SALAMANDRA 52(4) | 328-336 30 December 2016

ISSN 0036-3375

Temporal variation, duty cycle, and absolute calling effort
during sustained calling of Leptodactylus mystacinus
(Anura: Leptodactylidae)

MARTIN JANSEN', ANASTASIA MASUROWA' & R. BoB O’'HARA?

U Senckenberg Research Institute and Nature Museum, Senckenberganlage 25, 60325 Frankfurt a.M., Germany

? Senckenberg Biodiversity and Climate Research Centre, Senckenberganlage 25, 60325 Frankfurt a.M., Germany

Corresponding author: MARTIN JANSEN, e-mail: martin.jansen@senckenberg.de

Manuscript received: 17 December 2014

Accepted: 3 July 2015 by JOrRN KOHLER

Abstract. We studied the within-night temporal call variation of Leptodactylus mystacinus using automated bioacoustic
survey and pattern recognition techniques. Based on ca 50,000 detected calls we report on large-scale variation of domi-
nant frequency, call duration, peak power, call interval, call period, and call rate. The “absolute” calling effort (as absolute
seconds per hour spent on calling calculated as the sum of all detected calls during one hour) was between 165 and 716 s/
hour (535 + 191) with a peak at around 23:00 h, followed by a decrease until the end of the calling period. This might be
due to vocal fatigue. In comparison with literature, the overall call production was higher than expected, but calling effort
is comparable to estimates from the literature for other leptodactylid frogs. We hypothesize that species-specific mating
tactics might be employed to achieve high calling effort during sustained calling. Further intra- and interspecific studies
should aim at studying contest behaviour in mating frogs to test this hypothesis.
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Introduction

By using automated survey methods, scientists have to an
increasing extent demonstrated that bioacoustics can be
used as a key tool in assessing and measuring biodiversity
(PJANOWSKI et al. 2011, DEPRAETERE et al. 2012, GASC et
al. 2013). In taxonomy, many scientists use species-specific
animal communication signals for species delimitation, and
especially in frogs, where no learning effect of the acoustic
signal is known, descriptions of species-specific frog calls
are commonly included in species descriptions as diagnos-
tic characters (e.g., SCHNEIDER et al. 1993, HEYER et al. 1996,
ANGULO & REICHLE 2008, LEMMON et al. 2008, MORAVEC
et al. 2008, PADIAL et al. 2008, DE CARVALHO & GIARETTA
2013; see SCHNEIDER & SINSCH 2007 for a review). Hereby;,
frog calls have recently been used in combination with other
lines of evidence, such as morphology and DNA taxonomy,
to discover morphologically look-alike cryptic species (e.g.,
GLAW et al. 2010, JANSEN et al. 2011, FUNK et al. 2012, PAN-
SONATO et al. 2013, FOUQUET et al. 2014, WANG et al. 2014).
Regarding large-scale variation of frog calls, however,
only limited information is available. Although there is a
huge body of literature on individual, intra- and interspecif-
ic call variation (e.g., SCHNEIDER 1967, 1968, 1978, SCHNEI-

DER & NEVO 1972, GERHARDT 1991, BEE & GERHARDT 2001,
BEE et al. 2001, 2010, 2013, MARQUEZ & BOSCH 2001, BEE
2004, GASSER et al. 2009, RODRIGUEZ et al. 2010), as well
as on temporal calling variation of anurans (e.g., BRIDG-
ES & DORCAS 2000, BROOKE et al. 2000, ToDD et al. 2003,
DE SoLLA et al. 2006, WOGEL et al. 2006, BENEVIDES et
al. 2009, JANSEN 2009, LLUSIA et al. 2013a,b, OspPINA et al.
2013, STEEN et al. 2013, AKMENTINS et al. 2014, WILLACY et
al. 2015), however, only few studies exist on the individu-
al temporal variation during sustained calling. For exam-
ple, BREPSON et al. (2013) analysed in a laboratory study
on average 11,500 calls per individual emitted in one night
(in total more than 4.5 million calls from 36 males of Hyla
arborea) to study the management of calling under ener-
getic constraints.

Knowledge of the temporal variation in call traits might
be relevant for taxonomists (e.g., for the delimitation of
species based on call traits) on the one hand. On the other,
calling is the most expensive behaviour in the lifespan of
a male frog (e.g., TAIGEN & WELLS 1985, WELLS & TAIGEN
1986, 1989), and information on the individual calling ef-
fort is important for our understanding of sexual selection,
contest behaviour, or energetic trade-offs (BREPSON et al.
2013, DYSON et al. 2013).
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Call variation in Leptodactylus mystacinus

Here we use automated bioacoustic survey and pattern
detection methods to study sustained calling of the South
American frog Leptodactylus mystacinus. Besides testing
techniques for the recording and analysis of large numbers
of frog calls, the present study aims at providing informa-
tion on individual and temporal call trait variation during
hours of sustained calling, and providing for the first time
data of the actual, i.e,, calculated or “absolute”, calling effort
per hour of a leptodactylid frog in the wild.

Material and methods

Leptodactylus mystacinus (Fig. 1A), a frog of the L. fuscus
species group of the species-rich family Leptodactylidae,
is distributed from southeastern Bolivia and eastern Bra-
zil to Uruguay and through Paraguay to central Argentina
(FrROST 2014, DE SA et al. 2014). The advertisement call of
Leptodactylus mystacinus was previously described from
populations in Argentina (BARRIO 1965, DE SA et al. 2014),
Paraguay (HEYER et al. 2003), and central Brazil (OLIVEIRA
FILHO & GIARETTA 2008). JANSEN et al. (2011) stated that
genetic and morphological data suggest that Bolivian pop-
ulations might be referable to an unnamed lineage, how-
ever, this could not be confirmed until now.

Our study site was near the Biological Station “Cen-
tro de Investigaciones Ecoldgicas Chiquitos” on the cattle
ranch San Sebastidn (-16.3622°, -62.00225°% 500 m a.s.l.),
24 km south of the town of Concepcién, Province of Nuflo
de Chavez, Santa Cruz Department, Bolivia. Currently,
more than 40 species of frogs are known from this area
(JANSEN 2009, JANSEN et al. 2009, 2011, SCHULZE et al.
2009, 2011, own publ. data).

Our recordings were made on 24 January 2012 with a
weatherproof Song Meter SM2 digital audio field recorder
(Wildlife Acoustics 2014) connected to a 12V car battery
as power source (Fig. 1B). After detecting a calling male
Leptodactylus mystacinus in the field, the Song Meter was

set up on the ground and connected to two omnidirection-
al microphones, with one being about 1.5 m from the call-
ing frog. The recordings were automatically digitised at a
sampling frequency of 22,050 Hz and 16 bit resolution. Re-
cordings were stored on 32 GB SD cards in .wav format.
We recorded from 22:00 to 6:00 h, resulting in a total of
480 minutes of recording. Temperature was recorded with
the built-in temperature sensor and data logger of the Song
Meter (measurements every 5 min).

Leptodactylus mystacinus is a territorial frog that usually
calls from entrances of small channels or caves in termite
mounds that are used for sheltering during the heat of the
day (JANSEN, own data). The advertisement call of Lepto-
dactylus mystacinus consists of a single note per call (see
Fig. 2 for three typical calls) that are emitted continuously
in long series, i.e., without being arranged in obvious call
bouts, at a call rate of 250-400 calls per minute (HEYER et
al. 2003). HEYER et al. (2003) reported on a call duration
of 0.04-0.06 s and a dominant frequency (= fundamental
frequency) that ranged from 20502500 Hz. The focal spe-
cies is an ideal model system for studying the above men-
tioned questions, because the following reasons facilitate
the automated detection of single signals by means of soft-
ware: (1) the frog has a rather simple call (unpulsed, simple
structure), (2) it is a solitary, territorial species (and not a
chorusing frog), and 3) there is low ambient noise in its
preferred habitat (e.g., few or no other syntopic frog spe-
cies). Because the voucher was not collected, we identified
the species according to the call description given by (HEy-
ER et al. 2003).

Recordings were analysed on a personal computer using
the software Raven Pro v 1.4 (Bioacoustics Research Pro-
gram 2011). Frequency information was obtained through
Fast Fourier Transformation (FFT, width 256 points). Spec-
trograms were obtained using the Hanning window func-
tion with 256 bands resolution. We filtered below 1,100 Hz
and above 3,000 Hz to eliminate ambient noise. Using
Ravens’ amplitude detectors (settings: amplitude threshold

Figure 1. A) Male Leptodactylus mystacinus (not the specimen recorded herein) from the study area at San Sebastian, Department of
Santa Cruz, Bolivia; B) call perch (termite mound) and recorder setup in the field. Photos: Martin Jansen.
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Table 1. Definitions and calculation formulae of temporal characters measured for this study.

Character

Definition respectively calculation formula

Unit of measure

call period
of call n+1

instantaneous call rate

(inverse of the interval between the beginning of call n

interval between the beginning of call n to the beginning ms

1/hour

to the beginning of call n+1 [ms]) x 3600

instantaneous calling effort or call duty cycle
or

call duration/call period

absolute calling effort per hour
one hour

call rate x call duration

sum of all durations of calls that were emitted during

s/hour or dimensionless
(percentage as ratio of
sound to silence)

s/hour

= 2500 units; smoothing = 0.046 s; delay compensation =
0.005 s), we automatically detected a total of 50,092 calls.
From those, we deleted ca 600 false positives by choosing
selections with (1) durations far below the minimum dura-
tion of the call, (2) relative peak amplitudes below the min-
imum peak amplitude of the call in our recording. Every
case of a putative deletion was carefully checked manually.
In addition, we checked the whole recording visually for
false negatives and additionally selected ca 100 calls manu-

ally, all of them were less intense (usually at the beginning
of a new series) and thus were not detected by the software,
leading to a total of 49,573 calls for analysis. We assigned all
the calls to one individual, because we found the possibil-
ity of callers switching unlikely. Leptodactylus mystacinus is
bound to particular calling sites near a shelter and a switch
in calling males would most probably result in some kind
of male-male combat. However, all calls in our recording
were continuously emitted (larger breaks in the series were
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Figure 2. Spectrogram (above) and corresponding waveform (below) of a typical section of three calls of Leptodactylus mystacinus.
Taken from the recording analysed herein (San Sebastidn, Department of Santa Cruz, Bolivia, 24 January 2012, 25-26°C).
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Table 2. Call parameters of a 194-min calling period (n = 49,573
calls) of one individual of Leptodactylus mystacinus from Bolivia.

Mean (+ SD)

2024-2282 Hz (2136+36)
0.014-0.053 s (0.043+0.004)
70.8-107.3 dB (103 re 1+2)
0.085-56.564 s (0.192+0.482)
0.127-56.603 s (0.235+0.482)
64-28,347/hour (18,438+4073)
2-1282 s/hour (796+191)
165-716 s/h (535+250.7)

dominant frequency
call duration

peak power

call interval

call period
instantaneous call rate
call duty cycle
absolute calling effort

lacking), no emitted territorial calls could be found dur-
ing the recording session, and the relative amplitude of the
calls was constant throughout the recording.

For each call, we measured the following call parame-
ters with Raven: dominant frequency (Hz, the frequency
at which the maximum power is seen, taken for the entire
call), call duration (s, time from the beginning to the end of
the vocalization), and peak power (dB re 1 dimensionless
sample unit; in a greyscale spectrogram, the peak power
is the power at the darkest point). We calculated the call
period (interval between the beginning of call n to the be-
ginning of call n+1). Based on this measurement, we esti-
mated the instantaneous call rate (calls per hour) ([inverse
of the interval between the beginning of call n to the be-
ginning of call n+1] x 3600), and the instantaneous call ef-
fort or call duty cycle (sensu KLUMP & GERHARDT 1992) as
the product of call rate and call duration (e.g., TAIGEN &
WELLS 1985, TARANO & FUENMAYOR 2014), respectively the
ratio of call duration to call period (e.g., GERHARDT et al.
2000). In addition, we calculated the “absolute call effort”
per hour, which we define here as an absolute measure-
ment of time spent calling or seconds per one hour called
(sum of all durations of calls that were emitted during one
hour). See Table 1 for the definition and calculation formu-
lae of measured temporal characters within this study.
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Figure 3. Temperature during calling activity measured with the
built-in temperature sensor and data logger of the recording de-
vice (see text for details).

Statistical analysis was performed in R (R Development
Core Team 2010, version 3.0.2). For smoothening the data
to means of 5 minutes, we used the R package “Openair”
(CArRsLAW & Ropkins 2012). To visualize audiospecto-
grams and waveforms, we used the R package “Seewave”
(SUEUR et al. 2008).

Results

Within the 480 min of recording, the frog was active for
194 min and 10.9 s. Temperature varied from 25.1 to 25.9°C
(25.5 £ 0.2) during the calling period (Fig. 3). During this
period, we detected 49,573 emitted calls. Three typical suc-
cessive calls are shown in Figure 2, and a typical five-minute
section is shown in Figure 4. Call parameters of this 194-
min calling period are shown in Table 2: We found an over-
all dominant frequency of 2,024 to 2,282 Hz, a call duration
of 0.014 to 0.053 s, a peak power of 70.8 to 107.3 dB”, and
a mean call interval of 0.192 s (Table 2). In addition, we
measured a mean call period of 0.235 s, a mean instantane-
ous call rate of 18,438 calls per hour, a mean call duty cy-
cle of 796 s/h, and an absolute calling effort of 535 s/hour
(Table 2).

There was a high variation in all of these values during
one night (Figs 5A-D), and all values seem to be affected
by the time of the night. In dominant frequency, call dura-
tion and call duty cycle, there was an increase from 22:00 h
to around 23:00 h, followed by a decrease to around mid-
night, and then a smaller second peak around o1:00 h and
a decrease towards the end of the night. The absolute call
effort (as the sum of all call durations during one hour)
varied from 164.9 to 715.9 s/h between hours, had a peak
of activity around 23:00 h, and was followed by an overall
decrease (Fig. 5D).

Discussion

The specific characters of the advertisement call of Lepto-
dactylus mystacinus of this study (Table 2) agree well with
those revealed by previous studies. According to literature,
the advertisement call consists of a single, unpulsed note
emitted at rates of 213 (OLIVEIRA FILHO & GIARETTA 2008)
to 250 to 400 calls per minute (BARRIO 1965, HEYER et al.
2003, DE SA et al. 2014) (these equal 12,780, respectively
15,000 t0 24,000, calls per hour). The values of call dura-
tion in the literature vary: HEYER et al. (2003, as well as DE
SA et al. 2014) reported on a call duration of 0.04-0.06 s,
OLIVEIRA FILHO & GIARETTA (2008) measured a call dura-
tion of 0.04 s (n = 18 calls, three males, SD = 0), and BAR-
RIO (1965) gave a value of 0.10 s (without providing sample
size or SD). HEYER et al. (2003) suggested that the high
values given by BARRIO (1965) could be due to over-record-
ing or microphone ringing. HEYER et al. (2003) measured a
dominant frequency (= fundamental frequency) that rang-
es from 2,050-2,500 Hz [BARRIO (1965): 2,200-2,500 Hz],
without harmonics. OLIVEIRA FILHO & GIARETTA (2008)
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stated 2,239 Hz as dominant frequency, and a mean call in-
terval of 0.18 s (n = 18 calls, three males, SD = 0.12). How-
ever, it has to be mentioned that BARRIO (1965) and HEYER
et al. (2003) did not give the sample size of analysed calls,
and no sample size for each individual is given by OLIVEI-
RA FILHO & GIARETTA (2008) either.

Even though species-specific, advertisement calls may
exhibit considerable variability due to ambient temperature
and individual body size (e.g., ZWEIFEL 1959, 1968, GER-
HARDT & MUDRY 1980, RODRIGUEZ et al. 2015; see reviews
in GERHARDT & HUBER 2001, SCHNEIDER & SINSCH 2007).
However, the influence of temperature and individual body
size on call traits can be ignored in our data set, because
temperature hardly varied during that night (Fig. 3) and
body size of the studied individual was constant as well.
Instead, our results showed a significant influence of time
on the variation in call traits. For example, the dominant
frequency deviated by about 12% from the mean during
the night, and call duration by 90% from the mean. Simi-
lar to our results, CASTELLANO & GAMBA (2011) found that
call duration and pulse rate, both of which are commonly
used as diagnostic characters in species descriptions, were
variable during sustained calling of Hyla intermedia. They
hypothesized that this might be due to different strategies

to avoid vocal fatigue, a phenomenon that might be wide-
spread among species with high vocal activity during mat-
ing (HUMEELD 2013, PITCHER et al. 2014). Our study found
a peak of calling effort during one nightly activity period
and most probably, because it is related to this (see below),
a peak in the metabolic rate at the same time. The decrease
towards the end of the night might as well be due to vocal
fatigue or body condition, or to a change in motivation for
some or other reason, however, this hypothesis needs to be
tested. As to how far such temporal variation or plasticity
of call traits (CASTELLANO & GAMBA 2011, present study)
might actually affect the practical use of frog calls by taxo-
nomists for species delimitation has to be tested in future
studies and should be analysed based on more data from
different individuals and species.

Several studies have demonstrated that calling effort is
a determinant of oxygen consumption in frogs (e.g., Hyla
arborea: BREPSON et al. 2013; Hyla versicolor: TAIGEN &
WELLS 1985, WELLS & TAIGEN 1986; Dendropsophus micro-
cephalus: WELLS & TAIGEN 1989, SCHWARTZ et al. 1995;
Engyostomops pustulosus: e.g., BUCHER et al. 1982, POUGH
et al. 1992; Pseudacris crucifer: WELLS et al. 1996). How-
ever, although these studies suggest that calling is probably
the energetically most expensive activity in the lifetime of
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Figure 4. Spectrogram (above) and corresponding waveform (below) of a 5-minute section of calls of Leptodactylus mystacinus. Taken
from the recording analysed herein (San Sebastian, Department of Santa Cruz, Bolivia, 24 January 2012, 25-26°C).
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a male frog (see also POUGH et al. 1992, PRESTWICH 1994,
WELLS 2001), practically nothing is known about the in-
fluencing external (e.g., climate, social context) and inter-
nal (e.g., metabolic rate, energy reserves, body condition)
factors of the absolute, i.e., not estimated, individual call-
ing effort in the wild (e.g., SCHWARTZ et al. 1995, DYSON et
al. 2013). For example, no absolute measurements of call
production or calling effort of other Leptodactylus spe-
cies in the wild have been recorded until now. However,
WELLS (2007, Table 5.2) compiled some estimates of the
duty cycle of selected frog species based on calling rates
and call duration from the literature, including one conge-
ner, Leptodactylus fragilis (original data from BEVIER 1995).
According to WELLS (2007), the duty cycle (estimated call-
ing effort per hour) of L. fragilis is 690 s/h, and the esti-
mated number of “notes” per night is 16,450 (as the call
of L. fragilis is like the call of L. mystacinus composed of

A

Dominant frequency (Hz)
2120 2140 2160 2180
1 1
o
(<]
(<]
o

2100

2080

0:00h

800 900
1 1

Call duty cycle [s/h].

700
1

00

1:00h

unpulsed and single notes, with “note” being synonymous
with “call”). The duty cycle of L. mystacinus found herein
is slightly higher (mean 796 s/hour), and the absolute call-
ing effort per hour is slightly lower (mean 535 s/h). Regard-
ing the absolute number of emitted calls (or notes) emitted
during one night, our results are limited. Recording only
started when the frog was detected (at 22:00 h), but this
species usually already starts calling ca three hours earlier,
namely approximately one hour after sunset (M. JANSEN,
own data; in the present case around 19:00 h). Extrapola-
tion from the results of the present study (i.e., the detected
50,000 calls in ca three hours plus ca three hours of calling
with another 50,000) gives an estimate of around 100,000
calls per night for this individual. Preliminary studies on
another leptodactylid frog from Bolivia, L. syphax, revealed
a mean absolute calling effort of 80o-1100 s/h with 10,300
to 11,550 calls per night of one single male (M. JANSEN, own
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Figure 5. Graphs showing variation in calls and calling activity of the recorded individual of Leptodactylus mystacinus during one
night (A-C smoothened data, see text): A) dominant frequency [Hz]; B) call duration [ms]; C) call duty cycle or instantaneous calling
effort [s/h]; D) absolute call effort per hour [s/h], shown for every hour.
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data). Even higher absolute numbers of calls per night are
expected from a close relative of L. mystacinus: CASSINI et
al. (2014) reported the call rate of L. cupreus as amounting
to 14 calls/s, which would result in 50,400 calls per hour,
and - given that the frog calls continuously throughout 4
to 6 hours — which amounts to an impressive number of
200,000 to 300,000 calls per night. However, all-night re-
cordings of this and other species are needed to prove such
extremely high calling performances. Further, it can be hy-
pothesized that there might be species-specific mating tac-
tics to achieve a high calling effort during sustained calling
(e.g., many short calls like in L. mystacinus versus fewer
but longer calls in L. syphax, own data). Nevertheless, far
more data are needed to comprehensively rank and com-
pare absolute calling efforts and mating tactics in selected
frog species (M. JANSEN, in prep.).

Data on the variation in the hourly, daily, or seasonal
calling effort of individual frogs are important, because,
e.g., “until such information is available, it will be impos-
sible to construct reliable annual energy budgets” for frogs
(WELLS 2007: 229). Field measurements of the absolute
calling effort are an indirect measurement of the metabolic
rate, and therefore could shed some light on the manage-
ment and strategy of calling, their underlying principles
of physiological constraints and consequences for fitness,
as well as different evolutionary scenarios. Future studies
should include long-term studies of individual frogs (e.g.,
from one year to another as suggested by DysoN et al. 2015)
to study contest behaviour during mating season in the
context of evolution and sexual and natural selection.

Acknowledgements

RAFFAEL DE SA provided additional information on call data of
other populations of Leptodactylus mystacinus. The study was
supported by the Wilhelm-Peters-Fonds of the Deutsche Gesell-
schaft fiir Herpetologie und Terrarienkunde (DGHT), the Paul
Ungerer Stiftung, Frankfurt am Main, Germany, as well as Globe-
trotter Ausriistungen, Frankfurt. We thank JorN KOHLER and
two anonymous reviewers for valuable comments on an earlier
version of the manuscript.

References

AKMENTINS, M. S., L. C. PEREYRA, E. A. SANABRIA & M. VAIRA
(2014): Patterns of daily and seasonal calling activity of a di-
rect-developing frog of the subtropical Andean forests of Ar-
gentina. — Bioacoustics, 24: 89-99.

ANGULO, A. & S. REICHLE (2008): Acoustic signals, species diag-
nosis, and species concepts: the case of a new cryptic species
of Leptodactylus (Amphibia, Anura, Leptodactylidae) from
the Chapare region, Bolivia. — Zoological Journal of the Lin-
nean Society, 152: 59-77.

BARRIO, A. (1965): Afinidades del canto nupcial de las species
cavicolas del genero Leptodactylus (Anura — Leptodactylidae).
— Physis, 25: 401-410.

BEE, M. A. (2004): Within-individual variation in bullfrog vocal-
izations: Implications for a vocally mediated social recogni-

334

tion system. — Journal of the Acoustic Society of America, 116:
3770-3781.

BEg, M. A,,]. M. Coox, E. K. LovE, L. R. O’BriaN, B. A. PETTITT,
K. SCHRODE & A. VELEZ (2010): Assessing acoustic signal vari-
ability and the potential for sexual selection and social recog-
nition in Boreal Chorus Frogs (Pseudacris maculata). — Etho-
logy, 116: 564-576.

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

BEE, M. A., C. E. KozicH, K. J. BLACKWELL & H. C. GERHARDT
(2001): Individual variation in advertisement calls of territo-
rial male green frogs, Rana clamitans: Implications for indi-
vidual discrimination. — Ethology, 107: 65-84.

BEE, M. A,, R. SUYESH & S. D. Byju (2013): The vocal repertoire
of Pseudophilautus kani, a shrub frog (Anura: Rhacophoridae)
from the Western Ghats of India. — Bioacoustics, 22: 67-8s.

BENEVIDES, E Jr., W. J. MAUTZ & M. WARRINGTON (2009): A
piece-wise linear model of sound pressure level of male Eleu-
therodactylus coqui overnight chorus. — Herpetological Re-
view, 40: 162— 65

BEVIER, C. R. (1995): Biochemical correlates of calling activity in
Neotropical frogs. — Physiological Zoology, 68: 1118-1142.

Bioacoustics Research Program (2011): Raven Pro: Interactive
Sound Analysis Software (Version 1.4). - The Cornell Lab of
Ornithology, Ithaca, New York. Available at http://www.birds.
cornell.edu/raven.

BREPSON, L., Y. VOITURON & T. LENGAGNE (2013): Condition-de-
pendent ways to manage acoustic signals under energetic con-
straint in a tree frog. — Behavioral Ecology, 24: 488-496.

BRIDGES, A. S. & M. E. DORrCAS (2000): Temporal variation in an-
uran calling behavior: Implications for surveys and monitor-
ing programs. — Copeia, 2000: 587-592.

BROOKE, P. N, R. A. ALFORD & L. SCHWARZKOPE (2000): Envi-
ronmental and social factors influence chorusing behavior in
a tropical frog: examining various temporal and spatial scales.
- Behavioral Ecology and Sociobiology, 49: 79-87.

BUCHER, T. L., M. ]. RYAN & G. A. BARTHOLOMEW (1982): Oxygen
consumption during resting, calling, and nest building in the
frog Physalaemus pustulosus. — Physiological Zoology, 55: 10-22.

CARsLAW, D. & K. J. ROPKINS (2012): Openair — An R package for
air quality data analysis. — Environmental modeling and Soft-
ware, 27-28: 52-61.

Cassing C. S., V. G. D. Orrico, L. R. D Dias, M. SoLE, & C. E
B. HADDAD (2014): Phenotypic variation of Leptodactylus
cupreus Caramaschi, Sao-Pedro and Feio, 2008 (Anura, Lepto-
dactylidae). - Zootaxa, 3616: 73-84.

CASTELLANO, S. & M. GAMBA (2011): Marathon callers: acous-
tic variation during sustained calling in treefrogs. - Ethology
Ecology & Evolution, 23: 329-342.

DE CARVALHO, T. R. & A. A. GIARETTA (2013): Bioacoustics re-
veals two new syntopic species of Adenomera Steindachner
(Anura: Leptodactylidae: Leptodactylinae) in the Cerrado of
central Brazil. - Zootaxa, 3731: 533-551.

DE 5S4, R. O, T. GRANT, A. CAMARGO, W. R. HEYER., M. L. PONssA
& E. STANLEY (2014): Systematics of the Neotropical Genus
Leptodactylus Fitzinger, 1826 (Anura: Leptodactylidae): Phylo-
geny, the Relevance of Non-molecular Evidence, and Species
Accounts. - South American Journal of Herpetology, 9: 1-128.



Call variation in Leptodactylus mystacinus

DE SOLLA, S., K. J. FERNIE, G. C. BARRETT & C. A. BIsHOP (2006):
Population trends and calling phenology of anuran popula-
tions surveyed in Ontario estimated using acoustic surveys. -
Biodiversity and Conservation, 15: 3481-3497.

DEPRAETERE, M., S. PAVOINE, F. JIGUET, A. GAsc, S. DUVAIL & J.
SUEUR (2012): Monitoring animal diversity using acoustic in-
dices: Implementation in a temperate woodland. - Ecological
Indicators, 13: 46-54.

Dyson, M. L., M. S. REICHERT & T. HALLIDAY (2013): Contests
in amphibians. - pp. 228-257 in: HARDY, I. C. W. & M. BRIFFA
(eds): Animal contests. — Cambridge University Press.

FouQueT, A., C. S. Cassing, C. E B Happap, N. PEcH & M. T.
RODRIGUES (2014): Species delimitation, patterns of diversi-
fication and historical biogeography of the Neotropical frog
genus Adenomera (Anura, Leptodactylidae). - Journal of Bio-
geography, 41: 855-870.

Frost, D. R. (2014): Amphibian Species of the World: an Online
Reference. Version 6.0. — American Museum of Natural His-
tory. Available at http://research.amnh.org/herpetology/am-
phibia/ index.html, accessed 15 August 2014.

Funk, W. C., M. CAMINER & S. R. RON (2012): High levels of cryp-
tic species diversity uncovered in Amazonian frogs. — Pro-
ceedings of the Royal Society of London B, Biological Science,
279:1806-1814.

GaAsc, A., J. SUEUR, S. PAvOINE, R. PELLENS & P. GRANDCO-
LAS (2013): Biodiversity sampling using a global acoustic ap-
proach: Contrasting sites with microendemics in New Caledo-
nia. - PLoS ONE, 8: e65311.

GASSER, H., A. AMEzQuITA & W. HODL (2009): Who is calling?
Intraspecific call variation in the Aromobatid frog Allobates
femoralis. — Ethology, 115: 596-607.

GERHARDT, H. C. (1991): Female mate choice in treefrogs: static
and dynamic acoustic criteria. - Animal Behaviour, 42: 615-
635.

GERHARDT, H. C. & F. HUBER (2002): Acoustic communication
in insects and anurans. Common problems and diverse solu-
tions. — Chicago, University of Chicago Press, 531 pp.

GERHARDT, H. C. & K. M. MUDRY (1980): Temperature effects
on frequency preferences and mating call frequencies in the
green treefrog, Hyla cinerea (Anura: Hylidae). — Journal of
Comparative Physiology, 137: 1-6.

GERHARDT, H. C,, S. D. TANNER, C. M. CORRIGAN & H. C. WAL-
TON (2000): Female preference functions based on call dura-
tion in the gray tree frog (Hyla versicolor). — Behavioral Ecolo-
gy, 11: 663-669.

GLaw, E, J. KOHLER, I. DE LA Riva, D. R. VIEITES & M. VENCES
(2010): Integrative taxonomy of Malagasy treefrogs: combi-
nation of molecular genetics, bioacoustics and comparative
morphology reveals twelve additional species of Boophis. —
Zootaxa, 2383: 1-82.

HEYER, W. R., J. M. GARCIA-LOPEZ & A. J. CARDOSO (1996): Ad-
vertisement call variation in the Leptodactylus mystaceus spe-
cies complex (Amphibia: Leptodactylidae) with a description
of a new sibling species. - Amphibia-Reptilia, 17: 7-31.

HEYER, M. M., W. R. HEYER, S. SPEAR & R. O. DE SA (2003):
Leptodactylus mystacinus. — Catalogue of American Amphi-
bians and Reptiles, 767: 1-11

HumreLp, S. C. (2013): Condition-dependent signaling and
adoption of mating tactics in an amphibian with energetic dis-
plays. — Behavioral Ecology, 25: 520-530.

JANSEN, M. (2009): Measuring temporal variation in calling in-
tensity of a frog chorus with a data logging sound level meter:
results from a pilot study in Bolivia. - Herpetology Notes, 2:
143-149.

JANSEN, M., R. BLOCH, A. SCHULZE & M. PFENNINGER (2011): In-
tegrative inventory of Bolivias lowland frogs reveals hidden
diversity. - Zoologica Scripta, 40: 567583

JANSEN, M., A. SCHULZE, L. WERDING & B. STREIT (2009): Ef-
fects of extreme drought in the dry season on an anuran com-
munity in the Bolivian Chiquitano region. — Salamandra, 4s:
233-238.

Krump, G. M. & H. C. GERHARDT (1992): Mechanisms and func-
tion of call-timing in male-male interactions in frogs. - pp.
153-174 in: MCGREGOR, P. (ed.): Playback and studies of ani-
mal communication: problems and prospects. - Plenum Press,
London New York.

LeMmMmoN, E. M., A. L. LEMMON, J. T. CoLLINS & D. C. CANNATEL-
LA (2008): A new North American chorus frog species (Am-
phibia: Hylidae: Pseudacris) from the south-central United
States. — Zootaxa, 1675: 1-30.

Lrusia, D., R. MARQUEZ, J. F. BELTRAN, M. BENITEZ & J. P. DO
AMARAL (2013a) Calling behaviour under climate change:
geographical and seasonal variation of calling temperatures in
ectotherms. — Global Change Biology, 19: 2655-2674.

Lrusia, D., R. MARQUEZ, J. E BELTRAN, C. MOREIRA & J. P. DO
AMARAL (2013b): Environmental and social determinants of
anuran lekking behavior: intraspecific variation in popula-
tions at thermal extremes. — Behavioral Ecology and Sociobio-
logy, 67: 493-511.

MARQUEZ, R. & J. BoscH (2001): Communication and mating in
Midwife Toads (Alytes obstetriacans and Alytes cisternasii). —
pp- 220-231 in: RYaN, M. J. (ed.): Anuran communication. —
Smithsonian Institution Press, Washington.

MORAVEG, ]., ]. Aparicio, M. GUERRERO-REINHARD, G. CAL-
DERON & J. KOHLER (2008): Diversity of small Amazonian
Dendropsophus (Anura: Hylidae): another new species from
northern Bolivia. - Zootaxa, 1918: 1-12.

OLIVEIRA FILHO, J. C. DE & A. A. GIARETTA (2008): Reproductive
behavior of Leptodactylus mystacinus (Anura, Leptodactyli-
dae) with notes on courtship call of other Leptodactylus spe-
cies. — Theringia, Serie Zoologia, 98: 508-515.

OsPINA, O, L. J. VILLANUEVA-RIVIERA, C. ]. CORRADA-BRAVO &
M. AIDE (2013): Variable response of anuran calling activity to
daily precipitation and temperature: implications for climate
change. - Ecosphere, 4: 1-12.

PADIAL, ], J. KOHLER, A. MUNOZ & I. DE LA RIVA (2008): Assess-
ing the taxonomic status of tropical frogs through bioacous-
tics: geographical variation in the advertisement calls in the
Eleutherodactylus discoidalis species group (Anura). - Zoolog-
ical Journal of the Linnean Society, 152: 353-365.

PANSONATO, A., C. STRUSSMANN, J. R. MUDREK & I. A. MARTINS
(2013): Morphometric and bioacoustic data on three species
of Pseudopaludicola Miranda-Ribeiro, 1926 (Anura: Lepto-
dactylidae: Leiuperinae) described from Chapada dos Gui-
maraes, Mato Grosso, Brazil, with the revalidation of Pseudo-
paludicola ameghini (Cope, 1887). - Zootaxa, 3620: 147-162.

Pouah, E H., W. E. MAGgNUSssON, M. J. Ryan, K. D. WELLs, & T. L.
TAIGEN (1992): Behavioral energetics. — pp. 395-436 in: FEDER,
M. E. & BURGGREN, W. W. (eds): Environmental physiology of
the amphibians. — University of Chicago Press, Chicago.

335



MARTIN JANSEN et al.

PyaNowski, B. C,, A. FARINA, S. H. GAGE, S. L. DUMYAHN & B. L.
KRAUSE (2011): What is soundscape ecology? An introduction
and overview of an emerging new science. - Landscape Eco-
logy, 26: 1213-1232.

PITCHER, B. ], E. E BRIEFER, E. VANNONI & A. G. McCELLIGOTT
(2014): Fallow bucks attend to vocal cues of motivation and fa-
tigue. — Behavioral Ecology, 25: 392—-401.

PrEsSTWICH, K. N. (1994): The energetics of acoustic signaling in
anurans and insects. — American Zoologist, 34: 625-43.

R Development Core Team (2010): R: A language and environ-
ment for statistical computing. - R Foundation for Statisti-
cal Computing, Vienna, Austria. Available at http://www.R-
project.org.

RODRIGUEZ, A., D. DE LA NUEZ & R. ALONSO (2010): Intraspecific
variation in the advertisement call of the Cloud-Forest Frog
Eleutherodactylus glamyrus (Anura: Eleutherodactylidae). -
Journal of Herpetology, 44: 457-466.

RODRIGUEZ, R. L., M. ARAYA-SALAS, D. A. GRAY, M. S. REICHERT,
L. B. SymEs, M. R. WILKINS, R. J. SAFRAN & G. HOBEL (2015):
How acoustic signals scale with individual body size: common
trends across diverse taxa. — Behavioral Ecology, 26: 168-177.

SCHNEIDER, H. (1967): Rufe und Rufverhalten des Laubfrosches,
Hyla arborea arborea L. — Zeitschrift fiir vergleichende Physio-
logie, 57: 174-189.

SCHNEIDER, H. (1968): Bio-Akustische Untersuchungen am Mit-
telmeerlaubfrosch. —Zeitschrift fiir vergleichende Physiologie,
61: 369-385.

SCHNEIDER, H. (1978): Der Paarungsruf des Teneriffa-Laubfro-
sches: Struktur, Variabilitdt und Beziehung zum Paarungsruf
des Laubfrosches der Camargue (Hyla meridionalis BOTTGER,
1874, Anura, Amphibia). - Zoologischer Anzeiger, 201: 273-288.

SCHNEIDER, H. & E. NEVO (1972): Bio-Acoustic study of the Yel-
low-Lemon Treefrog, Hyla arborea savignyi AUDOUIN. — Zoo-
logisches Jahrbuch der Physiology, 76: 497-506.

SCHNEIDER, H. & U. SiNscH (2007): Contributions of bioacous-
tics to the taxonomy of the Anura. - pp. 2927-2932 in: HEAT-
WOLE, H. (ed.): Amphibian Biology, Vol. 7. Systematics. — Sur-
rey Beatty & Sons, Chipping Norton.

SCHNEIDER, H., U. SINSCH & T. S. SOFIANIDOU (1993): The wa-
ter frogs of Greece: Bioacoustic evidence for a new species. —
Journal of Zoological Systematics and Evolutionary Research,
31: 47-63.

SCHULZE, A., M. JANSEN & G. KOHLER (2009): Diversity and eco-
logy of an anuran community in San Sebastian, Bolivia. - Sala-
mandra, 45: 75-90.

SCHULZE, A., M. JANSEN & G. KOHLER (2015): Tadpole diversity
of Bolivia’s lowland anuran communities: molecular identifi-
cation, morphological characterization, and ecological assign-
ment. — Zootaxa, 4016: 1-111.

SCHWARTZ, J., S. J. RESSEL & C. R. BEVIER (1995): Carbohydrates
and calling: depletion of muscle glycogen and the chorusing
dynamics of the Neotropical treefrog Hyla microcephala. — Be-
havioral Ecology and Sociobiology, 37: 125-35.

STEEN, D. A, C.J. W. MCCLURE & S. P. GRAHAM (2013): Relative
influence of weather and season on anuran calling activity. -
Canadian Journal of Zoology, 91: 462-467.

SUEUR J., T. AUBIN & C. SIMONIS, (2008): Seewave: a free modu-
lar tool for sound analysis and synthesis. - Bioacoustics, 18:
213-226.

336

Ta1GeN, T. L. & K. D. WELLS (1985): Energetics of vocalization by
an anuran amphibian (Hyla versicolor). - Journal of Compera-
tive Physiology B, 155: 163-70.

TARANO, Z. & E. FUENMAYOR (2014): Experimental analysis of the
dimorphic function of the biphasic call of Eleutherodactylus
johnstonei (Anura: Eleutherodactylidae). — South American
Journal of Herpetology, 8: 73-80.

Topp, M. ], R. R. CockLIN & M. E. Dorcas (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.

WANG, Y., J. ZHAO, J. YANG, Z. ZHOU, G. CHEN & Y. L1U (2014):
Morphology, molecular genetics, and bioacoustics support
two new sympatric Xenophrys toads (Amphibia: Anura:
Megophryidae) in Southeast China. - PLoS ONE, 9: e93075.

WELLSs, K. D. (2001): The energetics of calling in frogs. - pp. 45—
60 in: RYAN, M. J. (ed.): Anuran communication. - Smithso-
nian Institution Press, Washington, DC.

WELLS K. D. (2007): The Ecology and Behavior of Amphibians. -
University of Chicago Press, Chicago, 1148 pp.

WELLS, K. D. & T. L. TAIGEN (1986): The effect of social inter-
actions on calling energetics in the gray treefrog (Hyla versi-
color). — Behavioral Ecology and Sociobiology, 19: 9-18.

WELLS, K. D. & T. L. TAIGEN (1989): Calling energetics of a Neo-
tropical treefrog, Hyla microcephala. — Behavioral Ecology and
Sociobiology, 25: 13-22.

WELLS, K. D, T. L. TAIGEN & J. A. O’BRIEN (1996): The effect of
temperature on calling energetics of the spring peeper (Pseud-
acris crucifer). — Amphibia-Reptilia, 17: 149-58.

Wildlife Acoustics, Inc. (2014): Bioacoustics Software and Field
Recording Equipment website. — Available at http://www.
wildlifeacoustics.com/.

WILLACY, R. J., M. MAHONY & D. A. NEWELL (2015): If a frog
calls in the forest: Bioacoustic monitoring reveals the breed-
ing phenology of the endangered Richmond Range mountain
frog (Philoria richmondensis). — Austral Ecology, online first,
doi: 10.1111/aec.12228.

WOGEL, H., P. A. ABRUNHOSA & J. P. POMBAL JR. (2006): Chorus
organization of the Leaf-Frog Phyllomedusa rohdei (Anura,
Hylidae). - Herpetological Journal, 16: 21-27.

ZWEIFEL, R. G. (1959): Effect of temperature on call of the frog,
Bombina variegata. — Copeia, 1959: 322-327.

ZwEIFEL, R. G. (1968): Effects of temperature, body size, and hy-
bridization of mating calls of toads, Bufo a. americanus and
Bufo woodhouse fowleri. — Copeia, 1968: 269—285.



