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Zusammenfassung 

Jede Übertragung von Lauten ist mit Beeinträchtigungen wie starkem Regen, Wind, 

Tierlauten oder Stadtgeräuschen konfrontiert. Infolgedessen haben sich mehrere 

Strategien entwickelt, um Störgeräusche während der Lautproduktion zu 

kompensieren, was zu verschiedenen Veränderungen der temporalen und 

spektralen Eigenschaften führt. Die bekannteste lärmbedingte Anpassung ist der 

Lombard-Effekt, eine unwillkürliche Erhöhung der Lautstärke, die oft mit 

Änderungen der Lautdauer und Tonhöhe einhergeht. Eine andere Strategie besteht 

darin, die Lautproduktion auf Zeitpunkte zu beschränken, in denen kein Lärm 

vorhanden ist. Mithilfe von akustischem Rauschen, welches durch das 

Lautverhalten selbst ausgelöst wurde, konnten wir zeigen, dass Marmosetten in der 

Lage sind, die Rufamplitude und -frequenz als Reaktion auf Störgeräusche, die 

nach Beginn des Rufs auftreten, schnell zu modulieren. Der stärkste Anstieg der 

Tonhöhe wurde bei höherem Lärmpegel festgestellt. Überraschenderweise 

unterlagen die Phee-Laute nicht dem Lombard-Effekt. Stattdessen verringerten 

unsere Affen ihre Lautstärke mit zunehmendem Lärmpegel. In einem weiteren 

Experiment haben wir Phees systematisch zu verschiedenen Zeitpunkten mit 

Rauschen gestört. Dadurch haben wir Veränderungen im Lautverhalten festgestellt, 

die sowohl reflexives als auch adaptives Verhalten als Reaktion auf das Rauschen 

belegen. Die Marmosetten brachen ihre Rufe unmittelbar nach Einsetzen des 

Rauschens ab. Die Abnahme der Rufdauer begann bereits während des ersten 

maskierten Lautes. Im Gegensatz dazu blieb die Reduzierung der Silbenanzahl 

über das Rauschen hinaus bestehen, was auf ein adaptives Verhalten hinweist. Mit 

Hilfe von maschinellem Lernen, welches auf Rufparametern basierte, konnten wir 

feststellen, dass ein Teil der einzelsilbigen Laute, die während und nach der 

Rausch-Phase produziert wurden, ursprünglich als Doppelsilben geplant waren und 

nach der ersten Silbe aktiv unterbrochen wurden. Insgesamt deuten diese 

Ergebnisse darauf hin, dass Krallenaffen verschiedene parallele Mechanismen 

nutzen, um mit Umgebungslärm umzugehen. Sie zeigen vokale Anpassungen als 

direkte Reaktion auf störende Geräusche, wie z.B. Veränderungen der Lautstärke 

und Tonhöhe. Darüber hinaus wenden sie Strategien zur Lärmvermeidung an, d. h. 

sie unterdrücken ihre Laute in Zeiten erhöhter Störgeräusche. 
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Abstract 

Any transmission of vocal signals faces the challenge of acoustic interferences such 

as heavy rain, wind, and animal or urban sounds. Consequently, multiple strategies 

have evolved to compensate for masking noise during vocal behavior, leading to 

several changes in temporal and spectral call features. One prominent noise-related 

call adjustment is the Lombard effect, an involuntary increase in call amplitude in 

response to masking noise, which is often accompanied by changes in call duration 

and frequency. Another strategy involves limiting call production to periods where 

noise is absent. Using acoustic perturbation triggered by the vocal behavior itself, 

we showed that marmosets are capable of rapidly modulating call amplitude and 

frequency in response to perturbing noise bursts presented after call onset. The 

strongest rise in call frequencies were found for high noise amplitudes. Surprisingly, 

phee calls did not exhibit the Lombard effect as previously reported. Instead, our 

monkeys decreased their call intensity with increasing noise intensity. Furthermore, 

we showed that marmosets are capable of producing calls with durations beyond 

the natural boundaries of their repertoire by interrupting ongoing vocalizations 

rapidly after noise onset. This finding suggests a general strategy of avoiding to call 

in noisy environments. We systematically perturbed ongoing vocalizations with 

noise presented at different time points and detected changes in vocal behavior that 

supported both reflexive and adaptive behavior in response to noise perturbation. 

Marmosets canceled their calls immediately after noise onset. The decrease in call 

duration started during the first perturbed call. In contrast, the reduction in number 

of syllables persisted beyond noise perturbation, indicating adaptive behavior in 

response to perturbing noise. Using machine learning techniques based on call 

parameters, we found that a fraction of single phees uttered during and after noise 

perturbation were initially planned as double phees and became actively interrupted 

after the first syllable. Altogether, these findings indicate that marmosets use 

different parallel mechanisms to cope with ambient noise. They show vocal 

adjustments as a direct response to perturbing noise, such as a decrease in call 

amplitude and changes in call frequency. Additionally, they use noise avoidance 

strategies, i.e., suppressing vocalizations, during periods of elevated ambient noise 

levels.
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I. Synopsis 

1. Introduction 

Compared to human language, the way how animals communicate seems to be 

quite simple. For over 50 years, monkey vocalizations have been thought to be 

largely innate, highly affective, and stereotyped (Hammerschmidt et al., 2001; 

Jürgens, 2002). Recently, this perception has dramatically changed. Current studies 

have demonstrated distinct learning mechanisms during vocal development 

(Gultekin & Hage, 2017; Takahashi et al., 2017; Takahashi et al., 2015), as well as 

vocal flexibility, which allows monkeys to cognitively control when (Hage & Nieder, 

2013; Roy et al., 2011), where (Choi et al., 2015), and what to vocalize (Hage & 

Nieder, 2013; Price et al., 2015; Seyfarth et al., 1980). Despite this flexibility, certain 

call features, such as duration and frequency remain surprisingly robust and 

consistent. As a result, the monkeys' vocalizations are characterized by stereotyped 

and discrete call patterns (Agamaite et al., 2015). 

1.1.  Different strategies for communicating during noise 

Communication between animals is a crucial trait for evolutionary success (Balter, 

2010). Vocal signals have evolved as one of the dominant forms of direct 

communication among individuals in several bird and mammal species (Ackermann 

et al., 2014; Charlton et al., 2019; Hage & Nieder, 2016; Hammerschmidt, 2008; 

Janik & Knörnschild, 2021; Jürgens, 2002). However, vocal communication often 

occurs in the presence of competing sound sources. For effective communication, 

the transmission of a signal produced by a sender must be detected and decoded 

by one or more receivers (Bradbury & Vehrencamp, 1998). Thus, the sender must 

be able to adjust the temporal and spectral features of the signal to overcome any 

potential masking from ambient noise and allow for effective signal transmission 

(Brumm & Slabbekoorn, 2005). 
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The mechanisms used to deal with acoustic disturbances can generally be divided 

into two main types. The first mechanism involves modulating vocalizations as soon 

as they directly encounter an increase in ambient noise, such as when they are 

produced during acoustic perturbation. These vocal modifications can occur either 

involuntarily or under volitional control. One of the most effective mechanisms to 

increase the signal-to-noise ratio in call production is the so-called Lombard effect. 

This effect refers to the involuntary increase in call amplitude in response to masking 

ambient noise (Brumm & Zollinger, 2011; Eliades & Wang, 2012; Hage et al., 2013; 

Lombard, 1911; Luo et al., 2018; Pomberger et al., 2020) and has been observed 

in many vertebrate species, from fish to frogs to birds to mammals, including 

humans (Brown et al., 2021; Brumm & Slabbekoorn, 2005; Brumm & Zollinger, 

2011; Luo et al., 2018; Manabe et al., 1998; Stowe & Golob, 2013). This suggests 

that the Lombard effect is an evolutionarily old behavior that may have emerged 

about 450 million years ago. This effect is often accompanied by several other 

changes, such as a shift in call frequency and a change in vocal density, for 

example, with longer call durations and/or increased repetitions of syllables (Brumm 

et al., 2004; Courter et al., 2020; Hage et al., 2013; Luo et al., 2015; Osmanski & 

Dooling, 2009; Pomberger et al., 2020; Tressler & Smotherman, 2009). 

Besides the mechanism of modulating vocalizations to improve signal transmission 

in noisy environments, there is another vocal control strategy that prevents animals 

from producing vocalizations during noisy events and encourages them to vocalize 

during quieter periods. This approach involves limiting call emission to times when 

noise is low, absent, or predictable (Brumm, 2006; Roy et al., 2011; Zelick & Narins, 

1982). This eliminates the need for call parameter modifications that might still be 

unable to increase the signal-to-noise ratio sufficiently and reduces the physiological 

cost of call production at high intensities. Recently, we demonstrated that 

marmosets are able to interrupt ongoing vocalizations directly after noise onset 

(Pomberger et al., 2018), suggesting that marmosets can avoid calling in noise on 

a rapid time scale. This finding challenges long-held concepts regarding vocal 

pattern generation (Egnor et al., 2006; Miller et al., 2003; Miller et al., 2009a) and 

highlights the flexibility and adaptability of vocal communication in response to 

environmental noise. 
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1.2.  The common marmoset 

The common marmoset (Callithrix jacchus) is a small New World primate endemic 

to the forests of northeastern Brazil (Abbott et al., 2003; Bezerra & Souto, 2008; 

Hubrecht, 1985). Adult marmosets typically measure 20–30 cm and weigh 350–

400 g. They have distinctive long banded tails, white ear tufts, and a white patch on 

their forehead. The fur of the common marmoset is multicolored (Figure 1).  

 

Figure 1: Image of a common marmoset. 

Marmosets primarily feed on plant exudates (20–70%) and insects (24–30%), but 

also consume fruits, seeds, flowers, fungi, nectar, snails, lizards, bird eggs, 

nestlings, and infant mammals (Abbott et al., 2003). Unlike many other nonhuman 

primates, marmosets form stable family groups consisting of around 9 members on 

average (Tardif et al., 2003). Furthermore, they are also known for their advanced 

vocal communication abilities (Pistorio et al., 2006), possessing a diverse range of 

vocalizations with a diverse vocal repertoire (Agamaite et al., 2015; Bezerra & 

Souto, 2008). that they use to communicate within their family groups. 

A marmoset family typically includes one or two breeding females, a breeding male, 

their offspring and adult relatives. In the event of the breeding male's death, family 

members merge into new groups (Lazaro-Perea, 2001). Dominance in common 

marmoset groups is maintained through various behaviors, postures, and 

vocalizations, such as subordinate members grooming their superiors. However, the 

social rank within the group is based on age (Digby, 1995).  
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Most marmosets live monogamously (Mansfield, 2003). Female marmosets usually 

give birth to two dizygotic twins per delivery. The time between deliveries is around 

five months, allowing them to give birth twice a year. Because female marmosets 

need to nurse their infants during the following pregnancy, the breeding pair 

suppresses the reproduction of the other group members (Baker et al., 1999; 

Saltzman et al., 1997). Thus, the male partner and other members of the group care 

for the infants together. The infants reach adult size and sexual maturity at 15 

months, but cannot breed until they become dominant (Yamamoto, 1993). 

1.2.1. Marmosets as a model system 

New World primates (platyrrhines) including the common marmoset diverged from 

Old World primates (catarrhines) around 35 million years ago. This separation led 

to the evolution of adaptations to the neotropical environment among New World 

species, as well as differences in physiology and susceptibility to disease (Abbott et 

al., 2003; Mansfield, 2003). Although macaques are more closely related to humans 

from an evolutionary standpoint, some of the characteristics of marmosets are more 

akin to those of humans than macaques, likely due to the physical separation of 

these primate groups (Mansfield, 2003). 

Common marmosets are considered a suitable laboratory animal for biomedical 

research due to their ease of handling, animal welfare, practicality, and scientific 

suitability. The marmoset has advantages over the macaques in terms of animal 

welfare and practicality. They are available for laboratory use from well-established 

captive colonies in national primate research centers, academic institutions, and 

commercial breeding facilities. Unlike macaques, marmosets do not carry Herpes B 

virus (Mansfield, 2003), which is a benefit to their handlers. Additionally, their 

smaller size results in lower costs for caging and feeding, and they require less floor 

space than macaques. Consequently, using common marmosets is a more cost-

effective option which can lead to significant cost savings in equivalent experiments 

(Smith et al., 2001).  

Breeding marmosets in laboratory environments is highly efficient and 

straightforward. The marmoset’s ovarian cycle lasts around 28 days, with ovulation 

typically occurring around the tenth day, exhibiting hormonal profiles similar to those 
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of humans (Summers et al., 1985). Female marmosets usually give birth to two or 

three offspring per delivery and can have two deliveries annually. Consequently, 

they can have a relatively high number of deliveries (20–30 over their lifespan) and 

offspring (40–80 over their lifespan), giving them a reproductive advantage 

compared to other nonhuman primates. For instance, it takes approximately 5 years 

for macaques to reach sexually maturity, and they only give birth to one offspring 

per year (Fischer & Austad, 2011). Therefore, while it is possible to obtain three 

macaque pups over three years, one female marmoset can reasonably provide 14 

marmoset pups during the same time frame (Okano et al., 2012). This exceptional 

reproductive efficiency provides a significant advantage in the development of 

transgenic animals. 

Marmosets are the most common nonhuman primates used for animal research 

(Abbott et al., 2003) due to their suitability as model organisms in a wide range of 

areas, such as neurobiology, reproduction, immunology, endocrinology, obesity, 

and aging, as well as neurodegenerative diseases (Tardif et al., 2011). They display 

age-related pathologies that are similar to those seen in humans, such as cancer, 

amyloidosis, diabetes, and chronic renal disease (Tardif et al., 2011). One of the 

key advantages of using marmosets in research is that their brains share a number 

of similarities with the human brain, such as an expanded temporal lobe and 

hierarchically structured sensory cortices (Hackett, 2011; Mitchell & Leopold, 2015), 

as well as a highly developed prefrontal cortex (Roberts et al., 2007). Although the 

marmoset brain is much smaller than the brains of macaques and humans (180 

times smaller in volume) (Stephan et al., 1981), it is proportional to their weight and 

neuron number (Azevedo et al., 2009). Moreover, their brain's smooth surface 

makes it easy to target (Tokuno et al., 2015), which is advantageous for areal 

mapping, laminar electrode penetration, and two-photon and optical imaging 

(Mitchell & Leopold, 2015). Marmosets also share various behavioral and cognitive 

traits with humans, such as pair bonding, cooperative breeding, prosocial behavior, 

and complex vocal communication (Dell'Mour et al., 2009; Eliades & Wang, 2008; 

Gordon & Rogers, 2010). 
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1.2.2. Marmoset vocal behavior 

Similar to many New World primate species, marmosets have a wide range of 

vocalizations that are used in different social contexts, such as social interaction, 

alarm, mobbing, and food-related calls (Agamaite et al., 2015; Bezerra & Souto, 

2008). The most extensively studied vocalization in common marmosets is the phee 

call, which has been the focus of numerous studies on behavior and neurobiology 

(Chen et al., 2009; Eliades & Wang, 2008; Jones et al., 1993; Löschner et al., 2023; 

Miller & Wang, 2006; Miller et al., 2009a; Miller et al., 2009b; Norcross & Newman, 

1993; Norcross & Newman, 1997; Norcross et al., 1994; Pistorio et al., 2006; 

Pomberger et al., 2020; Pomberger et al., 2018). This call serves to attract mates, 

keep groups together, defend territories, and locate missing group members (Jones, 

1997).  

 

Figure 2: Exemplar sonogram of phee calls. Phees are long-distance contact calls, composed of 

one (single phees), two (double phees), or more phee syllables, to interact with conspecifics. 

However, phee calls are the typical long-distance contact calls produced during 

antiphonal calling and consist of a series of whistle-like syllables with relatively 

constant frequency (Figure 2). Furthermore, studies have demonstrated that phee 

calls can be reliably classified based on caller's individual identity (Jones et al., 

1993; Miller et al., 2010), their sex (Norcross & Newman, 1993), and their social 

group (Miller et al., 2010). This indicates that there is some level of vocal control 

and adaptive learning is involved in the production of these calls, similar to what has 

been observed in other marmoset species (Elowson & Snowdon, 1994; Snowdon & 

Elowson, 1999). Interestingly, even marmosets living in captive colonies in close 

proximity can develop these group-level phee call dialects. Prior to producing a phee 
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call, marmosets establish a motor plan that includes the entire acoustic structure of 

the call, suggesting that specific acoustic features are not random but may instead 

represent deliberate control over the vocal motor output (Miller et al., 2009a).
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2. Aim of the studies 

The aim with these studies was to gain a better understanding of how marmosets 

cope with ambient noise on a behavioral level and which strategies have evolved to 

deal with such perturbing noise. As improvements in signal transmission have been 

found throughout the animal kingdom, we wanted to study changes in call features 

in the marmoset in more detail. We focused on analyzing phee calls, which are 

reliably emitted by monkeys when they are separated from the group. 

Previous studies that used continuous noise showed that marmoset vocalizations 

are rather stereotyped. Therefore, we used noise bursts starting after call onset. In 

a previous study where we perturbed the calls right after call onset, we found that 

marmosets are capable of interrupting their phee calls in response to noise bursts, 

but this happened only in rare cases. Therefore, we decided to play back noise at 

later timepoints throughout the calls to investigate whether the monkeys would 

cancel more of their phee calls. Additionally, we aimed to examine how quickly 

changes in vocal behavior occur and whether they happen in a reflexive or adaptive 

manner. 

We hypothesize that marmosets are able to change their call features in ongoing 

calls and that the monkeys’ vocal behavior is highly dependent on the signal-to-

noise ratio. With higher noise amplitudes, and frequency bands overlapping with the 

fundamental frequency of the phees, the monkeys would shift the call frequency 

upwards and increase their call amplitude in response to noise exposure. 

Additionally, we expect that the noise onset timing would play an important role in 

terms of phee cancelation performance. 
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3. Results 

In the following chapters, I will summarize the main results of the two publications 

included in this thesis. The full publications are attached as chapters at the end of 

the thesis (see individual studies). 

3.1.  Chapter I: Increase in signal-to-noise ratio 

The aim of this study was to investigate whether marmosets are capable of 

exhibiting changes in call structure in response to noise disturbances starting after 

call onset or whether such effects only occur if noise perturbation starts prior to call 

onset. We analyzed vocal behavior in marmosets held separate in a soundproofed 

chamber, with and without acoustic perturbation. We used different noise band 

conditions (broadband noise and bandpass-filtered noise bands) and different noise 

amplitudes. The noise perturbation was triggered by the vocal behavior itself to test 

in a controlled experimental design whether marmosets are capable of rapidly 

modulating distinct vocal parameters such as call frequency and amplitude in 

ongoing vocalizations. Overall, four common marmosets were successfully used 

with a total number of 6,298 phee calls recorded. 

3.1.1. Effects of ambient noise on call frequency 

We first investigated whether and in what way marmosets modify the fundamental 

frequency of their ongoing phee vocalizations when exposed to varying noise 

conditions. For ongoing phee syllables, there was an immediate increase in call 

frequency when the perturbing noise either overlapped with or was higher than the 

fundamental frequency of the call. Bandpass-filtered noise bursts, which were above 

the fundamental frequency of the calls but did not mask it, had no effect on call 

frequency. This indicates indicated that noise-related frequency modulation is a 

selective process in marmoset monkeys. Furthermore, higher noise amplitudes 

resulted in a stronger increase in call frequencies. Second phee syllables, however, 

did not show significant shifts in fundamental frequencies in response to noise 
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exposure. Moreover, we found that shifts in fundamental frequency were primarily 

correlated to the different noise bands rather than the amplitude conditions. As a 

next step, we tested how fast fundamental frequency shifts occurred within the first 

phee syllables after noise onset, resulting in a mean latency of around 30 ms 

suggesting a rapid underlying neural mechanism for frequency modulation. 

3.1.2. Effects of ambient noise on call amplitude 

Although increasing call frequency improves the signal detectability in noisy 

environments, the most effective mechanism to improve the signal-to-noise ratio 

during vocal production is the Lombard effect. Therefore, we investigated how noise 

perturbation affected call amplitudes. 

Noise perturbation starting after phee call onset did not systematically affect the call 

amplitude of the first syllable. Interestingly, in cases in which significant shifts 

occurred, call amplitude did not increase as expected, but decreased. This effect 

was stronger for the second syllables of the phee calls completely produced during 

the noise perturbation. Furthermore, a stronger decrease in call amplitude could be 

observed for low-frequency noise conditions. Consequently, call intensity decreased 

in a stepwise function with increasing noise intensity suggesting a direct impact of 

noise intensity on call amplitude. To investigate whether changes in frequency were 

a by-product of an accompanied change in amplitude, we tested the correlation 

between frequency and amplitude across all noise conditions and noise amplitudes 

used. We found no significant relationship between the two parameters neither for 

first nor for second syllables, indicating that changes in call frequency and amplitude 

occurred independently of each other. 

After that, we modified our behavioral experimental design to investigate whether 

our animals are able to show the Lombard effect in general or whether they suppress 

it when producing phee calls in a noisy environment. Therefore, we played back all 

five noise conditions continuously for three minutes each, along with a control 

condition (silence). We observed that one monkey significantly increased the 

intensity of both phee syllables in response to predictable continuous noise, 

demonstrating the Lombard effect. Another monkey significantly decreased the 
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intensity of the second phee syllable but showed no changes in call intensity for the 

first syllable. However, two of the monkeys showed no significant change in call 

amplitude. Overall, these findings suggest that marmosets are capable of both 

exhibiting and actively suppressing the Lombard effect when producing phee calls 

in a noisy environment.  

3.1.3. Summary 

This study reports two main findings: first, marmosets can quickly adjust the 

frequency of their calls in response to ambient noise. Second, their call amplitudes 

are also affected by noise, but, interestingly, marmosets did not exhibit the Lombard 

effect that is commonly found in other animals during the utterance of phee calls. 

Instead, they reduced their call amplitude. However, when the noise was 

predictable, one monkey showed the Lombard effect. These results suggest that 

marmosets have a general strategy to avoid calling in the presence of noise and 

that they are capable of actively counteracting previously thought involuntary audio-

vocal mechanisms. This study opens up avenues for investigating the neural 

mechanisms underlying these behaviors. 

 

3.2. Chapter II: Noise avoidance strategies 

While control mechanisms underlying vocal adjustments in response to ambient 

noise have been already well studied, the aim of this study was to improve our 

understanding of the mechanisms involved in noise avoidance strategies. In a 

previous study we demonstrated that marmosets are capable of immediately 

canceling ongoing vocalizations after noise onset (Pomberger et al., 2018). 

However, this behavior was observed only in rare instances, ranging from 0.3–7.7% 

depending on the monkey. It remains unclear whether the ability to interrupt ongoing 

calls in response to ambient noise is based on either reflexive, adaptive, and/or 

cognitive processes. 

To better understand the strategies used by marmosets when vocalizing in noisy 

environments, we measured the vocal behavior of marmosets while held separate 
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in a soundproofed chamber, with and without acoustic perturbation. We perturbed 

ongoing vocalizations by using 80 dB broadband noise at different time points after 

the call onset once the monkey exceeded a certain call duration. In this experiment, 

four common marmosets were successfully used and a total of 7945 phee calls, 

including 5,843 single and 2,102 double phees were recorded. 

3.2.1. Effects of ambient noise on call duration 

As a first step we investigated the general effect of noise perturbation on call 

durations. We found that call durations of first syllables were significantly shorter 

during phases with noise perturbation compared to before. However, after noise 

perturbation ended, the call durations returned to baseline levels. To determine how 

rapidly the monkeys modulated phee duration in response to noise perturbation, we 

measured the duration of the first phee syllables in relation to when they were 

uttered within the session. We found that the first call perturbed with noise showed 

a significant decrease in call duration across sessions, indicating an immediate 

response to noise perturbation. In other words, marmoset calls were affected 

immediately after noise onset and this behavior stopped directly after the last call 

was perturbed. 

We then examined whether call durations were dependent on the onset of noise 

perturbation in relation to call offset. Our results showed that the marmosets’ call 

durations deviated significantly from both perfect compensation to noise 

perturbation and fully unaffected call durations, indicating a more complex vocal 

behavior in response to different noise onset times. Therefore, we analyzed the call 

duration distributions in relation to the different noise onset times more closely. We 

found that for most noise onset conditions, the distribution of call durations was 

bimodal, implying that calls were either canceled immediately after noise onset or 

were rather unaffected by the noise. 

Our findings also indicate that it was easier for the animals to cancel their calls 

towards the expected end of the phee calls than right at the beginning of the vocal 

onset. These results may suggest evidence of an underlying neural mechanism that 

could inhibit the interruption of a vocalization at the start of the vocal pattern. This 
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could also explain the rare incidence of interrupted calls in our previous study, in 

which ongoing phee calls were perturbed right after call onset (Pomberger et al., 

2018). This result would also support the hypothesis that call patterns are more 

stable at vocal onset and can be more readily modified towards the end. 

Next, we investigated how the duration of second syllables of double phees, which 

were fully perturbed by noise, was affected. We found significant differences in the 

duration of second syllables across experimental phases. Similar to call duration 

distributions of the first phee syllables, call durations were shorter during noise 

perturbation than in the pre-phase (0.48 s shorter than in the pre-phase). 

Interestingly, this effect was much stronger than that for first syllable durations. 

Moreover, after noise perturbation (post-phase), durations of the second syllables 

remained significantly shorter than those in the pre-phase. This suggests that in rare 

cases where a second syllable was produced after noise perturbation, its duration 

was considerably shorter. However, the effect of noise perturbation on call duration 

varied among monkeys, and the change in call duration did not occur systematically. 

While the two female monkeys showed an increase in first syllable duration in the 

post-phase compared to the pre-phase, one of the males showed a significant 

shortening of the first syllable when comparing the pre- and post-phases. The other 

male showed no differences in the duration of the first syllable between the pre- and 

post-phases. 

As a next step, we wanted to test how quickly the monkeys changed the duration of 

second syllables in response to noise perturbation. Therefore, we measured the 

duration of these syllables as a function of when they were produced within the 

session Like the first syllables, we observed a significant decrease in duration for 

the first call perturbed with noise compared to the last call of the pre-phase, 

indicating an immediate response to noise perturbations. To analyze the persistence 

of this effect, we compared the duration of the last 10 calls in the post-phase with 

the duration of the first 10 calls in the pre-phase of the following day’s session. We 

found that the duration of the second phee syllable was significantly longer than the 

duration of the last calls of the previous session, indicating that the effect was not 

long lasting. 
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3.2.2. Effects of ambient noise on syllable amount 

We first investigated if the ratio of single to double phees was affected by noise 

perturbation. Our results agreed with previous studies showing that marmosets 

produce significantly more single phees when exposed to perturbing noise. This 

behavior persisted beyond the end of noise phases. This finding suggests that the 

monkeys modified their vocal behavior in response to noise perturbation by 

producing fewer double phees, consistent with our previous finding (Pomberger et 

al., 2018).  

Since we found that some of the uttered single phees seemed to be more similar to 

first syllables of double phees, we wanted to determine whether marmosets ended 

the call sequence directly after noise onset within the first phee syllable, even if a 

double phee had been planned originally. Therefore, we used a machine learning 

classification model that was based on call parameters that were not affected by 

noise. Our results indicate that some of the uttered single phees were initially 

intended to be double phees, but were canceled after the first syllable during the 

noise-phase and even after the noise-phase had ended. 

3.2.3. Summary 

The second study yielded three important results: first, marmosets exhibited 

reflexive behavior by decreasing call durations or canceling calls in response to 

noise, but resumed normal behavior immediately after the noise ended. Second, it 

seemed easier for the monkeys to cancel their calls towards the expected end of 

them. Third, the monkeys showed adaptive behavior by reducing the number of 

syllables, which persisted even after the noise had stopped. In other words, the 

study showed that marmosets can both adapt their vocal behavior to noise and 

make immediate reflexive changes to their vocalizations. These findings suggest 

that marmosets have direct control over their vocal output and can make rapid 

adjustments in response to environmental noise.
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4. Discussion 

The ability to adjust various vocal features in response to noise is crucial for ensuring 

successful communication. In my PhD thesis, I demonstrate that marmosets exhibit 

this behavior by modulating their call features in response to noise perturbations. 

This finding suggests that the vocalizations of marmosets are more flexible than 

previously thought. 

4.1. Comparison to previous studies on vocal behavior in noise 

This chapter aims to provide an overview of the previous understanding of 

marmoset vocal flexibility and distinct strategies used to deal with ambient noise. 

Moreover, it will contextualize these findings in relation to the results presented in 

my thesis. 

Vocal changes as direct responses to perturbing noise, such as involuntary 

increases in call amplitude (Lombard effect) and associated changes, including 

increases in call frequency and call duration, have been extensively studied in 

recent decades across vertebrate species such as birds, reptiles, and mammals, 

including cetaceans, bats, and primates (Brainard & Doupe, 2002; Choi et al., 2015; 

Cynx, 1990; Gultekin & Hage, 2017; Hage & Nieder, 2013; Hardman et al., 2017; 

Miller et al., 2009a; Pistorio et al., 2006; Price et al., 2015; Roy et al., 2011; Seyfarth 

et al., 1980; Takahashi et al., 2017). The observed changes resulted either in an 

increase in signal-to-noise ratio, such as the Lombard effect, increase in call 

frequency or increase in signal density, such as the production of longer calls and/or 

increased repetition of call syllables. 

Two previous studies have observed the Lombard effect in marmosets, which 

seems to conflict with our findings (Brumm, 2004; Eliades & Wang, 2012). However, 

this discrepancy may be explained by the different call types investigated in each 

study. While we focused on phee calls, which are produced at high amplitude 

intensities (Eliades & Wang, 2012), one of the earlier studies investigated the twitter 

call, a vocalization that is produced at lower amplitude intensities (Brumm, 2004). 
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Interestingly, the other study investigating the Lombard effect during phee call 

production found mixed effects with half of the animals not showing an increase in 

call amplitude (Eliades & Wang, 2012). While playing back continuous noise also 

one of our animals showed the Lombard effect, whereas the others did not. 

Surprisingly, our study found that phee calls perturbed after call onset did not exhibit 

the Lombard effect as previously reported for calls produced in constantly presented 

ambient noise (Brumm, 2004; Egnor & Hauser, 2006). Our results indicate that 

marmoset monkeys may either not exhibit the Lombard effect when producing 

ongoing phee calls or may suppress it and lower their call intensities instead.  

We suggest that marmoset monkeys counteract the Lombard effect in a noisy 

environment to reduce the physiological costs of high intensity phee calls. Phee calls 

are produced at intensities above 100 dB SPL, resulting in high muscle tensions 

encompassing almost the entire animal's body during call production. This might 

have led to the evolution of mechanisms in these animals that ensure the proper 

transmission of these highly energetic calls, such as calling in silent gaps or 

decreasing call intensity in situations in which sufficient detectability might be 

potentially diminished, such as during the presence of ambient noise. Based on our 

findings, it appears that marmoset monkeys possess an audio-vocal integration 

mechanism that is capable of counteracting the Lombard effect. Similar 

mechanisms have already been observed in vocal production learners like birds and 

humans (Kobayasi & Okanoya, 2003; Pick et al., 1989; Therrien et al., 2012; Vinney 

et al., 2016) and seems to be mainly driven by higher-order cognitive processes 

including cortical structures (Luo et al., 2018). 

Whether auditory feedback contributes to the Lombard effect remains a topic of 

debate. Some research suggests that sensory feedback may not be necessary for 

eliciting the Lombard effect. In one study, greater horseshoe bats exhibited the 

Lombard effect in the first call after noise onset, indicating that the bats increase 

their vocalization amplitude without using auditory feedback (Hage et al., 2013). 

Other studies have shown that the Lombard effect relies on spectral overlap 

between vocalizations and background noise. Therefore, it might be possible that 

auditory feedback is used to extract the spectral information of ongoing vocalizations 

and compare it with background noise. 
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Although the Lombard effect is already well studied across the whole animal 

kingdom, noise-dependent shifts in call frequency have been mostly unattended and 

poorly understood. Only a few studies have reported a rise in call frequencies with 

increasing ambient noise levels in birds and bats (Hage et al., 2013; Osmanski & 

Dooling, 2009; Schuster et al., 2012), while only one study investigated the effect of 

different noise bands on call frequencies. Recent research on marmosets found that 

they are able to adjust their phee call frequency to shift away from a predictable 

high- and low-frequency noise, respectively, which did not overlap with the phee call 

frequencies (Zhao et al., 2019). In bats, the frequencies of echolocation calls 

increased significantly in response to a variety of noise stimuli, regardless of 

whether they were directly masking the call's fundamental frequency or presented 

below the dominant call frequency (Hage et al., 2013). These findings suggest that 

the observed rises in call frequencies are likely an audio-vocal mechanism elicited 

to increase call detectability in a noisy environment, as has been found in previous 

studies including birds (Andalman & Fee, 2009; Bermudez-Cuamatzin et al., 2011; 

Charlesworth et al., 2011; Nemeth & Brumm, 2010; Pohl et al., 2012). Shifts in song 

frequencies of around 200 Hz have been predicted to improve call detectability by 

about 10–20% (Nemeth & Brumm, 2010), which is mainly due to the fact that the 

spectrum of environmental noise generally shows a decay in amplitude with 

increasing frequency (Halfwerk & Slabbekoorn, 2009; Nemeth & Brumm, 2010; Pohl 

et al., 2009; Pohl et al., 2012). Only echolocating bats have been found to exhibit 

such fast responses to ambient noise, and increase their call amplitude within 

approximately 30 ms after noise onset (Luo et al., 2017). 

While vocal changes in response to noise have been extensively studied, strategies 

for avoiding noise, such as suppressing vocalizations during periods of elevated 

ambient noise levels, have received little attention in comparison. Recent studies 

have shown that monkeys have the ability to avoid calling in noisy environments 

and time their calls to silent periods (Miller et al., 2003), as well as terminate call 

sequences immediately after noise onset (Egnor et al., 2006; Pistorio et al., 2006). 

They are even able to interrupt ongoing vocalizations directly after the onset of 

perturbing noise (Pomberger et al., 2018). However, the mechanisms underlying 

these avoidance strategies remain largely unclear. 
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The findings shown in this thesis differ from those of previous studies conducted by 

Egnor et al. (2006) and Miller et al. (2003 & 2009a) Recent studies have revealed a 

high degree of vocal flexibility in marmosets (Ghazanfar et al., 2019), allowing them 

to control when (Pomberger et al., 2019; Roy et al., 2011), where (Choi et al., 2015), 

and what to vocalize (Liao et al., 2018). This vocal flexibility enables them to avoid 

calling in the presence of environmental noise and initiate their vocalizations mainly 

during silent periods (Roy et al., 2011). In a previous study, we demonstrated that 

marmosets tend to interrupt their vocalizations shortly after noise onset when 

perturbation starts after vocal onset, indicating their inclination to avoid calling in 

ambient noise (Pomberger et al., 2018). However, such call interruptions account 

for only 2.6% of all calls, indicating stark neuronal and/or anatomical constraints that 

limit this behavior. 

In our second study, marmosets canceled their calls immediately after noise onset. 

This behavior was evident in the first perturbed call, indicating a reflexive behavioral 

response to noise perturbation. Here, the animals were more likely to cancel their 

calls towards the expected end of the vocalization rather than at the beginning. 

These results suggest that there may be neural mechanisms that inhibit the 

interruption of the vocalization at the beginning of the pattern, as described in the 

study by Sober & Brainard (2009). This could also explain the low occurrence of 

interrupted calls in our earlier study, in which vocalizations were perturbed 

immediately after call onset. These findings further support the hypothesis that call 

patterns are more stable at the beginning of a vocalization and can be modulated 

towards the end. 

Our study found that the occurrence of double phee calls significantly decreased 

during noise perturbation, which is consistent with previous studies (Egnor et al., 

2006; Pistorio et al., 2006). This indicated that the marmosets terminated the call 

sequence directly after perturbation onset within the first phee syllable, regardless 

of whether they canceled the first syllable or not. Furthermore, our study revealed 

that this behavior persisted even after noise perturbation ended, suggesting that the 

monkeys exhibited adaptive changes in their vocal behavior. Interestingly, our 

machine learning classification model based on call parameters not directly affected 

by perturbing noise provided first evidence that some single phees were planned to 
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be doubles phees, but were canceled after the first syllable during phases with 

perturbing noise and also in phases where the noise had already ended. These 

findings further show that marmosets have direct control over their vocal output and 

are capable of modulating ongoing vocalizations in a rapid and direct manner. 

4.2. Neural principles of communication 

In this paragraph I would like to hypothesize the possible neural networks underlying 

the analyzed vocal behavior in response to noise exposure.  

The acoustic structure of monkey calls, much like the vocalizations of most other 

mammals and non-verbal emotional vocalizations of humans, is largely genetical 

determined (Eibl-Eibesfeldt, 1973; Geissmann, 1984; Winter et al., 1973). Given the 

innate character of these motor patterns, it is likely that they are generated 

subcortically rather than a cortically. 

4.2.1. Audio-vocal integration mechanisms 

Audio-vocal integration mechanisms, refer to the processes by which the nervous 

system integrates auditory information with vocal motor output. The integration of 

auditory and vocal motor signals is crucial for effective vocal communication in 

animals including humans. 

To produce and maintain effective vocal communication, the brain needs to finely 

control the acoustical parameters of self-generated sounds and integrate sensory 

and motor signals. Such signals also include feedforward motor commands and 

action generation to produce sounds, in addition to ongoing adjustments of the 

motor system in cases where errors occur. This involves monitoring and adjusting 

speech production in humans in response to changes in acoustic feedback. The 

Lombard reflex is one such representative feedback mechanism, where speech 

loudness is adapted to environmental loudness (Hanley & Harvey, 1965). The 

Lombard effect is widespread in animal groups and is often considered a basic 

audio-vocal integration phenomenon. Another example for such feedback 

mechanisms has been shown in a study in which human subjects have received 
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voice pitched feedback (up- or downward) during phonation, which resulted in a 

change of fundamental frequency in their vocal signals (Burnett et al., 1998). These 

two examples illustrate the central role of feedback processing in influencing the 

motor system. While the behavioral effects of feedback changes on speech are well 

studied, the underlying neural mechanisms remain speculative. However, there is 

evidence that neural interactions between the auditory system and the vocal motor 

system exist both at the brainstem and cortical levels. 

4.2.2. Possible neural networks in marmoset monkeys 

The structures involved in the control of phee call modulation in response to a noisy 

environment are likely to contain neurons that exhibit vocal motor activity with short 

pre-vocal latencies that are inhibited by auditory stimulation. Examples of brain 

structures that contain such neurons include the ventrolateral prefrontal cortex 

(Hage & Nieder, 2015), as well as the pontine and medullary reticular formation 

(Hage et al., 2006). Consistent with previous research (Hage, 2019; Hage & Nieder, 

2016), our model proposes that a volitional articulatory motor network originating in 

the prefrontal cortex cognitively controls the vocal output of a phylogenetically 

conserved primary vocal motor network, which is predominantly composed of a 

subcortical neuronal network. 

The vocal motor network can be modulated by auditory structures on several cortical 

and subcortical brain levels (Luo et al., 2018). The neural mechanisms controlling 

the interruption of calls or modulation of call parameters as a response to perturbing 

noise likely include both cortical and subcortical structures, as well as corticofugal 

projections. There are various potential anatomical and neurophysiological plausible 

audio-vocal loops that might be involved in audio-vocal interactions that could 

underlie the observed call modifications, including call inhibition and interruption, as 

well as shifts in call frequency and amplitude (Figure 3). As potential hubs in audio-

vocal integration (Eliades & Wang, 2012; Eliades & Tsunada, 2018; Hage & Nieder, 

2015; Hage et al., 2006), a cortical audio-vocal loop from the auditory cortex to the 

ventrolateral prefrontal cortex to premotor cortex to the pontine reticular formation 

could be responsible (Hage & Nieder, 2016). 
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Figure 3: Hypothetical neuronal model for audio-vocal interaction. Audio-vocal integration 

mechanisms are known to happen between cortical and subcortical structures as well as via 

corticofugal projections. Call production might be affected by ambient noise at different brain levels. 

Simplified circuit diagram summarizing the most relevant structures for vocal production and the 

auditory pathway in monkeys. Arrows indicate anatomically verified and relevant direct connections. 

Numbers highlight connections that might be involved in noise-related call inhibition (1), call 

interruption (2), frequency shifts and/or amplitude modulations of the second syllable of call 

sequences such as phee calls. The volitional articulatory motor network (indicated in green) is 

capable of modulating the primary vocal motor network (indicated in blue) and the motoneuron pools 

(indicated in red) involved in call production. External auditory stimuli are perceived via the auditory 

pathway (indicated in orange), which is capable of modulating the vocal motor system via direct 

connections (indicated in purple) at cortical and subcortical levels. See text for further explanation. 

AC, auditory cortex; ACC, anterior cingulate cortex; CN, cochlear nucleus; IC, inferior colliculus; M1, 

primary motor cortex; MN, motoneuron pools; PFC, prefrontal cortex; PMC, premotor cortex; SOC, 

superior olivary complex; VPG, vocal pattern generator in the ventrolateral pontine brainstem. 

In addition, it is possible that some call modifications, such as interrupting vocal 

output or modulating call amplitude, can be achieved through a direct connection 

from the premotor cortex to single motoneuron pools. In this case, inhibiting specific 

muscles, such as those involved in expiration, may be sufficient to interrupt vocal 

output or modulate call amplitude. Another potential subcortical audio-vocal loop 

involves connections from the cochlear nucleus, superior olivary complex, or inferior 
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colliculus to the pontine reticular formation, which could mediate some of the 

observed vocal behaviors such as call interruption or shifts in call frequency (Hage, 

2020; Hage & Nieder, 2016). Interestingly, previous studies have identified direct 

and active connections between the cochlear nucleus and the laryngeal motoneuron 

pool in mammals, suggesting that such connections may be capable of modulating 

vocal output directly (Jen & Ostwald, 1977). 

4.2.3. Vocal pattern generating network 

Vocalizations arise from some of the most complex motor patterns produced by 

vertebrates. The complexity of the vocalization process makes it challenging to 

understand its neural underpinnings.  Here, I want to hypothesize possible 

structures involved in determining phee call duration. 

In a previous study, we showed that marmoset calls are composed of multiple 

sequentially uttered units, similar to human speech (Pomberger et al., 2018). In that 

study, the monkeys were able to interrupt their phees after the first vocal motor unit 

(less than 100 ms after call onset). Therefore, the duration of a phee call is 

determined by the number of consecutively produced units rather than a predefined, 

impartible pulse. This would explain the monkeys’ ability to interrupt ongoing phee 

vocalizations at several moments during vocal production. This only occurs at 

specific time points, indicating that phee calls can only be interrupted between single 

units. Similar observations have been made in passeriform birds, where song bouts 

consist of complex, distinct syllables which are learned during development 

(Brainard & Doupe, 2002) and can only be interrupted between, not within, syllables 

(Cynx, 1990; Hardman et al., 2017). Learning processes induced by acoustic 

perturbation affect acoustic features of the entire song syllable rather than those 

after the initiation of acoustic perturbation (Sober & Brainard, 2009). 

From a neurophysiological perspective, our previous study (Pomberger et al., 2018) 

suggested the existence of a vocal pattern-generating network that determines phee 

call duration and may be directly inhibited by perturbing acoustic stimuli. Previous 

research has indicated that such a vocal pattern generating network is located in 

the lower brainstem and receives input from higher-order structures (Hage & Nieder, 
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2016; Jürgens, 2002; Loh et al., 2017). The periaqueductal gray, one of these 

structures, has shown activity that is correlated with call duration, and may be 

sufficient for determining phee call duration (Larson, 1991). However, the short 

latencies of call cancellation after noise onset (<100 ms) and the pre-vocal activity 

latencies within the PAG (≈100 ms) (Düsterhöft et al., 2004; Larson, 1991) make it 

unlikely that these inputs are sufficient to produce this vocal behavior. These 

findings suggest that there may be direct interactions between auditory input and a 

vocal pattern generating network in the brainstem (Hage & Nieder, 2016). 

4.3. Conclusion and outlook 

In this thesis, we investigated the mechanisms of audio-vocal integration in 

marmosets, which are highly social and vocal animals. We studied the effects of 

different noise conditions on the vocalizations of marmosets, specifically the 

changes in frequency and amplitude of the monkeys' phee vocalizations when 

perturbed by ambient noise. The results show that noise-related frequency 

modulation is a selective effect in marmosets, with the strongest rise in call 

frequencies found for high noise amplitudes. The shifts in fundamental frequency 

are mainly correlated with different noise bands rather than amplitude conditions. 

Additionally, we found that noise perturbation starting after phee call onset had no 

systematic effect on call amplitude of the first syllable, but it decreased call 

amplitude in a stepwise function with increasing noise intensity, especially for the 

second syllable. The study also showed that marmosets are capable of exhibiting 

as well as actively suppressing the Lombard effect in a noisy environment during 

phee call production.  

Furthermore, we investigated the effect of noise perturbation on call durations and 

syllable amount of marmoset monkeys. We found that call durations of the first 

syllables were significantly shorter during phases with noise perturbation than 

before, and that the monkeys immediately canceled their calls after noise onset. We 

also found that it was easier for the animals to cancel their calls towards the 

expected end of the phee calls rather than directly at the beginning of the vocal 

onset. Additionally, we investigated if the ratio of single to double phees was 

affected by noise perturbation and found that marmoset monkeys emitted 
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significantly more single phees in phases of perturbing noise and afterwards. 

Overall, the study adds to previous knowledge about the effects of noise on vocal 

production in nonhuman primates and provides insights into the mechanisms 

underlying the Lombard effect. 

Our findings raise several questions that require further investigation, such as the 

neural mechanisms underlying the phee call interruptions and the location of these 

mechanisms in the marmoset brain. To answer these questions, 

electrophysiological single cell recordings in freely moving marmosets would be 

useful to investigate the neural mechanisms and how auditory integration 

mechanisms interact with vocal motor production. In several species, frequency and 

amplitude shifts occur on a very fast timescale suggesting audio integration 

processes at lower brainstem levels. However, a recent study in marmosets 

revealed that stimulation of auditory cortex in vocalizing animals causes a frequency 

shift with a latency of about 40 ms. 

The findings provided in this thesis give evidence that precise vocal motor control 

mechanisms, can be studied in marmosets. Therefore, marmosets are a suitable 

model for studying the evolutionary questions surrounding vocal production in 

nonhuman primates and speech production in humans. To understand the neural 

activity in cortical and subcortical structures during vocalization, further experiments 

in combination with electrophysiological recordings are necessary.
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