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Zusammenfassung

Jede Ubertragung von Lauten ist mit Beeintrachtigungen wie starkem Regen, Wind,
Tierlauten oder Stadtgerduschen konfrontiert. Infolgedessen haben sich mehrere
Strategien entwickelt, um Storgerdusche wahrend der Lautproduktion zu
kompensieren, was zu verschiedenen Verdnderungen der temporalen und
spektralen Eigenschaften fihrt. Die bekannteste larmbedingte Anpassung ist der
Lombard-Effekt, eine unwillkirliche Erhéhung der Lautstarke, die oft mit
Anderungen der Lautdauer und Tonhohe einhergeht. Eine andere Strategie besteht
darin, die Lautproduktion auf Zeitpunkte zu beschranken, in denen kein Larm
vorhanden ist. Mithilfe von akustischem Rauschen, welches durch das
Lautverhalten selbst ausgeldst wurde, konnten wir zeigen, dass Marmosetten in der
Lage sind, die Rufamplitude und -frequenz als Reaktion auf Stérgerausche, die
nach Beginn des Rufs auftreten, schnell zu modulieren. Der starkste Anstieg der
Tonhohe wurde bei hoherem Larmpegel festgestellt. Uberraschenderweise
unterlagen die Phee-Laute nicht dem Lombard-Effekt. Stattdessen verringerten
unsere Affen ihre Lautstarke mit zunehmendem Larmpegel. In einem weiteren
Experiment haben wir Phees systematisch zu verschiedenen Zeitpunkten mit
Rauschen gestoért. Dadurch haben wir Veranderungen 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 wahrend des ersten
maskierten Lautes. Im Gegensatz dazu blieb die Reduzierung der Silbenanzahl
uber 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 wahrend und nach der
Rausch-Phase produziert wurden, urspriinglich 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 Umgebungslarm umzugehen. Sie zeigen vokale Anpassungen als
direkte Reaktion auf storende Gerausche, wie z.B. Veranderungen der Lautstarke
und Tonhohe. Daruber hinaus wenden sie Strategien zur La&rmvermeidung an, d. h.

sie unterdrticken ihre Laute in Zeiten erhdhter Stérgerdusche.



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.



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;
Jurgens, 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 & Knoérnschild, 2021; Jurgens, 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).



Different strategies for communicating during noise

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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Introduction

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 acommon 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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The common marmoset

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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Introduction

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
macaqgue 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).

13



The common marmoset

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; Ldschner 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).

—_— i Pl .-ﬁ\ o I
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; Syllable 1 Syllable 1 Syllable 2
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5 p:q
=
o
e
m .
Single Phee Double Phee
0 1 2 3 4 5 0 1 2 3 4 5
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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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Introduction

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, | 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

17



Chapter I: Increase in signal-to-noise ratio

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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Results

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 Il: 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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Chapter II: Noise avoidance strategies

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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Results

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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Chapter II: Noise avoidance strategies

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, | 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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Comparison to previous studies on vocal behavior in noise

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 | 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, | 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; Jurgens, 2002; Loh et al.,, 2017). The periagueductal 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) (Dusterhoft 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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Abstract

Any transmission of vocal signals faces the challenge of acoustic interferences such
as heavy rain, wind, animal or urban sounds. Consequently, several mechanisms and
strategies have evolved to optimize signal-to-noise ratio. Examples to increase de-
tectability are the Lombard effect, an involuntary rise in call amplitude in response
to masking ambient noise, which is often associated with other vocal changes such
as call frequency and duration, as well as the animals’ capability of limiting calling
to periods where noise perturbation is absent. Previous studies revealed vocal flex-
ibility and various audio-vocal integration mechanisms in marmoset monkeys. Using
acoustic perturbation triggered by vocal behaviour, we investigated whether marmo-
sets are capable of exhibiting changes in call structure when perturbing noise starts
after call onset or whether such effects only oceur if noise perturbation starts prior
to call onset. We show that marmosets are capable of rapidly modulating call am-
plitude and frequency in response to such noise perturbation. Vocalizations swiftly
increased call frequency after noise onset indicating a rapid effect of perturbing noise
on vocal motor production. Call amplitudes were also affected. Interestingly, how-
ever, the marmosets did not exhibit the Lombard effect as previously reported but
decreased call intensity in response to noise. Our findings indicate that marmosets
possess a general avoidance strategy to call in the presence of ambient noise and
suggest that these animals are capable of counteracting a previously thought involun-
tary audio-vocal mechanism, the Lombard effect. These findings will pave the way
to investigate the underlying audio-vocal integration mechanisms explaining these

behaviours.
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1 | INTRODUCTION

Communication between individuals is a crucial aspect for
evolutionary suceess and appears in various forms in nature
ranging from olfactory (Poldrack & Farah, 2015; Stockhorst
& Pietrowsky, 2004) to visual (Osorio & Vorobyey, 2008) to
vocal signals (Ackermann, Hage, & Ziegler, 2014). For proper
communication, the transmission of a signal sent out by a
sender has to be detected and decoded by one or more receivers
(Bradbury & Vehrencamp, 1998). Therefore, the sender has to
be able to modulate the signal in response to potential mask-
ing ambient noise to ensure proper signal transmission. For
vocal communication in vertebrates, several mechanisms have
evolved to compensate for masking acoustic interferences, such
as heavy rain, wind, animal or urban sounds, leading to changes
in temporal and spectral features of the vocal signals (Brumm
& Slabbekoorn, 2005). Such vocal modifications can happen
involuntarily as well as under volitional control.

One of the most efficient mechanisms to increase sig-
nal-to-noise ratio (SNR) in call production is the so-called
Lombard effect, that is the involuntary increase in call am-
plitude in response to masking ambient noise (Lombard,
1911). It is often accompanied by a shift in call frequency
(Hage, Jiang, Berquist, Feng, & Metzner, 2013; Osmanski &
Dooling, 2009) as well as a change in call duration (Brumm,
2006; Luo, Goerlitz, Brumm, & Wiegrebe, 2015) and has been
shown in many vertebrate species from fish to frogs to birds
to mammals including humans (Brumm & Zollinger, 2011;
Luo, Hage, & Moss, 2018), suggesting that the Lombard ef-
fect is an evolutionary old behaviour that may have emerged
about 450 million years ago. Another successful strategy to
increase detectability in a noisy environment is the restraint
of call emission to timeslots where noise perturbation is low
or absent (Brumm, 2006; Roy, Miller, Gottsch, & Wang,
2011; Zelick & Narins, 1982). This approach renders the
modification of call parameters unnecessary and avoids the
increased physiological cost of call emission at high intensi-
ties that might still be insufficiently increasing SNR.

The common marmoset, a small, highly vocal New World
monkey indigenous to the dense rainforests of Brazil, has
been shown to exhibit vocal flexibility, such as increasing call
intensity (Brumm, 2004; Eliades & Wang, 2012) or increas-
ing the duration of specific calls (Brumm, 2004), as well as
the attempt to call in silent gaps (Roy et al., 2011), in the pres-
ence of perturbing ambient noise. These findings suggest that
while these animals generally seem to prefer avoiding calling
in a noisy environment, they do exhibit the involuntary au-
dio-vocal effects discussed above when doing so. This idea
is supported by a recent study showing that marmosets tend
to produce single calls instead of call sequences in response
to perturbing noise stimuli (Pomberger, Risueno-Segovia,
Loschner, & Hage, 2018). Interestingly, marmoset monkeys
are also capable of interrupting ongoing vocalizations rapidly
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after noise perturbation onset (Pomberger et al., 2018), over-
turning decades-old concepts regarding vocal pattern gen-
eration (Egnor, Iguina, & Hauser, 2006; Miller, Eliades, &
Wang, 2009; Miller, Flusberg, & Hauser, 2003), indicating
that vocalizations do not consist of one discrete call pattern
but are built of many sequentially uttered units that might
be modulated and initiated independently of each other.
However, it is yet unclear whether audio-vocal mechanisms,
such as the Lombard effect and its accompanied changes in
call frequency, can be rapidly elicited in cases where the per-
turbing noise starts after call onset or whether such effects
only occur if noise perturbation starts prior to call onset.

In the present studv, we use acoustic perturbation trig-
gered by the vocal behaviour itself to test in a controlled ex-
perimental design whether marmosets are capable of rapidly
modulating distinct vocal parameters such as call frequency
and amplitude in ongoing vocalizations. Performing quantita-
tive measures of resulting adjustments, we show that marmo-
set monkeys are able to specifically and rapidly modulate call
frequency and amplitude as a response to white noise stimuli
in ongoing vocal utterances. Hereby, our data indicate that
marmosets exhibit a decrease in call amplitude as a result of
such noise perturbation, suggesting a mechanism counteract-
ing the rise in amplitude caused by the Lombard effect.

2 | MATERIALS AND METHODS

2.1 | Animal housing and maintenance

Four adult marmoset monkeys (Callithrix jacchus) were used
in the present study. Monkeys were usually kept in differ-
ent sex pairs and were all born in captivity. The animals had
ad libitum access to water and were fed on a restricted food
protocol including a daily basis of commercial pellets, fruits,
vegetables, mealworms and locusts. Additional treats, such
as marshmallows or grapes, were used as positive reinforce-
ments to transfer the animals from their home cage to the
experimental cage. Environmental conditions in the animal
husbandry were maintained at a temperature of 26°C, 40%—
60% relative humidity and a 12-hr:12-hr day/night cycle.
All animal handling procedures were in accordance with the
guidelines for animal experimentation and authorized by the
national authority, the Regierungsprisidium Tiibingen. All
vocalizations analysed in this study are a fraction of calls that
have been recorded in a previous study (Pomberger et al.,
2018).

2.2 | Experimental set-up and procedure

The vocal behaviour of four animals was recorded in a
soundproof chamber in response to noise playback that was
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initiated after vocal onset as reported earlier (Pomberger et al.,
2018). Briefly, the animals were transferred into a recording
cage (0.6 x 0.6 x 0.8 m), which was placed in a soundproof
chamber, with ad libitum access to water and food pellets
throughout the recording period. In this behavioural set-up,
marmoset monkeys predominantly produce phee calls to in-
teract with conspecifics (phee ratio within all uttered calls;
monkey S: 99.1%, H: 92.0%, W: 95.6%, F: 96.8%). Other call
types such as trill-phees, twitter, trills, tsik-ekks (Agamaite,
Chang, Osmanski, & Wang, 2015) or segmented phees
(Ziircher & Burkart, 2017) were only rarely uttered (ratios
were well below 2.5% for all other call types in all monkeys
except trill-phees in monkey H [4.6%]). Monkeys produced
a mean of 118 + 9 (monkey S), 167 + 31 (H), 117 + 10 (W)
and 87 + 7 (F) phee calls per session. The vocal behaviour
of each individual monkey was recorded once a day in ses-
sions ranging between one and two hours in duration. Data
were collected in sessions at various times during the day
between 11 a.m. and 5 p.m. Recordings were performed for
10-28 days (mean: 17 + 3 days) for each individual ani-
mal. The monkey's behaviour was constantly monitored and
observed with a video camera (ace acA1300-60gc, Basler,
with 4.5-12.5 mm CS-Mount Objective H3Z4512CS-IR
172, Computar) placed on top of the cage and recorded with
standard software (EthoVision XT version 4.2.22, Noldus).
The vocal behaviour was collected with eight microphones
(MKH 8020 microphone with MZX B000 preamplifier,
Sennheiser), which were positioned in an octagonal design
around the cage (Figure 1b), digitized using an A/D inter-
face (Octacapture, Roland; sample rate: 96 kHz) and re-
corded using standard software (Avisoft-Recorder, Avisoft
Bioacoustics). A custom-written program (OpenEX, Tucker-
Davis Technologies) running on a workstation (WS-X in
combination with an RZ6D multi-I/O processor, Tucker-
Davis Technologies) monitored the vocal behaviour in real
time via an additional microphone (MKH 8020 microphone
with MZX 8000 preamplifier, Sennheiser) placed on top of
the cage, which automatically detected vocalizations through
online calculation of several acoustic parameters, such as call
intensity, minimum duration of call intensity duration, call
frequency and several spectral features. The median vocal
detection rate was well above 99%, and three out of four vo-
calizations were detected within the first 146 ms after call
onset (Figure 1c).

The eight microphones positioned around the cage were
installed to ensure precise calculation of dB SPL values of
vocalizations with a corresponding microphone being posi-
tioned in front of the monkey (for details, see below).

For two out of three uttered vocalizations, we played back
noise bursts of different frequency bands and amplitudes via
a loudspeaker (MF1 Multi-Field Magnetic Speakers, Tucker-
Davis Technologies) positioned on top of the cage, imme-
diately after vocal detection. Noise bursts had a duration of
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4 s (including 10-ms rise times) to ensure noise perturbation
throughout the first phee syllable as well as the initiation
of the second syllable. Five different noise band conditions
(broadband noise and bandpass-filtered noise bands: 0.1-
5.1 kHz, 5-10 kHz, 10-15 kHz and 16-21 kHz) were played
back at four different amplitudes (50 dB, 60 dB, 70 dB and
80 dB) each (Figure 1d). All 20 noise conditions were played
back pseudo-randomly in blocks of 30 uttered vocalizations,
resulting in 20 calls being perturbed with noise after call
onset and 10 calls without noise playback remaining unaf-
fected {control). After one block ended, a new block was
generated. Noise playback generation and presentation were
performed with the same custom-written software used for
call detection.

2.3 | Data analysis

We programmed a custom-written graphical user interface
(GUL, MATLAR, MathWorks) to clock Avisoft, Noldus and
Tucker-Davis Technologies recordings offline and to extract
the detected calls from the recording channel with the best
SNR. Vocal onset to offset was manually flagged as well as
noise onset times using the aligned sono- and spectrogram of
vocalizations. We used a Hanning window with a 512-win-
dow size, 1,024 FFT, overlap of 25% and temporal resolution
of 1 ms. We only considered first phee syllables for calcula-
tion that were detected/perturbed within 200 ms of call onset
and with a minimum duration of 800 ms. Consequently, first
phee syllables that were interrupted directly after noise onset
as previously reported in an earlier study (Pomberger et al.,
2018) were excluded from further analysis. Second phee syl-
lables were only analysed if they had a minimum duration of
500 ms. In rare cases, call termination could not be visually
detected due to overlapping noise (mostly during the 80 dB
SPL condition). These calls were also excluded from further
analysis.

After labelling a call, peak frequencies of the fundamental
component were automatically calculated within one-milli-
second time bins (8192 FFT, 96 kHz sample rate resulting
in a frequency resolution of 11.71 Hz). In cases where the
SNR between the call amplitude and playback noise was not
high enough for antomatic fundamental peak frequency cal-
culation, frequency trajectories were calculated by manually
setting call frequencies at several time points and interpolat-
ing call frequencies in between the set values. Therefore, call
frequencies were analysed without prior noise reduction. The
accuracy of manual labelling compared to automatic caleu-
lation of peak frequencies was high and median differences
between both techniques below the frequency resolution used
(Figure S1).

Call amplitudes were calculated for all phee calls during
which the animals did not move their heads during call
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production. For these calls, head positions were manu-
ally labelled by marking the two white car tufts in the GUI
(Figure 1b). Next, a perpendicular line starting at the centre
of the later connection was used to compute angles of the mi-
crophones indicating the monkey's relative head position. The
microphone with the smallest angle to the perpendicular line
was used [or [urther calculation (Figure 1b). Calls that were
uttered in the rare cases where the angle between the front
of the monkey's head and the microphone was more than 45
degrees were excluded (rom [urther analysis. Furthermore,
phee calls that were uttered during head movements of the
animal were not used for amplitude calculations and only
considered for fundamental frequency calculation resulting
in a larger data set for frequency analysis.

Call amplitude trajectories (in dB SPL) were calculated
using a sliding window approach (window size: 25 ms; step
length: 1 ms, time for corresponding amplitude at the centre
of the sliding window), from the vocal recordings of the mi-
crophone foremost in {ront of the animal. Sound levels of the
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recorded playback noise were determined for all conditions
and subtracted from the call amplitude measurements taken,
using a modification of the spectral noise subtraction method
(Berouti, Schwartz, & Makhoul, 1978). Brictly, we first cal-
culated an estimate for cach noise band by calculating the
mean of ten recordings of one noise condition for each micro-
phone. Then, we subtracted this noise estimate in the spec-
tral dimension from noise perturbed parts of a call (i.e. from
noise onset to the end of the call) and corrected the outcome
as shown in formula (1), where Pg(w) is the spectrogram of
the signal and the noise; P,(w) the spectrogram of the noise
estimate; and 1"S(w), the modified signal spectrum. Alpha is
defined as the subtraction factor and beta as the spectral floor
parameter.

D(“”) = PS(W) - aPrs (W’)
if D(w)> P, (w),
a<l,

otherwise
< pxl

P={ Dw),
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Alpha and beta were calculated using the following
equation:

yeu _ SNR
=ay— =
S<SNRL20

According to Berouti et al. (1978), we chose alpha, = 4
and s = 20/3 as a best fit for proper amplitude calculation.
A simple empirical test verified the method; a control phee
was played and recorded in the recording chamber ten times
with broadband noise 70 dB SPL, ten times with a 5-10 kHz
noise band and ten times under control conditions (no noise).
As reported previously, differences between conditions of
<1 dB can be assumed to be negligible (Brumm, Schmidt, &
Schrader, 2009). In our case, median differences between con-
trol and both noise conditions were below 1 dB (broadband:
0.8 dB, 5-10 kHz noise band: 0.3 dB; Figure S2) indicating
successful performance of the used method. The distance of
the animal’s head to the microphone was considered by add-
ing a distance factor directly after noise subtraction to the
measurements resulting in a standardized amplitude trajec-
tory (in dB) of each call as produced 10 c¢m in front of the
animal's head.

24 | Frequency/amplitude
calculation and normalization

Mean fundamental frequency values were obtained with a
sliding window approach (window size: 10 ms, step size:
1 ms; time for corresponding frequency at the centre of the
sliding window). As noise onsets showed some variance rela-
tive to call onset, we normalized call frequencies after noise
onset (for the noise condition) and after call detection (for the
control condition), to the call's fundamental frequency just
prior to noise onset and call detection, respectively, to deci-
pher the noise-related changes in call frequency. For that, we
calculated the mean of the fundamental frequency in a 5- to
20-ms time window prior to noise onset (for the noise condi-
tions) and call detection (for the control condition) for each
individual call. This value was then subtracted from each of
the frequency values after noise onset. Finally, all values of
calls in the noise conditions were normalized by subtracting
the mean of the respective frequency value of the control con-
dition. Amplitude values were calculated in a similar way.
Here, we also calculated the mean amplitude for each indi-
vidual call in a 5- to 20-ms time window prior to noise onset
and subtracted these values from the mean amplitude values
after noise onset. According to the frequency normalization,
we then normalized all amplitude values by subtracting the
mean of the amplitude values from the corresponding values
in the control condition. For the 180-s noise experiment, we
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used the calculated amplitude values as described above in
data analysis.

2.5 | Phee call discrimination models
Marmoset monkeys tend to interrupt their phee calls after the
first syllable in response to noise perturbation (Pomberger
et al., 2018). For perturbed phee calls, we consequently as-
sumed that a substantial number of single phees had to be
mterrupted double phees. Recently, it has been shown that
single phees and the first syllables of double phees signifi-
cantly differ in a number of call parameters, such as call
frequency and duration (Miller et al., 2009). We therefore
had to find a way to distinguish single phee calls that were
interrupted double phees from original single phees prior to
data normalization. To address this, we used the findings of
Miller et al. (2009) that suggested that early peak frequencies
and durations of phee calls are sufficient to predict whether
a phee call consists of one or two syllables. Additionally, we
found that this is also true for early amplitude values of a
call. We applied a quadratic classification model (MATLAB,
MathWorks) to discriminate between single and double phees
with a two-dimensional classifier for fundamental frequency
analysis using 1st syllable durations and peak frequencies at
25 ms after call onset for frequency analyses (Figure S3). As
we observed that early amplitude values are also a good pre-
dictor, we used a three-dimensional classifier with call am-
plitude values at 25 ms after call onset as the third measure
for amplitude analyses (Figure S4). Basically, in a first step
the mean, p, and covariance matrix, X, of each class are cal-
culated from all control values to obtain the density function
of the multivariate normal at a point, x, using the following
formula:

-1
- 1 ETARS I L
PR= exp( S G u) ;(x uk))

where | X, | is the determinant of X, and ;! is the inverse ma-
trix. Using the prior probability p(k) of class & and p(x) as a nor-
malization constant, we obtain the posterior probability p (x)
that a point x belongs to class & based on:

oo pLplk)
plx)=
plx)

These results are then used to classify our phee calls into
single and double phees by minimizing the expected classifi-
cation cost using:

K
p=arg min Y pICK)

a7
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where % is the predicted classification, X is the number of
classes, and C(k) is the cost of classifving an observation as y
when its true class is k. In total, the loss for the 2D classification
was between 10.8% and 23.2% (mean: 15.1 + 2.8) and for the
3D classification between 6.8% and 15.7% (mean: 12.3 + 1.9)
for each monkey.

2.6 | Statistical analysis

Statistical analyses were performed with MATLAB (2016b,
MathWorks). We performed a three-way ANOVA with noise
amplitude, noise frequency and individual monkey as inde-
pendent factors to test for significant differences in shifts of
fundamental call frequency and amplitude within all noise
band conditions (alpha = 0.05, Bonferroni-corrected). We
used Pearson’s linear correlation coefficient to test for corre-
lations between frequency and amplitude shifts. Effect sizes
(ESs) were calculated using the following formula:

2

"

_1—115

A

where Jf represents the effect size of factor p and nﬁ is calcu-
lated as:

explained sum of squares of p

{explained sum of squares of p+residual sum of sguares)

3 | RESULTS AND STATISTICAL
ANALYSIS

We measured vocal behaviour in marmoset monkeys
(Callithrix jacchus, n = 4), a highly vocal New World mon-
key species, while separated in a soundproofed chamber,
with and without acoustic perturbation (Figure 1a}. In this
setting, marmoset monkeys predominantly produced phee
calls (monkey H: 92.0%, S: 99.1%, F: 96.8%, W: 935.6%),
long-distance contact calls, composed of one (so-called sin-
gle phees), two (double phees) or more phee syllables, to in-
teract with conspecifics (Agamaite et al., 2015) (Figure 1b).
Other call types such as trill-phees, twitters, trills, tsik-ekks
(Agamaite et al., 2015; Pistorio, Vintch, & Wang, 2006) and
segmented phees (Ziircher & Burkart, 2017) were rarely ut-
tered (all other call types were well below 2.3% in all mon-
keys except trill-phees in monkey H [4.6%]).

We perturbed 2/3 of calls with noise playback after
vocal onset to ensure perturbation starting after call initi-
ation (Figure 1b,c). To investigate whether perturbation of
different frequency bands within the hearing range of the
monkeys has different effects on their vocal behaviour, we
played back five different noise band conditions (broadband
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noise and bandpass-filtered noise bands below [0.1-5 kHz],
around [5-10 kHz] or above the fundamental frequency of
phee calls [noise bands of 10-15 kHz and 16-21 kHz] at four
different amplitudes [50 dB, 60 dB, 70 dB and 80 dB] each)
(Figure 1d,e). All noise conditions were played back pseu-
do-randomly in blocks of 30 uttered vocalizations, resulting
in 20 calls being perturbed by noise after call onset and 10
calls not being perturbed by noise (control). In total, our
monkeys produced 6,298 phees (monkey F = 1,544 phees,
H=1471,§ = 1,631, W = 1,652). Monkeys uttered mostly
single and double phees (multi-syllabic phees with more
than two syllables were rare or absent: monkey F = 6.5%,
H =0.4%, § = 1.3%, absent in W), with double phee rates
between 8.4% and 55.5% (mean: 29.5% + 9.8%, n = 4 mon-
keys) in the control condition.

We first investigated whether and how marmosets changed
the fundamental frequency of their ongoing phee syllables
when perturbed by different noise conditions. We found an
increase in first syllable frequencies (#(3, 4,901)=6.98,
p = 1.11e-04 for amplitude, (4, 4,901)=22.32, p < .0001
for frequency, F(3, 4,901)=1249, p < .0001 for monkeys,
n = 3,180, three-way ANOVA). Those frequency shifts
were significant in the 0.1-5.1 kHz at 80 dB noise condition
(38.3 + 13.8 Hz, p = 1.02e-02, n = 168), in the two loudest
conditions of the 5-10 kHz noise band (70 dB: 56.9 + 14.5Hz,
p=73.20e-03, n = 165; 80 dB: 76.7 + 16.4 Hz, p = 4.12e-08,
n = 134) and in all four amplitude conditions of broadband
noise (50 dB: 39.2 + 13.7 Hz, p = 5.03e-10, n = 159; 60 dB:
68.6+13.4Hz, p=1.21e-08, n=143; 70 dB: 104.1 + 12.5Hz,
p=3.9%-13, » = 135; 80 dB: 101.7 £ 16.1 Hz, p = 1.66e-
20, n = 118; control: » = 1,733; Figure 2a,b). The largest
frequency shift could be observed for 70 dB broadband noise,
while in the next higher intensity condition (80 dB), there was
no further increase in frequency (p = 1, » = 253), indicating
that marmosets are only capable of altering their fundamen-
tal frequency within a certain range. Frequency shifts were
not observed in calls that were produced during 10-15 kHz
and 16-21 kHz noise band perturbations (p = 1, n = 669 for
the 10-15 kHz noise band, n = 652 for the 16-21 kHz noise
band, Figure 2b). Second phee syllables showed no signifi-
cant shift in fundamental frequencies when perturbed by noise
(F(3, 1,340)=1.44, p = .23 for amplitude, F(4, 1,340)=1.23,
p =30 for frequency, F(3, 1,340)=1.24, p = .29 for monkeys,
n =761, three-way ANOVA, Figure 2c¢).

Next, we tested whether the observed changes in call fre-
quency were more influenced by the different noise condi-
tions or by the noise amplitude. Therefore, we quantified the
magnitude of the observed frequency shifts by calculating
population effect sizes (ES.) of the factors frequency (ES;., ),
amplitude (ES,;;) and the combination of both conditions
(ESfreq x amp} according to Cohen (1992) (see Material and
Methods). An effect would be given if the corresponding ES
value of a factor was above the threshold of 0.02 as suggested
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by Cohen (1992). We found ESp « sy values of 0.035 for
first syllables and 0.019 for second syllables, indicating an ef-
fect for first syllables (Figure 2b,¢). ESy for the first syllable
was above the threshold (ES;., = 0.023), while ES, . was
below (ES,g, = 0.01), indicating that the shifts in fundamen-
tal frequency were mainly correlated with the different noise
rather than amplitude conditions.

We then tested how fast fundamental frequency shifts
occurred within the first phee syllables after noise onset.
Therefore, we plotted the mean fundamental frequency
courses starting at noise onsct times (Figure 3). The shortest
latency of fundamental frequency shifts within a noise condi-
tion was defined as the moment where fundamental frequency
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shifts were significant for a minimum of five consecutive
milliseconds afier noise onsel. Shorlest lalencies were found
{or the 0.1-5.1 kHz noise condition at 80 dB (33 ms, n = 168)
and all broadband conditions (50 dB: 29 ms, n = 139; 60 dB:
34 ms, n = 143; 70 dB: 25 ms, # = 135; 80 dB: 25 ms,
n=118), resulting in a mean latency of 29.2 +£ 1.9 ms.

Subsequently, we investigated how call amplitudes changed
in response to noise perturbation. We calculated mean ampli-
tude shifts after noise onset for first and second phee syllables
(Figure 4a and b), We found a significant decrease in call am-
plitude for first phee syllables (F(3, 3,081)=0.99, p = 40 for
amplitude, F(4, 3,081)=5.24, p = .0003 (or frequency, F(3,
3,081)=0.56, p = .6397 for monkeys, n = 2,019, three-way
ANOVA), These shifts were significant for the two middle in-
tensity levels of the 0.1-5.1 kHz noise (60 dB: =1.7 + 0.5 dB
p=3.28e-03, n = 103; 70 dB: =2.7 + 0.5 dB, p = 8.17e-
04, n = 119) as well as for the two middle intensity levels
of the broadband noise (60 dB: —2.3 + 0.6 dB, p = 5.15¢-
03, n = 93; 70 dB: =2.0 = 0.6 dB, p = 8.59%-04, n = 853).
However, we could not find any systematic increase in am-
plitude shifts or significant amplitude shifts in any of the five
noise conditions (n = 3,093; Figure 4a). Furthermore, the
combined cffect size (ESp ¢ amp = 0.024) was above 0.02,
while the effect size for the frequency (ESg,,, = 0.014) and
amplitude (BS,, = 0.007) lactors was below 0.02, indical-
ing that noisc perturbation of ongoing first syllables has only
a small or no effect on amplitude shifts.

However, there was also an amplitude decrease in second
phee syllables (F(3, 947)=3.75, p = .01 for amplitude, F(4,
947)=1.38, p = .24 for frequency, F(3, 947)=3.8, p = .01
for monkeys, n = 554, three-way ANOVA). The amplitude
shifts in the 0.1-5.1 kHz and 5-10 kHz noise conditions were
significant at the highest intensity levels (=7.2 + 1.3 dB,
p =390e-02, n = 19 and =79 = 3.1 dB, p = 2.68¢-03,
n = 16, respectively; Figure 4b). Monkeys decreased their
call amplitudes in these two conditions with increasing noise
intensity levels, while no significant call amplitude changes
were observed in the other three conditions, All three ES
values were above 0,02 (ESp « awp = 0.064, ES;,, = 0.030,
ES,p = 0.024) suggesting an effect of specific noise per-
turbation on amplitude shilts of second phee syllables in
marmosel monkeys. Although it has been already shown that
marmoset monkeys show the Lombard effect while producing
twitter calls (Brumm, 2004), our results might indicate that
marmoset monkeys do not exhibit this reflex when produc-
ing phee calls or suppress it and lower their call intensities
instead.

To test whether the change in frequency is just a by-prod-
uct of an accompanied change in amplitude, we investigated
the correlation between these two call parameters for all noise
conditions and all noise amplitudes used. We observed no
significant relationship between call amplitude and call fre-
quency neither for first phee syllables (R = —0.30, p = .19,
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Figure 4¢) nor for seccond phee syllable (R = —0.33, p = .16,
Figure 4d). This indicates that changes in call frequency and
amplitude occurred independently from cach other.

Finally, we modificd our behavioural experiment scheme
(o test whether our animals are able to show a [.ombard effect
or suppress il in a noisy environment in general when pro-
ducing phee calls. We played back all five noise conditions
[0.1-5 kHz, 5-10 kHz, 10-15 kHz, 16-21 kHz and broad-
band] at 70 dB SPL. amplitude intensity plus two control con-
ditions with a duration of 180 s each, resulting in a block
of seven pseudo-randomized playback conditions with a total
duration of 1,260 s. In this new experiment, our monkeys
produced a total of 803 phee calls (monkey £ = 222 phees,
H =270, S = 158, W = 153), which were more commonly
uttered (& = 82.5%, H = 80.4%, S = 84.0%, W = 100%)
than other produced call types. The relative amounts of sin-
gle phees ranged between 34.8% and 56.3%, and the rela-
tive amounts of double phees ranged between 43.71% and
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59.49%. Multi-syllabic phees (7 =0.5%, H=1.9%, S =5.7%,
W =(0%) and segmented phees (£ =0.4%, H=2.4%, S =0%,
W = 0%) were nearly absent. Monkey H produced 14.3%
trill-phees and monkeys F and S produced 15.2% and 13.8%
tsik-ekks, respectively. All other call types were below 2.5%
for all monkeys. Under these experimental conditions, we
found that monkey W significantly increased its call intensity
for both phee syllables when perturbed by noise (first sylla-
ble: 6.4 + 0.8 dB, p = 1.57¢-03, n = 107; second syllable:
8.4 +£0.9dB, p = 6.52e-03, n = 46; Figure 5), thus exhibiting
the Lombard effect. Furthermore, monkey S significantly de-
creased the intensity of the second phee syllable and exhib-
ited no changes in call intensity of the first syllable (second
syllable: —4.2 + 1.0 dB, p = 2.15e-03, n = 52; first syllable:
p = .10, n = 68), while monkeys F and H showed no signifi-
cant amplitude change under noise perturbation (first syllable
(H): p= .89, sccond syllablc (H): p = .15, n = 234; first sylla-
ble (F): p = 91, second syllable (F): p = .06, n = 184). Taken
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together, the present results suggest that marmosets are capa-
ble of exhibiting as well as actively suppressing the Lombard
effect in a noisy environment during phee call production.

4 | DISCUSSION

Our results demonstrate that marmoset monkeys show rapid
modulation of call parameters in response to perturbing noise
bursts presented after call onset. Ongoing phee vocalizations
perturbed by ambient noise rapidly increased call frequency
in cases where the fundamental frequency was above or di-
rectly masked by the perturhing noise. Bandpass-filtered
noise bursts, which did not mask but were above the fun-
damental frequencies of the calls, had no effect on call fre-
quency. Therefore, noise-relaled frequency modulation is
a selective effect in marmoset monkeys. Additionally, call

amplitudes of phee calls were affected by low-frequency
nois¢ bands and broadband noise. Surprisingly, phee calls
perturbed after call onset did not exhibit a Lombard cffect as
previously reported for calls that were produced in constantly
presented ambient noise (Brumm, 2004; Egnor & Hauser,
2006). Instead, our monkeys decreased their call intensity in
a stepwise function with increasing noise intensity. Our find-
ings suggesl a general strategy ol avoiding calling in a noisy
environment in marmoset monkeys.

4.1 | Effects of ambient noise on
call frequency
Noise-dependent shifts in call frequency are not well-studied

and relatively poorly understood. Only a few studies have re-
ported arise in call frequencies with increasing amplitudes of
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ambicnt noise in birds and bats (Hage ¢t al., 2013; Osmanski
& Dooling, 2009; Schuster, Zollinger, Lesku, & Brumm,
2012), and only one study investigated the effect of differ-
cnt noise bands on call frequencies. In a recent study, mar-
mosets were able to adjust their phee call frequency to shift
away [rom a predictable high- and low-Irequency noise, re-
spectively, which were not overlapping with the phee call
frequencies (Zhao, Rad, & Wang, 2019). In bats, the fre-
quencies ol echolocation calls increased significantly for a
variety of noise stimuli no matter whether they were directly
masking the call's fundamental frequency or presented below
the dominant call frequency (Hage et al., 2013). In contrast,
the present study shows that in marmosets, call frequency
was predominantly only affected when we directly masked
the call's fundamental frequency. As a result, the strongest
rise in call frequencies was found for high noise amplitudes.
These findings suggest that the observed rises in call fre-
quencies are an audio-vocal mechanism elicited to increase
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call detectability in a noisy environment, as has been found
in previous studies involving birds (Bermiidez-Cuamatzin,
Rios-Chelén, Gil, & Garcia, 2011; Nemeth & Brumm, 201();
Pohl, Leadbcater, Slabbckoorn, Klump, & Langemann,
2012). Here, it has been predicted that shifts in song fre-
quencies ol about 200 Hz increase call detectability by aboul
10 to 20% (Nemeth & Brumm, 2010}, which is mainly due
to the fact that the spectrum of environmental noise gener-
ally shows a decay in amplitude with increasing [requency
{(Halfwerk & Slabbekoorn, 2009; Nemeth & Brumm, 2010;
Pohl et al., 2012; Pohl, Slabbekoorn, Klump, & Langemann,
2009). In the present study, shifts in call frequency oceurred
with a mean latency of about 30 ms after noisc onset sug-
gesting a rapid underlying neural mechanism for frequency
modulation. Such fast responses to ambient noise have yet
only been found in echolocating bats, which exhibit an in-
crease in call amplitude in about 30 ms after noise onset as
well (Luo, Kothari, & Moss, 2017).
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4.2 | Effects of ambient noise on
call amplitude

Despite the positive effect of rises in call frequency on sig-
nal detectability, the most effective mechanism to improve
SNR ratio in a noisy environment during vocal production
is the Lombard effect, that is the involuntary rise in call am-
plitude as a response to masking noise (Brumm & Zollinger,
2011; Luo et al., 2018). In the present study, noise perturba-
tion starting after phee call onset had no systematic effect on
call amplitude of the first syllable, that is the syllable dur-
ing which noise perturbation started. In cases in which sig-
nificant shifts occurred, call amplitude did not increase, as
expected, but decreased with small effect sizes. This effect
was stronger for the second syllables of the phee calls, in
which a strong decrease in call amplitude could be observed
for low-frequency noise conditions. Consequently, call inten-
sity decreased in a stepwise function with increasing noise
intensity suggesting a direct effect of noise intensity on call
amplitude. In contrast to our study, the Lombard effect has
been observed in marmoset monkeys in two previous studies
(Brumm, 2004; Eliades & Wang, 2012). For one study, the
different call types that were investigated might explain the
apparent discrepancy. While we focused on phee calls, a high
amplitude call that is produced at the upper end of the ampli-
tude scale (Eliades & Wang, 2012), one of the earlier studies
investigated the twitter call, a vocalization that is produced
at lower amplitude intensities (Brumm, 2004). 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).

Our results suggest an andio-vocal integration mechanism
in marmoset monkeys that is capable of counteracting the
Lombard effect. Such a mechanism has been already shown
to exist in vocal production learners such as birds and humans
(Kobayasi & Okanoya, 2003; Pick, Siegel, Fox, Garber, &
Kearney, 1989; Therrien, Lyons, & Balasubramaniam, 2012,
Vinney, Mersbergen, Connor, & Turkstra, 2016) and seems to
be mainly driven by higher-order cognitive processes includ-
ing cortical structures (Luo et al., 2018).

4.3 | Vocal flexibility during
perturbing neise in marmoset monkeys

Current studies have revealed a high degree of vocal flex-
ibility in marmoset monkeys (Ghazanfar, Liao, & Takahashi,
2019), allowing them to control when (Roy et al., 2011),
where (Choi, Takahashi, & Ghazanfar, 2015) and what to
vocalize (Liao, Zhang, Cai, & Ghazanfar, 2018). In addition,
recent studies revealed that marmosets are able to modulate
distinct call parameters in response to acoustic feedback
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(Eliades & Tsunada, 2018; Pomberger et al, 2018). This
vocal flexibility allows marmosets to avoid calling in the
presence of environmental noise and predominantly initiate
their vocalizations in silent periods (Roy et al,, 2011). In a
previous study, we demonstrated that marmosets interrupt
their vocalizations shortly after noise onset when perturbation
starts after vocal onset (Pomberger et al., 2018), supporting
the idea that these animals tend to avoid calling in ambient
noise. Such call interruptions, however, were rare (2.6% of
all calls), indicating stark neuronal and/or anatomical con-
straints in exhibiting such behaviour (Pomberger et al., 2018)
and resulting in a large fraction of phee calls being perturbed
by noise bursts. In the present study, we show that the call
amplitude of such vocalizations is lower.

We suggest that marmoset monkeys exhibit this vocal be-
haviour in a noisy environment to reduce the physiological
costs of high-intensity phee calls. Marmoset phee calls are
elicited at high intensities above 100 dB SPL, resulting in
high muscle tensions encompassing almost the entire animal's
body during call production (own observation). Therefore,
mechanisms might have evolved in these animals that ensure
the proper transmission of these high energetic calls resulting
in calling in silent gaps and decreasing call intensity in situ-
ations in which sufficient detectability might be potentially
diminished, such as during the presence of ambient noise.

4.4 | Mechanisms counteracting involuntary
audio-vocal effects

Based on the current work and earlier studies (Pomberger
et al., 2018; Roy et al., 2011), we propose a hypothetical
neuronal model suggesting various audio-vocal control
mechanism involving cortical, subcortical and corticofu-
gal connections capable of modulating vocal behaviour in
a noisy environment (Figure 6). In accordance with earlier
work (Hage, 2019; Hage & Nieder, 2016), our model con-
sists of a volitional articulatory motor network originating
in the prefrontal cortex (PFC) cognitively controlling vocal
output of a phylogenetically conserved primary vocal motor
network predominantly consisting of a subeortical neuronal
network. The vocal motor network can be modulated by
auditory structures on several cortical and subcortical brain
levels (Luo et al., 2018). The ability to interrupt calls or
modulate call parameters as a response to perturbing noise
might be controlled by both subcortical mechanisms and
corticofugal projections. Our model basically suggests two
potential anatomically and neurophysiologically plausible
audio-vocal loops, which might be involved in the ob-
served call modifications such as call inhibition and call
interruptions as well as shifts in call frequency and ampli-
tude. First, a cortical audio-vocal loop from the auditory
cortex to ventrolateral prefrontal cortex to premotor cortex
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to pontine reticular formation (Hage & Nieder, 2016), all
of which may serve as potential hubs in audio-vocal inter-
action (Eliades & Tsunada, 2018; Eliades & Wang, 2012;
Hage, 2018; Hage, Jtrgens, & Ehret, 2006; Hage & Nieder,
2015). Furthermore, a direct connection from the premotor
cortex to single motoneuron pools might be sufficient for
some call modifications, as the inhibition of single muscles,
for example muscles involved in expiration, might be suf-
ficient to interrupt vocal output or modulate call amplitude.
Sccond, scveral anatomically plausible subcortical audio-
vocal loop from the cochlear nucleus, superior olivary com-
plex or inferior colliculus to the pontine reticular formation
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might be sufficient to mediate some of the observed behav-
iours such as call interruption or shifts in call frequency
{(Hage, 2020; Hage & Nieder, 2016). Earlier studies even
found direct and active connections between cochlear nu-
cleus and the laryngeal motoneuron pool in mammals,
which might be able to modulate vocal output (Jen &
Ostwald, 1977). Neurophysiological studics will now have
to elucidate at which brain levels audio-vocal integration
mechanisms exist that explain the observed capabilities of
marmosct monkeys to counteract a previously thought in-
voluntary audio-vocal mechanism, the Lombard effect.
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Marmoset monkeys use different avoidance

strategies to cope with ambient
noise during vocal behavior

Julia Léschner,’? Thomas Pomberger,'** and Steffen R. Hage'-%>*

SUMMARY

Multiple strategies have evolved to compensate for masking noise, leading to
changes in call features. One call adjustment is the Lombard effect, an increase
in call amplitude in response to noise. Another strategy involves call production
in periods where noise is absent. While mechanisms underlying vocal adjustments
have been well studied, mechanisms underlying noise avoidance strategies
remain largely unclear. We systematically perturbed ongoing phee calls of mar-
mosets to investigate noise avoidance strategies. Marmosets canceled their calls
after noise onset and produced longer calls after noise-phases ended. Addition-
ally, the number of uttered syllables decreased during noise perturbation. This
behavior persisted beyond the noise-phase. Using machine learning techniques,
we found that a fraction of single phees were initially planned as double phees
and became interrupted after the first syllable. Our findings indicate that marmo-
sets use different noise avoidance strategies and suggest vocal flexibility at
different complexity levels in the marmoset brain.

INTRODUCTION

Communication between animals is a crucial trait for evolutionary success.' In many bird and mammalian
species, vocal signals have evolved as one of the dominant forms of direct communication between indi-
viduals.”* These vocal signals are usually produced within noisy environments; therefore, several mecha-
nisms have evolved to compensate for masking acoustic interference, such as heavy rain, wind, and animal
or urban sounds.”

The mechanisms used to deal with acoustic disturbances can generally be divided into two main types. The
first type is modulation of vocalizations that are directly confronted with an increase in ambient noise, i.e.,
when they are produced during acoustic perturbation. Here, the Lombard effect, an involuntary increase in
call amplitude in response to masking ambient noise, represents one of the most efficient mechanisms for
optimizing the signal-to-noise ratio.””'” This effect is often accompanied by several other vocal changes,
such as an increase in call frequency or an increase in signal density, i.e., the production of longer calls
and/or increased repetition of call syllables.'”"'* The latter increases the probability that a transmitted
message will be received by another individual. These mechanisms elicited during the presence of masking
noise are well known and occur across vertebrates from fish to birds to mammals, including humans. ™%

In addition to enhancing signal transmission in noisy environments, there is another vocal control mecha-
nism that prevents vocal output during noisy events and induces animals to vocalize during periods when
there is little or no acoustic disturbance. Previous studies showed that monkeys are able to time their vo-
calizations to silent epochs when time windows of ambient noise were predictable to avoid call transmis-
sions with a low signal-to-noise ratio'” and to stop sequences of calls immediately after acoustic perturba-
tion.'®"” Recently, we showed that marmosets are able to interrupt ongoing vocalizations directly after
noise onset indicating that marmosets can avoid calling in noise on a rapid timescale.”” However, this
behavior was very rare and happened only in 0.3%-7.7% of all cases (depending on the monkey). While
the control mechanisms underlying vocal adjustments in response to environmental noise are already
well studied, the mechanisms underlying noise avoidance strategies are still largely unclear. For example,
it is not yet clear whether the ability to time and interrupt vocalizations in response to environmental noise
is based on reflexive and/or adaptive processes.
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Using a neuroethological approach, we systematically perturbed ongoing vocalizations of marmoset mon-
keys to investigate the nature of the strategies underlying the exhibited changes in vocal behavior and to
decipher, why call interruption occurred only very rarely in our previous study.”” To do so, we 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. Marmo-
sets canceled their calls immediately after noise onset. Hereby, monkeys are more likely to cancel calling
toward the expected end of calls rather than at the beginning of the vocalization suggesting that the rare
occurrence of this behavior in an earlier study might be explained by the short noise onset latencies used.””
This behavior started during the first perturbed call, indicating a reflexive behavior in response to noise
perturbation. In contrast, the reduction in number of syllables persisted beyond noise perturbation, indi-
cating adaptive behavior in response to perturbing noise. Using machine learning techniques based on call
parameters, we were able to show that even after the end of noise perturbation, some of the calls produced
were initially planned by the monkeys as double phees but ended up being uttered with only one syllable.
These findings suggest that marmoset monkeys use two different strategies to avoid noise perturbation
during vocal behavior: a rapid one driven by reflexive responses and a more flexible, later occurring,
and longer lasting adaptive one.

RESULTS

Marmoset monkeys are able to change their vocal behavior in response to perturbing noise
playback

We measured the vocal behavior of marmoset monkeys (Callithrix jacchus, n = 4), while separated in a
soundproofed chamber, with and without acoustic perturbation. In this setting, marmoset monkeys
predominantly produced phee vocalizations.'””? In total, we recorded 7945 phees (5843 single and 2102
double phees, Figure 1A). The first 10 calls of each session were not perturbed (pre-phase) and served
as a control for each recording day (Figure 1D). The next 20 calls were perturbed in a precise manner if
they exceeded a certain duration (noise-phase, Figures 1B and 1C). The rest of the calls produced after
the noise-phase were again not perturbed (post-phase). With this experimental design, we were able to
investigate changes of vocal behavior in response to perturbing noise as well as long-lasting, adaptive
vocal changes after noise perturbation. We first investigated if the ratio of single to double phees was
affected by noise perturbation. We found that marmoset monkeys emitted significantly more single phees
in the noise- and post-phase than in the pre-phase (likelihood ratio [LR] test, XZ(Z) = 687.781, p < 0.0001,
Figure 1E). This indicated that the monkeys changed their vocal behavior in response to noise perturbation
by producing fewer double phees, consistent with our previous findings.”’

The extent of phee duration changes is dependent on noise onset

As a next step, we investigated the general effect of noise perturbation on call durations of first phee
syllables (i.e., single phees and the first syllables of double phees) independently of the exact noise onset
latency after call onset. We found a significant difference in call duration between the three experimental
phases (linear mixed model [LMM], F(24,322) = 185.006, p < 0.0001, n: pre = 681, noise = 2023, post = 1624).
Overall, call durations were significantly shorter during noise perturbation than during pre-phase (approx-
imately 0.15 s); vocalizations produced in the post-phase did not show any differences to calls in the pre-
phase (post-hoc Tukey: Pre vs. noise & noise vs. post p < 0.0001, pre vs. post p = 0.910, Figure 2A). However,
the change in call duration across phases did not occur systematically across monkeys. The two female
monkeys (orange and purple) showed an increase in first syllable duration in the post-phase compared
to the pre-phase (p < 0.0001). In contrast, one of the males (green) showed a significant shortening of
the first syllable when comparing the pre- and post-phases (p < 0.0001); the other male (blue) showed
no differences in the length of the first syllable between the post- and pre-phases (p = 0.505).

To test how fast the monkeys modulated phee duration in response to noise perturbation, we measured
the duration of the first phee syllables with respect to when they were uttered within the session. We found
that across sessions, the first call perturbed with noise showed a significant decrease in call duration
compared to the last call of the pre-phase, indicating an immediate response to noise perturbation (ses-
sion calls 10 and 11; paired t-test, t(113) = 4.979, p < 0.0001, n = 117 pre-noise pairs). Similarly, the first un-
perturbed call after the noise-phase was longer than the last perturbed call (session calls 30 and 31; paired
t-test, t(91) = 4.240, p < 0.0001, n = 98 noise-post pairs, Figure 2B). Furthermore, we wanted to know how
persistent and long-lasting the change in call duration was. Therefore, we compared the duration of the last
10 calls within the post-phase with the duration of the first 10 calls of the pre-phase of the next day’s session.
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Figure 1. Marmoset monkeys are able to change their vocal behavior in response to perturbing noise playback
(A) Exemplar spectrograms of single and double phees without and with noise perturbation. Unaffected: Calls with
durations being unaffected by noise perturbation; Canceled: calls being canceled after noise onset.

(B) Schematic of a phee call and the different used noise onset latencies indicated by the dashed lines.

(C) Pooled noise onset probability normalized to set latencies (dashed line) + SEM.

(D) Schematic of the experimental procedure: pre-phase consisted of the first 10 calls without noise perturbation. Noise-
phase consisted of the following 20 calls which were perturbed by noise. All subsequent calls (post) were again
unperturbed. Arrow indicates the temporal trajectory of each session.

(E) Double phee rate per experimental phase. 1: only double phees (DP) were emitted, —1: only single phees (SP) were
produced. Different colors indicate different monkeys. The average is displayed in black. Noise-phase is indicated by
dashed lines.

We found that the duration of first phee syllables was significantly greater than the duration of the last calls
of the previous session (paired t-test, t(89) = 6.534, p < 0.0001, n = 90 post-pre pairs, Figure 2C). Next, we
investigated whether call duration was dependent on the onset of noise perturbation related to call offset.
During noise-phases, we perturbed calls with noise starting 0.6-2.2 s after call onset (see Methods for de-
tails). Because the monkeys exhibited different median call durations, we normalized noise onset latencies
(which were initially set by call onset) to the time between noise onset and median call offset. For example,
monkey H had a median first phee syllable duration of 1.6 s and monkey W of 2.2 s. Therefore, a noise onset
time of 1.6 s resulted in 0 ms time between noise onset and median call offset for monkey H and 600 ms for
monkey W. We assumed that if the monkeys perfectly responded to noise perturbation, they would
routinely stop their vocalizations directly after perturbation onset (<200 ms after noise onset, horizontal
dashed lines, Figure 2D). Alternatively, if the call durations were unaffected by the perturbing noise,
they would still be similar to their regular median call duration as indicated by the angular line. However,
we found that the monkeys did not purely show one or the other of these assumed behaviors. Their call
durations showed both a significant difference from perfect compensation to noise perturbation (z-test,
2(2596) = 34.171, p < 0.0001), as well as from fully unaffected call durations (z-test, z(2596) = 52.2,
p < 0.0001), indicating a more complex vocal behavior in response to different noise onset times.

Consequently, we took a closer look at call duration distributions related to the different noise onset times.
Particularly for the short noise onset latencies (time before noise onset), we found two distinct clusters for
call duration after noise onset (Figure 2E). These two clusters were also evident when considering call du-
rations in general (Figure 2E). In addition, call durations during noise perturbations were shorter than
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Figure 2. The extent of phee duration changes is dependent on noise onset

Pooled A first syllable durations 4 SEM in (A) noise- and post-phases per monkey (monkeys’ average displayed in black)
normalized to pre data (gray dashed line) in (B) pooled call by call. The first 4 calls (indicated in gray) were discarded for a
more stable baseline (see Methods for detail).

(C) Average first syllable duration + SEM of every 10 last calls per session (post) and first 10 calls of the consecutive session
(pre-consecutive session), respectively.

(D) Pooled A first syllable duration + SEM after noise onset over time between noise onset and median call offset. Dashed
lines show canceled calls (directly affected by noise). Angular line shows the values for unaffected calls. Noise
perturbation is shaded in gray.

(E) Call duration before noise onset as a function of call duration after noise onset. Dashed lines indicate canceled calls. S:
Calls which were shorter than the given noise onset latency (calls ended before noise perturbation). C: Canceled calls
(calls ended <200 ms after noise onset). L: Calls which ended >200 ms after noise onset.

(F) Call duration as a function of call duration before noise onset. Inset on the right: median call duration for each
monkey + SE. Dashed lines indicate canceled calls.

(G) Average first syllable call duration after noise onset + SEM. Dashed lines indicate canceled calls. Dotted lines indicate
noise onset latencies. Noise perturbation is shaded in gray.

(H) Proportion of first syllables affected by noise perturbation against time between noise onset and median call offset +
SEM. Different colors indicate individual monkeys in (A), (C), (D), (E), and (F). See also Figure S1.
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Figure 3. Second syllable duration changes due to noise perturbation

Pooled A second syllable durations + SEM in (A) noise- and post-phases per monkey normalized to pre data (gray dashed
line) in (B) pooled call by call.

(C) Average first syllable duration + SEM of every 10 last calls per session (post) and first 10 calls of the consecutive session
(pre-consecutive session), respectively. Different colors indicate different monkeys. The average is displayed in black.
Noise-phase is indicated by dashed vertical lines. See also Figure S2.

median call durations (Figure 2F). When analyzing call duration probabilities, we found a multimodal dis-
tribution for the pooled data including all used noise onset latencies (Figure 2G) as well as for the individual
animals for most noise onset conditions (Figure S1), indicating that calls were either canceled directly after
noise onset (call offset <200 ms after noise onset) or were unaffected by noise onset. Therefore, we divided
call durations into three groups with respect to the relationship between call offset and noise onset:
“shorter” for calls ending prior to noise onset, “canceled” for calls ending within 200 ms after noise onset,
and “longer” for vocalizations that did not appear to be directly affected by noise onset, i.e., calls that did
not end within the first 200 ms after noise onset. We found that the occurrence of these three durations
showed significant differences within noise onset conditions (LR test, x*(10) = 1984.646, p < 0.0001, Fig-
ure 2H). Canceled and shorter calls occurred predominantly in noise onset conditions that were close to
the median call offset (400, 200, and 0 ms before median call offset). The presence of these call duration
groups decreased rapidly with increasing time between noise onset and median call offset indicating
that the monkeys have more control over call duration at the end of their vocalizations. Our results suggest
that marmoset monkeys are capable of adaptively modifying the duration of ongoing phee vocalizations
when facing perturbing noise.

Second syllable duration changes due to noise perturbation

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 second syllable durations between experimental
phases (LMM, F(32,095) = 120.719, p < 0.0001, n: pre = 675, noise = 417, post = 764). 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 for first
syllable durations. Moreover, after noise perturbation (post-phase), durations of the second syllables
were significantly shorter than in the pre-phase (0.28 s; post-hoc Tukey all comparisons p < 0.0001, Fig-
ure 3A). This means that in the rare cases where a second syllable was produced after noise perturbation,
the duration of these calls was significantly shorter. As a next step, we wanted to test how fast the monkeys
modulated the duration of the second syllables in response to noise perturbation. Therefore, we measured
the duration of the second phee syllables as a function of when they were uttered within the session. As with
the first syllables, we found that across all sessions, the first call perturbed with noise showed a significant
decrease in call duration compared to the last call of the pre-phase, indicating an immediate response to
noise perturbation (session calls 10 and 11; paired t-test, t(52) = 7.562, p < 0.0001, n = 53 pre-noise pairs).
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This effect could be found in all four monkeys (Figure S2). Similarly, the first unperturbed call after the noise-
phase was again longer than the last perturbed call (session calls 30 and 31; paired t-test, t(35) = 3.708,
p < 0.0001, n = 36 noise-post pairs, Figure 3B). Additionally, we also wanted to know how persistent and
permanent the change in call duration was for the second phee syllables. Therefore, we also 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 next day’s session. We found that the duration of the second phee syllables was significantly longer
than the duration of the last calls of the previous session (paired t-test, t(47) = 6.856, p < 0.0001, n = 48 post-
pre pairs, Figure 3C).

Accuracy of single phee prediction for single phees produced during different experimental
phases

Nevertheless, all monkeys barely produced double phees during the noise-phase. Does this indicate
that monkeys switch their vocal behavior from double phees to single phees or that they cancel
double phees after the first syllable? This is an important point because it allows us to determine the
level of marmoset vocal plasticity with regard to vocal motor control. In the first case, marmosets would
be able to adaptively change call initiation in response to perturbing noise; in the second case, they
would be able to adaptively change a pre-determined behavior. This question was driven by our obser-
vation that while single phees were relatively stable in duration, single phees in the noise- and post-phase
often had the same temporal structure and duration as the first syllable of a double phee (Figure 4A).
Furthermore, the duration distribution of single phees in the post-phase encompassed the duration dis-
tribution of single phees and the first syllables of double phees (Figure 4B). Therefore, we hypothesized
that some of the single phees in the noise- and post-phase are first syllables of double phees whose
second syllable have been canceled after the production of the first syllable. To test whether single phees
during noise- and post-phases were true single phees or the first syllable of double phees, we trained a
machine learning classification model (medium support vector machine with 25% holdout) with several
call features (for details see Table S1) of single and double phees produced in the pre-phase. Two mon-
keys produced only a few single phees and were, therefore, excluded from the analysis. For the other two
monkeys, we obtained a predictive power of 95% and 96%, respectively, for the correct classification of
single phees during the pre-phase, indicating that the classification model worked as expected. We then
tested the model’s predictive power for single phees in the noise- and post-phases. We argue that if a
fraction of produced single phees are first syllables of double phees that have been canceled, the
predictive power of our classification model should drop significantly. Indeed, the predictive
power was significantly decreased for monkey W in the noise- and post-phases (LR test, x2(4) = 26.158,
p < 0.0001; Figure 4C). Furthermore, for monkey M, we found a similar effect, with a decrease in
predictive power in the noise- and first post-phase (LR test, x%(4) = 9.474, p = 0.0503; Figure 4C). While
the predictive power was also significantly lower in the post-phase for monkey W, it recovered for monkey
M in the post-phase for single phees and increased during the post-phase in monkey W. These results
provide the first evidence that marmoset monkeys can change the number of phee syllables after call
onset.

DISCUSSION

In the current study, we showed that marmoset monkeys exhibit adaptive and reflexive noise-dependent
changes in acoustic call structure. They produced fewer phee syllables while vocalizing in noise. This
behavior remained after noise presentation, indicating an adaptive behavior. Furthermore, marmosets
decreased their call durations as a direct response to noise perturbation during ongoing vocalizations in
a reflexive manner. After periods of noise perturbation, calls were uttered immediately with durations
similar to those being exhibited prior to noise perturbation. In double phees, this effect could be observed
for the first syllable, which was perturbed by noise after syllable onset, as well as for the second syllable,
which was perturbed by noise from beginning to end.

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.'*/"'%?"?* The observed changes resulted either in an increase in
signal-to-noise ratio, such as the Lombard effect, and an increase in call frequency or an increase in signal
density, such as in the production of longer calls and/or increased repetition of call syllables, both of which
resulted in a potential increase in signal transmission probability.
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Figure 4. Single phee prediction accuracies for single phees produced during different experimental phases

(A) Exemplar spectrograms of a single phee that was classified as a single phee, a double phee, and a single phee that was
classified as the first syllable of a double phee.

(B) Duration distributions of single phees (SP Pre) and first syllables of double phees (DPS1 Pre) in the pre-phase as well as
single phee durations (SP Post) in the post-phase (monkeys M & W). Horizontal lines indicate full widths at half maximum
and diamonds the positions of the maxima of the respective duration distributions.

(C) Pre = first 10 calls, Noise = next 20 calls, Post = subsequent calls in groups of 20. Different colors indicate different
monkeys. Noise-phase is indicated by dashed lines. See also Table S1.

In contrast, noise avoidance strategies, i.e., suppressing vocalizations during periods of elevated ambient
noise levels, have received little attention so far. Monkeys have been shown to avoid calling in noisy envi-
ronments and time their calls to silent epochs'’ and stop call sequences immediately after noise onset.'®"”
Marmosets are even able to interrupt ongoing vocalizations directly after the onset of perturbing noise.””
However, the underlying mechanisms remain largely unclear.

In our study, marmosets were able to cancel their calls immediately after noise onset. This behavior
started during the first perturbed call, indicating a reflexive behavioral reaction to noise perturbation.
Here, it was easier for the animals to cancel calls toward the expected end of the call rather than at
the beginning of the vocalization. These results suggest underlying neural mechanisms that might inhibit
the interruption of vocalizations at the beginning of the pattern.”” This would explain the low occurrence
of interrupted calls (0.3%-7.7%) in our earlier study, in which we perturbed vocalizations 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 toward the end. Neurophysiological studies
are now needed to reveal the underlying neural mechanisms that explain more stable calling behavior
in the initial part of a vocalization and a release of the above-mentioned inhibition toward the end of
calls.
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Interestingly, the monkeys seem to have different strategies to deal with noise when uttering first and sec-
ond phee syllables. For the second phee syllables, all monkeys showed the same strategy and continued to
utter these syllables with shorter duration even after noise perturbation ended. For first phee syllables,
however, there was not such a systematic change in vocal behavior. While one monkey remained shorter
even after noise perturbing ended, as with the second syllables, the two female monkeys showed a signif-
icant increase in call duration even after noise perturbation ended.

18,19

Regarding call sequence structure, our study shows, similar to previous studies, that the occurrence of
double phee calls significantly decreased during noise perturbation, indicating that marmosets terminated
the sequence directly after perturbation onset within the first phee syllable, irrespective of whether they
canceled the first syllable. Moreover, we revealed that this behavior persisted after noise perturbation
ended, indicating that the monkeys exhibited adaptive changes in their vocal behavior. Interestingly,
our machine learning classification model based on call parameters that were not directly affected by
the perturbing noise gave the first evidence that some uttered single phees were planned to be doubles
phees that were canceled after the first syllable during noise- and post-phases. These findings further show
that marmosets have direct control over their vocal output and are capable of modulating ongoing vocal-
izations in a rapid and direct way.

Limitations of the study

We observed sex-related differences in one aspect of the calling behavior studied in response to noise
perturbation. However, to verify whether these are truly sex-specific differences, the sample size used in
the present study is too small. Future work with larger number of animals will have to show whether sex-
specific differences in noise avoidance strategies exist in marmoset vocal behavior.
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KEY RECOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/Strains

Callithrix jacchus German Primate Center, Gottingen, Germany, N/A
and Werner Reichardt Centre for Integrative
Neuroscience, University of Tubingen,

Germany
Software and algorithms
MATLAB MathWorks R2021b
OpenEx Tucker-Davis Technologies N/A
JMP SAS Institute version
16
SASLab Pro Avisoft Bioacoustics version 5.2.09

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-
tact, Steffen R. Hage (steffen.hage@uni-tuebingen.de).

Materials availabilities
This study did not generate new unique reagents.

Data and code availability
e Data

All data needed to evaluate the conclusions in the paper are present in the paper. Additional data related
to this paper is available from the lead contact upon request.
e Code

This paper does not report original code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Four adult marmoset monkeys (Callithrix jacchus, two females aged 6 and 7 years and two males aged 3 and
6 years, respectively, at the beginning of the experiments) were used in this study. The monkeys were usu-
ally kept in different sex pairs and were all born in captivity. The animals had ad libitum access to water and
were fed on a restricted food protocol including a daily basis of commercial pellets, fruits, vegetables,
mealworms, and locusts. Additional treats, such as marshmallows or grapes, were used as positive rein-
forcements to transfer animals from their home cage to the experimental cage. Environmental conditions
in the animal husbandry were maintained at a temperature of 26°C, 40-60% relative humidity, and a
12h:12 h day/night cycle, including periods of twilight in the morning and evening. All animal handling pro-
cedures were in accordance with the guidelines for animal experimentation and authorized by the national
authority, the Regierungsprésidium Tibingen.

METHOD DETAILS
Experimental setup and procedure

The vocal behavior of four animals in response to noise playback, which was initiated with different
latencies relative to the vocal onset, was recorded in a soundproof chamber. The tested animal was trans-
ferred into a recording cage (0.6 x 0.6 x 0.8 m) with ad libitum access to water and food. In this behavioral
setup, marmoset monkeys predominantly produce phee «calls (long distance contact calls)
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spontaneously.'*??” The vocal behavior of each individual monkey was recorded in daily sessions
ranging between 30 and 150 min in duration. Data was collected in sessions at various times during the
day between 11 am and 5 pm. Recordings were performed for 21-39 days for each individual animal
(mean: 29 + 7 days). The monkey's behavior was constantly monitored and observed using awebcam (Log-
itech, Switzerland) placed on top of the cage and recorded with standard software (Synapse Tucker-Davis
Technologies, U.S.A.). The vocal behavior was recorded using a microphone (MKH 8020 microphone with
MZX 8000 preamplifier, Sennheiser, Germany) and digitized using an A/D interface (RX8, Tucker-David
Technologies, U.S.A.). A custom-written program (OpenEX and Synapse, Tucker-Davis Technologies,
U.S.A)) running on a workstation (WS-X in combination with an RZ6D multi I/O processor, Tucker-Davis
Technologies, U.S.A.) recorded the emitted vocalizations and monitored them in real-time. Our vocal de-
tector automatically detected calls in real-time through online calculation of several acoustic parameters,
such as call intensity, minimum call intensity duration, call frequency, and several spectral features.

Experimental design

To investigate the effect of noise perturbation during ongoing vocalizations, we partitioned each session
into three phases. The animal’s first 10 phee calls uttered during a session were kept unperturbed and used
as a control for the subsequent performance (pre-phase). For the next 20 phee calls that were longer than
the set noise onset latency (between 0.6 s and 2.2 s; see below), we played broadband noise bursts (0.1-
60 kHz) with an intensity of 80 dB SPL via a loudspeaker (MF1 Multi-Field Magnetic Speakers, Tucker-
Davis Technologies, U.S.A.) positioned on top of the cage (noise-phase). All phee calls following the
noise-phase were again unperturbed (post-phase) (Figures 1A, 1B and 1D).

Noise bursts had a duration of 4 s (including 10 ms rise times) to ensure noise perturbation throughout the
first syllable after noise onset as well as the entire potential second phee syllable. In total, we used up to
nine different noise latencies depending on the monkeys’ median call duration. The shortest latency for
noise onset after call onset was 0.6 s. The longest latency was defined as the individual monkey’s median
call duration, which was 2.2 + 0.234 s (SE) for monkey W, 2.0 + 0.170s for monkey M, 1.8 + 0.219 s for mon-
key S, and 1.6 + 0.223 s for monkey H. Additionally, we used noise latencies in steps of 200 ms between the
shortest latency and the monkeys’ median call duration resulting in nine noise latencies for monkey W (0.6—
2.2sin 200 ms steps), eight latencies for monkey M (0.6-2.0 s), seven latencies for monkey S (0.6-1.8 s), and
six latencies for monkey H (0.6-1.6 s). All noise latencies were tested for at least three sessions in a block
design per individual monkey. For noise onset determination, we used our call detector and added the cor-
responding noise latency used in the appropriate session. Figure 1C shows the distribution of noise onsets
normalized to the set latencies with a mean shift of 13 £ 0.06 ms (SEM), indicating precise signal detection.

Data analysis
Vocal onsets and offsets were manually flagged, as well as noise onset times, using standard software
(Avisoft-SASLab Pro, Germany). Call duration was calculated as the difference between the beginning
and end of the vocalization. The spectrograms were calculated using a 512-point FFT Hanning window
(256 samples), and 128-sample overlap resulting in a frequency resolution of 191 Hz and temporal resolu-
tion of 2.6 ms.

Data normalization

All used call values were normalized by subtracting the mean of the last six calls produced in the pre-phase
per respective session. We used the last six calls instead off all calls emitted during pre-phase to get a sta-
ble baseline since the monkeys needed some time to settle down (comparison between first 3 and last 3
calls of the 6 calls used for the new baseline, t(20) = 1.527, p = 0.141).

Single/double phee classifier

We used a medium gaussian support vector machine (SVM) classifier with 25% holdout validation (standard
Matlab classification learner app; R2020a MathWorks, U.S.A)) to evaluate the predictive power of certain
call features of the first phee syllable for whether they are single phees or the first syllable of a double
phee.” Twenty-four custom call features (Table S1) were defined and computed in order to predict the
phee syllable including entropy, bandwidth, maximum and peak frequency at specific time points (20-,
250- and 500 ms after call onset), and the slope between peak and maximum frequencies between
20 ms and 500 ms. We only used call features that could be calculated from the first 500 ms of the calls, since
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noise perturbation, which was capable of modifying call structure, started in some sessions at 600 ms after
call onset.

QUANTIFICATION AND STATISTICAL ANALYSIS

To evaluate a balanced single to double phee ratio among experimental phases, we performed a two-
dimensional likelihood ratio test to examine whether observed frequencies differ between pre, noise,
and post-phases. To understand variations in phee call first and second syllable durations, we constructed
an LMM with experimental phase (pre, noise, post) as a nominal predictor variable. We further added mon-
key ID as a random factor to correct for variances in inter-individual differences. To evaluate if there were
any differences in first and second syllable call duration between the last call in the pre-phase and first call in
the noise-phase, as well as the last call in the noise-phase and first call in the post-phase, we performed
paired t-tests. To test if there were any differences in first and second syllable call durations between
the sessions’ last 10 calls (post) and the first 10 calls (pre) of the following session, we performed a paired
t-test. To understand variations in phee call first syllable duration after noise onset, we used z-tests with
subsequent Bonferroni correction to compare the measured distributions to either a perfect noise
compensated distribution or a fully unaffected call length distribution. To evaluate balanced occurrences
of phee durations among latency conditions, we performed a two-dimensional likelihood ratio test to
examine whether observed frequencies of shorter, canceled, and longer calls differed between noise la-
tencies. We also performed a two-dimensional likelihood ratio test to examine whether the number of
manually labeled single phee calls differed from the count labeled by the classifier over the experimental
phases (pre, noise, and post in groups of 20 calls). All statistical analyses were performed using JMP16 (SAS
Institute, U.S.A.). In all performed tests, significance was tested at an alpha level of 0.05.
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