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Abstract

For human-audible vocalizations (below 20 kHz) of rodents, subterranean lifestyle results in low-frequency calls coupled
with low-frequency hearing. For ultrasonic vocalizations (above 20 kHz), the effect of subterranean lifestyle on the acoustics
is unknown. This study fills this gap of knowledge, by comparing vocalizations of two closely related species, the surface-
dwelling Brandt’s vole Lasiopodomys brandtii (17 pups, 19 adults) and the subterranean mandarin vole L. mandarinus
(15 pups, 16 adults). As predicted, the audible calls (AUDs) were substantially higher-frequency in L. brandtii than in L.
mandarinus, in either pups or adults. In contrast to AUDs, the ultrasonic calls (USVs) did not differ in frequency variables
between species, in either pups or adults. Interspecies differences were found in duration: AUDs were shorter in adult L.
brandtii than in adult L. mandarinus, USVs were longer in pup L. brandtii than in pup L. mandarinus, and the low-frequency
USVs of adult L. brandtii were longer than low-frequency USVs of adult L. mandarinus. We advance a hypothesis that shift
towards higher-frequency AUDs in L. brandtii compared to L. mandarinus was triggered by the evolutionary emergence
of the high-frequency audible alarm call, which is only present in L. brandtii but absent in L. mandarinus. We discuss that
USVs may be resistant to these selection pressures as close-distant social signals.

Significance statement

Relationship between ecological specialization, such as subterranean or surface-dwelling lifestyle, and the acoustic traits
of communicative signals in rodents evoke interest for over than 30 years. So far, the relationship between vocalization and
subterranean life (low-frequency calls and low-frequency hearing) was only reported for calls produced by rodents in human-
audible range of frequencies. No data was available for ecological adaptations of ultrasonic calls; moreover, even the existence
of ultrasonic calls in subterranean rodents was unknown to recent time. Comparative studies of closely related subterranean
and surface-dwelling rodent species might highlight the evolution of acoustic traits related to these ecological specializations.

Keywords Acoustic communication - Arvicolinae species - Audible and ultrasonic vocalization - Subterranean rodents

Introduction

Subterranean lifestyle is known in more than 250 rodent
species (Nevo 1999; Lacey et al. 2000; Begall et al. 2007a).
Life underground under poor ventilation and high humidity

Communicated by E. Korpimiki

P4 Ilya A. Volodin
volodinsvoc @ gmail.com

Extended author information available on the last page of the article

Published online: 20 July 2022

leads to many morphological, physiological, and behavioral
adaptations (Begall et al. 2007a; Park et al. 2017; Vejmélka
et al. 2021) governed by the respective genes (e.g., Jiao et al.
2019; Bondareva et al. 2021; Sahm et al. 2021).
Deprivation from most sensory stimuli due to under-
ground life also affects rodent acoustic communication,
which is especially important in the conditions of dark
burrow tunnels, where visual communication is obstructed
(Begall et al. 2007b; Burda et al. 2007). Rodent human-audi-
ble calls (AUDs, below 20 kHz) are more variable in social
than in solitary subterranean species (Dvotéakova et al. 2016;
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Schleich and Francescoli 2018) and display a convergent
evolution of sound-producing and auditory systems (Begall
et al. 2007b). This convergent evolution involves the using of
low-frequency AUDs for communication (Nevo et al. 1987,
Credner et al. 1997; Begall et al. 2007b; Knotkova et al.
2009; Pepper et al. 2017; Okanoya et al. 2018; Schleich and
Francescoli 2018) and the maximum hearing sensitivity at
low frequencies (Miiller and Burda 1989; Heffner and Hef-
fner 1992; Kossl et al. 1996; Briickmann and Burda 1997;
Dent et al. 2018; Okanoya and Screven 2018). Communica-
tion with low-frequency AUDs is effective in burrows, as
these calls propagate to a distance of a few meters with-
out weakening and even become more intense due to bur-
row stethoscope effect (Heth et al. 1986; Lange et al. 2007;
Schleich and Antenucci 2009; Okanoya and Screven 2018).

Regarding the underground ultrasonic communication in
rodents, data are scarce. The concept of convergent evolution
of low-frequency hearing and low-frequency AUDs suggests
that ultrasonic calls (USVs, above 20 kHz) might not be
used by subterranean rodents (Begall et al. 2007b). Howeyver,
recent studies show that some subterranean Arvicolinae spe-
cies, as adult northern mole voles Ellobius talpinus (Volodin
et al. 2022) and pup mandarin voles Lasiopodomys man-
darinus (Yu et al. 2011), are capable of producing USVs.
Furthermore, one recent study reports the audition in the
ultrasonic range of frequencies in the subterranean rodent,
the coruro Spalacopus cyanus (Caspar et al. 2021). So, a
convergent evolution of ultrasonic vocalization and high-
frequency hearing is potentially expectable in subterranean
rodents.

Comparative studies of AUDs and USVs of subterranean
and surface-dwelling Arvicolinae species might highlight
the relationship between lifestyle and the acoustic traits of
these calls (Rutovskaya 2018). Sister species, the Brandt’s
vole L. brandtii and mandarin vole L. mandarinus, represent
a promising comparative model for revealing the acoustic
adaptations related to surface-dwelling or subterranean life-
style. Whereas L. mandarinus is adapted to subterranean
life, L. brandtii displays surface-dwelling lifestyle (Tai and
Wang 2001; Dong et al. 2018; Sun et al. 2019; Cui et al.
2020). While L. brandtii forage on grass aboveground (Cui
et al. 2020), L. mandarinus primarily forage in tunnels of
up to 95 m long with multiple (up to 70) exits and on sur-
face in immediate vicinity to burrow entrance (Dmitriev
et al. 1980; Smorkatcheva et al. 1990). Phylogenetic anal-
yses suggest that L. brandtii and L. mandarinus were the
last two species diverged from the common trunk of the
genus Lasiopodomys approximately 0.5-0.95 million years
ago (Abramson et al. 2009; Li et al. 2017; Shi et al. 2021).
Lifestyle (surface-dwelling or subterranean) of the com-
mon ancestor of L. brandtii and L. mandarinus is unknown.
Both species are steppe-dwellers in China, Mongolia, and
Transbaikalia (Russia), with partly overlapping distribution
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areas between species (Smorkatcheva et al. 1990; Smith and
Xie 2008; Alexeeva et al. 2015; Lebedev et al. 2016). Both
species live in extended family-based groups (L. brandtii:
Dmitriev et al. 1980; L. mandarinus: Smorkatcheva 1999;
Tai and Wang 2001). Both species become mature early: in
L. brandtii, sexual maturity for males and females is reached
at about 35 days of age (Zorenko and Jakobsone 1986). In L.
mandarinus, males and females are sexually mature at 55-60
and 3845 days of age, respectively (Zorenko et al. 1994;
Smorkatcheva 1999).

As in Arvicolinae rodents, pup age and body size influ-
ence the acoustic parameters of both AUDs and USVs (Ter-
leph 2011; Yurlova et al. 2020; Volodin et al. 2021; Warren
et al. 2022); correct interspecies comparison of the acoustics
is only possible between matched age classes and between
species matched in body size. So, careful control of animal
body size and age would be necessary for the comparative
study of vocalizations in vole species.

Adults of both vole species are active throughout 24-h
cycle (L. brandtii: Khruscelevsky and Kopylova 1957; L.
mandarinus: Smorkatcheva et al. 1990). Aboveground activ-
ity of adult L. brandtii is primarily diurnal (Khruscelevsky
and Kopylova 1957; Wan et al. 2006; Cui et al. 2020), but
adult L. mandarinus emerge to ground surface in dark time
(Dmitriev et al. 1980; Smorkatcheva et al. 1990). Newborns
of both species are raised at similar conditions of burrow (L.
brandtii: Khruscelevsky and Kopylova 1957; L. mandarinus:
Smorkatcheva et al. 1990).

Acoustic structure of adult AUDs differs between L.
brandtii and L. mandarinus. Audible sharp squeaks, occur-
ring in all types of interactions between animals from
friendly to aggressive, are twice higher in fundamental fre-
quency (f0) in L. brandtii (4.1-7.5 kHz) than in L. man-
darinus (1.5-1.8 kHz) (Rutovskaya 2011, 2012, 2018).
Male courtship songs are substantially higher-frequency
in L. brandtii (13.7 kHz) than in L. mandarinus (1.2 kHz)
(Rutovskaya 2018). Only L. brandtii produce audible high-
frequency (10.2-10.7 kHz) alarm calls, which potentially
evolved in this species for defense against avian predators
(Rutovskaya 2012, 2018). Pup isolation USVs are only
described in 2-—14-day-old L. mandarinus (Yu et al. 2011),
whereas pup isolation AUDs or adult USVs have yet to be
studied in either L. brandtii or L. mandarinus. Whereas a
usual procedure of short-term isolation of pups from the
nest is sufficient for eliciting AUDs and USVs in Arvicoli-
nae pup voles (Yu et al. 2011; Yurlova et al. 2020), for adult
voles, more elaborated call-eliciting procedures are applied,
e.g., touch with a cotton bud, handling, and body measure-
ments (Yurlova et al. 2020; Klenova et al. 2021; Volodin
etal. 2021).

The aim of this study was to compare between captive
L. brandtii and L. mandarinus the acoustics of AUDs and
USVs, emitted by pups and adults of both species during
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short-term isolation and handling. For AUDs, we predicted
that pup and adult fOs might be higher-frequency in sur-
face-dwelling L. brandtii than in subterranean L. mandari-
nus. This prediction was based on published data reporting
acoustic differences of AUDs between adult L. brandtii
and L. mandarinus (Rutovskaya 2018) and on published
data reporting the low-frequency hearing in subterranean
rodents (Heffner and Heffner 1992; Gerhardt et al. 2017,
Okanoya et al. 2018). For USVs, we had not any special
prediction, in the lack of comparative data.

Methods
Study site, animals and dates

Calls (AUDs and USVs) of pup and adult L. brandtii
and L. mandarinus of 1-4 generation in captivity were
recorded from the beginning of March 2019 to mid-Octo-
ber 2020 in captive colonies of the Biological Institute of
Saint Petersburg University (Russia). To decrease observer
bias, blinded methods were mostly used when behavio-
ral data were recorded and/or analyzed: audio recording
trials conducted by one researcher (IAV) were primarily
analyzed by another researcher (MMD) and vice versa.
Colony founders were 7 L. brandtii obtained in 2017 from
the Chita region, Transbaikalia, Russia, and 20 L. man-
darinus (7 individuals obtained in 2017 from the Djida
region, Buryatia, Russia, and 13 individuals obtained in
2019 from the Selenga region, Buryatia, Russia).

Subject L. brandtii were 17 2-5-day-old unsexed pups
from 14 litters delivered by 13 parental pairs, 1-2 pups per
litter, and 19 adults (10 males, 9 females) aged from 72 to
391 days old. Subject L. mandarinus were 15 2-5-day-old
unsexed pups from 14 litters delivered by 10 parental pairs,
1-2 pups per litter, and 16 adults (9 males, 7 females) aged
from 65 to 867 days old. Day of pup birth was considered
zero day of pup life (Supplementary Table S1).

Housing

Animals were kept in pairs with one or a few subsequent
litters in glass terraria (25X 50X 30 cm or 30 X 60 x40 cm
depending on group size) with wire-mesh roofs, with saw-
dust layer of 15-20 cm, toilet paper as nest material, and
one or two wooden hides. The animals were fed each sec-
ond day with rabbit chow, oat (grain and sprouts), and
willow branches. Carrot, beet, and apples were provided
ad libitum as a source of both food and water.

Experimental procedure

Call-eliciting trials were conducted in a separate room
where only the focal animal was present. The experimental
procedure (following Zaytseva et al. 2019) was the same
for pups and adults and for both species. The focal ani-
mal was tested singly in only one trial; therefore, all calls
could be identified as belonging to the focal individual.
Trials were conducted in daytime at room temperature
20-25 °C and natural lighting from the window. All elec-
tric equipment (lamps, fridges, computers) were turned off
for reducing the audible and ultrasonic background noise.
The elicited calls were related to moderate discomfort,
experienced by pups due to the cooling out of the nest,
and experienced by adults due to short-term social isola-
tion and handling. These calls were not distress-related
for pups and for adults, as pup cooling was short term and
moderate; whereas for the adults, the short-term isolation
from mates and human handling was reminiscent of rou-
tine procedure during regular cage cleanings occurring
every 5—7 days, to which the animals were habituated.

A focal animal was transferred in a small clean plastic
container from a home cage to the experimental room on
the same floor within 60 s and subjected to the 4-stage
480-s experimental procedure provoking vocalization. Test
trial included four stages: (1) isolation for 120 s in a plas-
tic container 190 X 130X 70 mm (for pups) or in a plastic
cylinder without bottom with diameter 320 mm, height
400 mm (for adults); (2) touch with a cotton bud for 120 s
approximately 2 times per second; (3) handling by fixing
in human hand and keeping with belly up for 120 s; and
(4) body measurements for about 120 s. The start of each
trial stage was indicated with voice mark of experimenter
(MMD or IAV), and the end of measurements was the end
of a trial. After the trial, the focal animal was weighted on
the electronic scales G&G TS-100 (G&G GmbH, Neuss,
Germany, accurate to 0.01 g), in the same container that
served for the animal transfer.

The measurements included successive measuring of
body length (from tip of muzzle to anus) and head length
(from tip of muzzle to occiput), with electronic cali-
pers (Kraft Tool Co., Lenexa, Kansas, USA) accurate to
0.01 mm. This cycle of measurements was repeated thrice
and the average values were calculated. Weighting and
measurement data were used for estimating the potential
differences in body size between study species.

Focal animal was returned to home cage immediately
after the end of a trial and weighting. Before the next test
trial, the experimental setup was washed with soapy water
and rubbed with cotton with alcohol, to avoid potential
odor effects on vocalization.
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Call recording

During each 4-stage test trial, a continuous recording of
AUDs and USVs of the focal individual was conducted. For
recording AUDs at sampling rate 48 kHz and resolution 16
bit, we used a solid-state recorder Marantz PMD 660 (D&M
Professional, Kanagawa, Japan) with cardioid microphone
Sennheiser K6-ME64 (Sennheiser Electronic, Wedemark,
Germany).

For recording USVs at sampling rate 256 kHz and reso-
lution 16 bit, we used a Pettersson D1000X recorder with
built-in microphone (Pettersson Electronik AB, Uppsala,
Sweden) and an Echo Meter Touch 2 PRO recorder (Wildlife
Acoustics, Inc., Maynard, MA USA), which also served for
tracking the real-time spectrogram of USVs on compatible
smartphone. As parallel recordings with Pettersson and Echo
Meter displayed similarly high quality and did not affect
the measured acoustic variables, we could use for acoustic
analyses calls recorded with either system.

The sonic and ultrasonic microphones were set at 25 cm
above the focal animal, providing a good signal-to noise
ratio during recording. Acoustic recordings for each test trial
were stored as two wave files, one for AUD and one for USV
recording.

Call samples

For acoustic analysis, we selected calls (AUDs and USVs) of
best quality (not superimposed with strikes or other noises,
with a good signal-to noise ratio). To minimize potential
pseudoreplication, we avoided taking the calls following
each other, because successive calls can be more similar
to each other than calls separated with other calls. Calls for
analysis were evenly taken from different parts of the trial
stages. In addition, contour shape or presence of nonlin-
ear phenomena was not taken into account during selection
of calls for analysis. We also limited the number of calls
included in analysis per individual.

For analysis of acoustic variables of AUDs, we selected
AUDs from 10 individual L. brandtii and 10 individual L.
mandarinus pups (20 AUDs per pup) and selected AUDs
from 12 individual L. brandtii and 10 individual L. mandari-
nus adults (7-21 AUDs per adult). Pup AUDs were evenly
taken from different parts of the 1st (isolation) trial stage.
Adult AUDs were primarily taken from the 3rd (handling)
and 4th (body measurements) trial stages, because adult
voles did not emit AUDs at 1st (isolation) trial stage and
only 14 AUDs of L. brandtii could be taken from 2nd (touch)
stage. In total, we included in analysis 802 AUDs: 200 pup
AUDs per species and 201 adult AUDs per species (Sup-
plementary Table S2).

For analysis of acoustic variables of USVs, we selected
USVs from 11 individual L. brandtii and 11 individual L.
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mandarinus pups (20 USVs per pup, but one individual only
provided 14 calls). Pup USVs were primarily taken from
the 1st (isolation) trial stage and, in addition, some calls (30
USVs of L. brandtii pups and 36 USVs of L. mandarinus
pups) were taken from the 2nd stage, because the number
of calls from the 1st stage was limited.

Adult USVs of each species were split in two non-over-
lapping categories, the low-frequency USVs (LF USVs) and
the high-frequency USVs (HF USVs) (see the “Results”
section). Thus, for investigating variation of the full set of
acoustic parameters between the two categories of adult
USVs and comparing them with pup USVs, we classified
all USVs to three categories: (1) pup USVs; (2) adult LF
USVs, and (3) adult HF USVs; and called the corresponding
nominal variable as “USV category.”

Adults rarely produced USVs, so we included in analysis
all USVs produced by 15 individual adult L. brandtii and
11 individual adult L. mandarinus, 623 USVs of each cat-
egory, the low-frequency (LF USVs) and the high-frequency
(HF USVs). Adult USVs were taken from all the four trial
stages. In total, we included in analysis 1072 USVs: 220 pup
USVs of L. brandtii, 214 pup USVs of L. mandarinus, 211
LF USVs and 139 HF USVs of adult L. brandtii, and 105
LF USVs and 183 HF USVs of adult L. mandarinus (Sup-
plementary Table S3).

Call analysis

Acoustic variables of AUDs and USVs were measured using
Avisoft SASLab Pro (Avisoft Bioacoustics, Berlin, Ger-
many); data of measurements were automatically exported
to Microsoft Excel (Microsoft Corp., Redmond, WA, USA).
Before measurements, we high-pass filtered all wav-files at
0.2 kHz (for AUDs) or at 10 kHz (for USVs), to remove
background noise.

Spectrograms for measurements were created at sampling
rate 48 kHz (for AUDs) or 256 kHz (for USVs), Hamming
window, fast Fourier transform (FFT) 1024 points, frame
50%, and overlap 93.75% for AUDs and 87.5% for USVs.
For each AUD or USV, we manually measured, in the spec-
trogram window of Avisoft, the duration with the standard
marker cursor, and the maximum fundamental frequency
(fOmax), the minimum fundamental frequency (fOmin), the
fundamental frequency at the beginning of a call (fObeg),
and the fundamental frequency at the end of a call (f0end)
with the reticule cursor. For each AUD or USV, we measured
the peak frequency (fpeak) in the power spectrum window
of Avisoft (Fig. 1).

AUD and USV contours

By visual inspection of call in the spectrogram window
of Avisoft, we classified AUDs and USVs to one of five
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Fig. 1 Measured acoustic variables in: a ultrasonic (USV) call of pup
L. mandarinus; b audible (AUD) call of adult L. brandtii. Spectro-
gram (right) and mean power spectrum of the entire call (left). Desig-
nations: duration — call duration; fObeg — the fundamental frequency
at the onset of a call; fOmax — the maximum fundamental frequency;
fO0end — the fundamental frequency at the end of a call; fOmin — the
minimum fundamental frequency; fpeak — the frequency of maxi-
mum amplitude. Spectrogram was created using sampling frequency
256 kHz (for USVs) or 48 kHz (for AUDs), Hamming window, fast
Fourier transform (FFT) 1024 points, frame 50%, overlap 87.5% (for
USVs) or 93.75% (for AUDs)

contours (Fig. 2): flat, chevron, upward, downward, and
complex (following Yurlova et al. 2020; Kozhevnikova et al.
2021). Flat contour was determined if the difference between
fOmin and fOmax was less than 0.6 kHz (in AUDs) or less
than 6 kHz (in USVs). In cases where the difference between
fOmin and fOmax was equal or larger than 0.6 kHz or 6 kHz,
respectively, a call contour could be classified as chevron (up
and down), upward (ascending from start to end), downward
(descending from start to end), or complex (up and down a
few times or U-shaped) (Fig. 2).

Nonlinear phenomena and note composition
in AUDs and USVs

Each AUD and USV was checked for presence of nonlinear
phenomena (Fig. 3): biphonations, subharmonics, deter-
ministic chaos, and frequency jumps (Wilden et al. 1998;

Yurlova et al. 2020; Kozhevnikova et al. 2021). Biphonation
was noted when two independent fundamental frequencies,
the low (fO) and the high (g0), as well as their combina-
tory frequency bands (g0 minus fO; g0 minus 2f0; etc.) were
present in call spectrum. Subharmonics were noted when
frequency bands of 1/2 or 1/3 of fO were present in call spec-
trum (Fig. 3). Deterministic chaos was noted when a chaotic
segment (sometimes with residual fundamental frequency)
was present in call spectrum (Fig. 3). We only noted the
presence of deterministic chaos and/or subharmonics, if the
duration of call fragments containing these nonlinear phe-
nomena comprised at least 10% of the entire call duration
(Yurlova et al. 2020; Kozhevnikova et al. 2021).

We noted a presence of frequency jumps, when the {0
increased jump-like up or down for > 1 kHz (for AUDs) or
for > 10 kHz (for USVs) (Fig. 3). As frequency jumps break
the fO contour to separate notes, we considered the calls
without frequency jumps as one-note calls, the calls with
one frequency jump as two-note calls, and calls with two
or more frequency jumps as multi-note calls (Fig. 3). For
determining the type of fO contour in the calls containing
frequency jumps, we virtually joined the parts of the broken
contour of f0, following (Yurlova et al. 2020; Kozhevnikova
et al. 2021).

In addition, we classified USVs accordingly to the three
possible note compositions (1-note, 2-note, multi-note)
based on presence of up or/and down frequency jumps over
10 kHz (Fig. 3). The 1-note USVs lacked frequency jumps;
the 2-note USVs had one frequency jump (up or down); and
the multi-note USVs had two or more frequency jumps (see,
e.g., Zaytseva et al. 2019).

Statistical analyses

Statistical analyses were made with STATISTICA, v. 8.0
(StatSoft, Tulsa, OK, USA) and R 4.1.0 (R Development
Core Team 2021). Means were presented as mean + SD, and
all tests were two-tailed and differences were considered
significant whenever p <0.05. We used one-way ANOVA for
estimating the effect of factors species (separately for pups
and for adults) and sex (only for adults, separately for each
species) on the morphometric (body size-related) variables.

To analyze the acoustics of AUDs and USVs, we per-
formed linear mixed effect models (LMM) using package
nime (Pinheiro et al. 2021) implemented in R. For AUDs,
age (pup vs. adult), species, and their interaction were fitted
as fixed terms. For USVs, LMMs included the USV category
(pup USVs, adult LF USVs and adult HF USVs), species,
and their interaction as fixed predictors. Individual identity
was fitted as a random term in all models. Post hoc compari-
sons were performed with Tukey HSD test using emmeans
package in R (Lenth 2021).
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Fig.2 Five contour shapes in audible (AUDs) and ultrasonic (USVs)
vole calls. AUDs: a — flat in AUD of adult female L. mandarinus; b —
chevron in AUD of 5-day-old pup L. mandarinus; ¢ — upward in AUD
of 4-day-old pup L. brandtii; d — downward in AUD of adult male
L. mandarinus; e — complex in AUD of 5-day-old pup L. brandtii.
USVs: a — flat in USV of 5-day-old pup L. brandtii; b — chevron
in USV of 4-day-old pup L. mandarinus; ¢ — upward in USV of

We used Fisher’s exact test to compare percentages.
We used discriminant function analysis (DFA) standard
procedure to estimate the differences in values of acous-
tic variables between two categories of adult USVs (LF
USVs and HF USVs). Variables with most contribution to
discrimination were determined based on Wilk’s lambda
values.

Results
Age and body size variables

ANOVA did not reveal any interspecies differences regard-
ing the age, body weight, body length, and head length,
either for pups or for adults (Table 1). The comparison of
body weight, body length, and head length between adult
male and female L. brandtii did not reveal any significant
differences (F ;=2.02; p=0.17; F; 1;=0.11; p=0.75;
F,1,=1.29; p=0.27, respectively). In adult L. mandari-
nus, body weight (F; 1,=0.42; p=0.53), and body length
(Fy14=1.84; p=0.20) did not differ between sexes as well,
whereas head length was larger in males (F ;,=5.50;
p=0.03; 32.05+1.38 mm and 30.50 +1.22 mm,
respectively).
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5-day-old pup L. brandtii; d — downward in USV of 2-day-old pup
L. brandtii; e — complex in USV of 4-day-old pup L. brandtii. Spec-
trogram was created using sampling frequency 256 kHz (for USVs)
or 44.1 kHz (for AUDs), Hamming window, fast Fourier transform
(FFT) 1024 points, frame 50%, overlap 87.5% (for USVs) or 96.87%
(for AUDs)

AUD contours and nonlinear phenomena

Pup and adult AUDs of L. brandtii and L. mandarinus dis-
played all the five possible contour shapes (Fig. 4). Chev-
ron contour prevailed, being equally frequent in pups of
both species (p =0.91, Fisher’s exact test). Upward contour
was more frequent in pup L. mandarinus than in pup L.
brandtii (p <0.001). Complex contour was more frequent
in pup L. brandtii than in pup L. mandarinus (p <0.001).
The remaining two (downward and flat) contours were
both rare in pups of either species, without significant dif-
ferences in the occurrence between them (Fig. 4).

As in pups, chevron contour prevailed in adults of either
species; however, it was more frequent in adult L. brandtii
than in adult L. mandarinus (p <0.001, Fisher’s exact test)
(Fig. 4). In adult L. brandtii, flat contour practically lacked
and upward contour was rare, whereas in adult L. man-
darinus, flat and upward contours were similarly frequent
(p <0.001 in both cases). Complex contour was more
frequent in adult L. brandtii than in adult L. mandarinus
(p <0.001). Downward contour was infrequent compared
to other contours in adults of either species (p =0.06)
(Fig. 4).

Overall, chevron contour prevailed in pup and adult
AUDs of either species, whereas all other contours were
substantially less frequent. Complex contour was a few
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Fig.3 Nonlinear phenomena in audible (AUDs) and ultrasonic
(USVs) vole calls. AUDs: a — subharmonics in AUD of 5-day-old
pup L. mandarinus; b — deterministic chaos in AUD of 5-day-old pup
L. mandarinus; ¢ — frequency jump up in AUD of 2-day-old pup L.
brandtii. USVs: a — biphonation in USV of 4-day-old pup L. man-
darinus; b — frequency jump down-up in USV of 2-day-old pup L.
mandarinus; ¢ — subharmonics in USV of an adult male L. brandtii.
Spectrogram was created using sampling frequency 256 kHz (for
USVs) or 44.1 kHz (for AUDs), Hamming window, fast Fourier
transform (FFT) 1024 points, frame 50%, overlap 87.5% (for USVs)
or 96.87% (for AUDs)

Table 1 Values (mean+ SD) for age and body size variables of pup
and adult L. brandtii and L. mandarinus, and the results of interspe-
cies comparison. n — number of individuals

Variable L. brandtii L. mandarinus ~ ANOVA
Pups n=17 n=15
Age (days) 311+£1.18 3.53+1.13 F3,=0.99;
p=033
Body weight (g) 3.67+0.83 413+1.12 Fy3=1.75;
p=0.20
Body length (mm) 33.80+3.05  34.12+4.60 F3,=0.05;
p=0.82
Head length (mm) 16.53+1.18  17.39+1.33 Fi3,=3.71;
p=0.06
Adults n=19 n=16
Age (days) 201.0+£87.2  302.9+229.9 F3,=3.04;
p=0.09
Body weight (g) 35.80+£7.51  35.92+5.02 F33=171,
p=0.20
Body length (mm)  93.9+7.56 94.10+5.56 F,33=0.01;
p=0.93
Head length (mm) 31.60+1.61  31.38+1.50 F,3;=0.18;
p=0.67

Adults
n=201 n=201

Pups

100
90
80
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40

Percentages (%)

30

20

L.brandti  L.mandarinus

L.brandtii
\ | flat
[ downward

L.mandarinus
I chevron |
N complex

| upward

Fig.4 Percentages of five different contour shapes in pup and adult
audible calls (AUDs) of L. brandtii and L. mandarinus. Contour
names are provided on the Fig. n — number of calls

times more frequent in L. brandtii, whereas the upward
and flat contours were a few times more frequent in L.
mandarinus.

In both pup and adult L. brandtii and L. mandarinus,
AUDs could contain three kinds of nonlinear phenomena:
frequency jumps, subharmonics and deterministic chaos
(Fig. 5). Nonlinear phenomena were found in 68.0% of
AUDs in pup L. brandtii, but in only 35.5% of AUDs in
pup L. mandarinus (p <0.001, Fisher’s exact test). In pup
L. brandtii, most frequent nonlinear phenomena were sub-
harmonics and deterministic chaos. Frequency jump was
the least frequent in pup L. brandtii and lacked entirely in
pup L. mandarinus. In pup L. brandtii, percentage of AUDs
with deterministic chaos was comparable with those in pup
L. mandarinus (p=0.59), whereas subharmonics were less
frequent in pup AUDs of L. mandarinus (p <0.001) (Fig. 5).

In adult AUDs of both species, percentage of calls with
nonlinear phenomena was small: 7.0% in adult L. brandtii
and 17.9% in adult L. mandarinus (differences are signifi-
cant, p=0.001) (Fig. 5). In adult AUDs of L. brandtii, sub-
harmonics practically lacked, whereas in adult AUDs of L.
mandarinus, subharmonics were most widespread among
nonlinear phenomena (differences are significant, p <0.001).
Deterministic chaos was present at the same level in adults
of either species (p=0.39). Frequency jumps occurred rarely
and only in adults (Fig. 5).
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Fig.5 Percentages of three kinds of nonlinear phenomena in pup and
adult AUDs of L. brandtii and L. mandarinus. Nonlinear phenomena
names are provided on the Fig. n — number of calls

AUD acoustics

For AUDs, LMM showed that the effect of factor species
was significant for the duration and all fO variables, but not

Table 2 Values (mean+SD) of acoustic variables of audible calls
(AUDs) of pup and adult L. brandtii and L. mandarinus, and LMM
results for the effects of species and age on the acoustics. The B+SE
correspond to parameter estimates and standard errors in LMM. Indi-
vidual identity was introduced as a random term in all LMMs. dura-
tion — call duration, fObeg — the fundamental frequency at the begin-

for fpeak (Table 2). Factor age affected significantly the
duration, fOend, fOmin, and fpeak. Interaction of factors
species and age was significant only for duration and fOend
(Table 2), reflecting the differences in age-related dynamics
between species for these acoustic variables. Specifically,
the duration markedly decreased with age in L. brandtii and
increased in L. mandarinus.

Between species, pup AUDs did not differ by duration
and fpeak (Table 2). All fO variables of AUDs were higher in
pup L. brandtii than in pup L. mandarinus. In adults, AUDs
were shorter in L. brandtii than in L. mandarinus. As in
pups, in adults, the values of all fO variables of AUDs were
higher in L. brandtii than in L. mandarinus, whereas fpeak
did not differ between species (Table 2).

Comparison between ages within species showed, that in
L. brandtii, adult AUDs were shorter and lower in fOend and
fpeak than pup AUDs, whereas fObeg, f0max, and fOmin did
not differ between pups and adults (Table 2). In L. mandari-
nus, adult AUDs did not differ from pup AUDs in duration
and fpeak, whereas the values of all fO variables were lower
in adults than in pups (Table 2).

Two categories (LF and HF) of adult USVs

While pups only produced one type of USVs, distribu-
tions of fpeak and fOmax values of adult USVs were two-
humped, thus indicating a presence of two non-overlapping
call categories, the low-frequency USVs (LF USVs) and
the high-frequency USVs (HF USVs) (Fig. 6). So, based
on values of fpeak and fOmax, each USV was assigned to
one of these call categories (Fig. 6). For L. brandtii, LF

ning of a call, fOend — the fundamental frequency at the end of a call,
JfOmax — the maximum fundamental frequency, fOmin — the minimum
fundamental frequency, fpeak — the peak frequency, n — number of
calls. The same superscripts indicate the values, which are non-sig-
nificantly different from other values by the given acoustic parameter
(post hoc Tukey HSD test, p <0.05)

Variable Pups Adults LMM
L. brandtii, L. mandarinus, L. brandtii, L. mandarinus,  Species Age Species X Age
n=200 n=200 n=201 n=201 interaction
Duration (s)  0.103+0.027*  0.101 £0.026% 0.071+0.040°  0.128+0.047* B=14+0.3, B=1.0+0.3, B=-15+04,
p<0.001 p<0.001 p<0.001
fObeg (kHz)  2.63+1.42% 1.34+0.24° 2.14+1.20* 0.96 +£0.20° B=-15+0.3, B=04+0.3, B=0.3+04,
p<0.001 p=0.16 p=0.34
fOmax (kHz) 7.30+1.35% 2.43+0.29° 6.49 +2.69* 1.67+0.34¢ B=-2.0+0.1, B=0.3+0.1, B=0.3+0.2,
p<0.001 p=0.07 p=0.13
fOend (kHz)  4.88+1.42° 1.62+0.43% 246+1.10° 1.10+0.28¢ B=-12+02, B=11+0.2, B=-05+0.2,
p<0.001 p<0.001 p=0.04
fOmin (kHz)  2.57+1.37* 1.28+0.23° 1.88+0.88* 0.92+0.19¢ B=-14+0.3, B=0.5+0.3, B=0.2+04,
p<0.001 p=0.04 p=0.65
fpeak (kHz) 11.62+3.44% 8.90 +4.53%° 8.83+£2.20° 7.48+1.51° B=-03+03, B=09+03, B=-0.4+04,
p=0.24 p=0.005 p=0.29
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USVs had fOmax values <48 kHz, whereas HF USVs had
fOmax values > 50 kHz. For L. mandarinus, LF USVs had
fOmax values <53 kHz, whereas HF USVs had fOmax val-
ues > 53 kHz, although one LF USV had a value of 56 kHz
and one HF USV had a value of 50 kHz (Fig. 6). For L.
brandtii, LF USVs had fpeak values <44 kHz, whereas HF
USVs had fpeak values > 44 kHz. For L. mandarinus, LF
USVs had fpeak values <46 kHz, whereas HF USVs had
fpeak values > 47 kHz (Fig. 6).

In adults of either species, LF USVs were more frequent
at stages 1 (isolation) and 2 (touch) of test trials: 210 of
211 (99.5%) LF USVs in L. brandtii and 67 of 105 (64%)
LF USVs in L. mandarinus. In adults of either species,
HF USVs occurred nearly exclusively at stages 3 (han-
dling) and 4 (body measurements) of test trials: 139 of 139
(100%) HF USVs in L. brandtii and 172 of 183 (94%) HF
USVs in L. mandarinus.

DFA based on six acoustic variables (duration, fObeg,
fOmax, f0end, fOmin, fpeak) confirmed subdivision of
adult USVs to the two categories, LF USVs and HF USVs
(Table 3). Parameters most contributing to discrimination,
in the order of decreasing importance, were the duration,
fOmax and fpeak in L. brandtii and fpeak, fOmax and fObeg
in L. mandarinus.

L. brandtii 20

n=350 USV calls
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>
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Table 3 Percent of correct classifying of ultrasonic calls of adult
L. brandtii and L. mandarinus to the two USV categories, low-fre-
quency USVs (LF USVs) and high-frequency USVs (HF USVs),
based on discriminant function analysis (DFA) standard procedure

USV category Classifying to a predicted Total Correct
category classifying
(%)
LF USV HF USV
L. brandtii
LF USV 211 0 211 100.0
HF USV 5 134 139 96.4
Total 216 134 350 98.6
L. mandarinus
LF USV 105 0 105 100.0
HF USV 2 181 183 98.9
Total 107 181 288 99.3

USV contours, note compositions, and nonlinear
phenomena

Pups and adults of both species produced USVs with all the
five contour shapes (Fig. 7). In pup L. brandtii, chevron con-
tour was more frequent than in pup L. mandarinus, whereas
pup L. mandarinus produced more frequently USVs with
upward contour (p <0.001 in both cases, Fisher’s exact test).
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Flat, downward, and complex contours occurred at the same
levels in pups of either species (Fig. 7).

In adults, we did not find any significant interspecies dif-
ference in the occurrence of different contours of LF USVs
(Fig. 7). In either species, flat contour was most widespread
(present in 74% LF USVs of L. brandtii and in 80% LF
USVs of L. mandarinus); the upward and downward con-
tours were less frequent. In either species, chevron was the
rarest contour, occurring in only 0.95% LF USVs, and com-
plex contour was not found at all (Fig. 7).

In HF USVs of adults of both species, the most wide-
spread contour was upward, which was more frequent in L.
brandtii than in L. mandarinus (p =0.024) (Fig. 7). Flat con-
tour, second in order by the occurrence, was more frequent
in adult L. mandarinus than in adult L. brandtii (p =0.024);
remaining three contours were equally present in both spe-
cies (Fig. 7).

Nonlinear phenomena detected in pup and adult USVs
of both species were frequency jumps, subharmonics, and
biphonations (Fig. 8). Deterministic chaos, which was usual
nonlinear phenomenon in AUDs, lacked in USVs. In pups,
nonlinear phenomena were present in about half of USVs (in
43.2% USVs of pup L. brandtii and in 53.8% USVs of pup L.
mandarinus, differences are marginally significant, Fisher’s
exact test, p=0.055) (Fig. 8). In pup USVs, the most wide-
spread nonlinear phenomenon was frequency jump (42.3%
USVs of L. brandtii and 50.9% USVs of L. mandarinus) and
biphonations were rare (in 5.0% and 7.0% USVs, respec-
tively); subharmonics were the rarest nonlinear phenomena
(0.5% USVs, only in pup L. brandtii, all differences between
species were non-significant (Fig. 8).
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In LF USVs and HF USVs of adults of both species,
nonlinear phenomena (from 13 to 20% USVs) occurred
rarer than in pup USVs (Fig. 8). Frequency jumps were
most frequent, subharmonics occurred rarer, and biphona-
tions lacked (Fig. 8). All differences between species were
non-significant.

Overall, pup USVs contained more nonlinear phenomena
than adult USVs. Most widespread nonlinear phenomenon
in both pups and adults and in both species was frequency
jump. Pup USVs often contained biphonations, lacking in
adults, however, adult USVs often contained subharmonics,
practically lacking in pups.

In pups of both species, 1-note USVs prevailed (interspe-
cies differences are non-significant, p =0.08, Fisher’s exact
test) (Fig. 9). Two-note pup USVs were rarer than 1-note
USVs, but more often in L. mandarinus than in L. brandtii
(»p=0.016, Fisher’s exact test). Multi-note pup USVs were
rare in either species (interspecies differences are non-sig-
nificant, p=0.51, Fisher’s exact test) (Fig. 9).

In adults of both species, most LF USVs and HF USVs
were 1-note calls; 2-note calls occurred rarer and multi-note
USVs were scarce (Fig. 9). All interspecies differences were
non-significant.

USV acoustics

We observed a significant variation between species on
duration but not on fpeak or fO variables for USVs (LMM,
Table 4). The USV category significantly affected all meas-
ured acoustic variables of USVs. Significant interaction of
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species and USV category was observed only in a model
with the duration of USVs as a response (Table 4).
Between species, pup USVs only differed by duration:
L. brandtii pup USVs were longer than L. mandarinus
pup USVs (Tukey post hoc test, p <0.05; Table 4). Values
of fpeak and all 0O variables of pup USVs did not differ
between species. In LF USVs of adults, the duration of
AUDs was significantly longer in L. brandtii than in L.
mandarinus (Tukey post hoc test, p <0.05). As in pups of

| no [ subharmonics

L.mandarinus

1-note

I frequency jumps [ biphonation

Adults HF USV
n=139 n=183

Adults LF USV
n=211 n=105

L.brandtii

B 2-note | |

L.brandtii

L.mandarinus L.mandarinus

multi-note

these species, all other variables of adult LF USVs did not
differ between species (Table 4). In HF USVs of adults, the
duration, fpeak, and all fO variables did not differ between
species (Table 4).

In L. brandtii, pup USVs were longer than adult LF
USVs, whereas all fO variables and fpeak did not differ
from adult LF USVs and were significantly and substantially
(twice) lower compared to adult HF USVs (Tukey post hoc
test, p <0.05; Table 4).
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Table4 Values (mean=+SD) of USV acoustic variables of pup and
adult L. brandtii and L. mandarinus, and LMM results for the effects
of species and USV category (pup USV/Adult LF USV/Adult HF
USV) on the acoustics. The B + SE correspond to parameter estimates
and standard errors in LMM. Individual identity was introduced as a
random term in all LMMSs. duration — call duration, fObeg — the fun-

damental frequency at the beginning of a call, f0end — the fundamen-
tal frequency at the end of a call, fOmax — the maximum fundamental
frequency, fOmin — the minimum fundamental frequency, fpeak — the
peak frequency, n — number of calls. The same superscripts indicate
the values, which are non-significantly different from other values by
the given acoustic parameter (post hoc Tukey HSD test, p <0.05)

Variable Pup USV Adult LF USV Adult HF USV LMM
L. brandtii, L. mandari- L. brandtii, L. mandari- L. brandtii, L. mandari- Species USV category Species x USV
n=220 nus, n=214 n=211 nus, n=105 n=139 nus, n=183 category interac-
tion
Duration (s) 0.082+0.039*  0.055+0.037° 0.043+£0.020° 0.019+£0.019° 0.015+0.012° 0.017£0.016° B=04+0.2, B=15+0.1, B=-14+0.1,
p=0.05 p<0.001 p<0.001
B=22+0.2, B=1.0+0.3,
p<0.001 p=0.001
fObeg (kHz) 31.66+7.39%°  3637+7.79°  3043+7.33*  30.11+£7.62° 71.89+13.75° 68.33+12.34° B=-0.1£02, B=-19+0.1, B=-0.1+0.1,
p=0.7 p<0.001 p=0.34
B=-19+0.1, B=04+0.2,
p<0.001 p=0.06
fOmax (kHz) 39.66+9.80*°  44.77+9.11°  3326+7.48" 3340+7.90° 81.25+13.83° 78.50+15.19° B=-0.1%0.1, B=-2.0+0.1, B=-0.1%0.1,
p=0.6 p<0.001 p=0.33
B=-18+0.1, B=0.3+02,
p<0.001 p=0.10
fOend (kHz) 20.63+7.09"  33.41+7.98°  30.14+7.27° 29.86+7.66" 76.03+13.04° 73.44+15.60° B=-0.02+0.1,B=-19+0.1, B=-0.04+0.1,
p=09 p<0.001 p=0.69
B=-19+0.1, B=03+0.2,
p<0.001 p=0.14
fOmin (kHz) 2524+525"  28.80+7.00° 27.35+643" 27.74+7.21° 67.23+11.71° 64.42+11.51° B=-0.05+0.1,B=-19+0.1, B=-0.1+0.1,
p=0.7 p<0.001 p=0.39
B=-2.1+0.1, B=03+02,
p<0.001 p=0.09
fpeak (kHz) 30.33+5.30°  34.11+£8.22%  29.58+6.73°  30.56+6.80° 72.99+12.25° 71.46+12.59° B=-0.01+0.1,B=-2.0+0.1, B=-0.01+0.1,
p=10 p<0.001 p=0.98
B=-19+0.1, B=02+02,
p<0.001 p=0.15

In L. mandarinus, pup USVs were longer than adult LF
USVs, and their fObeg and fOmax were higher than in adult
LF USVs (Tukey post hoc test, p <0.05). Values of fOend
and fOmin and of fpeak did not differ between USVs of pups
and LF USVs of adults. Compared to HF USVs of adults,
pup L. mandarinus USVs were longer and had twice lower
values of all fO variables and of fpeak (Table 4).

Discussion

The most remarkable novelty of the results of this study
was that, in contrast to AUDs, USVs were surprisingly simi-
lar between species in frequency parameters: the values of
f0 and fpeak did not differ between species in either pups
or adults. So, our data suggest that ultrasonic vocalization
is unaffected with way of living, subterranean or surface-
dwelling. These results indicate that selection pressure for
frequency parameters of USVs is evidently lacking at any
lifestyle. At the same time, the audible vocalization was
strongly affected with lifestyle in both adults and in pups
(in spite of pup living in the same acoustic environment in
both species).
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This study confirmed the results by Rutovskaya (2018)
that AUDs are much higher in f0 in adult surface-dwelling
L. brandtii (mean fOmax 6.5 kHz) than in adult subterra-
nean L. mandarinus (mean fOmax 1.7 kHz). In addition, our
study revealed that this trend of interspecies differences can
be expanded on AUDs of pups (mean fOmax 7.3 kHz in L.
brandtii vs 2.4 kHz in L. mandarinus). We can therefore
conclude that, at least in the two Lasiopodomys vole species,
frequency parameters of USVs remain resistant to the shifts
from surface-dwelling to subterranean lifestyle or vice versa.
We can also conclude that lifestyle of these species is only
reflected in frequency parameters of AUDs, but not USVs.
Consistently, selection on ultrasonic call rate in neonatal
laboratory rats Rattus norvegicus affects low-frequency,
but not ultrasonic, vocalizations in adult rats (Lesch et al.
2020). Thus, our study provides additional evidence that
rodent AUDs may be more reactive to selection pressures
for behavior than rodent USVs.

Our results on the lower-frequency AUDs in the subter-
ranean species, L. mandarinus, compared to the surface-
dwelling L. brandtii, and on similar-frequency USVs in both
species, can be explained by acoustic adaptation hypothesis
(Ey and Fisher 2009). Better sound transmission in burrows
is only applicable to low-frequency AUDs, as these calls
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propagate to a distance of a few meters (Heth et al. 1986)
being even increased by burrow stethoscope effect (Lange
et al. 2007; Schleich and Antenucci 2009; Okanoya and
Screven 2018. In contrast, USVs rapidly attenuate, greater
scatter, have poorer localizability compared to the low-fre-
quency AUDs (Musolf and Penn 2012) and propagate to a
shorter distance irrespectively on surface or in burrow, thus
being indifferent to selection pressure for propagation abil-
ity. Compared to the low-frequency calls, the high-frequency
calls can only be heard at close range and can therefore be
only used for communication in the immediate vicinity with
conspecifics, as suggested for other rodents (Wilson and
Hare 2006) and for canids (Sibiryakova et al. 2021).

A question remains, whether the transit to subterranean
lifestyle provoked the shift towards lower-frequency AUDs
in L. mandarinus or, alternately, the transit to surface-
dwelling lifestyle provoked the shift towards higher-fre-
quency AUDs in L. brandtii. For other vole species, related
studies indicate that fOmax of their audible sharp squeaks
commonly does not exceed 2-3 kHz (Rutovskaya 2018,
2019a, b, c). Exclusions are the Harting’s vole (Microtus
hartingi) (10.2—-17.6 kHz: Pandourski 2011; Rutovskaya
2019a) and the narrow-headed vole (Lasiopodomys grega-
lis) (3.6-5.6 kHz: Rutovskaya 2018). In surface-dwelling L.
brandtii and L. gregalis, AUDs are high-frequency, whereas
in subterranean L. mandarinus they are low-frequency. At
the same time, fOmax of AUDs (sharp squeaks) of L. man-
darinus (up to 2 kHz) overlaps with those of other vole spe-
cies, whereas AUDs of L. brandtii are distinctively high-
frequency (fO up to 6 kHz) compared to AUDs of other vole
species (Rutovskaya 2018). Thus, Lasiopodomys species dis-
play a relatively large range of fOmax values. We can there-
fore advance a hypothesis that shift of AUDs towards higher
frequencies in L. brandtii outcomes from surface-dwelling
lifestyle and the respective emergence of the high-frequency
(10.2-10.7 kHz, Rutovskaya 2012) audible alarm call in this
species. This hypothesis is alternative to the hypothesis sug-
gesting that shift of AUDs towards lower frequencies in L.
mandarinus outcomes from the subterranean lifestyle of this
species.

This study provides new results that fO of AUDs dis-
plays an ontogenetic shift towards lower frequencies with
maturation in both species. The ontogenetic lowering of fO
in AUDs is typical for mammals, because of age-related
increase of the vocal fold length and mass, resulting in the
lower vibration rate at phonation (Fitch and Hauser 2002).
The ontogenetic lowering of fO in AUDs was reported, e.g.,
in giant panda (Ailuropoda melanoleuca) (Charlton et al.
2009), steppe marmot (Marmota bobak), and great gerbil
(Rhombomys opimus) (Nikolskii 2007). Exclusions from this
common rule (i.e., mammals with non-lowering fO with age)
are found, e.g., in a few species of ground squirrels (Matros-
ova et al. 2007, 2011; Swan and Hare 2008; Schneiderova

et al. 2015) and in two shrew species (Schneiderova 2014;
Volodin et al. 2015).

We found, for the first time for Arvicolinae species, that,
with maturation, fO values of USVs split to two categories:
the low-frequency USVs (LF USVs of 27-33 kHz), indis-
tinguishable in fO from pup USVs, and the high-frequency
USVs (HF USVs of 65-81 kHz) lacking in pups. In pups, we
only analyzed USVs emitted at the 1st (isolation) and 2nd
(touch) trial stages, but in adults of both L. brandtii and L.
mandarinus, LF USVs were more frequent at 1st and 2nd
(isolation and touch) trial stages, whereas HF USVs were
more frequent at 3rd and 4th (handling and body measure-
ments) trial stages. In adult rodents, the isolation and touch
procedures are potentially related to a weaker negative emo-
tional arousal than handling and body measurements, dur-
ing which the animals try to escape or bite a human hand
(Klenova et al. 2021). We can propose that, in Lasiopodomys
voles, emission of LF USVs and HF USVs may be related
to different levels of caller’ negative emotional arousal.
This is reminiscent of the situation in laboratory rat, the
species in which initially broad range of pup USV frequen-
cies (30-65 kHz) split in ontogeny to two call categories, of
22-kHz and 50-kHz USVs, related in adults to negative and
positive emotional arousal, respectively (Brudzynski et al.
1999; Brudzynski 2005; Riede 2011; Riede et al. 2015).
Thus, the ontogenetic split of pup USVs to the two different
categories with maturation is not to be unique for labora-
tory rat.

Interspecies differences in USVs were only found in dura-
tion. The USVs were longer in pup L. brandtii than in pup L.
mandarinus, and LF USVs of adult L. brandtii were longer
than LF USVs of adult L. mandarinus. Age-related changes
of USV duration from pups to adults may represent a com-
mon trend for rodents. Aside L. brandtii and L. mandarinus
(this study), the shortening of USVs from pups to adults
was reported for yellow steppe lemming (Yurlova et al.
2020) and for five Gerbillinae species (Zaytseva et al. 2019;
Kozhevnikova 2021). At the same time, the age-related
changes of duration from pups to adults in AUDs seem to
be not a common trend in mammals. For example, in speck-
led ground squirrels Spermophilus suslicus, the alarm call
duration increases with maturation (Volodina et al. 2010);
whereas in some other species of ground squirrels, it remains
unchanged (Swan and Hare 2008; Volodina et al. 2010).
Duration of audible squeaks decreases with maturation in
fat-tailed gerbil Pachyuromys duprasi (Zaytseva et al. 2020)
and in yellow steppe lemming Eolagurus luteus (Volodin
et al. 2021).

In our study, body size and age of pups and adults did
not differ between species, so these factors could not be
responsible for the detected acoustic differences. This is an
additional argument that the two closely related species, L.
brandtii and L. mandarinus, represent a most convenient
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model for comparative studies of the effects of surface-
dwelling and subterranean lifestyle on the acoustics (this
study) as well as on other biological aspects, as physiol-
ogy, genetics and behavior (e.g., Dong et al. 2018; Sun
et al. 2020).

Predation could be one of the key factors affecting the
transit to underground or surface-dwelling lifestyle in L.
brandtii and L. mandarinus. Potentially, predation of rap-
tors (e.g., Zhong et al. 2022) could promote the emergence
of the high-frequency audible alarm call (10.2-10.7 kHz,
Rutovskaya 2012, 2018) in L. brandtii. The alarm call of
L. brandtii might not be well audible for raptors, who hear
well the audible frequencies below 6—8 kHz (Yamazaki
et al. 2004; McGee et al. 2019).

Distinctive to raptors, which primarily rely on their
vision for capturing small mammalian prey (Potier et al.
2020), the nocturnal avian predators (owls) may primarily
rely on their hearing (de Koning et al. 2020). Although the
potential effect of owl predation on transit of L. brandtii to
diurnal lifestyle was not yet considered by any study, this
hypothesis seems to be reasonable for habitats with a high
press of owl hunting on the voles.

Pup isolation calls and adult discomfort-related calls
analyzed in both vole species in this study are not directly
related to predation, being either addressed to parents (pup
calls) or expressing the internal state of discomfort of a
caller (adult calls). However, potentially, terrestrial preda-
tors (foxes and mustelids) can rely on hearing these calls
(AUDs and USVs) when hunting by digging out the ani-
mals from burrows, as foxes, or coming into the burrow,
as mustelids. Mustelids and foxes can hear all the range
of both audible and ultrasonic calls of voles, up to 51 kHz
in the least weasel Mustela nivalis (Heffner and Heffner
1985) and up to 48-51 kHz in red fox Vulpes vulpes (Mal-
kemper et al. 2015). Red foxes hear substantially better
the audible calls around 2 kHz than ultrasonic frequencies
(Peterson et al. 1969; Malkemper et al. 2015) and there-
fore can rely on rustling sounds of voles rather than their
audible or ultrasonic calls (Frey et al. 2016). In addition,
pup voles can be potentially predated in burrows by infan-
ticidal conspecifics or other species of rodents, e.g., by
Daurian ground squirrels Spermophilus dauricus, which
can be captured in burrows at the same colonies as voles
(own observations by the authors). Previously, the poten-
tial effect of infanticide on the acoustics of alarm calls was
considered for ground squirrels (Matrosova et al. 2007).
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