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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. 

I 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, I 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. 

 

I 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 I 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 I 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. 
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Zusammenfassung 

Die Schallblase, die bei Männchen 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 Epiphänomen der Ruferzeugung ge-

sehen. Die Diversität von Schallblasenfarbe und -form bei verschiedenen Anurenarten ist be-

eindruckend und seit wenigen Jahren wird ihren optischen Eigenschaften und ihrer möglichen 

Rolle in der visuellen Signalgebung mehr Aufmerksamkeit zuteil.  

Männliche Riedfrösche (Anura: Hyperoliidae) vieler Arten besitzen einen auffällig gefärbten 

Fleck auf der Schallblase, der besonders hervorsticht wenn die Schallblase mit Luft gefüllt ist. 

Die Funktion dieses Kehlflecks war gänzlich unbekannt und ist das zentrale Thema meiner ex-

plorativen Dissertation.  

Ziel meiner Arbeit ist es, die einzigartige Riedfroschschallblase und ihre mögliche Rolle bei mul-

timodaler Signalgebung, sowie ganz allgemein die faszinierende Diversität und Komplexität 

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 durchgeführt sowie Messungen von Signalparametern 

und Empfängerreaktionen auf isolierte und kombinierte Signalkomponenten in Cue-

Isolationsexperimenten im Freiland integriert. 

Ich konnte zeigen, dass der Kehlfleck ein Drüsenkomplex ist, der artspezifische chemische 

Cocktails erzeugt, welche höchstwahrscheinlich während des Rufens ausgestoßen werden und 

somit einen bisher unbeschriebenen Signalmodus bei Anuren darstellen. Weiters stellte sich bei 

Feldversuchen, in denen die Reaktion von Empfängern auf uni- und multimodale Signale getes-

tet wurde heraus, dass der farbige Kehlfleck keine Rolle in der Kommunikation zwischen Männ-

chen spielt, aber ein bisher unbeschriebenes Verhalten gezeigt wird, bei dem mit dem Fuß auf 

den Untergrund geklopft wird. 

In zwei Kapiteln meiner Arbeit, fasse ich den aktuellen Wissensstand zu uni- und multimodalen 

Signalstrategien bei Riedfröschen, sowie die vielfältige Rolle der Schallblase in der Kommunika-

tion zusammen.  

Abschließend diskutiere ich den Mechanismus und die Funktion der Schallblase in der akusti-

schen, visuellen und chemischen Kommunikation von Riedfröschen, um zum Verständnis der 

Evolution der multimodalen Kommunikation im Tierreich beitragen zu können. 
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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 I 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, & Kölliker, 2016). Metabolic cost for chemical signals 
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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. 
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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 & Hödl, 2004; Narins, 1990; Narins, Hödl, & Grabul, 2003; Preininger, Boeckle, & 

Hödl, 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. Vásquez & 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. 

 



6  

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. Schiøtz (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 Rödel 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 I 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, I 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, I 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 I present results which were obtained in the lab and in the field. Together with my 

collaborators, I 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 I sum up the current knowledge on 

uni- and multimodal signalling strategies in anurans.  
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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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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 Hödl 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; Hödl 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 (Hödl 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 Túngara 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 (Schiøtz 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 (Schiøtz 1967). Their advertisement call consists of a series of short high-

pitched notes (0.2 s) at a dominant frequency of 2.0 kHz (Schiøtz 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 



56   CHAPTER 4 
 

(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 



CHAPTER 4    
 

59 

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; Schiøtz 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 Schiøtz (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 (F1/18 = 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 (F1/18 = 3.47; 

P = 0.08). We found no differences in "tap"- (F1/18 = 0.53; P = 0.48), "aggressive call"- 

(F1/18 = 1.03; P = 0.32) or "move away" responses (F1/18 = 0.58; P = 0.46) to advertise-

ment- and aggressive call playback presentations (F1/18 = 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-
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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; Schiøtz 1999; Pickersgill 2007). Conspicuousness is often achieved 

with energetically expensive high call rates and high sound pressure levels in anurans 

(Schiøtz 1967; Klump and Gerhardt 1992). Hyperolius marmoratus females prefer near-

by males eliciting advertisement calls at a high rate (Grafe 1997; Schiøtz 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; Schiøtz 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 (Hödl 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 Hödl 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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FIG. 2.—Examples of the diverse dorsal color patterns in male Hyperolius puncticulatus 

in the study population. 

 

 

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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FIG. 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) 

 

 

FIG. 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, & Hödl, 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).  

I 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) I 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, I offered one male 

frog (n=20)  a choice between a twig formerly used as a calling perch (scented twig) and an 

unscented control twig. I monitored the focal male's position for an hour, but did not find a pref-

erence for the scented or the unscented twigs. 

I 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 I 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, I am confident that my work could serve to inspire future research which will 

piece by piece add to our understanding of anuran communication. 

I 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 I 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 bouqet 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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