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Zusammenfassung

Die Bayerische Kurzohrmaus (Microtus bavaricus) zahlt sowohl zu den am stirksten
bedrohten sowie den am wenigsten beforschten Arten Europas. Die Spezies verbringt den
iiberwiegenden Teil ihres Lebens unter der Erde und ist in freier Wildbahn nur selten
anzutreffen. Die Untersuchung ihrer vokalen Kommunikation bietet insofern die
Moglichkeiten eines besseren Verstdandnisses ihres schwer zu beobachtenden Verhaltens
sowie der Ableitung von Implikationen fiir kiinftige SchutzmafBnahmen. Die vorliegende
Studie wurde im Alpenzoo Innsbruck durchgefiihrt, wo 2021 ein entsprechendes
Zuchtprogramm implementiert wurde. Zundchst wurden dort Aufnahmen von einzelnen
Zuchtpaaren sowie von Paaren, die unbekannten Artgenossen ausgesetzt waren, angefertigt,
um Vokalisationen in verschiedenen sozialen Kontexten zu erfassen. Die Spektrogramme der
Aufnahmen wurden anschlieBend mit einem Klassifizierungssystem annotiert, welches auf
dem vokalen Repertoire anderer Nager basiert. AbschlieBend wurde eine uniiberwachte
Cluster-K-Mittelwertanalyse durchgefiihrt. Die Ergebnisse zeigten, dass M. bavaricus
hauptsichlich Vokalisationen im Ultraschallbereich mit mehreren Silben und Obertonen
erzeugte. Beim Hinzutreten eines unbekannten Ménnchen oder Weibchens zu einem Brutpaar
waren deutliche Verdanderungen des akustischen Verhalten zu beobachten. Dies legt nahe,
dass M. bavaricus seine LautduBBerungen an den jeweiligen sozialen Kontext anpassen
konnte. Durch einen Vergleich der manuellen Klassifizierung mit der uniiberwachten Analyse
konnten zudem konkrete Ansatzpunkte fiir Verbesserungen bei der weiteren Beschreibung
des vokalen Repertoires identifiziert werden. Zusammenfassend bietet unsere Studie eine
richtungsweisende Grundlage fiir eine weitergehende Erforschung des akustischen Verhaltens

von M. bavaricus.



Abstract

The Bavarian pine vole (Microtus bavaricus) is one of Europe’s most endangered
species whose behaviour has never before been studied. The species lives much of its life
underground and has rarely been found in the wild. Therefore, studying its vocal
communication provides an opportunity to understand behaviour that is hard to observe and
could have useful implications for future conservation efforts. This study took place at
Alpenzoo Innsbruck, where a breeding programme was established in 2021. We took
recordings of breeding pairs and also exposed them to unfamiliar conspecifics to record
vocalisations in different social contexts. We annotated spectrograms of these recordings with
a classification system based on other rodent species vocal repertoires and ran an
unsupervised cluster K-means analysis. The results revealed that M. bavaricus emits mainly
ultrasonic vocalisations with multiple syllables and harmonics. Comparing our manual
classification and unsupervised analysis highlighted where improvements could be made in
further descriptions of the vocal repertoire. There was a significant change in acoustic
behaviour when an unfamiliar male or female was introduced to a breeding pair, suggesting
that M. bavaricus adapts its vocalisation according to context. To further the understanding
of the acoustic behaviour of M. bavaricus, future research can use our study as a basis to

inform directions.
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Introduction and Background

The loss of species as a consequence of human impact in recent centuries indicates a
sixth mass extinction event (Dirzo et al., 2014). Whilst extensive efforts have already been
taken to implement research and conservation initiatives for many well-known endangered
species, less recognisable endangered species have often been overlooked (Colléony et al.,
2017; Kennerley et al., 2021). For example, the order Rodentia makes up the largest taxon of
mammals (Sales, 2010), yet is underrepresented in conservation research (Verde Arregoitia,
2016). Small mammals, such as rodents, provide important ecosystem services (Singleton et
al., 2015) and serve as bioindicators for the health of their habitats (Bertolino et al., 2015).
Increasing research focus on overlooked taxons is important for tackling the loss of
biodiversity.

Studying the behaviour of a species has an integral part in its conservation. Behaviour
is the direct interaction of an animal with its environment. As a central mediator of individual
fitness, it affects population dynamics (Goymann & Kiiblbeck, 2020). Therefore,
understanding how individuals respond to their environment and surrounding animals can be
beneficial in protecting populations and species.

Bioacoustics provides insights into the behaviour of species that are difficult to
observe (Teixeira et al., 2019), such as rodents, who are mostly small and live in inaccessible
habitats to human researchers. Knowledge of acoustic behaviour can be used to inform
captive breeding programs, for species counts and to discover how individuals communicate.
Understanding how individuals communicate and what they are communicating can be used
in a range of contexts from measuring habitat use to genetic fitness (Terry et al., 2005).

Discovering the vocal repertoire of a species is an essential precursor to studying its

social interactions. Sound propagation depends on the characteristics of the habitat so



vocalisations will likely be shaped to reduce distortion by the local environment. This and the
quality and type of interactions among group members may affect the diversity of signals in
the repertoire (Range & Fischer, 2004). Describing a vocal repertoire, therefore, gives
insights into the life-history of a species and allows us to distinguish one species from
another for research in the field.

In sum, a greater focus on conservation is required on previously understudied
species. Research into acoustic behaviour provides methods for undertaking this in rodent

species where visual observation is limited.

Acoustic communication

Communication is the process through which signals are transmitted from a signaller
to a receiver, resulting in the receiver acquiring information that influences their behaviour
(Seyfarth et al., 2010). A signal can occur in several modalities: acoustic, visual, tactile,
olfactory, electric or seismic. Acoustic communication thus refers to the process by which
acoustic information, which in many cases is produced through vocal production

mechanisms, is perceived through the auditory system.

An Overview

Acoustic communication is both long range and information dense which gives it a
distinct advantage over other modalities (Podraza et al., 2024). Sound can propagate rapidly
through various environments, whereas visual signals for example cannot travel through
opaque mediums and olfactory signals may take much more time to cover the same distance.
These advantages are especially useful for subterranean and fossorial animals who need to

communicate in habitats where visibility is limited (Stein & Rachlow, 2023).



Functions of Acoustic Communication. Acoustic communication forms an
important part of many social interactions including mate selection and attraction, social
organisation and territory defense (Beery et al., 2021). It forms the foundation of all social
relationships between animals (Brumm & Slabbekoorn, 2005). In the study of behaviour,
understanding communication is therefore essential for uncovering the complexities of
animal interactions (Bradbury & Vehrencamp, 1998).

Acoustic signals can carry more complex messages than other modalities of
communication, facilitated by adjustments to the spectral, temporal, and spectrotemporal
properties of vocalisations. For example, alarm calls from yellow-bellied marmots can
contain information about the individual, including its age and sex through variations in the
waveform, call duration and frequency and amplitude of the partials (Blumstein & Munos,
2005).

Sound production Mechanisms. In mammals, vocalisations are produced by the
combination of a source and a filter (Fant, 1960). The source includes the larynx and all
sub-laryngeal and laryngeal structures, and the filter refers to the vocal tract, the passage from
the larynx to the mouth and nose (Taylor & Reby, 2010). The larynx consists of the thyroid,
cricoid and arytenoid cartilages. The cricoid cartilage connects the larynx to the trachea and
lungs which provide an air flow for sound production. The thyroid and arytenoid cartilages
are connected by the vocal folds, three layer structures of muscle, vocal ligament and the
epithelium (Taylor & Reby, 2010). The glottis refers to the vocal folds and space between
them and is where sound is produced.

The mechanism of sound production at the source is explained by the
myoelastic-aerodynamic theory (MEAD) of phonation (van der Berg, 1958). The theory
describes the self-sustained ‘flow-induced oscillation’ of the vocal folds (Chan & Titze,

2006). Initially the vocal folds are brought together by muscular tension, this leads to a build



up of subglottal pressure. This compresses the folds into a convergent shape, they continue to
be compressed until they open fully. This wave of compression is called a traveling or
mucosal wave (Berke & Long, 2010). The air flows through the glottis and releases pressure
across the folds, in accordance with the Bernoulli principle (as air increases in speed, the
subglottal pressure is reduced; Titze, 1980). The elastic recoil of the muscles closes the folds
in a divergent position, creating a jet in the flow of air and the process begins once again. The
rate at which this oscillation occurs determines the fundamental frequency of the sound wave.
The vocal tract then filters this wave by damping or enhancing certain frequencies
through resonances within the vocal tract (Taylor & Reby, 2010). These are termed formants,
the dispersion of the formants relates to the length of the vocal tract (Fitch, 1997). Formants

allow for more information to be encoded in the resulting vocalisation.

Ultrasonic Vocalizations

In addition to the mechanism described above, rodents produce high-frequency
whistles, widely known as ultrasonic vocalisations (USVs) (Pasch et al., 2017; Riede, 2011;
Riede & Pasch, 2020). A driver of the large diversity of rodent species may be the origin of
this new vocal production mechanism for USVs, similar to the role of a new vocal organ (the
syrinx) in promoting bird diversification (Ferndndez-Vargas et al., 2022).

Functions of Ultrasonic Vocalizations. USVs make up a major part of acoustic
communication for many rodents. They have been reported from at least 50 species in 30
genera of the suborders Sciuromorpha and Myomorpha. They are mostly between 25 and 200
ms in duration and between 20 and 80 kHz in frequency (Sales, 2010). The behavioural
significance of USVs has been studied most extensively in rats and mice (Simola & Granon,

2019).



In Rats. Evidence suggests that rats emit ultrasonic calls as an expression of
emotional arousal and motivation to influence the situation causing this arousal (Brudzynski,
2021). Rats emit 50 kHz calls in situations of positive emotional valence, such as affiliative
interactions and for social coordination (appetitive 50 kHz USV (Wo6hr & Schwarting,
2013)). Short, flat, 50 kHz contact calls have been observed in interactions with familiar
conspecifics and scents of other rats (Brudzynski & Pniak, 2002; Woéhr et al., 2008). 50 kHz
vocalisations are also produced when rats are tickled by humans, which has a buffering effect
on anxiety when being handled. The vocalisations themselves may also play a role in
buffering anxiety, as has been seen in other mammals (Brudzynski, 2021).

In situations causing negative emotional valence, rats emit vocalisations at around 22
kHz (aversive 22 kHz USV (Wohr & Schwarting, 2013)). These calls have been seen in
intraspecies agonistic interactions (Luciano & Lore, 1975) and long 22 kHz calls are given as
appeasement after defeat (Takahashi et al., 1983). They also serve as alarm calls to predators
(Blanchard, 1991) or perceived danger (Kaltwasser, 1991). Saito et al. (2016) found that rats
responded positively to novel ambiguous cues when presented alongside playbacks of 50 kHz
vocalisations and responded negatively to the same cues with 22 kHz vocalisations. Infant
rats also emit isolation calls when separated from their mother, this is common in many

rodents (Hofer, 2010; Figure 1).
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Figure 1. Ultrasonic vocalisations of rat and mice pups. A) Vocalisations of male rat pups.

B) Vocalisations of male mice pups. Figure reproduced from Simola and Granon, 2019.

In Mice. Mice also emit USVs to communicate emotional states (Simola & Granon,
2019). However, the behavioural significance may not overlap with that of rats and some key
acoustic parameters appear different (Portfors, 2007; Figure 1). Like rats, infant mice emit
isolation calls (Figure 1), but, instead of appetitive and aversive, adult and juvenile
vocalisations occur when adult males encounter females or female scents (female-induced) or
during social interaction between conspecifics (interaction-induced; Wohr & Schwarting,
2013).

Males emit USVs more abundantly when they sense a female than a male (Portfors
and Perkel, 2014). They initially produce short syllables that become more frequent and
complex during courtship and mounting (Zala et al., 2017). Females are attracted to
vocalising males and prefer more complex USVs (Zala et al., 2020). Therefore, male USVs
emitted by males are ascribed a role in courtship.

Territoriality also plays a significant role in mouse vocalisation. This has been

investigated using the resident-intruder paradigm, in which individuals are housed in a cage



for a week to establish it as their territory, then an unfamiliar conspecific is introduced
(Koolhaas et al., 2013). In these experiments the structure and volume of vocalisations of
males and females were not found to be significantly different (Hammerschmidt et al., 2012),
leading researchers to suggest that USVs emitted by males are used for more than just
courtship and may have different meanings in different social contexts (Portfors & Perkel,
2014). These experiments also show different responses of residents to intruders of different
sex, suggesting USVs have a role in establishing social hierarchies (Moles et al., 2007; Yao et
al., 2023). This demonstrates how USVs in mice may have a variety of partly overlapping

functions (Hammerschmidt et al., 2012).

Sound Production Mechanisms of Ultrasonic Vocalizations. The mechanism for
the production of USVs was first investigated by Roberts (1975), who showed that the
frequency of ultrasonic vocalisations produced by rats was greatly altered when breathing
light gases but the audible vocalisations were not, suggesting different mechanisms of
production.

The exact method of these whistles is still an active area of research
(Boulanger-Bertolus & Mouly, 2021; Hakansson et al., 2022; Reide et al., 2022). Many
observations have shown that sound production begins with airstream passing through a 1 to
2 mm gap at the back of the adducted vocal folds (Sanders et al., 2001; Reide et al., 2017).
Measurements of the laryngeal muscle activity in rats suggests that the features of the
ultrasonic sounds are controlled by the glottal shape (Riede, 2011; Riede 2013). Based on
these initial observations researchers suggested a hole-tone whistle mechanism similar to that
of a teakettle (Boulanger-Bertolus & Mouly, 2021). This would require two holes for sound

production. The initial glottal opening disturbs the airflow then this disturbed flow passes



through a second hole between the epiglottis and base of the tongue, creating vortices
responsible for the sound wave.

However, this was disproved by Mahrt et al. (2016) who showed that mice could still
produce ultrasonic sounds when their epiglottis was removed. Instead they proposed the
impinging jet mechanisms in which USVs could be produced by airflow from the glottal
opening impinging on structures of the planar laryngeal wall (Figure 2, right). Riede et al.
(2017) proposed instead that sounds were generated by an edge-tone whistle mechanism
(Figure 2, left) when the airflow from the glottis hits the alar cartilage, a rodent-specific
cartilage inside the larynx (Fernandez-Vargas et al., 2022), and resonates around the ventral
pouch, an air-sac-like cavity between the vocal folds and alar cartilage (Abhirami et al.,
2023).

More recent research into USV production still fails to agree on the exact mechanism.
Hékansson et al. (2022) created 3D models of the mouse and rat larynx without a ventral
pouch and found that they could still produce USVs. However, Abhirami et al. (2023) found
inconsistencies in the spectral properties of fictive and real USVs in models without the
ventral pouch. Although the exact mechanism remains unclear, each of these studies has

provided important steps towards a better understanding.
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Figure 2. Two potential mechanisms of high-frequency whistle production in the rodents. The
figure displays the proposed mechanisms of USV production, in which air flowing through a
small hole in the dorsal side of the adducted vocal folds meets either the alar cartilage (Riede,
2017; edge-tone whistle) or the laryngeal wall (Mahrt et al., 2016; impinging jet). Figure

adapted from Boulanger-Bertolus & Mouly (2021).

Acoustic communication in voles

The subfamily Arvicolinae (voles, lemmings and muskrats) shows a variety of
degrees of kinship and acoustic system development. Therefore, it is well suited for studying
communicative system evolution (Rutovskaya, 2020). Vocalisations in this subfamily have
several functions. These include distress calls in agonistic interactions (genera: Microtus,
Lasiopodomys, Lagurus, and Clethrionomys), male courtship of females (Microtus,
Alexandromys and Lasiopodomys) and alarm calls (Lasiopodomys brandti, Microtus gregalis
and Microtus miurus) (Rutovskaya, 2019). Although, the function of the alarm call of the
singing vole (Microtus miurus) may instead serve as a territorial signal (Cole & Wilson,
2010).

Vole vocalisations range between 1 and 60 kHz (Table 1) and are less than 1 s long



10

(Mandelli & Sales, 2004; Blake, 2012; Rutovskaya, 2020; Warren et al., 2022; Table 1).

USVs make up a large part of the calls used in the social behaviours of voles (Kapusta &

Sales, 2009), with especially the 20 to 40 kHz range being used for social communication

(Stewart et al., 2015).

Table 1. Characteristics of the vocalisations of eight vole species. The mean frequency (kHz)

and duration (ms) of audible and ultrasonic calls of eight vole species. The studies of

ultrasonic calls did not separate their subjects by sex, so do not provide separate male and

female values.

Species

Frequency (kHz)

Duration (ms) Reference

Ultrasonic Range (>20 kH7)

Common vole 29.2 67.1 Kapusta and Sales
(Microtus arvalis) (2009)
Field vole 42.0 67.5 Kapusta and Sales
(Microtus agrestis) (2009)
Bank vole 25.8 63.7 Kapusta and Sales
(Myodes glareolus) (2009)
Prairie voles 34.067 1.20 Stewart et al. (2015)
(Microtus ochrogaster)

Audible Range (<20 kHz)
Root vole female: 1.19 female: 66 Rutovskaya (2020)
(Microtus oeconomus) male: 1.46 male: 64
Lacustrine vole female: 3.16 female: 34 Rutovskaya (2020)
(Microtus limnophilus) male: 3.49 male: 39
Middendorf’s vole female: 3.46 female: 56 Rutovskaya (2020)
(Microtus middendorffii) male: 3.57 male: 41
Maximowicz’s vole female: 2.73 female: 23 Rutovskaya (2020)
(Microtus maximowiczii) male: 3.03 male: 23

Ultrasonic isolation calls have been observed in the pups of many vole species (Blake,
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1992; Rabon et al., 2001; Blake, 2012). These calls have been linked to the inability to
thermoregulate adequately when young (Blake, 2002). However, in North American Microtus
species there appears to be a stronger relationship with the degree of parental care and the
mating system (Mandelli & Sales, 2004).

Cherry and Lepri (1986) investigated ultrasonic vocalisation behaviour of pine voles
(Microtus pinetorum) and found that males are the predominant vocalisers and emission of
their USVs is regulated by hormones (androgens) produced in the gonads. They observed
vocalisations in the audible range by both sexes in response to unfamiliar conspecifics,
leading them to suggest that USVs are a component of sexual behaviour whilst audible
vocalisations are a component of aggressive behaviour. This finding was supported by
Kapusta et al. (2007) who concluded that USVs were more often produced by species with a
gregarious and tolerant social organisation and did not appear in heterospecific, aggressive
interactions. They suggested that USVs may decrease aggression and help maintain social
structure. Males have also been found to emit the majority of USVs in prairie voles (Microtus
ochrogaster; Lepri et al., 1988) and bank voles (Myodes glareolus; Marchlewska-Koj et al.,
1994). A recent paper by Warren et al. (2024) showed that female prairie voles (Microtus

ochrogaster) were able to identify their mate by USVs.

The Bavarian Pine Vole (Microtus bavaricus)

One of the rarest and least studied members of the subfamily Arvicolinae is the
Bavarian Pine Vole (Microtus bavaricus). It was first discovered near
Garmisch-Partenkirchen in Bavaria in 1962 (Konig, 1962). Konig described the voles having
whitish whiskers, fur on top of their paws and as larger than the sympatric Microtus
subterraneus but with slightly smaller ears (Figure 3). So far M. bavaricus has been found in

moderately wet meadows on northern slopes (Konig, 1962) and in open woodland of pine
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(Stille et al, 2024) and spruce (Martinkova et al., 2007) forests. After the initial description
M. bavaricus was not recorded in Germany for over 60 years. Man made changes to its terra
typica, such as the construction of a hospital on the site, mean that this original population is
most likely extinct (Pucek, 1985; Stille et al., 2024).

After the initial description of the species there have been very few reported sightings.
In the year 2000, some individuals found in Northern Tyrol, initially assigned as M.
liechtensteini, were identified as M. bavaricus by molecular genetic analysis of the
mitochondrial control region (Haring et al., 2000). Further genetic analysis of an individual
captured in the Rofan Mountains, Northern Tyrol in 2004 revealed that M. bavaricus and M.
liechtensteini have the lowest observed divergence of any vole species, suggesting a very
recent origin of both species (Martinkova et al., 2007). In 2008, one individual was
discovered in Croatia, in the area of Papuk Mountain. This led researchers to question the
hypothesis that the Northern Alps were a glacial refuge for the species, as proposed by
Spitzenberger et al. (2000). Instead they suggest a much larger Pleistocene distribution that
was fragmented later on by competition with M. subterraneus (Tvrtkovi¢, 2010). Most
recently, one individual was identified near Mittenwald, Bavaria, making this the first
sighting in Germany since the original species description (Stille et al, 2024). Stille (2024)
proposed that undiscovered populations in Bavaria are likely as their habitats are difficult to
access and their lifestyle is secretive.

Today, the populations of M. bavaricus in Austria are closely monitored and land use
has been adapted to their needs, however fewer individuals are observed each year (Stille et
al., 2024). The species is considered to be one of the most endangered rodent species in
Europe (Temple & Terry, 2007) and is classified as Critically Endangered on the [UCN

Redlist (Meinig, 2019). Therefore, in September of 2021 André Stadler established a
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breeding programme at Alpenzoo Innsbruck with some individuals captured in the Rofan
Mountains (Stadler, 2023).

The first two offspring of the Alpenzoo inhabitants were born in 2022 and the
programme has since successfully bred a captive population. The programme is thought to
make up around 10% of the world’s population, since the number of individuals in the Rofan
Mountains is estimated to be less than 100 (Stadler, 2023). The programme provides
opportunities to study the behaviour and communication of M. bavaricus. This could allow
for the development of improved monitoring techniques and conservation measures

specifically tailored to the species.

Figure 3. A Bavarian Pine Vole (Microtus bavaricus) at Alpenzoo Innsbruck. Microtus
bavaricus of the suborder Myomorpha, tamily Cricetidae, subfamily Arvicolinae, subgenus
Terricola. This individual is part of the captive breeding programme at Alpenzoo Innsbruck.

Picture provided by André Stadler.



14

Research objectives

This is the first time the acoustic behaviour of M. bavaricus has been studied.
Therefore, we aim to provide an initial description of the vocal repertoire and investigate the
frequency range in which most of the vocalisations appear. We will also conduct an
investigation into the social contexts that shape the vocal behaviour of M. bavaricus by
monitoring the vocalisations produced in response to male and female conspecifics.

Based on other rodent vocal repertoires we hypothesis that:

(1) the majority of vocalisations will be situated in the ultrasonic range (>20 kHz),

(i1) the types of calls emitted will vary in different social contexts.

Our results will provide the essential basis for further directed investigations into the

acoustic behaviour of M bavaricus.
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Materials and Methods

Subjects and Housing

Our subjects were part of the Microtus bavaricus ex-situ breeding programme at
Alpenzoo Innsbruck, established by zoo director André Stadler in September 2021 (Stadler,
2022). Most of the voles are kept behind the scenes of the zoo where they can be closely
monitored as this was the first zoo in the world to keep the species. Therefore, captive
individuals have been under ethological observation since they arrived to obtain basic data on
their life history parameters. At the time of recording, the breeding programme consisted of

10 individuals (4 male, 4 female, 2 undetermined; Table 2).

Table 2. Individuals housed at Alpenzoo Innsbruck in March 2024, their sex, place of birth,
date of birth, sire and container number. An overview of our study subjects sex, origin and
current housing. The sire and exact birth date of the wild born individual is unknown.

Individuals in container 5 were moved to Salzburg before official recordings started.

ID Sex Place of birth  Date of birth Sire Container
M1429  Female Alpenzoo 15.03.2023 M1405 1
M1416 Male Alpenzoo 07.09.2022 MI1373 1
M1374  Female Tyrol: Wild Estimated N/A 2
born 15.06.2020
M1405 Male Alpenzoo 13.06.2022 M1373 2
M1428  Undetermined Alpenzoo 04.12.2022 M1405 3
M1457 Male Alpenzoo 06.06.2023 M1405 3
M1458  Female Alpenzoo 06.06.2023 M1405 4
M1459 Male Alpenzoo 19.07.23 M1405 4

M1463  Female Alpenzoo 16.09.2023 M1405 6
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M1434  Undetermined Alpenzoo 17.05.2023 M1406 6

They were housed in 5 plastic containers each housing a male-female breeding pair. In
each container was a 10 to 15 cm layer of natural soil with bark, roots, stones and sticks both
in and on it and some dry grasses planted in it. The voles use these materials to build
subterranean tunnel systems as they would in the wild. They also had a small wooden house
in the container to knaw and wear their teeth down on. These houses could not be too high as
the voles can jump and climb very well. The containers were covered with a wire mesh. They
had access to food (i.e., fruit, vegetables, leaves, berries and mealworms) and water ad
libitum. Both were refreshed and their toilet corner was cleaned once a day between 12 pm
and 1 pm. The room in which the containers lay was kept between 14 and 16.5°C with a

humidity of 63 to 75 % and a light source simulating a constant day-night rhythm.

Data collection

Data was collected between the 8th and 23rd of March 2024 by Alice Mengarelli and
me. We first arrived at the zoo on the 4th and spent 4 days determining our protocol. We
positioned an ultrasonic condenser microphone CM16/CMPA (frequency range: 2 kHz — 200
kHz) at the top of a container through a hole in the metal mesh. The microphone was
connected to an ultraSoundGate 116 (Avisoft Bioacoustics). We took recordings with the
Avisoft RECORDER USGH (v. 4.4.1-30, Avisoft Bioacoustics; 300 kHz sampling rate, 16 bit
format, 256 Hz FFT Size, permanent continuous recording, 5 minute files). To minimise
disturbances that might discourage vocalisation, we used a 10 m XLR cable between the
microphone and the SoundGate, connected to a laptop, so that we could initiate and monitor
recordings from outside the vole’s room. We used a soundproofing setup made from
styrofoam and acoustic foam around the container being recorded to avoid picking up

vocalisations from other containers.



17

Between the 8th and 18th of March 2024, we took recordings between 2 pm and 9 am.
We used a random number generator to determine the container to be recorded each day.

Each container was recorded on two non-consecutive days.

Manipulations

We introduced experimental manipulations between the 18th and 23rd of March 2024,
following the resident-intruder paradigm. We implemented two conditions: introducing an
unfamiliar male (condition 1) or an unfamiliar female (condition 2) to the breeding pair
whose container we were recording. We then recorded between 9 am and 11 am. The
unfamiliar conspecifics were placed into the main container in a smaller box for their
protection. To minimise stress, they were removed after an hour. We also tested a
manipulation (condition 3) in which we distributed faeces of unfamiliar voles around the
container to be recorded. However, we decided to disregard this condition from further
analysis. We implemented each of the three conditions on two non-consecutive days. Again
the container to be recorded was determined by a random number generator. Baseline
recordings (i.e. without the manipulation) resumed at 2 pm, after the daily cleaning and

feeding.

Ethical approval

This study complies with all applicable Austrian laws and was conducted in
accordance with the Guidelines for the Treatment of Animals in Behavioral Research and
Teaching (ASAB/ABS, 2015). The research was approved by the Animal Ethics and
Experimentation Board of the Faculty of Life Sciences, University of Vienna No./Nr.

2024-006.
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Data preparation

The continuous recordings were sliced into 5 minute segments. These segments were
saved as audio files in the WAV format.

First, to identify high-quality files with the richest call content, we screened all files in
Praat (v. 6.4.18; view range 0-150 kHz, window length = 0.005 s, dynamic range 60 dB;
Boersma and Weenink, 2024), leading to the selection of 50 potentially suitable files.

Next, based on a literature review of the number of calls used in studies of
mammalian vocal repertoires (Mean = 3702; Table 3), we selected 9 files to analyse, 3 from
the baseline recordings, 3 from condition 1 and 3 from condition 2. From our initial screening
we estimated that these 9 files would contain a sufficient number of calls to give us a

representative view of the vocal repertoire of M. bavaricus.

Table 3. The number of calls used in studies of the vocal repertoire of mammals. This table
shows the study species and number of calls used in papers that aimed to investigate the vocal
repertoire of these species. These papers were compiled from Google Scholar searches in
August 2024 using the search term “vocal repertoire” and combinations of the additional

29 ¢

search terms “size”, “mammal” and “rodent”.

Study animal Number of calls Reference

Degu (Octodon degus) 3535 Long (2007)

Female chacma baboons (Papio 513 Fischer et al. (2008)
cynocephalus ursinus)

Common marmosets (Callithrix 754 Bezzera & Souto (2008)
Jjacchus)

(free living)

Capybara (Hydrochoerus 2069 Barros et al. (2010)



hydrochaeris)

Barbary macaques (Macaca 8479 Hammerschmidt & Fischer
sylvanus) (2010)

Giant mole-rats (Fukomys mechowii) 1175 Bednarova et al. (2012)
Western gorillas (Gorilla gorilla) 2163 Salmi et al. (2013)

Chacma baboons (Papio ursinus) 912 Wadewitz et al. (2015)
Common marmoset (Callithrix 34629 Agamaite et al. (2015)
Jjacchus)

(captive)

Mashona mole-rat (Fukomys 932 Dvorakova et al. (2016)
darlingi)

Ring-tailed coati (Nasua nasua) 1457 Gasco et al. (2017)

North American flying squirrel 815 Gilley et al. (2019; Species 1)
(Glaucomys sabrinus)

North American flying squirrel 486 Gilley et al. (2019; Species 2)
(Glaucomys volans)

Female northern grey gibbon 933 Clink & Klinck (2020)
(Hylobates funereus)

Northern Giant Mouse Lemur (Mirza 1493 Hending et al. (2020)

zaza)

Grey mouse lemur (Microcebus 2123 Romero-Mujalli et al. (2021)
murinus)

Diademed Sifaka (Propithecus 3814 Valente et al. (2022; Species 1)
diadema)

Indri (ndri indri) 3360 Valente et al. (2022; Species 2)
Black-and-white ruffed lemur 688 Batist et al. (2023)

(Varecia variegata)

Mean number of calls 3702

Call detection and feature extraction
Spectrograms were created in STx, S TOOLS-STx (v. 5.0.6, Acoustics Research
Institute, Austria; range 50 dB, floor -80 dB, frame 4 ms, overlap 75%, window = hanning,

frequency range 0-150 kHz). We used an automatic mouse ultrasound detector (A-MUD; v.
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3.2; resolution 300 Hz, hopsize 0.5 ms; Zala et al., 2017), developed for wild-derived house

mice (Mus musculus musculus) and adjusted for voles by Anton Noll, to detect ultrasonic

vocalisations and extract acoustic parameters (Table 4). We manually reviewed all the calls,

adding false negatives and removing false positives, and annotated each one with a specific

call type using a custom built template.

Table 4. The acoustic features obtained by the automatic mouse ultrasound detector

(A-MUD) used in our analysis. Descriptions of the acoustic features extracted for each

ultrasonic call that were used in our analysis, based on Noll (2017; Description of the

Algorithm) and Zala et al. (2017; 2020).

Parameter Description Unit
Length Duration of the call ms
fSlope Frequency slope of all detected points in the call obtained by a kHz/ms
linear regression
fMean Mean frequency of all detected points in the call kHz
aMean Mean amplitude of all detected points in the call dB
fTmin Frequency of the first time point kHz
aTmin Amplitude of the first time point dB
fTmax Frequency of the last time point kHz
aTmax Amplitude of the last time point dB
fFmin Minimum frequency of the call kHz
aFmin Amplitude at the point of the minimum frequency dB
fFmax Maximum frequency of the call kHz
aFmax Amplitude at the point of maximum frequency dB
fAmax Frequency at the point of maximum amplitude kHz
aAmax Maximum amplitude of the call dB
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Call Classification

To annotate our spectrograms, we created a classification system based on the vocal
repertoires of mice (Zala et al., 2017; Marconi et al., 2020; Zala et al., 2020) and other
rodents (Wilden et al., 1998; Ma et al., 2014; Zaytseva et al., 2019, 2020; Yurlova et al.,
2020; Table 5). We defined the inter-call distance as 10 ms, so elements separated by less
than 10 ms were considered as part of one call. Firstly, calls were classified according to their
frequency range: audible (0 - 20 kHz; AUD), mid-frequency vocalisation (appearing in both
AUD and above, with > 50 % of the call below 20 kHz; MFV), ultrasonic vocalisation (> 20
kHz; USV) or clicks (appearing as a vertical line on the spectrogram that can cover both the
AUD and USV range; CLICK). They were then assigned a call type within these categories.
The USVs had multiple steps of classification so we established a hierarchy. We noted
whether they had harmonic elements, then the number of syllables, and then the shape of the
main syllable (the syllable lowest frequency or highest energy if this was not clear) or by time
if the syllable was under 10 ms.

Rodent vocalisations also include nonlinear phenomena (NLP; Volodin et al., 2021;
Reide et al., 2022). These are irregularities in the acoustic features of a call resulting from
irregular vibrations of the vocal fold vibration (Fitch et al., 2002). In our classification we
originally included two NLP: biphonation, the simultaneous production of two independent
fundamental frequencies, and subharmonics, occurance of frequency bands at 1/n of the
fundamental frequency (Yurlova et al., 2020; see Table 1 in the Supplementary Material).
However, we found these phenomena hard to identify in practice so excluded them from our

data analysis.
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Table 5. Our classification system, devised based on literature exploring the vocalisation

types of other rodents. We compiled a classification system based on other vole and closely

related rodent species in order to annotate our recordings of Microtus bavaricus vocalisations.

Call type Abbreviation Definition Spectrogram Reference
Audible AUD Entirely <20 kHz
Normal harmonic A fundamental frequency Zaytseva et al.,
band with harmonics 2020 (Figure 2e)
Separated squeaks Short calls with Zaytseva et al.,
harmonics well visible ., 2020 (Figure 2c)
e
b,
Mid-frequency Pulses of the fundamental Zaytseva et al.,
squeaks frequency band and 2020 (Figure 2b)
harmonics, general
appearance resembling
noise
Mixed Several AUD types Zaytseva et al.,
merged into one call, still 2020 (Figure 2¢)
distinguishable from each
other
Unclassified Calls that could not be Zaytseva et al.,
assigned to any AUD 2020
category
Mid-frequency MFV Calls in both the audible Grimsley et al.,
vocalisations and ultrasonic range 2016
where > 50 % of the call
is below 20 kHz and < 1
harmonic
Ultrasonic Usv At least 50 % > 20 kHz Images from Zala et
vocalisations al., 2020 (Figure 1)
Ultrashort us <5ms Hanson & Hurley,
2012
Short S <10 ms Hanson & Hurley,

2012
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Flat f <5 kHz frequency Hanson & Hurley,
modulation 2012

Down d Decrease in frequency > Hanson & Hurley,
5kHz \ 2012

Up up Increase in frequency > 5 Hanson & Hurley,
kHz g 2012

f 2

U-shaped u First decrease then Hanson & Hurley,
increase in frequency > 5 2012
kHz each _/

Chevron ch First increase then Hanson & Hurley,
decrease in frequency > 5 - 2012
kHz each )

Complex c Two or more directional Hanson & Hurley,
changes in frequency > 5 2012
kHz each _.M

Complex c2,c3,c4... Two/more syllables Hanson & Hurley,

variations separated by frequency & 2012
jumps but without time | =
separation ~ ~

4N

Harmonic h Calls with harmonic Hanson & Hurley,
components 2012

Unclassified Calls that could not be Scattoni et al.,
assigned to any USV 2011; Grimsley et
category al., 2016

Click CLICK Clearly separated vertical Zaytseva et al.,

lines that may be entirely

in the audible, ultrasound,

or both: fairly separate
lines not attached as in
“Click-like"

I

Shown here in the
audible range

2020 (Figure 2d)
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Click-like Series of irregularly Zaytseva et al.,
spaced vertical lines Hi l e ' 2020 (Figure 2a)
grouped closely together JM[ i i'm i

in the audible range M

Data analysis

All statistical analyses were performed in R (v. 4.2.2; R Core Team, 2022) using
RStudio (v. 2024.12.0.467; RStudio Team, 2020). A significance level of a = 0.05 was used
for all statistical tests. For multiple comparisons, a Benjamini-Hochberg correction was
applied.

We explored the distribution of call types and sub-call types across all annotated files.
We used the acoustic parameters extracted by A-MUD to explore the mean acoustic features
of the USVs. The distribution of mean call frequencies (fMean) was visualised in a combined
Kernel Density Estimate (KDE) and histogram plot. For this analysis and visualisation of the

results we used the packages: dplyr, tidyr, knitr, ggplot2, RColorBrewer and gridExtra.

Checking acoustic data obtained by A-MUD

To validate the acoustic features extracted by the A-MUD algorithm, we conducted a
manual check of key frequency variables in STx. We selected a random sample of 10% of the
USVs from the male and female datasets for this analysis. For each call, we collected the
following parameters: the starting frequency, the ending frequency, the minimum frequency
and the maximum frequency. Additionally, the mean frequency was calculated as the mean of
the minimum and maximum frequencies.

The resulting data was explored using the following packages: dplyr, tidyr, ggplot2,
ggpubr and gridExtra. We calculated Pearson’s correlation coefficients (R) and the

significance level (p) to assess the relationship between the frequency parameters extracted
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by A-MUD and the corresponding manually determined values. These coefficients were used

to evaluate the accuracy and reliability of the algorithm.

K-means cluster analysis

We used an unsupervised cluster model (K-means) to define call types based on the
acoustic parameters extracted by A-MUD. Unsupervised cluster analysis allows us to explore
categories within our data from an objective view and possibly highlight pitfalls in our
classification system. We adapted the methods from Langehennig-Peristenidou et al. (2023),
who provided R scripts used for their analysis. The analysis was run using 2963 USVs.
Before running the model, Pearson’s correlations were calculated between the acoustic
parameters. For correlations higher than 0.7 only one parameter was used. The remaining
data was standardised (z-score) to prevent the different range of units of measurement
falsifying the model. We ran the model iteratively (500 repetitions, 100 maximum clusters,
100 random starts) using a function in the “tithoCluster” package from Romero-Mujalli et al.
(2021; github R package: https://github.com/danielrm84/tihoCluster). The number of clusters
was calculated using an elbow figure considering the ratio between total within-cluster Sum
of Squared Errors (SSE) and the total SSE. The optimal number was determined by the model
as the intersection of the two lines that best fit the elbow data; this process is known as the
knee method. Each call was assigned a cluster number and clusters were visualised two
dimensionally via a t-SNE (t-distributed stochastic neighbor embedding) analysis using the
package Rtsne. We used the cluster numbers assigned to each call to explore how calls in
each cluster looked. We compared our manual annotation to the clustering by the K-means

analysis by calculating an adjusted Rand index using the mclust package.
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Differences between conditions

We also explored the differences in calls between conditions. We compared the
distribution of call types with a Pearson’s chi-squared test. We compared the number of USV's
per condition with a one-way ANOVA, followed by Tukey post-hoc tests between conditions.
To ensure our data met the assumptions for an ANOVA a Shapiro-Wilk test for normality and
Levene’s test for homogeneity of variances, using the package car, were used.

We also explored the differences in acoustic parameters with Kruskal-Wallis tests
between all conditions. For significant results we performed further pairwise Wilcoxon
signed rank tests between each condition and the others. Both the Kruskal-Wallis and
Wilcoxon tests were corrected for multiple comparisons with the Benjamini-Hochberg
correction. To visualise these results we used the packages: ggplot2, RColorBrewer,
gridExtra and ggsignif.

Further Kruskal-Wallis and Wilcoxon tests were carried out between the three
annotated files within each condition to check whether differences between conditions could

in fact be ascribed to differences in files.
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Results

We identified 5605 calls in total (AUD = 106; CLICK= 2500; MFV = 25; USV =

2963; other = 11; Figure 4A). USVs constituted the majority of the acoustic repertoire (53%

of identified calls), so they were the primary focus of our analysis. They consisted mainly of

harmonic calls (1718; Figure 4D), complex variations (386; ¢2 =306,c3=71,c4=8,c5=1;

Figure 4D) and flat calls (366; Figure 4D). As shown in Table 6, USVs had a mean length of

96.31 £ 1.07 ms, a mean frequency of 30.66 + 0.15 kHz (Figure 5) and a mean amplitude of

15.56 £0.05 dB.
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Figure 4. Call counts of each call type and sub-call type. A) The number of calls in the main

call types within our data (AUD, CLICK, MFV and USV) and that could not be classified

(other). B) The number of calls in each AUD call type. C) The number of calls in each MFV
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call type. D) The number of calls in each USV call type. See Table 5 for classification of call

types.

Table 6. Acoustic parameters of USVs. The mean and standard error of duration, frequency

and amplitude parameters extracted by the A-MUD algorithm (ncall = 2963).

Parameter Mean Standard Error
Length (ms) 96.31 1.07
fSlope (kHz/ms) 0.00 0.02
fMean (kHz) 30.66 0.15
aMean (dB) 15.56 0.05
fTmin (kHz) 3291 0.22
aTmin (dB) 11.53 0.02
fTmax (kHz) 32.16 0.21
aTmax (dB) 11.42 0.02
fFmin (kHz) 25.33 0.16
aFmin (dB) 12.65 0.05
fFmax (kHz) 40.31 0.31
aFmax (dB) 12.46 0.06
fAmax (kHz) 30.66 0.16
aAmax (dB) 22.11 0.11
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Figure 5. Distribution of USV frequencies. Combined Kernel Density Estimate (KDE) and

histogram of the mean call frequencies (fMean) of the USVs identified.

We identified calls from all categories of our classification system (Figure 6). Audible
calls had many harmonics, whilst USVs had distinct fundamental frequencies and few

harmonics.
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Figure 6. Spectrograms of our identified call types. Spectrograms extracted from STx show
the calls we categorised according to our classification system (Table 5). The first
spectrogram shows an audible ‘normal harmonic’ call, the next two show USV call types, all
shown in windows between 0 and 60 kHz. Calls h c4 u and h ¢5 up demonstrate our hierarchy

of classification as these calls contain harmonics (h) and complex variations (c4/c5).

Quality of acoustic data obtained by A-MUD
Pearson’s correlations between manually checked parameters and those obtained by

A-MUD were all significant (p<0.001; Figure 7).
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Figure 7. Correlations between manually checked parameters and those detected by A-MUD.
Manually checked frequency parameters plotted against the corresponding A-MUD
determined frequency parameter with Pearson’s correlation coefficient (R) and significance

(p) values.

Cluster analysis

We used 10 acoustic parameters for this analysis. We found four Pearson’s correlation
coefficients between parameters of over 0.7, and thus excluded one of the parameters in each
correlation to avoid distorting cluster shapes (fTmax, fFmin, fAmax, aAmax; see Figure 1 in
Supplementary Material). The K-means clustering algorithm and knee method determined 13
clusters (see Figure 2 in Supplementary Material), representing 13 different call types, that
were visualised with the t-SNE analysis (Figure 8). Some call types of the clusters include:
complex harmonic (cluster 1), u-modulated (cluster 2), complex u harmonic (cluster 6),

simple harmonic (cluster 7) and flat (cluster 9; for mean acoustic features of each cluster see



Table 2 in Supplementary Material). The adjusted Rand index determined a low level of

similarity between the manual classification and K-means clustering (ARI = 0.1).
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Figure 8. Call types obtained from the unsupervised K-means cluster analysis. Each colour

represents a distinct cluster of calls determined by our unsupervised K-means cluster

analysis. The results of the K-means analysis were visualised by t-SNE (t-distributed

stochastic neighbor embedding) analysis, a technique for visualising highly dimensional data

in two dimensions. Call types have been matched to clusters where possible.

Differences between conditions

The total number of calls and call types varied across conditions (Figure 9A). In the

baseline recordings (Basic), 1182 calls were identified (AUD = 49; CLICK = 495; MFV= 15;
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USV=612; Other = 11; Figure 9B). For manipulation 1 (Male), in which an unfamiliar male
was introduced to a breeding pair, 3479 calls were identified (AUD = 29; CLICK = 1152;
MFV=3; USV=2295; Figure 9C). In manipulation 2 (Female), in which an unfamiliar
female was introduced to a breeding pair, 944 calls were identified (AUD = 28; CLICK =
853; MFV=7; USV= 56; Figure 9D). A Pearson’s chi-squared test was conducted to
determine whether the distribution of call types differed significantly across the three
conditions. The results showed a significant association between call types and condition, ¥*
(df = 8, ncall = 5605) = 1183.8, p < 0.001.

Concerning USVs, a one-way ANOVA comparing the total number of USVs across
the conditions found a significant difference between conditions (ncall = 2963, p = 0.016).
Tukey post-hoc tests revealed that there was no significant difference between the Basic and
the Female conditions (ncall = 668, M diff = -185.33, p = 0.598) or the Basic and the Male
condition (ncall = 2907, M diff = 561.00, p = 0.051). The Male condition had significantly

more calls than the Female condition (ncall = 2351, M diff = 746.33, p = 0.016).
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Figure 9. Call counts and call types of each condition. A) The number of calls identified in 3
files from the baseline recordings (Basic), in the first manipulation (Male) and in the second
manipulation (Female). B) The number of calls in the main call types within our data (AUD,
CLICK, MFV, USV and other) in the ‘Basic’ files. C) The number of calls in the main call

types in the ‘Male’ files. D) The number of calls in the main call types in the ‘Female’ files.

As shown in Figure 10, the types of USVs also varied between conditions, with Basic
and Male conditions containing mostly harmonic calls (Basic = 185; Male = 1527) and

Female containing mostly flat calls (26; Figure 10C).
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Figure 10. USV call types across each condition. A) The number of calls in each USV call

type for calls in the Basic recordings. B) The number of calls in each USV call type for calls

in the Male recordings. C) The number of calls in each USV call type for calls in the Female

recordings.

Pairwise Wilcoxon tests between key acoustic parameters were conducted between

conditions (Figure 11). Calls in the Basic and Male conditions differed significantly in all

parameters. Calls in the Basic and Female conditions differed significantly in length, mean

frequency and maximum frequency. Calls in the Male and Female conditions differed

significantly in length, mean amplitude, maximum frequency and maximum amplitude.
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Figure 11. Comparison of key acoustic parameters between conditions. The mean values
with standard error bars of A) call duration, B) mean frequency of a call, C) mean amplitude
of a call, D) minimum frequency of a call, E) maximum frequency of a call, F) maximum
amplitude of a call. Pairwise Wilcoxon-signed rank tests (with Benjamini-Hochberg
corrections) display significant differences between datasets (*** = p<(0.001, ** = p<0.01, *

= p<0.05, NS. = p>0.05)

Further Kruskal-Wallis tests between files within each condition (Table 7) showed no
significant difference across Basic or Female files. However, in Male files each parameter
varied significantly. These differences were confirmed by pairwise Wilcoxon tests between

each of the three Male files (supplementary material Table 3).



Table 7. Kruskal-Wallis tests between files within the same dataset. Kruskal-Wallis tests
between the three files of each condition, with adjusted p-values according to the

Benjamini-Hochberg correction (p<0.05 in bold type).

Parameter Condition

Basic Male Female
Length (ms)  0.010 <0.001 0.719
fMean (kHz) 0.022 <0.001 0.794
aMean (dB)  0.128 <0.001 0.918
fFmin (kHz)  0.081 <0.001 0.794
fFmax (kHz) 0.252 <0.001 0.794

aAmax (dB)  0.081 <0.001 0.929
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Discussion

This study is the first to provide an initial description of the vocal repertoire of M.
bavaricus. Based on research on other rodent vocalisations, we expected to find the majority
of vocalisations in the ultrasonic range. We investigated the repertoire with a manual
classification system used to annotate spectrograms and an unsupervised K-means cluster
analysis based on numerical acoustic data. To assess whether the vocalisations of M.
bavaricus are influenced by the social context, we also investigated whether introducing a
female or male to a breeding pair led to changes in acoustic behavior.

Our first key finding is that M. bavaricus mainly produces vocalisations between 20
and 60 kHz. These calls often contain multiple syllables and at least one harmonic element.

Our second key finding is that vocal behaviour changes in different social contexts
and is dependent on the sex of the intruder. This suggests that social context significantly

influences the vocal behaviour of M. bavaricus.

General repertoire

In the previously unknown vocal behaviour of M. bavaricus, the present study has
revealed a broad vocal repertoire ranging from the audible to ultrasonic range, as seen in
other closely related vole species (Myodes glareolus, Kapusta & Pochron, 2011; Microtus
ochrogaster, Warren et al., 2022; Microtus pennsylvanicus and Microtus pinetorum, Blake,

2012).
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Exploring the frequency range of vocalisations

Identifying the frequency range in which the majority of vocalisations are produced
can give an insight into where the frequency range of perceptual advantage lies in M.
bavaricus. Mammals have evolved a complex middle ear structure which allows increased
sensitivity to certain frequencies. The polyvagal hypothesis suggests that neural regulation of
the autonomic nervous system, which regulates involuntary bodily functions, is tied to the
production and perception of vocalisations in mammals (Porges & Lewis, 2009). A mammal's
internal state is reflected in its vocalisations and signals to receivers what type of interaction
to expect. Vocalisations in the frequency range of perceptual advantage serve to increase
social engagement by signalling safety to down regulate the physiological state and promote
positive interactions, such as grooming and play, that maintain social bonds (Stewart et al.,
2015). The average frequency of USVs (30.66 + 0.15 kHz) was found in this expected
frequency range for voles (20 - 40 kHz; Stewart et al., 2015).

Identifying shifts in the frequency range of vocalisations in different contexts could
provide insight into the behavioural motivations behind them. There was a significant
difference in the mean frequency in Basic and in Male recordings. This could reflect a

differing internal state between these conditions, reflected in the vocalisation frequency.

Exploring USVs

The spectrographic shapes of the calls we identified were similar to those seen in
other rodent species. In rats, audible vocalisations consist of a fundamental frequency and
many harmonics, whereas the USVs consist of a single frequency with little to no harmonics

(Boulanger-Bertolus & Mouly, 2021). Our findings follow this general pattern, although M.
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bavaricus’ USVs are slightly more complex in number of syllables, frequency modulation
and often have at least one harmonic.

The USV shapes of M. bavaricus are very similar to those of the prairie vole (M.
ochrogaster). Ma et al. (2014) found that M. ochrogaster most commonly produces flat,
harmonic and complex calls. We found similar results with different distributions. M.
bavaricus had a higher proportion of harmonic and complex calls, whereas M. ochrogaster
emitted mostly flat calls.

We may be able to draw some comparisons to the social structure of M. ochrogaster
and M. bavaricus. M. ochrogaster is a monogamous and territorial species. They establish
long-term pair bonds, engage in biparental care and maintain minimal overlap with
neighbouring territories, with males showing aggression to intruding males (Madrid et al.,
2020). From behaviour observed at Alpenzoo Innsbruck whilst establishing the breeding
programme, M. bavaricus appears to prefer being housed in monogamous pairs and males
show aggression towards other males but only females raise the offspring (per comms. André
Stadler). The similarities in acoustic repertoire may mirror the similarities in social

organisation, namely formation of monogamous pairs and male territoriality.

The unclear function of clicks

Clicks made up a large part of the vocal repertoire of M. bavaricus. Clicks are also
found in the vocal repertoires of a range of rodent species from capybaras (Hydrochoerus
hydrochaeris), during group movement or the return of an individual to the group, to
domestic mice (Mus musculus), when pups are isolated or during handling (Zaytseva et al.,
2020). However, clicks have not been well studied in terms of acoustic structure or context.

Clicks were also highly prevalent across conditions, which suggests they are an important
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part of the repertoire in different contexts but further investigation is required into their actual

function.

Differences between conditions

One of our principal findings is that the vocalisations of M. bavaricus vary with social
context. We observed a significant difference in number and distribution of calls between our
conditions: baseline recordings, introducing an unfamiliar male to a breeding pair
(manipulation 1) or introducing an unfamiliar female to a breeding pair (manipulation 2).
This suggests that social context significantly influences the vocal behaviour of M. bavaricus.
The highly significant chi-squared test (p < 0.001) confirms a strong association between call
type and condition. This supports the idea that the presence of an unfamiliar conspecific
alteres the vocal behaviour and that this is influenced by the sex of the conspecific.

The difference in the number of calls produced when an unfamiliar male was
introduced and when an unfamiliar female was introduced indicates a much higher level of
arousal in the presence of the male. Differing reactions to male and female intruders suggest
that M. bavaricus can discriminate between sexes based on acoustic and/or olfactory cues,

since the breeding pair and intruder individual were not in visual or physical contact.

Difference in USV production

Consistent with previous research on other Microtus species, we found a significant
increase in USVs in the Male condition compared to the Female condition. Ma et al. (2014)
found that M. ochrogaster males show a more robust increase in USV production in response
to novel social cues, whereas females produced very few USVs in response to novel social
stimulation. A number of studies of other Microtus species found that males are the dominant

producers of USVs (Microtus pinetorum, Cherry & Lepri, 1986; Microtus ochrogaster; Lepri
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et al., 1988; Myodes glareolus; Marchlewska-Koj et al., 1994). This could also be the case in
M. bavaricus, however, due to our experimental setup, we were not able to determine
whether these calls came from the male intruder, the male or female of the breeding pair or a
combination of all.

The increased number of USVs in the Male condition could indicate that introduction
of a male stimulates USV production. In mice, studies using a resident-intruder paradigm
have found that USVs are predominantly produced by the resident (Hammerschmidt et al.,
2012). If this was the case in our study then USV production could indicate territorial or
competitive motivation from the resident male. Kapusta et al., (2007) found that bank voles
(Clethrionomys glareolus) emitted USVs during aggressive encounters. However, they found
that bank voles emitted significantly less USVs than more tolerant species, field voles
(Microtus agrestis) and common voles (Microtus arvalis), in which USVs are used to reduce
aggression and facilitate social interaction. Therefore, the increase in USVs may in fact be a
sign of affiliative interactions. USVs may instead be produced by the intruder in an attempt to
reduce aggression of the residents or to facilitate a courtship interaction with the resident
female. Alternatively, USVs could indicate affiliative interactions between the resident pair.
In California mice (Peromyscus californicus) pairs produce more USVs than individuals
when confronted with intruders. They may use USVs to coordinate during territorial defense
(Rieger et al., 2021). Identifying individual callers in further research could build on our
findings and assign behavioural context to the vocal responses to intruders of different sexes.

Predominant call types. In the Basic and Male conditions harmonic calls were most
frequent but in the Female condition flat calls were most frequent. This suggests a
fundamental change in the information content of the vocalisations. Regardless of who is

producing the calls, the change in USV type in the Female condition indicates a shift in the
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vocal communication strategy. This could indicate that harmonic and flat calls are

representative of different communication strategies in M. bavaricus.

Acoustic parameters

The Basic condition is likely to represent the baseline level of vocal activity. This
condition showed the highest mean and maximum frequencies which could indicate a broader
range of vocalisation used for various purposes in communication between a breeding pair.
Calls in this condition had a duration higher than the Female condition and lower than the
Male condition, which could suggest that M. bavaricus uses changes in duration to
communicate different information.

The Male condition had longer calls and a higher mean and maximum amplitude. This
could indicate a shift towards more intense vocal communication. The longer duration could
indicate extended interactions. The increased amplitude could signal greater arousal in this
condition.

Calls in the female condition had a shorter duration, lower mean frequency than the
Basic condition and the lowest maximum frequency. The shorter calls and a lower amplitude
than in the Male condition could indicate more localised communication. The lower
frequency could indicate a decrease in the level of arousal.

The differences in acoustic parameters across conditions suggest M. bavaricus adjusts
its vocal behavior depending on the social context. The introduction of a male seems to elicit
longer, louder calls while the introduction of a female seems to be associated with shorter,
quieter calls, potentially related to different social interactions. Since we cannot assign calls
to individuals, the observed changes in acoustic parameters reflect the overall vocal output in
each social context, not the vocalizations of specific individuals. Therefore, we cannot yet

assign these changes to specific behavioural contexts.
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Within-condition variation. To check the validity of the comparison of acoustic
features we compared variation between the files within each condition. If all conditions
showed no within-condition variation the observed differences would likely be due to the
social context itself. If all conditions showed significant within-condition variation the
differences could instead be due to other factors, such as individual differences or external
environmental influences. However, only the Male condition showed within-condition
variation. This suggests that the Male condition is somehow more susceptible to these other
factors than the other conditions. This could reflect increased sensitivity to subtle changes in
a situation that appears to increase levels of arousal. Alternatively, individual differences may
be more pronounced, especially due to the higher number of calls produced. Replication of
our experiments should consider using a larger sample size to explore these differences

further.

Cluster analysis

We performed an unsupervised analysis to compare how calls were classified with our
manual classification system. The K-means cluster analysis identified a similar number of
USV call types to our manual system. However, there was very little agreement in the content
of these call types between the unsupervised and manual methods. This could indicate
limitations in the K-means analysis or a degree of subjectivity in our manual classification
system.

The low level of agreement between the manual and unsupervised methods could
indicate limitations in the acoustic features we used for our K-means analysis. Manual
inspection of calls may allow more nuanced features to be considered in the classification.
For example, frequency modulations in the fundamental frequency can be picked up by visual

inspection but are represented by a single value (fSlope) in the unsupervised analysis. The
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fSlope uses a linear regression to give the frequency slope of all detected points in the call.
This parameter may oversimplify modulation patterns and does not consider temporal detail
(ie. when the modulations occur). It could also be sensitive to distortions by the harmonics of
a call. In future efforts to improve on our original description of the vocal repertoire of M.
bavaricus we could increase detail in our acoustic parameters, for example by using wavelet
analysis to explore frequency modulations.

A further limitation of the unsupervised K-means analysis is the assumption of
spherical clusters. K-means analysis is useful for large datasets as it has a fast clustering
speed, but it assumes that the clusters will be spherical and of roughly equal size (He et al.,
2022). Therefore, complex call shapes or varying densities of call types may be slightly
underrepresented by this analysis. Call types with lower densities are at risk of being merged
into larger categories (Langehennig-Peristenidou et al., 2023). Our K-means analysis has
provided a valuable overview of M. bavaricus s repertoire but further research could look at
the suitability of other clustering algorithms to our data.

Disagreement between manual and unsupervised classification could also be caused
by inherent subjectivity in our manual classification. We focused our classification on the
shape of a call’s main syllable. Despite assigning numerical values to call definitions (eg.
down = decrease in frequency of > 5 kHz) manual classification introduces a degree of
human error. Therefore, also running an unsupervised analysis highlights potential areas
where subjectivity has skewed our judgement.

We can take findings from both manual and unsupervised methods to improve call
classification in future research. Based on the results of the K-means analysis, we could
consider some acoustic parameters. For example, rat calls generally fall into two categories

based on their frequency (aversive, 22 kHz, or appetitive, 50 kHz; Wohr and Schwarting,
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2013). Grouping calls in similar frequency bands may identify patterns in the vocal behaviour
of M. bavaricus that were overlooked in this study.

We could consider combining some call types in our manual classification. The
K-means clusters appear to create clusters based on how complex and harmonic calls are;
cluster 2 combines simple call types with no harmonics, including up, down and u-shaped;
cluster 7 contains these simple call types and harmonics; cluster 1 contains complex and
harmonic calls. We could use this perspective to improve our manual classification system.

Further research could also combine acoustic data with other information, such as
behavioural context. In many rodent species, the context in which vocalisations are produced
plays a significant role. For example, Microtus agrestis emits u-shaped calls with a harmonic
component during sexual behaviour (Sales, 2010). Similarities and differences between
vocalisations emitted in different contexts can highlight core elements of the vocal repertoire

and how M. bavaricus makes use of these.

Future directions

From the results of our study, we can suggest potential avenues for future research. In
the following paragraphs we highlight some promising directions for this research.

In the process of annotating our recordings we were able to identify some areas that
require improvement with our classification system. We originally planned to identify
nonlinear phenomena, which proved complicated in practice. For example, the presence of
echos in parts of the recordings could be mistaken for biphonation, the simultaneous
production of two independent fundamental frequencies. In further descriptions of the vocal
repertoire of M. bavaricus, nonlinear phenomena could be an area of focus.

Our results could also inform adjustments to the A-MUD algorithm for future use

with vole vocalisations. The original algorithm had to be adjusted to the frequency range of



47

vole USVs as mice produce USVs in a higher range. We investigated the quality of the
acoustic data obtained by A-MUD prior to our statistical analysis and determined that it was
sufficiently representative. The starting frequency and minimum frequency values obtained
by A-MUD and manually showed high levels of correlation. However, for the maximum
frequency the correlation was not as strong. The presence of more harmonics in the
vocalisations of M. bavaricus than in mice may make these vocalisations harder for the
algorithm to track. Now we have more information on the repertoire of M. bavaricus, further
adjustments to the A-MUD algorithm would allow more reliable statistical analysis of large
numbers of calls.

Our experimental setup meant that we could not assign calls to individuals so we
cannot draw concrete conclusions into the motivation of the changes in vocalisation
behaviour we observed. To improve on our methods future studies should focus on
identifying individual callers. There are limitations when studying M. bavaricus to be
navigated in order to do so. Firstly, M. bavaricus spends much of its time underground so
behaviour is hard to observe. Secondly, our subjects for this study were part of a breeding
programme designed to conserve the species. Any disturbances to individuals or between
pairs must be minimal and not impact their breeding success. Using an array of microphones
would allow the source of vocalisations to be identified without having to remove individuals
from their housing. To separate the vocalisations of a breeding pair some visual observation
may be required. Video recordings would not be suitable for a species often found
underground but an infrared camera could overcome this. Infrared cameras provide lower
resolution recordings but would only be necessary to match the path of movement of the
vocalisations and individuals.

Additionally, if calls can be assigned to individuals, future research could investigate

sex differences in acoustic behaviour. Exploring whether males and females have different
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rates of vocalisation could provide a basis to explore intra- and intersex dynamics. For
example, the discovery that M. ochrogaster males produce more USVs led to the discovery of
individual recognition of mates by females (Warren et al., 2024). Further research into sex
differences may also explore the difference in USV call types (flat or harmonic) that we
observed between conditions. Our results could be used to suggest hypotheses for a more in

depth description of how M. bavaricus makes use of its vocal repertoire.

Conclusion

This study provides the first detailed description of the vocal repertoire of the
Bavarian pine vole, revealing a rich array of call types in both the audible and ultrasonic
frequency ranges. Our findings demonstrate that M. bavaricus possesses a complex vocal
system, comparable with closely related species, with USVs resembling those of M.
ochrogaster. The observed differences in call number, type and acoustic parameters across
different conditions (baseline, introduction of an unfamiliar male, introduction of an
unfamiliar female) strongly suggest that the social environment significantly influences
acoustic behaviour in this species. The shift in USV type from predominantly harmonic in
Basic and Male conditions to primarily flat in the Female condition highlights a fundamental
change in vocal communication strategy that warrants further investigation. While our
experimental design, with its single microphone setup, limited our ability to assign calls to
specific individuals, our results lay the groundwork for future research. Future work using
techniques for identifying individual callers will be crucial for unraveling the specific roles of
each individual in the observed vocal changes. Combining technical advancements with
detailed observations of acoustic behaviour will allow for a more comprehensive

understanding of the function and context-dependent usage of the diverse vocal repertoire of
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M. bavaricus, ultimately shedding light on the complex social dynamics of this endangered

species.
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Table 1. An extract from our classification system defining nonlinear phenomena. We

compiled a classification system based on other vole and closely related rodent species in

order to annotate our recordings of Microtus bavaricus vocalisations. This section was part of

our original classification system, however, nonlinear phenomena were not considered in our

results.

Nonlinear NLP Irregularities in the Wilden et al.,

phenomena acoustic features of a 1998; Fitch et al.,
call resulting from 2002; Tokuda,
irregularities in the 2018; Yurlova et
vocal fold vibration al., 2020

Biphonation Simultaneous — Yurlova et al.,
production of two 2020 (Figure 3)
independent /"_
fundamental ;—:-F
frequencies _—

Subharmonics Frequency bands at 1/n Yurlova et al.,
of the fundamental /_j\ 2020 (Figure 3)
frequency




65

20 0 10 20 10 15 20 25
L Lo

Length_ms . h . >
5 qL( | TR

R=-001 | fSlope |-~ -

5 15 25 5 15 25 10 20 30 40
Ll

20 10

R=-024 | R=0.03 Mean iz, - .
e
R=04 | R=-001 | R=-025 | aMean

R=-0.08 R=-0.27 R=0.66 R=-0.1

10 25

R=0 R=0.07 R=-0.06 R=0.13

12
TNt

R=-0.14 R=0.31 R=0.71 R=-0.15

10 20
L1

R=0.02 R=-0.03 R=-0.04 R=0.12

R=-0.45 R=0.01 R=0.87 R=-0.31

2
L

R =-0.08 R=0 R =-0.07 R=045 R=0 R=0.1 R=0.01 R=0 R=0

R=0.05 R=0 R=0.55 R=-0.04 R=06 R=-0.08 R=0.57 R=-0.1 R=0.29

R=-0.04 R=0.03 R=-0.09 R=0.32 R=-0.14 R=0.2 R=-0.1 R=0.22 R=-0.02

5

R=-0.19 R=0.14 R=0.89 R=-0.2 R=0.54 R=-0.03 R=0.63 R=-0.01 R=0.79 R=-0.09 R=04 R=-0.01 fAmax

20 100

10 30

T

R=0.6 R=-0.02 R=-0.27 R=0.9 R =-0.09 R=0.09 R=-0.16 R=0.07 R=-0.42 R=0.28 R=0.03 R=0.19 R=-0.22 aAmax

LI TTT T T TTT T TTT T T TT T T T L L
05 150 250 20 60 100 20 60 100 20 60 100 20 60 100 20 60 100 20 60 100

Figure 1. Pearson's correlations of acoustic parameters considered for the unsupervised
K-means cluster analysis. Pearson’s correlation coefficients were calculated prior to the
unsupervised K-means cluster analysis to identify highly correlated parameters (R > 0.7,
highlighted in red). For highly correlated parameters, one was excluded from the analysis

(fTmax, fFmin, fAmax, aAmax).
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Figure 2. The elbow figure generated from the K-means cluster analysis to determine the

optimal number of clusters. The number of clusters found in our USVs was calculated using
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this elbow figure. It considered the ratio between total within-cluster Sum of Squared Errors
(SSE) and the total SSE. The optimal number was determined by the model as the
intersection of the two lines that best fit the elbow data; this process is known as the knee

method.

Table 2. Means and standard deviations of the acoustic features of each cluster. The K-means
analysis determined 13 distinct clusters in the USVs. The number of calls per cluster is noted
in brackets below the cluster number. For each acoustic feature the mean and standard

deviation was calculated.

Acoustic 1 2 3 4 5 6 7 s ) 10 11 12 13
feature  (620) (233) (40) (147) (574 (135 (314 (212) (539) (14  (6%) (52) (D)
Duration 16249 9343 3211 10042 11457 11651 4964 9051 3402 47690 7583 10688 2625

= £ + +481 =£25 E3 = =+ =+ = - + ES
2823 57.78 2538 50.55 36.07 5263 2257 4304 5267 4845 2397
fSlope -0.02 0.03 013 006 0= -0.09 0.05 0+ 0.05 -491 003 022+ 1813
=005 = =18 0.36 0.15 =045 = 0.15 +04 =559 = 1.19 +=7.16
0.22 0.68 0.18
Aean 28.83 2897 T169 2943 28.35 30.71 4197 2787 2694 4097 2961 3491 60.27
+£238 = + 551 £362 607 = +49 < + = 3 +£9.09 <
4.68 21.7 5.94 411 10.73 7.26 24,83
aMean 17.37 1755 1164 1508 14.45 1597 1371 17.64 1358 13.88 2231 15.96 11.21
+131 = + +214 132 +£258 =+ + 15 299 =+ +£291 1044
2.06 192 1.76 1.74 2.35
fTmin 32.04 2922 7621 3075 29.82 37.84 43.11 3094 2699 12523 3397 34.85 234+
=56 = + +73 +561 = = E =+ = = = 0.42
5.86 22.78 12.01 7.83 7.67 463 32.64 1278 1732
aTmin 11.84 11.88 1091 11.67 11.58 849+ 11.72 1175 1154 1046 11.74 1144 10.75
=069 = = =088 =049 082 =07 = ® =147 = =092 £0.55
0.97 1.41 0.77 0.54 1.25
aTmax 11.66 11.88 1089 854 11.57 11.37 1161 1163 1153 11.29 1129 11+ 10.12
=0.6 =3 + 0.81 =043 =066 = + % 087 = 1.04 =1.79
1.26 1.35 0.83 0.64 0.52 0.93
aFmin 11.57 1268 1124 1238 11.79 12.06 1209 1758 1191 1168 2533 1288 10.75
+148 =+21 <+ +204 122 £234 = + + EHATS +£262 =055
181 1.53 235 1.11 3.52
fFmax 3895 3328 8145 4047 37.84 4367 4991 3687 2948 12619 4044 11471 11865
+6.86 = = + +85 + - += E +326 =+ - S
523 2231 11.55 10.76 10.11 102 553 17.05 23.13 4434
aFmax 12.38 1932 1073 1064 113+ 1049 1215 1237 12118 1044 1479 966 991+
=211 =31 = 228 172 =245 = sowal s £1.51 = 1.18 2:59

1.61 1.81 1.38 4.44



Table 3. Wilcoxon tests between Male files. Wilcoxon tests between each of the three files
(002, 007, 008) of the Male condition, with adjusted p-values according to the

Benjamini-Hochberg correction (p<0.05 in bold type).

Parameter 002 - 007 002 - 008 007 - 008
Length (ms)  0.17 <0.001 <0.001
fMean (kHz) 0.016 <0.001 <0.001
aMean (dB)  <0.001 <0.001 <0.001
fFmin (kHz)  <0.001 <0.001 <0.001
fFmax (kHz) <0.001 1 <0.001

aAmax (dB)  <0.001 0.59 <0.001
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