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Summary 
 

Acoustic communication in noise: the gray mouse lemur as a primate model 

Christian Schopf 

 

The aim of this thesis at hand was to investigate the acoustic communication system of the 

gray mouse lemur focussing on two parts, the receiver and the sender. Since communication 

is almost always impaired by noise, effects of background noise on gray mouse lemur 

acoustic communication were analysed in particular. Auditory thresholds and hearing 

sensitivity are key features characterizing the receiver, thus the first study presents data on the 

hearing abilities of gray mouse lemurs. Brainstem evoked response audiometry was applied to 

measure the auditory brainstem response and to establish comparable auditory thresholds of 

the species. Additionally, the influence of aging on auditory thresholds and hearing sensitivity 

was analysed, revealing a broadband age-related decrease. The results were discussed 

concerning the possible type of age-related hearing loss indicating a metabolic or conductive 

age-related decrease or even a degeneration of the cochlear nerve. In the light of different 

models of the evolution of hearing sensitivity in primates and mammals, findings support the 

social drive model which considers social complexity as a driving factor of the evolution of 

hearing sensitivity.  

Focussing on the sender of the acoustic communication system, the second study deals 

with the question how fluctuating background noise influences the vocal behaviour and 

structure of gray mouse lemurs. Several noise-dependent vocal adaptations were presented 

revealing that subjects decreased calling activity in increased noise. Additionally, gray mouse 

lemurs adapted vocal structure showing an increase of call amplitude in noise and increased 

signal redundancy in the frequency domain. The findings suggest that elements of complex 

noise-dependent changes in human speech originated from a pre-human basis. Furthermore, 

the results were discussed concerning potential peripheral and neuronal mechanisms 

underlying the control of these vocal changes. Finally, possible neuronal substrates were 

discussed underlying the audio-vocal coupling that leads to the noise-dependent vocal 

changes. 

Taking all results together, I conclude that the gray mouse lemur is a valuable non-

human primate model species that can help to provide further insight on basic mechanisms 

and principles of acoustic communication systems and their potential underlying evolution. 
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Zusammenfassung 
 

Akustische Kommunikation in Lärm: der graue Mausmaki als ein Primatenmodell 

Christian Schopf 

 

Das Ziel der vorliegenden These war die Untersuchung des akustischen Kommunikations-

systems des grauen Mausmakis mit Fokus auf zwei Bestandteile, den Empfänger und den 

Sender. Da Kommunikation fast immer durch Lärm beeinträchtigt wird, wurden die 

Auswirkungen von Hintergrundrauschen auf die akustische Kommunikation von grauen 

Mausmakis im Besonderen analysiert. Hörschwellen und Hörempfindlichkeit sind 

Schlüsseleigenschaften, die den Empfänger kennzeichnen, so dass die erste Studie Daten zum 

Hörvermögen grauer Mausmakis vorstellt. Mit Hilfe von Hirnstammaudiometrie wurde die 

auditorische Hirnstammantwort gemessen und vergleichbare Hörschwellen der Art ermittelt. 

Zusätzlich wurde der Einfluss des Alterns auf die Hörschwellen und Hörempfindlichkeit 

analysiert, was eine breitbandige altersbedingte Abnahme zeigte. Die Ergebnisse wurden 

hinsichtlich der möglichen Art des altersbedingten Hörverlusts diskutiert, was auf eine 

metabolische oder konduktive altersbedingte Abnahme oder sogar eine Degeneration des 

Hörnervs hindeutet. Im Hinblick auf verschiedene Modelle zur Evolution von 

Hörempfindlichkeit bei Primaten und Säugetieren unterstützen die Ergebnisse das „Social 

drive“ Modell, welches soziale Komplexität als treibenden Faktor der Evolution von 

Hörempfindlichkeit betrachtet. 

 Mit Fokus auf den Sender des akustischen Kommunikationssystems, behandelt die 

zweite Studie die Frage, wie fluktuierendes Hintergrundrauschen das vokale Verhalten und 

die vokale Struktur von grauen Mausmakis beeinflusst. Verschiedene lärmabhängige vokale 

Anpassungen werden dargestellt, die zeigen, dass die Tiere ihre Rufaktivität in erhöhtem 

Lärm verringerten. Zusätzlich passten graue Mausmakis ihre vokale Struktur an und zeigten 

eine erhöhte Rufamplitude im Lärm und eine erhöhte Signalredundanz im Frequenzbereich. 

Die Ergebnisse deuten an, dass Elemente komplexer lärmbedingter Veränderungen im 

menschlichen Sprechen einer vormenschlichen Grundlage entstammen. Des Weiteren wurden 

die Ergebnisse in Bezug auf mögliche periphere und neuronale Mechanismen diskutiert, die 

der Kontrolle dieser vokalen Veränderungen zugrunde liegen. Am Ende wurden potentielle 

neuronale Grundlagen diskutiert, die der audio-vokalen Kopplung zugrunde liegen, welche zu 

den lärmbedingten vokalen Veränderungen führt. 
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Zusammenfassend lässt sich sagen, dass der graue Mausmaki ein geeignetes nicht 

menschliches Primatenmodell ist, welches dazu beitragen kann, weitere Erkenntnisse zu 

grundlegenden Mechanismen und Prinzipien von akustischen Kommunikationssystemen und 

ihrer möglichen zugrunde liegenden Evolution zu gewinnen. 



 4 

 



 5 

Chapter 1: General Introduction 
 

1.1. The communication model 

Communication is an everyday life phenomenon. Everybody uses various ways of 

communication in their daily life, be it consciously or unconsciously, or directly like a face-

to-face conversation or with the help of a medium like a letter. In his famous book on human 

communication, Paul Watzlawick formulates in the first axiom of metacommunication that 

one cannot not communicate (Watzlawick et al., 2011). Connected to that, every behaviour in 

an interactional situation is considered to have message value (Watzlawick et al., 2011). By 

excluding that communication “only takes place when it is intentional, conscious, or 

successful, that is, when mutual understanding occurs” (Watzlawick et al., 2011), Watzlawick 

and colleagues make an expansion of that axiom of metacommunication to non-human 

animals possible. Since the determination of intention, consciousness, and success in animal 

communication is rather difficult, this point is important for the application of the axiom to 

non-human animals. 

However, accepting that also non-human animals always communicate in interactional 

situations is only the first step towards understanding animal communication. To explain how 

communication takes place Shannon and Weaver (1949) established the model of a general 

communication system (Figure 1.1) and defined communication rather broadly as “procedures 

by means of which one mechanism affects another mechanism” (Shannon and Weaver, 1949). 

This definition also includes communicative processes of inorganic systems like the inner life 

of a computer. 

 

 
Figure 1.1: Schematic diagram of a general communication system by Shannon and Weaver (1949). 
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Basically, the general communication system of Shannon and Weaver (Figure 1.1) consists of 

five parts, which they describe as follows:  

1. The information source selects or produces a message or a sequence of messages. 

2. The transmitter changes the message into a signal suitable for transmission over the 

communication channel. 

3. The channel is the medium used for signal transmission 

4. The receiver performs the inverse operation of the transmitter by reconstructing the 

message from the transmitted signal, and handing this message on to the destination. 

5. The destination is the person (or thing) for whom the message is intended. 

 

All changes in the transmitted signal which are added to the signal but which were not 

intended by the information source are called noise (Shannon and Weaver, 1949). 

As an example for a communication system oral speech is mentioned, in which the 

brain is the information source. The voice mechanism is the transmitter producing the varying 

sound pressure (the signal) which is transmitted through the air (the channel). The ear and the 

associated eighth nerve (vestibulocochlear nerve) of the listener represent the receiver and the 

listener’s brain is the destination (Shannon and Weaver, 1949). 

Within a communication system a change in any part influences the whole communication 

process of message transfer, signal transmission, and signal reception. 
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1.2. Acoustic communication 

1.2.1. Adaptation of the communication model 

In this thesis the communication model by Shannon and Weaver is applied to the inter-

individual acoustic communication in gray mouse lemurs (Microcebus murinus). According 

to the model and analogous to the example of oral speech from above, the information source 

is the brain of the calling gray mouse lemur, the transmitter is the vocal production system 

(i.e. respiratory system with lungs, larynx, and supralaryngeal vocal tract, Fitch, 2006) 

producing the signal (vocalization) which is transmitted through the air. The ear of the 

listening individual and the associated nerve are the receiver and the brain of the listener is the 

destination. 

For simplification in this thesis the term ‘sender’ summarizes the information source and 

the transmitter representing a single calling animal. The term ‘receiver’ summarizes the 

receiver and the destination of the Shannon and Weaver model, representing a single listening 

animal. Thus, the event of an animal emitting a call, which is transmitted through the air and 

perceived by a conspecific, could also be described as a sender emitting a signal, which is 

transmitted towards and received by the receiver. 

 

1.2.2. Importance and functions of acoustic communication 

In most animals communication is crucial, since many species depend on successful signal 

exchange to find an appropriate mating partner. In addition to reproduction, communication 

can also improve the chance of survival of an individual. This is true for all the five different 

sensory modalities used for inter-individual communication. Compared to signals in the other 

modalities, acoustic signals are energetically relatively costly, have a high range, can 

overcome obstacles quite well, can be highly flexible, but show an innate very low persistence 

(Kappeler, 2012). In the context of reproduction, acoustic signals are used for many different 

purposes. Many species use acoustic communication for mate attraction like birds, frogs, deer, 

cicada (Collins, 2004; Gerhardt, 1994; Reby and McComb, 2003; Sueur and Aubin, 2003; 

Tobias et al., 2004). Differently structured calls in closely related species may act as 

premating isolating mechanism (Braune et al., 2008). In territorial species, calls serve as tool 

for territorial defence (Collins, 2004; Cowlishaw, 1992; Eckenweber and Knörnschild, 2013; 

Geissmann and Nijman, 2006). Defence against predators can also be facilitated by means of 

acoustic signals, be it in the general acoustical detection of a predator (Bunkus et al., 2005; 
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Fullard, 1990), or in combination with mobbing behaviour (Arnold, 2000; Eberle and 

Kappeler, 2008; Graw and Manser, 2007; Nijman, 2004), or alarm calls in group living 

species (Manser et al., 2002; Seyfarth et al., 1980a; Seyfarth et al., 1980b). Seyfarth and 

colleagues (1980a) could show that alarm calls do not necessarily need to increase general 

attention and vigilance, only. In vervet monkeys alarm calls are predator-specific and elicit a 

specific learned behavioural response in conspecifics. In group living animals, acoustic 

signals can furthermore act as cues for food detection, be it via food calls emitted by a 

conspecific, who found a food resource (Pollick et al., 2005; Valone, 1996), sounds produced 

by eating animals, or calls emitted by prey, that are eavesdropped on by a predator (Peake, 

2005; Zuk and Kolluru, 1998). Coordination and cohesion of groups can also be facilitated by 

acoustic communication, so that group members find each other after foraging solitarily 

(Braune et al., 2005), or group movement is initiated (Stewart and Harcourt, 1994). Affiliative 

and agonistic behaviour can also be combined with acoustic communication (Clutton-Brock 

and Albon, 1979; Rubenstein and Hack, 1992) what may result in the avoidance of severe 

physical confrontations if conflicts are resolved beforehand on the basis of the communicative 

behaviours. 

 

Altogether, the acoustic channel is not restricted to the potentially intended receiver but is 

generally open to all listeners in range. Restrictions to those potential listeners arise due to 

sensory limitations, so that some animals use calls in a frequency range beyond the sensitivity 

range of potential predators (Arch and Narins, 2008). The receiver of the communication 

system will be the topic of the next section.  
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1.3. Receiver - Hearing 

1.3.1 Auditory thresholds 

Frequency-dependent auditory thresholds are usually depicted by a graph illustrating the 

audible threshold for specific frequencies measured by audiometry. Typically, the graph 

shows the threshold intensity measured in decibels (dB) over frequency measured in Hertz 

(Hz).  

Basically, there are two different ways of audiometry, behavioural, and physiological 

audiometry. Behavioural audiometry is a subjective method, since the test subject responds to 

the acoustic test stimulus with a specific behaviour. Humans usually have to press a button, 

whereas non-human animals are trained to respond with behaviour suitable to their anatomy 

or behavioural repertoire (Esser and Daucher, 1996; Langemann et al., 1999; Osmanski and 

Wang, 2011). Training of test animals is advantageous because unconditioned responses to 

test stimuli habituate quickly as animals rapidly learn to ignore environmental sounds that do 

not signal important events (Heffner, 2004). In contrast to behavioural audiometry, 

physiological audiometry represents an objective method, since auditory evoked potentials 

(AEPs), i.e. electrical activity, is measured along the auditory pathway. In humans the AEP is 

generated in the cochlea, travels through the cochlear nerve, through the cochlear nucleus, 

superior olivary complex, and lateral lemniscus, to the inferior colliculus in the midbrain, on 

to the medial geniculate body, and finally to the cortex (Musiek and Baran, 2007). Several 

methods of physiological audiometry exist, which measure AEPs in specific parts of the 

auditory pathway. Thus, the auditory brainstem response (ABR) or the auditory cortical 

response (ACR) measure AEPs in the respective region. Altogether physiological audiometry 

has some advantages compared to the behavioural alternative. In addition to the fact of being 

objective, it is not necessary to train test subjects which minimizes time costs. Especially the 

brainstem evoked response audiometry (BERA; see next section) is minimally invasive using 

electrodes which are placed superficially or subcutaneously on the head of the subject (Freye, 

2005). The advantage of the behavioural audiometry are the usually better (i.e. lower) 

auditory thresholds especially in comparison to BERA (Ramsier and Dominy, 2010; Stapells, 

2000) and thus, the possibility to determine absolute auditory thresholds. BERA uses brief 

stimuli of around 5 ms in duration (see Hall, 2006), which may not allow sufficient time for 

temporal integration of the ear like in behavioural audiometry, which in contrast uses long 

duration pure tones (Florentine et al., 1988; Johnson, 1968; Stapells, 2000; Watson & Gengel, 

1969). 
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Finally, hearing thresholds are a fundamental tool to study the evolution of hearing. 

Especially in the order of primates many audiograms have been generated to be able to 

compare hearing among species and to reconstruct the potential evolution of this sensory 

channel along with the respective selection factors (Coleman, 2009; Heffner, 2004; Ramsier 

et al., 2012). However at the very base of the order, in the mouse lemur, a genus suggested to 

represent the most ancestral primate condition (Martin, 1972a) comparable data on hearing 

thresholds are lacking.  

 

1.3.2. Brainstem evoked response audiometry  

The Brainstem evoked response audiometry (BERA) is one form of physiological audiometry 

measuring AEPs in the auditory brainstem, the auditory brainstem response (ABR). It is used 

to measure auditory sensitivity in humans as well as non-human animals (Burkard and Don, 

2007; Ison et al., 2010; Jacobson, 1985). A series of brief, rapidly repeating acoustic stimuli 

are delivered to a subject via a transducer. Activity from nerve cells along the auditory 

pathway is generated through stimulus onset. Sensory electrodes placed on the scalp or 

subcutaneously record the summed, evoked synchronous activity from the nerve cells as a 

series of voltage deflections (peaks) in a waveform that represent activity at increasingly 

rostral auditory nuclei (Figure 1.2; Biacabe et al., 2001; Jewett and Williston, 1971; Møller, 

2007). Activity within the first 10–20 ms after stimulus onset stems from the auditory nerve 

(vestibulocochlear nerve) and auditory brainstem, and is thus referred to as the auditory 

brainstem response. Offline examinations of recorded waveforms are conducted to determine 

the threshold level for each tested frequency (Ramsier and Dominy, 2010). Several methods 

for threshold determination have been describe, which are visual detection, variance ratio, 

criterion method, and linear regression. However, Ramsier and Dominy (2010) could 

demonstrate that these four methods produce similar results. 

In this work, BERA was used since it is a common minimally-invasive, objective, and 

efficient method in hearing research for both, humans and animals (Ison et al., 2010), and has 

been applied successfully to study auditory sensitivity in several non-human primate species, 

including lemurs (Chabert, 1998; Ramsier et al., 2012). Thus, BERA is an ideal tool to 

measure and compare the hearing thresholds of individuals also in longitudinal studies. 
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Figure 1.2: Human ABR evoked by a 4 kHz tone pip with 70 dB SPL. The waveform is averaged from 2000 
measurements (Zenner, 2005). 
 
 

1.3.3. Influence of aging on hearing 

Sensory impairments are often effects of aging and occur in all modalities (Nusbaum, 1999) 

including hearing (Gates and Mills, 2005; Howarth and Shone, 2006). In humans, age-related 

hearing loss (ARHL, or presbycusis) is one of the top three most common chronic health 

conditions, the most common form of hearing loss, and the predominant neurodegenerative 

disease of aging, affecting individuals aged 65 years and older (Gordon-Salant and Frisina, 

2010; Ohlemiller, 2004; Pleis and Lethbridge-Çejku, 2007). Multiple factors influence and 

result in ARHL like various types of physiological degeneration, accumulated effects of noise 

exposure, medical disorders and their treatment, life style (e.g. drinking, smoking), as well as 

genetic traits (CHABA, 1988, Mazelová, et al., 2003, Willott and Schacht, 2010). 

Besides many studies in humans concerning ARHL (reviewed in Fitzgibbons and 

Gordon-Salant, 2010), different animal models have been established (e.g. several strains of 

mice, rats, gerbils, chinchillas, cats or rhesus monkey, cf. Canlon et al., 2010; Ison et al., 

2010) to investigate specific questions related to ARHL. 

Schuknecht (1974) described four types of human presbycusis, (1) sensory, mainly 

affecting the cochlear hair cells and supporting cells; (2) neural, typified by the loss of 

afferent neurons in the cochlea; (3) metabolic, where the lateral wall and stria vascularis of 

the cochlea atrophy; and (4) mechanical, where there seems to be a so-called “stiffening” of 

the basilar membrane and organ of Corti (Schmiedt, 2010). However, research in this field 
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expanded and Schuknecht’s framework has been discussed widely since its initial description 

(Chisolm et al., 2003; Ohlemiller, 2004; Schmiedt, 2010). Nevertheless, there is agreement 

that different types of ARHL exist which are also characterized by different audiogram 

profiles (Schmiedt, 2010). 

Additionally, it is well known that age-related sensory impairments, such as 

deficiencies in vision and hearing, correlate with age-related cognitive deficits (Valentijn et 

al., 2005) and could even be one of the causes for age-related cognitive impairment according 

to the sensory deprivation hypothesis (Lindenberger and Baltes, 1994; Sekuler and Blake, 

1987). Before testing cognitive capabilities, subjects with sensory deficiencies need to be 

identified. Thus, rapid assessment tools, for these sensory deficiencies are necessary to be 

able to screen a large number of subjects in a reasonable time and to follow the development 

of sensory abilities over lifetime. BERA represents such a rapid assessment tool to test 

hearing abilities in model organisms that show age-related cognitive decline. The gray mouse 

lemur is an important primate model for research on brain aging and Alzheimer’s disease 

(Bons et al., 2006; Fischer and Austad, 2011). However, there is a lack of information on 

hearing abilities and the effect of aging on hearing in this species. 
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1.4. Sender - Vocalization 

1.4.1. The problem of noise 

As already implied in the communication model of Shannon and Weaver (Figure 1.1), noise is 

an important factor changing the transmitted signal unintended by the sender (Shannon and 

Weaver, 1949). In natural environments, communication regardless of the involved sensory 

modality is also influenced by noise (optical, Longcore and Rich, 2004; Ord et al., 2007; 

vibrational, Miranda, 2006; olfactory, Raguso, 2003; Smith and Getz, 1994; Wyatt, 2003; 

acoustical, Brumm and Slabbekoorn, 2005). In acoustic communication, the noise sources can 

be biotic (e.g. produced by other animals) or abiotic (e.g. rain or wind). Considering the 

importance of acoustic communication for many animal species outlined above, noise poses a 

threat to a successful reproduction or survival of an individual. However, it depends on the 

sensory abilities of a given animal species and on the specific communication signal 

bandwidth to what extent environmental noise is a disturbing signal. Thus, in acoustic 

communication, the hearing sensitivity as well as the vocal repertoire of a species are crucial 

factors determining a given background noise as an interfering stimulus to intraspecific vocal 

communication (Brumm and Slabbekoorn, 2005).  

 

1.4.2. Strategies for the sender to cope with noise 

Hearing sensitivity and vocal repertoire of a species can already be considered as a so-called 

long-term adaptation to cope with environmental background noise (Brumm and Slabbekoorn, 

2005). Species living in a specific ecological niche with a distinct noise background may 

adapt parts of their communication (vocal repertoire represents the sender; hearing sensitivity 

represents the receiver) over an evolutionary timescale (i.e. long-term) to cope with the noise 

in their habitat. 

Apart from these adaptations to the ambient noise in the respective ecological niche of 

a species (Brumm and Slabbekoorn, 2005; Slabbekoorn, 2004), animals have developed 

different mechanisms to cope spontaneously with fluctuating ambient noise, e.g. avoidance of 

noisy environments (Francis et al., 2009; Schaub et al., 2008) and short-term changes in vocal 

behaviour and structure (Brumm and Slabbekoorn, 2005). This so-called vocal plasticity 

comprises a wide spectrum of mechanisms. 
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Some species are able to time their calling to breaks in the noise to prevent their calls 

from being masked. This change of signal timing could be shown over a broad spectrum of 

taxa, such as frogs (Zelick and Narins, 1985), birds (Brumm, 2006), bats (Jarvis et al., 2010), 

and a New World monkey (Egnor et al., 2007). Alternatively, animals may increase the 

number of syllables per call series (birds, Brumm and Slater, 2006; Lengagne et al., 1999; 

Potash, 1972; cetaceans, Buckstaff, 2004; Doyle et al., 2008). This increased serial 

redundancy of a signal is predicted to improve the probability of receiving a message in noise 

according to information theory (Shannon and Weaver, 1949). 

During noise exposure, properties of the emitted signal (i.e. the signal structure) can be 

changed to evade the masking effect of the noise. In humans, the phenomenon of 

simultaneous noise-induced changes in call structure is termed Lombard speech (Brumm and 

Zollinger, 2011; Hotchkin and Parks, 2013). It is characterized by concurrent changes in 

amplitude (i.e. the Lombard effect, Lombard, 1911), duration, and spectral content 

(fundamental frequency, and formant shifts, and spectral tilt) of vocalizations (Garnier et al., 

2010; Hotchkin and Parks, 2013; Junqua, 1996; Van Summers et al., 1988). The single 

elements of Lombard speech were reported across a wide range of non-human taxa. 

The most prominent short-term effect is the Lombard effect in which the amplitude of 

the signal is increased to improve the signal-to-noise ratio (Brumm and Zollinger, 2011; 

Lombard, 1911; Zollinger and Brumm, 2011). This effect is the most widespread among the 

vocalizing species studied (see Brumm and Zollinger, 2011; Hotchkin and Parks, 2013 for 

review; Table 1.1) and was found apart from humans (Lombard, 1911) in birds (see Brumm 

and Naguib, 2009) and mammals (bats, Hage et al., 2013; Tressler and Smotherman, 2009; 

carnivore, Nonaka et al., 1997; cetacean, Parks et al., 2011; New and Old World monkeys, 

Brumm et al., 2004; Egnor and Hauser, 2006; Eliades and Wang, 2012; Sinnott et al., 1975) 

but not in frogs (Love and Bee, 2010). Furthermore, increased signal duration (especially for 

relatively short signals) may also lead to an improved signal transmission in noise and was 

found in various vertebrates (bird, Osmanski and Dooling, 2009; bat, Tressler and 

Smotherman, 2009; cetacean, Lesage et al., 1999; human, Hanley and Steer, 1949; Van 

Summers et al., 1988; non-human primates, Brumm et al., 2004; Egnor and Hauser, 2006; 

frog, Love and Bee, 2010; Table 1.1). Indeed a considerable improvement of the detectability 

of brief acoustic signals with increasing signal duration could be shown in a variety of species 

(e.g. birds, Dooling, 1979; gerbil, Gleich et al., 2007; porpoise, Johnson, 1968; Old World 

monkeys, Brown and Maloney, 1986). In frequency confined noise, shifting signal frequency 

out of the noise band may be a further short-term strategy to prevent masking, an effect 
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extensively described in urban-living birds (Nemeth and Brumm, 2009; Proppe et al., 2011; 

Slabbekoorn and Peet, 2003). 

So far, studies investigating simultaneous noise-dependent changes in amplitude, 

duration and spectral content, as in Lombard speech, provided diverging results. Changes 

comparable to Lombard speech were found in a bird (Osmanski and Dooling, 2009) and a bat 

species (Tressler and Smotherman, 2009). In contrast to that, other studies did not reveal 

simultaneous noise-induced changes in all three domains defining Lombard speech (Egnor 

and Hauser, 2006; Leonard and Horn, 2005; Schmidt and Joermann, 1986). In addition, 

studies not taking into account all potential changes attributed to Lombard speech provided 

evidence for all three combinations of simultaneous changes (amplitude and frequency, Hage 

et al., 2013; Schuster et al., 2012; duration and frequency, Lesage et al., 1999; Parks et al., 

2007; amplitude and duration, Brumm et al., 2004; Table 1.1).  

Furthermore, it could be shown that non-human primates are able to simultaneously 

change call features in the presence of noise. However, evidence for Lombard speech is 

missing for non-human primates, so far (Hotchkin and Parks, 2013), and studies investigating 

noise-dependent vocal changes in this order are scarce or even lacking, considering 

strepsirrhine primates. 

 



 

Table 1.1: Studies on noise-induced vocal changes in humans and non-human animals (extended after Brumm and Zollinger, 2011; Hotchkin and Parks, 2013) 

Class Order Species 
signal 
timing 

increased 
serial 

redundancy 
 
Lombard 

effect 
increased 
duration 

frequency 
shift 

simultaneous 
modifications in 
Lombard speech 
characteristics 

References 

Mammalia Primates Humans - no  yes yes yes yes 
Cooke and Lu (2010); Garnier et al. (2010); 
Hanley and Steer (1949); Lane and Tranel (1971); 
Lombard (1911); Van Summers et al. (1988) 

  Homo sapiens         
  Common marmoset - no  yes yes - yes Brumm et al. (2004); Eliades and Wang (2012) 
  Callithrix jacchus          

  Cotton-top tamarin yes no  yes yes no yes Egnor and Hauser (2006); Egnor et al. (2007)  

  Saguinus oedipus          
  Long-tailed macaque - -  yes - -  Sinnott et al. (1975) 
  Macaca fascicularis          
  Pigtailed macaque - -  yes - -  Sinnott et al. (1975) 
  Macaca nemestrina         
 Cetacea Beluga whale† - call rate ↓  yes yes yes yes Lesage et al. (1999); Scheifele et al. (2005) 
  Delphinapterus leucas         
  Bottlenose dolphin - yes  - no no  Buckstaff (2004) 
  Tursiops truncatus         
  Humpback whale - yes  - no no  Doyle et al. (2008) 
  Megaptera novaeangeliae         

  Killer whale† - no  yes yes -  
Foote et al. (2004); Holt et al. (2011); Holt et al. 
(2009) 

  Orcinus orca         
  North Atlantic right whale - call rate ↓  yes yes yes yes Parks et al. (2007); Parks et al. (2011) 
    Eubalaena glacialis          

  Chiroptera Free-tailed bat* yes -  
yes (bb); 
no (ln) 

yes (bb; ln) 
no (bb); 
yes (ln) 

yes 
Jarvis et al. (2010); Tressler and Smotherman 
(2009) 

  Tadarida brasiliensis        bb – broadband noise; ln - band-limited noise 

           



 

           

Class Order Species 
signal 
timing 

increased 
serial 

redundancy 
 
Lombard 

effect 
increased 
duration 

frequency 
shift 

simultaneous 
modifications in 
Lombard speech 
characteristics 

References 

Mammalia Chiroptera Horseshoe bat* - -  yes - yes yes Hage et al. (2013) 
  Rhinolophus ferrumequinum         
  Mouse-tailed bat* - -  yes yes no yes Schmidt and Joermann (1986) 
  Rhinopoma microphyllum         
 Rodentioa California ground squirrel - -  - - yes  Rabin et al. (2003) 
  Spermophilus beecheyi         
 Carnivora Domestic cat - -  yes - -  Nonaka et al. (1997) 
  Felis silvestris catus          

Aves Passeriformes Tree swallow - no  yes 
yes (field) 
no (lab) 

yes (field) 
no (lab) 

 Leonard and Horn (2005) 

  Tachycineta bicolor          
  Nightingale yes -  yes - -  Brumm (2004, 2006); Brumm and Todt (2002) 
  Luscinia megarhynchos         
  Zebra finch - -  yes - -  Cynx et al. (1998) 
  Taeniopygia guttata          
  Bengalese finch - -  yes - -  Kobayasi and Okanoya (2003a, b) 
  Lunchora striata         
  Chaffinch - yes  - - -  Brumm and Slater (2006) 
  Fringilla coelebs          

  Great tit - -  - yes ↓ yes  
Slabbekoorn and Peet (2003); Slabbekoorn and 
den Boer-Visser (2006) 

  Parus major         
  Common Blackbird - -  - yes ↓ yes  Nemeth and Brumm (2009) 
  Turdus merula          
  European Robin yes -  - - -  Fuller et al. (2007) 
  Erithacus rubecula         
  Black-capped Chickadee - -  - yes ↓ yes  Proppe et al. (2011) 
  Poecile atricapillus          
  Apodiformes Blue-throated hummingbird - -  yes - -  Pytte et al. (2003) 
  Lampornis clemenciae          



 

Class Order Species 
signal 
timing 

increased 
serial 

redundancy 
 
Lombard 

effect 
increased 
duration 

frequency 
shift 

simultaneous 
modifications in 
Lombard speech 
characteristics 

References 

Aves Psittaciformes Budgerigar - -  yes yes yes yes 
Manabe et al. (1998), Osmanski and Dooling 
(2009) 

  Melopsittacus undulatus          
  Galliformes Japanese quail - yes  yes - -  Potash (1972) 
  Coturnix c. japonica          
  Domestic fowl - no  yes no -  Brumm et al. (2009) 
  Gallus gallus          

 Tinamiformes Elegant crested tinamou - -  yes - yes yes Schuster et al. (2012) 

  Eudromia elegans          
  Sphenisciformes King Penguin - yes  - yes -  Lengagne et al. (1999) 
  Aptenodytes patagonicus          
Amphibia Anura Cope’s grey treefrog - yes ↓  no yes -  Love and Bee (2010) 
  Hyla chrysoscelis          
  Common Coquí yes -  - - -  Zelick and Narins (1985) 
  Eleutherodactylus coqui          

‘-‘ indicates no data are available, and ‘↓’ indicates different direction of parameter change in noise. Species marked with ‘†’ indicate that the existing evidence comes from 
social groups rather than individual signallers, and ‘*’ indicates that the modifications were observed only during echolocation (self-communication). Simultaneous modifications 
in Lombard speech characteristics are only confirmed if demonstrated within one study. 
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1.5. The gray mouse lemur  

The model species of my thesis is the gray mouse lemur (Microcebus murinus). The genus of 

mouse lemurs (Microcebus) represents the smallest primates in the world, which are endemic 

to Madagascar. They are nocturnal and rich in cryptic species diversity (Mittermeier et al., 

2010; Radespiel et al., 2012). 

Mouse lemurs are unique primates for evolutionary research since they are modelling 

the ancestral primate situation (Martin, 1972a; Martin, 1995). They are one of the few primate 

species, which are included in whole genome research (http://www.genome.gov/10002154; 

https://www.hgsc.bcm.edu/content/mouse-lemur-genome-project). Concurrently, gray mouse 

lemurs are considered as a relevant primate model for cerebral aging research and 

Alzheimer’s disease (Bons et al., 2006; Fischer and Austad, 2011) since some, but not all 

aged mouse lemurs develop pathognomonic signs of Alzheimer’s disease. These signs 

comprise the presence of amyloid β plaques (Mestre-Francés et al., 2000), abnormally 

phosphorylated tau protein aggregation (Bons et al., 1995; Delacourte et al., 1995), and 

cerebral atrophy (Dhenain et al., 2000; Kraska et al., 2011) as well as deficiencies in 

behaviour and cognition (Bons et al., 1992; Némoz-Bertholet and Aujard, 2003; Trouche et 

al., 2010). Computer-aided tools which assess cognition in mouse lemurs, comparable to 

humans, have been developed to disentangle healthy from pathological brain aging (Joly et 

al., 2013). Due to the connection of age-related sensory and cognitive impairments (Valentijn 

et al., 2005) it is necessary to identify possible sensory deficits, such as age-related hearing 

loss in gray mouse lemurs as well. 

In their natural habitat the life span of gray mouse lemurs is maximally 8 years 

(Zimmermann/Radespiel, pers. documentation) and in captivity they live maximally 18.5 

years (Weigl, 2005). Based on a shorter photoperiodically induced annual rhythm the aging 

process may be accelerated (Perret, 1997). In such an accelerated photoperiod regime, bred 

gray mouse lemurs are considered as aged when older than 5 years (Bons et al., 2006; Perret, 

1997). In contrast to that, in a normal photoperiodic regime they are considered as aged when 

older than 7.5 years (Zimmermann et al, in prep). Still, their lifespan is much shorter than in 

other primate aging models (Fischer and Austad, 2011). Further advantages of the mouse 

lemur as animal model are small size, so that their maintenance and breeding is more cost-

efficient than in larger primate species, and they are not known for spreading any zoonotic 

disease. 
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Gray mouse lemurs live in forests of the western part of Madagascar (Mittermeier et al., 

2010). Due to the ecological niche, the fine branch niche (Martin, 1972b) in dense tropical 

forests, this species relies mainly on olfactory and acoustic signals for social communication 

(Buesching et al., 1998; Perret, 1995; Zimmermann, 2010) and prey and predator detection, 

localization, and recognition (Bunkus et al., 2005; Goerlitz and Siemers, 2007; Hohenbrink et 

al., 2013; Hohenbrink et al., 2012; Kappel et al., 2011; Siemers et al., 2007; Sündermann et 

al., 2008). 

The importance of acoustic communication for gray mouse lemurs is also reflected in 

the large repertoire of social calls with distinct frequency-time contours (Zimmermann, 2010). 

Communication calls carry species-, population-, and individual-specific signatures (Braune 

et al., 2008; Hafen et al., 1998; Leliveld et al., 2011; Zimmermann, 2010; Zimmermann and 

Hafen, 2001), but also show a high intra-individual variability linked to arousal (Dietz and 

Zimmermann, 2004; Zimmermann, 2010). 

In their natural environment, these lemurs are confronted with fluctuating abiotic 

background noise, wind or rain as well as intermittent biotic background noise, which is 

mainly produced by crickets, grasshoppers and cicada (Kessler, Schopf, Zimmermann 

unpublished data), extending into the ultrasonic frequency range. Adaptations in the vocal 

behaviour may help to maintain intraspecific acoustic communication in such a noisy 

environment. However, to make sure that this background noise really is disturbing the 

acoustic communication of gray mouse lemurs detailed measurements of auditory sensitivity 

of the species are necessary. So far, published information on hearing abilities in mouse 

lemurs is limited to one single study in which auditory sensitivity was assessed using auditory 

cortical responses (Niaussat and Petter, 1980). The data of that rather invasive method are not 

reliably comparable to more recent studies in non-human primates using BERA (Lasky et al., 

1999; Ramsier et al., 2012; Ramsier and Dominy, 2010) and the study did not examine the 

effect of age either.  

Thus, the gray mouse lemur is the ideal animal model to study such a variety of 

questions concerning acoustic communication. 
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1.6. Aims of this thesis 

In my dissertational thesis I will analyse the acoustic communication system of the gray 

mouse lemur focussing on two parts, the receiver and the sender. As mentioned above, this 

species is a primate model for the most ancestral primate condition and brain aging, and 

comparable data on hearing thresholds in this species as well as data on the effects of 

background noise in strepsirrhine primates are lacking. Thus, the studies on hearing 

sensitivity and noise-dependent vocal changes presented in this thesis provide new insights 

into these two components of acoustic communication and the existing hypotheses on their 

evolution in primates and mammals. 

 

Therefore, the work presented in this thesis attempts to answer the following research 

questions: 

 

Receiver  

(1) What are the hearing thresholds of adult gray mouse lemurs? What are the frequency-

specific characteristics of the gray mouse lemur hearing thresholds? 

(2) Does aging affect hearing thresholds? If so, what are the properties of these age-

related changes? 

 

Sender 

(3) Do gray mouse lemurs adapt their vocal behaviour and structure when confronted with 

fluctuating ambient background noise? 

a. Do they adapt the timing of calls? 

b. Do they increase signal redundancy? 

c. Do they adapt call structure by showing characteristics of Lombard speech? 
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Chapter 2: Manuscript 1 - Objective assessment of hearing and age-related 

changes in the gray mouse lemur 

 

2.1. Abstract 

In order to gain first empirical information on auditory thresholds and hearing sensitivity 

during aging in the gray mouse lemur (Microcebus murinus), we applied brainstem evoked 

response audiometry (BERA), traditionally used for screening hearing sensitivity in human 

babies and animal models in hearing research. To assess the effect of age, we determined 

auditory thresholds in two age-groups of adult mouse lemurs (young: 1-5 years of age; old: ≥7 

years) using clicks and tone pips. Altogether 19 animals were tested. Auditory thresholds 

indicated frequency sensitivity from 800 Hz to almost 50 kHz and frequency of best hearing 

at about 8 kHz. Aging shifted auditory thresholds significantly for 16.4 dB across the 

complete tested frequency range indicating a metabolic or conductive age-related decrease or 

even a degeneration of the cochlear nerve what is suggested by the age-related amplitude 

decrease of the auditory brainstem response. Our findings indicate that BERA is a minimally 

invasive, cost- and time efficient tool for screening colonies of mouse lemurs for hearing 

abilities and impairments during aging. 

 

2.2. Introduction 

Sensory impairments are a common consequence of age and occur in all modalities 

(Nusbaum, 1999), including taste and smell (Boyce and Shone, 2006; Schiffman, 1997), 

vision (presbyopia, Salvi et al., 2006), touch and temperature sensitivity (Stevens and Choo, 

1998; Wickremaratchi and Llewelyn, 2006), as well as hearing (presbycusis, Gates and Mills, 

2005; Howarth and Shone, 2006). 

In humans, age-related hearing loss (ARHL, or presbycusis) is one of the top three 

most common chronic health conditions, the most common form of hearing loss, and the 

predominant neurodegenerative disease of aging, affecting individuals aged 65 years and 

older (Gordon-Salant and Frisina, 2010; Ohlemiller, 2004; Pleis and Lethbridge-Çejku, 2007). 

Multiple factors influence and result in ARHL like various types of physiological 

degeneration, accumulated effects of noise exposure, medical disorders and their treatment, 

life style (e.g. drinking, smoking), as well as genetic traits (CHABA, 1988, Mazelová, et al., 

2003, Willott and Schacht, 2010). 
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Besides several studies in humans concerning ARHL (reviewed in Fitzgibbons and 

Gordon-Salant, 2010), different animal models have been established (e.g. several strains of 

mice, rats, gerbils, chinchillas, cats or rhesus monkey cf. Canlon et al., 2010; Ison et al., 2010) 

whose diversity is advantageous to choose the optimal model for the given hypothesis (Ison et 

al., 2010). A fundamental basis for studies on ARHL is the audiogram, which represents the 

frequency-dependent hearing threshold. 

Mouse lemurs belong to the smallest primates in the world, are nocturnal, rich in 

cryptic species diversity and endemic to Madagascar (Mittermeier et al., 2010; Radespiel et 

al., 2012). The gray mouse lemur lives in dense forests of the western part of Madagascar 

(Mittermeier et al., 2010) and relies mainly on olfactory and acoustic cues for social 

communication (Buesching et al., 1998; Perret, 1995; Zimmermann, 2010) and prey and 

predator detection, localization and recognition (Bunkus et al., 2005; Goerlitz and Siemers, 

2007; Hohenbrink et al., 2013; Hohenbrink et al., 2012; Kappel et al., 2011; Siemers et al., 

2007; Sündermann et al., 2008). Mouse lemurs are unique primates for evolutionary research 

since they are modelling the ancestral primate situation (Martin, 1972, 1995). Furthermore, 

mouse lemurs are one of the few primate species included in whole genome research 

(https://www.hgsc.bcm.edu/content/mouse-lemur-genome-project; 

http://www.genome.gov/10002154). Likewise, mouse lemurs are discussed as important 

primate models for research on brain aging and Alzheimer’s disease (Bons et al., 2006; 

Fischer and Austad, 2011). Mouse lemurs are small and their maintenance and breeding is 

more cost-efficient than in larger primate species. They are not known for spreading any 

zoonotic disease. Their lifespan is much shorter than in the other primate aging models. In 

their natural habitat longevity is maximally 8 years (Zimmermann/Radespiel, pers. 

documentation), as mouse lemurs are confronted with relatively high mortality (Kraus et al., 

2008; Lutermann et al., 2006). In captivity life span extends to maximally 18.5 years (Weigl, 

2005) and the aging process may be accelerated based on a shorter photoperiodically induced 

annual rhythm (Perret, 1997). Bred gray mouse lemurs are considered as aged when older 

than 5 years in an accelerated photoperiod regime (Bons et al., 2006; Perret, 1997) and when 

older than 7.5 years in a normal photoperiodic regime (Zimmermann et al, in prep). Some, but 

not all aged mouse lemurs develop pathognomonic signs of AD, such as the presence of 

amyloid β plaques (Mestre-Francés et al., 2000), abnormally phosphorylated tau protein 

aggregation (Bons et al., 1995; Delacourte et al., 1995), and cerebral atrophy (Dhenain et al., 

2000; Kraska et al., 2011) as well as deficiencies in behavior and cognition (Bons et al., 1992; 

Némoz-Bertholet and Aujard, 2003; Trouche et al., 2010). Computerized tools for assessing 
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cognition in mouse lemurs comparable to humans are currently developed to disentangle 

healthy from pathological brain aging (Joly et al., 2013). 

Sensory impairments, such as deficiencies in vision and hearing, are known to affect 

cognition during aging severely (Valentijn et al., 2005) and could even be one of the causes 

for age-related cognitive impairment according to the sensory deprivation hypothesis 

(Lindenberger and Baltes, 1994; Sekuler and Blake, 1987). Subjects with sensory deficiencies 

have to be identified before testing for cognition. Thus, it is necessary to establish rapid 

assessment tools for these sensory deficiencies to screen a large number of subjects in a 

reasonable time and to follow the development of hearing abilities over lifetime.  

Unfortunately, up to date, published information on hearing abilities in mouse lemurs 

is restricted to one single study in which auditory cortical responses were used to assess 

auditory sensitivity (Niaussat and Petter, 1980). As electrodes were directly placed onto the 

cranial bone, such invasive method is not suitable as a screening method for rapidly assessing 

hearing abilities and deficiencies in primate colonies. Further, the response characteristic and 

the obtained hearing thresholds are critically dependent on exact placement of the electrodes 

in the cortex. Brainstem evoked response audiometry (BERA), a minimally invasive method 

commonly used in hearing research for both humans and animals (Ison et al., 2010), has been 

applied successfully to study auditory sensitivity in several larger nonhuman primate species, 

including lemurs (Chabert, 1998; Ramsier et al., 2012). Additionally, this method is less time-

consuming than the measurement of absolute auditory thresholds by conditioning techniques 

that require training of the animals (e.g. Osmanski and Wang, 2011). In comparison, BERA is 

an ideal minimally-invasive tool to objectively measure and compare the hearing thresholds 

of individuals also in longitudinal studies. 

In this study, we applied BERA for the first time to the smallest primate brain aging 

model, the mouse lemur, as a method to screen different age-groups of mouse lemurs for 

hearing sensitivities aiming to answer the following questions: 

(1) What are the objective hearing thresholds of healthy, young adult gray mouse lemurs? 

(2) How does aging affect hearing thresholds? 

 

2.3. Materials and methods 

We measured the auditory brainstem response (ABR) using the minimally invasive brainstem 

evoked response audiometry (BERA). 

The conducted research follows the national guidelines of the German Society of 

Primatology (GfP) for research on non-human primates. It was approved by the State of 
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Lower Saxony Office for Consumer Protection and Food Safety (approval date: 14 February 

2012; number: 33.9-42502-05-12A205). 

 

2.3.1. Subjects 

12 male and 7 female adult gray mouse lemurs (Microcebus murinus) were studied, housed 

and bred in the animal facility of the Institute of Zoology, University of Veterinary Medicine 

Hannover (for details of housing conditions see Wrogemann et al., 2001). Subject weight 

varied between 63 and 115 g. All subjects were born in captivity and ranged in age from 2 to 

11 years. According to the age classification of Zimmermann et al. (in prep), the studied 

subjects belong to two different age categories: 10 adult animals (7,3) were in the young 

group (mean age = 2.5 years) and 9 adults (5,4) were in the old group (mean age = 7.9 years). 

 

2.3.2 Anesthesia and Monitoring 

Subjects were separated in their nest box and home cage shortly before the onset of their 

activity period and transported in their nest box to a sound-attenuated chamber where the 

measurement was performed. Twenty minutes before anesthesia induction the animals were 

premedicated with 0.02 mg kg-1 glycopyrrolate (Robinol®, Riemser Arzneimittel AG, 

Greifswald-Insel Riems, Germany) and 0.5 mg kg-1 midazolam (Midazolam B. Braun® B. 

Braun Melsungen AG, Melsungen, Germany) subcutaneously. Anesthesia was induced with 8 

vol% sevoflurane (SevoFlo®, Albrecht GmbH, Aulendorf, Germany) in 100% oxygen for 

1.5–2 min directly in their nest box. After loss of the rightening reflex the anesthetized 

animals were immediately placed on a heatpad (snugglesafe heatpad Lenric C21 Ltd., 

Littlehampton, UK,) heated for 2 minutes at 800 W in a microwave, and connected via face 

mask to a coxial bain breathing system. Anesthesia was maintained with an average inspired 

sevoflurane concentration of 3.4 vol%. Additionally, the animals received a subcutaneous 

depot of 1–2 ml of a balanced electrolyte solution (Sterofundin® B. Braun Melsungen AG, 

Melsungen, Germany) spiked with 2.5% glucose. During the measurements the rectal 

temperature, blood oxygen saturation (SpO2), pulse rate, respiratory frequency and the gas 

concentration in the face mask were monitored via a Datex-Ohmeda Compact Monitor (Datex 

Ohmeda, GE Healthcare, GE Healthcare Finland OY, Helsinki, Finland) and a digital 

camcorder (Handycam DCR-SR35, Sony Corp., Tokyo, Japan) in nightshot mode from 

outside of the sound-attenuated chamber. 
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After the measurements the animals woke up in their nest box and were brought back 

to their home cage. 

 

2.3.3. Stimulus Generation and Calibration 

Clicks and tone pip stimuli were generated digitally by Audiology Lab data acquisition 

software (Otoconsult Comp., Frankfurt, Germany) running on a computer connected to a 

custom-built attenuator (PNS1, Otoconsult Comp., Frankfurt, Germany) and a DA/AD 

converter (National Instruments NI-USB-6251, Austin, TX, USA) via a HK 980 amplifier 

(harman/kardon, Harman International Industries Inc., Stamford, CT, USA) high frequency 

sound presentations were performed using a high frequency loudspeaker (ribbon tweeter 

923108, quadral GmbH & Co. KG, Hannover, Germany). Low frequency sounds (< 2 kHz) 

were presented via an ASCENT 250 speaker (quadral GmbH & Co. KG, Hannover, 

Germany) driven by the same amplifier. The speakers were facing the right ear of the subject 

and were placed in a distance of 75 cm and at an angle of 40° above animal level. 

Calibration of the sound pressure level (SPL) reaching the gray mouse lemurs ear was 

performed using a calibrated free-field ¼“ microphone (Type 4939, Brüel & Kjær Sound & 

Vibration Measurement A/S, Nærum, Denmark), a preamplifier (Type 2670, Brüel & Kjær 

Sound & Vibration Measurement A/S, Nærum, Denmark) and an amplifier (Measuring 

Amplifier Type 2610, Brüel & Kjær Sound & Vibration Measurement A/S, Nærum, 

Denmark; time constant ‘Fast’; linear frequency weighting; measuring range 22.4–

200·000·Hz) connected to the National Instruments board. 

The presented tone pips ranged from 500 Hz to 80 kHz and were delivered at a rate of 

10 s-1 as trial-to-trial phase-alternating (inverted) stimuli to minimize the effect of cochlear 

microphonics on the measured signals. Low frequency tone pips (500–2000 Hz) were 6 ms 

long including a linear rise and fall of 1 ms. Tone pips between 3–40 kHz were 3 ms long 

including a linear rise and fall of 1 ms. Very high frequency tone pips (>40 kHz) were 6 ms 

long including a linear rise and fall of 2 ms.  

 

2.3.4. Evoked Potential Acquisition 

Three silver chloride electrodes were positioned subcutaneously (vertex, retroauricular, neck). 

Via a preamplifier (AMP55, Otoconsult Comp., Frankfurt, Germany, amplification 40 dB) the 

electrodes were connected to the PNS1 and that to the NI data acquisition module (band-pass 
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filter 100–5000 Hz, amplification 100 dB). Evoked potentials were obtained by averaging 

responses to 1332 stimulus presentations (666 normal and inverted stimulus pairs). 

 

2.3.5. Threshold Detection and data analysis 

Thresholds were defined as the lowest stimulus level at which any response was visually 

discernible, regardless of the specific wave of the brainstem response. Criteria for the 

response identification included the consistent presence of the identified components at 

increasing stimulus intensities with gradual decrease of peak latency with increasing sound 

pressure level. 

For better threshold identification, recordings were offline band-pass filtered (100–

3000 Hz) and amplitude and latency of each detectable wave were determined using a 

custom-made software programmed in MATLAB 7.9 (Mathworks, Natick, MA, USA). 

Amplitudes and latencies for the different waves were compared between the two different 

age-groups using a t-test if data were normally distributed (Kolmogorov-Smirnov test) or a 

Mann-Whitney U-test in case data were not-normally distributed (Lilliefors test, p < 0.05). To 

compare group differences in the hearing thresholds between the age-groups a t-test for each 

presented frequency was performed.  
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2.4. Results 

2.4.1. ABR waveform and thresholds 

The recorded ABR is a waveform consisting of 5 distinct waves occurring in the first 7 ms 

after stimulus presentation (Figure 2.1 upper waveform). Wave II could be identified only in 

six of the measured subjects, so that either a 5-component ABR or a 4-component ABR 

(Figure 2.1 lower waveform) was observed. Only the consistently-occurring waves I, III, IV, 

and V were further analyzed. Because of the 75 cm distance of the speaker to the animal, 

2.187 ms of sound travel time were subtracted from wave latencies. 

 

Tone-evoked ABRs demonstrated a consistent decrease in latencies and increase in 

amplitudes with increasing sound pressure level (Figure 2.2). The waveforms were further 

analyzed for peak latencies and amplitudes (Figure 2.3 and Figure 2.4). The amplitude-

intensity functions showed systematically lower amplitudes in the old animals compared to 

the young adults. Significantly lower amplitudes in the old subjects were found for wave III 

(Figure 2.3) under click and tone pip stimuli. Both age-groups showed, however, similar data 

in the latency-intensity functions (Figure 2.4). 

 

 

Figure 2.1: Auditory brainstem response waveform from two young adult gray mouse lemurs. The 
waveforms were collected in response to a click and five distinct waves are detectable (upper waveform). 
However, instead of all five waves in the majority of the animals only four waves could be found (lower 
waveform). Stimulus presentation is indicated as first dashed line at 5 ms and the delay of 2.187 ms of sound 
travel time is indicated as second dashed line. 
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Figure 2.2: Auditory brainstem response waveform from a young adult gray mouse lemur. The waveforms 
were collected in response to 8 kHz tone pips. In the higher stimulus levels four distinct waves are detectable. 
The arrow marks wave III and the delay of 2.187 ms of sound travel time is indicated as dashed line. 
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Figure 2.3: Amplitude-intensity functions for 10 young and 6 old gray mouse lemurs in response to click 
and tone pip stimuli. Mean amplitudes and standard deviations for wave III in the two age-groups are shown. 
Significant differences in amplitude between the groups are marked. # 0.1 > p >0.05 (trend), * p < 0.05, 
** p < 0.001, *** p < 0.001. 
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Figure 2.4: Latency-intensity functions for 10 young adult and 6 old gray mouse lemurs in response to 
click and tone pip stimuli. Mean latencies and standard deviations of the four measured waves in the two age-
groups are shown. The roman numerals label the corresponding graphs. Significant differences in latency 
between the groups are marked. # 0.1 > p >0.05 (trend), * p < 0.05, ** p < 0.001, *** p < 0.001. 
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2.4.2. Hearing Thresholds 

Hearing thresholds were well reproducible between different animals both in the young adults 

(Figure 2.5) as well as in the old animals (Figure 2.6). The mean threshold intensities varied 

from 14.4 dB SPL at 7.9 kHz to 98 dB SPL at 80 kHz in young adults and from 31.9 dB SPL 

at 7.9 kHz to 100 dB SPL at 80 kHz. The frequency range with a threshold level below 60 dB 

SPL was defined as the hearing range of the animals (Heffner, 2004). The communication 

range, i.e. the range of the fundamental frequency of communication calls (see Leliveld et al., 

2011; Zimmermann, 2010) comprised the range from 440 Hz to 39 kHz in this species 

(Figure 2.5). The such defined hearing range in young adults covered 800 Hz - 40–50 kHz, 

the frequency of best hearing was at 7.9 kHz. The old subjects had a hearing range from about 

2–2.5 kHz up to about 32–40 kHz, the frequency of best hearing remained at 7.9 kHz. A 

comparison of the mean threshold levels between the two age-groups revealed a significant 

difference over a broad frequency range (Figure 2.7, Table 2.1) and a mean increase in 

threshold in the old subjects of 16.4 dB.  

 

Table 2.1: Comparisons of the mean hearing thresholds in young and old adult gray mouse lemurs 
 Young adults (N=10) Old adults (N=8)   

Frequency 
[Hz] 

Mean hearing 
threshold [dB SPL] 

SD 
[dB SPL] 

Mean hearing 
threshold [dB SPL] 

SD 
[dB SPL] 

T p 

500 68.9 10.5 90.0 0.0 2.72 0.0237 
630 66.0 8.4 80.0 28.3 1.51 0.1629 
790 58.0 7.9 75.0 7.1 2.81 0.0185 
1000 55.6 8.8 80.0 14.1 3.27 0.0097 
1200 53.3 7.1 73.3 15.3 3.22 0.0091 
1500 47.5 7.2 65.0 12.9 3.30 0.0063 
2000 39.0 5.2 62.9 12.5 5.45 0.0001 
2520 38.0 7.9 57.1 14.1 3.59 0.0027 
3170 38.0 5.9 52.1 14.7 2.78 0.0141 
4000 31.0 5.2 44.4 10.8 3.46 0.0032 
5040 29.4 3.9 43.8 9.2 4.28 0.0007 
6300 28.3 7.1 44.4 8.6 4.21 0.0008 
7900 14.4 4.6 31.9 16.2 3.09 0.0074 
10080 26.7 4.3 40.0 10.7 3.45 0.0036 
12700 26.1 7.0 41.9 11.0 3.57 0.0028 
15870 29.4 7.3 46.3 9.5 4.11 0.0009 
20000 25.0 7.1 43.8 13.0 3.75 0.0019 
25200 23.3 8.3 50.6 22.1 3.45 0.0036 
31750 30.0 8.9 50.6 23.2 2.35 0.0341 
40000 52.5 7.2 64.4 20.4 1.72 0.1045 
50400 68.5 13.3 86.9 14.9 2.76 0.0139 
63500 94.5 9.0 94.3 9.8 -0.05 0.9633 
80000 98.0 6.3 100.0 0.0 0.76 0.4577 

Mean hearing thresholds and standard deviation (SD) for each age-group and tested frequency are given. The T- 
and p-values are from a series of t-tests which examined between-group differences. 
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Figure 2.5: Auditory brainstem response thresholds for gray mouse lemurs. Mean hearing threshold with 
standard deviation (thick black line) and maximum and minimum measured thresholds (thin gray lines) for the 
young adult gray mouse lemurs are shown as graphs. Thresholds below 60 dB SPL represent the hearing range 
(dashed black lines). The fundamental frequency range of gray mouse lemur communication calls is illustrated 
for comparison (dashed gray line). 
 
 
 

 

Figure 2.6: Auditory brainstem response thresholds for old gray mouse lemurs. Mean hearing threshold 
with standard deviation (thick black line) and maximum and minimum measured thresholds (thin gray lines) are 
shown as graphs. Thresholds below 60 dB SPL represent the hearing range (dashed black lines). 



35 

 

 

 

 

 

 

Figure 2.7: Comparison of hearing thresholds from young adult and old gray mouse lemurs. Mean hearing 
thresholds and standard deviations for both age-groups are shown for clicks and tone pips. Asterisks give 
significant threshold difference levels for the tested stimuli from a t-test: * p < 0.05, ** p < 0.001, *** p < 0.001 
(cf. Table 2.1). 
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2.5. Discussion 

Our study demonstrates for the first time comprehensively and objectively assessed the 

hearing range of gray mouse lemurs using a well-established electrophysiological method. 

Auditory thresholds demonstrate that mouse lemurs have a broadband hearing range from 800 

Hz to about 50 kHz with best frequencies of hearing of around 8 kHz. Comparisons of hearing 

thresholds between young adult and old subjects revealed that aging shifted auditory 

thresholds significantly about 16 dB across the whole frequency range. Another difference 

between the two age-groups were the lower amplitudes in the ABR waveforms of old 

compared to young adult gray mouse lemurs whereas the latencies showed no solid group 

difference.  

Our study describes four to five distinct waves in the recorded ABR waveform of gray 

mouse lemurs. The appearance of the signal is consistent with previous findings on other 

species. In ABR recordings of gerbils (Boettcher et al., 1993), guinea pigs (Ingham et al., 

1998) or non-human primates like ring-tailed lemurs (Ramsier and Dominy, 2010) or long-

tailed macaques (Alegre et al., 2001) four distinct waves have also been described. In contrast 

to that, in humans (Møller, 2006), rats (Chen et al., 2010) or cats (Melcher et al., 1996) 

usually five waves are present. However, given the fact that consecutive waves can merge 

(Boettcher, 2002), the present results are consistent with previous findings and indicate 

similar generators, including the auditory nerve, the cochlear nucleus and the superior olivary 

complex (Biacabe et al., 2001; Boettcher, 2002; Melcher and Kiang, 1996). It remains open, 

which part of the auditory brainstem and to which extent contributes to the specific waves in 

gray mouse lemurs.  

It is interesting that using the same technical equipment the signals in cats and guinea 

pigs can be obtained already after 50 averages (cf. by the same methods and very similar 

equipment for cats, Tillein et al., 2012; for guinea pigs, Teudt et al., 2011), whereas in the 

present species, similar to mice (unpublished results), more than 1000 averages were required 

for the same signal quality. This may be related to different anatomical relations of the signal 

generators between these species.  

An age-related decrease in amplitudes of ABR waves is in accordance with several 

studies in humans and animals (e.g. Sand, 1991; Torre III and Fowler, 2000, or see Boettcher, 

2002 for review). Especially the amplitudes of early waves decrease with age (Sand, 1991), 

which is in agreement with the present finding of a significantly lower amplitude in wave III 

of old animals. Boettcher (2002) suggested that the amplitude of the ABR is a direct function 

of the number of neurons and the synchrony of the neurons contributing to the response, as 
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well as the value of the endocochlear potential (EP). Thereby he suggested that age-related 

changes in ABR amplitudes are the consequence of a combination of a reduced number of 

neurons responding to the given stimulus, a reduced synchronization of activity of responding 

neurons and/or a reduction in the EP (Boettcher, 2002). The direct connection of neural 

degeneration of the cochlear nerve and decreased ABR amplitudes could be shown in mice 

and guinea pigs: A temporary noise-induced hearing loss could be reversed but caused an 

acute loss of afferent nerve terminals and delayed degeneration of the cochlear nerve what led 

to decreased ABR amplitudes (Kujawa and Liberman, 2009; Lin et al., 2011). These results 

suggest that the main reason for the age-related decrease in ABR amplitudes of gray mouse 

lemurs is an age-related neural degeneration. Furthermore, there is a lot of evidence that the 

number of spiral ganglion neurons is reduced in presbycusis (Boettcher, 2002). 

In contrast to the significant age-related decrease in amplitude, our study did not 

reveal a difference in ABR latencies between the two age-groups. ABR latencies should, 

however, be affected by threshold elevation (see Boettcher, 2002 for review). These results 

suggest that either the threshold elevation was not large enough or that the main reason for the 

age-related decrease in ABR amplitudes of gray mouse lemurs with no changes in latencies is 

an age-related neural degeneration. 

It has been suggested that the standard mammalian audiogram is characterized by a U-

shape with greatest sensitivity in a mid-frequency region that is correlated with the species-

specific spectral frequency of their vocalization, then a progressive increase in thresholds for 

lower and higher frequencies (Ison et al., 2010). For many primate species this descriptions 

fits well (Coleman, 2009; Heffner, 2004; Ramsier et al., 2012). The gray mouse lemur, 

however, disproves this theory. On the one hand, their auditory thresholds show a U-shape 

with a hearing range from around 800 Hz up to around 40–50 kHz, almost parallel to the 

communication range. On the other hand, the greatest sensitivity around 8 kHz cannot be 

correlated with a fundamental or dominant frequency of any vocalization (Leliveld et al., 

2011; Zimmermann, 2010). Acoustic resonances were tested and excluded in this frequency 

range, and in few animals stimulation was additionally performed at 7877 Hz, 8277 Hz, and 

8300 Hz, with similar thresholds as at 7900 Hz.  

One possible explanation for the frequency of best hearing incongruous to the species 

vocalizations is that it represents an adaptation to frequencies of sounds produced by prey or 

predators. It could be shown that gray mouse lemurs use prey-generated rustling sounds from 

arthropods for prey detection and localization (Goerlitz and Siemers, 2007; Siemers et al., 

2007). However, these sounds are rather noisy and cannot explain the relatively distinct 
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sensitivity peak in the gray mouse lemurs hearing. In contrast to that, an adaptation to 

predator detection is more likely, since the gray mouse lemur, a small nocturnal mammal, 

faces a high predation pressure (Scheumann et al., 2007) and relies on olfactory and acoustic 

signals for predator detection (Kappel et al., 2011; Rahlfs and Fichtel, 2010; Sündermann et 

al., 2008). In fact, the vocalizations of the Madagascar harrier hawk (Polyboroides radiatus, 

Fichtel and Kappeler, 2002) overlap with the hearing sensitivity peak of the gray mouse 

lemur. Thus, it is likely that the frequency of best hearing in this species is rather an 

adaptation to predator detection and avoidance than to intraspecific communication. Other 

lemur species facing a similar predation pressure, such as the genus Eulemur do also show 

their peak of hearing sensitivity in the frequency range around 6–12 kHz (Ramsier et al., 

2012). Further, the hearing sensitivity of the gray mouse lemur coincides with and supports 

the observation by Heffner (2004) that high-frequency hearing decreases and, instead, the 

hearing range extends further into the low frequencies when moving from strepsirrhines to 

New World monkeys, Old World monkeys, apes, and then humans. The mouse lemur is 

suggested to represent the most ancestral primate condition (Martin, 1972) but Heffner’s 

observation cannot be interpreted as evolutionary progression since a broader comparison of 

hearing abilities among all mammals does not support that hypothesis (see Heffner, 2004 for 

review). 

Since the description of four types of human presbycusis by Schuknecht (1974), 

research in this field expanded and his framework has been discussed widely (Chisolm et al., 

2003; Ohlemiller, 2004; Schmiedt, 2010). When comparing the general shape of the auditory 

thresholds of young and old gray mouse lemurs it is noticeable that it does not change. The 

elevation of the hearing threshold in old subjects occurs over all frequencies. The mean 

threshold shift of 16.4 dB may not be considered as hearing impairment according to the 

WHO grades (http://www.who.int/pbd/deafness/hearing_impairment_grades/en/index.html) 

but it is comparable to other model species like chinchilla (McFadden et al., 1997) or mice 

(Henry, 1982). Nonetheless, this threshold shift can already have an influence on the survival 

of gray mouse lemurs in the wild, since it likely impairs prey and predator detection. 

A broadband age-related decrease in hearing sensitivity has also been described for the 

gerbil (Henry et al., 1980). In contrast to that, an age-related high frequency hearing loss is 

common in many species, including humans (Schmiedt, 2010). Nevertheless, there are 

different types of ARHL that are also characterized by different audiogram profiles 

(Schmiedt, 2010). A flat audiometric loss like the one in our study can be ascribed to 

mechanical or metabolic presbycusis (Schmiedt, 2010), though the metabolic type is more 
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likely as no real evidence for an age-related stiffening of the mechanical structure of the organ 

of Corti has been shown so far (Schmiedt, 2010). Overall, it is difficult and not reliable to 

diagnose the form of ARHL from the shape of the audiogram (Chisolm et al., 2003; 

Ohlemiller, 2004). Further studies are necessary to clarify the reasons and mechanisms of the 

here described decrease in hearing sensitivity. 

In addition, establishing the behavioral hearing thresholds of gray mouse lemurs 

would be beneficial, as the difference between behavioral and ABR thresholds is often larger 

in older individuals and ABRs could overestimate the hearing loss (Boettcher, 2002). 

In conclusion, we could for the first time demonstrate an age-related decrease in 

hearing sensitivity, presumably connected to an age-related neural degeneration in the 

cochlear nerve and auditory brainstem, in the gray mouse lemur. The auditory thresholds 

show typical mammalian characteristics. The hearing range reaches in the ultrasonic range 

and covers the vocal communication range of the species, but the frequency of best hearing 

might rather be an adaptation to predator detection. 

Further studies are needed to explore which parts of the gray mouse lemurs auditory 

brainstem and to which extent are involved in generating the ABR and what mechanisms are 

involved in causing the age-related hearing deficit in that species. Long-term measurements 

will characterize the progress of elevated auditory thresholds during aging more exactly. 

Altogether, BERA is a promising, cost- and time-efficient technique to screen hearing 

capabilities and deficiencies in colonies of a primate brain aging model. 
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Chapter 3: Manuscript 2 - Effects of ambient noise on vocal behavior in a 
strepsirrhine primate, the gray mouse lemur (Microcebus murinus)  
 

3.1. Abstract 

Ambient noise may severely impede acoustic communication. Animals may cope with 

ambient noise by adapting their vocal behavior to temporal fluctuations in noise, or by 

changing their call structure to avoid masking. In humans, these changes in call structure, 

termed Lombard speech, comprise simultaneous changes in amplitude, duration and spectral 

features of vocalizations. For non-human primates, Lombard Speech has barely been 

addressed. The present study investigates to which extent the combination of acoustic 

characteristics, typical for Lombard speech, is present in a primate model suggested to 

represent the most ancestral primate condition, the gray mouse lemur (Microcebus murinus). 

To examine noise-dependent changes of vocal behavior, we used a social encounter 

paradigm. When confronted with defined background noise, subjects focussed calling 

behavior on intervals without that noise. Some, but not all subjects, showed an increase of call 

amplitude in noise. Furthermore, subjects increased signal redundancy in the frequency 

domain by decreasing the range of variability in fundamental frequency.  

Our findings suggest that characteristics for Lombard speech in humans, such as the 

simultaneous noise-induced variation in the amplitude and spectral domain of communication 

calls, originated from a pre-human basis. More studies are needed to explore whether the 

ability to modify amplitude and spectral dimensions of communication calls is a specific 

adaptation to cope with fluctuating ambient background noise in noisy forest environments or 

represents a universal mammalian trait. 

 

3.2. Introduction 

In natural environments, communication may be impaired by interfering signals from biotic 

(e.g. produced by other animals or plants) or abiotic (e.g. rain or wind) sources, regardless of 

the involved sensory modality (optical, Longcore and Rich, 2004; Ord et al., 2007; 

vibrational, Miranda, 2006; olfactory, Raguso, 2003; Smith and Getz, 1994; Wyatt, 2003; 

acoustical, Brumm and Slabbekoorn, 2005). In acoustic communication, the signal structure 

as well as the auditory sensitivity of a species are crucial factors determining whether a given 

acoustic background, such as ambient noise is interfering with communication (Brumm and 

Slabbekoorn, 2005). Signal structure and auditory sensitivity are adapted to cope with the 
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ambient noise in the respective ecological niche of a species (Brumm and Slabbekoorn, 2005; 

Slabbekoorn, 2004). However, animals have also to cope with fluctuations in ambient noise 

and have developed different short-term mechanisms comprising adaptations in vocal 

behavior and/or changes in call structure (Brumm and Slabbekoorn, 2005; Hotchkin and 

Parks, 2013).  

The behavioral adaptations include noise avoidance by timing the calls to periods of 

reduced ambient noise (frogs, Love and Bee, 2010; Zelick and Narins, 1985; birds, Brumm, 

2006; bats, Jarvis et al., 2010; New World monkeys, Egnor et al., 2007), which may reduce 

the energetic costs of calling (Oberweger and Goller, 2001; Stoddard and Salazar, 2011).  

Alternatively, animals may accept higher energetic costs and increase the number of 

syllables per call series (birds, Brumm and Slater, 2006; Lengagne et al., 1999; Potash, 1972; 

cetaceans, Buckstaff, 2004; Doyle et al., 2008) to improve the probability of receiving a 

message in noise by increasing signal redundancy according to information theory (Shannon 

and Weaver, 1949). 

In humans, the typical changes in call structure in response to increased ambient noise 

are termed Lombard speech (Brumm and Zollinger, 2011; Hotchkin and Parks, 2013). 

Lombard speech is characterized by simultaneous changes in amplitude (Lombard effect, 

Brumm and Zollinger, 2011; Hotchkin and Parks, 2013; Lombard, 1911; Zollinger and 

Brumm, 2011), duration, and spectral content (fundamental frequency, and formant shifts, and 

spectral tilt) of vocalizations (Garnier et al., 2010; Hotchkin and Parks, 2013; Junqua, 1996; 

Van Summers et al., 1988). Single elements of Lombard speech have been found across a 

wide range of taxa.  

The Lombard effect was reported for birds (Brumm and Naguib, 2009), and different 

mammalian orders, such as bats (Hage et al., 2013; Tressler and Smotherman, 2009), 

carnivores (Nonaka et al., 1997), cetaceans (Parks et al., 2011), and non-human anthropoid 

primates (Brumm et al., 2004; Egnor and Hauser, 2006; Eliades and Wang, 2012; Sinnott et 

al., 1975), but not in frogs (Love and Bee, 2010). Noise-induced increases in signal duration 

were found in birds (Osmanski and Dooling, 2009), frogs (Love and Bee, 2010), and 

mammals, bats (Tressler and Smotherman, 2009), cetaceans (Lesage et al., 1999), and non-

human primates (Brumm et al., 2004; Egnor and Hauser, 2006). Shifting signal frequency out 

of the noise band has been extensively described in urban-living birds (Nemeth and Brumm, 

2009; Proppe et al., 2011; Slabbekoorn and Peet, 2003). Finally, changes in spectral content in 

the presence of noise have also been reported for bats (Hage et al., 2013; Tressler and 
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Smotherman, 2009), rodents (Rabin et al., 2003), and cetaceans (Lesage et al., 1999; Parks et 

al., 2007). 

Studies investigating simultaneous noise-dependent changes in amplitude, duration 

and spectral content, i.e. the combination characteristic for Lombard speech, provided 

diverging results. Changes comparable to Lombard speech were found in a bird (Osmanski 

and Dooling, 2009) and a bat species (Tressler and Smotherman, 2009), whereas another bird 

species showed only a consistent change in amplitude (Leonard and Horn, 2005), and a 

second bat species (Schmidt and Joermann, 1986) and a non-human primate showed a 

combined change in amplitude and duration (Egnor and Hauser, 2006). In studies not taking 

into account all potential changes attributed to Lombard speech, evidence for simultaneous 

changes of amplitude and frequency was provided for a bat (Hage et al., 2013) and a bird 

(Schuster et al., 2012), and changes in duration and frequency were reported for cetaceans 

(Lesage et al., 1999; Parks et al., 2007). Moreover, simultaneous changes of call amplitude 

and duration in noise were reported for another non-human primate (Brumm et al., 2004). 

Thus, non-human primates show simultaneous changes of call features in the presence of 

noise. However, evidence for Lombard speech, extensively studied in humans (for review see 

e.g. Hotchkin and Parks, 2013; Patel and Schell, 2008), is missing for non-human primates, so 

far (Hotchkin and Parks, 2013). The present study addresses the question to what extent 

adaptations to fluctuating ambient noise represent an ancestral primate condition. 

We studied whether a model for the ancestral primate condition, the gray mouse lemur 

(Microcebus murinus), adapts its signal timing and shows effects of Lombard speech to 

fluctuating background noise. 

The gray mouse lemur is a nocturnal primate living in the fine branch niche (Martin, 

1972b) in dense tropical forests of Madagascar. Mouse lemurs mainly rely on olfactory and 

acoustic signals for social communication (Buesching et al., 1998; Perret, 1995; 

Zimmermann, 2010), prey and predator detection, localization and recognition (Bunkus et al., 

2005; Goerlitz and Siemers, 2007; Hohenbrink et al., 2013; Hohenbrink et al., 2012; Kappel 

et al., 2011; Siemers et al., 2007; Sündermann et al., 2008), and have developed a large 

repertoire of social calls with distinct frequency-time contours (Zimmermann, 2010). 

Communication calls carry species-, population-, and individual-specific signatures (Braune 

et al., 2008; Hafen et al., 1998; Leliveld et al., 2011; Zimmermann, 2010; Zimmermann and 

Hafen, 2001), but also show a high intra-individual variability linked to arousal (Dietz and 

Zimmermann, 2004; Zimmermann, 2010). 
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In their natural environment, mouse lemurs are confronted with fluctuating abiotic 

background noise, such as wind or rain as well as intermittent biotic background noise, which 

is mainly produced by insects (Schopf, Zimmermann personal observations), extending into 

their communication range. We hypothesize that gray mouse lemurs show adaptive behavior 

to the presence of fluctuating ambient background noise, i.e. 

(1) adapt the timing of calls, and 

(2) show characteristics of Lombard speech. 

 

3.3. Materials and methods 

3.3.1. Subjects 

We studied 12 adult male and 12 adult female gray mouse lemurs (Microcebus murinus) kept 

in different rooms in the animal facility of the Institute of Zoology, University of Veterinary 

Medicine Hannover, Foundation and belonging to the local breeding colony. All subjects 

were born in captivity and ranged in age from nine months to nine years. The animals were 

held in same-sex pairs, same-sex groups or solitarily in cages made of wire mesh (stainless 

steel cages for marmosets, combinable, 63 cm x 150 cm x 80 cm, BIOSCAPE GmbH, 

Castrop-Rauxel, Germany) or wood, glass, and wire mesh (self-made, 140 cm x 170 cm x 70 

cm). Each cage provided branches, twigs, pipes, and one to four nest boxes (20 x 11 x 11 cm) 

and the cage floor was covered with litter and paper, which was changed twice weekly. The 

room temperature was kept between 22°C and 28°C. 

The diet consisted of seasonal fresh fruits and vegetables, dried fruits, and mealworms 

every other day. On the non-mealworm days, the animals were offered milk porridge enriched 

with vitamins, minerals, and albumin. Water was available ad libitum (details of housing 

conditions and diet are described in detail in Wrogemann et al., 2001). 

 

3.3.2. Experimental Set-up 

To induce calling experimentally under standardized conditions, a social encounter paradigm 

was used (see also Dietz and Zimmermann, 2004; Zimmermann, 2010). A male and a female 

(called test pair), not previously housed in the same cage, but in the same room, were brought 

into contact in a test cage (self-made wire-mesh cage, 94 cm x 47 cm x 26 cm, Figure 3.1) in a 

sound-attenuated chamber under red light. The cage was divided into two equal sections, one 

section for each animal with the male always in the right section. A metal grid separated both 



50 

cage sections and restrained direct contact between the subjects. The separation grid was 

covered with thin white cloth leaving a 12.5 cm x 13.0 cm window on the floor of the cage for 

visual contact (contact zone). A nest box was connected to each section of the cage, also 

serving as a means of transportation. Calls emitted during an experiment were recorded by a 

D1000X ultrasound detector (Pettersson Elektronik AB, Uppsala, Sweden) with a 16-bit 

resolution and a sampling rate of 250 kHz. In analogy to Brumm et al. (2004), the microphone 

of the ultrasound detector was positioned 40 cm directly above the center of the test cage to 

minimize variation in sound level caused by lateral head movements of the subjects. All 

experiments were videotaped using three digital camcorders (Handycam DCR-SR35, Sony 

Corp., Tokyo, Japan) in nightshot mode which recorded from three fixed angles. One camera 

filmed the whole test cage from above (see Figure 3.1, camera 2), the other two cameras were 

oriented towards the nest boxes, respectively (see Figure 3.1, cameras 1 and 3). The cameras 

were connected to monitors outside the sound-attenuated chamber where the experimenter sat 

and observed the experiments. 

 

 

 

 
Figure 3.1: Schematic representation of the experimental set-up of the social encounter paradigm. To 
experimentally induce calling in different background noise conditions in male-female test pairs of the gray 
mouse lemur a social encounter paradigm was used. 
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A defined ambient noise floor was emitted via a high frequency loudspeaker (ribbon tweeter 

923108, quadral GmbH & Co. KG, Hannover, Germany) with a linearly (±4 dB) decreasing 

by 11 dB between 4.0 kHz to 80.0 kHz placed at a distance of 150 cm from the nest box exit 

of the male. White noise was produced by a noise generator (Sine Random Generator Type 

1027, Brüel & Kjær Sound & Vibration Measurement A/S, Nærum, Denmark), band-pass 

filtered by a dual hi/lo filter (model 852, Rockland Systems Corporation, Nyack, NY, USA) 

and connected to the high frequency loudspeaker via a HK 980 amplifier (harman/kardon, 

HARMAN International Industries, Stamford, CT, USA). The background noise used for the 

playback experiments consisted of band-pass filtered white noise ranging from 12 to 26 kHz. 

This noise band was chosen to mask the prominent frequency components of important social 

calls (trill call, long whistle call, tsak call, whistle-trill call, Leliveld et al., 2011; 

Zimmermann, 1995, 2010). Background noise was played back at levels of 60, 65, or 70 dB 

SPL. We set the different sound pressure levels of the noise playbacks using a measuring 

amplifier (Type 2610, Brüel & Kjær Sound & Vibration Measurement A/S, Nærum, 

Denmark; time constant ‘fast’; linear frequency weighting; measuring range 22.4–200000·Hz) 

connected to a free-field ¼ inch microphone (Type 4939, Brüel & Kjær Sound & Vibration 

Measurement A/S, Nærum, Denmark) with a preamplifier (Type 2670, Brüel & Kjær Sound 

& Vibration Measurement A/S, Nærum, Denmark). For these measurements, the microphone 

was placed in the center of the male’s section of the cage and the volume of the amplifier or 

of the noise generator was set to the respective sound pressure levels. In the four corners (one 

representing the entrance of the box) of the male’s section, sound pressure levels varied by 

±2 dB compared to the value for the center. 

The ambient noise level without additional noise playback in the sound-attenuated 

chamber was no higher than 35 dB SPL within the range of 12 to 26 kHz (measured as 

described above). After each experiment, we additionally measured the sound pressure level 

of each background noise condition directly at the position of the ultrasound detector 

microphone to obtain a sound pressure baseline. 

 

3.3.3. Procedure 

Before the experiments started, each test pair was habituated to the experimental set-up and 

the experimental procedure in 20-minute habituation sessions. We defined a test pair as 

habituated when both subjects were active outside the nest box and emitted calls. All test pairs 

had at least three habituation sessions, four test pairs needing four sessions to fulfil the 

criterion. 
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The experiments started at the beginning of the activity period of the subjects. After 

removing a subject from its home cage, it was placed in a new nest box which was then 

attached to the test cage in the sound–attenuated chamber. After the nest boxes were in place, 

and opened, each experiment started by a triple finger snapping which served to synchronize 

the audio and video recordings. The experimenter left the chamber after the snaps. An 

experiment with a total duration of 30 minutes consisted of six 5-minute alternating noise/no-

noise intervals and always started with a no-noise (Figure 3.2). In each experiment all three 

background noise levels of 60, 65, or 70 dB SPL were played back but during each noise 

interval only one of the three different noise levels was presented randomly. Four experiments 

were conducted with each test pair at an interval of at least one day. 

 

 

 
Figure 3.2: Schematic representation of the noise playback design of an experiment. Each test pair was 
tested in four experiments consisting of six 5-minute intervals each. The experiment always started with a no-
noise interval followed by alternating noise/no-noise intervals. During each noise interval one of the three 
different noise levels were presented. Thus, each of the three noise levels was presented during one experiment. 

  
 

 

3.3.4. Data analysis 

Calls were recorded from all different zones of a cage section. The occurrence of calls was 

analyzed by displaying them visually as oscillogram and sonagram using BatSound Pro 3.0 

(Pettersson Elektronik AB, Uppsala, Sweden). Call types were identified according to 

Zimmermann (2010). Caller identification was achieved by synchronizing the audio and video 

recordings and checking in the video which animal had emitted the call. Movements of the 

mouth, flanks, or a combination of both were used to detect call emission (Zimmermann, 

1996). As calls could not always be assigned to the respective sender of a test pair in the video 

recordings, the occurrence of different call types in each experiment and the call rate for 

different call types during all experiments were calculated for each test pair. Calls which 

could be assigned to the respective caller and did not overlap with calls of the interaction 

partner or movement noise were selected and included in a multiparametric sound analysis 
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using self-written macros in SIGNAL 4 (Engineering Design, Berkeley, CA, USA). We 

focussed on the most frequently emitted call types. Six acoustic parameters were determined 

to characterize signal timing and potential components for Lombard speech (for description of 

call parameters and their measurement see Table 3.1). We chose to determine the ratio of first 

and third harmonic to test for a potential shift of spectral energy towards the first unmasked 

harmonic (i.e. the third). Additionally, since the visual inspection of spectrograms showed 

obvious differences in the range of the fundamental frequency (F0) between the noise and no-

noise condition in the more constant frequency whistle calls, we calculated the range of 

variability of F0. 

To measure call amplitude comparably between experiments, we applied the following 

procedure: first, we verified a standardized orientation of the calling subject via the 

synchronized audio and video recordings, by choosing only calls emitted of animals facing 

the separation grid so that the animals body and the grid were perpendicular; second, we 

verified the position of the calling subject via the synchronized audio and video recordings, 

and determined the position as centered, or off center. An animal was classified as centered 

when it held its head horizontally and had a quadruped position in an area of 15 cm x 10 cm 

directly under the recording microphone. For callers off center, we corrected the 

measurements as follows: we divided the whole test cage into 14 equal compartments. The 

high frequency loudspeaker was positioned in each compartment facing towards the other 

section of the cage (simulating a calling towards the interaction partner). From each 

compartment, we played a trill call, a long whistle call and a short whistle call series and 

measured the sound pressure level of each call at the recording microphone. The difference 

between these measured values and the value obtained by call playback directly under the 

microphone was used to correct the results of the sound level measurements of calls uttered in 

a given compartment. 

Avisoft-SASLab Pro software (Avisoft Bioacoustics, Berlin, Germany) was used for 

sound level measurements of recorded calls (Brumm et al., 2004). Avisoft was calibrated 

using 2 s of recorded noise of the respective condition, taking the baseline value directly 

measured at the position of the microphone as sound pressure level of that noise segment. 

Afterwards, the maximum root-mean-squared sound pressure value of the call with an 

averaging time of 1 ms was measured in Avisoft-SASLab Pro (cf. Brumm et al., 2004). From 

that value the sound pressure level of the added noise was subtracted logarithmically (Brumm 

and Zollinger, 2011; Weißing, 1984) to obtain the final sound pressure level of the call. 
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Table 3.1: Acoustic parameters for the trill calls (Tr), long whistle calls (Lw), short whistle calls (Sw) 

Type Parameter Description 
determined 

for 

Temporal Durationa, b Time between onset and offset a call (ms) Tr, Lw, Sw 

 Intercall Intervala, b Time between the offset of a call and the onset of the 

successive call within a bout (ms) 

Lw, Sw 

 Call rate Number of calls per hour Tr, Lw, Sw 

Amplitude Amplitude Sound pressure level (dB SPL) Tr, Lw, Sw 

Spectral Ratio 1st and 3rd harmonic Relative amplitude difference between 1st and 3rd harmonic 

(dB) 

Lw, Sw 

 Fundamental (F0)
 b Fundamental frequency of total call (Hz) Tr, Lw, Sw 

 Range of variability of F0 Difference between calls of lowest and highest F0 in a five-

minute interval (Hz) 

Lw, Sw 

a cf. Leliveld et al., 2011; b cf. Scheumann et al., 2007; Frequency measurements within the time course of a call 
were taken using a 5-ms time window. 
 

 

3.3.5. Statistical Analysis 

Not all test pairs uttered calls in each condition with additional background noise. Thus, we 

pooled the three conditions of 60, 65, and 70 dB SPL as noise condition and compared this 

with the no-noise condition (without additional background noise). We described potential 

effects of background noise to vocal behavior and the call structure of the animals on the level 

of test pairs and the level of individuals. For comparisons between the no-noise condition and 

noise condition, a Wilcoxon Matched Pairs test was used comparing median values of groups 

of test pairs or individuals. For sample sizes N < 16 the exact p value is given (Mundry and 

Fischer, 1998). To control for multiple testing we applied the Fisher’s Omnibus test 

combining the multiple p values (Haccou and Meelis, 1994). 

A number of test pairs did not emit certain call types in one of the conditions so that a 

group comparison for the call parameters was not always possible. In that case we used a 

Mann-Whitney-U test to compare the two conditions within an individual. All statistical tests 

were conducted with α set at 0.05. The tests were performed using Statistica 6.1 (StatSoft, 

Inc., Tulsa, OK, USA) and IBM SPSS Statistics 20 (IBM Corp., Armonk, NY, USA) except 

the Fisher’s Omnibus tests which were calculated manually using Microsoft Office Excel 

2003 (Microsoft Corp., Redmond, WA, USA). 
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3.3.6. Ethics Statement 

The conducted research followed the national guidelines of the German Society of 

Primatology (GfP) for research on non-human primates. It was approved by the animal 

welfare officer of the University of Veterinary Medicine Hannover, Foundation as well as by 

the State of Lower Saxony Office for Consumer Protection and Food Safety (LAVES; 

approval date: October 20, 2010; number: 33.9-42502-05-10A080), which is the responsible 

agency of the State Lower Saxony for approval of animal studies according to the German 

Animal Welfare Act (TierSchG). As we only performed noninvasive, behavioral studies our 

research is in accordance with the recommendations of the Weatherall report on the use of 

non-human primates in research. The subjects were tested in a familiar test cage. There was 

no physical contact between the experimenter and the subjects. 
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3.4. Results 

3.4.1. Short-term effects on signal timing 

Five different call types (trill call, long whistle call, short whistle call, tsak call, whistle trill 

call) occurred in the no-noise and noise conditions. All 12 test pairs vocalized in both 

conditions (Table 3.2 first row). The number of test pairs uttering the short whistle call in both 

conditions was highest compared to the other call types (Table 3.2).  

The number of experiments in which calls were uttered in the respective noise 

condition did not statistically differ between conditions for the trill call, the long whistle call, 

the tsak call and the whistle trill call, but was significantly different for the short whistle call 

(Figure 3.3). The short whistle call was uttered in significantly more experiments in the no-

noise compared to the noise condition (Wilcoxon Matched Pairs Test: short whistle call: T = 

2; p = 0.031; trill call: T = 5; p = 0.375; long whistle call: T = 6.5; p = 1; tsak call: T = 0; p = 

0.125; whistle trill call: n/a; N = 12 test pairs).  

Evidence for effects of noise on signal timing is also reflected in the short whistle call 

rates on test pair level. In the no-noise condition, the short whistle call rate was significantly 

higher compared to the noise condition (Figure 3.4; Wilcoxon Matched Pairs Test: short 

whistle call: T = 2; p = 0.001; N = 12 test pairs). For the other four call types such an effect 

could not be found (Wilcoxon Matched Pairs Test: trill call: T = 5; p = 0.156; long whistle 

call: T = 7; p = 0.297; tsak call: T = 8; p = 0.688; whistle trill call: n/a; N = 12 test pairs).  

 

 

Table 3.2: Distribution of calling activity in the different background noise conditions. 
 Number of test pairs uttering calls in the different background noise conditions 
Condition no-noise noise no-noise noise no-noise noise no-noise noise 
call present + + + - - + - - 
any call type 12 0 0 0 
trill call 3 2 2 5 
long whistle call 6 0 1 5 
short whistle call 8 4 0 0 
tsak call 4 1 0 7 
whistle trill call 1 0 0 11 
+ calls occurred in the respective condition; - calls did not occur in the respective condition 
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Figure 3.3: Occurrence of experiments with specific call types. All three major call types occurred in both 
conditions. The short whistle call occurred in a significantly lower number of experiments in the noise condition 
(Wilcoxon Matched Pairs Test: N = 12 test pairs; p < 0.05). Median values, interquartile ranges, maximum, and 
minimum values for each call type and each condition are depicted in the boxplot. 
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Figure 3.4: Call rate variation for the short whistle call. The call rate, calculated from all short whistles of a 
test pair during all experiments, decreased significantly in the noise condition compared to the no-noise 
condition (Wilcoxon Matched Pairs Test: N = 12; T = 2; p = 0.001). Median values, interquartile ranges, 
maximum, and minimum values for both conditions are depicted.  

 
 

3.4.2. Short-term effects on signal structure 

An analysis of the call parameters was performed on the three major call types (trill call, long 

whistle call, short whistle call) emitted in the two noise conditions. 

We found evidence for the Lombard effect in all three major call types. In seven of ten 

instances (i.e. subject and call type) the individual level analysis revealed an increase in call 

amplitude, which was statistically significant in four cases (Table 3.3). 

The second short-term effect we found was a significant decrease in the range of 

variability of the F0 for the noise condition in short whistle call series (Figure 3.5; Wilcoxon 

Matched Pairs Test, one-sided: T = 0; p = 0.031; N = 5 animals). For the long whistle call this 

effect could not be found (Wilcoxon Matched Pairs Test, one-sided: T = 14; p = 0.180; N = 9 

animals).  

In all three investigated call types, duration, intercall interval, F0, and ratio 1st and 3rd 

harmonic did not show significant differences between the no-noise and noise condition 

(Wilcoxon Matched Pairs Tests: p > 0.05; Nlong whistle call = 9 animals; Nshort whistle call = 5 

animals; trill call: n/a). Controlling for multiple testing, using Fisher’s Omnibus test, showed 
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that the significant differences in the short whistle call results cannot be explained by chance 

(short whistle call: χ² = 21.67; df = 12; p < 0.05; long whistle call: χ² = 14.35; df = 12; p = 

0.28). 

 

Table 3.3: Results of the individual level comparison of call amplitude in the no-noise and the noise 
condition using a Mann-Whitney U Test. 

     no-noise   noise     
Subject sex Call type median amplitude [dB SPL] # calls median amplitude [dB SPL] # calls p 

1 m Tr 87 4 74 3 - 
2 m Tr 63 13 63 17 0.934 
3 m Tr 61 12 65 14 0.015 
4 m Tr 73 17 81 7 0.318 
5 f Lw 93 16 97 15 0.682 
6 f Lw 95 4 97 22 0.013 
7 f Lw 94 2 98 7 0.111 
5 f Sw 88 14 85 18 0.004 
6 f Sw 73 18 85 35 < 0.001 
8 f Sw 80 8 94 12 < 0.001 

Tr - trill call, Lw - long whistle call, Sw - short whistle call 
 

 

 

 
Figure 3.5: Range of variability of F0 of short whistle calls. In the noise condition, the difference between 
short whistle calls of lowest and highest F0 in a five-minute interval was significantly lower than in the no-noise 
condition (Wilcoxon Matched Pairs Test: N = 5 subjects; p < 0.05). Median values, interquartile ranges, 
maximum, and minimum values for both conditions are depicted. 
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3.5. Discussion 

Our study demonstrates that a primate, suggested to represent the most ancestral primate 

condition, the gray mouse lemur, is already able to modify its vocal behavior and acoustics in 

fluctuating background noise. Besides of the reduced calling activity in noise, the animals are 

also able to show effects which are part of Lombard speech like enhanced amplitude in 

different call types. Furthermore a simultaneously decrease in the range of variability of F0 

was found. 

Gray mouse lemurs do not show symptoms of higher arousal in the noise condition, such as 

previously described tail-flicking or arousal-related changes in call parameters (Zimmermann, 

2010). Thus, the animals do not seem to be much scared by the noise. 

Considering calling as energetically costly (Oberweger and Goller, 2001; Stoddard and 

Salazar, 2011), a possible noise avoidance strategy is to avoid calling during background 

noise. In gray mouse lemurs, we found this noise avoidance strategy for short whistle calls, 

represented by the significantly decreased call rate. However, such an effect was not found for 

the trill call, long whistle call, tsak call, and whistle-trill call, maybe due to a low overall 

occurrence of these call types (Table 3.2). This masking avoidance is in accordance with 

findings in other animal species, such as bats (echolocation calls, Jarvis et al., 2010), 

songbirds (song, Brumm, 2006; Cody and Brown, 1969; Ficken et al., 1974), insects 

(song/chirps, Cade and Otte, 1982), anurans (advertisement call, Grafe, 1996; Zelick and 

Narins, 1985), and New World monkeys (isolation call, Egnor et al., 2007). Cotton-top 

tamarins (Saguinus oedipus, Egnor et al., 2007) for example did not start calling in short noise 

intervals during a patterned noise experiment. In contrast to that, the tested gray mouse lemurs 

even initiated calls in the noise condition supporting that the animals were not scared off by 

the noise and ceased calling completely. 

Corresponding to the decreased calling activity, an increased serial redundancy 

represented by a higher call rate or decreased intercall interval in noise was not found in gray 

mouse lemurs. As shown, the amount of short whistle calls did not increase in the noise 

condition although short whistle call series in gray mouse lemurs seem to fulfill the 

requirements for an effect of increased serial redundancy in increased background noise as 

they are very flexible in the amount of calls within a series (Zimmermann et al., 2000). 

However, this noise-dependent short-term mechanism could neither be found in gray mouse 

lemurs nor in any other investigated primate species (Brumm et al., 2004; Egnor and Hauser, 

2006) nor in humans (Cooke and Lu, 2010) and thus seems not to be relevant for primate 

vocal communication in noise. So far, evidence for this effect is limited to birds (Brumm and 
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Slater, 2006; Lengagne et al., 1999; Potash, 1972) and cetaceans (Buckstaff, 2004; Doyle et 

al., 2008). 

Concerning the characteristics defining Lombard speech, gray mouse lemurs show the 

ability to increase call amplitude, thus showing the Lombard effect. 

In humans it has been shown that Lombard effect shows a high individual variation 

and depends on factors, such as speaker, context, language, linguistic content, or noise type 

(Brumm and Zollinger, 2011; Hotchkin and Parks, 2013; Junqua, 1996; Lane and Tranel, 

1971; Patel and Schell, 2008). Interestingly, gray mouse lemurs do also show a high 

individual variation concerning the Lombard effect. Whereas three subjects increased the 

amplitude of calls in increased background noise, five showed no such significant change. 

This variation maybe a result of many individuals emitting calls in the no-noise condition 

with quite high amplitudes, already at least 13 dB SPL above the then added masking noise 

levels (Table 3.3). These animals may have reached their physical upper limit and may have 

had no capacity to increase their call amplitude significantly. Such an effect was also shown 

in male tinamous (Eudromia elegans, Schuster et al., 2012) and for a specific call type in one 

individual common marmoset (Callithrix jacchus, Eliades and Wang, 2012). In addition, 

individuals calling with high amplitudes in the no-noise condition may not be affected that 

much by the presented masking noise. 

So far, the Lombard effect has also been reported for anthropoid primates (Brumm et 

al., 2004; Egnor and Hauser, 2006; Sinnott et al., 1975). Our study provides first evidence for 

the presence of this ability in a strepsirrhine primate, that is suggested to reflect the most 

ancestral primate condition (Martin, 1972a). Thus, the Lombard effect might be a common 

trait of all primate species. However, the present results tally with alternative hypotheses 

namely that the Lombard effect results from a convergent evolution in birds and mammals, or 

else a synapomorphy of all amniotes (Brumm and Zollinger, 2011). 

The second characteristic of Lombard speech, call duration, was not altered in 

increased background noise by the gray mouse lemurs. This is in contrast to two New World 

monkeys, cotton-top tamarins (Saguinus oedipus) and common marmosets (Callithrix 

jacchus) which increased the duration of their isolation calls in noise (Brumm et al., 2004; 

Egnor and Hauser, 2006). Although mouse lemur whistles vary widely in duration 

(Zimmermann, 1995), the animals do not change this parameter depending on background 

noise. 

An increased signal duration in noise was found in a variety of taxa (humans, e.g. 

Newman, 2003; Van Summers et al., 1988; non-human primates, Brumm et al., 2004; Egnor 
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and Hauser, 2006; bats, Tressler and Smotherman, 2009; birds, Leonard and Horn, 2005; 

Osmanski and Dooling, 2009; frogs, Love and Bee, 2010) irrespective of call duration which 

differed from 4-7 ms in bats (Tressler and Smotherman, 2009) to 410-505 ms in cotton-top 

tamarins (Egnor and Hauser, 2006). Longer call duration is supposed to improve signal 

detection based on an improved temporal summation (Brumm and Slabbekoorn, 2005). 

However, together with another study in domestic fowl (Gallus gallus domesticus, Brumm et 

al., 2009), our study provides evidence that not all tested species increase call duration. Thus, 

this effect seems to be more specific and is no common trait among primates or birds. 

Gray mouse lemurs did not change the analysed spectral components of Lombard 

speech (i.e. F0 and ratio 1st and 3rd harmonic) in increased background noise. When 

confronted with such noise, the animals did not shift F0 or call energy of any investigated call 

type out of the noise band even though they cover a wide frequency range in their vocal 

repertoire and shift frequencies linked to arousal (Zimmermann, 2010).  

An increased F0 in noise was found in different birds (Nemeth and Brumm, 2009; 

Proppe et al., 2011; Slabbekoorn and Peet, 2003) and mammals (Hage et al., 2013; Lesage et 

al., 1999; Parks et al., 2007; Tressler and Smotherman, 2009), as well as humans (Garnier et 

al., 2010; Van Summers et al., 1988). However, since results for tested non-human primates 

are all negative (Egnor and Hauser, 2006; this study), either those species lost an otherwise 

common trait or the noise-induced increase of F0 may have evolved convergently. 

In contrast to the lacking ability to shift spectral energy out of the noise band, gray mouse 

lemurs rather focus energy in series of short whistle calls to a smaller frequency band when 

confronted with increased background noise. Within a 5-minute no-noise interval the 

fundamental frequency of short whistles is around 13.6 to 17.8 kHz and may vary between 2.2 

and 4.9 kHz in one individual. In the noise condition this range narrows significantly (F0: 

around 12.6 – 18.5 kHz; range of variability: 1.2 – 2.9 kHz). Such a noise-induced focussing 

of spectral energy within a call series has not been described so far and can be considered as 

an increased spectral redundancy in response to background noise. Since redundancy is 

defined by Shannon and Weaver as a “fraction of the message [which] is unnecessary (and 

hence repetitive or redundant) in the sense that if it were missing the message would still be 

essentially complete” (Shannon and Weaver, 1949), it may comprise the spectral, as well as 

the temporal, structure of the signal. Changes in signal bandwidth leading to more 

concentrated sound energy within a specific frequency range can be understood as increased 

spectral redundancy. The latter mechanism has been shown to improve the perception of an 

acoustic signal in background noise (Lohr et al., 2003; Pohl et al., 2009) what might be the 
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function for gray mouse lemurs as well. Studies like those done in birds (Lohr et al., 2003; 

Pohl et al., 2009) determining call detection thresholds in noise could investigate the function 

of that newly described mechanism for mouse lemurs further. 

Simultaneous change of call parameters in noise, a further characteristic for Lombard 

speech, was found in two of the subjects showing noise-dependent responses in amplitude, 

which did simultaneously decrease the range of variability in F0 of short whistle call series. 

Thus, the concurrently noise-induced change of call amplitude and a spectral characteristic 

could be shown for the first time in a non-human primate. Other non-human primates showed 

a combined noise-dependent increase of call amplitude and call duration (Brumm et al., 2004; 

Egnor and Hauser, 2006). The complex pattern of Lombard speech combining vocal changes 

in amplitude and spectral and temporal properties could not be shown in any non-human 

primate so far, mainly due to a lack of studies covering the whole array of parameters 

(Hotchkin and Parks, 2013).  

In other taxa, simultaneous changes combining some of the effects of Lombard speech 

were found in birds (Osmanski and Dooling, 2009) and mammals, such as cetaceans (Lesage 

et al., 1999; Parks et al., 2007) and bats (Hage et al., 2013; Schmidt and Joermann, 1986; 

Tressler and Smotherman, 2009). However, evidence for a combination of all Lombard 

speech characteristics in mammals is limited to echolocation calls of free-tailed bats 

(Tadarida brasiliensis, Tressler et al., 2011; Tressler and Smotherman, 2009). Whereas for 

this bat species it has been concluded that the occurring effects might be biomechanically 

linked (Tressler and Smotherman, 2009), the various results in all the other taxa, including 

other echolocating bats species, rather indicate an independent control of the different effects 

(Hage et al., 2013; Hotchkin and Parks, 2013; Zollinger and Brumm, 2011). Thus, the 

occurrence of simultaneous short-term adaptations to noise may have been shaped differently 

among taxa, depending on the importance of information mainly encoded in the spectro-

temporal content of their vocalizations (Hotchkin and Parks, 2013). However, there are 

indications for a pre-human basis of Lombard speech characteristics, but due to the scarcity 

and inconsistency of data it remains an open question whether simultaneous changes of call 

parameters in noise are rather specific or a common trait of vocalizing mammals and birds. 

In conclusion, we demonstrated for the first time noise-dependent vocal adaptations in 

a strepsirrhine primate, the gray mouse lemur. First, subjects showed a strategy to avoid noise 

by decreasing calling behavior in noise. Second, they adapted call features in increased 

background noise by showing effects characteristic for Lombard speech. The gray mouse 

lemur showed the ability to enhance amplitude in different call types and concurrently 
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increased spectral signal redundancy in noise in the short whistle call by focussing energy in a 

narrower frequency band in a call series. Simultaneous changes to the call amplitude and 

spectral properties in noise were demonstrated in a non-human primate for the first time. The 

Lombard effect has been found in all investigated primate species so far (Brumm et al., 2004; 

Egnor and Hauser, 2006; Eliades and Wang, 2012; Lombard, 1911; Sinnott et al., 1975), now 

including a primate suggested to reflect the most ancestral primate condition (Martin, 1972a). 

In contrast to the Lombard effect, other noise-dependent short-term effects increasing 

temporal (duration), serial or spectral redundancy are more specific and may have evolved 

later in the haplorrhine primate lineage convergent to other taxa (bats, Tressler and 

Smotherman, 2009; birds, Osmanski and Dooling, 2009; frogs, Love and Bee, 2010) or in 

strepsirrhine primates, respectively. 

Finally, this study helps to provide further insight into noise-dependent vocal 

adaptations in primates and mammals. However, more studies are needed to explore to which 

extent the presented mechanisms are specific adaptations to cope with fluctuating ambient 

background noise in noisy forest environments or represents universal mammalian traits. 
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Chapter 4: General Discussion 

 

The aim of this doctoral thesis was to analyse the acoustic communication system of the gray 

mouse lemur, a primate model for the most ancestral primate condition as well as brain aging, 

and to investigate the effects of noise and aging on specific parts of its communication 

system. 

Measuring for the first time comparable age-related hearing thresholds in a 

strepsirrhine primate, I revealed that on the receiver’s side of their communication system 

gray mouse lemurs show auditory thresholds comparable to other studied lemur species. 

Additionally, gray mouse lemurs experience a broadband decrease in hearing sensitivity 

during aging what is uncommon compared to most other investigated species including 

humans. Concerning the sender’s side of acoustic communication, I showed that gray mouse 

lemurs are able to modify vocal behaviour and structure under the influence of increased 

background noise. Comparing vocalizations uttered in the presence of different background 

noise conditions, I found evidence for multiple changes, such as a decreased calling activity, 

but an increased call amplitude and spectral redundancy in increased noise. On the one hand, 

gray mouse lemurs avoid noise by calling less but on the other hand, they also have the ability 

to increase the signal-to-noise ratio when calling in noise. 

Considering all results together, I conclude that the gray mouse lemur is an important 

non-human primate model species that can help to expand the knowledge on basic 

mechanisms and principles of the effects of noise and aging on acoustic communication and 

their potential evolutionary history. 
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4.1. Receiver – Hearing 

The ABR thresholds of the gray mouse lemur established in chapter 2 and the age-related 

increase of hearing thresholds with the simultaneous age-related decrease in ABR amplitude 

provide the basis for several further considerations concerning the receiver’s side of acoustic 

communication in this species and beyond. 

4.1.1. Evolution of hearing sensitivity  

As discussed in chapter 2 the auditory thresholds of the gray mouse lemur show the standard 

mammalian U-shape with a hearing range from 800 Hz to almost 50 kHz. However, the 

frequency of best hearing (7.9 kHz) cannot be correlated with a fundamental or dominant 

frequency of any gray mouse lemur vocalization and is rather an adaptation to predator 

detection and avoidance than to intraspecific communication. 

The prevailing model of the evolution of hearing sensitivity in primates and mammals 

focuses on high-frequency hearing with sound localization as selective pressure (Heffner, 

2004). According to this model, an enhanced high-frequency hearing sensitivity is inversely 

proportional to interaural distance. Low-frequency sounds (i.e. sounds with long wavelengths) 

are likely to bypass smaller heads, so that smaller species depend on higher frequencies for 

sound localization (Heffner, 2004; Ramsier et al., 2012) via the interaural level difference 

(ILD) and directional properties of the pinnae. The high-frequency hearing limit is usually 

defined as the highest frequency detectable at 60 dB SPL, i.e. the upper end of the hearing 

range (Heffner, 2004; Ramsier et al., 2012). 

According to Heffner’s model, the gray mouse lemur as one of the smallest primates 

with a bizygomatic distance of about 22 mm (Hafen et al., 1998) would be expected to have 

one of the highest high-frequency hearing limits in this order. In contrast to that, the high-

frequency hearing limit of the gray mouse lemur is between 40 and 50 kHz and thus in the 

lowermost third of values estimated for other, bigger strepsirrhines using ABR thresholds 

(Ramsier et al., 2012). Additionally, the results from the gray mouse lemur are in accordance 

with data from Ramsier et al. (2012) who did not find a correlation between the high-

frequency limit and the interaural distance of the eleven strepsirrhine primates in their study, 

either. However, after combining their results with comparable published primate-wide data 

from free-field behavioural testing, the negative relationship between interaural distance and 

high-frequency hearing limit consistent to Heffner’s model could be shown (Ramsier et al., 

2012). 



72 

Nevertheless, the strepsirrhine data from Ramsier et al. (2012) and the study of 

Coleman (2009) analysing primate behavioural audiograms point out that head size or 

interaural distance cannot explain all of the variation concerning hearing sensitivity in 

primates. One factor that potentially explains the strepsirrhine and primate-wide combined 

data is social complexity measured by average foraging group size (Ramsier et al., 2012). 

Social complexity is positively correlated with increased overall auditory sensitivity (i.e. 

decreased mean thresholds) and the high-frequency hearing limit (Ramsier et al., 2012). 

According to this ‘social-drive’ model, complex social behaviour is suggested to have been a 

driving factor in the evolution of enhanced hearing sensitivity (Ramsier et al., 2012). This 

model is supported by the general biological pattern among birds and mammals, including 

primates, showing a link between social group size and vocal complexity (Freeberg, 2006; 

May-Collado et al., 2007; McComb and Semple, 2005). Furthermore, it predicts the increased 

overall auditory sensitivity and the increased high-frequency limits (Ramsier et al., 2012). 

Individuals in larger social groups have to travel greater distances through more variable 

habitats (Chapman and Chapman, 2000), thus a receiver is challenged to detect a large 

number of discrete vocal signals (McComb and Semple, 2005) which may vary between 

individuals (e.g. Fischer et al., 2002; Rendall et al., 2009), and across different habitat 

conditions (Brown et al., 1995; Waser and Brown, 1986). An increased overall auditory 

sensitivity is expected to provide adaptive advantages to individuals facing these acoustic 

challenges (Ramsier et al., 2012). One important function of large social groups is predator 

deterrence (Janson and Goldsmith, 1995). Additionally, predator-specific alarm calls often 

have a high-frequency acoustic structure (Morton, 1977; Vencl, 1977), so that an enhanced 

sensitivity to high-frequencies is expected to be beneficial to signal receivers (Ramsier et al., 

2012). So far, however, a causation between social complexity and enhanced hearing 

sensitivity could not be verified, only that these traits seem to be coevolved (Ramsier et al., 

2012). 

Gray mouse lemurs have a dispersed social system and forage solitarily (Radespiel, 

2000). According to the model of Ramsier et al. (2012), gray mouse lemurs would be 

expected to show a relatively low high-frequency limit and a relatively low overall auditory 

sensitivity. As mentioned above, the high-frequency hearing limit of this species is 

comparatively low. Additionally, the mean auditory threshold of the young adult gray mouse 

lemurs is 39.5 dB SPL what is slightly below the two highest values (40.6 dB SPL in slow 

loris; 41.6 dB SPL in pygmy slow loris) from the comparable ABR dataset of strepsirrhine 
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primates of Ramsier et al. (2012). Thus, the here presented data for gray mouse lemurs 

support the model proposed by Ramsier et al. (2012). 

Taken together, the characteristics of the gray mouse lemur auditory thresholds (high-

frequency limit between 40-50 kHz; frequency of best hearing around 8 kHz) are close to 

characteristics described for the reconstructed ancestral ABR thresholds of strepsirrhines 

(high-frequency limit ca. 51 kHz; frequency of best hearing 8-16 kHz; Ramsier, 2013). Based 

on these reconstructed thresholds and according to the model of Ramsier et al. (2012), it is 

suggested that the ancestral strepsirrhine may have lived in relatively small groups of 1-3 

individuals (Ramsier, 2013) a trait also shared by the solitary foraging gray mouse lemur 

(Radespiel, 2000).  

 Summing up these results, it seems that the evolution of hearing sensitivity in primates 

may not only be influenced by head size but also social complexity, what is especially 

supported by data from the primate suborder of strepsirrhines, including the gray mouse 

lemur. Thus, in addition to different behavioural traits (Martin, 1972a), the gray mouse lemur 

seems to represent ancestral features also regarding its auditory thresholds. 

 

4.1.2. Hearing thresholds and disturbing noise 

The measured ABR hearing thresholds of the gray mouse lemur described in chapter 2 are the 

very first step towards an understanding of how noise influences the hearing abilities and thus 

the receiver in the acoustic communication system of that species. 

The spectral sensitivity of a species illustrated by its audiogram can already be 

regarded as an adaptation for hearing in a noisy environment. Since spectral sensitivity works 

like a band-pass filter, noise outside the sensitivity range of a species will not be able to mask 

signals or disturb communication and will be filtered out (Brumm and Slabbekoorn, 2005). 

Gray mouse lemurs have a quite broadband spectral sensitivity (chapter 2) which may filter 

environmental noise in low-frequencies (< 800 Hz, e.g. by wind and vegetation movement) as 

well as above the species’ high-frequency limit (> 40-50 kHz, e.g. by katydids, Greenfield, 

1997). 

Additionally, the results for the spectral sensitivity of gray mouse lemurs support the 

masking ability of the band-pass filtered white noise (12-26 kHz) used in the study 

concerning noise-induced vocal changes (chapter 3). 
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4.2. Sender – Vocalization  

The study in chapter 3 demonstrated some degree of flexibility in the vocal production system 

of gray mouse lemurs. Elements of Lombard speech were shown by individuals who altered 

call amplitude and range of variability in fundamental frequency, as well as calling activity in 

fluctuating background noise. As mentioned in chapter 3, the various results in the different 

taxa showing characteristics of Lombard speech indicate an independent control of the 

different effects (Hage et al., 2013; Hotchkin and Parks, 2013; Zollinger and Brumm, 2011). 

This control may occur in different stages of the vocal production process what is discussed in 

the following paragraphs. 

 

 4.2.1. Vocal production in mammals 

The basic mammalian vocal production system consists of three key components. First, the 

respiratory system with lungs, second, the larynx, and third, the supralaryngeal vocal tract 

(Fitch, 2006). The lungs and attendant respiratory musculature provide the respiratory 

airstream, i.e. the source of energy driving vocalization. Tissue vibrations of the vocal folds in 

the larynx convert the airstream from the lungs to sound. This mode of sound production is 

termed phonation. Lastly, the sound from the larynx is furthermore acoustically filtered by the 

air in the vocal tract (comprising the pharyngeal, oral, and nasal cavities, Fitch, 2010) and 

thus, forming the final output sound. 

According to the myoelastic-aerodynamic theory of phonation (Titze, 1994; van den 

Berg, 1958) describing the modern understanding of vocal fold physics and physiology, 

phonation is neurally passive. That means periodic vibration in the vocal folds does not 

require periodic neural firing. In general, neural control of phonation is limited to altering the 

posture of the larynx and vocal folds by opening and closing the glottis, modifying their 

shape, or increasing or decreasing their tension. At the vibration frequency, there is no 

requirement for muscle contraction, or nervous firing (Fitch, 2010). The neurally passive 

nature of phonation allows mammals to produce vocalizations at far high vibration rates that 

would otherwise be impossible, such as the gray mouse lemur ultrasonic calls (Zimmermann, 

2010). 

Changing the shape and/or length of the vocal tract can change its filtering. In human 

speech, the various organs and muscles playing a role in such shape changes are called the 

vocal tract articulators, and include the lips, jaw, tongue, velum, and pharynx (Fitch, 2010). 
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Several of these vocal tract articulators are uniquely well developed in mammals, such as the 

lips, tongue, cheeks, and velum. 

According to the source-filter theory of vocal production the two components (larynx, 

i.e. the sound source, and vocal tract) are acoustically independent, what means they are also 

independently controllable (Fitch, 2010). 

 

4.2.2. Neural control of mammalian vocal production 

The neural mechanisms for vocal control in mammals have been described by Jürgens (1995, 

1998, 2002, 2009) and are quite conservative. Many of the muscles of the three components 

of vocal production (respiratory system, larynx, and supralaryngeal vocal tract) and their 

primary nervous supply as well as higher-order controlling structures in the brainstem or 

cortex are shared among mammals (Fitch, 2010). The innervation of the phonatory muscles 

and the brain structures containing the corresponding motoneurons are diagrammed by 

Jürgens (2002, 2009). 

Basically, three different levels of neural control of the vocal apparatus can be 

distinguished. The lowest level is the most conservative. It consists of the motoneurons in the 

brainstem which are actually driving the jaw, lip, tongue, velum, larynx and respiratory 

muscles. The level of the midbrain is next, containing the periaqueductal gray (PAG) and 

surrounding tegmentum, which mainly has a gating function for vocal initiation. These first 

two levels are shared among all mammals investigated so far (Fitch, 2010). The highest level, 

which is the cortical level, is the only one where significant differences between humans and 

other mammals were found. At this level, two separate systems play a role in controlling 

vocalization, the medial cortical system and the lateral cortical system (Fitch, 2010). 

The medial system is the more primitive and broadly shared among mammals. It 

consists of the anterior cingulated cortex and neighbouring parts (e.g. parts of the 

supplementary motor area). This system appears to be the highest and most voluntary level in 

most mammals. Furthermore, the medial system seems to be solely responsible for the ability 

of most mammals to gate their vocalizations in an operant situation. However, it does not 

seem to allow active modification of the acoustic structure of these vocalizations (Fitch, 

2010). 

The lateral cortical system represents a crucial difference in vocal motor circuitry 

between humans and non-human primates. In contrast to other mammals, both have direct 

connections from frontal motor areas of lateral neocortex to the motoneurons controlling the 

tongue, jaw, and lips. However, only humans have direct connections between the cortex and 
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the laryngeal motoneurons that control the muscles of the larynx (cortico-laryngeal 

connections, Fitch, 2010; Jürgens, 1994; Jürgens et al., 1982; Kuypers, 1958). These cortico-

laryngeal connections are part of the Kuypers/Jürgens hypothesis currently explaining the 

human vocal control capacities best (Fitch, 2011). 

A further and detailed description of the different levels of neural control of 

mammalian vocalizations can be found in the work of Jürgens (1995, 1998, 2002, 2009). 

Some parts of that neural control network will be discussed further in the next section in 

connection to the noise-induced vocal-changes in gray mouse lemurs described in chapter 3. 

 

4.2.3. Noise-induced vocal changes in gray mouse lemurs: connections to vocal control 

As stated earlier, the noise-induced vocal modifications in gray mouse lemurs (chapter 3) 

indicate a certain amount of control in different stages of the vocal production process. 

According to Jürgens (2009), the described decreased calling activity in noise could be 

explained by an involvement of the anterior cingulate cortex and/or the PAG. Both brain 

structures are part of a hierarchically organized pathway which controls the readiness to 

vocalize and runs from the anterior cingulate cortex via the PAG into the reticular formation 

of pons and medulla oblongata, and from there to the phonatory motoneurons (Jürgens, 2009). 

Since lesioning studies revealed that the PAG is indispensable for the production of 

vocalizations (Adametz and O'Leary, 1959; Esposito et al., 1999; Jürgens and Pratt, 1979; 

Skultety, 1962) in animals and humans, it is unlikely that the reticular formation is 

responsible for the decreased calling activity. However, the PAG is suggested to rather have a 

triggering/gating function (Gruber-Dujardin, 2010) and to be responsible for vocal initiation 

at a relatively elementary level (Jürgens, 2009). Voluntary control of vocal initiation 

additionally involves the anterior cingulate cortex (Jürgens, 2009). A further hint whether 

PAG or anterior cingulate cortex is the driving part for decreased calling in noise could be the 

motivational state of the animal. If noise somehow decreases the motivation to call, that 

would hint at an influence of the anterior cingulate cortex on the calling activity in noise. This 

suggestion is supported by bilateral lesioning studies in macaques and humans which lead to 

the inability to perform a vocal operant conditioning task or to severely reduced motivation to 

speak (Jürgens and von Cramon, 1982; Rubens, 1975; Sutton et al., 1974). A reduced 

motivation to call in noise cannot be ruled out, and testing the motivational state of a gray 

mouse lemur to vocalize may be difficult. Thus, according to Jürgens (2009), the anterior 

cingulate cortex and the PAG are the most likely brain structures responsible for the control of 

calling activity in the gray mouse lemur. 
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The Lombard effect that could also be found in the gray mouse lemur (chapter 3) is generally 

characterized by an increase of call amplitude in noise, and indicates an increased respiratory 

airstream passing the glottis. Electromyographic studies revealed a good correlation in the 

activity of the oblique muscles and the musculus transversus with the amplitude envelope of 

phonation (Draper et al., 1959; Jürgens and Schriever, 1991). The motoneurons innervating 

these abdominal muscles lie in the ventral horn of the thoracic and upper lumbar spinal cord 

(Jürgens, 2002). Furthermore, studies in decerebrate cats revealed that the PAG controls 

brainstem respiratory neurons for evoking vocalizations (Katada et al 1997, Sakamoto et al. 

1996). Additionally, another such study showed that the Lombard effect could also be evoked 

using PAG-induced vocalizations (Nonaka et al., 1997). Hage (2010a) proposed the nucleus 

retroambiguus (NRA) in the medulla as candidate structure for respiratory modulation. First, 

because the NRA gets strong input from the PAG and second, because it has strong output to 

the respiratory motoneurons in the ventral horn (Hage, 2010a). Thus, the essential neuronal 

circuits for an increased respiratory airstream causing increased call amplitude are situated in 

the brainstem, with the PAG in connection with the NRA (Hage, 2010b) being the most 

promising structure. According to these data, it is most likely that the increased call amplitude 

found in gray mouse lemurs is also controlled by these brainstem structures. However, an 

influence of the cortex cannot completely be excluded, because cortical areas projecting, 

directly or indirectly, to the reticular formation may also be involved (Jürgens, 2009). 

Additionally, humans can voluntarily control the Lombard effect (Pick et al., 1989; 

Winkworth and Davis, 1997) what indicates an involvement of the motor cortex. Furthermore, 

as mentioned in chapter 3, the Lombard effect in humans is affected by linguistic content 

(Patel and Schell, 2008) and context (Garnier et al., 2010; Lu and Cooke, 2008) indicating 

possible involvement of higher cognitive processes (Brumm and Zollinger, 2011). In their 

study on a non-human primate (common marmoset, Callithrix jacchus), Eliades and Wang 

(2012) revealed that the primary auditory cortex participates in self-monitoring during the 

Lombard effect, and may play a role in masking compensation during feedback-mediated 

vocal control (see below). Thus, an influence of cortical processes on the Lombard effect 

cannot be excluded in gray mouse lemurs either. 

 

As third noise-induced vocal modification, gray mouse lemurs showed a decreased range of 

variability in fundamental frequency. That means the F0 is more focussed within an 

experimental interval. Since the F0 of a vocalization represents the rate at which the vocal 

folds vibrate (Fitch, 2010), that rate of vibration becomes more focussed. Five intrinsic and 
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three extrinsic laryngeal muscles mainly control vocal fold movement, the corresponding 

motoneurons of intrinsic muscles are located in the nucleus ambiguus, and the corresponding 

motoneurons of the extrinsic muscles are located in the ventral horn (Jürgens, 2002, 2009). As 

mentioned above, cortico-laryngeal connections are only described in humans (Fitch, 2010), 

so that in gray mouse lemurs a direct involvement of the cortex leading to a more focussed F0 

is very unlikely. Influence of the reticular formation is more likely, since a study stimulating 

the reticular formation could show that the stimulation frequency is directly reflected in the 

frequency and amplitude modulation of the vocalization (Jürgens and Pratt 1979). Thus, the 

F0 in gray mouse lemurs is most likely controlled by the reticular formation which is directly 

connected to the nucleus ambiguous and the ventral horn (Hage, 2010b). However, 

comparable to the Lombard effect (see above), an indirect control from the cortex via the 

reticular formation cannot be excluded (Jürgens, 2009). 

 

Summing these results up, all of the three described noise-induced changes in vocal behaviour 

and structure in gray mouse lemurs are likely controlled by brainstem structures. However, 

since cortical influences cannot be excluded for any of the effects, it remains an open question 

whether the noise-induced vocal changes are volitional or rather reflexes. 

 

4.3. Audio-vocal coupling 

So far, in this thesis the listener and the caller were regarded as two different subjects within 

the acoustic communication system, the first being the receiver, the latter being the sender. 

However, confronted with the problem of noise and the challenge to adapt vocalizations, a 

sender automatically is the receiver of its own signals and may, based on its own vocal input, 

adapt its vocalizations further. If sender and receiver are the same subject, the model of 

Shannon and Weaver (Figure 1.1), can also be viewed as a feedback loop, with the noise as 

influencing variable. 

Eliades and Wang (2012) revealed such a feedback loop in common marmosets 

(Callithrix jacchus) investigating neural correlates of the Lombard effect in the primary 

auditory cortex. The masking noise affected the activity of two different neuron types in the 

marmosets’ auditory cortex. One type was usually suppressed by the own marmoset’s 

vocalizations and the other type was usually excited by own marmoset’s vocalizations. Due to 

the masking effect of the noise, which disturbs vocal feedback, the neural response pattern 

changed. After the compensatory increase in vocal intensity (Lombard effect), auditory cortex 
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activity shifted towards the neural response pattern seen during vocalizations under normal 

feedback condition (Eliades and Wang, 2012). 

In contrast to the common marmosets, horseshoe bats do not seem to need auditory 

feedback, as they increased amplitude and frequency of their echolocation calls in noise 

immediately in the first call uttered after noise onset (Hage et al., 2013). 

Concerning the role of auditory feedback in innate vocalization, Hage (2010b) 

suggested two main functions of auditory feedback on the vocal motor system: first, a specific 

role in possibly basic auditory reflexes, like the Lombard reflex, and second, a direct 

modulation of innate vocalization by auditory input is indicated in dialects, i.e. differences in 

the fine vocal structure between different groups of the same species. 

For the gray mouse lemur, support of the first function is presented in the study on 

noise-induced vocal changes in chapter 3. The latter function is supported by a study of Hafen 

et al. (1998) revealing acoustical differences in gray mouse lemur demes comparable to 

dialects in other species. Thus, auditory feedback seems to be very important for gray mouse 

lemur vocal production. 

 

So far, the neural circuits controlling audio-vocally coupled mechanisms like the Lombard 

effect are not clear (Eliades and Wang, 2012). However, besides neurons in the auditory 

cortex which are correlated to the Lombard effect (Eliades and Wang, 2012), audio-vocal 

neurons responding to self-produced vocalizations have been identified in the ventrolateral 

pontine brainstem (e.g. in the pontine reticular formation) of squirrel monkeys (Saimiri 

sciureus, Hage et al., 2006). The pontine reticular formation and the paralemniscal area are 

vocal brainstem structures suggested to receive strong input from the auditory system 

(Metzner, 1996). Another structure possibly involved in the Lombard effect is the PAG, 

mentioned earlier, that was studied in decerebrate cats (Nonaka et al., 1997) and also receives 

strong input from the auditory system (Hage, 2010b).  

 Since audio-vocal interactions occur at brainstem and cortical levels (Hage, 2010b; 

Liu et al., 2010; Smotherman, 2007), probably at every stage of the vocal motor pathways 

(Smotherman, 2007), it is possible that multiple levels of vocal control are involved in audio-

vocal mechanisms like the Lombard effect (Eliades and Wang, 2012). However, since the 

precise details of these neural circuits are poorly understood (Eliades and Wang, 2012; Liu et 

al., 2010) a conclusion concerning control mechanisms of the existing audio-vocal coupling in 

the gray mouse lemur cannot be drawn, so far. 
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Obviously, an important factor that may influence the audio-vocal feedback is hearing 

sensitivity. Unimpaired hearing abilities are crucial for the adaptation of vocalizations to 

environmental noise. Thus, decreased hearing sensitivity can also be reflected in the ability to 

modify vocal behaviour in the presence of noise. However, the here presented data cannot 

provide information on that question. Since there was only one animal considered to be aged 

during the vocalization experiments (chapter 3), a comparison of age and the ability of vocal 

plasticity was not possible. 

 

4.4. Conclusion and Future Directions 

In my doctoral thesis I was investigating the acoustic communication system of a non-human 

primate model for the most ancestral primate condition as well as brain aging, the gray mouse 

lemur. The presented studies on hearing sensitivity and noise-dependent vocal changes 

provided new insights into these two components of acoustic communication and the existing 

hypotheses on their evolution in primates and mammals. 

Measuring auditory thresholds and hearing sensitivity in different age-groups using 

BERA, provided first comparable data on age-related changes in hearing sensitivity and ABR 

amplitudes in a strepsirrhine primate. These changes revealed a broadband decrease in hearing 

sensitivity in aged subjects what is uncommon compared to most other investigated species 

including humans. Such a flat audiometric loss could be attributed to mechanical or metabolic 

presbycusis with metabolic presbycusis being the more likely type (Schmiedt, 2010). 

However, as discussed, it is difficult and not reliable to diagnose the form of ARHL from the 

shape of the audiogram (Chisolm et al., 2003; Ohlemiller, 2004). Since metabolic presbycusis 

is characterized by an atrophy of the lateral wall and stria vascularis of the cochlea, studies 

measuring the endocochlear potential or using histological and immunostaining approaches, 

like in gerbils (Gratton et al., 1996; Gratton et al., 1997; Schulte and Schmiedt, 1992; Spicer 

et al., 1997), would be needed to better clarify the reasons and mechanisms of the described 

decrease in hearing sensitivity in gray mouse lemurs. Histological analysis and counts of 

synapses and spiral ganglion cells comparable to Kujawa and Liberman (2009) and Lin et al. 

(2011) in different age groups could also further validate and prove the suggested age-related 

neural degeneration leading to the age-related decrease in ABR amplitudes. 

In this thesis, BERA could be established as an ideal tool to rapidly and objectively 

measure and compare the hearing thresholds of gray mouse lemurs. Based on that, 

longitudinal studies investigating individual and group-based hearing thresholds and their 

changes over the whole lifetime will provide further insight into the process of decreasing 
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hearing sensitivity with age in this species. Such studies will also be able to clarify, whether 

deafness, as observed a very old subject, is common among the oldest animals and at which 

age it develops. 

Additionally, measuring absolute auditory thresholds in gray mouse lemurs using 

operant conditioning comparable to e.g. common marmosets (Callithrix jacchus, Osmanski 

and Wang, 2011) would be useful in two ways; first, to validate the hearing thresholds of the 

here presented BERA measurements. Second, to further investigate age related effects on 

hearing sensitivity using a non-invasive technique. Absolute auditory thresholds would be 

expected to be lower than the ABR thresholds. Furthermore, the comparison between 

behavioral absolute auditory thresholds and ABR thresholds often shows larger differences in 

older individuals, so that ABRs could potentially overestimate a hearing loss (Boettcher, 

2002). Operant conditioning paradigms have already been established for gray mouse lemurs 

testing cognition (Joly et al., 2013) or olfaction (Joly et al., 2006; Joly et al., 2004). However, 

taking into account the higher time costs compared to BERA, behavioural audiometry may 

only be considered as second option to test a larger amount of animals longitudinally. 

 The established ABR thresholds of gray mouse lemurs showed auditory thresholds 

comparable to other studied lemur species. Additionally, parameters of these thresholds (i.e. 

high-frequency limit and overall auditory sensitivity) support the model of the evolution of 

hearing sensitivity proposed by Ramsier et al. (2012) which considers social complexity as a 

driving factor.  

 The study on the effects of fluctuating background noise on vocal behaviour and 

structure revealed noise-dependent vocal adaptations in the gray mouse lemur. Subjects 

decreased calling behaviour in noise and additionally adapted call features in increased 

background noise by showing effects characteristic for Lombard speech. Gray mouse lemurs 

showed the ability to enhance amplitude in different call types and simultaneously increased 

spectral signal redundancy in noise in the short whistle call by focussing energy in a narrower 

frequency band in a call series. Such simultaneous changes were found in a non-human 

primate for the first time. Furthermore, this study provided first evidence for noise-dependent 

vocal changes in a strepsirrhine primate. 

Concerning the potential evolution of Lombard speech there are indications for a pre-

human basis of Lombard speech characteristics, but due to scarce and inconsistent data it 

remains an open question whether simultaneous changes of call parameters in noise are rather 

specific or a common trait of vocalizing mammals and birds. Future studies on noise-induced 

vocal modifications in a broader variety of vertebrate taxa are necessary to explore to which 
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extent the mechanisms characteristic for Lombard speech are specific adaptations or represent 

more universal traits, and how their potential evolutionary history looked like. 

The neural mechanisms underlying the described noise-induced vocal changes in gray 

mouse lemurs remain unclear. They are likely controlled by structures in the brainstem like 

the paralemniscal area, the pontine reticular formation, or the PAG. However, influences from 

cortical regions cannot be excluded so that further studies investigating these neural circuits 

are necessary to answer the question whether the noise-induced vocal changes are reflexes or 

can be volitional controlled. 

Considering the acoustic communication system of the gray mouse lemur as a whole, 

changes on the side of the sender directly influence the receiver. Knowledge concerning 

auditory sensitivity is an important first step in understanding what the receiver can actually 

detect. Noise-induced changes in vocal structure are supposed to improve signal-to-noise ratio 

and thus detectability of calls in increased background noise. However, to prove this 

assumption in gray mouse lemurs, behavioural experiments using operant conditioning like in 

the barn owl or gerbil (Dyson et al., 1998; Kittel et al., 2002) would be a necessary further 

step. The findings will help to improve the understanding of acoustic communication in noise 

in the gray mouse lemur. 

 

Taking all findings together, I conclude that the gray mouse lemur is a valuable non-human 

primate model species to analyse the acoustic communication system and the influence of 

noise. This thesis revealed several new directions to deepen the understanding on the 

evolution and underlying mechanisms of acoustic communication and the influences of noise 

or age. Further studies shall consider these follow-up questions, to gain a better understanding 

of proximate and ultimate causes that shaped acoustic communication. 
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