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Summary

The vocal sac present in males of most anuran species is generally associated with its
role in advertisement call production. However, its function aside from acoustic commu-
nication was neglected for some time and cues such as vocal sac movement, were tra-
ditionally seen as an epiphenomon of sound production. The diversity in vocal sac col-
ouration and shape found in different species is striking and recently its visual properties
were awarded an important role in signalling.

Males of many reed frog species (Anura: Hyperoliidae), have a prominent colourful
patch on their vocal sac, which is very conspicuous once the vocal sac is inflated. The
function of the gular patch makes up the central objective of this exploratory thesis.

| aim to highlight the unique hyperolid vocal sac and its potential function in multimodal
signalling in particular, and the fascinating diversity and complexity of anuran multimod-
al signalling in general. To investigate the role of the vocal sac and the hyperolid gular
patch in inter- and intra-specific communication, | integrated a literature research, histo-
logical and biochemical analyses in the laboratory as well as measurements of signal
parameters and associated receiver response to signal components in cue-isolation

experiments in the field.

| demonstrate that the gular patch is a gland complex producing species-specific chemi-
cal cocktails which are most likely expelled during calling - a so far undescribed mode of
signalling in frogs. Furthermore, field experiments testing receiver-response to uni- and
multimodal signal stimuli showed that the colourful gular patch does not act as a visual
signal in male-male communication, but revealed a previously undescribed foot-tapping
behaviour.

In two chapters of my thesis | sum up the current knowledge on uni- and multimodal
signalling strategies in anurans and review the versatile role of the vocal sac in the anu-

ran communication system.

Finally | discuss the mechanism and function of the vocal sac in acoustic, visual and
chemical signalling of reed frogs to contribute to our understanding of the evolution of

multimodal communication in the animal kingdom.



Zusammenfassung

Die Schallblase, die bei Mannchen fast aller Anurenarten vorhanden ist, wurde meist im Zu-
sammenhang mit der Produktion von Anzeigerufen untersucht. Die Funktion der Schallblase
jenseits der akustischen Kommunikation wurde lange Zeit kaum beachtet und Attribute, wie
etwa Schallblasenbewegung wurden traditionell eher als Epiphdnomen der Ruferzeugung ge-
sehen. Die Diversitat von Schallblasenfarbe und -form bei verschiedenen Anurenarten ist be-
eindruckend und seit wenigen Jahren wird ihren optischen Eigenschaften und ihrer moglichen
Rolle in der visuellen Signalgebung mehr Aufmerksamkeit zuteil.

Mannliche Riedfrésche (Anura: Hyperoliidae) vieler Arten besitzen einen auffallig gefarbten
Fleck auf der Schallblase, der besonders hervorsticht wenn die Schallblase mit Luft geflillt ist.
Die Funktion dieses Kehlflecks war ganzlich unbekannt und ist das zentrale Thema meiner ex-
plorativen Dissertation.

Ziel meiner Arbeit ist es, die einzigartige Riedfroschschallblase und ihre mogliche Rolle bei mul-
timodaler Signalgebung, sowie ganz allgemein die faszinierende Diversitat und Komplexitat
mulimodaler Signale bei Anuren zu beleuchten. Um die Rolle der Schallblase und des Kehl-
flecks in inter- und intra-spezifischer Kommunikation besser zu verstehen, wurden histologische
und biochemische Analysen im Labor durchgefuhrt sowie Messungen von Signalparametern
und Empfangerreaktionen auf isolierte und kombinierte Signalkomponenten in Cue-
Isolationsexperimenten im Freiland integriert.

Ich konnte zeigen, dass der Kehlfleck ein Drisenkomplex ist, der artspezifische chemische
Cocktails erzeugt, welche héchstwahrscheinlich wahrend des Rufens ausgestof3en werden und
somit einen bisher unbeschriebenen Signalmodus bei Anuren darstellen. Weiters stellte sich bei
Feldversuchen, in denen die Reaktion von Empfangern auf uni- und multimodale Signale getes-
tet wurde heraus, dass der farbige Kehlfleck keine Rolle in der Kommunikation zwischen Mann-
chen spielt, aber ein bisher unbeschriebenes Verhalten gezeigt wird, bei dem mit dem Ful} auf
den Untergrund geklopft wird.

In zwei Kapiteln meiner Arbeit, fasse ich den aktuellen Wissensstand zu uni- und multimodalen
Signalstrategien bei Riedfréschen, sowie die vielfaltige Rolle der Schallblase in der Kommunika-
tion zusammen.

Abschlielend diskutiere ich den Mechanismus und die Funktion der Schallblase in der akusti-
schen, visuellen und chemischen Kommunikation von Riedfroschen, um zum Verstandnis der

Evolution der multimodalen Kommunikation im Tierreich beitragen zu kdnnen.



Preface

Communication in the Animal Kingdom

My fascination with communication strategies in the animal kingdom, signal evolution and
behavioural ecology started during my undergraduate years, grew throughout my studies and

finally led me to delve even deeper into the matter during my PhD studies.

"For communication to occur, a sender has to encode information in a signal, which is then

transmitted to a receiver" (Shannon, 1948).

An individual's interaction with other living beings or at least with other conspecifics underpins
the transmission of signals. The way it communicates can have detrimental effects on an indi-
vidual's survival and evolutionary fitness, it is not surprising, that a myriad of different ways to
send and receive information have developed through natural and sexual selection over evolu-
tionary time (Bradbury & Vehrencamp, 2011; Dawkins & Guilford, 1997; Guilford & Dawkins,
1991). The vast diversity of signalling strategies naturally goes hand in hand with the diversi-

ty of complex organs to receive and decode information.

The often intricate ornaments which influence receivers and perceivers are those which also
catch the eye of the scientifically inclined beholder. However, in order to understand how sig-
nals evolve, it is important to distinguish between a signal, a trait that evolved to trigger chang-
es in the behaviour of receivers in the context of communication, and a cue, an informative trait
that is not primarily selected for its communicative function, but rather acts as a guide for future
actions (reviewed in Higham & Hebets, 2013). Setting out to answer the questions which the
organism poses, can be enough to keep a taxon-oriented scientist curious and busy through-
out his or her life (West-Eberhard, 2001). Thus, research on animal signalling typically connects

at least Behavioural and Evolutionary Biology, as well as Physiology and Behavioural Ecology.

In several lectures | was introduced to different signal modalities: The striking song of a black-
bird or a lion's roar are acoustic signals, which can typically travel over long distances (Wahl-
berg & Larsen, 2017). Acoustic signals can be very complex and therefore convey a multitude
of information as in the case of human speech (reviewed by Fitch, 2000). However, acoustic
signals typically quickly degrade and attenuate in the environment and can be rather costly to
produce (e.g. Gaucher, 2002; Grafe & Thein, 2001) unlike the scent trails of the female silk-
worm moth (Saturnidae), a famous example of chemical signals (Butenandt, Beckmann, &
Hecker, 1961). These signals and/or cues have the potential to inform receivers about a signal-
er's identity, reproductive state, and also the age of the scent mark, as shown not only for the

Eurasian lynx (Vogt, Boos, Breitenmoser, & Kolliker, 2016). Metabolic cost for chemical signals



is usually low in comparison to other modalities (Wyatt, 2008) and their range can be quite
broad (Ryan & Kime, 2003; Vane-Wright & Boppré, 1993).

Signals in the visual domain reach a medium to long range and can be very dynamic, such as
the mimics of a domestic horse (Wathan, Proops, Grounds, & McComb, 2016) and the biolumi-
niscent signals in fireflies (Lampyridae) (e.g. De Cock, Faust, & Lewis, 2014) or can be rather
static but conspicuous under certain circumstances (e.g. light conditions, high contrast to imme-
diate background), like the strikingly coloured fins of male guppies (Poecilia reticulata) (Endler,
1991).

We are also able to measure seismic signals, such as the infrasound rumbles of African ele-
phants, which can cover long distances (reviewed by O’Connell-Rodwell, 2007) and crocodili-
ans (Dinets, 2013) or the vibrations produced by male wolf spiders during courtship (Gibson &
Uetz, 2007). For golden moles (Eremitalpa granti) substrate-borne low-frequency vibrations
produced by conspecifics but also by desert grass patches are vital for orientation around their

habitat (as reviewed by Mason & Narins, 2002).

Tactile signals which are usually transmitted directly from sender to receiver act on a very short
range, but with a fast transmission rate and they facilitate the locatability of the sender even in
complete darkness (Wyatt, 2008). Tactile communication is very common in eu-social species,
such as honeybees (e.g. Lenoir & Jaisson, 1982), but also in social species, such as cows,
whose reciprocal grooming behaviour has been shown to play an important role in bonding
(Sato, Tarumizu, & Hatae, 1993).

A lesser known modality is electric signalling used for example by Elephant fishes (Mormyri-
dae). Electric discharges originally used for electrolocation can be of advantage in intra-specific
social communication as they provide a noise immune channel even in turbulent, murky waters
(e.g. Hopkins, 1981).

Frogs are mostly known for their vocal communication; especially chorusing of many anuran
species can be very impressive to human listeners. And acoustic signalling in frogs can reach
extraordinary complexity, such as in the Chinese frog Amolops tormotus, whose advertisement
calls are comparable to birdsong with many up- and downsweeps but also contain ultrasound
frequency components (Feng, Narins, & Xu, 2002). The prominence of anuran acoustic signals
has been reflected in scientific studies on frogs and toads over the last decades as beautifully
illustrated in a meta study by Coleman (2009; and see Waldman & Bishop, 2004). However,
there is increasing evidence that in many anuran species acoustic signals are only a part of the

picture.



Multimodal Communication in Animals

In many species, not only one communication channel, but two or more are used simultane-
ously or sequentially across multiple sensory modalities (reviewed in Candolin, 2003; Hebets
& Papaj, 2005) and in the last decade studies investigating multimodal communication systems

in many taxa increased enormously (Farris & Taylor, 2017).

Complex multimodal signalling could not only be described, but systematically investigated in
several invertebrate taxa, such as spiders where vibrational (seismic) signals are paired with
dynamic visual signals in striking courtship displays (Hebets, 2008; Kozak & Uetz, 2014; Uetz,
Roberts, Clark, Gibson, & Gordon, 2013) and butterflies (Papke, Kemp, & Rutowski, 2007), to

name just two examples of many.

There is increasing evidence that multimodal signalling is much more elaborate and much more
common in amphibians in general and in anurans in particular than previously suspected
(Amézquita & Hodl, 2004; Narins, 1990; Narins, Hodl, & Grabul, 2003; Preininger, Boeckle, &
Hodl, 2009). An advantage of multimodal communication might be an enhanced signal to
noise ratio (Gerhardt & Schwartz, 2001) and it could provide reliable indicators to attributes of
a sender (Gomez et al., 2009; Richardson et al., 2010; e.g. Vasquez & Pfennig, 2007). Narins et
al. (2003; 2005) demonstrated that in the poison dart frog Allobates femoralis simultaneous
acoustic and visual signals are necessary to evoke an aggressive reaction in a male defending
a territory. Taylor et al. (2007) found that female squirrel tree frogs (Hyla squirella) prefer a male

model frog presented simultaneously with a male call over the male call only.

Although it seems that in all anurans investigated so far there is a general preference for multi-
modal signals, vast differences can be seen in the importance of signal components and re-
sponses they elicit in the receiver even in species facing similar ecological problems (Taylor,
Klein, & Michael, 2011). An essential requirement to understand multimodal signal influence is
to perform experiments which break down a multimodal signal into its components and to ana-
lyze the associated receiver responses to isolated and combined components (e.g. Hebets &
Papaj, 2005; Taylor et al., 2011). This would not only enable the comparison with other species

but also the analysis of signal function.

This study aims to investigate for the first time the function of a possible trimodal (acoustic,
visual and chemical) communication system associated with the vocal sac in reed frogs by
means of interdisciplinary methods and by testing the receiver’s reaction to single and com-

bined signal components.



Structure and Content of this Thesis

Males of the genus Hyperolius call in a multi-species chorus at night sitting on plant structures
next to or in an aquatic site. Their large and colourful vocal sac with one central gular pad is
very conspicuous to the human observer, however, little was known about the function of the
gular patch. Schigtz (1967) described the gular patches as ,protective flaps®, suggesting a
function as a robust shield for the thin skin of the vocal sac. Drewes (1984) conducted a broad
survey during which he found different numbers, locations and shapes of gular patches in reed
frogs and described them as glands whose ,actual function remains obscure®. Some genera
have gular patches but lack a vocal sac and Rdédel et al. (2003) suggest chemical communica-
tion in two apparently mute hyperoliid species from West Africa in which males have two gland-

like structures on the throat.

Fascinating observations in the field and a taxon-centered approach (West-Eberhard, 2001) led
to this explorative thesis in which | aim to contribute to our understanding of the complex multi-

modal signalling system focusing on the vocal sac as a "signalling hub" in reed frogs.

To understand how certain signal components are produced and to investigate their intra- and
interspecific evolutionary function in the communication system of reed frogs, | investigated uni-
and multimodal signals in the acoustic, visual and chemical domain. The crucial questions guid-

ing my scientific work were:
A) What is the mechanism and function of the gular patch of reed frogs?
B) Which role does multimodal signalling play in anurans?

C) Which role does the vocal sac play in anuran communication?

To tackle these questions, | used a diverse set of methods ranging from literature research and

histological analyses to acoustic recordings and behavioral experiments in the field.

In Chapter 1 | present results which were obtained in the lab and in the field. Together with my
collaborators, | investigated the internal structure of the hyperolid gular patch in four sympatric

species as well as the chemical scent bouquets potentially emitted during calling.

Chapters 2 and 3 consist of invited review articles in which | sum up the current knowledge on

uni- and multimodal signalling strategies in anurans.



The results of Chapter 4 allow first insights into the multimodal signalling system of a reed frog
species. Presenting Hyperolius puncticulatus with artificial vocal sacs in field experiments yield-

ed surprising results in regard to acoustic, visual and potential seismic communication.
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Biological Journal of the Linnean Society, 110(4), 828-838. doi: 10.1111/bij.12167
Received 21 May 2013; Accepted 26 July 2013; Published 1 December 2013
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CHAPTER 1 13

BIOLOGICAL

Journal @ s

Biological Journal of the Linnean Society, 2013, 110, 828-838. With 4 figures

Take time to smell the frogs: vocal sac glands of reed
frogs (Anura: Hyperoliidae) contain species-specific
chemical cocktails

IRIS STARNBERGER'*, DENNIS POTH? PARDHA SARADHI PERAM?,
STEFAN SCHULZ?, MIGUEL VENCES?, JETTE KNUDSEN*, MICHAEL F. BAREJ?,
MARK-OLIVER RODEL’, MANFRED WALZL' and WALTER HODL!

Department of Integrative Zoology, University of Vienna, Althanstrasse 14, Wien 1090, Austria
’Institute for Organic Chemistry, Technical University of Braunschweig, Braunschweig, Germany
3Zoological Institute, Technical University of Braunschweig, Braunschweig, Germany
‘Department of Biology, Lund University, Lund, Sweden

*Museum fiir Naturkunde Berlin, Leibniz Institute for Research on Evolution and Biodiversity,
Berlin, Germany

Received 21 May 2013; revised 26 July 2013; accepted for publication 26 July 2013

Males of all reed frog species (Anura: Hyperoliidae) have a prominent, often colourful, gular patch on their vocal
sac, which is particularly conspicuous once the vocal sac is inflated. Although the presence, shape, and form of the
gular patch are well-known diagnostic characters for these frogs, its function remains unknown. By integrating
biochemical and histological methods, we found strong evidence that the gular patch is a gland producing volatile
compounds, which might be emitted while calling. Volatile compounds were confirmed by gas chromatography—
mass spectrometry in the gular glands in 11 species of the hyperoliid genera Afrixalus, Heterixalus, Hyperolius, and
Phlyctimantis. Comparing the gular gland contents of 17 specimens of four sympatric Hyperolius species yielded
a large variety of 65 compounds in species-specific combinations. We suggest that reed frogs might use a complex
combination of at least acoustic and chemical signals in species recognition and mate choice. © 2013 The Authors.
Biological Journal of the Linnean Society published by John Wiley & Sons Ltd on behalf of The Linnean Society
of London, Biological Journal of the Linnean Society, 2013, 110, 828-838.

ADDITIONAL KEYWORDS: Afrixalus — Amphibia — chemical communication — Heterixalus — histology —
Hyperolius — gular gland anatomy — pheromones — Phlyctimantis.

INTRODUCTION cation (Ryan, 1985; Gerhardt & Huber, 2002; Dorcas
et al., 2010). The male advertisement call attracts
conspecific females and signals a readiness to defend
territories against conspecific males (Duellman &
Trueb, 1986). Hence calling behaviour plays a vital
role in reproductive success, and is essential for
sexual selection. The calling behaviour of frogs and
toads has been the subject of a large number of
studies, whereas other channels of communication
possibly used in a reproductive context (e.g. seismic,
visual, or chemical communication) in these organ-
*Corresponding author. E-mail: iris.starnberger@univie.ac.at isms have been almost completely neglected (Taylor,

In the animal kingdom male signals usually offer
information about the individual’s condition, under-
pinning beneficial traits that might be passed on to
the next generation. Females recognize these signals
and use them in mate choice (Zahavi, 1975). In most
anuran amphibians advertisement calls are the pre-
dominant signal in inter- and intrasexual communi-

828 © 2013 The Authors. Biological Journal of the Linnean Society published by John Wiley & Sons Ltd
on behalf of The Linnean Society of London, Biological Journal of the Linnean Society, 2013, 110, 828-838

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which
permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no
modifications or adaptations are made.
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REED FROG GLAND SECRETIONS ARE SPECIES SPECIFIC 829

Buchanan & Doherty, 2007; Coleman, 2009), but see
the review by H dl & Am zquita (2001) and two
studies on seismic communication in frogs (Lewis
et al., 2001; Caldwell et al., 2010).

THE ANURAN VOCAL SAC AND ITS ROLE
IN COMMUNICATION

In males of most anuran species the vocal sac is
associated with producing advertisement calls. The
main function of the vocal sac is to recycle the air
coming from the lungs during calling. Furthermore, it
also minimizes the loss of sound energy by decreasing
the impedance mismatch between the frog’s body
cavity and its environment, increases the call rate,
and distributes sound waves omnidirectionally
(Bucher, Ryan & Bartholomew, 1982; Rand & Dudley,
1993; Pauly et al., 2006). Because the vocal sac inevi-
tably moves while a male is calling, it might send a
fixed composite signal (sensu Partan & Marler, 2005)
consisting of the acoustic signal component and a
visual trait, with increased detectability arising from
the movement (Endler & Thery, 1996; Fleishman
et al., 1998; Rosenthal, Rand & Ryan, 2004; Taylor
et al., 2008). However, the way in which multimodal
signals interact is species specific, and might differ
immensely. Hirschmann & H dl (2006) showed that
in Phrynobatrachus krefjftii Boulenger, 1909 the con-
spicuous yellow vocal sac functions as a signal in
male—male agonistic interactions, even without calls
within the human audible range being emitted. As
chemosignals can usually be produced at low costs
(Hedin, Maxwell & Jenkins, 1974), the use of phero-
mones might be a widespread phenomenon in anuran
species recognition and mate choice also, but to date
the possibility of chemical communication in anurans
has not been considered by most studies (Waldman &
Bishop, 2004; Belanger & Corkum, 2009), probably
because of the more conspicuous signal modalities
present to the human observer (e.g. acoustic and
visual), or because of the overly costly and elaborate
analyses necessary to investigate pheromones.

CHEMICAL COMMUNICATION IN AMPHIBIANS

A large number of amphibians use chemical cues for
navigation (Sinsch, 1990; Schulte et al., 2011) and
predator detection (Flowers & Graves, 1997), both in
aquatic and terrestrial environments. This leads to the
assumption that many species may also have the
physiological and anatomical ability to produce and
detect hetero- and conspecific chemical signals (Byrne
& Keogh, 2007; Woodley, 2010; Hamer, Lemckert &
Banks, 2011). In aquatic and terrestrial urodeles there
are many well-known cases of chemical communica-
tion in a sexual context. For instance, male newts of

the genus Lissotriton release a bouquet, use their tail
to fan it towards a female, and thus elicit responses
necessary to coordinate spermatophore transfer (e.g.
Malacarne & Giacoma, 1986; and see Treer ef al.,
2013). There are also a few reports of aquatic sex
pheromones (i.e. molecules used for communica-
tion between conspecific animals in an aquatic
environment) in anurans. In African clawed-frogs
(Hymenochirus sp.), females tested in Y-maze experi-
ments showed a clear preference for water containing
homogenized male post-axillary breeding glands, or for
water previously containing live males (Pearl et al.,
2000). Wabnitz et al. (1999) found that female Litoria
splendida Tyler, Davies & Martin, 1977 are attracted
towards the male by splendipherin, an aquatic phero-
mone produced only by males in glands found on the
head. The chemicals identified in L. splendida,
Hymenochirus spp., as well as in newts and salaman-
ders, are peptides, and can therefore only be spread in
water or through direct contact (Rajchard, 2005;
Houck, 2009). As a result of their direct contact with
the female during amplexus, there are a considerable
number of publications speculating on the possible use
of skin glands, present in terrestrial male anurans, in
chemical communication in a sexual context (e.g.
Thomas, Tsang & Licht, 1993; R del etal., 2003;
Lenzi-Mattos ef al., 2005). But to the best of our
knowledge, there are only four reported cases of vola-
tile pheromone communication in terrestrial amphib-
ians. Male American toads [Anaxyrus americanus
(Holbrook, 1836)] show orientation towards female
chemical cues in a Y-maze set-up (Forester &
Thompson, 1998). Korbeck & McRobert (2005) report,
that poison frogs [Dendrobates auratus (Girard, 1855)]
are attracted towards conspecifics of the opposite
sex by olfactory cues. In the Australian toadlet
Pseudophryne bibronii G nther, 1859, males call
hidden in the leaflitter at night and secrete an odorous
mucus produced by dorsal, axillary, and postfemoral
skin glands, which is likely to help females in close-
range mate localization (Byrne & Keogh, 2007). In a
recent study on mantellid frogs, Poth et al. (2012)
provided the first direct evidence for the occurrence of
volatile compounds acting as pheromones in anurans.
These compounds are emitted in species-specific cock-
tails from the prominent femoral glands that charac-
terize the males of these endemic Malagasy frogs
(Vences et al., 2007; Poth et al., 2012; Poth et al., 2013).

AN EXTRAORDINARY VOCAL SAC STRUCTURE
IN HYPEROLIIDS

The anuran family Hyperoliidae (reed frogs) is
common in sub-Saharan Africa, Madagascar, and the
Seychelles, and comprises over 200 species in 18
genera, of which Hyperolius is the most species rich
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Figure 1. From top left to bottom right: sympatric male individuals of Hyperolius cinnamomeoventris, Hyperolius
kivuensis, Hyperolius viridiflavus, and Hyperolius lateralis with inflated vocal sacs. The prominent gular patch is visible
in all pictures. (Photos by L. Starnberger and W. H dl, taken at Kibale Forest National Park, Uganda).

(Frost, 2012). Within this clade there is substantial
variation in coloration, morphology, and reproductive
modes, but males of all reed frog species share a
common feature: a prominent gular patch on the vocal
sac (Fig. 1). Schigtz (1967) described the gular
patches as ‘protective flaps’, suggesting a function as
a robust shield for the thin skin of the vocal sac.
Drewes (1984) conducted a broad survey, during
which he found different variations concerning the
position and the shape of the gular patches in reed
frogs, and described them as glands of which the
‘actual function remains obscure’. Some genera have
gular patches but lack a vocal sac, and Perret (1961)
suggested chemical communication in Acanthixalus
spinosus (Buchholz & Peters, 1875). R del efal.
(2003) provided further evidence for possible chemical
communication in two apparently mute hyperoliid
species from West and Central Africa [Acanthixalus
sonjae R del, Kosuch, Veith & Ernst, 2003 and
Acanthixalus spinosus (Buchholz & Peters, 1875), but
see Amiet, 1972], in which males have two gland-like
structures on the throat.

The present study aims to shed light onto the
structure and function of the conspicuous hyperoliid
gular patch and its potential to bear a function in
species recognition, mate choice, and also as a conse-
quence in speciation. We first performed histological
examinations to reveal the internal structure of the
gular patch. Furthermore, we searched for volatile
substances in the gular patch tissue of 11 members of

the family Hyperoliidae that would enable airborne
chemical communication. Finally, we tested the gular
patches of four syntopic species of Hyperolius for the
possible presence of species-specific cocktails of volatile
substances, which would offer these frogs the opportu-
nity of chemical species recognition. This study aims to
lay the foundation for future experimental studies to
empirically test the function of the gular patch.

MATERIAL AND METHODS

COLLECTION AND MOLECULAR IDENTIFICATION
OF SPECIMENS

To test the possiblity of species recognition via chemi-
cal cues, we collected syntopic specimens in Kibale
Forest National Park, Uganda, near the Makerere
University Biological Field Station (0°33'41.4786"N, E
30°21'23.6838"). Free-living adult specimens of
Hyperolius cinnamomeoveniris Bocage, 1866 (n = 3),
Hyperolius kivwensis Ahl, 1931 (n =3), Hyperolius
lateralis Laurent, 1940 (n = 3), Hyperolius viridiflavus
Dumeril & Bibron, 1841 (n = 8), and Phlyctimantis
verrucosus (Boulenger, 1912) (n = 1) were caught in the
field at night (when the males were calling). The frogs
were sedated by the application of a small quantity of
benzocaine on the back, which is absorbed through the
frog’s skin, and then killed by an overdose of the same
substance in the field laboratory. Tissue from the vocal
sac was removed and immediately fixed, either in
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formalin for histology (see below) or in methanol for
chemical analysis. The latter samples were stored in
1 mL gas chromatography vials sealed with Teflon-
coated caps to prevent modification or evaporation of
chemical compounds. In addition, small quantities of
muscle tissue for DNA analysis were preserved in
absolute ethanol. To allow for a broader biochemical
survey, specimens of additional hyperoliid species were
collected in Cameroon (genera Afrixalus and
Hyperolius) and Madagascar (Heterixalus) in the
framework of other research projects, and fixed using
the same protocols as in Kibale Forest. The species
collected in Cameroon were identified based on mor-
phological traits (Amiet, 2012). The Helerixalus speci-
mens collected in Madagascar could be clearly
distinguished by their species-specific calls, as only
calling males were sampled. In three specimens of
Heterixalus spp. we also examined samples from the
skin of the belly and the skin of the vocal sac after
excision of the gular gland. A list of voucher specimens
is provided in Table S3.

Because many East African Hyperolius species are
morphologically similar to each other, the identifica-
tion of all specimens collected in Kibale Forest was
confirmed by DNA sequences. DNA extraction from
ethanol-preserved tissues, polymerase chain reaction
(PCR), and direct sequencing of a DNA fragment of
the mitochondrial 7165 rRNA gene (~-500 nucleotides)
followed standard methods (e.g. Vences et al., 2003).
We used the primers 165-AL and 16S-BH for PCR,
and primer I16S-AL for sequencing (see Vences
et al., 2003 for primer sequences and thermocycling
protocols). All newly determined sequences were
deposited in GenBank (accession numbers GenBank
KF447778-KF447836). Haplotypes determined
from specimens of each of the four species
(H. cinnamomeoventris, H. kivuensis, H. lateralis, and
H. viridiflavus) were almost invariable within species
and highly divergent between species, thus confirm-
ing that the specimens indeed belong to four distinct
species. BLAST searches against sequences in
GenBank confirmed the species identification of each
of the four clusters.

COMPOUND EXTRACTION AND ANALYSIS

The gular patch tissue samples stored in methanol
were concentrated and directly analysed by gas
chromatography—mass spectrometry (GC-MS)
methods. GC-MS analysis was used to investigate the
gland constituents, as they are presumably released
during calling and should therefore be volatile. The
analyses were performed on an Agilent 7890A GC
system fitted with an HP-5MS-fused silica capillary
column (30 m, 0.25 mm i.d., 0.25 pm film; J&W Scien-
tific), connected to an Agilent 5975C inert mass detec-

tor using the following method: 5 min at 50 °C, then
increasing with 10 °C min™ to 320 °C, operated in
splitless mode (60-s valve time). The detected com-
pounds were characterized by their molecular mass,
their base peak, and their retention index (RI). Most
of the compounds were assigned to one of the four
substance classes most abundant in the samples
(sesquiterpenes, fatty acid esters, macrolides, alco-
hols), based on their characteristic fragmentation pat-
terns. The structures of some volatile compounds were
identified by the comparison of their mass spectra and
retention indices with data from the literature.

HisToLOGY

For histological analyses specimens of H. viridiflavus
(n =2, both green morphs) were killed as described
above and fixed in 10% neutral buffered formalin, as
described by Carson (1997), in the field lab. The
samples were submerged in Bouin's fixative and after
24 h transferred to ethanol (70%). The samples were
dehydrated in a graded series of ethanol (70, 80, and
90%) and embedded in paraffin. The tissue was cut at
5 um using a rotary microtome (Leica RM 2265). The
5 um series was stained using Heidenhain's AZAN
stain for general histology. We used only one species
for detailed histological analysis, because a pilot
study showed that the gland tissue anatomy does not
vary considerably between closely related Hyperolius
species (L. Starnberger, unpubl. data).

STATISTICAL ANALYSES

To graphiecally visualize wvariation in individual
compound profiles within and among species of
H. cinnamomeoventris, H. kivuensis, H. lateralis, and
H. viridiflavus, based on the untransformed presence/
absence of compounds (Table S1), we used non-metric
multidimensional scaling (nMDS), based on Bray—
Curtis dissimilarity matrices. To quantify the differ-
ence in compound composition between sympatric
species we used a one-way analysis of similarity
(ANOSIM) with Bray—Curtis distance measure (as in
Russo el al., 2008). Statistical analyses were per-
formed with SPSS 20.0 and PAST 2.17 (see Hammer,
Harper & Ryan, 2001).

RESULTS
STRUCTURE OF GULAR PATCH AND GULAR GLAND

Histological analyses revealed that the conspicuous
gular patch found on the vocal sac of male reed frogs
is a gland complex consisting of different gland types.
The hyperoliid gular patch is a hypertrophied area
extending far into the vocal sac cavity, and is approxi-
mately ten times thicker than the surrounding vocal
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Figure 2. Cross sections (6-um thick; AZAN stain) of the lower jaw of a male (A) and a female (B) Hyperolius viridiflavus,
showing the tongue (t), the mandibular arch (m), the floor of the mouth (f), and the gular skin (g). The male’s gular skin
is extremely hypertrophied and forms a tubular gland complex, which is missing in the female. Details of tubular glands
reveal collective pools near the surface of the gland complex with narrow ducts leading to the outside (C), and myocytes,
probably used to discharge the gland (D). The tongue size difference between the male and the female is linked to the
female’s larger body size and the fact that the jaws of the two specimens were cut in slightly different areas.

sac tissue (Fig. 2A, C and D). The gular patch is
situated in the stratum spongiosum within the
dermis, and comprises three different gland types. We
hereafter use the term ‘gular gland’ to refer to this
macrogland structure. A vast part of the tissue is
made up of glands consisting of densely packed,
highly prismatic cells with a central nucleus, which
form tubular ducts leading to a basin directly under-
neath the skin surface (Fig. 2A, C and D). Secretions
collected in the basin can be released onto the epi-
dermis via a narrow duct. The collective basins are
surrounded by myocytes, which most likely compress
the gland to push the secretion through the narrow
duct (Fig. 2A, C and D).The gular gland is made up by
separate units of tubular glands, subdivided by thin
layers of connective tissue, each with a separate
secretion channel. Furthermore, there is a strand of
connective tissue conjoining the gular patch with the
diaphragma oris. The vocal sac tissue surrounding
the gular patch contains both granular and mucous
glands, but no tubular gland tissue.

CHEMICAL COMPOUND SCREENING IN
HYPEROLIID FROGS

We performed a biochemical screening of members
of four hyperoliid genera, all characterized by a
prominent gular patch (Table 1). The chemical survey
revealed that sesquiterpenes are present in the
gular patches of all genera sampled (Afrixvalus spp.,
Heterixalus spp., Hyperolius spp., and Phlyctimantis
sp.), with up to 13 different compounds per individual,
suggesting that in all of these taxa the patches
are made up by a gular gland structure. Fatty-acid
esters were present in all Hyperolius samples, with
12-14 compounds per individual, and in Heterixalus
alboguttetus (Boulenger, 1882) (seven compounds)
and in Afrixalus lacteus Perret, 1976 (one com-
pound). Furthermore, we found a small number
of macrolides in two Hyperolius species and in
Afrixalus paradorsalis Perret, 1960. In the samples
of H.cinnamomeoventris and H.uviridiflavus a
number of unidentified alcohols were present. In
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Table 1. Total number of compounds of each substance class present in the samples of the hyperoliid species examined

No. of Fatty acid Total no. of
Genus Species samples  Sesquiterpenes  esters Macrolides  Aleohols  compounds
Hyperolius kivuensis 3 13 12 28
Hyperolius lateralis 3 3 12 18
Hyperolius cinnamomeoventris 3 7 12 2 1 25
Hyperolius viridiflavus bayoni 5 2 14 2 2 24
(brown morph)
Hyperolius viridiflavus bayoni 3 4 14 il 1 23
(green morph)
Hyperolius ademetzi 1 11 12
Afrixalus lacteus 3 1 1 5
Afrixalus laevis 3 2 5
Afrixalus paradorsalis 3 10 1 14
Phlyctimantis  verrucosus 1 10 11
Heterixalus alboguttatus 6 13 T 26
Heterixalus betsileo 3 6 9
A H B H
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Figure 8. Mass spectra of the terpenes identified from Hyperolius cinnamomeoventris (a-himachalene, A) and from
Hyperolius kivuensis [2-epi-(E)-f-caryophyllene, B]. The structures were confirmed by comparison of the mass spectro-
metric data and the retention index with those from the literature (Adams, 1995).

Heterixalus spp. none of the three control samples of
skin from the belly and skin from the vocal sac
yvielded any volatile compounds, confirming that
these are produced and secreted by the gular gland
only.

Although the structures of most of the volatiles
detected in the gular patch extracts are still
unknown, some compounds could be identified.
Figure 3 shows the mass spectra and structures of
two sesquiterpenes detected in the gular patch
extracts of H. kivuensis and H. cinnamomeoventris.
The mass spectrometric data and the retention index
of o-himachalene and 2-epi-(E)-f-caryophyllene
matched those reported by Adams (1995). The iden-
tification of the structures of other sesquiterpenes
and of the detected alcohols and macrolides will be
pursued in the future.

CHEMICAL COMPOUND DIFFERENTIATION IN FOUR
SYNTOPIC HYPEROLIUS SPECIES

In total, 65 compounds were recorded from gular
patch tissue of the 17 males examined from four
Hyperolius species collected at Kibale. Most com-
pounds could be assigned to a structural class, of
which sesquiterpenes and fatty acid esters were the
most abundant. Overall, the chemical profiles were
different between species (ANOSIM: P =0.0028,
R =0.5), which is illustrated by the fact that only a
small portion of the terpenes was shared by the
different syntopic species, and most of them were
characteristic for one species (Table S2). Multidimen-
sional scaling based on the presencefabsence of
compounds in the individual samples resulted in
clustering (Fig.4), confirming that each species
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Figure 4. Non-metric multidimensional scaling (nMDS)
plot of Hyperolius ¢chemical compound profiles among four
sympatric species. The nMDS plot is based on the
presence/absence of 65 compounds in the gular patch
tissue samples (Table S1). Each symbol represents an
individual frog. Symbol shape refers to species identity (4,
Hyperolius kivuensis; +, Hyperolius cinnamomeoventris; O,
Hyperolius viridiflavus, brown morph; @, H. viridiflavus,
green morph; B, Hyperolius lateralis).

has a characteristic cocktail of compounds in its
gular glands, despite individual variation (nMDS:
stress = 0.1). All four species were largely separated,
but the chemical houquets of H. cinnamomeoventris
and H. viridiflavus differed the most (P =0.012).
Hyperolius cinnamomeoventris and H. lateralis had
chemical cocktails that clustered in between the two
other species, but still did not overlap. The highest
variation of chemical composition between individu-
als was found in H. viridiflavus, with one individual
even clustering with H. lateralis. The other specimens
of H. viridiflavus formed two clusters that seem to
correspond to body coloration (i.e. different colour
morphs).

DISCUSSION
STUCTURE AND FUNCTION OF THE GULAR PATCH

The present study shows that the colourful gular
patch found on the wvocal sac of reed frogs
(Hyperoliidae) is a gland complex (here named the
gular gland), with a histological structure that is, in
general, similar to other macroglands of anuran
amphibians (Thomas et al., 1993), including the
pheromone-secreting femoral glands of mantellid
frogs (Vences ef al., 2007). In urodeles, a similar
structure has been described and analysed in detail
from the cloacal gland of the salamander Eurycea

lucifuga Rafinesque, 1822 (Sever, 1989; Hamlett,
Strecker & Trauth, 1998). Eurycea males develop
barrel-shaped caudal courtship glands surrounded by
round mucous and granular glands, which consider-
ably increase in size during the breeding season. The
courtship glands of these salamanders consist of
columnar cells with basal nuclei, which form two
short tubular ducts leading directly to a duct opening
ending on the surface of the epidermis. In the case
of E.lucifuga, male pheromones are transmitted
through the skin of the female during direct contact,
as in other plethodontids. Because of the general
structural similarity with other amphibian glands
involved in pheromone production, the gular gland of
hyperoliids is likely to serve a similar function;
however, the mode of transmission remains unclear so
far, and will be experimentally tested in future
studies.

One possibility is direct transmission of chemical
compounds from male to female during amplexus,
when the male’s gular region is tightly pressed onto
the female’s back, as in salamanders. For instance, in
newts of the North American genus Notophthalmus,
the male rubs his chin on the female’s head to trans-
mit courtship pheromones (Hilton, 1902). In this sce-
nario, female reed frogs could chemically ascertain
the conspecificity and potentially the attractiveness
of the amplecting male, and potentially delay
oviposition if amplected by a male deemed unsuitable.

A second possible mode of pheromone transmission
would be the production of volatile substances that
are emitted while a male is calling and circulate in
the air to attract females, and/or to keep rival males
at a distance. In Acenthixalus spinosus (Schmitz,
Euskirchen & B hme, 1999) and Acanthixalus sonjae
(M.-O. R del, pers. observ.) there is a distinctive smell
from the gular glands that is discernible to the
human observer, and the presence of volatile
sesquiterpenes among the compounds identified in
reed frog gular glands makes this alternative conceiv-
able, calling for future behavioural studies testing
these hypotheses.

CHEMICAL COMPOUND DIVERSITY IN REED FROGS

Our study confirmed the presence of volatile com-
pounds in the gular patches of representatives of a
subset of the 19 hyperoliid genera known at present.
The data set includes members of four genera, includ-
ing the most species-rich ones (Hyperolius, Afrixalus,
and Heterixalus). As tissue samples of museum speci-
mens conserved in ethanol or formalin cannot be used
for the chemical screening, fresh additional samples
are needed to ascertain the presence of such com-
pounds in the remaining genera,

The results from four syntopic Hyperolius species at
Kibale Forest suggest that substances produced in
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the gular patch might play a role in species recogni-
tion. In our sampling of these four Hyperolius,
sesquiterpenes were not usually shared among differ-
ent species and thus could play a role in the chemical
communication of the Hyperoliidae. Fatty acid esters
were present throughout samples of all of the four
species, and are therefore not species specific. This
broad occurrence, their low volatility, and the fact
that fatty acid esters are commonly found in anuran
tissues makes their potential role in airborne chemi-
cal communication unlikely. The species-specific
occurrence of the aleohols and the macrolides, only
found in the samples of H. viridiflavus and
H. cinnamomeoveniris, are a good indication that
those volatiles together with the terpenes may be
used to create species-specific cocktails of chemicals.
Because alcohols and macrolides are known to be
used as volatile pheromones by Malagasy mantellid
frogs (Poth et al., 2012), they may also play a role in
the chemical communication and speciation of the
Hyperoliidae. In H. viridiflavus the two colour
morphs (brown and green) appear to form largely
separated groups (Fig. 4). This result might point
towards a possible incipient divergence within the
so-far unresolved ‘viridiflavus’ species complex,
although in our analysis, specimens of both morphs
had identical haplotypes in the mitochondrial 16S
gene.

REED FROGS MIGHT PRODUCE TRIMODAL SIGNALS
WHILE CALLING

Reed frogs can often be found calling in mixed cho-
ruses together with closely related species (Schigtz,
1999; e.g. L tters et al., 2004). We hypothesize that
for female reed frogs, advertisement calls alone might
not be sufficient to precisely locate and identify a
conspecific male in a mixed-species chorus, and in
dense vegetation such as reeds. H dl (1977) and
Martins, Almeida & Jim (2006) showed that in the
Neotropics, males in heterospecific choruses use
calling site segregation (i.e. different plant species
and different calling heights) to facilitate female
approach to conspecific males. The four syntopic reed
frog species studied herein called simultaneously in
the same swamp, without any obvious spatial or
temporal segregation, although spatial segregation is
not uncommon in hyperoliids (R del, Lampert &
Linsenmair, 2006; Sinsch etal., 2012). Wilbur,
Rubenstein & Fairchild (1978) speculated that the
‘vocal sac pouch’ in the hyperoliild Kassina
senegalensis (Dumeril & Bibron, 1841) plays a role in
attracting females andfor in setting up breeding ter-
ritories. From our data, we suggest that along with
macrolides and alcohols, sesquiterpenes in particular
might be the prime components in the chemical sig-

nalling of hyperoliids. Sesquiterpenes were found in
the gular glands of all species examined, and as they
are volatile they could therefore act as airborne
pheromones released while calling.

As acoustic signals such as individual anuran
advertisement calls are difficult to localize in a chorus
gituation (Bee & Micheyl, 2008; Richardson et al.,
2010), or in environments (e.g. dense vegetation) that
hamper the propagation and transmission of acoustic
signals (Wells & Schwartz, 1982; Kime, Turner &
Ryan, 2000; Boeckle, Preininger & H dl, 2009), the
differential colour of vocal sacs and gular patches of
reed frogs might help in species recognition. A sur-
prisingly high contrast between the gular patch and
the surrounding vocal sac skin makes the gland stand
out from its background, and might serve as a visual
cue facilitating the localization of a male calling in
dense vegetation (I. Starnberger, pers. observ.). In
addition, ‘chemical cocktails’ might be used for close-
range species identification. Such chemical signals
might also contain cues on a male’s ‘good genes’ and
genetic compatibility, and might therefore influence a
reproductive female in mate choice (reviewed in
Johansson & Jones, 2007).

CONCLUSION

We propose that reed frogs use a combination of
acoustic and chemical signals to enhance their ability
to detect conspecifics within the dense multi-species
breeding aggregations typical for hyperoliid frogs.
Furthermore, it is likely that the vocal sac plays a
role in visual signalling by its conspicuousness.
Future experimental studies thus might characterize
hyperoliids as a highly attractive model for
multimodal communication. Nevertheless, there are
several hyperoliid species where males lack an inflat-
able vocal sac but still have one or two gular glands,
and several of these species seem to be mute and
might therefore fully rely on chemical communica-
tion. Chemical cocktails found in the gular gland are
species specific, and might even help to resolve taxo-
nomic issues in this species complex.
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Abstract Undeniably, acoustic signals are the predomi-
nant mode of communication in frogs and toads. Acousti-
cally active species are found throughout the vast diversity
of anuran families. However, additional or alternative sig-
nal modalities have gained increasing attention. In several
anurans, seismic, visual and chemical communications
have convergently evolved due to ecological constraints
such as noisy environments. The production of a visual
cue, like the inevitably moving vocal sac of acoustically
advertising males, is emphasized by conspicuously col-
oured throats. Limb movements accompanied by dynamic
displays of bright colours are additional examples of strik-
ing visual signals independent of vocalizations. In some
multimodal anuran communication systems, the acoustic
component acts as an alert signal, which alters the receiver
attention to the following visual display. Recent find-
ings of colourful glands on vocal sacs, producing volatile
species-specific scent bouquets suggest the possibility of
integration of acoustic, visual and chemical cues in species
recognition and mate choice. The combination of signal
components facilitates a broadened display repertoire in
challenging environmental conditions. Thus, the complex-
ity of the communication systems of frogs and toads may
have been underestimated.
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Introduction

A great diversity of signalling strategies and behaviours
can be observed during animal communication shaped
by sexual selection and the environmental constraints
(Narins and Zelick 1988; Endler 1992; Endler and Thery
1996; Leal and Fleishman 2004; Bradbury and Vehren-
camp 2011). In several species, not only one communi-
cation mode, but two or more are used simultaneously or
sequentially across multiple sensory components (Partan
and Marler 1999; reviewed in Candolin 2003 Hebets and
Papaj 2005; Otovic and Partan 2009). Multimodal commu-
nication is discussed for a wide range of species includ-
ing spiders (e.g. Uetz et al. 2009), fish (e.g. Van Staaden
and Smith 2011), reptiles (reviewed in Hews and Martins
2013). birds (e.g. Wiley 1973) and mammals (e.g. Bro-
Jorgensen and Dabelsteen 2008), but has been difficult to
test until recently. Complex signalling repertoires are chal-
lenging to investigate and valid hypotheses testing remains
difficult in scientific experiments (Leger 1993; Partan and
Marler 2005; Rosenthal 2007). However, advances in con-
ceptual framework and technical equipment have greatly
improved research in this field. In anuran amphibians, calls
are the predominant signals in inter- and intrasexual com-
munication (Ryan 1985; Gerhardt and Huber 2002; Dor-
cas et al. 2010). Vocalizations are the most conspicuous
display to human observers and as a consequence other
signal modalities have traditionally received less atten-
tion (Waldman and Bishop 2004; Coleman 2009) or may
have been misjudged. e.g. due to experimenters’ lack of
visual sensitivity at night (Buchanan 1993). Amphibians in
general and frogs in particular are excellent model organ-
isms to experimentally investigate communication strate-
gies both in the laboratory and under natural conditions,
as they are hardly disturbed by observers and can be easily
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manipulated (Narins et al. 2003; Hirschmann and H dl
2006; Taylor et al. 2007).

This review highlights anuran signalling strategies in
addition to calling to promote an integrative multimodal
view on anuran communication.

Anurans are born to call

“Frogs enjoy life and express their joy by song” (Dickerson
1908). Much has changed since these lines were writlen,
and due to numerous studies on acoustic signals in anu-
rans, we have a very different albeit less romantic opinion
on signal content and function. The male advertisement
call attracts conspecific females and signals the readiness
to defend territories and calling sites to rival males; hence
calling behaviour plays a vital role in reproductive success
and is essential for sexual selection (Narins et al. 2007).
Many frogs and toads have more than one species-specific
call type. In addition to the prominent advertisement call
a variety of discrete or continuous call types correspond
to specific functions, such as the encounter call (McDiar-
mid and Adler 1974), the courtship call, the territorial call,
the distress call, and the release call (all reviewed in Wells
1977).

How frogs and toads get their acoustic message across

In numerous species, audio-spectral and temporal call char-
acteristics and their function as static or dynamic signal
properties were investigated during the last decades (Ger-
hardt and Huber 2002). Robert R. Capranica was the first
to combine electrophysiological analyses, behavioural data
and synthetic playback calls to study “what the frog’s ear
tells the frog’s brain” (Capranica and Moffat 1983; and see
Simmons 2012). As a mentor. he inspired future genera-
tions to study animal communication by means of integra-
tive research in the lab and also in the field and opened-up
a new field which likewise attracted bioacousticians and
evolutionary biologists. As a consequence, anuran vocal
signals and their perception are nowadays an exceptionally
well-understood subject in biology. Anuran call characteris-
tics correlate with body size and mass across species (Ryan
1988; Gingras et al. 2013) and within species (e.g. Narins
and Smith 1986; Robertson 1990) a pattern described as
the Deep croak hypothesis by Davies and Halliday (1979):
and see Gingras et al. (2013). Furthermore, call parameters
signal species identity (e.g. Blair 1958: H dl 1977), and
in some species exhibit “individual” distinctive signatures
(Bee and Gerhardt 2001a, b; Gasser et al. 2009), but not in
others (Bee 2003). Advertisement calls also regulate male
spacing (e.g. Brenowitz 1989), increase the male’s attrac-
tiveness to females (e.g. Ryan and Keddy-Hector 1992) and
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have evolved to match the tuning of the receiver’s auditory
system (Gerhardt and Schwarz 2001).

Any message needs to be successfully transmitted to
elicit the intended response in the receiver (Shannon 1948);
clear reception is a minimum requirement for a successful
communication system (Shannon 1948: Endler 1993). The
most basic requirement for a call is to be detectable against
background noise and to minimize transmission degrada-
tion and attenuation of the environment. High levels of
biotic and abiotic environmental noise may mask calls and
hamper accurate detection, discrimination and localiza-
tion (or increase response latency) by receivers (Bee 2008;
V lez et al. 2012, 2013; Caldwell and Bee 2014). However,
signal properties and strategies have been shaped over evo-
lutionary time to enhance transmission in their respective
acoustic environments by preferences of receivers.

To improve signalling effectiveness, anuran species
organize calling periods temporally (Klump and Ger-
hardt 1992), adjust their calls to random intercall intervals
(Zelick and Narins 1985) or inhibit calling heterospecif-
ics (Schwartz and Wells 1983). In dense breeding aggre-
gations, concurrently chorusing conspecifics can achieve
release from masking interference by spatial separation
from the biotic sound source (Grafe 1996; Bee 2008). In
the presence of continuous background noise, the recog-
nition and detection of acoustic signals can be impaired
dependent on the relative noise level and frequency (Feng
and Schul 2006). In torrent frogs, high-frequency and in
some cases even ultrasonic calls enhance the signal-to-
noise ratio relative to low-frequency stream noise and are
suggested to be an adaptive strategy in the presence of con-
tinuous noise (Narins et al. 2004; Feng et al. 2006; Boeckle
et al. 2009). For example, stream-associated species of the
genus Staurois emit higher pitched calls than other ranid
species of comparable body size (Fig. 1).

Acoustic adaptations to overcome signalling constraints
are limited and often opposed by morphological and phylo-
genetic constraints—but most importantly by sexual selec-
tion (e.g. Ryan and Rand 2003). In many cases, species
develop new, often spectacular ways of communication in
which the production of acoustic signals is of less impor-
tance or even completely abandoned (R del et al. 2003;
Hirschmann and H dl 2006; Preininger et al. 2009).

‘When calling is not enough: from single
to multimodality

“Compared to salamanders, olfactory cues and visual dis-
plays seem to be unimportant to preamplectic courtship
in most anurans, but some tactile cues are used by certain
species.” Duellman and Trueb (1986) wrote in their widely
used textbook “Biology of Amphibians™ published almost
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Fig.1 Logarithmic regression of call frequency on body size of 76
male ranid frogs. Circles denote foot-flagging species of the stream-
associated genus Staurois (S. parvus, left: S. guttatus, middle; S. lato-
palmatus, right) emitting higher pitched calls than other ranids of
similar body size. Graph was adapted with permission of the authors,
for detailed data on the species see (Boeckle et al. 2009)

30 years ago. Today numerous new findings in several anu-
ran species in regard to colourations, visual displays and
even olfactory cues utilized as signals in conspecific com-
munication depict a somewhat different story.

The role of the vocal sac in communication

The anuran vocal sac likely evolved in response to selec-
tion for increased calling efficiency (Bucher et al. 1982;
Pauly et al. 2006). It also minimizes the loss of sound
energy by decreasing the impedance mismatch between the
frog’s body cavity and its environment, increases the call
rate and distributes sound waves omnidirectionally (Bucher
et al. 1982; Rand and Dudley 1993; Pauly et al. 2006). Col-
our and shape of the vocal sac display were probably first
incorporated as a visual cue and selection pressures later
shaped various conspicuous signal variations. The visual
component of the vocal sac increases detection through
movement and colouration (Rosenthal et al. 2004; Taylor
et al. 2008), thereby enhancing the call attractiveness to
females and aggression during territorial male-male inter-
actions. Females of the T ngara frog (Engystomops pustu-
losus) prefer advertisement calls in addition to the visual
cue of a pulsating vocal sac over the call alone under low
sound pressure levels. However, when the visual stimulus
is presented with a less attractive slow call rate, females
rather choose the attractive unimodal call, which empha-
sizes that vocalizations are necessary for mate attraction
(Taylor et al. 2011a). Comparisons of unimodal acoustic
stimuli to multimodal stimuli presentations in the Kottigehar
Dancing Frog (Micrixalus kottigeharensis; former identi-
fication as Small Torrent Frog (Micrixalus aff. saxicola))

Fig. 2 A rendering from video frame illustrating aggressive (fight-
ing) behaviour of an A. femoralis male (righr) toward the electrome-
chanical model frog (left) placed in his territory, 2 m from his initial
calling position. In all experimental trials that evoked fighting, the
model’s vocal sac was inflated and pulsating, and was accompanied
by playback of the male’s species-specific teritorial call. With kind
permission: Narins et al. (2003), Fig. 3. Copyright (2003) National
Academy of Sciences, USA

demonstrated that a pulsating white vocal sac increases the
frequency of response behaviours in conspecific males and
elicits an agonistic visual display response (Preininger et al.
2013c¢). The visual cue of the vocal sac was suggested to
mainly facilitate detection and localization of mating part-
ners or opponents in noisy choruses (Rosenthal et al. 2004
Taylor et al. 2008, 2011b; Preininger et al. 2013a).

The first evidence for the role of a pulsating vocal sac
as a visual cue during male territorial defense comes from
studies in the brilliant thighed dart-poison frog Allobates
Jemoralis. No unimodal stimulus (call or pulsating vocal
sac) was able to elicit territorial aggression in the oppo-
nent male, only temporally overlapping dynamic bimodal
cues evoked fighting behaviour (Narins et al. 2003, 2005).
Hence, conspecific vocalizations in A. femoralis trigger a
phonotactic response and antiphonal calling but are not suf-
ficient to evoke physical aggression (Fig. 2). De Luna et al.
(2010) showed that the movement of the inflated grey vocal
sac itself was not important, but movement of the frog
dummy per se (i.e. jumping) evoked territorial aggression
in A. femoralis males. Conspicuous colourations, however,
are often crucial in visual vocal sac displays, such as in the
East-African stream frog Phrynobatrachus kreffti where
conspicuous yellow vocal sacs function as signals in male—
male agonistic interactions even without calls being emit-
ted (Hirschmann and H d1 2006).

The inevitable movement of the vocal sac during sound
production can also act as vibrational or seismic cue. In the
mostly ground-dwelling white-lipped frog Leptodactylus
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albilabris vocal sac inflations against the ground produce
substrate-borne vibrations (Lewis et al. 2001) which act as
additional seismic signals to overcome heterospecific cho-
rus noise (and see Cardoso and Heyer 1995). Frogs and
toads calling in the water produce circular waves travelling
from the calling individual. It has been shown in the lat-
eral line bearing Fire-bellied toad Bombina bombina, that
individuals floating in the vicinity of the caller perceive
this water movement and respond to it (Seidel et al. 2001).
When males of the nocturnal Red-eyed tree frog (Agalych-
nis callidryas) perceive plant-borne vibrations indicating a
conspecific intruder, they in turn shake branches as an ago-
nistic display (Caldwell et al. 2010). The tremulations of A.
callidryas correlate with individual dominance and might
play a role in sexual selection, comparable to seismic sig-
nals in wolf spiders (Elias et al. 2005), moreover, they con-
stitute a signalling modality dissociated from vocalizations.

Visual signals are often more than just a byproduct
of calling

Visual displays which can be presented independently of
acoustic signals have been observed in several anuran spe-
cies. Limb movements are used in addition to acoustic sig-
nals during courtship and male-male interaction (reviewed
in H dl and Am zquita 2001; Hartmann et al. 2005). The
most striking visual signalling behaviour to the human
observer is fool flagging, a display during which the hind
leg is raised, the toes are spread and conspicuously col-
oured interdigital webbings are displayed (Fig. 3). Foot
flagging has been reported in 16 anuran species from five
different families (H dl and Am zquita 2001; Vasudevan
2001; Hartmann et al. 2005; Krishna and Krishna 2006;
Grafe and Wanger 2007). The signalling behaviour is
mainly known from diurnal, stream-dwelling species (but
see Am zquita and H dl 2004) and is displayed predomi-
nantly during male—male interaction or territorial encoun-
ters (H dl 1977; H dl et al. 1997; Haddad and Giaretta
1999; H dl and Am zquita 2001). In the Bornean genus
Staurcis, fool-flagging behaviour is suggested to func-
tion as an additional or alternative mode of communica-
tion in noisy stream environments. The high pitched calls
of S. guttatus, S. latopalmatus and S. parvus are thought
to alert receivers and direct their attention to the subse-
quent visual signal (Grafe and Wanger 2007: Preininger
et al. 2009; Grafe et al. 2012). The functional separation
of acoustic and visual signals allows to study influences
of signal components on receivers without a determining
linkage of signal modality and/or adaptation. Foot-flagging
displays in the Kottigehar Dancing Frog (M. kottigeharen-
sis) do not form fixed-composite signals (sensu Partan and
Marler 2005) with vocalizations. Preininger et al. (2013c)
suggest that the conspicuous display is a ritualization of
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Fig. 3 Male Staurois gurrarus performing the agonistic visual signal
termed “foot flagging™ with his left hind leg

physical attacks. Agonistic foot-flagging signals might have
developed to minimize leg-kicks, a fighting technique pre-
dominantly observed in aggressive close-range encounters
(Preininger et al. 2013¢) and comparable to intimidation
displays in bushbucks (Wronski et al. 2006; and see Smith
and Evans 2011). Reactions to components of multimodal
signals showed differing influences on conspecific receiv-
ers in across-species comparisons of foot-flagging species
(Preininger et al. 2013b). Different signal function of mul-
tiple signal components in female mate preference was also
demonstrated in squirrel tree frogs (Hyla squirella) and
T ngara frogs (E. pustulosus) (Taylor et al. 2011b).

A further example of visual signalling behaviour shaped
by intrasexual selection was demonstrated in recent inves-
tigations of sexual dichromatism in explosively breed-
ing Moor frogs (Rana arvalis). The temporal blue nuptial
colouration in males was suggested to be a visual signal
promoting instantaneous mate recognition and allow-
ing males to quickly move between rivals while scram-
bling for females (Ries et al. 2008 Sztatecsny et al. 2010,
2012). Nuptial dichromatism was reported for at least 31
species from seven families (Hoffmann and Blouin 2000;
Bell and Zamudio 2012), however, the function of this
spectacular phenomenon remains largely unexplored for
most species. Hence, successful communication strategies
in noisy environments can be developed in the acoustic or
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visual domain, if they are beneficial for sender and receiver
(reviewed in Brumm and Slabbekoorn 2005).

Visual signals in combination with or instead of acoustic
signals already broaden an anuran’s signal repertoire dras-
tically, but evidence is emerging that some species ulilize
additional modalities.

Adding chemicals to the signal cocktail

A wide range of aquatic and terrestrial amphibians use
chemical cues for orientation (Sinsch 1990; Schulte et al.
2011), prey detection (Shinn and Dole 1978; David and
Jaeger 1981: Dole et al. 1981) and predator detection
(Flowers and Graves 1997), which leads to the assumption
that many species may have the physiological and anatomi-
cal abilities to produce and detect hetero- and conspecific
chemical signals (Byrne and Keogh 2007; Woodley 2010;
Hamer et al. 2011).

In aquatic and terrestrial urodeles, there are several well-
known cases of chemical communication in a sexual con-
text, such as in newts of the genus Triturus (Malacarne and
Giacoma 1986) where chemical signals may even be more
important than visual signals (Treer et al. 2013). There
are few reported cases of pheromones in aquatic anurans.
Females of the Magnificent tree frog (Litoria splendida)
are altracted to the male by “splendipherin”, an aquatic
pheromone produced by males in glands on the head (Wab-
nitz et al. 1999). In African clawed-frogs (Hymenochirus
sp.), females tested in Y-maze experiments showed a clear
preference for water containing homogenized male post-
axillary breeding glands or water previously containing live
males (Pearl et al. 2000). The chemicals found in L. splen-
dida and in Hymenochirus sp. are non-volatile peptides and
can, therefore, only be spread in water (Rajchard 2005;
Houck 2009).

A considerable number of publications speculate about
the use of skin glands present in males of many terrestrial
anurans with regard to chemical communication in a sexual
context due to their direct contact with the female during
amplexus (Thomas et al. 1993; R del et al. 2003; Lenzi-
Mattos et al. 2005; Willaert et al. 2013). However, only two
cases of pheromone signals in terrestrial amphibians are
presently reported. In the Australian toadlet Pseudophryne
bibronii, males call hidden in the leaf litter at night and
secrete an odorous mucus produced by dorsal, axillary and
postfemoral skin glands, which is likely to aid females in
close-range mate localization and significantly influences
male calling activity (Byrne and Keogh 2007). In mantellid
[rogs native to Madagascar, males have prominent femoral
glands, which produce volatiles possibly acting as species-
specific pheromones (Poth et al. 2012).

The use of pheromones in anuran species recognition
and mate choice might be a widespread phenomenon, since
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Fig. 4 Proportion of species studied within the most well-repre-
sented taxa found to use one or more of the most frequently investi-
gated sensory modalities in mate choice (visual: solid bars: acoustic:
open bars; chemical: eross-hatched bars). With kind permission from
Coleman (2009), Fig. 2

chemosignals can usually be produced at low costs (Hedin
et al. 1974). To date, chemical communication in anurans
has been overlooked by most studies (Waldman and Bishop
2004; Belanger and Corkum 2009) in contrast to the vast
number of studies on chemical communication in caudate
amphibians (e.g. Vaccaro et al. 2010; Treer et al. 2013),
mammals (e.g. Johnston et al. 1999) or insects (H Illdobler
and Wilson 1990; Carde and Minks 1997). There is a
strong disparity in the number of studies on different signal
modalities in several taxa which might have led to a biased
view on their signalling repertoire (Fig. 4).

The first report of possible trimodal communication in
anurans comes from the species-rich frog family Hyperoli-
idae (Starnberger et al. 2013). Within this clade there
is substantial variation in colouration. morphology, and
reproductive modes, but males of most reed frog species
share a common feature: a prominent gular gland on the
vocal sac (Fig. 5). Chemical cocktails found in the gular
gland are species specific and a combination of acoustic
and chemical signals is most likely used to enhance detect-
ability of conspecifics within dense multi-species breeding
aggregations typical for hyperoliid frogs. The conspicu-
ously coloured vocal sacs could add a further visual sig-
nalling component to the display. Hence, the vocal sac
could act as a trimodal signal source which simultaneously
emits acoustic, visual and chemical signals to facilitate
detection, discrimination and/or location in conspecific
receivers.

To understand uni- or multimodal signal efficacy we
also have to question how effectively a signal influences the
receiver’s sensory system and subsequently its behaviour.
Sophisticated experiments are needed to test, whether the
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Fig.5 (From rop left to bot-
tom right): Sympatric male
individuals of Hyperolius cin-
namomeoveniris, H. kivuensis,
H. viridiflavus and H. lateralis
with inflated vocal sac. The
prominent gular patch is visible
in all pictures. (Photos by L
Starnberger and W. H dl. all
taken at Kibale Forest National
Park, Uganda). With kind
permission: Starnberger et al.
(2013), Fig. 1. Copyright (2013)
The Authors and The Linnean
Society of London, UK

signal must be rimodal to elicit a behavioural reaction in
the receiver.

The receiving end of anuran communication

Sensory perception of any signalling modality is mediated
by receptors of the receiver sensory system. Mechano-,
photo- and chemoreceptors react to signal stimuli and
transduce the signal into electrical impulses processed by
the nervous system. Acoustic vibrations of a frog’s call
are transmitted to two sensory organs of the inner ear spe-
cialized for the reception of sound (reviewed in Capranica
1976; Narins et al. 2007). The amphibian papilla is tono-
topically organized and reacts to frequencies ranging
between 80 and 1,600 Hz from the rostral to the caudal part
respectively, whereas the non-tonotopic basilar papilla is
sensitive to frequencies above 1,600 Hz (V lez et al. 2013).
Colour and brightness, hence wavelength and intensity of
perceived light, of a visual signal stimulus are processed by
photoreceptors in the retina. Like most vertebrates, frogs
and toads possess two types of photoreceptors—rods and
cones (Kelber and Roth 2006). The anuran retina typically
contains two spectral classes of rods, sensitive to the inten-
sity of light and three spectral classes of cones, respond-
ing to colour (Bowmaker 2008). Cues or signals of airborne
molecules are received by chemoreceptors in the olfactory
epithelium. Anurans also possess a vomeronasal organ
(Eisthen 2000) proposed to only detect non-volatile mol-
ecules (Wysocki et al. 1980; Halpern and Martinez-Marcos
2003), whereas recent studies in Mus musculus (Muroi
et al. 2006) and Bufo bufo (Merkel-Harff and Ewert 1991)
suggest otherwise.

@ Springer

In reality, several anuran species represent an exception
to our extremely abridged and generalized outline of sen-
sory transducers. A recent study for example shows that
the Malagasy frog Mantidactylus betsileanus possesses a
unique intranasal anatomy (Junk et al. 2014), which might
be a development related to the frog’s pheromone-produc-
ing femoral glands (Poth et al. 2012). There is also increas-
ing evidence that many anurans have surprisingly good
night vision (Cummings et al. 2008; Taylor et al. 2008;
Gomez et al. 2009, 2010). Hyla arborea females were
shown to discriminate between differently coloured male
throats under nighttime light conditions, but it remains
unsure, if the discrimination is based on differences in ach-
romatic signals or if anurans are actually capable of dis-
tinguishing colours at night (but see Hailman and Jaeger
1974; Gomez et al. 2009).

Very important aspects to bear in mind when consider-
ing sexually selected traits, are not only the sensory prop-
erties of the receiver, but the actual signal components
receivers respond to. In regions where A. femoralis calls
partially overlapped with the co-occurring frog Ameerega
trivittata, receivers of A. femoralis show no phonotactic
reactions within the frequency range found in the call spec-
trum of both species (Am zquita et al. 2006). Thus, in case
of sound interference by abiotic or biotic noise, it is not
necessarily the signal that needs to be adapted to improve
the signal-to-noise ratio. To understand the anuran sensory
world in the light of sexual selection as a cause for signal
adaptations, the coupled evolution of signals, sensory sys-
tem, signalling behaviour and habitat choice have to be
taken into account (sensory drive hypothesis) (Endler 1992;
Endler and Basolo 1998). Anuran signalling traits and
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behaviours are additionally affected by perceptual biases in
female preference and male—male interaction particularly in
regard to species recognition and predator avoidance (Ryan
and Keddy-Hector 1992; reviewed in Ryan and Cummings
2013). Finally, to understand driving forces and constraints
of signal design and behaviour, regardless of their uni- or
multimodality, we have to investigate perceptual and cogni-
tive mechanisms of signal processing (see Hoke et al. 2005;
reviewed in Miller and Bee 2012).

Conclusion and outlook

“Until recently, efforts at understanding chorus interac-
tions have been limited to recordings of interactions occur-
ring over relatively small spatial scales involving just a
few individuals (e.g. dyadic or triadic interactions among
neighbours). Recording interactions over large spatial (and
also temporal) scales was too technologically challeng-
ing, labour intensive, or both. New technological advances
promise to change all this by enabling researchers to
explore the complexity of chorus organization in ways only
imagined in the late 1970s” (Bee et al. 2013).

As aforementioned, similar technical and conceptual
advances in studies on visual and olfactory signals start to
promote the research field (Cummings 2004, 2007; also see
Ramsey et al. 2011). Answers to questions so elaborately
proposed by Wells (1977) in the light of vocal signalling
activity during social behaviour and behavioural ecology
have filled textbooks (Ryan 1985; Gerhardt and Huber
2002; Narins et al. 2007) and further inspired groundbreak-
ing research on acoustic communication systems (reviewed
in Bee et al. 2013) leading from the “matched filter hypoth-
esis” (Capranica and Moffat 1983; Gerhardt and Schwarz
2001) to the use of robotic frogs to study signal function
(e.g. Narins et al. 2003; Klein et al. 2012). Today’s bio-
logical research has started to look at the big picture and
integrates several sensory modalities, communication
behaviour, environmental influences, perceptual biases
and mechanisms of the species under investigation. Recent
theoretical studies (Partan and Marler 1999, 2005; Hebets
2011) suggest different hypotheses to explain the function
of signals in multimodal communication systems: multi-
modal or multiple signal components may evolve when
they increase the signal content (content-based hypoth-
esis), facilitate the perception of each other (inter-signal
interaction hypothesis), or enhance signal transmission for
instance in noisy environments (efficacy-based hypothesis)
(Hebets and Papaj 2005). Based on their assumed informa-
tion content, composite signals (Partan and Marler 2005)
that occur together, can be further classified as redundant
(all signal components elicit an equivalent response in the
receiver) or non-redundant (signal components elicit a

different response in the receiver). Anuran amphibians are
excellent model species to test receiver responses, e.g. via
female phonotaxis or male aggressive behaviour, to stimuli
in uni- and multimodal playback studies and thereby help
to better understand the function of signals in relation to
the proposed hypothesis. Recent investigations of anuran
communication systems on isolated and combined signal
components across sensory modalities also allow sugges-
tions about perceptual processes influencing signal evolu-
tion and underlying mechanisms (Taylor and Ryan 2013).

Challenges in investigating multimodal signalling

The degree to which individual and/or combined compo-
nents influence receivers in multimodal communication
still remains difficult to generalize across species (Taylor
et al. 2011b; Preininger et al. 2013b). To understand the
efficacy of signals presented in two or more sensory modal-
ities it is important to study the conditions in which they
are presented. The efficiency of signal transmission and
its effectiveness in modifying the behaviour of a receiver
(Endler 2000) constitute the basis for research on signal
design and evolution. Furthermore, neurobiological stud-
ies could shed much needed light on how the frog brain
integrates multimodal signals (Hoke et al. 2004, 2005;
Chakraborty et al. 2010; see Miller and Bee 2012; Taylor
and Ryan 2013). Investigations should continue to focus
on the environmental conditions which potentially favour
a signal modality or their interaction and sensory modality
differentiations due to detection, transmission and recep-
tion (e.g. Hoke et al. 2004). Further studies should also take
into account the signal orientation of single and combined
components towards same or differing receivers (e.g. mates
or opponents). However, considering not only conspecific
receivers but also heterospecific perceivers in the selec-
tion of signal design, we also emphasize the importance of
investigations on the trade-off between efficacy and preda-
tion risk (Halfwerk et al. 2014).

We advocate that the natural history and habitat condi-
tions of the respective study species are of utmost impor-
tance for understanding the evolution of signal design.
Similarities in communication strategies do not necessarily
indicate the same underlying mechanism, but could be of
convergent origin and could have developed under related
or different selection pressures. Interactions between
sender and receiver under natural conditions could eventu-
ally help to understand the success of a certain signal and
modality in the sense of signal efficacy and sensory drive.
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Although in anurans the predominant mode of intra- and intersexual communication is vocalization,
modalities used in addition to or instead of acoustic signals range from seismic and visual to chemical. In
some cases, signals of more than one modality are produced through or by the anuran vocal sac.
However, its role beyond acoustics has been neglected for some time and nonacoustic cues such as vocal
sac movement have traditionally been seen as an epiphenomenon of sound production. The diversity in
vocal sac coloration and shape found in different species is striking and recently its visual properties have
been given a more important role in signalling. Chemosignals seem to be the dominant communication
mode in newts, salamanders and caecilians and certainly play a role in the aquatic life phase of anurans,
but airborne chemical signalling has received less attention. There is, however, increasing evidence that
at least some terrestrial anuran species integrate acoustic, visual and chemical cues in species recogni-
tion and mate choice and a few secondarily mute anuran species seem to fully rely on volatile chemical
cues produced in glands on the vocal sac. Within vertebrates, frogs in particular are suitable organisms
for investigating multimodal communication by means of experiments, since they are tolerant of
disturbance by observers and can be easily manipulated under natural conditions. Thus, the anuran vocal
sac might be of great interest not only to herpetologists, but also to behavioural biologists studying
communication systems.

© 2014 The Authors. Published on behalf of The Association for the Study of Animal Behaviour by Elsevier
Ltd. This is an open access article under the CC BY license (http:[/creativecommons.org/licenses/by/3.0/).

Enormous signal diversity can be observed in animal commu-
nication systems. Physiological mechanisms are adapted over
evolutionary time to generate and receive signals in various mo-
dalities (Bradbury & Vehrencamp, 2011). The courtship signals of
acoustically communicating insects are produced by various
stridulation processes (Gerhardt & Huber, 2002). In crickets, for
example, the acoustic signals are generated by stridulation of the
forewings, and the harp, a triangular anterior wing structure, acts
as a sound oscillator and radiates an amplified narrow frequency
band of the produced sound (Prestwich, Lenihan, & Martin, 2000).
Anolis lizards rely almost entirely on visual signals; their colourful
throat display advertises position, repels males and attracts female
mates and habitat light conditions are suggested to promote signal
diversity (Leal & Fleishman, 2004). Chemical signals of salaman-
ders, pheromones produced by ‘mental’ chin glands, considerably
increase a female's willingness to mate (Houck & Reagan, 1990; see
also Vaccaro, Feldhoff, Feldhoff, & Houck, 2010). Similar signals can
be found in anuran amphibians, although the predominant mode of
intra- and intersexual communication is vocalization (Dorcas, Price,

* Correspondence: L Starnberger, University of Vienna, Department of Integrative
Zoology, Althanstrasse 14, 1090 Wien, Austria.
E-mail address: irisstarnberger@univie.ac.at (L. Starnberger).

http: /dx.doi.org/10.1016/j.anbehav.2014.07.027

Walls, & Barichivich, 2010; Gerhardt & Huber, 2002; Ryan, 1985). It
is reasonable to infer that advertisement calls of frogs, which attract
females and signal readiness to defend territories to male oppo-
nents, were shaped over time through natural and sexual selection
as by-products of breathing. However, during the last few decades,
our view of anuran communication has broadened considerably.
Anurans exhibit a striking diversity of communication strategies in
the acoustic, visual, seismic and chemical domains, many of which
are directly related to the so-called vocal sac, a morphological
feature of most male frogs and toads (Liu, 1935).

This review aims to highlight the diversity of vocal sac
morphology and function and its potential role as a ‘multimodal
signalling tool’ in anuran communication. We further emphasize
chemosignals as an additional and yet rarely investigated sensory
modality in terrestrial anurans.

THE TRADITIONAL VIEW OF THE VOCAL SAC

Prior to producing a call, frogs and toads fill their lungs with air.
With the mouth closed and nostrils open, they inhale by lowering
the floor of the mouth, creating a negative pressure, and air flows
into the oral cavity. The nostrils subsequently close and the floor of
the mouth is lifted to push the air into the lungs. The ventilation

0003-3472{© 2014 The Authors. Published on behalf of The Association for the Study of Animal Behaviour by Elsevier Ltd. This is an open access article under the CC BY

license (http:/jcreativecommons.orglicenses/by/3.0/).
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cycle is repeated until the lungs are sufficiently filled with air to
facilitate call production. As amphibians lack ribs as well as a dia-
phragm and therefore are unable to passively inflate their lungs, the
necessity of this procedure is apparent (Gans, 1970). Finally, to
produce a call, an individual contracts its trunk muscles and air
from the lungs flows via the vocal chords into the oral cavity. The
airflow makes the vocal chords vibrate and a sound is produced. If
frogs exhaled with each call, the lungs would rapidly be emptied
and the calling individual would have to pause and again initiate
the ventilation cycle. However, frogs may call for several minutes or
even hours without pausing. Thus, for example, during the
breeding season the New River tree frog, Trachycephalus hadroceps,
is capable of producing up to 38 000 calls per night (Gaucher, 2002).
This tremendous calling performance can only be achieved through
an elastic skin pouch connected to the floor of the mouth which can
store the air and use mechanical energy to push the air back into
the lungs: the so-called vocal sac (Gans, 1973; Martin & Gans, 1972).

The anuran vocal sac probably evolved in response to selection
for increasing calling efficiency (Bucher, Ryan, & Bartholomew,
1982; Pauly, Bernal, Rand, & Ryan, 2006). However, enabling a
male to recycle air during calling is not the only way the vocal sac
improves calling ability. Apart from fast lung reinflation it mini-
mizes the loss of sound energy by decreasing the impedance
mismatch between the frog's body cavity and its environment, in-
creases the call rate and distributes sound waves omnidirectionally
(Bucher et al., 1982; Pauly et al., 2006; Rand & Dudley, 1993). Calling
with the mouth closed rather than open reduces the frequency
range, hence narrows the bandwidth of a call and increases the
intensity at the dominant frequency (Gridi-Papp, 2008). Thereby
the vocal sac facilitates energetic effectiveness and acoustic
conspicuousness, and is thereby also a species-specific advertise-
ment signal.

FIRST HINTS OF A MORE COMPLEX FUNCTION

In frogs and toads, male advertisement calls play an important
role in species recognition, mate choice, male spacing and territory
defence (and see Toledo et al., 2014; reviewed in Wells, 1977, 1988).
Thus, vocal sac movement has traditionally been seen as an
epiphenomenon of call production (Dudley & Rand, 1991; Rand,
1988). Although the pulsation of the vocal sac can be interpreted
as a necessary by-product of vocalization, there is increasing evi-
dence that the visual properties of the vocal sac influence receivers
and, combined with acoustic signals, form a fixed composite signal
(sensu Partan & Marler, 2005). The vocal sac was first incorporated
into the multimodal signal as a cue; however, colour variations and
patterns could provide reliable indicators about the attributes of a
sender (Gomez et al., 2009; Richardson et al., 2010; e.g. Vasquez &
Pfennig, 2007) and might lead to an enhanced signal to noise ratio
(Gerhardt & Schwartz, 2001).

Conspicuous white speckles on the otherwise black vocal sac of
Dendrobates pictus clearly increase the visibility of a calling male to
the human observer in a highly structured environment (Hodl,
1991). The first evidence that the pulsating vocal sac of a calling
male frog might be used as a visual cue by conspecifics comes from
the diurnal dart-poison frog, Allobates femoralis (Narins, Hodl, &
Grabul, 2003). Male A. femoralis are highly territorial and show a
stereotypic phonotaxis towards rival males calling within their
territory. The phonotactic approach behaviour can be elicited by
just the advertisement call and territory holders reliably locate the
sound source in search of the intruder. When presented with
species-specific advertisement call playbacks and a lifelike male
model frog, conspecific males approached the speaker and showed
no aggression towards the artificial intruder. Territory holders
similarly showed no aggressive response when presented with

exclusive vocal sac pulsations; however, temporally overlapping
dynamic bimodal cues provoked fighting behaviour (Narins et al,
2003; Narins, Grabul, Soma, Gaucher, & Hadl, 2005). Hence,
conspecific vocalizations in A. femoralis elicit a phonotactic
response and antiphonal calling but are not sufficient to provoke
physical aggression. de Luna, Hodl, and Ameézquita (2010) showed
in a follow-up study that movement not only of the inflated vocal
sac but also of a robotic frog model provoked territorial aggression
in males of A. femoralis.

Similarly, the Kottigehar dancing frog, Micrixalus kottigeharensis
(previously Micrixalus saxicola), a so-called foot-flagging species
that performs leg waves during agonistic male interactions, only
displays this behaviour in response to conspecific calls accompa-
nied by vocal sac inflation. The visual cue was suggested to improve
detection and discrimination of acoustic signals by making them
more salient to receivers amid complex biotic background noise
(Preininger et al., 2013).

In the East African stream frog, Phrynobatrachus krefftii, the
conspicuous yellow vocal sac functions as a dynamic visual signal in
male—male agonistic interactions even without calls being pro-
duced. The nonaudible vocal sac inflation used during male—male
agonistic interactions might be a ritualized visual signal compara-
ble to the colourful dewlaps of male Anolis lizards (Fitch & Hillis,
1984; Leal & Fleishman, 2004) or the striking red throat pouch in
male great frigatebirds, Fregata minor (e.g. Juola, McGraw, &
Dearborn, 2008).

Even in nocturnal species the vocal sac can be an important
visual cue. Tangara frogs, Engystomops pustulosus, are visually
sensitive at night (Cummings, Bernal, Reynaga, Rand, & Ryan, 2008)
and females show a preference for advertisement calls synchro-
nized with vocal sac inflation in video playbacks (Rosenthal, Rand,
& Ryan, 2004) and robotic frog experiments (Taylor, Klein, Stein, &
Ryan, 2008). Although the advertisement calls are sufficient for
mate attraction, females assess multimodal stimuli during court-
ship. Likewise, females of the nocturnal European tree frog, Hyla
arborea, prefer conspicuous colourful vocal sacs in addition to calls,
suggesting that carotenoid-based vocal sac coloration might be a
condition-dependent cue in this species (Gomez et al., 2009;
Richardson, Popovici, Bellvert, & Lengagne, 2009). The availability
of the vocal sac as a visual cue makes even an unattractive call with
a slow call rate more appealing to females of Hyla squirella; how-
ever, the same result does not hold for the tangara frog, and hence
added visual cues show differential modulation in female choice
(Taylor, Klein, & Michael, 2011). In males of the explosively
breeding common frog, Rana temporaria, the reflectance of the
throat increases during the breeding season. The luminance of male
throats, however, does not correlate with size, body condition or
quality and has been suggested to be a nuptial visual cue for sex
recognition in dense breeding aggregations (Sztatecsny, Strondl,
Baierl, Ries, & Hodl, 2010),

Disentangling the influence that visual cues of the multimodal
signal may have on receivers remains difficult. However, detailed
investigations of isolated and combined signal properties show
communalities and differences between species and taxa and lead
to a better understanding of not only anuran communication, but
generally also of signal perception in the animal kingdom.

Moreover, the movement of the vocal sac during calling can act
as a vibrational or seismic cue. In the mostly ground-dwelling
white-lipped frog, Leptodactylus albilabris (Lewis et al., 2001)
vocal sac inflation against the ground produces substrate-borne
vibrations and therefore additional seismic signals to overcome
the acoustic noise of a heterospecific chorus (and see Caldwell,

Johnston, McDaniel, & Warkentin, 2010; Cardoso & Heyer, 1995).

The examples given above highlight the diversity in vocal sac
utilization as a visual cue or signal and yet suggest that several
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questions in regard to communication strategies remain to be
answered.

VOCAL SAC DIVERSITY SUGGESTS UNEXPLORED FUNCTIONS

A striking diversity of vocal sac shape, size and colour can be
found in frogs and toads (Fig. 1). A single subgular vocal sac seems
to be the most commonly found vocal sac type (Wells, 2007);
however, a similar shape does not imply a similar function.

Males of the European fire-bellied toad, Bombina bombina, have
a subgular vocal sac, but produce sounds in the inspiratory phase.
After every call their head hits the water surface thus generating
waves which may be used in seismic communication (see Seidel,
Yamashita, Choi, & Dittami, 2001). In Bombina orientalis calls are
very soft, vocal sac inflation is not conspicuous and females use
multimodal cues to approach a male in the water (Zeyl & Laberge,
2011). The density of water is similar to the density of the calling
animal, which might lead to reduced vocal sacs oreven to alack of a
vocal sac such as in the African clawed frog, Xenopus laevis, which
calls underwater (Hayes & Krempels, 1986; e.g. Tobias et al., 2004).
However, many species calling in water seem to have developed the
opposite strategy by using two vocal sacs (e.g. Pelophylax spp.,
Trachycephalus spp.) which might facilitate floating in water and/or
better airborne sound transmission (Wells, 2007). Such secondary
sensory components can lead to risky consequences as recently
shown in tingara frogs: water ripples produced by vocal sac
inflation facilitate the localization of a calling male not only for
conspecifics, but also for hunting bats, Trachops cirrhosus (Halfwerk,
Jones, Taylor, Ryan, & Page, 2014).

Furthermore, there is increasing evidence that the vocal sac
might also play arole in chemical signalling. In the family of African
reed frogs (Hyperoliidae) there is substantial variation in body
coloration, morphology and reproductive modes, but males of all
reed frog species share a common feature: a prominent gular patch
on the vocal sac, which is particularly conspicuous once the vocal

Figure 2. Male cinnamon-bellied reed frog, Hyperolius cinnamomeoventris, with
inflated vocal sac. The gular gland and prominent blood vessels are clearly visible in
the centre of the vocal sac.

sac is inflated (Fig. 2). Although the presence, shape and form of the
gular patch are well-known diagnostic characters for these frogs, its
function remained unknown until recently. Starnberger et al.
(2013) demonstrated that the gular patch is a gland (Fig. 3) and
produces species-specific volatile compound mixtures, which
might be emitted while the male is calling. In the most species-rich
hyperoliid genera (Afrixalus, Heterixalus, Hyperolius and Phlycti-
mantis) the proposed signal cocktails consist of 65 different com-
pounds, whereas specific combinations of sesquiterpenes, alcohols
and macrolides are correlated with species identity (Starnberger
et al, 2013). Additionally, a surprisingly high contrast between
the gular patch and the surrounding vocal sac skin makes the gland
stand out from its background and might serve as a visual cue

Figure 1. Examples to illustrate the striking vocal sac diversity of amphibians (from left to right). First row: Leptopelis uluguruensis, Bufo granulosus, Dendrobates pumilio; second
row: Micrixalus kottigeharensis, Hyperolius cinnamomeoventris, Hyla meridionalis; third row: Hylodes phyllodes, Trachycephalus coriaceus, Allophryne ruthveni.
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Figure 3. Histological section of the gular region of a male Hyperolius riggenbachi (sagittal, AZAN stain) including tongue (T) magnified by 40. The gular gland (G) tissue is clearly
thicker than the surrounding vocal sac skin (V). A strand of connective tissue (C) joins the gular gland and the floor of the mouth (F).

facilitating the localization of a male calling in dense vegetation
(L. Starnberger, own observations). Thus, reed frogs might use a
complex combination of acoustic, visual and chemical signals in
species recognition and mate choice, so far not described in any
other terrestrial anuran. Hyperoliids often call in mixed choruses
with closely related species without an apparent spatial segrega-
tion (Lotters et al,, 2004; Schietz, 1999), and multimodal signals
might have evolved to avoid mismating and to facilitate navigation
towards a conspecific mate in dense vegetation. In one genus of the
family Hyperoliidae, Rodel, Kosuch, Veith, and Ernst (2003)
described two mute species which may rely solely on chemical
communication via their gular glands. Several further behavioural
observations suggest chemical communication in a different social
context. For example, in Fausto's button frog, Cycloramphus faustoi,
males were observed to rest their vocal sac on egg clutches,
possibly to transmit pheromones that influence larval development
(LF. Toledo, personal communication). In Canebrake frogs, Aplas-
todiscus perviridis, males rest their vocal sac on females suggesting
pheromone transmission during courtship (Haddad, Faivovich, &
Garcia, 2005).

Apart from the use of the anuran vocal sac, unimodal chemical
signalling is widespread in amphibians but has received relatively
little attention in the vast field of anuran communication
(Starnberger, Preininger, & Hadl, 2014). The following section gives
a brief overview of the chemical communication strategies of am-
phibians and of the use of chemosignals in aquatic and terrestrial
environments.

CHEMICAL SIGNALLING IN AMPHIBIANS

Most amphibians have a biphasic life cycle, hence spend part of
their life in water and because of their often thin and permeable
skin (Duellman & Trueb, 1986) it seems reasonable that chemical
signals might play an important role at least in the early stages of
amphibian life histories (e.g. Jungblut, Pozzi, & Paz, 2012; Schulte
et al, 2011). In aquatic and terrestrial urodeles, there are many
well-known cases of chemical communication. Different skin
glands in newts (Hilton, 1902; Malacarne & Giacoma, 1986; Treer
et al, 2013) and salamanders (Baird, 1951; Fontana, Ask,
Macdonald, Carnes, & Staub, 2006; Noble, 1929; Truffelli, 1952)
release chemosignals and are used to recognize and locate partners
during courtship and mating as well as opponents in territorial
defence (reviewed in Woodley, 2010). Whereas chemical commu-
nication is without doubt the dominant sensory modality in uro-
deles, little is known about the behaviour and communication of

the vastly understudied amphibian group of caecilians (Eisthen &
Polese, 2007; but see Reiss & Eisthen, 2008). A communication
system based on chemosignals is suggested not only by their
nocturnal and fossorial life (Waldman & Bishop, 2004), but also by
the paired tentacle, an organ connected to the vomeronasal organ
(Schmidt & Wake, 1990), and studies on waterborne chemical cues
that attract conspecifics (Warbeck, Breiter, & Parzefall, 1996) and
facilitate mate recognition (Warbeck & Parzefall, 2001).

In anuran amphibians, several tadpoles are able to detect
chemical cues from predators (reviewed in Chivers & Smith, 1998;
e.g. Pearl, Adams, Schuytema, & Nebeker, 2003) and chemical alarm
stimuli from injured conspecifics (e.g. Hews, 1988; but also see
Summey & Mathis, 1998). There are few reported cases of phero-
mones in adult aquatic frogs and toads. The silent and nocturnal
tailed frogs, Ascaphus truei, live alongside noisy stream habitats,
similar to foot-flagging species. Tailed frogs that were exposed to
water previously containing reproductive males or females showed
a preference for chemosignals of the opposite sex which suggests
chemical mate recognition (Asay, Harowicz, & Su, 2005). Wabnitz,
Bowie, Tyler, Wallace, and Smith (1999) found that female
magnificent tree frogs, Litoria splendida, are attracted towards the
male by ‘splendipherin’, an aquatic pheromone produced only by
males in glands found on the head. Males of the mountain chicken
frog, Leptodactylus fallax, secrete an aggression-stimulating peptide
that provokes aggressive behaviour in males and has no effect on
females (King, Rollins-Smith, Nielsen, John, & Conlon, 2005). In
African clawed frogs (Hymenochirus sp.) females tested in Y-maze
experiments showed a clear preference for water containing ho-
mogenized male postaxillary breeding glands or water previously
containing live males (Pearl et al., 2000). The chemicals found in
L. splendida, L. fallax and in Hymenochirus sp. are peptides and
therefore can only be spread passively in water, but not as airborne
chemical cues on land (Houck, 1998, 2009; Rajchard, 2005).

The above-mentioned studies demonstrate chemical commu-
nication as a relevant signal modality of anurans in the aquatic
environment in varying social contexts.

A wide range of aquatic and also terrestrial anurans use chemical
cues for navigation (Schulte et al., 2011; Sinsch, 1990) and predator
detection (Flowers & Graves, 1997), which leads to the assumption
that many species have the physiological and anatomical ability to
produce and detect chemical signals also during terrestrial life
phases (Byrne & Keogh, 2007; Woodley, 2010). During meta-
morphosis, the transition from water to land, anurans undergo
changes in the olfactory system (Belanger & Corkum, 2009) strongly
suggesting a difference in odorant access. Recent investigations
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concerning adaptations of the olfactory organ in one of the most
basal anuran species (A. truei) denote the ability to receive airborne
as well as waterborne odours (Benzekri & Reiss, 2012). Belanger and
Corkum (2009) described that in adult anurans the nasal cavity is
capable of aquatic and terrestrial chemosignal reception. Water-
borne signals are detected by the vomeronasal organ, whereas
airborne odorants are processed via the principal chamber.

As for volatile signal generation, many authors have speculated
on the possible use of the skin glands present in males of many
terrestrial anurans. Chemical communication via skin secretions
seems to be most likely in a sexual context owing to a male's direct
contact with the female during mating (i.e. amplexus; Lenzi-Mattos
et al,, 2005; Rodel et al.,, 2003; e.g. Thomas, Tsang, & Licht, 1993).
Bur to the best of our knowledge, there are only two reported cases
of pheromone communication in terrestrial anurans. In the
Australian toadlet, Pseudophryne bibronii, males call when hidden
in the leaf litter at night and secrete an odorous mucus produced by
dorsal, axillary and postfemoral skin glands which is likely to help
females in close-range mate localization and significantly in-
fluences male calling activity (Byrne & Keogh, 2007). In Mantellid
frogs native to Madagascar, males have prominent femoral glands,
which produce volatiles possibly acting as species-specific phero-
mones (Poth, Peram, Vences, & Schulz, 2013; Poth, Wollenberg,
Vences, & Schulz, 2012),

The use of pheromones in anuran species recognition and mate
choice might be a widespread phenomenon, since all amphibians
seem to possess a general predisposition towards the use of
chemical cues (Waldman & Bishop, 2004) and since chemosignals
can usually be produced at low cost (Hedin, Maxwell, & Jenkins,
1974).

Chemosignal transmission in amphibians has been suggested to
occur predominantly in close-range interactions via direct contact
or as short-range signals when released into water. One dispersion
method is to release the odorants into a self-generated current
(Bradbury & Vehrencamp, 2011) as performed by newts when
flicking their tail during underwater courtship. Similar dispersion
might be achieved by vocal sac pulsations which potentially fan out
volatiles produced by a gular gland or even discharge a puff with
each call. Without doubt, constraints such as wind could easily
disturb the distribution of airborne chemical cues and therefore
their localization by receivers. However, environmental conditions
in the breeding swamps of calling reed frogs (i.e. high temperatures
and humidity as well as elevated perching sites) would facilitate (at
least) airborne short-range transmission. Thus, the inevitable vocal
sac movement during calling could, apart from its visual signal
content, serve to disperse chemical signals. Frogs and toads may
possess more sophisticated chemical communication strategies
than science has previously given them credit for, in addition to or
instead of acoustic signals. To date, chemical communication in
anurans has been overlooked by most studies (Belanger & Corkum,
2009; Houck, 1998, 2009; Waldman & Bishop, 2004; Woodley,
2010), probably because of the presence of more conspicuous sig-
nals (e.g. acoustic and visual) or overly costly and elaborate ana-
lyses necessary to investigate pheromones.

GUIDELINES FOR FUTURE RESEARCH

Females as well as males of many anuran species are confronted
with the challenge of detecting, locating and discriminating
conspecific males in breeding aggregations (Bee & Micheyl, 2008;
Richardson & Lengagne, 2010) or environments that hamper
propagation and transmission of acoustic signals (Boeckle,
Preininger, & Hodl, 2009; Kime, Turner, & Ryan, 2000; Wells &
Schwartz, 1982). Generally, signals should evolve to maximize the
signal to noise ratio and to improve efficacy. Any signal detectability

depends on signal design, environmental conditions or the capacity
of the medium used to transmit a signal and of course on the re-
ceiver's sensory system (Endler, 1992, 1993; Shannon, 1948). The
use of multiple signal modalities, where each modality increases
efficacy under specific conditions, can enhance signal conspicu-
ousness in a variety of sensory modes (Ryan & Keddy-Hector, 1992).
Misinterpreting or missing a signal is probably related to high costs.
Thus a selective pressure could lead to the use of additional or
alternative sensory signal modalities (Krebs & Dawkins, 1984).
Furthermore, the combination of an unattractive acoustic signal
and an unattractive visual signal can result in a highly attractive
multimodal signal (Taylor & Ryan, 2013).

The anuran vocal sac seems likely to play a role in multimodal
signalling in many more species than previously thought. Future
studies should focus on describing and empirically testing the
diverse functions of the vocal sac in different anuran taxa.
Furthermore, there might be patterns of signal modalities and
morphological features (e.g. vocal sac size) related to certain
environmental conditions or habitat features (diurnal versus
nocturnal, arboreal versus terrestrial versus aquatic, cue received
by males, females and/or heterospecifics). To shed light on signal
function, more across-species comparisons of how single and
combined signal components influence receivers are needed.
Furthermore, detailed descriptions of the conditions in which sig-
nals are produced are essential to draw more general conclusions
on vocal sac signal function. Finally, we should question the con-
straints of different modalities and therefore the costs imposed by
sexual or natural selection, to explain differences and similarities of
this multimodal communication tool. Moreover, the majority of
descriptions of amphibian glands involved in chemical courtship
and mating signals lack information on the structure of the glands.
This information would allow for more specific hypotheses on the
origin and function of the glands described.

What Amphibians Have to Offer Research on Chemical
Communication

Within vertebrates, amphibians possess a rather basal nervous
system leading to a mostly stereotypic behaviour (but see for
example Pasukonis, Loretto, Landler, Ringler, & Hodl, 2014; Schulte
et al, 2011). Amphibians in general and frogs in particular are
excellent model organisms to experimentally investigate commu-
nication strategies both in the laboratory and under natural con-
ditions, as they are tolerant to disturbance by observers and can be
easily manipulated (Hirschmann & Hodl, 2006; Klein, Stein, &
Taylor, 2012; Narins et al., 2003; Taylor et al., 2008).

Amphibians show a vast diversity in reproductive modes (e.g.
Haodl, 1990) and owing to their adaptations to aquatic and terres-
trial habitats we can expect insights into the evolution of chemical
signals in water and on land (reviewed in Woodley, 2014),

To date, a number of amphibian pheromones have already been
identified (Kikuyama, Yamamoto, Iwata, & Toyoda, 2002; Pothet al.,
2012; Toyoda et al., 2004; Wabnitz et al.,, 1999), but in comparison
to the vast number of amphibian species worldwide (nearly 7300),
these are probably only the tip of the iceberg.

CONCLUSION

The vast diversity of anuran vocal sacs suggests a multitude of
different functions in intra- and intersexual communication shaped
over evolutionary time by natural and/ or sexual selection. The
modalities used in addition to or instead of acoustic signals range
from seismic and visual to chemical. The vocal sac, a single
morphological feature, has the potential to generate multimodal
signals simultaneously or sequentially. Signals of the same
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medality might be directed towards and perceived by one or more
conspecifics and heterospecifics. Furthermore, even signals shaped
under similar evolutionary constraints may influence receivers
differentially. Thus, the anuran vocal sac might be of great interest
not only to herpetologists, but also to behavioural biologists
investigating unimodal or multimodal communication in the
acoustic, visual or chemical domains. Amphibians are highly suit-
able organisms to study chemical unimodal and multimodal sig-
nalling in a basal system. The focus of chemical signal research in
amphibians, however, used to be mainly on urodeles. In anurans
the salient acoustic and visual signals might to a certain extent have
deflected our attention from equally fascinating chemical signalling
strategies. Possibly, terrestrial anurans might have lost once-
present chemical signals owing to the evolutionary success of
acoustic communication. In some species acoustics might not have
been sufficient, and thus chemical signals were ‘rediscovered’ and
incorperated into a multimodal signal or in some species even fully
replaced acoustic signals.

In this review we hope to have stimulated researchers to
investigate potential chemical signals in anuran communication
systems and to recognize the vocal sac as a unique multimodal
signalling tool.
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ABSTRACT: In the majority of anuran species, acoustic signals are the dominant
mode of inter- and intra-sexual communication. Male calls are always accompanied by
the movement of a more or less conspicuous vocal sac - a potential visual cue. Reed
frogs possess a striking vocal sac with a colorful patch of gland tissue clearly visible
once the vocal sac is inflated during acoustic signaling. To investigate the visual signal
function of vocal sac and gular gland, we presented male Spotted Reed Frogs (Hypero-
lius puncticulatus) with uni- and multimodal signal playbacks of conspecific rivals in their
natural habitat and recorded behavioral responses. We found no difference in receiver
response to unimodal advertisement call stimuli and to multimodal stimulus presenta-
tions of calls combined with visual signals of an artificial vocal sac with or without a gu-
lar patch, moving synchronously or asynchronously with the call playback. The inflations
of a vocal sac with a colorful gular patch did not alter receiver response and neither in-
nor decrease signal salience during male-male communication. The potential visual sig-
nal function of the conspicuous gular patch in inter-sexual communication remains to be
tested. Interestingly, males frequently displayed a novel hind- and front foot-tapping be-
havior in response to all playbacks. Comparison of male responses to advertisement-
and aggressive call playbacks showed that Spotted Reed Frogs approached the sound
source less during aggressive call presentations. Tapping behavior was not influenced
by either call playback. We suggest that the gestural tapping behavior might act as vi-
brational signal and discuss its potential signal function in male contests and courtship

for females.

Key words: Hyperolius; Limb movement; Old world anurans; Tanzania; Visual

display
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AMPHIBIANS are excellent model systems to test uni- and multimodal communica-
tion (Starnberger et al. 2014a). Many species produce acoustic and visual signals dur-
ing intraspecific communication (reviewed in H6dl and Amézquita 2001). The influence
of single and combined signal components can be tested with relatively simple playback
experiments in the natural environment of the species (Narins et al. 2003; Sztatecsny et
al. 2012; Preininger et al. 2013a).

Acoustic signals, the dominant signal component in most anurans, provide infor-
mation about body size and mass (Ryan 1988; Gingras et al. 2013), species identity
(Blair 1958; Hodl 1977) and mediate sexual behavior and reproduction (Taylor et al.
2011; also see Gerhardt and Huber 2002; and Narins et al. 2007). Additional or alterna-
tive visual signals facilitate detection, recognition and discrimination in dense aggrega-
tions and noisy habitats in diurnal species (de Luna et al. 2010; Sztatecsny et al. 2012;
Preininger et al. 2013a; Starnberger et al. 2014a, b). The anuran vocal sac inevitably
moves as a consequence of sound production and inflates synchronously during calling.
In several frog species visual cues of the inflating vocal sac make the acoustic signal
more attractive to female receivers (Rosenthal et al. 2004; Cummings et al. 2008; Tay-
lor et al. 2008; Gomez et al. 2011; Taylor and Ryan 2013) or elicit agonistic behavior
and facilitate detection of opponent males (H6dl and Amézquita 2001; Narins et al.
2003; Sztatecsny et al. 2012; Preininger et al. 2013a; Starnberger et al. 2014a). In a
dancing frog species (Micrixalus kottigeharensis) from the Western Ghats of India, vocal
sac inflations combined with calls elicit visual signals such as foot flagging and hind limb
tapping in perceiving males. The temporal relationship between the acoustic and visual
component can influence signal attractiveness (Taylor et al. 2011; Zeyl and Laberge

2011). In Tungara frogs the visual signal of an inflating vocal sac no longer adds to the
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attractiveness of the call if it is presented 100 ms or longer after the call (Taylor and
Ryan 2013).

There is increasing evidence that the vocal sac might also play a role in chemical
signaling. The family of African reed frogs (Hyperoliidae) exhibit substantial variation in
body coloration, morphology and reproductive modes, but males of all reed frog species
share a common feature: a prominent gular patch on the vocal sac (Pickersgill 2007).
The conspicuous patch with high contrast to the surrounding vocal sac skin, is a gular
gland complex which produces volatile substances and potentially emits scent signals
during calling (Starnberger et al. 2013). Reed frogs may use a combination of acoustic,
visual and chemical signals to enhance their ability to detect conspecifics within dense
multi-species breeding aggregations typical for hyperoliid frogs (Ryan 1988; Taylor et al.
2011; also see Gerhardt and Huber 2002; Narins et al. 2007 and Starnberger et al.
2013).

The Spotted Reed Frog (Hyperolius puncticulatus, Pfeffer, 1893) is found throughout
Eastern Africa (Schigtz 1999; Pickersgill 2007) and occurs in and around forests. During
the breeding season males call at night from vegetation around forest pools or in
swamps (Schigtz 1967). Their advertisement call consists of a series of short high-
pitched notes (0.2 s) at a dominant frequency of 2.0 kHz (Schigtz 1999). Male H.
puncticulatus emit a second call type, consisting of low rasping sounds with slow pulses
(pers. observation IS, PMM and WH). Preliminary observations suggest this call is used
as an aggressive call, with a similar function to the aggressive call described in other
reed frog species (Passmore et al. 1992; Grafe 1995; Sinsch et al. 2011).

Complex environments can degrade signals and impair signal transmission and
reception, especially in anurans using a narrow frequency bandwidth important for spe-

cies specific recognition and discrimination in sexual communication. Especially high
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frequency calls are more easily attenuated by heterogeneous environments (Ryan and
Brenowitz 1985; Kime et al. 2000). Multimodal signal strategies, however, may allow
signal transmission in all environments and thereby enhance the ability to get the mes-
sage across even in nocturnal species. Some nocturnal species use visual cues and
signals for species recognition and mate choice (Rosenthal et al. 2004; Richardson et
al. 2010; Sztatecsny et al. 2010; Taylor et al. 2011), clearly prefer colorful vocal sacs
(Gomez et al. 2009) and even discriminate colors at night (Yovanovich et al. 2017).
Nevertheless for the vast majority of nocturnal anurans vocal sac inflations most likely
serve to recycle air while calling for extensive periods and their visual function in the
communication system remains poorly understood or might even be insignificant.

We tested the hypothesis that visual signals of the vocal sac increase signal sali-
ence in male-male interactions and influence opponents in close range male contests of
nocturnal H. puncticulatus. To investigate the communicative function of acoustic sig-
nals and vocal sac displays we tested receiver responses to uni- and multimodal play-
backs. To investigate the possible influence of fixed multimodal components on receiv-
ers, we predicted that asynchrony between the acoustic and visual components should
degrade signal salience and reduce receiver response. In addition we added the visual
stimulus of the gular gland to test its visual importance in the multimodal communication
system in male-male interactions. Finally we used unimodal acoustic playbacks to test

male receiver responses to advertisement- and aggressive calls.

MATERIALS AND METHODS
Study Site and Animals
We studied a population of Hyperolius puncticulatus in and around the 'Amani

Pond', a swampy inundation area of the Zigi river in the Amani Nature Reserve
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(5.098673°S, 38.629646°E, datum = WGS84) in the East Usambara Mountains (Tanza-
nia) during the rainy season in August 2014. Males were abundant in the swamp and
usually were spaced at a distance of at least 1 m. Males in the study population had a
mean snout—urostyle length (SUL) of 26.1 mm and a mean mass of 1.01 g (n = 12). The
frogs were captured with permission of the Amani Nature Reserve and released imme-
diately after taking body measurements. All behavioral experiments were performed

without physical contact to the focal animals.

Experimental Set-up

Focal males were located in situ by their species-specific vocalizations. In order
to test their reaction to uni- and multimodal playbacks we set up a tripod (Cullman Na-
nomax 260) 0.5 m in front of the calling male (Fig. 1A). A bamboo stick was attached to
the tripod (parallel to the ground) which held a speaker (Sony SRS-M 30). In front of the
speaker a large Asplenium leaf was attached to the bamboo stick to serve as natural-
istic platform or calling perch for playback stimuli. The artificial vocal sac was attached
via an aquarium air tube (2 m long) to rubber hand bellows (Hama DustEx 00005635) to
mimic rhythmic vocal sac inflations of rival males. In order to investigate the influence of
the yellow gular patch as a visual signal on receivers in male-male interactions, we pre-
pared one artificial vocal sac using a tip of a white latex glove with a central patch paint-
ed with yellow nail polish. For the second artificial vocal sac without gular patch we only
used the tip of a white latex glove. The different vocal sacs could be easily exchanged
between playback experiments. The speaker was connected to an mp3 player (Odys
pax). The experimenter could in- and deflate the artificial vocal sac as well as start the
acoustic playback from a distance of 3 m.

For acoustic stimulus presentations, we first recorded male calls with a direction-
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al microphone (Sennheiser Me 66, AKG D 190 E), and a digital recorder (Zoom HN4;
settings: 44.1 kHz, 16-bit resolution). We measured peak sound pressure levels (SPL)
from a distance of 1 m with a Voltcraft sound pressure level meter (SL-100, settings:
fast/max, C-weighted). The observed frogs (n = 4) produced 1-17 note calls (median =
2; interquartile range = 2) whereas 2-note calls were by far the most common. The
acoustic signals of amphibians are typically time-invariant and stereotyped, showing
little variation within or among individuals. We selected a 2-note vocalization for play-
backs with average spectral and temporal properties representing the population mean.
The average species-specific advertisement call selected for playback presentations
consisted of 2 notes with a call length of 0.4 s (note length = 0.05 s) and a SPL of 78.5
dB at 1 m distance. The notes were noise reduced, sound in the narrow frequency
bandwidth of notes was filtered, the inter-note interval was generated by adding a silent
period of 0.3 s between notes with the sound analysis software Raven Pro to avoid in-
terference from background noise. Similarly we recorded and analyzed aggressive calls
of 4 frogs and selected an aggressive vocalization with mean parameters of the record-

ed individuals for the playback (call length = 0.2 s, SPL = 80 dB at 1 m).

1) Acoustic playback.—To investigate the function of the two call types in Hy-
perolius puncticulatus we played back advertisement- and aggressive calls and record-
ed male response frequencies. The first part of the acoustic stimuli consisted of 10 ad-
vertisement calls (0.4 s call time, 5.5 s inter-call interval, 53.5 s total call presentation,
80 dB at 1m), followed by a 150 s control phase (no sound), and was continued with
further 10 advertisement calls and another 150 s control phase (Fig. 1B). The same ad-
vertisement call stimuli were also used for “audio” playback presentations in uni- and

multimodal playbacks. To test responses to advertisement and aggressive calls the first
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part of the stimulus presentation was followed by 10 aggressive calls (0.2 s call time,
2.3 s inter-call interval, 23 s total call presentation, 80dB at 1m) and a control phase (77
s) (Fig. 1B). The end of the playback and therefore of the trial was marked by 1 s of
white noise, which was clearly audible in the frog chorus.

2) Uni- and multimodal playback.—Responses of a focal male were tested with
one of the following randomly chosen uni- or multimodal stimuli (total n = 39): "audio"
presentations (n = 10) consisted of unimodal advertisement stimuli without the artificial
vocal sac and "w-sync" presentations (n = 11) included multimodal stimuli of the white
artificial vocal sac in synchronous movement with the playback calls. Vocal sac infla-
tions were not randomized, but followed the rythm of the call playback. The stimulus "w-
asynch" (n = 8) consisted of playback calls and rhythmic inflation of the white vocal sac,
similar to the "w-synch"-stimulus, with the only difference that the vocal sac inflations
were presented in asynchrony with the call in the inter-call interval of the audio play-
back. The stimulus "w-patch-sync" (n = 10) was identical to "w-sync" apart from the use
of an artificial vocal sac with a yellow patch. As soon as the set up was positioned and
the focal male stopped producing advertisement calls for more than 5 seconds, the
stimulus presentation was started. The respective stimuli were presented twice for 53.5
s each time followed by a 150 s silent control period (Fig. 1C). The behavior of the focal
male was recorded throughout the trial with a video camera (Sanyo Xacti WH1) for later
analysis. It was not possible to record data blind because our study involved focal ani-
mals in the field. However, blinded methods were used for video analysis to minimize
observer bias. After each trial, an ID photo of the focal frog's dorsal pattern (Fig. 2) was
taken for individual identification to avoid retesting of males. Frequencies of all behav-
ioral receiver responses during playback presentations and control phases were ana-

lyzed with the behavioral coding software Solomon Coder version beta 11.01. 22 (Péter
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2011). The number of advertisement call responses were coded according to note
number, e.g., one note-, two-note call. Calls with more than 6 notes where coded as
multi-note calls. The term "advertisement call" pools the sum of all call responses to

playback trials independent of note number.

Data Analysis

To test differences in behavioral response to play-back presentations of aggres-
sive and advertisement calls, we compared response frequencies during 100 s of the
first advertisement call playback and the consecutive control period to the responses
displayed during 100 s of aggressive call playback presentations and the following con-
trol period. The response frequencies of "tap", "advertisement call", "aggressive call",
"approach" and "move away" were analyzed using linear mixed models (LMMs). The
statistical assumptions for LMM analysis were met. The LMMs allow for repeated
measurements of the same individual to be fitted in the model as random variable. The
respective response frequencies were entered as dependent variables, with playback
presentation as predictor variable. The identities of individuals were entered as random
variable.

To test the influence of uni- and multimodal playback presentations on receivers
we pooled the response frequencies displayed during the complete playback (two mul-
timodal stimulus presentations and two control periods, Fig. 1C) according to the behav-

ioral categories of "tap", "move away", "approach", "advertisement call" and "aggressive
call". Response frequencies were compared using Kruskal-Wallis Tests. To understand
if the frequency of advertisement calls (i.e., the number of calls elicited) with a specific

note number increases or decreases in respect to playbacks we compared one note-,

two note-, three note-, four note-, five note- and multi note calls with 6 or more notes
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between stimulus presentations using Kruskal-Wallis Tests. All analyses were done in
SPSS version 19 (SPSS Inc., Chicago, IL, USA). Additionally, we analyzed recordings
of advertisement calls and aggressive calls in Raven Pro 1.3 (build 32) software for

Windows.

RESULTS

Call Descriptions
The advertisement call of H. puncticulatus in the study population consisted of one to
sixteen notes with two-note calls being the most common. One note had an average
duration of 0.055 s (SE + 0.002; range: 0.043 - 0.066; n = 12) and a dominant frequency
of 2982 Hz (SE + 33; range: 2832 - 3182; n =12 ). The aggressive call is pulsatile with
an average call duration of 0.22 s (SE + 0.019; range: 0.11 - 0.36; n = 12) and a domi-
nant frequency of 2975 Hz (SE £ 36; range: 2815 - 3167; n = 12; Fig. 4). Our observa-
tions of pulsatile aggressive calls and variable multi-note advertisement calls corre-
spond to those reported for other Hyperolius calls (Grafe 1995, 1996; Schigtz 1999).
The average call duration of a two note advertisement call (0.51 s; SE + 0.01; range:
0.46 - 0.60; n =12) in the study population was twice as long as the overall call duration
reported by Schigtz (1999). If a male approaches another calling male, the calling male
is likely to switch from producing advertisement calls to aggressive calls. If the intruding
male does not move away, the resident male will often engage in agonistic behavior

such as fighting.

Behavioral Responses to Playback Presentations
Of 3482 recorded behaviors in response to uni- and multimodal playback presen-

tations, 49 % of the displayed behaviors of male Spotted Reed Frogs were advertise-
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ment calls, 10 % aggressive calls, 6% approaches to the sound source and 3% move-
ment away from it. Additionally, males displayed a yet undescribed behavior for this
species, which we termed "tapping", in a surprisingly high frequency. Tapping denotes
the brief lifting of a limb (i.e. one arm or leg) from the substrate without stretching or
waving. Thirty-two percent of behavioral responses were taps of either the right or left
front or hind limb. Especially hind limbs used for tapping displays were frequently
switched. Tapping could only be observed in males and was mostly displayed in addi-
tion to advertisement calls (also see enclosed Video 1 of a male displaying the de-

scribed behavior during an experimental trial in the supplemental files).

1) Acoustic playback.—Hyperolius puncticulatus approached advertisement call
playbacks more readily than aggressive call playbacks (F118 = 5.00; P = 0.04; Fig. 4).
While aggressive call playbacks tended to be answered less often with advertisement
calls than advertisement call playbacks, this difference was not significant (F11s = 3.47;
P = 0.08). We found no differences in "tap"- (F11s8 = 0.53; P = 0.48), "aggressive call"-
(F118=1.03; P = 0.32) or "move away" responses (F11s = 0.58; P = 0.46) to advertise-
ment- and aggressive call playback presentations (Fi/1s = 4.23; P = 0.06), for each stim-

ulus presentation n = 10.

2) Uni- and multimodal playback.—Behavioral reactions of male H. puncticula-
tus did not differ in response to uni- and multimodal playbacks (Fig. 5). Focal males dis-
played tapping behavior (Kruskal Wallis Test: H = 0.32; df = 3, P = 0.96), produced ad-
vertisement calls (Kruskal Wallis Test: H = 3.15; df = 3, P = 0.37) and aggressive calls
(H=1.76; df = 3, P = 0.62; Fig. 6) and approached the stimulus (Kruskal Wallis Test: H

=0.18; df = 3, P =0.98) or moved away from it (Kruskal Wallis Test: H=1.76; df =3, P
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= 0.62) in similar frequencies in response to all four playback types. We found no differ-
ence in number of one note calls, two note calls or multi note calls between stimulus
presentations, hence males did not increase or decrease call duration by emitting more
or less notes per advertisement call in response to a playback presentation (Kruskal

Wallis Tests: df = 3, P > 0.05 for all tested notes per call).

Field Observations on Courtship Behavior in Hyperolius puncticulatus
We observed the interaction between a male and a gravid female in the study popula-
tion. The female moved through the vegetation approaching the advertising male and
then perched on a leaf in the vicinity of the calling male. Eggs were partly visible
through the translucent skin on the female's ventrum. The female stayed motionless for
several minutes, while the male emitted advertisement calls and frequently tapped using
front and hind limbs. The female then jumped towards the calling male and turned on
the spot to face away from him. The male approached the female while continuously
emitting advertisement calls and rapidly jumped onto her back into amplexus. The am-
plectant pair then left the calling site. Video 2 in the supplemental files shows a section

of the observed seven minute courting and mating behavior leading to amplexus.

DISCUSSION
In Hyperolius puncticulatus the vocal sac, moving inevitably during advertising,
did not act as a visual display which increases agonistic response behavior (e.g., ap-
proaches, attacks or aggressive calls) towards conspecific males, regardless of the
presence or absence of the gular patch. Receiver response was not reduced when calls
and vocal sac inflations were presented in asynchrony, even though this fixed compo-

site signal sensu Partan and Marler (2005) exclusively occurs in synchrony as a biome-



CHAPTER 4 63

chanical consequence of call production. Acoustic and visual signal components, alt-
hough temporally offset, could be still recognized and detected by receivers, because
signal saliency relies on the relative relationship of signal components (Rubi and Ste-
phens 2016; Stange et al. 2016).Several studies have demonstrated that multimodal
signals enhance detection and recognition of the signaler (Preininger et al. 2013a; Tay-
lor and Ryan 2013; and reviewed in Starnberger et al. 2014a) and components act as
back-up or alert receivers in fluctuating noisy environments (e.g., Partan and Marler
2005). However, if receivers rely on the comparison of multimodal components in mate
choice, fluctuating environmental conditions can cause signal interference (Taylor et al.
2011; Zeyl and Laberge 2011; Halfwerk and Slabbekoorn 2015; Halfwerk et al. 2016).
Unlike females, male reed frogs might not depend on precisely locating another male,
but rather estimate caller distance or calls might simply help to detect the presence of a
nearby rival. When nearby male H. puncticulatus move too close to a male's calling
perch, resident males switch from advertisement- to aggressive calls. In response to
unimodal aggressive call playbacks, the focal male usually stopped approaching. A
consistent stimulus presentation of two advertisement calls followed by one aggressive
call was used during playback presentations to mimic a natural call sequence of a con-
specific male in close range. We chose this call sequence to prevent influence of ag-
gressive calls on advertisement call responses but have to consider that testing males
with only aggressive calls versus only advertisement call presentations and/or a higher
sample size might have provided differing responses or response frequencies. Thereby
interpretations of the results infer to the successive call presentation and provide only
initial information for future investigations. Nevertheless we suggest H. puncticulatus
switch to aggressive calls to defend perching sites and conspecifics stop their approach

to avoid attacks from the resident male.
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Aggressive calls have generally been suggested to play a role in male-male-
spacing (Taylor and Ryan 2013; Toledo et al. 2015) and in assessing a males quality,
but compared to advertisement calls they are most likely unattractive to females (Wells
1988; Grafe 1995; Pickersgill 2007 and see Marshall, Humfeld and Bee 2003). There-
fore, eliciting aggressive calls might come at the cost of not being able to produce ad-
vertisement calls (Passmore et al. 1992; Starnberger et al. 2013), which attract females
and signal the readiness to defend a calling site (Narins et al. 2007).

Our results suggest, that visual cues of the vocal sac and gular patch can be considered
insignificant in the male-male communication system of H. puncticulatus. Even though
responses of only eight to eleven males were tested, our results demonstrate no differ-
ences in response frequencies to uni- or multimodal playback presentations. We be-
lieve, that an increased sample size would not alter the results. However the vocal sac
was presented without an attached model frog. Therefore, we suggest future investiga-
tions should test visual signal response to inflations in the context of a frog model. Fur-
thermore, it is still unclear if the movement of the vocal sac increases the detectability of
a male eliciting aggressive calls, or could be used as agonistic signal at a close range.
Additionally we have to consider the potential role of visual cues in female choice. On
one hand, a high contrast between vocal sac and gular patch could facilitate detection
of a calling male in dense vegetation (Starnberger et al. 2014b). On the other hand, the
visual properties of the vocal sac might provide information about a male's health status
and overall condition. In the nocturnal tree frog Hyla arborea females prefer more in-
tensely colored vocal sacs, suggesting that carotenoid-based yellow to orange colora-
tion might be a condition-dependent cue (Gomez et al. 2009, 2011). Gravid reed frog
females have a high risk of predation due to the increased activity during mate search.

Preference for very conspicuous and therefore easily locatable males may be beneficial
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(Grafe 1996, 1997; Schigtz 1999; Pickersgill 2007). Conspicuousness is often achieved
with energetically expensive high call rates and high sound pressure levels in anurans
(Schigtz 1967; Klump and Gerhardt 1992). Hyperolius marmoratus females prefer near-
by males eliciting advertisement calls at a high rate (Grafe 1997; Schigtz 1999). Female
reed frogs might potentially use concomitant visual vocal sac cues to assess mates sim-
ilar to Engystomops pustulosus, where gravid females are most sensitive to the visual
cue (Cummings et al. 2008). Sexual selection could also have favored a close range
signal in a different signal domain with slower, but more constant transmission such as
a chemical cue.

In male reed frogs, the gular patch is a colorful gland situated on the vocal sac
with ducts leading to the outside. Volatile chemicals produced in the gland might be ra-
diated during calling (Starnberger et al. 2013). Species-specific scent-bouquets might
act as courtship signal comparable to pheromones distributed by newts in a self-
generated current (Ryan and Brenowitz 1985; Kime et al. 2000; Woodley 2010; Brad-
bury and Vehrencamp 2011). During the nocturnal courtship of H. puncticulatus we ob-
served a vocal sac remaining inflated for more than 6 min before amplexus was initiated
(see Video 2 in the supplemental files). Evidence about the function of the gular gland
remains anecdotal, but it seems likely, that the transmission and perception of volatile
chemicals could be more effective than visual signals under low light conditions (Grafe
1995, 1996; Schigtz 1999; Waldman and Bishop 2004; Byrne and Keogh 2007).

Spotted Reed Frogs displayed a yet undescribed behavior in response to play-
backs, a gestural display. A series of front and hind limb lifts or tapping behaviors were
displayed in response to playback presentations. Even though no differences in the fre-
quency of tapping were recorded in regard to playback presentations, tapping and ad-

vertisement calls were the most frequently displayed behaviors of males. Visual signals
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of hind foot- and arm lifting or waving were so far described as agonistic behavior in the
signal repertoire of anurans (H6dl and Amézquita 2001). Even more conspicuous ges-
tural displays like foot-flagging behavior were only recorded in an agonistic context dur-
ing male-male interactions to defend perching sites (Amézquita and Hodl 2004; Prein-
inger et al. 2009; Grafe et al. 2012) and are suggested to originate from an aggressive
kicking behavior used during physical attacks (Preininger et al. 2013b). Kicking bouts
are also displayed by male Hyperolius marmoratus in defense of conspecific intruders
(Grafe 1997) and males in several reed frogs species use physical combat to defend
their position in the lek (Telford 1985; Dyson et al. 1992). Male spacing increases mat-
ing success, because females prefer males with larger sound fields and cannot detect
overlapping calls (Grafe 1995, 1996). Limb displays in H. puncticulatus could be an ag-
onistic visual signal for perceiving opponents. We also observed tapping behavior in the
presence of a female and the display was not regarded aversive, on the contrary the
signaling male mated with the female (Video 2). Thereby we suggest tapping behavior
might attract females and repel males similar to advertisement calls.

Tapping however might not stimulate the visual system of conspecifics, but influence a
different sensory modality via substrate vibrations in a limited active signal space.
Seismic or vibrational signals could act as close-range communication channel in ar-
boreal anurans, when the efficacy of visual signal is obscured by the environment. Simi-
lar to our study species, arboreal and nocturnal Red-eyed Treefrogs (Agalychnis
callidryas) form breeding aggregations in vegetation’s around water bodies or lakes.
Males produce tremulations to create substrate vibrations used as aggressive signals
carrying information about the motivation and size of the signaler (Caldwell et al. 2010).
Anurans also use vibrational signals to attract mates. Females of the South Asian com-

mon Treefrog (Polypedates leucomystax) tap their toes to initiate mating (Narins et al.
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1998). Males of the ground-dwelling White-lipped Frog (Leptodactylus albilabris) gener-
ate seismic signals with their vocal sac while calling (Narins 1990; Lewis et al. 2001;
Gridi-Papp and Narins 2010) and male Leptodactylus syphax respond to aggressive
calls with a combination of aggressive calls and audible foot taps (Cardoso and Heyer
1995). We suggest vibrational and/or visual tapping signals could facilitate and promote

detection in complex or heterogeneous environments.

Conclusion

In anurans, research in the past decade has provided valuable information on
perception of and behavioral response to multimodal signals with components either
always produced together (i.e., fixed components) or independently. Furthermore, a lot
of effort has been put forward to describe environmental influences and the selection on
multimodal signal design in several species. However, not all species respond to or use
the available modalities for communication. Admittingly, this study focused on respons-
es to multimodal stimuli during male-male interactions, but we we would still like to sug-
gest that conspicuously moving vocal sacs could sometimes just be a byproduct of
sound production and selection might not promote visual signal components in noctur-
nal species. Nevertheless, vocal sac pulsations could facilitate a less explored modality
in anurans and might be used to radiate chemical signals from the gular gland. Future
investigations should focus on chemical cues emitted by the gular patch and test re-
ceiver responses of females to visual and chemical signals. The novel gestural tapping
display also raises several questions in regard to its function in male-male interaction
and female mate choice. Spotted Reed Frogs provide the opportunity to test the effec-

tivity and complexity of signals in several sensory modalities in a nocturnal species.
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FiG. 1.—Experimental set-up for uni- and multimodal stimulus presentation. Experi-
mental design for uni- and multimodal stimulus presentation. (A) Experimental set-up for
playback presentations; (B) schematic of stimulus presentations for acoustic playbacks,
black line at the end represents 1 s of white noise; (C) schematic of stimulus presenta-
tion for uni- and multimodal presentations, the same randomly selected uni- (acoustic)
or multimodal (acoustic and visual) stimuli were presented twice during the period

termed " multimodal" to a focal individual.
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FiGc. 2.—Examples of the diverse dorsal color patterns in male Hyperolius puncticulatus
in the study population.

advertisement calls aggressive call
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FiG. 3.— Calls of male Hyperolius puncticulatus. Waveform and corresponding spectro-
gram below of two average advertisement calls, with one and two notes and an average

aggressive call (80 dB at a 1m distance, 20°C). Inter-call intervals were shortened to
present three calls in one graph.
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FiGc. 4.—Response frequencies to advertisement call and aggressive call play-back.
Shown are means and standard error of original response data instead of estimated
means. Statistically significant differences between responses are denoted by asterisk

(LMMs: * P < 0.05; n = 10 for all playback presentations)
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FiGc. 5.—Response frequencies to uni- and multimodal stimuli presentations. Stimulus
presentations include advertisement call playbacks (audio; n = 10), with synchronously
moving white vocal sac (W-sync; n = 11), with asynchronously moving white vocal sac
(W-async; n = 8) and with synchronously moving vocal sac with an artificial yellow gular

patch (W-patch-sync; n = 10).
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Concluding Discussion

The studies presented in this thesis investigate the role of the vocal sac in the multimodal sig-
nalling system of reed frogs and frogs and toads in general. They address questions about the
mechanism and the function of the gular patch - a characteristic structure found in males of all

reed frog species.

In Chapter 1 we were able to reveal the inner structure of the gular patch which turned out to be
a gland complex with ducts leading to the outside of the frog's body. Furthermore, by integrating
biochemical analyses, we could identify the components produced in the gland complex. The
composition of the chemical cocktail found in gular patch tissue was not only surprisingly com-
plex, but seems to be species-specific at least in the four hyperoliid species investigated. Our
results allow drawing conclusions about the mechanism of the conspicuous gular patch. How-
ever, the evolutionary function of producing volatile chemical compounds in a gland complex

on the vocal sac is still largely obscure.

In Chapter 2 we give an overview of several vastly understudied, but potentially highly complex
anuran signalling modes, such as foot flagging, dynamic inflation of the vocal sac without the
production of a call, or nuptial dichromatism. We argue that combining knowledge about the
natural history of a species and about its environment as well as up-to-date methodology will
considerably advance our knowledge about anuran communication strategies. Furthermore, we

suggest, that anuran communication is more complex than it has been given credit for.

In Chapter 3 we focused on the anuran vocal sac and investigate its potential as a tool for mul-
timodal signalling. Dynamic cues such as the movement of the vocal sac have long been de-
scribed as a side-product of call production, because they constitute a fixed-composite signal
(sensu Partan & Marler, 2005).However, there is increasing evidence that the colouration and/or
movement of the vocal sac can act a visual signal in addition to or instead of acoustic signals.
Additionally, our findings from Chapter 1 allowed us to propose that the anuran vocal sac may
act as a tool for acoustic, visual and chemical signalling. Accordingly Chapter 4 highlights the
role of acoustic signals with or without additional visual stimuli in male-male communication in a
reed frog species. In order to increase our understanding about the adaptive value of the gular
patch and the function of the vocal sac in male-male interactions, we tested males' reactions to
uni- vs. multimodal signal components produced by an artificial rival male. Surprisingly, we
found no differences in responses to unimodal (acoustic) and multimodal (acoustic and visual)
signals. Furthermore, the presence of an artificial gular patch on the vocal sac did not elicit dif-
ferent behavioural responses in focal males. However, our field experiments uncovered a previ-

ously undescribed signal component: Male Spotted Reed frogs frequently produce foot taps
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with fore- and hind limbs, which might function in similar context as advertisement calls, to repell
males and attract females, but in this case in the visual or seismic domain. Foot tapping might

therefore act as a "free" multimodal signal (sensu Higham & Hebets, 2013).

Possible reasons for complex signalling in reed frogs:

The costs of acoustic communication in anurans are relatively high. A calling male is faced with
a high energetic expense, an increased risk of predation and a risk of dehydration (Byrne &
Keogh, 2007). Females as well as males of many anuran species are confronted with the chal-
lenge of locating a particular conspecific male in a chorus situation (Bee & Micheyl, 2008;
Richardson & Lengagne, 2010) or in environments that hamper propagation and transmission
of acoustic signals (Boeckle, Preininger, & Hodl, 2009; N. Kime, Turner, & Ryan, 2000; Wells &
Schwartz, 1982). Generally, signals should evolve to maximize the visual or acoustic signal to
noise ratio. This can be accomplished by increasing the amplitude of the signal in a variety of
sensory modes (Ryan & Keddy-Hector, 1992) and possibly by using additional and/or multi-
modal signals. The missing or misinterpretation of a signal is likely related to high costs and a
high selective pressure could lead to the use of additional or alternative modalities (Krebs &
Dawkins, 1984).

The hyperolid vocal sac is absolutely unique in having the potential to emit acoustic, visual and
chemical cues and/or signals. The chemical modality is the one posing the most questions and
there are hardly any comparable cases or studies performed in other anuran species (as re-

viewed in Chapters 2 and 3).

| would like to discuss the following hypotheses realted to female attraction and female choice in
order to explain the adaptive value of the gular gland and its potential chemical signals: A spe-
cies-specific scent bouquet might attract females by facilitating the locatability of a specific
male frog and/or by enhancing the attractiveness of male to receptive females (see e.g. Byrne &
Keogh, 2007). Furthermore, it might back-up information content of the acoustic signal (e.g.
species identity, individual health status) or offer additional information to an approaching
female (Candolin, 2003). Females approaching a multi-species chorus as commonly found in
reed frogs (e.g. Starnberger et al., 2013) face the challenge of distinguishing between individual
senders - a circumstances which may well select for a complex multimodal display (Hebets &
Papaj, 2005).

Another possible explanation might be the need for a male-male spacing mechanism mediated

by scent signals in a chorus situation in order to minimize energy expenditure due to agonistic
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encounters (e.g. Grafe & Thein, 2001). However, after a preliminary experiment performed in
the Amani Nature Reserve (Starnberger, unpublished data) | found no eveidence to support the
latter hypothesis. To investigate, if male Hyperolius puncticulatus avoid potential chemical cues
left on plant substrate previously used as calling perch by conspecific males, | offered one male
frog (n=20) a choice between a twig formerly used as a calling perch (scented twig) and an
unscented control twig. | monitored the focal male's position for an hour, but did not find a pref-

erence for the scented or the unscented twigs.

| am confident, that behavioural preference or female choice tests with receptive females
and the scent of live conspecific males or synthetic frog scent will shed light on the potential

function of the gular patch in intra-specific communication.

The potential visual signal component of the gular patch does not seem to be meaningful for
male-male interaction at least in H. puncticulatus, but once again may be relevant to conspecific

females.

Other studies suggest, that animals of many taxa assess multimodal signals in a certain se-
quence, with long-range signals attracting conspecifics for further assessment of close-
range signals (e.g. Uy & Safran, 2013). Following this suggestion, it is imaginable that recep-
tive females follow the long-range acoustic signal of a (multi-species) frog chorus to navigate
to the breeding site. Once they have reached the site, they need to find not only a conspecific
male within the chorus, but also the male with the most favourable traits. It may well be, that a
pheromone signal originating from the gular gland complex is a suitable mid-range indicator
for these properties in addition to the acoustic signal. However, the exact source of both acous-
tic and chemical signals is rather difficult to locate for a small frog in the dense vegetation. Thus,
the visual stimulus of the colourful gular patch might considerably facilitate a female's close-

range orientation towards a male advertising in a patch of reed grass.

Our preliminary studies using spectrophotometry have shown that the hyperolid gular patch
clearly stands out from its immediate background - the vocal sac. Both the gular patch and the
surrounding vocal sac had a higher reflectance than their environment (i.e. the frog's body as
well as the branch the frog is sitting on) under moonlight conditions (Starnberger, unpublished
data).

In the case of Hyperolius puncticulatus (Chapter 4), the additional foot tap which might be per-
ceived in the visual as well as in the seismic domain, could be another way of facilitating close-
range orientation towards an advertising male and thereby considerably decreasing a female's

search time and predation risk (Grafe, 1997). Furthermore, the foot tap might act as a back-up
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signal for the advertisement call and may influence both sexes. Since increased locatability
most likely represents increased predation risk for the advertising male, could imply that reed
frogs not only adjust their overall activity, but vary the use of signal modes in respect to envi-

ronmental brightness (see Onorati & Vignoli, 2017).

A few thoughts on methodology

This thesis has been laid out as an exploratory, albeit slightly risky taxon-oriented study in order
to investigate the intriguing hyperolid gular patch. Due to the multidisciplinary network of collab-
orators | was able to integrate a diverse set of methods in order to gain a comprehensive over-
view of the possible function of the gular patch. At the beginning of my PhD studies we already
had a strong suspicion that the gular patch might in fact be a gland and thus we concentrated
on descriptively investigating this possibility (Chapter 1). The next logical step would have been
to test the function of the scent bouquets in behavioural experiments. However, the proposed
biochemical synthesis turned out to be much more tedious than expected because of the sur-
prising complexity of the chemical cocktails found in the gland. First biochemical results are
presented in Appendix C and just very recently "Frogolide" a new substance found in the gular
glands of Hyperolius spp. and the femoral glands of Mantella spp. was discovered and will soon

be presented in a manuscript by Menke et al. (submitted).

Outlook

While the studies comprised in this thesis cover only a small part of the complex hyperolid sig-
nalling system, | am confident that my work could serve to inspire future research which will

piece by piece add to our understanding of anuran communication.

| would suggest to further test the chemical function of single and combined signal components
in intra- and intersexual, as well as in intra- and interspecific communication based on receiver
response as suggested by Higham and Hebets (2013; and see Partan & Marler, 1999; 2005).
According my results | would suggest to perform female choice experiments to uni-, bi- and tri-
modal signals. This should reveal how multiple signal components increase the signal content,
facilitate the perception of each other, or enhance signal transmission (Candolin, 2003; Hebets
& Papaj, 2005).

One of the sensory challenges for receivers is the cross-modal integration of multimodal

stimuli into perceptual objects corresponding to one individual sender (Bee & Miller, 2017). In
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frogs in general, but in chorusing frogs in particular, it is important to understand, how receptive
females but also rival males manage to integrate the often complex signals with diverse tem-

poral and spectral parameters.

Furthermore, a thorough investigation of signal design might reveal even more complexity:
For example, how does vocal sac and gular patch colouration as well as scent bouget composi-
tion differ between syntopic species with more similar, compared to species with more different
advertisement call parameters? Incorporating increasing complexity as suggested by Hebets
(2011) as well as going one step further and investigating individual signaler plasticity in a
dynamic social and ecological environment (Bro-Jorgensen, 2010; and see Van Staaden &
Smith, 2011) will lead to an increased understanding of signal evolution. Also, the integration
of economic models into the study of advertisement displays in a chorus situation might yield
surprising results about the abilities of frogs to dynamically adjust their investment during court-
ship (Patricelli, Krakauer and McElreath (2011) and about the influence of adaptive courtship

tactics on individual fitness.
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Abstract Many animals use multimodal (both visual and
acoustic) components in courtship signals. The acoustic com-
munication of anuran amphibians can be masked by the
presence of environmental background noise, and multimodal
displays may enhance receiver detection in complex acoustic
environments. In the present study, we measured sound pres-
sure levels of concurrently calling males of the Small Torrent
Frog (Micrixalus saxicola) and used acoustic playbacks and
an inflatable balloon mimicking a vocal sac to investigate
male responses to controlled unimodal (acoustic) and multi-
modal (acoustic and visual) dynamic stimuli in the frogs’
natural habitat. Our results suggest that abiotic noise of the
stream does not constrain signal detection, but males are faced
with acoustic interference and masking from conspecific cho-
rus neise. Multimodal stimuli elicited greater response from
males and triggered significantly more visual signal responses
than unimodal stimuli. We suggest that the vocal sac acts as a
visual cue and improves detection and discrimination of
acoustic signals by making them more salient to receivers
amidst complex biotic background noise.
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Introduction

To explain evolutionary patterns in animal communication, it is
critical to understand the mechanisms of signal production, the
conditions under which signals are produced, and how signals
are perceived by receivers (Bradbury and Vehrencamp 2011;
Brumm and Slabbekoom 2005; Miller and Bee 2012). During
the last decade, it has become clear that communication signals
in many taxa are more complex than previously thought
(Hebets and Papaj 2005). Complex signals can consist of
multiple components in a single modality (e.g., acoustic, visual,
or chemical) or in multiple sensory modalities (multimodal
communication) with components being presented either to-
gether or independently (Partan and Marler 1999; Partan and
Marler 2005). In so-called fixed-composite signals (Smith
1977; Partan and Marler 2005), signal components occur
always together. Based on their assumed information content,
multimodal signals have been classified as redundant (all signal
components elicit an equivalent response in the receiver) or
non-redundant (signal components elicit a different response in
the receiver). Hebets and Papaj (2005) suggested that multiple
signal components may evolve when they increase the signal
content (content-based hypothesis), facilitate the perception of
cach other (inter-signal interaction hypothesis), or enhance
signal transmission for instance in noisy environments (efficacy-
based hypothesis).

Acoustic signal detection and discrimination can be con-
strained by abiotic and/or biotic noise sources such as water-
falls or vocalizing hetero- or conspecifics, thus favoring the
evolution of complex signaling strategies (Gerhardt and
Klump 1988; Schwartz and Gerhardt 1989; Brumm and
Slabbekoorn 2005; Gordon and Uetz 2012), which could
facilitate faster and more accurate detection by receivers
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(Rowe 1999; Otovic and Partan 2009). However, the selection
pressures influencing signaling strategies may differ when
environmental noise originates primarily from conspecifics
compared with other types of noise because conspecific noise
contains a high degree of frequency and temporal overlap
between the signals and noise (Gerhardt and Huber 2002).
Anuran amphibians are excellent model systems to study
multimodal communication in noisy environments. In many
anurans, males produce loud advertisement calls that mediate
both female choice and male spacing (Ryan 2001; Gerhardt
and Huber 2002). Frog communication may take place in
dense breeding choruses (Bee and Micheyl 2008) and/or noisy
settings like streams that produce broadband ambient back-
ground noise (Boeckle et al. 2009). While advertising, males
inflate and deflate the vocal sac which has a primary evolu-
tionary function of recycling air during vocalization, thereby
increasing the call rate and distributing sound waves omnidir-
ectionally (Rand and Dudley 1993; Pauly et al. 2006). Since
the vocal sac is inevitably moving while a male is calling, it
can send a fixed-composite signal (see Hirschmann and Hodl
2006 for exception) imparting increased detectability due to
movement and coloration (Rosenthal et al. 2004; Taylor et al.
2008). For example, in the dart-poison frog Allobates femo-
ralis, simultaneous acoustic and visual signals are necessary
to evoke an aggressive reaction in males defending a territory
(Narins et al. 2003; Narins et al. 2005). For females of the
squirrel tree frog (fyla squirella), the availability of the vocal
sac as a visual cue makes an unattractive male call more
appealing, whereas additional visual information is assessed
from lateral body stripes when male calls are equally attractive
(Taylor et al. 2007, 2011b). Despite these examples of a
preference for multimodal over unimodal signals, there seem
to be vast differences in the importance of signal components
and the responses they elicit in the receiver, even in species
facing similar ecological problems. Since ecological settings
to which animals are exposed can be complex (e.g., many
calling individuals, various abiotic sources of noise, etc.), we
wanted to test receiver responses in a frog’s natural habitat by
using an experimental model setup. Models present three-
dimensional visual stimuli that can be detected from a wide
angle of view making their use advantageous when the posi-
tion of receivers cannot be controlled before starting an ex-
periment. The successful use of robots for testing isolated or
combined signal components has been demonstrated in
studies on a variety of animals, including frogs (Narins
et al. 2003; Taylor et al. 2008; Krause et al. 2011).
The Small Torrent Frog (Micrixalus saxicola) oceurs along
tropical streams and communicates in large social aggregations.
Signal detection and discrimination in M. saxicola could there-
fore be constrained by both conspecific chorus noise and ambi-
ent stream noise. Males display a bright white vocal sac during
vocalizing (Fig. 1) and perform additional visual signals (e.g.,
foot-flagging) in male-male agonistic interactions (Krishna and
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Fig. 1 M. saxicola male displaying a bright whitish vocal sac during
advertising and foot-flagging behavior

Krishna 2006). Given the acoustically complex environment in
which the frogs occur and their signaling behavior, we investi-
gated whether stream noise and/or chorus noise constrains the
acoustic signal component in male-male agonistic behaviors
(signal efficacy approach, Hebets and Papaj 2005). To do so, we
first characterized acoustic features of the male advertisement
call and measured sound pressure levels of calls and background
noise during the breeding season. Further, we investigated the
sensory components in the male display by providing controlled
and naturally occurring stimuli (call alone and call with
synchronously presented artificial vocal sac) via an experimental
setup and examined male responses. These experiments allowed
us to test the signal-interaction hypothesis predicting that multi-
modal composites amplify signal detection and discrimination
compared to the unimodal acoustic component (Hebets and
Papaj 2005).

Methods
Study site and animals

The Small Torrent Frog (M. saxicola) is endemic to the
Western Ghats in India (Daniels 2005) and occurs exclusively
along small, fast-flowing streams within the evergreen forests
(Chandran et al. 2010). Individuals are diumal and inhabit
perennial streams characterized by low water, air, and soil
temperature (Reddy et al. 2002). Males produce calls with a
series of pulses from exposed sites on rocks in shallow areas
of the stream to advertise for females and defend breeding
grounds in relatively crowded aggregations (Krishna and
Krishna 2006). We studied a population of M. saxicola located
at the Kathalekan Myristica swamp forest (14.27414°N,
74.74704°E) in the central Westem Ghats at the end of the
monsoon season (September and October 2010). Males in our
study population had a mean snout-urostyle length (SUL) of
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23.6 mm and a mean mass of 1.1 g (n=13). Interindividual
distance between calling males was measured to determine
average receiver distance. Median distance between advertising
individuals in the study population was 0.98 m (range, 0.38—
2.69 m, n=15).

The frogs were captured with permission of the Centre for
Ecological Sciences, Indian Institute of Science, Bangalore
(permission number: D.WL.CR-27/2008-09) and released
immediately after taking body measurements. All behavioral
experiments were performed without physical contact with the
study animals.

Acoustic recordings

After locating a vocalizing male, we recorded advertisement
calls from a distance of approx. 1 m, using an omnidirectional
microphone (Sennheiser Me 62) and a digital recorder (Zoom
HN4; settings: 44.1 kHz, 16-bit resolution). We measured
peak sound pressure levels with a sound level meter (Voltkraft
SL-100; settings: fastmax, C-weighted) from a distance of
I m, which equaled the measured median male interindividual
distance of 0.98 m. During recordings, the focal male was
closer to the microphone than calling neighbors. One second
after each advertisement call, a period of 3 s was selected from
omnidirectional call recordings to analyze environmental
background noise comprising chorusing conspecifics (termed
“chorus noise”). We additionally recorded ambient stream
noise without male calls (simply termed as “abiotic noise™
despite occasional comprising insect signals) before and after
frog choruses from the same recording position as calls. The
stream was regarded as noise field in which ambient noise
intensity was considered almost unchanging within the mea-
sured distance of 1 m. For the call analyses, we discarded
recordings with overlapping calls from chorusing males. We
measured SUL and body mass of each focal individual after
the sound recordings with a sliding caliper to the nearest
0.1 mm and a digital mini scale to the neatest 0.01 g.
Acoustic features of recordings were extracted and mea-
sured using custom built programs in PRAAT 5.2.22 DSP
package (Boersma and Weenink 2011) that automatically
logged relevant variables in an output file. To analyze single
call notes, we extracted the voiced intervals of the call and
measured note duration in seconds. Call duration in seconds
was calculated with note start and end times. The spectral
structure of calls was investigated using spectrograms (fast
Fourier transform (FFT) method; window length, 0.01; time
step, 1,000; frequency step, 500; Gaussian window; and dy-
namic range, 50 dB). For call frequency analysis, a cross-
correlation pitch extraction algorithm was used to preduce
time-varying numerical representation of the fundamental fre-
quency (Fo) contour for each call. We applied a time step of
0.5 ms over a range of 3,000-6,000 Hz according to the Fj
observed in the spectrogram and extracted the parameters

mean, minimum, and maximum Fj, from the 7, contour. The
mean frequency value =500 Hz was used to apply a filter before
measuring sound pressure. To extract parameters from noise
files, we applied a similar analysis and computed a long-term
average spectrum with a bandwidth of 50 Hz to measure
maximum frequency. To obtain sound pressure (SP) values of
chorus and abiotic noise within the frequency range of the
advertisement call, we applied a pass Hann band filter to the
spectrum for frequencies from 4,300 to 5,300 Hz. The extracted
relative SP values for call and noise were transformed into
absolute SP (in pascal) by defining the most intensive SP of
the complete sound file (SP absolute=SP relative * SP meas-
ured/SP most intensive). “SP measured” corresponds to the
maximum sound pressure recorded in the field.

Playback experiments

Unimodal (acoustic) and multimodal (acoustic and visual)
stimuli were presented on a platform made out of two plastic
containers (Fig. 2). The larger container (7x 18x 11 cm) was
filled with pebbles and placed in the stream where it served
as an anchor for the attached smaller container (6% 10 cmx
1 em) and the loudspeaker (Sony SRS-M 30) connected to
an MP3 player (Odys Pax). To test if the vocal sac is the
primary visual signal component that makes the display
more salient to receivers, we presented males exclusively
with an artificial inflatable vocal sac. We did not use a
stationary model frog as additional visual stimulus or further
identification feature. The tip of a white latex glove (inflated
diameter, 1 em) on top of the small container mimicked the
vocal sac, which could be inflated by the experimenter by
gently blowing air through a 2.5-m-long hose. We tested 10

Fig. 2 Schematic diagram of the experimental setup positioned
50 ¢m from the focal individual. In the stream, the lower box (1)
serves as anchor to the upper setup and a loudspeaker (2)
connected to an MP3 player (3). Silicon hose (4) operated by
the experimenter inserted through the upper box (5) to the artificial vocal
sac: tip of a latex glove (6)
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males with unimodal playbacks and 10 males with multimod-
al playback presentations resulting in a total of 20 tested
individuals (identifiable through photos). Playback stimuli
were presented from the experimental setup, placed 50 cm
from the focal individual. From a distance of 1 m from the
focal male, the experimenter operated the MP3 player and in
multimodal presentation manually inflated the artificial vocal
sac synchronously with each call. The prerecorded advertise-
ment call was generated by using averaged call values from
the studied population (call duration, 2.6 s; note number, 21;
mean frequency, 4.6 kHz; intercall interval, 7.4 s). The acous-
tic stimulus consisted of three advertisement calls with an
average intensity of 75 dB at 50 cm. Experimental playback
presentations were undertaken only when the focal individual
showed no signaling behavior in the prior 60 s. Either unim-
odal or multimodal stimuli were presented for a period of 30 s,
followed by a 90-s control phase and a subsequent second
same stimulus playback and control phase. All trials were
video recorded with a waterproof camera (Sanyo Xacti
WHI) positioned on a tripod. We analyzed frequencies and
durations of the behavior categories “calling,” “tapping,”
“foot-flagging,” and “position change” during presentation
and control phases with the behavioral coding software Solomon
Coder (Péter 2011). Tapping constitutes the lifting of either the
right or left leg without stretching it, whereas foot-flagging labels
the behavior of completely extending the leg above and back in
an arc and bringing it back to the body side (Hédl and
Amézquita 2001). Behaviors termed position change included
approach, moving away, and tum. Digital photographs of
dorsal pattems and colorations allowed individual recognition
and ensured that we were able to avoid repeat testing of the
same individuals.

Data analysis

To test the hypothesis that M. saxicola advertisement calls are
masked by noise, we analyzed 112 calls and respective noise
recordings from 13 individuals, in turn comprising measure-
ments at 13 positions in the stream. We compared maximum
sound pressure values of the acoustic factors: advertisement
calls, abiotic noise, abiotic noise in the frequency range of the
call (filtered abiotic noise), and chorus noise in the frequency
range of the call (filtered chorus noise) using a linear mixed
model (LMM). The LMM allows repeated measurements of
the same individual to be fitted in the model as random
variables, thus controlling for differing number of calls per
male and notes per call. The statistical assumptions for LMM
analysis were met (Kolmogorov—Smimov test).

The sound pressure values (in pascal) of all acoustic factors
were entered as dependent variables, with the acoustic factors
as predictor variables. We entered the identities of male (call)
and call (note) as nested random variables, to correct for
differences between male individuals, number of calls per
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male and number of notes per call. For post hoc tests, we used
Student’s ¢ statistic with sequential Bonferroni correction for
alpha because of repeated pairwise comparisons.

A second LMM was conducted to evaluate the differences
between dominant frequencies of call and background noise.
To compare frequencies of call and noise, the dominant
frequencies of these parameters were entered as dependent
variables with call and noise as predictor variables. The identi-
ties of male (call) and call (note) were entered as nested random
variables. To test if male SUL and body mass influence mean
dominant call fiequency, we performed a linear regression
analysis.

To investigate the hypothesis that the inflating vocal sac
acts as an additional visual cue, we compared behavioral
responses to unimodal and multimodal playbacks using a
two-tailed Mann—Whitney U test for independent samples.
To analyze differences in call duration in response to play-
back presentations, we used a LMM to correct for differing
numbers of calls per individual. Call duration was entered as
a dependant variable, with modality (unimodal vs. multimodal)
as the predictor variable. A nested term was included for the
identity of male (call) as a random variable. All analyses were
undertaken using SPSS version 19 (SPSS Inc., Chicago, IL,
USA).

Results
Frog calls and environmental noise

Advertisement calls of M. saxicola (Fig. 3) had an average
duration of 2.0+0.1 s (all results=SE and N¥=13 in all cases)
and comprised a series of 21+ 1 notes with an average duration
of 0.021+0.001 s (Fig. 3a, b). Single pulsed notes were
produced at the beginning and end of the call with an inter-
note interval of 0.136+0.005 s, whereas grouped notes in the
middle of the call had multiple pulses and an inter-grouped
notes interval of 0.03+0.001 s (Fig. 3c). The frequency of the
advertisement calls averaged 4,771+29 Hz (range, 4,574~
4,969 Hz, Fig. 3d) and was negatively influenced by SUL
(linear regression: N=13, 12=0.37, P=0.016), but not affected
by body weight (linear regression: N=13, *=0.08, P=0.176).

The call frequency showed clear differences to the low-
frequency dominated stream noise (LMM.: pairwise compar-
ison, f=4168; SE=22; =188.087, P<0.001). The maxi-
mum SP of the call averaged 0.056 Pa (69 dB) at a
distance of 1 m. Overall SP comparisons of call and noise
differed significantly (LMM: Fj3 5 35,=39.806, P<0.001).
At | m distance, the call had a higher SP than abiotic noise
values (LMM: pairwise comparison, P<0.001, Fig. 4), but
did not differ from the SP of conspecific chorus noise
filtered in the frequency range of the call (LMM: pairwise
comparison, #=0.010; SE=0.005; t=1.829, P=0.068). The
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Fig. 3 Multi-note advertisement call of M. saxicola (a—d). The spec-
trogram (a) of a single call (FFT method; window length, 0.005 s; time
step, 1,000; frequency step, 1,000; Gaussian window; dynamic range,
30 dB); b the corresponding waveform: ¢ a close-up of the three
indicated notes from the same male; d power spectrum showing the
peak of the call at 4.9 kHz relative to the ambient stream noise

estimated maximum SP of chorus noise averaged 0.046 Pa
(67 dB) resulting in a difference of —2 dB relative to the
analyzed frog calls.

Playback experiments

When presented with multimodal stimuli, all tested males
increased the number of calls they produced (Mann—Whitney
U test=12, N;=N,=10, P=0.004) and tapping behaviors
(Mann—Whitney U test=12, N;=N,=10, P=0.002) and per-
formed more position changes (Mann-Whitney U test=17,
N1=N>=10, P=0.007) in comparison to unimodal trials. Most
interestingly, foot-flagging behavior could only be elicited by
multimodal playbacks (Fig. 5) and the mean call duration of
2.240.7 s during unimodal playbacks expanded to 5.0+£0.36 s
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Fig. 4 Comparison of sound pressure of advertisement calls of M.
saxicola and the background noise. Shown here are estimated means
(points), standard error (boxes), and 95 % confidence intervals
(whiskers) of the call (N=13), abiotic noise (N=13), abiotic noise
filtered in the frequency range (4.3-5.3 kHz) of the call (N=13), and
chorus noise filtered in the same frequency range as abiotic noise. All
pairwise comparisons apart from call and chorus noise filtered indicate
significant differences (P<0.001)

during multimodal presentations (LMM: F; ,55=12.519,
P=0.001, Fig. 6).

Discussion

Our results show that sound pressure levels of M. saxicola
male calls significantly exceeded the ambient abiotic noise
level in the frogs’ habitat. Stream noise had less energy than
frog calls across the entire human audible frequency range.
Contrary to species of the Bornean Splash Frogs (Staurois)
who inhabit low-frequency dominated, torrential streams
and waterfalls (Boeckle et al. 2009; Grafe et al. 2012),
continuous stream noise alone was unlikely to constrain
acoustic signal detection in M. saxicola. Chorus noise, however,
appeared more likely to hamper individual call detection as the
measured SPL differences between male M. saxicola calls and

20 =3 Unimodal playback
mm Multimodal playback

Mean behavioral frequencies

Calling

Tapping Footflagging Position change

Fig. 5 Behavioral responses of M. saxicola to unimodal and multi-
modal playback stimuli. **P<0.01; *P<0.05, statistical significant
differences between responses (Mann—Whitney U test; for each
stimulus presentation N=10)
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Fig. 6 Differences in duration of M. saxicola calls in response to
acoustic- and multimodal playback presentations (P=0.001; LMM)

chorus noise were small (2 dB). Unfortunately, the perceptual
capabilities of M. saxicola’s auditory system are unknown but
studies on other frog species suggests that the substantial
frequency overlap of conspecific noise observed in the
present study is likely to interfere with acoustic signal
detection (Wilczynski et al. 1993; Schwartz and Gerhardt
1998; Wollerman and Wiley 2002; Bee 2008; also see
Schwartz and Gerhardt 1998 for improved call detection in
the presence of noise). Chorus noise can vary based on
seasonal and population density thereby creating a fluctuating
environment, which has been suggested to favor the evolution
of multimodal signals (Bro-Jergensen 2010).

In the presence of noise, several different strategies can
increase the probability of signal recognition and detection.
One strategy to provide release from masking is spatial
distribution. In Cope’s gray tree frog (Iyla chrysoscelis),
improvements in signal detection and mate recognition are
obtained when a signal is spatially separated from a masker,
particularly at a signal-to-noise ratio (SNR) of -3 dB (Bee
2008). However, if calls are not spatially separated from
background noise, females of a Neotropical treefrog (Hyla
ebraccata) located calls with +3 dB but not +1.5 dB SNR.
(Wollerman 1999). In several bird species, spectral shifts
and/or amplitude adjustments have been reported in areas
with noise (Slabbekoorn and Peet 2003; Nemeth and
Brumm 2010), likewise adaptive strategies such as high-
frequency calls have evolved in anurans (Feng and Narins
2008; Boeckle et al. 2009) to increase the signal-to-noise
ratio in unimodal signals. There are also an increasing
number of examples of the use of visual displays to enhance
signal efficacy in noisy environments including in crabs
(Uea mjoebergi) and lizards (4nolis cristatellus, A. gundla-
chi, and Amphibolurus muricatus) (Peters and Evans 2003;
Ord et al. 2007; Milner et al. 2008).

The observed +2 dB SNR in M. saxicola could be a
sufficient detection threshold, but we also have to consider
that the results can be explained by differences in distance to
the microphone between the focal male and the more distant,
and thereby degraded, neighbor calls. In dense aggregations
and close-range interactions, we would expect the SNR to be
less or even negative depending on the position of the receiver.
Hence, spatial segregation of opponent males could reduce
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masking, and interacting signal components could be benefi-
cial for early detection and localization of conspecifics.

In our behavioral experiments, multimodal stimuli signif-
icantly increased the frequency of response behaviors com-
pared to unimodal acoustic stimuli, and foot-flagging
behavior could only be elicited by multimodal stimuli. We
suggest that the visual component acts as an amplifier to the
acoustic component supporting the inter-signal interaction
hypothesis. The advertisement call may serve as long-range
signal (Bee 2007), and integration of a pulsating vocal sac
could facilitate localization in dense aggregations of concur-
rently calling individuals (Gomez et al. 2011; Taylor et al.
2011a, b). The localization and detection of a caller is more
difficult when masked by conspecific calls with a high
degree of spectral overlap (Marshall et al. 2006), making
the visual epiphenomenon particularly advantageous in
large choruses. The visual component as part of the acoustic
signal has been suggested to modulate male reactions in-
cluding attacks (Narins et al. 2003; de Luna et al. 2010);
therefore, multimodal signals displayed in close proximity
could trigger a more intense response. Across-species quan-
tification of multimodal signals in spiders (Hebets 2008),
fish (Van Staaden and Smith 2011), and anurans (Taylor et
al. 2011a) provide evidence for response variations and
highlight differences in signal dominance and receiver per-
ception. It remains difficult to draw assumptions on signal
function, but quantification of receiver responses under
different environmental conditions will help to explain the
processes acting on complex signals.

Hodl and Amézquita (2001) discussed ecological conditions
favoring the evolution of visual signals in anurans such as
displays at elevated perches, diumality, and ambient noise
which all apply to the study species M. saxicola. Although
males can be observed advertising around the year, aggregation
density is greatest during the presumable main breeding period
at the end of the monsoon season (Gururaja, personal commu-
nication). During this period, large aggregations form in certain
parts of the stream that provide favorable conditions for repro-
duction, such as shallow water riffle areas where males perch
on rocks and display and females dig underwater oviposition
cavities (Gururaja 2010).

When attending conspecific choruses, males increase the
probability of attracting a mate (Gerhardt and Huber 2002)
but have to face continuous noise levels and limited options
to deal with masking interference. However, an increase in
signal duration as observed in M. saxicola males during
multimodal stimuli presentations could not only indicate
fighting ability to the opponent and facilitate spacing but
enhance a male’s detectability for females in a chorus.
Additionally, playback experiments in numerous anuran
species have demonstrated that females prefer long call
durations usually associated with energetic costs (Gerhardt
and Huber 2002) and possible weight loss in males during
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the breeding season (Murphy 1994). Calling activity and
mating tactics could be related to body mass in M. saxicola,
whereas spectral features of the call, determined mostly by
larynx size (Gerhardt and Huber 2002), are not expected to
be affected by the weight of an individual. Snout-urostyle
length, however, showed a negative influence on call
frequency, which could be a reliable cue to body size
for receivers when detecting a call. Lower frequency
calls would indicate larger body size usually preferred
by female conspecifics (Ryan and Keddy-Hector 1992).

We conclude that limited shallow water areas in the
stream used for reproduction by M. saxicola lead to strong
competition between males, and dense breeding choruses
create constant background noise levels. Our results indicate
that multimodal signals are necessary to evoke agonistic
behavior in this species. Thus, we suggest that the acoustic
signal component modulated by the visual component
makes the display more salient and facilitates localization
and detection of nearby opponent individuals.

The vocal sac in anurans did not evolve as a visual cue
but as an organ to improve calling ability, yet its role in
communication has been demonstrated in a number of studies.
Due to its evolutionary background, the vocal sac’s secondary
function as a visual cue or signal component is inevitably
linked to the acoustic component. Accordingly, it seems not
surprising that the present and several other studies found
interaction between the acoustic and visual signal components
(Narins et al. 2003; Rosenthal et al. 2004; Gomez et al. 2011;
Zeyl and Laberge 2011). In the majority of anuran species, the
vocal sac is a multimodal fixed-composite signal, but demon-
strating whether the visual component adds additional signal
content not included in the call and assessing signal informa-
tion content remain difficult tasks. In M. saxicola, the visual
displays (e.g., foot-flagging) presented independently of calls
further add to the complexity in communication behavior but
may also allow for sophisticated behavioral experiments. We
suggest a research approach focusing on receiver detection
sensitivity and receiver response to visual signaling behaviors
that can be performed independently of the auditory signal
(e.g., foot-flagging) to explain how selection on senders and
receivers promotes complex displays under different acoustic
and environmental conditions. Moreover, further across-
species comparisons of how single and combined signal
components influence receivers are essential to draw
conclusions on signal function.
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Detour behaviour, an individual's ability to reach its goal by taking an indirect route, has been used to
test spatial cognitive abilities across a variety of taxa. Although many amphibians show a strong homing
ability, there is currently little evidence of amphibian spatial cognitive flexibility. We tested whether a
territorial frog, Allobates femoralis, can flexibly adjust its homing path when faced with an obstacle. We
displaced male frogs from their calling sites into the centre of circular arenas and recorded their escape
routes. In the first experiment we provided an arena with equally high walls. In the second experiment
we doubled the height of the homeward facing wall. Finally, we provided a tube as a shortcut through
the high wall. In the equal-height arena, most frogs chose to escape via the quadrant facing their former
calling site. However, when challenged with different heights, nearlyall frogs chose the lowwall, directing
their movements away from the calling site. In the “escape tunnel” experiment most frogs still chose the
low wall. Our results show that displaced A. femoralis males can flexibly adjust their homing path and
avoid (presumably energetically costly) obstacles, providing experimental evidence of spatial cognitive
flexibility in an amphibian.
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1. Introduction

Survival and reproductive success depend on an animal's ability
to efficiently find its way through the habitat towards resources
such as food, water, mating partners and shelter. Most animals
live in complex habitats containing irregular terrain and structures
that block the direct path. An animal must be able to flexibly over-
come such obstacles in order to reach its objectives (Kohlsdorf and
Biewener, 2006), even if that involves increasing its distance from,
or giving up direct sight of, the goal (Tarsitano, 2006; Zucca et al,,
2005).

Detour behaviour studies were pioneered by Kahler (1999) who
showed that chimpanzees, dogs and chicks could reach their target
by going around physical barriers. Detour studies have since been
used to study behavioural plasticity in other mammals (Baragli
etal,, 2010; Chapuis and Varlet, 1987; Chapuis et al., 1983; Kimchi
and Terkel, 2003; Nesterova and Hansen, 2009; Poucet et al,
1983; Smith and Litchfield, 2010; Wynne and Leguet, 2004), birds
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E-mail address: munteanualexandru@gmail.com (AM. Munteanu).
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(Regolin et al., 1995, 1994; Zucca et al,, 2005), reptiles (Lustig et al.,
2013), arachnids (Tarsitano and Jackson, 1994, 1997; Tarsitano,
2006) and insects (Collett, 1996). Most detour tests are performed
in artificial laboratory conditions and test an animal’s ability to
detour when the goal is represented by food (Regolin et al,, 1995;
Tarsitano and Jackson, 1994; Tarsitano, 2006; Wynne and Leguet,
2004) or social reward (Bisazza et al., 1997; Regolin et al.,, 1995;
Zucca et al,, 2005). Many amphibians naturally show long distance
goal directed movements to breeding or home sites (Sinsch, 2014).
Although the sensory basis of spatial orientation has been studied
in several anuran species, very little is known about the flexibility
involved in their way-finding (but see Collett, 1982; Ingle, 1973,
1970; Lock and Collett, 1980, 1979). Green toads (Pseudepidalea
viridis) are able to take a detour around a semi-transparent fence
to reach food, but apparently are unable to compare different path
lengths, and take routes even if they have a visible obstacle further
along the path (Collett, 1982).

Poison frogs ( Dendrobatidae) display some of the most complex
spatial behaviours known among amphibians, such as territoriality
and tadpole transport. The brilliant-thighed poison frog (Allobates
femoralis) is a small leaf litter species common throughout the
Amazon basin and the Guiana Shield (Amézquita et al., 2009).

0376-6357/© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommans.orglicenses/by-nc-nd/4.
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Individual specific calling site

Fig. 1. Schematic representation of unequal- height arena with escape tunnel (condition three). A. Lateral view. B. Aerial view. The arena is composed of: {a) high wall, (b}
low wall and (¢} escape tunnel, The release device is composed of: (d) opaque cup, (e) transparent bottle, {f) modified tripod and (g) string, The arena floor (f) has angles
marked in 22.5° increments. The arena was always positioned with starting angle (0"} pointing towards the focal individual's spedific calling site.

Males defend long-term territories that they use as feeding grounds
and mating sites (Narins et al., 2003; Ringler et al., 2012, 2009;
Roithmair, 1992). Males produce advertisement calls from fixed
calling sites (i.e. elevated structures above the forest floor) within
their territories (Ringler et al., 2009). Like many dendrobatid frogs,
male A. femoralis shuttle tadpoles from their territories to widely
distributed aquatic deposition sites (Ringler et al., 2013). Experi-
mentally translocated males return to their territories from up to
400 m in just a few days (Pasukonis et al., 2013) following a direct
path (PaSukonis et al,, 2014a, 2014b).

We conducted a field experiment to examine the way-finding
flexibility of male A. femoralis in a detour task. More specifically, we
analysed the escape routes of territorial males translocated from
their calling sites to an enclosed circular arena. We hypothesized
thattranslocated maleswould: 1) escape by jumping over the arena
wall towards its former calling site, given an equal-height arena, 2)
take a detour by jumping over the lower part of the wall, if a higher
wall was facing the calling site and 3) prefer a straightforward path
homeward, if available.

2. Material and methods
2.1. Study animals and location

We studied individual frogs from an A. femoralis population
near the ‘Saut Pararé’ field camp (4°02'N, 52°41'W, WGS84) of the
Nouragues Ecological Research Station (www.nouragues.cnrs.fr),
in the nature reserve 'Les Nouragues', French Guiana. We carried
out the study between 4th and 14th of February 2013, and the tri-
als were performed between 10:00-18:30. This period marked the
beginning of A. femoralis mating season when males were calling
throughout the day and were motivated to return to their former
calling site after displacement.

We captured 35 calling males, which were identified as territo-
rial if they showed positive phonotaxis to a playback of a simulated
male intruder, To avoid retesting the same frog, we identified frogs
by their individual ventral patterns and noted the location of its
calling site on a digital map (Ringler et al., 2014) using pocket com-
puters (MobileMapper™ 10, Spectra-Precision, Westminster, Co.,
USA) with the ArcPad™ 10.0 (ESRI, Redlands, CA, USA) geographic
information system. Promptly after capture we translocated the
frogs a mean + SE distance of 7.4 +0.78 m (range: 2-20 m) away
from their calling sites, to a portable experimental arena, placed

near that male's home range. Each individual was naive in respect
to the arena setup and was only tested once.

2.2. Experimental setup and procedure

The mobile circular arena (@ =100cm) was made out of dark
green plastic walls and a black plastic base. We marked the angles
of the arena clockwise, in 22.5° incremental steps, on the plastic
floor surface, outside of the arena. On location, we fixed the arena
with two metal poles attached to the outer perimeter of the walls,
and alwaysoriented the 0° angle towards the translocated subject’s
original calling site (Fig. 1B).

We placed the subject in the centre of the arena under a releas-
ing device consisting of an inner opaque wooden cup (@ =6 cm)and
an outer transparent bottle (&= 8 cm) that could be lifted using a
string run through a modified tripod above the arena (Fig. 1A). We
kept each frog for two minutes under the opaque cup to habituate.
We then allowed the frog a five-minute “orientation phase” under
the transparent bottle with the opaque cup lifted, to avoid ran-
dom escape behaviour. Subsequently, we lifted the entire releasing
device and allowed the individual a “locomotory phase” of maxi-
mum 120 min to escape the arena. We counted a trial as completed
once the frog touched the ground outside the arena. If the frog spent
more than 120 min within the arena without escaping, we halted
thetrial and released the frog; such trials were coded as incomplete.
Once outside the arena, we attempted to follow the frogs' move-
ment direction, keeping a distance of approximately 3m to avoid
disturbing the individual. However, frogs were sometimes lost out
of sight after a short distance due to the difficult observation condi-
tions (small dark frog in low light forest understory) or when frogs
hid behind forest floor structures (e.g., leaves, logs, roots).

Wevideo-recorded the trials using atripod-fixed camera filming
from an elevated angle. Two experimenters, that were positioned
3m away from the arena and in opposing angles, noted additional
information on the frequency of movements, escape angle and
strategy. We applied three consecutive test conditions to different
frogs, respectively. In an equal-height arena test we assessed the
choice of the escape route in relation to the calling site direction,
by providing equally difficult escape possibilities from the arena at
all angles, i.e. 20 cm high uniform walls (n=11). We chose the wall
height to be high enough that the frogs would not see their calling
sites directly but low enough that the frogs would be able to jump
over it. In an unequal-height obstacle arena test, we confronted
10 further individuals with a higher wall facing their calling site.
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Fig. 2. Results of the arena experiments. A. Equal-height-height arena test. B. Unequal-height arena test. C. Unequal-height arena test with escape tunnel. Quter points
represent escaped individuals and are placed at the corresponding escape angle; arrows represent the mean escape angle; and arc segments represent the 95% confidence
interval. In the last experiment, the two arrows indicate the escape angle for three tunnel escapees (0°) and the mean escape angle for the over-the-wall escapees (199.3°).

For this purpose, we raised this semi-circular section of the wall to
a height of 36 cm, while leaving the other half at 20 cm (Fig. 1A).
During pilot trials we determined that frogs would not be able to
jump over a wall of 36 cm but they could climb over it if no other
escape possibility was available. We always rotated the centre of
the high wall to 0° towards the initial calling location of the tested
individual. Finally, in a third test we provided an additional escape
route and tested 10 further individuals. For this, we fitted an arena
identical to the unequal-height condition with a grey plastic tube
(@=7cm) located at the centreline of the high wall, elevated 5cm
from the ground. Oriented at 0°, the tube provided a straightfor-
ward but narrow (snout-vent length of these frogs is approximately
3cm) shortcut towards the focal individual's specific calling site.

2.3. Data analysis

Of 35 initiated trials, we excluded four trials from our analysis:
three from the first test (in one case because heavy rain flooded
the arena, in another case a branch, fallen during the experiment,
provided an additional escape route, in one case the frog escaped
underneath the arena wall), and one incomplete trial from the sec-
ond test, when the subject did not manage to escape within the
allocated maximum time.

This left 31 valid escape trials, which were coded from the video
footage. During the locomotion phase we scored all movements,
such as: hops, jumps, pivotal body orientations and wall climb
attempts. For each frog, we summed the number of such move-
ments, and also calculated the total time spent in the arena.

For statistical analysis, we measured the variation in the angles
about the mean direction with a V-test for circular uniformity (with
expected mean directions of 0° in the equal-height arena and of
1807 in the unequal-height arena) in the circular statistics software
Oriana v. 4,02 (Kovach Computing Services, Pentraeth, Wales, UK).
Inaddition, we used the Oriana software to calculate the correlation
coefficient between the escape angle and both movement and time
spent in the arena using the circular-linear correlation.

Because of the wide spread of the mean vectors, we further
tested for homeward escape in the standard arena with a Chi-
squared test onquadrant grouped escape angles. All linear statistics
were done with SPSS 20.0.

3. Results

Frogs escaped the arena either by climbing up the wall, or by
jumping onto the edge of the wall and then outside, or by a combi-
nation of jumping and climbing. We found no significant difference
in time spent in the arena (Kruskal-Wallis test: H=3.45, d.f.=2,

p=0.178) or number of movements {Kruskal-Wallis test: H=1.58,
d.f.=2, p=0.454) across the three experimental conditions. We
also found no correlation between time spent in the arena and
the escape angle (Spearman's rho=0.099, p=0.603), or movement
frequency and escape angles (Spearman’s rho=-0.35, p=0.854).
However, time spent in the arena and number of movements was
correlated (Spearman’s rho =0.654, p <0.000): unsurprisingly, frogs
that took longer toescape also made more movements in the arena.

3.1. Equal-height arena test

When faced with a uniform height of the arena wall, the
frogs predominantly chose an escape path towards the calling site
(Mean=7.2°, 95% Cl=306.5"-67.9°, V-Test p=0.024, n=11). Out of
the 11 individuals, 7 escaped via the 90°-quadrant facing towards
the calling site, which differs significantly from a uniform random
choice (x2=9,d.f.=3, p=0.029, Fig. 2A). Thus, all things being equal,
frogs chose to escape in the direction of their former calling site.

3.2. Unequal-height obstacle arena test

However, when confronted with a high wall facing their
initial calling site, the majority of the frogs (n=9 out of 10)
avoided the higher obstacle and instead escaped via the lower
wall. One individual climbed over the high wall (Mean=199.1¢,
95% Cl1=148.7°-249.5°, V-Test p=0.016, n=10) (x> =6.4, p=0.011,
Fig. 2B), showing that escape over the higher wall was physically
possible. Once outside the arena, out of 9 frogs that escaped over
the low wall, 7 readjusted their trajectory towards their former
calling site, while the other 2 individuals moved away in different
directions.

3.3. Unequal-height obstacle arena test with escape tunnel

In the arena test with an additional escape tunnel, frogs pre-
dominantly climbed over the low wall (n =6), while only three frogs
used the escape tunnel (x2 = 3.8, p=0.150, Fig. 2C). Again one indi-
vidual climbed the high wall facing homeward. Outside the arena,
out of 6 frogs that escaped over the low wall, 4 readjusted their tra-
jectory towards their former calling site, while 2 went in different
directions.

4. Discussion

We found that male A. femoralis preferred to escape towards
their former calling site when placed in an arena with uniform
wall height. However, when confronted with a higher wall facing
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the calling site, frogs mostly chose to detour by jumping over the
lower wall. They continued to prefer this “detour escape” even
in the presence of an additional shortcut passage facing directly
towards their initial calling site.

As expected, the former calling site seems to be a powerful
motivator for A. femoralis and a reliable objective in a detour task
comparable to food for jumping spiders (Tarsitano and Jackson,
1994) or green toads (Collett, 1982), and social rewards for chicken
(Regolin et al., 1995). Frogs appear to be capable of avoiding poten-
tially energetically expensive obstacles. However, this task was not
physically inevitable: the higher obstacle was not impossible to
overcome, as shown by two individuals who chose to escape over
the higher wall towards their former calling site, further support-
ing the results from the arena with equally high walls. Also, almost
half of the tested frogs immediately went towards their former
calling sites, touched the wall repeatedly, and looked up before
deciding where to escape. Interestingly, the majority of the tested
males seemed to “evaluate” the situation. They stayed in the centre
of the arena while turning or hopping in different directions, and
then escaped over the low wall on the first try, suggesting a strate-
gic avoidance of the higher obstacle. In hindsight, an equal-height
arena with high walls (i.e. 36 cm) would have been a valuable addi-
tional control to assess frogs’ ability and motivation to choose the
homeward direct escape route, without an alternative route avail-
able. However, with limited time in the field and limited knowledge
of A. femoralis jumping capabilities, we chose the low wall as a safer
and still informative control condition.

Contrary to our expectations, the majority of individuals from
the third test did not choose the tunnel as an escape route. In an
earlier study, green toads (P. viridis) predominantly used the short-
cut through an obstacle, but this was represented by a simple gap
in a palisade (Collett, 1982). This difference might be due to the fact
thatfrogs in our arena did not have a direct sight of the calling perch
through the elevated tunnel. Without the direct sight outside, the
confined tunnel might have not appeared as a valid or safe escape
route to the frogs.

Our results on homeward escape orientation are in line with
a previous study that demonstrated the striking ability of males
of this species to take a direct trajectory to return to their terri-
tory after being translocated up to 360 m (Pasukonis et al., 2014b).
However, in another study the authors did notfind an initial home-
ward orientation in a similar arena setup when relocating frogs
over a short distance (<35 m) from their territory (Pasukonis et al,,
2014a). In our study we found that translocating A. femoralis males
over a mean distance of seven metres from their calling site leads
to the majority of frogs choosing to escape towards their former
calling site. We additionally observed that most individuals that
did not escape directly towards home, readjusted their movement
once outside the arena, and then headed towards their former call-
ing site. A few individuals did not immediately home back, but
hid in the leaf litter after their escape. These individuals might not
have been motivated to call again after the trial and thus did not
show immediate orientation towards the calling site. Given that
A. femoralis males of the study population occupy territories aver-
aging 14 m in diameter, and territory size varies largely between
individuals (Ringler et al.,2011; Roithmair, 1992) it is likely that, in
many cases, our arena was set up within the focal male's defended
and safe area. In general, the tested subjects were seen calling in
their territory during the next days.

Previously, amphibian detour behaviour has been documented
only under laboratory conditions (Collett, 1982; Lock and Collett,
1979). Our study representsan attempt at an experimental demon-
stration of anuran detour behaviour in the field. We found that
A. femoralis males are capable of avoiding obstacles in a detour
task in their natural habitat towards reaching an ecologically rele-
vant goal—their calling site. Poison frog ecology involves territory

defense, tadpole transport and calling site selection in a dynamic
environment, the rainforest, and consequently demands a degree
of way-finding flexibility. Together with several recent studies
on A. femoralis (Pasukonis et al., 2014b; Ringler et al., 2015) our
results address the incomplete picture of spatial cognitive flexibil-
ity in amphibians, Our study introduces the use of translocation
and portable arenas as a simple new method suitable for studying
amphibian behavioural plasticity in the field—a topic that merits
further investigation.
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Abstract

The contents of the gular glands of the male African reed frog Hyperolius cinnamonieoventris consist of a mixture of aliphatic
macrolides and sesquiterpenes. While the known macrolide gephyromantolide A was readily identified, the structure of another
major component was suggested to be a tetradecen-13-olide. The synthesis of the two candidate compounds (Z)-5- and (Z)-9-
tetradecen-13-olide revealed the former to be the naturally occurring compound. The synthesis used ring-closing metathesis as key
step. While the Hoveyda—Grubbs catalyst furnished a broad range of isomeric products, the (Z)-selective Grubbs catalyst lead to
pure (Z)-products. Analysis by chiral GC revealed the natural frog compound to be (5Z,135)-5-tetradecen-13-olide (1). This com-
pound is also present in the secretion of other hyperoliid frogs as well as in femoral glands of male mantellid frogs such as Spino-
mantis aglavei. The mass spectra of the synthesized macrolides as well as their rearranged isomers obtained during ring-closing me-
tathesis showed that it is possible to assign the location of the double bond in an unsaturated macrolide on the basis of its EI mass
spectrum. The occurrence of characteristic ions can be explained by the fragmentation pathway proposed in the article. In contrast,
the localization of a double bond in many aliphatic open-chain compounds like alkenes, alcohols or acetates, important structural
classes of pheromones, is usually not possible from an EI mass spectrum. In the article, we present the synthesis and for the first
time elucidate the structure of macrolides from the frog family Hyperoliidae.
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Introduction

The lactone motif is found in many compounds that are used in
chemical communication. Among them, macrocyclic lactones
are an important class because of their biosynthetic availability
and their inherent compound properties. During the biosynthe-
sis of macrocyclic lactones, a fatty acid precursor is often
oxidized near the end of the chain to form a polar hydroxy acid.
The following ring-closure reduces the hydrophilicity of the
compound and increases its vapor pressure, making the result-
ing macrocycle well-suited to serve as a signal [1]. Fatty acid
derived macrolactones were therefore repeatedly invented
during evolution and are used by different animals such as bees,
beetles, butterflies, cockroaches, or frogs as pheromones [1].

Finding and choosing mates in frogs is usually regarded as
being primarily acoustically mediated. Nevertheless, some
families like the Mantellidae from Madagascar also use chemi-
cal cues. Macrocyclic lactones such as phoracantholide I (3),
phoracantholide J (4) or gephyromantolide A (5), are released
by males from femoral glands to serve as signals, often accom-
panied by secondary alcohols (Figure 1) [2-4]. Another frog
family most likely using volatile compounds during courtship
are the African reed frogs, Hyperoliidae. The males of most
species emit acoustic cues to attract females. During the call, an
often conspicuously colored gland on their vocal sac (the gular
gland), only innervated during the mating season in at least
some species, releases a complex blend of volatiles when
exposed [5]. A first analysis revealed the presence of mostly
unknown terpenes, macrolides and other components in species
specific compositions [5].

Detailed exploration of the function of these frog volatiles
requires the analysis of the secretion and the synthesis of the
identified compounds for biological testing. Because of the
small amount of natural material available, only GC-MS inves-
tigations can be used to identify the compounds. The analysis
revealed unsaturated macrocyclic lactones to be major
constituents of the secretion of the cinnamon-bellied reed frog,
Hyperolius cinnamomeoventris. The location and configuration
of the double bond might be relevant for their function, as it is
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the case in many nsect pheromones. In typical pheromone com-
ponents of insects, including long chain alkenes, alkenols, or
unsaturated aldehydes, the location of the double bond can
usually not be determined by analysis of their mass spectra.
Positional isomers often exhibit almost identical spectra [6] and
derivatization or special mass spectrometric techniques are
needed to localize double bonds [7-9]. Because this might also
be the case for macrolides [10], it is of interest for their identifi-
cation to compare mass spectra of positional isomers of unsatu-
rated macrolactones. Furthermore, a fast synthetic strategy is
needed to synthesize various isomers. In the present work we
describe 1) the identification of macrolides from H. cinnamo-
meoventris, 2) discuss EI mass spectra of unsaturated macrolac-
tones, and 3) show how ring-closing metathesis reaction condi-
tions can be selected to obtain either pure compounds or a
library of compounds useful for evaluation of their mass spec-
tra.

Results and Discussion

The GC-MS analysis of a gular gland extract of Hyperolius
cinnamomeoventris showed the presence of several unknown
compounds, sesquiterpenes and macrolides (Figure 2).

X

e |

26 28 30 #min

Figure 2: Total ion chromatogram of the gular gland extract of Hyper-
olius cinnamomeoventris. X: frog anaesthetic ethyl 3-aminobenzoate.

X e

4 5

Figure 1: Macrolactones produced in scent glands of frogs: (Z)-Tetradec-5-en-13-olide (1) or (2)-tetradec-8-en-13-olide (2), phoracantolide | (3),

phoracantolide J (4}, gephyromantolide A (5).
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Gephyromantolide A (5), known from the mantellid frog
Gephyromantis boulengeri [4], was readily identified. A second
macrolide (A in Figure 2) showed a mass spectrum similar to
that reported for (Z)-tetradec-5-en-13-olide (1) by Millar et al.
[11], exhibiting a molecular ion at m/ 224. This macrolide,
called cucujolide III, is used by the flat grain beetle Cryp-
tolestes pusillus as pure (S)-enantiomer and by C. furcicus as a
33:67 R/Smixture [12], and acts as a
pheromones [11,13]. Microhydrogenation of the frog extract

synergist to the respective

furnished 13-tetradecanolide, thus confirming compound A to
be a 13-tetradecenolide. The double bond position in this
macrolide likely is at C-5, because of the similarity of the mass
spectrum to that of the beetle macrolide. Nevertheless, because
locating double bonds in such compounds based on the mass
spectrum alone seemed not to be reliable, we opted to synthe-
size two positional isomers.

Compound 1 is biosynthetically formed by the Cryptolestes
beetles starting from oleic acid [14] that is shortened to
S-tetradecenoic acid, followed by ® — 1 oxidation and ring
closure [15]. Another possibility would be that a common satu-
rated acid such as stearic acid is chain-shortened first to tetrade-

10-OAc,
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canoic acid, on which a common A9-desaturase is acting,
leading after @ — 1 oxidation and ring closure to tetradec-9-en-
13-olide (2). Therefore, we opted to synthesize 2 as well.

To allow later enantiomer determination of A, an enantioselec-
tive synthetic strategy was followed. Several synthetic routes
for the synthesis of 1 have been reported [16-20]. These synthe-
ses were performed before the advent of ring-closing metathe-
sis (RCM), requiring more than 10 steps each. RCM can shorten
the synthesis remarkably, but requires careful selection of the
RCM catalyst to control the double bond configuration. For ex-
ample, Fiirstner and Langemann obtained rac-1 in 31:69 (E/Z)-
mixture using a Ru-carbene type catalyst similar to a Grubbs I
catalyst [21].

The synthesis of (R)-2 using RCM as key step is shown in
Scheme 1. Enantiomerically pure 1,2-epoxyhex-5-ene (6) was
obtained by Jacobsen hydrolytic kinetic resolution on commer-
cially available 6 (Scheme 1) [22,23]. Surprisingly, the yield of
69% of the (R)-enantiomer was higher than the theoretically
upper limit of 50%. We discovered that 6, sold by Acros
Organics as racemic compound, was actually enriched in the

OH
0.55 aquiv Ho0 LIAl
‘\\/\/AO squive \-/\/Ao #- W
69% 90%
6 (R}-6 (RET
1
5 CgFs, toluene =
/\/’\/\/\)J\OH 27% as a mixture
8 _ 2}
12
EDC, DMAP, CH.Cl, CeFs, toluene M
62% -
38% (74% brsm) (R)-2
(R)y9 Z) > 95%
M R
S e
H -uH Mes™ Y “Mes
=N_ N= el R R
- CIr. o-Ru__
£-Bu o Yo £Bu \ro N-GO
o'®
LBu LB = /K
10 11 12

Scheme 1: Synthesis of (92,13R)-tetradec-9-en-13-olide (2).
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desired (R)-enantiomer (see Supporting Information File 1 for
optical rotation values). Diene (R)-9 was obtained by reduction
of the epoxide 6 with LiAlH, to form alcohol (R)-7, followed
by esterification with 9-decenoic acid (8) using 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) and 4-(dimethyl-
amino)pyridine (DMAP) [24,25]. The following RCM was per-
formed using Grubbs—Hoveyda II catalyst (11) and hexafluoro-
benzene as an additive [26]. During the reaction isomerization
occurred, leading to a mixture of positional isomers and chain
shortened as well as elongated products. Addition of p-benzo-
quinone [27] and improved purification methods [28] sup-
pressed isomer formation only partially. Replacing catalyst 11
with the Grubbs second generation catalyst (1,3-bis(2,4.6-tri-
methylphenyl)-2-imidazolidinylidene)dichloro(phenylmeth-
ylene)(tricy clohexylphosphine)ruthenium reduced the isomeri-
zation, leading to an (£/Z)-mixture of 2. Fmally, the (Z)-selec-
tive Grubbs catalyst 12 furnished the best results [29,30]. This
catalyst yielded only the desired product (R)-2 with a (Z)-
configured double bond, although in moderate yield (see Sup-
porting Information File 1 for full experimental data).

A similar synthetic strategy was applied for the synthesis of
macrolide 1 (Scheme 2). The stereogenic center was introduced
using commercially available (R)-propylene oxide (13) as
starting material. After copper-catalyzed opening of the epoxide
with 6-heptenylmagnesium bromide obtained from 7-bromo-1-
heptene (14) and Steglich esterification with 5-hexenoic acid
(16), RCM using (Z)-selective Grubbs catalyst 12 was used to
synthesize macrolide (R)-1 without any isomerization. Compar-
ison of the mass spectra (Figure 3) and gas chromatographic
retention times of pure (Z)-1, the (E/Z)-mixture obtained by the
Hoyveda—Grubbs II catalyst, and 2 with those of the natural
compound proved the frog compound to be (Z)-tetradec-5-en-
13-olide (1).

Beilstein J. Org. Chem. 20186, 12, 2731-2738.
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Figure 3: Mass spectra of A) the natural compound A, B} (Z)-tetradec-
5-en-13-dlide (1), and C) (Z)-tetradec-8-en-13-alide (2). Characteristic
ions useful for location of the double bond are marked in red.
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Scheme 2: Synthesis of (5Z,13R)-tetradec-5-en-13-olide ((R)-1). The enantiomer was obtained in a similar sequence, starting from (S})-propylene

oxide instead of 13.
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For the determination of the absolute configuration of the
natural compound, the other enantiomer (S)-1 was needed as
well. It was synthesized according to the synthesis shown in
Scheme 2, starting from (5)-propylene oxide instead of the (R)-
enantiomer 13. The stereochemistry was determined by chiral
gas chromatography as shown in Figure 4. The coinjection of
pure (5)-1 with the racemic mixture proved the first eluting
peak to be this enantiomer. Injection of the natural sample as
well as (5)-1 showed both compounds to be enantiomerically
pure. Finally, coinjection of both samples showed their identity.

A)
()1 (R)-1
B) ()1
(R)-1
AN
Q A
B) (511

78 79 80

tmin

Figure 4: Total ion chromatogram of the enantiomer separation of
(Z)-1 on a chiral B-TBDMS- Hydrodex phase. Temperature program:
isothermal for 60 min at 110 °C, then with 2 °C/min to 160 °C, followed
by a sharp ramp with 25 °C/min to 220 °C. A) Racemic mixture,

B) coinjection of racemic mixture and (S)-1, C} natural extract, D) coin-
jection of the natural extract and (S)-1. E) Overlay of A and C showing
that the minor peak present in the extract is not the (R)-enantiomer of
1. Black: racemate, red: natural extract. Peak identities were con-
firmed by mass spectrometry.
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With the synthetic material in hand, we analyzed the EI mass
spectra of 1 and 2. No significant differences were detectable
between the E/Z-isomers of each compound. Nevertheless, con-
trary to open chain compounds, characteristic differences could
be found for the positional isomers. While most ions are similar
in both spectra, the prominent ion m/z 126 present in 1 is shifted
to m/z 182 in 2. These ions can be used to assign the location of
the double bond in the macrocyclic ring.

A possible fragmentation pathway leading to these ions is
shown in Figure 5. One can speculate that after ionization of the
double bond in 1 an allylic cleavage occurs, leading to the
radical cation 18 along pathway a. An additional bond cleavage
of a C—0 single bond releases a neutral molecule, e.g., methyl-
cyclohexane, giving rise to ion m/z 126 (20). High-resolution
mass spectral data support the hypothesis because the ions
ny'z 126 as well as m/z 182 (25) formed from 2 have a molecu-
lar composition of C7H;02 (HRMS: 126.07005 found, calcd.
126.0681) or Cy;H; g0, (HRMS: found 182.13206, calcd.
182.1307), respectively. Ion 20 i1s accompanied by the ion
ny'z 140 (HRMS: found 140.08545, calcd. 140.08373) of the
same ion series C,Hy,, 405 that occurs in lower abundance. Its
formation along pathway b can be explained by homoallylic
cleavage of 18 into 21 and further fragmentation into 22. The
formation of the ions of this series is obviously determined by
the position of the double bond in the chain. Therefore, ion
ny/'z 182 of 2 arises by the same mechanism, indicating the loca-
tion of the double bond at C-9 (Figure 5). A b-type ion cannot
be formed, because pathway b is not operative due to the close
proximity of the C-OQ group. The pathways shown in Figure 5
are speculative. Another possible mechanisms leading to the
same ions and starting with ionization of the C—O oxygen atom
instead of the double bond is shown in Supporting Information
File 1 (see Figure 81). Nevertheless, the proposal is useful to
predict the position of double bonds in mono-unsaturated
macrolides. This position can be deduced from the ion
Cp+4Hzy+40;, generated by a double bond in the n+ 2 position,
as shown in 26.

We subsequently tested our method with mass spectra of other
macrolides previously reported or present in our compound
library. In the mass spectra of (Z)-octadec-9-en-13-olide [31]
and octadec-9-en-17-olide peaks at m/z 182 with higher and
ny'z 196 with lower intensity are present, consistent with a C-9
double bond. In contrast, (Z)-octadec-11-en-13-olide does not
show such ions, because the close proximity of the double bond
and the C—O group does not allow fragmentation along path-
way a or b. The spectra of 4-methyl-5-decen-9-olide and
8-methyl-5-decen-9-olide [3] exhibit the expected ions m/z 140
and mi/z 126, respectively. Pathway b is not operative because of
the proximity of the C—O group. A slight alteration of the frag-
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Figure 5: Proposed mass spectrometric fragmentation of macrolides 1 and 2 leading to diagnostic ions of the ion series C;H2p-402 (C maHamaO2in

the figure), indicating the position of the double bond in the ring.

mentation can be observed if the double bond is located at C-4,
as in phoracantholide J, 4-decen-9-olide [32]. Now in pathway
a, additionally an H-atom is transferred leading to the uneven
ion C,Hj,-30,, m/z 113, while pathway b remains unchanged,
furnishing m/z 126. In the methylated analog 6-methyl-4-decen-
9-olide [3], these ions shift to m/z 127 and 140. If the double
bond moves closer to the C=0 group as in 3-dodecen-11-olide
[33], both ions a and b are visible, but their abundance is so low
that their diagnostic value is largely decreased. Another limita-
tion is that mass spectra of unsaturated unbranched macrolac-
tones, formally derived from o-hydroxy acids, do not show the
characteristic ions generated by pathways a or b. Obviously, the
primary C-O bond is not attacked by intermediates like 19.
Nevertheless, the mass spectrometric interpretation presented
here will largely ease the identification of a broad range of

unsaturated macrolides. The procedure may also be applicable
for di- or triunsaturated compounds.

We then focused on the products of the RCM using the
Hoveyda—Grubbs II catalyst 11. It is well known that during
RCM isomerization of the double bond might occur, especially
with the Grubbs second generation catalysts, leading to prod-
ucts with migrated double bonds or smaller ring size [27,34-36].
Both types of products, 11-dodecenolides, 12-tridecenolides and
isomerized 13-tetradecenolides were obtained. In addition, ring
expanded 14-pentadecenolides were observed. The latter can be
explained by dimerization of esters 9 or 17, isomerization of the
double bond, and final ring closure, leading to either ring-
contracted or expanded products. Such processes have been re-
ported before in polymerization experiments using Grubbs cata-
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lysts [36-38]. While the isomerization is usually regarded as a
negative side reaction in RCM, it turned out to be advantageous
for the identification of naturally occurring macrolides in our
hands. The isomerized mixtures constitute a library of closely
related macrolides differing slightly in position of double bonds
and ring size. With the diagnostic mass spectrometric ions
discussed above, each compound can be assigned a structure
after GC-MS analysis. These mass spectra together with the
gas chromatographic retention index are stored in our EIMS
database, easing identification of similar compounds in the
future. Using this approach, we could collect mass spectra
of 5-dodecen-11-olide, 5- and 6-tridecen-12-olide, 5- to
9-tetradecen-13-olide, as well as 5- and 6-pentadec-14-olide
(see Supporting Information File 1 for some spectra). This set
of mass spectra allowed the identification of macrolides in other
frog species.

We also found macrolide 1 in the gular glands of other hyper-
oliids including H. concolor, H adameizi, and Afrixalus
dorsalis. It occurs also outside this frog family. It is a major
constituent of the femoral gland of the mantellid frog Spino-
mantis aglavei, again in (S)-configuration. Minor amounts of 1
were also present in the glands of an undescribed species of
Guibemantis similar to G. bicalearatus as well as in Gephyro-
mantis ceratophrys, accompanied by the isomer 8-tetradecen-
13-olide in the latter species.

Conclusion

RCM using the (Z)-selective Grubbs catalyst 12 is a convenient
strategy to prepare unsaturated macrocyclic lactones in a short
sequence. Although isomerization is usually regarded as a
disadvantage of RCM, it can be used to allow fast access to
mass spectra of several isomers, helpful for the structure eluci-
dation of natural compounds, e.g., in chemical ecology or
fragrance research. The mass spectral fragmentation of
macrolides differs markedly from that of open-chain esters,
because initial bond cleavage often does not lead to the release
of an uncharged radical, but to the formation of a distonic
cationic radical prone to further fragmentation. The analysis of
the fragmentation led to a rationale for the determination of the
bound bond position in unsaturated macrolides. The identifica-
tion of 1 and 5 in the gular gland of H. cinnamomeoventris and
other species underlines the importance of macrolides for the
chemical ecology of hyperoliid and mantellid frogs. On the con-
trary, other compounds such as the terpenes commonly found in
hyperoliids remain largely unknown. Their identification and
synthesis are a priority and would constitute a major step
towards a biological evaluation of the gland secretion and its
compounds to understand their real function in the behavior of
the frogs. Although no experimental evidence has been ob-
tained so far, the close association of the innervation of the
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gland with the mating period, its location and use during
calling, and its male-specific occurrence strongly hint to a func-
tion of 1 and 5 as signaling compounds and a role in the chemi-
cal ecology of this species.

Supporting Information

Supporting Information File 1

Experimental procedures, mass spectra of macrolides,
alternative fragmentation pathway, enantiomer separation
by GC-MS, 'H and 13C NMR spectra.

[http:/ Avww.beilstein-journals. org/bj oc/content/
supplementary/1860-5397-12-269-8 1.pdf]
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