general hands-on information is also found in the boxes provided along
the main text, which, we recommend, should be consulted prior to the next steps.

Our main protocol is based on the software Raven (Charif ef al. 2010). We provide the rationale for this choice below. In
addition, we provide a novel, very simple script that should facilite the use of the R-based software module seewave to produce
high-quality spectrograms and oscillograms.

APPENDIX 1A: How to apply software in analysis of anuran calls for taxonomy: a step-by-step guide
using Raven

In the main paper we have reviewed the most important software currently available for sound recordings, with their pros and
contras. A standardized method for sound descriptions requires a software that (1) runs on multiple platforms (Linux,
Macintosh, Windows); (2) can acquire, visualize, measure, analyze and illustrate calls; (3) is under active development; and (4)
is easy to use with an intuitive interface. Several programs mentioned above meet these criteria, but for analysis of biological
sounds, Raven (Charif ez al. 2010) is probably one of the most commonly used. Although Raven Pro is not freeware, its price is
relatively accessible, and a free version (Raven Lite, currently version 2.0) exists which can be used for the most basic analyses.
Since Raven meets all the criteria we deem important for sound analyses, we decided to use Raven Pro 1.4 for this step-by-step
guide. We tried to keep this tutorial as easy and straightforward as possible. Raven contains many advanced options that are not
necessary in call descriptions in a taxonomic framework. Comprehensive information about Raven can be found in the
program's user manual (Charif er al. 2010). After checking the current beta version of the next version of the software, we
anticipate that this protocol will in principle be usable also with Raven Pro 1.5.

A. Getting started
A.1. Acquiring input

This will mostly depend on the type of recorder you used to record the call.

(i) If the call has been recorded in uncompressed format on a memory card using a solid-state recorder (highly
recommended, see earlier in the text), simply open the .wav (or .aif) file using Menu Bar—File—Open Sound Files
(you can alternatively use the corresponding icon in the Raven Tool Bars, or drag and drop the file on Raven’s
icon). If a new window named “Configure New Sound Window” opens, leave all values as default and click OK.
Skip the next part and go immediatey to A.2.

(ii) If the call has been recorded on a different audio medium than a memory card, such as a cassette tape or a digital
audio tape (DAT) you will first have to import the call in your computer in a format suitable to be used in Raven
(i.e., uncompressed formats such as WAV or AIFF). To do so, connect your recording device to your computer
(usually through the line input, but this depends on your computer model and you may need to check the computer
manual for that) and open a new Recorder window in Raven (Menu Bar—File—New—Recorder).

(iii)  Select “File” in “Record To”.

(iv)  In the Input menu find the entry line of your recording device, which should appear in “Device”. Select a sample
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rate of 44,100 Hz; select Left or Right channel; and select “16-bit signed PCM” in Sample Format.

v) Values in the Display menu can be left as default.

(vi)  Inthe File Format menu select AIFF or WAV as File Format; select 16 bits as Sample Size; and adjust your file size
according to the length of your recording. Raven will automatically stop importing when the selected size is
reached, so better to select a longer time than necessary.

(vii)  Inthe File Name menu, go to Directory and select the folder where you want the file to be saved on your computer.
Click OK.

(viii) A Recorder window opens. Click on the red button at the bottom left of the window (Record to Disk) and start
playing the call on your recording device. A signal and frequencies should appear in the window while your
recording is playing. Once the call or the sequence of your choice has been imported in Raven, click on the red
square at the bottom left of the window (Stop Recording to Disk). Your call is now saved in the folder selected in
the File Name menu (see above).

(ix)  Open the .wav (or .aif) file using Menu Bar—File—Open Sound Files or drag and drop the file on Raven’s icon. If
a new window named “Configure New Sound Window” opens, leave all values as default and click OK.

A.2. Acquisition of the data

Once your sound file is open you need to zoom in the call sequence to detect the call structure, which is the very first step
of your analysis. Figure S1 shows a continuous 6:20 min recording of Allobates amissibilis as recorded in the field and
imported in Raven.
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FIGURE S1. Field recording of Allobates amissibilis. The sequence alone does not allow discriminating between calls and
notes. Zooming in the sequence is necessary to determine the call / note structure. Red highlights the Menu Bar, blue highlights
the Tool Bars, green highlights the Side Panel, yellow highlights the Raven Desktop.

In addition to the Menu Bar (red in Fig. S1), the Tool Bars (blue in Fig. S1), and the Side Panel (green in Fig. S1), Raven
provides a Desktop (yellow in Fig. S1), with two views: a Waveform (shape of the signal, also called oscillogram; upper view
in Desktop) and a Spectrogram (spectrum of frequencies; lower view in Desktop). Raven allows you to zoom along the x- and
y-axes of these views by using the “+” and “~” on the right lower corner of the Raven Desktop (Fig. S2). Whereas zooming
along the x-axis works simultaneously on both views, zooming along the y-axis works only on the selected view. To select a
view, click on its name in the Side Panel (in Views), or simply click in the view, preferably on the left side of the x-axis,
otherwise you will create a selection border in the view, which is not necessary at this stage (to remove such a selection border,
go to Menu Bar—View—Clear All Selection Borders). If you wish to come back to the initial view, click on |—| (right side of
“~ and below on the x- and y-axes, respectively). At this stage your analysis can start.

[T L)
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FIGURE S2. Lower right corner of the Raven Desktop window showing the tabs used to zoom in and out of the sequence.

Before starting any analysis, make sure that the recording level of your recording is adequate. The amplitude in the
oscillogram must not be exceeding the maximum values of the legend in its relevant part; if it does, the
oversaturation might be due to exaggerated input leveling during the recording, or it might have occurred while
digitizing your original recording from a tape or similar. If the original recording is oversaturated, there is little to
do except trying to choose another recording for analysis. In oversaturated recordings, frequency information will
not be reliable, while temporal information can still be extracted with some reliability.

If the call amplitude is too low (or too high), Raven allows you to increase or reduce the amplitude of the complete call, or
of the active selection only. To do so, go to Menu Bar—Edit—Amplify. A dialog box pops up, indicating the options of
amplifying the entire call (Entire Sound) or the active selection only (Active Selection). Raven offers four methods of
amplification. We suggest using “multiply by factor”, which allows you to specify the factor by which the program will
multiply the call (note that amplifying by a factor between 0 and 1 will reduce the amplitude, amplifying by 0 will silence the
call). See Raven manual (Charif es al. 2010) for more information about other amplification methods. Mention any
amplification procedures in the material and methods section of the call description.

To reduce the effect of background noise (sometimes causing heavy background color in the spectrogram) you can use the
Clipping Level parameter, which allows you to specify a “noise floor” below which any amplitude value is altered (Charif et al.
2010). To do so, go to Menu Bar—View New—Spectrogram View. A window named “Configure New Spectrogram View”
opens; in “Clipping”, tick “Clip” and select the value below which any amplitude value must be altered (in “Values Below”).
Note that if you set this too high, portions of the signal will not be visible anymore, so play with different clipping levels in
order to produce a satisfactory spectrogram. As you will anyway modify the appearance of the spectrogram, you must mention
in your material and methods whether you used this parameter.

B. Analysis

B.1. Call structure

The first step of the analysis should consist in the precise description of the call structure (i.e., its appearance on the
oscillogram). Identify and mention the general type of sound (categories of Beeman 1998) and whether you chose for the
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description a call-centered or note-centered terminology. The following instructions largely follow a note-centered approach

but can easily be adapted to comply with a call-centered approach. You should mention if any of the characteristics listed below

and exemplified in Fig. S3 apply to the call (see main text for definitions of these terms and when to use them).

(1)  Is there a single note per call or are there multiple notes per call?

(2)  Is the call a simple call (all notes of one note type) or complex call (i.e., containing different note types)?

(3)  Are notes pulsed, pulsatile (consisting of poorly distinguishable pulses) or unpulsed?

And:
(4)  How are notes arranged in the advertisement call?
(5) Isthe call emitted continuously or not?

Check the call structure as follows (Figs. S4—S5):

(i)  Zoom in the call along the x-axis (and y-axis if necessary) using the “+” as described above until you are able to
distinguish notes. You should be able to see if the call is formed by a single note, or if it contains multiple notes.
Playing (listening to) the call will help determining this. Click on the button “Play” or “Scrolling Play” in the Tool
Bar (upper right of the window) to listen to the sequence and associate sounds with the different structures in the
spectrogram.

(ii)  Check how notes are distributed in the call. Are they evenly spaced? Do some of them cluster?

(iii)  Check if the call is emitted continuously or if intercall (silent) intervals are visible. Continuous calls are often
composed of a single note.

(iv)  Now, zoom closer and focus on a single note. By zooming in over the call you may loose the first note. Use the
cursor (below the Spectrogram view) to scroll the view laterally, if necessary. Is there any change in the amplitude
modulation? A note with drastic change(s) in the amplitude modulation is called pulsed (see main text). Move the
cursor and check all the notes within the call to see if modulation varies among notes.

FIGURE S3. Examples of some common call types. Upper left, call composed of a single tonal note (4dnomaloglossus
roraima, 3-s sequence); upper right, call composed of multiple notes of only one note type (here 8 notes, Allobates amissibilis,
3-s sequence); lower left, complex call composed of notes of different note types (Osteocephalus leprieurii, 3-s sequence);
lower right, single pulsed note with amplitude modulation within pulses (Osteocephalus taurinus, ca. 2-s sequence).
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FIGURE S4. Zooming along the x-axis to detect call structure, see text for explanation.
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FIGURE S5. Zooming along the x-axis to detect note structure, see text for explanation.

B.2. Temporal structure

Temporal variables should always be measured on the oscillogram (waveform) because the spectrogram comes with a
time/frequency trade off (Charif ef al. 2010; see the main text). Overlapping calls (in choruses for instance), calls recorded over
intense background noise, and poor-quality recordings in general should be avoided when measuring temporal variables.
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If only poor-quality recordings are available, or if no alternative exists for recordings containing intense
background noise or overlapping calls, a call description might still be useful and warranted, but these restrictions
need to be clearly stated and reflected in the description parameters (e.g., by adding "ca." to any temporal
measurements). In general, adjust the precision of information in your description to the quality of the recording.
For poor-quality recordings, it might not be useful to give temporal measurements with a precision of 1 or 10 ms (=
0.01/0.001 s), and it might be more honest to give parameters with a ""ca." precision of 20 or even 100 ms (= 0.02
/0.1 s). Avoid pseudoprecision that is not warranted by the quality of the underlying data!

Temporal variables and related parameters measureable on the oscillogram should include:

(M

)
3)
“4)
(&)
(6)
(7
®)
(€]
(10)
)

Number of notes per call (a call being defined as a series of notes emitted in groups between longer silent
intervals);

Note duration (beginning of the note to the end of the note);

Duration of the silent interval between notes (internote interval; end of a note to beginning of the next note);
Note period (beginning of a note to the beginning of the next note);

Call duration (beginning of the first note to the end of the last note of a call);

Note repetition rate;

Amplitude modulation;

Number of pulses per note;

Pulse repetition rate (measured within notes);

Call repetition rate (number of calls per minute);

Duration of the silent interval between calls (end of a call to the beginning of the next call);

Call rate and silent intervals are often dependent on calling motivation, and can therefore be affected by
disturbance. Their use is thus more limited, and these data can be considered optional. We however explain how to
determine these variables in Raven. You should not use these data for taxonomic conclusions if there is any doubt
about the male’s calling motivation (e.g., if the individual was obviously disturbed by the presence of the
investigator).

Measure the temporal variables as follows:

(1)
(ii)
(iii)

(iv)
)

(vi)
(vii)

(viii)
(ix)
(%)
(xi)

(xii)
(xiii)

Start by making an Excel table for your measurements as shown in Table S1 (you will export all your data at the end
of the analysis).

Go in Side Panel—Views, and uncheck “Spectrogram 1” (Fig. S6). You do not need the spectrogram view at this
stage and can check it again later when necessary.

Grab the lower border of the Raven Desktop View, which hides the Selection Table, and move it upwards (Fig. S6).
You should now see an additional view called “Table 1” (Fig. S6). This view contains seven columns, four
including default measurements, and can be used to store data until you export them as a/in your Excel table. The
number of measurements displayed can be expanded/reduced by going in Menu Bar—View—Choose
Measurements. A new window opens with Displayed Measurements on the left side, and Available Measurements
on the right side.

In Available Measurements select “Delta Time” and click on << to add it to your Displayed Measurements.

Select “Max Frequency” and “Peak Amplitude” as well since you will need them later. Click each time on << to
add each measurement to your Displayed Measurements. Once finished, click OK. New columns with these
measurements are now added in your Selection Table.

Go to Menu Bar—View—Choose Measurements. Select “Low Freq” and “High Freq” in Displayed Measurements
and click on >> to place them in Available Measurements (these columns are not necessary). Click OK.

Go to Menu Bar—View—Add Annotation Column, name it “Note #”.

Go to Menu Bar—View—Add Annotation Column, name it “Internote interval #”.

Go to Menu Bar—View—Add Annotation Column, name it “Note period #”.

Go to Menu Bar—View—Add Annotation Column, name it “Call #”.

Go to Menu Bar— View—Add Annotation Column, name it “Silent interval #”. You can reorganize the annotation
columns at any time by going in Menu Bar— View—Reorder Annotation Columns.

Identify where the call starts on the oscillogram.

Click in the oscillogram view to create a selection border at the start of the call (Fig. S7). You need to zoom in the
sequence to better detect where the call starts. Most of the time the call (first note) starts with a rapid rise of
amplitude and is therefore easy to detect.
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Table S1. Example of an Excel table in which you can import the data acquired in Raven. Note RR = note repetition rate, Pulse
R = pulse rate.

Neof  Note Note Internote Call Note Pulses/note Pulse  Silent Harmonics Dominant  Fundamental Highest
notes # Duration interval duration RR R int Freq Freq Freq

Call 1

1
2
3
X

Call

2 1
2
3
X

Call

3 1
2.
3
X

Call 1

X
2
3
X
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Figure S6. Selection Table with default columns, see text for explanation.
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Figure S7. Duration of call is determined by using the Selection borders, see text for explanation.

(xiv) Select the first call from the beginning of its first note to the end of its last note by moving the selection border to
the right. You can still modify your selection afterwards by playing with the selection borders. To do so, grab them
from the horizontal position marker (in pink in the view).

(xv) Estimating the end of the call/note is not always obvious, especially in case of background noise. Playing with the
selection and zooming in the structure of the waveform helps to determine where the call/note stops. In some calls,
several low-energy pulses occur at the end of the note, making the decision somewhat arbitrary.

(xvi) Ifyou have trouble estimating the beginning and the end of the call due to significant background noise (Fig. S8),
refer to points # xvii-xxii below. If not, go to point # xxiii. However, if background noise is too intense it is better
not using the sequence for measuring temporal variables; the same applies when multiple calls overlap
during a chorus. See box comment above on adapting measurement precision to recording quality.

(xvii) Using the selection borders, select a short segment (e.g., 0.01 s) of background noise shortly before the note starts
(Figs. S8-S9).

(xviii) Check the amplitude peak of that segment in Table 1 (in the column “Peak Amp (u)”, Fig. S9).
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Figure S8. Example of a call with significant background noise (Rhinella martyi calling close to a fast-flowing stream). The
end of the call is hard to detect due to the noise produced by flowing water. Lower oscillogram view shows the location of the
beginning of the call (after zooming 5 times along the x-axis and 2 times along the y-axis).

(xix) Use that amplitude peak as a threshold to discriminate between the note and the background noise. To do so, zoom
in at the end of the note (Fig. S9).

(xx)  Using the selection borders, select a short segment of the same length as before the call (here 0.01 s) and check
where the peak amplitude is equal to or below your threshold (in the “Peak Amp” column, Fig. S9).

(xxi) Once you reach amplitude equal to or lower than your threshold you can consider this as the end of the note (call)
(Fig. S9).

(xxii) Select the call between the two 0.01 s-segments (Fig. S10).
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Figure S9. How to discriminate between call and background noise, see text for explanation.

(xxiii) While selecting the call, you can see some data appearing in “Table 1”. A square in dashed line appears in front of
the number of the selection (first column) and your selection appears dashed-lined in the oscillogram view as well.
(xxiv) Once your first call is precisely selected between selection borders (Fig. S10), click Enter.
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Figure S10. Final selection of the correct call duration, see text for explanation.

(xxv) A window named “Annotate Selection 1” appears. Go to “Call #”, type 1, and click OK. By doing this you specify
that the selection you made corresponds to the first call of your sequence.

(xxvi) As soon as you create a new selection by clicking in the view the previous selection becomes solid-lined and
appears in light blue in the oscillogram view. That selection is deactivated (you cannot modify it), to reactivate the
selection click on it in the Selection Table. The corresponding “Delta Time” in Table 1 is the duration of the first
call (i.e., the difference between starting and ending time). The “Begin time” and the “End Time” correspond to
where the call starts and stops within the recording sequence, respectively.

(xxvii) Now select the first note of the call by applying the same procedure as explained above for the first call, but when
the window “Annotate Selection” appears, type 1 in Note # and 1 in Call #. By doing this you specify that this new
selection is the first note of the first call in your sequence. The “Delta Time” of that selection is the duration of the
first note.

(xxviii) Using the same procedure, calculate the duration of the internote interval by selecting the time between the end of
the note and the beginning of the next note. When the window “Annotate Selection” appears, type 1 in Internote
interval # and 1 in Call #. By doing this you specify that this selection is the first internote interval of the first call
in your sequence. The “Delta Time” of that selection is the duration of the first internote interval.

(xxix) Apply the same procedure for the note repetition rate starting from the beginning of the first note to the beginning
of the second note. When the window “Annotate Selection” appears, type 1 in Note period # and 1 in Call #. By
doing this you specify that this selection is the first note period of the first call in your sequence. The “Delta Time”
of that selection is the duration of the first note period.

(xxx) Apply the same procedure to all notes/internote intervals/note repetition of the first call, naming them accordingly.

(xxxi) To determine the silent intervals, start a new selection from the end the first call to the beginning of the next call.
This is the first silent interval of your sequence.

(xxxii) Then apply the same procedure to the next call, and so on until you analyzed all the calls of your sequence.

(xxxiii) Determine (count) the number of notes per call. Report the information in your Excel table.

(xxxiv) Measure the time between the beginning of the first note and the beginning of the last note using the technique
explained above. Divide the number of notes included within this period by the time in seconds. This is the note
repetition rate (i.e., the rate at which notes are produced) expressed in notes/s. Perform the same for all the calls of
your sequence. Report that measurement in your Excel table.

(xxxv) Check for the presence/absence of amplitude modulation by zooming in the notes. Describe the modulation.

(xxxvi) If the amplitude is obviously and distinctly modulated, the note is said to be either pulsatile or pulsed (see
definitions above). If appropriate, determine the number of pulses per note. Perform the same for all the notes of
the call. Report these measurements in your Excel table. In case of strongly pulsed notes, pulse duration should be
calculated as well, following the same procedure as for calls/notes.

(xxxvii)If the note is pulsed, determine the pulse repetition rate using the same technique as in point # xxxiv, but within the
note. Perform the same for all the notes of the call. Report these measurements in your Excel table.

(xxxviii)Finally, determine the call rate by calculating the number of calls produced per minute.
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B.3. Spectral structure

Spectral variables can be measured using a frequency analysis tool from the spectrogram in Raven, but should not be manually
assessed from the spectrogram visualization itself. A Power Spectrum should always be consulted to assess the distribution of
frequencies in cases were automated measuring tools cannot be fully trusted, especially in poor-quality recordings with lots of
background noise. The protocol in the following explains the use of the automated tool only, assuming the existence of high-
quality recordings. The description of spectral properties should include:

(1)  Presence/absence, and number of visible harmonics (note that the number of visible harmonics can depend on

spectrogram settings, performance of your microphone, and quality of recording);

2) Dominant frequency;

(3)  Frequency modulation and shape of the dominant frequency;

(4)  Bandwidth (preferably 90%- or 95%-bandwidth; see section B4 for other options)

Optional:
(5)  Fundamental frequency. Report if it is not recognizable (see explanation earlier in the text);
(6)  Frequency of highest harmonic;
(7)  Frequency of each visible harmonic.

Measure the spectral variables in calls with visible harmonics as follows:

)] Go in Side Panel—Views, and check “Spectrogram 1”. Uncheck “Waveform 1” (you can check it again later
whenever necessary).

(i)  Zoom enough in the sequence to be able to distinguish the harmonics within the note. Adjust Brightness and
Contrast (in Tool Bars) to be sure that you see all the harmonics (see remarks above). Modifying the Color Scheme
helps; to do so, go to Menu Bar—View—Color Scheme—Standard Gamma II (or any other color scheme you
prefer).

(iii)  Count the number of visible harmonics. Report that number in your Excel table.

(iv)  Check the shape of the harmonics. Is there any modulation?

(v)  Locate the harmonic in which the greatest amount of sound energy is concentrated (shown as the brightest
harmonic in the spectrogram; use a color scheme!). This is the dominant frequency of the note. You can detect this
better by slightly increasing the brightness.

(vi)  The dominant frequency of each note is displayed in the column “Max Freq (Hz)” (Raven already calculated this
based on the note selection you did before).

(vii) Optional: to calculate the frequency of any other harmonic than the overall dominant frequency, simply select the
harmonic alone in the spectrogram. The frequency is displayed in the column “Max Freq (Hz)” (Fig. S11).
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Figure S11. How to calculate the maximum frequency of each harmonic, see text for explanation.
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When describing harmonics (and especially when comparing among specimens, populations or species), consider
the possibility of false harmonics, the dependence of their visualization on FFT bandwidth settings, and the
dependence of visibility of high-frequency harmonics on recording distance and sometimes recording equipment.
Also, in many recordings (especially in low-frequency calls) the fundamental frequency might be impossible to
determine reliably, because in particular in the low frequency range (0-2 kHz) a lot of environmental background
noise occurs. In cases where fundamental frequency cannot be reliably determined, it is better to report only
dominant frequency and approximate prevalent bandwidth.

B.4. Alternative method for measuring temporal and spectral parameters

In many instances, especially when analyzing sounds recorded in nature, it is hard to determine precisely some parameters,
mainly due to background noise or differences in brightness and contrast configurations. Possible solutions have been proposed
before (see Figs. S9—S10). Alternatively, it is possible to rely on automatic sound analyses in Raven.

In the same way that you can automatically acquire the dominant frequency (achieved with the Max Freq or Peak Freq
tools), you can also access the maximum and minimum or fundamental frequencies, excluding the lower and higher portions of
the call that concentrate 5% of energy each. That is obtained with the measurement tools Frequency 95% and Frequency 5%
respectively (Fig. S12).

Besides spectral traits, duration of the call/note could be accessed similarly; i.e., using the measurement tool 7ime 5% and
Time 95% you are able to access the initial and final times of a call/note (Fig. S12). It will also exclude 10% of the duration of
the call/note, limiting the portion with 90% of energy in that call/note.
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Figure S12. Spectrogram of the advertisement call of Ischnocmema juipoca (Brachycephalidae) indicating automatic
measurement tools that could be used to reduce biases of identifying the spectral and temporal boundaries of the calls. The
range between maximum frequency (manual) and minimum frequency (manual) is named the bandwidth and is measured with
careful use of spectral analysis tools in high-quality recordings. In low quality recordings it can be roughly estimated from the
spectrogram and should then be referred to as approximate prevalent bandwidth. The range between the minimum and
maximum frequencies at 95% of energy is the 95% bandwidth. See text for explanation.

Additionally, you can use the measurement tools Bandwidth 90% and Duration 90% that simple subtracts the Frequency
95% by Frequency 5% or Time 95% by Time 5%, respectively, to obtain frequency bandwidth and delta time where 90% of the
energy of the call/note concentrates. Excluding 10% of the call frequency and duration reduces subjectivity as boundary limits
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are influenced by brightness and contrast configurations. Those values are independent on that, only being affected by FFT
adjustments. The same rationale could be applied to count harmonics. The number of harmonics could be counted only within
this 90% frequency bandwidth, excluding those hard to measure and probably meaningless to anuran communication (and
sometimes those are even artifacts of recording, digitizing, or analyzing settings). If bandwidth cannot be objectively measured
due to high background noise or other problems with the recordings, assess the approximate prevalent bandwidth from the
power spectrum or spectrogram, and report it as such (see main text for definition).

C. Writing and illustrating the description

At this stage all the data are compiled and almost ready to be used for the description. Export your selection table by going to
Menu Bar—File—Save Selection Table “Table 1” As... If a message about missing frequencies pops up, click “Yes”. Select the
folder where you want the file to be saved on your computer. Click OK.

Import the data in your Excel table (Table 1). Calculate mean and standard deviation for all the data. Refer to Checklist IV
for additional recommendations.

As explained earlier in the text (see Checklist IV), illustrating the call properly is an important step in the call description.
You should at least provide an illustration of the oscillogram and spectrogram of:

(1) A few consecutive calls;

(2) One call;

(3) One note;

(4) We suggest providing a Spectrogram Slice View (the Power Spectrum) as well (optional).

Raven allows you to export images, but before exporting these images some clean up is often necessary (although not
mandatory). Some filtering can be done in Raven, and some additional clean up may also be done using any image-editing
software. Keep in mind that what you want here is to propose the best graphic representation of the call. Therefore, filtering
affecting some parts of the call is acceptable (unlike in the analysis of temporal and spectral variables).

Produce illustrations as follows:

6)] Select a few consecutive calls that have the least background noise as possible and are well representative of the
species call (we suggest three calls, but this of course depends on the call type you analyze).

(i)  Zoom enough in the sequence to have the entirety of these calls in the view.

(iii)  Using the selection borders, select the three calls and copy them (Menu Bar—Edit Copy). Make sure you select
and copy a segment corresponding to a "rounded" time frame such as 0.5 s, 1 s, 2 s or similar (in this example, 30 s;
Fig. S13). If not possible, you can perform additional clipping or extend the duration of the segment after pasting
the copied sound.

(iv)  Go to Menu Bar—File—=New—Sound Window.

v) Paste the sequence in the new window (Menu Bar—Edit—Paste).

(vi)  Go to Menu Bar—View—Color Scheme— Standard Gamma II (or any other color scheme you prefer).

(vii)  Select the Waveform View and zoom along the y-axis to have the waveform high enough to fit the whole view (Fig.
S13).

(viii) Select the Spectrogram View and adjust Brightness and Contrast (in Tool Bars) to make sure that all frequencies are
well visible (Fig. S13).

(vix) Using the Selection Borders, select the part of the sequence below the fundamental harmonic (in the Spectrogram
view, Fig. S13).

(x) Go to Menu Bar—Edit—Band Filter—Out Active Selection (Fig. S13).

(xi)  Zoom along the x-axis and remove unnecessary noise before the first note by selecting it using the selection
borders, then go to Menu Bar—Edit—Band Filter—Out Active Selection (Fig. S14).

(xii) Remove all unnecessary noise by performing the same for the three calls.

(xiii) Zoom out to see the entirety of the three calls in the window.
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Figure S13. How to clean up the oscillogram for illustration. Filtering below fundamental freaquency, see text for explanation.

& Raven File m View Window Tools Help. g M O 3 = <& (= (Rechargée) ven.11:14 Q
0006 & Undo Filter ®Z | Raven Pro 1.4
o(mE@| [E ©R 2 [Bl@s@[a[a[rl |@le®[ele [ (B (BHEE=[Z[=# |[»[-][H]n][n = s
BlE(wlw/w *o ® ER[ala(@=2[EmE[E | (DRI x —0— 2] o —0— 5] = —0— i
—_——— opy
(18 views: . 1 ® Paste BV | @ *Sound 2 :
™ 4 Waveform 1 @} Delete B®
E
daptively Filter...
s Amplify...
@& Copy Image Of
E Select All
Lines: 1 Preferences
i —g—
Group By: View ¢ 10 E
£ § Channels: b 50 01 02 03 04 0's 0’6 07 0’8 09 1 ?
™1 |
20 |
|
A !
£ 8 Components: |
™ Axes ) |
) Axis Titles N |
() Line Titles | |
# Position Markers | |
™ scrolibars N .
™ selection Borders H 2
# selection Control Points [} &
™ selection Fill b 0,000 +
™ selection Labels | KHz -
# Selection Table s0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 P
() Measurements Y = <irim+ = HO)
™ View Selection Buttons |- — £
Layout Linkage | »| i

Figure S14. How to clean up the oscillogram for illustration. Filtering before the first note, see text for explanation.

(xiv)  Go in Side Panel—=Components, check “Axes” and “Axis Title”, uncheck all other components (Fig. S14).

(xv)  Go to Menu Bar—File—Export Image Of—All Views of Window “name of your file”.

(xvi) A window named “Save Image As...” opens. Give a name to your image, select TIFF files as file format, and
select the folder where you want the image file to be saved on your computer. Click OK. You now have an image
with the representation of three calls (Fig. S15).
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Figure S15. Illustration of three calls of Allobates amissibilis, as exported with Raven. Note that only the first call has been
filtered/cleaned up in this example.

(xvii) Check the unchecked components again in “Components”.

(xviii) Zoom in the sequence until you have the entirety of one call in the view.

(xix) Perform the same procedure as above (select the call, import it in a new window and apply some filtering), you
should get something as in Figure S16.

(xx)  Zoom in the sequence until you have the entirety of one note in the view.

(xxi) Perform the same procedure as above (select the note, import it in a new window and apply some filtering), but a
few next steps can be performed after cleaning up and saving the image of the note (optional).

(xxii) Grab the vertical Position Marker (in pink in the view), and place it in the waveform where the amplitude is
maximal (Fig. S17).

(xxiii) Go to Menu Bar— View—New—Spectrogram Slice View (or use the corresponding icon in the Raven Tool Bars,
Fig. S17).

(xxiv) A window named “Configure New Spectrogram Slice View” opens.

(xxv) In “Type” select “Blackman”, in “3 dB Filter Bandwidth” type 150 Hz.

While filtering is a recommendable procedure to produce high-quality spectrograms and oscillograms, its use
should be restricted to cases where it can be unambiguously decided which sounds are part of the calls and which
are background noise (e.g., environmental noise, sounds produced by other animals or by conspecific males).
When using illustrations based on filtered/cleaned sounds, it is even more important to deposit the unfiltered
original recording in a publically accessible sound repository, to allow other researchers confirmaton of your
findings if necessary.
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Figure S16. Illustration of one call of Allobates amissibilis as exported with Raven, ready for publication.
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Figure S17. How to add a spectrogram slice view to your figure, see text for explanation. Red circle highlights the “New
Spectrogram Slice View” tab in the Tool Bars.

(xxvi) Leave the other values as default and click OK. Note that you can produce different spectrogram slice views trying
different values in order to get the best result (i.e., nice peak for each harmonic).

(xxvii) Go to Menu Bar—File—Export Image Of—All Views of Window “name of your file” and apply the same
procedure as explained before.

(xxviii) If you wish to perform more clean up on your image you can open it in the image-editing software of your choice.
Final result should resemble to Figure S18.
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Figure S18. Illustration of one note of the call of Allobates amissibilis as exported with Raven, ready for publication.

You may additionally provide visual comparisons with calls of similar species, in that case simply follow the same procedures
as explained above.

For comparative purposes (comparing calls of different specimens, populations, or species), make sure that you
select for all spectrograms / oscillograms exactly the same time resolution, and the same FFT bandwidth.

APPENDIX 1B. A practical guide to sound processing and spectrogram illustration with R

We will assume that users have already a digital sound file containing the calls and stored in .wav audio file format. The first
necessary step is to edit this sound to remove all unnecessary sections or extraneous sounds, and to select a section of sound of
the desired duration. As stated before it is important to select the same sound duration in all calls that are shown for
comparative purposes. Using Raven (or other sound edition software), select a recording section, for example of exactly 5000
ms (5's), 1000 ms (1 s), or 500 ms. Then cut the section, paste it into a new file, and save this new file under a new name. In
general, there is no need for illustrating stereo recordings and these can be converted to mono by selecting one of the two
original stereo channels.

Always make sure that the sound you want to analyze is not oversaturated (i.e., the maximum amplitude peaks in the
oscillogram must not reach the scale limits).

If necessary, this selected sound section can be further processed. In general, in order to maintain the original
characteristics of the sound, filtering should be avoided or used with extreme care (see Raven SOP above). If due to particular
recording conditions a spectral filtering is absolutely necessary the spectral characteristics of the focal call should be considered
when applying the filter and the characteristics of the filter should be published.

Although all this preprocessing of sounds could potentially be performed in the R environment, it is best done with audio
editing software. It can be easily done with Raven (see SOP above) or with software such as Audacity® (free) or Cool Edit Pro
(now rebranded as Adobe® Audition®). These programs allow for easy zooming in and out of the temporal domain of the
sound and can perform good quality editions like selecting, copying, and filtering (Fig. S19).

Once a sound fragment containing the focal call (or calls) has been saved as a .wav file, it can be processed in R.

R is an open-source statistical programming environment that can be extended into an increasing number of applications
using modules or packages. One of its main strengths is the graphic outputs allowing for the production of well-designed
publication-quality plots (R-Development-Core-Team 2014). This brief manual will guide you through the necessary steps to
produce quality spectrogram - oscillograms composite plots to illustrate bioacoustical studies. The software and parameters are
identical to those used to produce the illustrations presented in this paper.

R can be freely downloaded from internet (https://cran.r-project.org/) and the installation procedure is relatively
straightforward. However, R is distributed as a basic version (R console), which can be customized and extended using
packages and scripts. The packages can be downloaded and installed from the packages menu in the R console. Packages are
copied in different repositories and the user must firstly select one repository (or mirror). Once a repository is selected the
necessary packages can be installed from the packages menu, which will display a list of available packages. Simply scroll-
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down the list and pick the desired package. In order to set up the sound processing capabilities in R, the users will have to
install two packages: Seewave (Sueur ez al. 2008a) and tuneR (Ligges e al. 2014). These packages contain numerous functions
for sound edition, synthesis, and measurement and their proper use requires some basic knowledge about R commands and
computer language that are beyond the scope of this guide. We will concentrate only in the production of spectrogram-
oscillogram composites for which we have designed a script with four easy steps.
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Figure S19. Sound editing and filtering with Audacity® software (A—C), and production of spectrograms and oscillograms
with Seewave (D—E). A) Sound file of a recording of advertisement calls of Eleutherodactylus leberi from eastern Cuba under
high ambient noise, the desired sound section has been selected for copying into a new file. B) Oscillogram of the selected 1s
second section containing one advertisement call, the power spectrum shows a noise band from crickets with a peak around 5
kHz. C) The same sound after applying a low-pass filter (cut-off frequency = 3.5 kHz, filter steepness = 36 dB/octave), note
that the amplitude of all sounds above 3.5 kHz have been greatly reduced. These sounds were later processed with the
Spectrogram-Oscillogram R script to produce the corresponding spectrogram-oscillogram composites shown in D) and E).
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The entire script is reproduced at the end of the section. The following is a stepwise protocol for performing the commands:

1. Activate the packages:
library(seewave)
library(tuneR)

2. Set the working directory (substitute the text in quotation marks "" with the path to a pre-existing directory in your
computer). It is useful if the input sound file is copied into this same directory.

setwd("Path/to/your/working/directory")

[alternatively, use the command below as also implemented in our script which will display a choice menu]
setwd(choose.dir())

3. Import your sound file into a new R object using tuneR package (a choice menu will be displayed, and the input sound file
can be selected).

infile <- file.choose()

sound<-read Wave(infile)

4. Plot oscillogram and spectrogram in two panels together and export figure
png(filename=paste(as.character(infile),"S12FFT", "png", sep = "."), width= 1200, height=1000, res=200)
spectro(sound, flim=c(0,10), wl=512, ovlp=90, osc=T, heights=c(2,2))

dev.off()

The last step of the script performs a spectrogram in a frequency range between 0—10 kHz using FFT size of 512 points,
Hanning window, 90% of overlap and plotting an oscillogram of the waveform. The optional parameter “heights” controls the
relative width of the two graphic panels. By default this function normalizes the amplitude of input file (uniformly increasing
the values so that the peak power is the maximum amplitude), which is a useful feature in this case. In this example, the output
is directed to a .png image file named as the input sound.

A A A A

# Automatic generation of spectrogram - oscillogram composites #
# This script takes one ".wav" file in a folder of choice #
# and produce a "<file name>.png" image including the spectrogram #
# and oscillogram with the selected settings. #
# Standard settings are provided but can be modified at will #

R R R R R R R R R

#1. Activate the packages:
library(seewave)
library(tuneR)

#2. Set the working directory (a choice menu will be displayed)
setwd(choose.dir())

#3. Import your sound file into a new R object using tuneR package (a choice menu will be displayed).
infile <- file.choose()
sound<-read Wave(infile)

#Plot oscillogram and spectrogram in two panels together and export figure
png(filename=paste(as.character(infile),"5 12FFT", "png", sep = "."), width= 1200, height=1000, res=200)
spectro(sound, flim=c(0,10), wI=512, ovlp=90, osc=T, heights=c(2,2))

dev.off()

HHHHHHHHHHHHH A R A A
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