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Abstract

We investigated acoustic variation responsible for the individuality of alarm calls produced by 50 Brandt’s voles Lasiopod-
omys brandtii derived from 50 different wild-living colonies. For the first time, we described the calling pattern of Brandt’s
voles, producing a long series of short alarm calls with short inter-call intervals. The alarm calls displayed four different
contours of fundamental frequency but were nevertheless strongly individually distinct within a series of 50 successive
alarm calls per caller (2500 analyzed alarm calls). The average value of correct assignment of alarm calls to individuals with
discriminant function analysis was 15 times higher than the value expected by chance and was robust, not decreasing with
cross-validation. We discuss that the highly individualistic alarm calls provide a basis for individual recognition of callers
by colony members. At the same time, heterogeneity of call contours makes the long call series less monotonous, potentially
preventing habituation and promoting alertness of conspecific call recipients.
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Introduction

In many taxa of small colonial mammals, alarm calls rep-
resent an important part of responses to predation risk
(Blumstein 2007; Pollard 2011; Volodin et al. 2024a). Alarm
calls may encode variation in a predatory context (Da Silva
et al. 1994; Wilson-Henjum et al. 2019; Eddington et al.
2024) and may also reflect caller attributes, including indi-
vidual identity (Conner 1985; Schibler and Manser 2007,
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Matrosova et al. 2011; Volodin et al. 2018, 2021a). In the
alarm calls of rodents, sex and age features are commonly
less expressed than traits imparting acoustic individuality
(Matrosova et al. 2007, 2011; Swan and Hare 2008; Volo-
dina et al. 2010; Goncharov et al. 2021).

Among rodents, individually distinct alarm calls are
known in marmots (Blumstein and Munos 2005; Matrosova
et al. 2011), ground squirrels (Hare 1998; McCowan and
Hooper 2002; Matrosova et al. 2009, 2010a, 2010b; Sch-
neiderova and Policht 2010; Schneiderova et al. 2017; Gon-
charov et al. 2021) and prairie dogs (Loughry et al. 2019).
Individualistic alarm calls allow conspecifics to distinguish
reliable from unreliable callers that call to non-dangerous
objects, e.g., cows (Hare and Atkins 2001; Blumstein et al.
2004). Individualistic alarms may also provide information
on how many individuals are simultaneously calling and/or
indicate the degree of urgency of antipredator responses for
colony members (Weary and Kramer 1995; Wilson and Hare
2003; Blumstein et al. 2004; Sloan and Hare 2006, 2008;
Thompson and Hare 2010).

Among four Arvicolinae species producing alarm calls,
acoustic individuality has been investigated only for Brandt’s
voles Lasiopodomys brandtii (Rutovskaya 2012). This analy-
sis was based on the similarity of alarm calls within audio
files recorded from anonymous callers and thus constitutes
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only a preliminary study of vocal individuality (Rutovskaya
2012). While these data revealed a high degree of acoustic
individuality, they have yet to be confirmed with data from
individually identified callers.

The alarm calls of Brandt’s vole are high-frequency and
short, with a maximum fundamental frequency of 8.9-10.7
kHz and a duration of 28-33 ms (Nikolskii and Sukhanova
1992; Rutovskaya 2012). In wild Brandt’s voles, alarm calls
are interspersed by silence ranging from 180 to 220 ms at
moderate danger when a researcher is 15-20 m from the
caller to 100-180 ms where researchers are immediately
adjacent to callers, followed by escape to a burrow while
uttering the final call having a distinctive structure (Nikol-
skii and Sukhanova 1992). With increasing threat, calls also
become higher-frequency, probably reflecting the increasing
emotional arousal of the callers (Nikolskii and Sukhanova
1992). In addition to arousal-rate variation, geographical
variation of alarm calls was reported for three wild popula-
tions of Brandt’s voles, two from Mongolia and one from
Russia (Rutovskaya 2012).

Brandt’s voles are small rodents with body-and-head
length of 110-135 mm in the wild (Allen 1940) and
94 +7.6 mm in captivity (Dymskaya et al. 2022). This spe-
cies inhabits steppes and pastures of Mongolia, northern
China, and the Transbaikalia region of Russia (Zahler et al.
2004; Enkhbold et al. 2014, Li et al. 2017). Brandt’s voles
live in extended family colonies consisting of a few adult
males and females and their offspring (Zhong et al. 2007,
Batsuren et al. 2022; Gromov 2023). Natal dispersal com-
mences in the middle of July; however, dispersal of most
animals from family colonies occurs after wintering (Gro-
mov 2023). Brandt’s voles display population outbreaks in
cycles of about 5 years (Zahler et al. 2004). Over the last few
decades, this species has shifted its distribution to the north
and west and reduced its range in the south perhaps owing to
the influence of global warming (Enkhbold et al. 2014; Bai
et al. 2022). The main predators of Brandt’s voles are corsacs
Vulpes corsac, steppe polecats Mustela eversmanni, Pallas’
cats Otocolobus manul, saker falcons Falco cherrug, upland
buzzards Buteo hemilasius and steppe eagles Aquila nipalen-
sis (Samjaa et al. 2000). Brandt’s vole is an important plague
vector (Xu et al. 2015; Guo et al. 2023) and has a significant
impact on vegetation (Samjaa et al. 2000; Cui et al. 2020).

The aim of this study was to evaluate individuality in the
alarm calls of wild-living Brandt’s voles and to estimate the
relationship between the individualization of alarm calls and
their acoustic structure. We investigated acoustic parameters
of alarm calls emitted within a prolonged series of 50 suc-
cessive calls from each of 50 individual Brandt’s voles, one
50-call sequence per individual, produced in the presence
of a surrogate predator (a standing researcher). This experi-
mental design models a single predatory event, during which
conspecific receivers would acquire information about the
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individual identity of a caller from a single series of alarm
calls. Previously, this approach proved useful for evaluating
the individuality of alarm calls in wild-living ground squir-
rels (McCowan and Hooper 2002; Matrosova et al. 2011)
and pikas (Volodin et al. 2018, 2021a).

Methods
Study site and subjects

Alarm calls of Brandt’s voles were recorded in Dauria
(Transbaikalia, Russia) around the Teli field station of the
Daurian Nature Reserve, from 29 June to 14 July 2019
(50.06° N, 115.44° E). This area is a grassy steppe undulat-
ing at elevations of 600—1100 m (Kirilyuk et al. 2013; Obya-
zov et al. 2021). The colonies of Brandt’s voles were located
on bottoms of dried lakes Zun-Torey and Barun-Torey and
along the shore of the lake Zun-Torey and the wide isthmus
between the lakes. 2019 was the end of a dry period before
the return of a wet period within the 25-30-year water cycle
of these lakes (Obyazov et al. 2021). The Brandt’s voles pre-
ferred the hard-packed soil and stone grounds and avoided
plots with high grass. The population peaked in 2019; the
minimal distance between neighboring family-based colo-
nies of Brandt’s voles was about 70—100 m.

Colonies of Brandt’s voles were clearly identifiable by
degraded vegetation and visible open burrow entrances.
The colonies contained both adults and pups of the current
year; pups were from half to two-thirds of adult size. The
Brandt’s voles mainly produced their alarm calls from bur-
row entrances, with only part of their head visible outside
(Supplementary information Movie S1). As callers were
visible to researchers in less than half of the cases and only
partially, their age and sex could not be identified, but for
vole species, precise age estimation is commonly compli-
cated even when the animals are in researcher’s hands and
may require sophisticated instrumental methods (Nikonova
et al. 2024).

Acoustic recording

For acoustic recording (sampling rate 48 kHz, 16-bit reso-
lution), we used two solid-state digital recorders (Marantz
PMD-660; D&M Professional, Kanagawa, Japan) with
hand-held microphones (Sennheiser K6-ME66; Sennheiser
electronic, Wedemark, Germany), having a flat frequency
response (+2.5 dB) from 0.04 to 20 kHz. Acoustic record-
ings were made primarily in the first half of the day (from
10:00 to 12:00 approximately), avoiding recording dur-
ing strong winds, which compromised the quality of call
recordings.
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Although individuals were unmarked, recordings of alarm
calls were done on an individual basis, by collecting a sin-
gle prolonged series of alarm calls from each focal indi-
vidual calling from one point uninterruptedly. Researchers
(IAV or EVV) slowly walked (about 2 km/h) from colony to
colony and stopped when they heard an individual Brandt’s
vole producing alarm calls. Each researcher recorded calls
alone, but in a similar way, remaining motionless at a dis-
tance of 12-20 m from the focal caller. Recording from a
fixed position dictated by the onset of calling in response to
an approaching researcher provides a standardized approach
to data collection that can be applied in subsequent studies.
Alarm calls of Brandt’s voles were rather faint and could be
recorded at good quality from distances not exceeding 15-20
m. A researcher tried to record successive alarm calls for
as long as possible (at least 50 alarm calls) from each focal
individual (one per family colony). The recording lasted
until the caller escaped to the burrow, or if the recording was
interrupted by strong wind. After the end of the recording,
each researcher walked to another family colony (located at
least 70—100 m from the preceding colony) to record a new
focal individual.

To avoid repeated recordings of the same individuals,
researchers never visited the same colony again. Thus, each
recording session included only one focal individual, asso-
ciated with a particular colony. Each recording was stored
as a separate wav-file. In total, two researchers collected 93
acoustic recordings from 93 different focal individuals.

Call samples

The selection of alarm calls for acoustic analyses was con-
ducted using Avisoft SASLab Pro software v. 5.2.12 (Avisoft

Bioacoustics, Berlin, Germany). As a rule, each series of
alarm calls from one focal individual included several hun-
dred alarm calls. For acoustic analyses, we selected 50 audio
files, one file per individual Brandt’s vole, each containing
50 successive alarm calls of good quality, appropriate for
analysis of acoustic parameters, 2500 alarm calls in total.
Criteria for selection were series unbroken by wind and not
superimposed by calls of other Brandt’s voles. Each series of
alarm calls was recorded by a researcher, standing immobile,
s0, intervals between calls within series were approximately
equal. Among individuals, the total length of the sequence
of the successive 50 alarm calls varied from 6.38 to 12.75 s,
on average, 9.96 +1.46 s.

Call analyses

Before analyses, calls were high-pass filtered at 1.0 kHz to
reduce the low-frequency background noise using Avisoft,
because the lowest fundamental frequency (fO) of alarm
calls in the Brandt’s vole always exceeds 2 kHz (Nikol-
skii and Sukhanova 1992; Rutovskaya 2012). In each of
the 2500 alarm calls, we manually measured 7 acoustic
parameters: two temporal, three variables of fO and two
power parameters (Fig. 1). We measured call duration with
the standard marker cursor in the spectrogram window
of Avisoft (sampling frequency 48 kHz, Hamming win-
dow, FFT 512 points, frame 50% and overlap 93.75%; fre-
quency resolution 94 Hz and temporal resolution of 0.67
ms). We measured the beginning (fObeg) and end (fOend)
fundamental frequency at the onset and end point of a call
and the maximum fundamental frequency (fOmax) at call
contour maximum with the free reticule cursor (Fig. 1).
Over the entire call power spectrum (between the onset
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Fig.1 Measured acoustic parameters for the alarm calls of wild
Brandt’s voles. Spectrogram (right) and the mean power spectrum of
the first call (left). Designations: duration, call duration; interval, the
inter-call interval from the end of a preceding call to the start of the
next call; fOmax, the maximum fundamental frequency; fObeg, the
fundamental frequency at the onset of a call; fOend, the fundamen-
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tal frequency at the end of a call; fpeak, the frequency of maximum
amplitude within a call; bnd, the bandwidth of fpeak at the distance
of —10 dB from the maximum. The spectrogram was created at 48
kHz sampling frequency, FFT length 512, Hamming window, frame
50%, overlap 93.75%
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and end point of a call), we measured fpeak, representing
the value of the maximum amplitude frequency, and band-
width (bnd) of fpeak at minus 10 dB from the maximum
(Fig. 1). We measured the inter-call interval, from the end
of a preceding call to the start of the next call (Fig. 1). All
measurements were exported automatically to Microsoft
Excel (Microsoft Corp., Redmond, Washington).

Each alarm call was classified based on fOmax and
fpeak values and contour shapes: “basic”, “middle-peak
upstretch”, “high-peak upstretch” and “low-frequency”
(Fig. 2, see “Results” for details). We also checked each
alarm call for the presence of subharmonics and bipho-
nations (Fig. 1) following similar analyses of nonlinear
vocal phenomena (Wilden et al. 1998) in squeaks of vole
species (Volodin et al. 2021b; Dymskaya et al. 2022). We
scored the presence of nonlinear vocal phenomena only
if the call portion containing subharmonics or biphona-
tions exceeded 10% of the total call duration (Volodin
et al. 2021b; Dymskaya et al. 2022, 2024; Rutovskaya
et al. 2024).

Statistical analyses

All statistical analyses were carried out with STATISTICA
v. 13 (StatSoft, Tulsa, OK, USA). We also used R 4.1.0 (R
Development Core Team 2022) for conducting the rand-
omization test for the probability of incorrect classification
based on Solow (1990) using a custom-made script created
with R. Descriptive statistics were indicated as mean + SD,
all tests were two-tailed and differences were considered
significant whenever P <0.05.

Since we aimed to compare different sources of vari-
ability in the sample of alarm calls, we employed sev-
eral methods of analysis of variance. We used a one-way
ANOVA, to compare within and between individual
variation of acoustic parameter values for the 7 meas-
ured acoustic parameters. We used a two-way ANOVA
with Unequal N HSD for the unequal call samples with
inclusion in analysis animal ID (individual identity) as
a random factor to compare the variability of acoustic
parameters between alarm calls with different contours
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Fig.2 Spectrograms illustrating four different contours of fundamen-
tal frequency (f0), subharmonics and biphonation in the alarm calls
of Brandt’s voles. (a) Basic contour; the mean power spectrum of this
call is left of the spectrogram; (b) the middle-peak upstretch contour;
the mean power spectrum of this call is left of the spectrogram; (c)
the high-peak upstretch contour, the mean power spectrum of this call
is left of the spectrogram; (d) the low-frequency contour; (e) an alarm
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call with subharmonics; (f) an alarm call with biphonation. Designa-
tions: fOmax, the maximum fundamental frequency; fpeak, the fre-
quency of maximum amplitude within a call; subharm, subharmonics
of 1/3 of f0; second frequency, the second independent fundamental
frequency of the biphonic call. The spectrogram was created at 48
kHz sampling frequency, FFT length 512, Hamming window, frame
50%, overlap 93.75%
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of fundamental frequency. We used discriminant function
analysis (DFA), to calculate the probability of assignment
of alarm calls to the correct individual. The DFA standard
(complete) procedure in STATISTICA includes a built-in
option which tests variables for correlations and does not
allow the inclusion of highly correlated variables in the
analysis. All these variables met DFA assumptions.

For validation of DFA results, we used half-and-half
cross-validation on the basis of odd (training set) and even
(test set) order numbers of the alarm calls of each individual.
The training set contained 1250 alarm calls, 25 per indi-
vidual, from 50 subject animals. The test set contained the
remaining 1250 alarm calls, 25 per individual from 50 sub-
jects. DFA for the test set was conducted using discriminant
functions, generated by the acoustic variables of the calls
from the training set.

We used Wilks’ Lambda values to estimate how strongly
the acoustic variables contribute to the discrimination of
individuals. We used repeated measures ANOVA to com-
pare the values of correct assignment of calls to individuals
between DFAs. For validating the DFA results, we calcu-
lated the probability of correctly classifying calls to individ-
uals, by applying the randomization test for the probability
of incorrect classifying in DFA with a custom-made script
created in R based on Solow (1990). Random values were
calculated from DFA on 1000 randomized permutations of
datasets (Solow 1990; Mundry and Sommer 2007). For each
distribution obtained with permutations, we noted whether
the observed value exceeds 95% (950 values), 99% (990 val-
ues) or 99.9% (999 values) within the distribution (Solow
1990; Mundry and Sommer 2007). If the observed value
exceeded 95%, 99% or 99.9% of values within this distribu-
tion, we established that the observed value differed signifi-
cantly from the random value with a probability P <0.05,
P<0.01 or P<0.001, respectively (Solow 1990; Briefer
et al. 2010; Chelysheva et al. 2023; Sedova et al. 2023).

For each individual, on the basis of percentages of alarm
calls with particular contours, we calculated the index of
qualitative variation IQV (Wilcox 1973):

10V=Kx (100> - p*/100>x (K — 1).

where K is the number of categories (4 in this study), p is
the percentage of alarm calls with a particular contour and X
p? is the sum of all squared percentages. IQV can vary from
0 to 1, where 0 indicates no variability and 1 indicates maxi-
mum variability (Wilcox 1973; Chrdileli and Borchia 2024).

To evaluate the variation of acoustic variables for each
individual, we calculated the coefficient of variation (CV)
for each alarm call variable. We used Pearson’s correlation
(with Bonferroni correction) between IQVs, coefficients of
variation (CVs) and mean values of acoustic parameters
of alarm calls from one side and percent of calls correctly
assigned with DFAs to individuals from another side. We
used a one-way ANOVA to compare /QVs, CVs and the

means of acoustic variables between callers with high and
low individuality of alarm calls.

Ethical statement

The authors adhered to the “Guidelines for the treatment
of animals in behavioural research and teaching” (Anim.
Behav., 2020, 159, I-X1) and the legal requirements of Rus-
sia pertaining to the protection of animal welfare (Stat-
eStandard 3 53434-2009). The recording procedure was
purely observational and was approved by the Committee of
Bio-ethics of Lomonosov Moscow State University, research
protocol # 2011-36.

Results
Alarm call acoustics

Alarm calls displayed a rapid increase of fO0 from about
5.04 kHz at call onset to about 11.84 kHz at the point of
the fOmax, followed by a rapid decrease of fO to about 4.93
kHz at call end (Table 1). Call duration was about 30.42 ms
(ranging from 17 to 42 ms); the inter-call interval for succes-
sive alarm calls was about 169.7 ms. The peak frequency of
the alarm calls was about 10.87 kHz, and the bandwidth of
the peak frequency was about 2.07 kHz (Table 1).

Table1 Mean+SD and min-max values for acoustic variables of
alarm calls of 50 individual Brandt’s voles (calculated as the average
of within-individual averages) and ANOVA results for individual dif-
ferences. Designations: duration, call duration; fObeg, the fundamen-
tal frequency at the onset of a call; fOmax, the maximum fundamen-
tal frequency; fOend, the fundamental frequency at the end of a call;
fpeak, the frequency of maximum amplitude; bnd, the bandwidth of
the frequency of maximum amplitude; interval, inter-call interval,
from the end of a preceding call to the start of the next call; N=50
individuals

Acoustic variable ~ Mean +SD Min-Max ANOVA

duration (ms) 3042+4.69 17.07-42.18  Fy9,5450=95.81,
P<0.001

fObeg (kHz) 5.04+1.07 3.14-7.98 F90450=223.9,
P<0.001

fOmax (kHz) 11.84+1.38  7.65-13.87  Fj9,5450=155.3,
P<0.001

fOend (kHz) 493+1.44  3.06-10.99  Fug5450=398.4,
P<0.001

fpeak (kHz) 10.87+1.24  8.10-13.47  F95450=46.92,
P<0.001

bnd (kHz) 2.07+0.70  0.90-4.26 F9.2450=30.53,
P<0.001

interval (ms) 168.7+29.7 97.4-226.4  Fy9,450=21.90,
P<0.001
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On the basis of the fOmax and fpeak values and corre-
spondence between those, we classified each alarm call into
one of four contours: basic, middle-peak upstretch, high-
peak upstretch and low-frequency (Fig. 2, Table 2). Calls
with basic contours had moderate fOmax, coinciding with
fpeak. Calls with middle-peak upstretch contours had on the
top of the call contour an additional short elevation of about
2 kHz, having either the form of a dropper or a short plateau
(Fig. 2). The fpeak of alarm calls with middle-peak upstretch
contours was located at approximately the same area as
fpeak of calls with basic contours (Table 2). Calls with the
high-peak upstretch contours had a more pronounced rise
of f0; their fpeak values were shifted up and coincided with
values of fOmax (Fig. 2, Table 2). Calls with low-frequency
contours appeared to be incomplete calls with basic con-
tours with fO rising quickly and then declining, resulting in
a shorter duration triangle-shaped fO run (Fig. 2, Table 2).
The ANOVA revealed pronounced differences in all meas-
ured acoustic variables between alarm calls with basic, mid-
dle-peak upstretch and high-peak upstretch contours of fO
(Table 2). Calls with low-frequency contours were excluded
from the analysis because of insufficient sample size, with
only 16 calls manifesting this contour in total (Table 2).

Nonlinear phenomena occurred in only 7 of 50 individ-
uals (2 had biphonations, 2 had subharmonics and 3 had
biphonations and subharmonics in different calls) (Fig. 2).
Biphonations were noted only in 84 (3.36%) alarm calls of 5
individuals (from 1 to 38 calls per individual). Subharmon-
ics were noted only in 42 (1.68%) alarm calls of 5 individu-
als (from 1 to 21 alarm calls per individual).

Individuality of alarm calls

One-way ANOVA revealed pronounced individual differ-
ences in all measured acoustic variables of the alarm calls
(Table 1). We also conducted three DFAs for assigning
alarm calls to correct individuals (Table 3). DFA1, based on
the 7 measured acoustic variables, classified the total sample

Table2 Mean+SD values for acoustic variables of alarm calls with
four different contours of fO (basic, middle-peak upstretch, high-peak
upstretch, low-frequency) and ANOVA results for their comparison
(for the exception of calls with the low-frequency contours, because

of 2500 calls to 50 individuals with an accuracy of 65.52%,
which was significantly higher than the random level of
4.32+0.35%, min=3.24%, max =5.68% (permutation test,
1000 permutations, P <0.001). The cross-validating DFA2,
conducted on the training set of 1250 alarm calls (odd calls
in the 50 individual series of alarm calls), classified the calls
to individuals with an accuracy of 64.72%. The cross-vali-
dating DFA3, conducted on the test set of remaining 1250
alarm calls (even calls in the 50 individual series of alarm
calls) using the discriminant functions created for the train-
ing set, classified calls to individuals with an accuracy of
64.24% (Table 3).

Classifying accuracy to individuals did not differ between
the three DFAs: between DFA1 and DFA2 (repeated meas-
ures ANOVA, F| 44=0.67, P=0.42); between DFA1 and
DFA3 (F 49=1.08, P=0.30); and between DFA2 and DFA3
(F| 49=0.08, P=0.77). These results confirm the uniformity
of acoustic structures within individuals, providing the basis
for the individual-specific alarm calls in Brandt’s vole.

Alarm calls of all 50 animals were classified significantly
above chance. Both DFAL1 on the total sample of calls and
cross-validating DFA3 classified less than 40% of alarm
calls to correct callers (min=24%) only in 7 individuals;
in all remaining cases, 40 to 100% of calls were classified
to correct callers (Table 3). The first two discriminant func-
tions accounted for 73.72% of the variation, four functions
had eigenvalues over 1, and for complete discrimination, 7
discriminant functions were necessary (Table 4). The Wilks’
Lambda values revealed that, in order of decreasing impor-
tance, fOend, fOmax and duration were mainly responsible
for the discrimination of individuals (Table 4). Canonical
correlation analysis in DFA revealed that different acoustic
variables of alarm calls were correlated with different dis-
criminant functions (Table 4). This result indicates that all
measured acoustic variables of alarm calls were necessary
for the reliable discrimination of individuals.

Based on the values of correct assignment of alarm calls
to individuals in the three DFAs, we assigned individuals to

of insufficient sample size). Vole ID is included as a random fac-
tor. Designations of acoustic variables are as in Table 1. Different
superscripts indicate statistically different values (Unequal N HSD,
P <0.05), N number of calls

Acoustic variable Basic contour (N=458)

contour (N=676)

Middle-peak upstretch High-peak upstretch

Low-frequency ANOVA

contour (N=1350) contour (N=16)

duration (ms) 29.95+6.74 29.02+5.48°
fObeg (kHz) 4.64+132% 5.08+1.28°
fOmax (kHz) 9.71+1.10% 12.19+£1.20°
fOend (kHz) 477+1.59% 5.00+1.73°
fpeak (kHz) 9.73+1.40% 9.16+0.67°
bnd (kHz) 1.21+0.51%2 2.66+1.05°
interval (ms) 158.6+56.2 174.0+58.1

3143£5.12°¢ 17.46+1.70 F543,=338.9, P<0.001
5.16+1.01° 4.04+1.06 Fj 543, =10.26 P<0.001
1243+1.10° 7.15+0.81 F) 543, =2024.9, P<0.001
4.96+1.36° 3.84+1.04 Fy043=32.60, P<0.001
12.14+1.11°¢ 7.57+1.63 F 543, =3373.6, P<0.001
2.08+1.12°¢ 1.87+1.34 F) 543, =208.0, P<0.001
169.6+49.3 161.4+44.0 Fy43=243, P=0.09
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Table 3 Individual-based DFA
results for acoustic analyses,
numbers of alarm calls with
different contours and index of
qualitative variation (/QV) of
the contours for each of the 50
individual Brandt’s voles. The
1QV can vary from O to 1, where
0 indicates no variability and 1
indicates maximum variability.
Designations: DFA1, DFA

on the total sample of 2500
alarm calls; DFA2, DFA on the
training set of 1250 alarm calls,
odd in series; DFA3, DFA on
the test set of 1250 alarm calls,
even in series; High-Low, labels
of individuals with high or low
individuality of alarm calls
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Vole ID  Percent of alarm calls correct assign- Alarm call contour Qv
ment
DFA1 DFA2 DFA3 High-Low Basic Middle-peak High-peak Low-fre-
upstretch upstretch quency

1 70 64 76 0 11 39 0 0.458
2 80 84 88 High 48 0 0 2 0.102
3 92 92 84 High 50 0 0 0 0
4 26 32 40 Low 33 14 3 0 0.643
5 96 76 68 3 4 43 0 0.334
6 94 88 100 High 3 33 14 0 0.643
7 82 84 72 3 7 40 0 0.449
8 92 92 88 High 26 4 20 0 0.751
9 100 100 100 High 2 9 39 0 0.477
10 24 16 32 Low 0 9 41 0 0.394
11 98 96 100 High 2 24 24 0 0.717
12 54 52 48 0 36 14 0 0.538
13 72 80 72 2 38 8 2 0.525
14 68 64 60 0 3 47 0 0.150
15 32 20 24 Low 2 28 19 1 0.720
16 44 48 44 Low 25 5 17 3 0.828
17 36 48 32 Low 0 5 45 0 0.240
18 90 88 96 High 2 14 32 2 0.678
19 84 76 92 48 2 0 0 0.102
20 66 64 60 8 38 4 0 0.521
21 70 72 68 0 6 44 0 0.282
22 30 24 28 Low 0 17 33 0 0.598
23 92 92 96 High 1 47 2 0 0.153
24 36 36 44 Low 5 15 29 1 0.751
25 34 44 24 Low 12 18 20 0 0.870
26 50 48 44 Low 49 0 0 1 0.052
27 84 80 84 High 24 19 5 2 0.818
28 54 52 68 0 19 31 0 0.628
29 58 48 60 2 33 15 0 0.630
30 42 52 40 9 20 21 0 0.842
31 90 92 88 High 39 7 4 0 0.487
32 50 56 48 6 28 16 0 0.759
33 58 72 56 0 1 49 0 0.052
34 82 88 72 0 6 44 0 0.282
35 88 80 88 High 1 2 47 0 0.153
36 56 60 48 0 30 20 0 0.640
37 46 52 44 11 35 4 0 0.607
38 90 88 92 High 0 0 50 0 0
39 68 72 68 0 1 49 0 0.052
40 60 48 80 2 0 48 0 0.102
41 48 40 52 3 4 42 1 0.379
42 70 64 60 1 5 44 0 0.287
43 46 52 36 0 17 33 0 0.598
44 60 52 60 0 1 49 0 0.052
45 74 80 64 2 5 42 1 0.377
46 62 56 72 31 16 3 0 0.679
47 56 56 32 0 2 48 0 0.102
48 56 48 60 0 0 50 0 0
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Table3 (continued) Vole ID  Percent of alarm calls correct assign- Alarm call contour Qv
ment
DFA1 DFA2 DFA3 High-Low Basic Middle-peak High-peak Low-fre-
upstretch upstretch quency
49 78 84 68 0 21 29 0 0.650
50 88 84 92 High 3 17 30 0 0.694
Total 65.52 6472 64.24 458 676 1350 16

Table 4 Results of DFA1 analysis on the total sample of alarm calls
and the values of correlation between acoustic variables and the seven
discriminant functions; the eigenvalues, and percentage of variance,

described by each function. Values of correlation exceeding 0.5 are
labeled in bold. Designations of acoustic variables are as in Table 1

Acoustic variable Wilks’ Lambda F-to-remove

Canonical correlation analysis with DFA

Function 1 Function 2 Function 3 Function 4 Function 5 Function 6 Function 7

duration 0.002165 Fu92444=151.9; 0.169
P<0.001

fObeg 0.001747 Fy92444=113.0;  —0.423
P<0.001

fOmax 0.002678 F19.2444=199.8; 0.211
P<0.001

fOend 0.003061 Fi92444=235.5; —0.846
P<0.001

fpeak 0.000859 Fu92444=30.23;  0.095
P<0.001

bdw 0.000844 Fh92444=28.78;  0.065
P<0.001

interval 0.000755 Fy92444=20.53;  0.001
P<0.001

Eigenvalue 9.16

Percent of vari- 44.5%

ance

0.232 —-0.472 0.755 0.138 —0.288 -0.152
-0.473 —0.692 —0.338 0.0247  0.009 0.061
—0.569 -0.275 0.654 0.075 —-0.351 0.016
-0.475 -0.012 0.217 0.060 -0.092 0.010
-0.184 —0.144 0.300 0.915 —0.047 —-0.08
—0.065 0.108 —0.242 —0.085 —-0939  0.181
—-0.099 —0.008 —0.137 —-0.089 -0.075 -0.979

6.01 2.86 1.11 0.58 0.49 0.37
29.21% 13.88% 5.40% 283%  2.38% 1.78%

two groups: with high and with low individuality of alarm
calls (Table 3). The group of individuals with the high indi-
viduality (13 individuals) had high (over or equal to 80%)
values of correct assignment of alarm calls to individuals
in all three DFAs. The group of individuals with low indi-
viduality (9 individuals) had low (below or equal to 50%)
values of correct assignment of alarm calls to individuals in
all three DFAs (Table 3).

Individual variation of acoustic variables

For estimating the degree of individualization of alarm
calls, we used DFA-based values of correct assignment of
calls to individuals (Table 3). A within-individual series of
50 successive alarm calls could either contain acoustically
similar calls or consist of calls strongly differing in contours
and acoustic variables (Fig. 3). For estimating variation in
amounts of calls with different contours for each individual,
we calculated amounts of calls with particular contours
(Table 3). Using these data, we further calculated the index
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of qualitative variation (/QV), which can vary from O to 1,
where 0 indicates no variation and 1 indicates maximum
variation (Table 3). Only in 3 of 50 callers all alarm calls
had the same contour within their series of 50 successive
alarm calls (/QV=0).

We did not find correlations between percentages of
alarm calls correctly assigned to individuals with three
DFAs and IQV coefficients (DFAl: r=-0.22, P=0.12;
DFA2: r=-0.17, P=0.24; DFA3: r=-0.19, P=0.19;
n=>50 in all cases). One-way ANOVA did not reveal
differences (F),,=1.01, P=0.33) in IQV coefficients
between callers with high (/QV=0.436 +0.309) and low
(IQV=0.566+0.280) individuality of alarm calls (Table 3).

For estimating the individual variation of acoustic
variables for each caller, we calculated the coefficient of
variation (CV) for each acoustic variable (Supplemen-
tary information Table S3). We found a negative corre-
lation between the values of the correct assignment of
calls to individuals with DFA2 and CV of fOend and also
a negative correlation between the values of the correct
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Fig.3 Spectrograms illustrating the within and between-individual
acoustic variation of alarm calls in natural 2-s long segments of alarm
calling toward a human researcher in 8 individual wild Brandt’s voles.
Vole ID numbers are indicated in the upper right corners. The indexes
of qualitative variation (/QVs) of the contours for individual Brandt’s

assignment of the calls to individuals with DFA3 and CV
of bandwidth (Table 5). The CVs of fOend, bandwidth and
fpeak showed marginally significant negative correlations
with the values of correct assignment of alarm calls to
individuals with all three DFAs (Table 5). We did not find
correlations between percent of calls correctly assigned
to individuals with three DFAs and the mean value of any
acoustic variable (Table 5, Supplementary information
Table S4). One-way ANOVA revealed that CVs of fOend,
bandwidth and fpeak were lower in callers with high indi-
viduality of their alarm calls, whereas the mean values of
acoustic variables did not differ between groups of callers
with high alarm call individuality, with the exception of
marginally significant differences in fpeak (Table 6).

voles are given in Table 3. The spectrograms were created at 48 kHz
sampling frequency, FFT length 512, Hamming window, frame 50%,
overlap 93.75%. An audio file with these calls is provided in Supple-
mentary information Audio S2

Discussion

In this study, we described, for the first time, that anti-
predator vocalizations of Brandt’s voles represent a very
long series of short alarm calls with four different contour
shapes, emitted with short inter-call intervals (Tables 1 and
2). The production of a long series of alarm calls might
help receivers perceive the auditory signal as belonging to
the same individual when noise masks or degrades part of
the signal, e.g., strong wind, as is typical in Brandt’s vole
habitat. Call receivers experiencing an auditory continuity
illusion, extracting call rate information where syllables
within repeated calls are obscured by noise, have been
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Table 5 Pearson’s correlation coefficients between coefficients of var-
iation (CV) and the mean values of acoustic variables of alarm calls
and percent of alarm calls correctly assigned to individuals with three
DFAs (DFA1 based on the total sample of 2500 alarm calls; DFA2
based on the training set of 1250 alarm calls, odd in series; and DFA3

based on the test set of 1250 alarm calls, even in series). Significant
correlations after Bonferroni correction (P=0.05/7=0.0071) are
labeled in bold, N=50 individuals. Designations of acoustic variables
are as in Table 1

Acoustic  Coefficients of variation (CVs) Means
variable

DFAI DFA2 DFA3 DFAI DFA2 DFA3
duration r=-0.13,P=0.35 r=-0.19, P=0.18 r=-0.12, P=0.42 r=0.02, P=0.87 r=-0.02,P=087 r=-0.04, P=0.77
fObeg r=-0.06, P=0.67 r=-0.04, P=0.77 r=-0.01, P=0.97 r=0.08, P=0.60 r=-0.02,P=090 r=0.07, P=0.64
fOmax r=-0.14, P=0.32 r=-0.13, P=0.38 r=-0.09, P=0.53 r=-025P=009 r=-0.26,P=0.06 r=-0.28, P=0.049
fOend r=-0.36,P=0.010 r=-041,P=0.003 r=-0.34,P=0.016 r=0.15, P=0.29 r=0.11, P=0.46 r=0.17, P=0.23
fpeak r=-029,P=0.037 r=-0.30,P=0.037 r=-0.35P=0.013 r=-020,P=0.16 r=-024,P=0.09 r=-0.25P=0.08
bdw r=-0.35,P=0013 r=-0.29,P=0.039 r=-0.41,P=0.003 r=-0.04,P=080 r=0.06, P=0.67 r=-0.07, P=0.61
interval  r=-0.14, P=0.35 r=-0.16, P=0.27 r=-0.15, P=0.30 r=-0.15,P=031 r=-024,P=0.09 r=-0.12,P=0.39

Table6 Mean+SD values of coefficients of variation (CVs),
mean +SD values of the means for acoustic variables of callers with
high or low individuality of alarm calls and ANOVA results for dif-

ferences between the groups of individuals with highly and lowly
individualistic alarms. N number of individuals. Designations of
acoustic variables are as in Table 1

Means ANOVA

High (N=13) Low (N=9)

Acoustic variable  Coefficients of variation ANOVA
High (N=13) Low (N=9)

duration 10.38+3.81% 12.50+3.75% Fi,0=177,P=0.20
fObeg 9.90 +£2.80% 10.92+3.57% Fy,,=0.57, P=0.46
fOmax 5.92+3.04% 7.42+4.12% F,0=0.98, P=0.33
fOend 7.89+1.81% 11.22+3.67% F,,,=38.02,P=0.01
fpeak 8.33+3.87% 14.56 +7.62% F50=6.40, P=0.02
bdw 32.25+14.68% 47.03+13.03% F),,=5.89, P=0.025
interval 19.63+8.51% 21.65+8.14% Fi,0=0.31,P=0.58

29.84+7.24 ms
4.92+1.47 kHz
10.94+1.43 kHz
5.11+2.36 kHz
10.07+1.33 kHz
1.84+0.79 kHz
159 +27 ms

29.77+3.02 ms
4.70+0.95 kHz
11.71+1.73 kHz
4.60+0.60 kHz
11.05+0.61 kHz
1.96+0.45 kHz
172 +28 ms

Fy50=0.01, P=0.98
Fy2=0.16, P=0.69
Fy =130, P=0.27
Fy20=0.39, P=0.54
Fy29=4.30, P=0.051
Fy2=0.17, P=0.67
Fy50=130, P=0.27

documented for Richardson’s ground squirrels Urocitellus
richardsonii (Enright et al. 2020).

Our data on alarm call duration and parameters of
the fundamental and peak frequencies in Brandt’s voles
(Table 1) coincide well with published data on another wild
population of Brandt’s voles (Nikolskii and Suchanova 1992;
Rutovskaya 2012). In our study, we confirmed that fpeak
of alarm calls of Brandt’s voles is very high, on average,
10.17-11.57 kHz (Rutovskaya 2012) and 10.87 kHz (this
study) and even higher than the fpeak of discomfort calls of
Brandt’s voles (8.33 kHz, Dymskaya et al. 2022).

Our results are consistent with previous reports of vocal
individuality of alarm calls in the Brandt’s vole (Rutovs-
kaya 2012). In our study, the value of the correct assignment
of alarm calls to 50 individuals with DFA was 65.52% (15
times higher than the value expected by chance) and did not
decrease after cross-validation. Parameters primarily con-
tributing to the discrimination of individuals by their alarm
calls were the values of fOend and call duration (Table 4).
Similar results were obtained by Rutovskaya (2012) for
the alarm calls of Brandt’s voles recorded in another wild
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population. However, in contrast to our data, where fOend
was the most important acoustic parameter for discrimi-
nating individuals, the most important parameters in the
study by Rutovskaya (2012) were fOmax and the difference
between fOmax and fOmin.

The difference in the results between our study and those
of Rutovskaya (2012) may be a product of the differences in
the analytic approaches. In our study, callers were individu-
ally identified and all calls included in the analysis belonged
to known individuals. In the study by Rutovskaya (2012), the
animals were recorded without individual identification, and
the recorded calls were attributed to different individuals
based on similarity/dissimilarity of their acoustic structure,
that is, blind to the actual identity of the callers. However,
our study showed that one caller can change the acoustic
structure of its alarm calls even within a series of 50 succes-
sive calls (Fig. 3). So, our study suggests that calls cannot be
attributed to different individuals based solely on differences
in their acoustic structure, because pronounced variation was
evident in calls with different contour shapes produced by
the same individuals (Table 3).
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The high individuality of alarm calls in Brandt’s voles
was expected based on previous reports of the individual-
specific nature of alarm calls produced by different species
of burrowing rodents and lagomorphs (Conner 1985; Hare
and Atkins 2001; McCowan and Hooper 2002; Blumstein
and Munos 2005; Matrosova et al. 2009, 2010a, 2010b,
2011; Pollard and Blumstein 2011; Schneiderova et al.
2017; Loughry et al. 2019; Volodin et al. 2018, 2021a; Gon-
charov et al. 2021). While individualistic alarm calls were
previously reported for many other species of rodents, the
impact of individual variation for each acoustic variable of
each caller (Table 5) and for callers with high versus low
individuality of alarm calls (Table 6) is novel to this study.
In spite of their strong individual distinctiveness, the alarm
calls of particular Brandt’s vole callers were non-uniform
in their acoustic structure within a series of 50 successive
alarm calls; the primary differences were in call contour
shapes. However, we did not find a relationship between the
degree of individualization (calculated with DFA) and the
index of qualitative variation of the contours in particular
Brandt’s vole callers (Table 3). We did, however, find that
variation of acoustic variables expressed via a coefficient of
variation (CV) displayed a relationship with individuality
(Tables 5 and 6).

The unpredictable occurrence of different call contours
within repetitive alarm calls of Brandt’s voles might make
them less monotonous, in agreement with the unpredictabil-
ity hypothesis suggesting the adaptive value of vocal uncer-
tainty in preventing habituation and supporting alertness to
antipredator vocalizations (Blumstein and Récapet 2009;
Townsend and Manser 2011). Unpredictability may act as
a potential adaptation against habituation to maintain con-
specific recipients in an alert state during the monotonous
emissions of antipredator vocalizations (Fitch et al. 2002).
Playbacks of modified alarm calls enriched with nonlinear
phenomena to yellow-bellied marmots Marmota flaviven-
ter and to meerkats Suricata suricatta showed that vocal
unpredictability prevents habituation of conspecific recipi-
ents (Blumstein and Récapet 2009; Townsend and Manser
2011; Karp et al. 2014). Marmots and meerkats displayed
more vigilance in response to calls with modified acoustic
structure than after control calls (Blumstein and Récapet
2009; Townsend and Manser 2011; Karp et al. 2014).

The adaptive value of individually distinct Brandt’s vole
alarm calls is presently unclear. In all likelihood, individual
distinctiveness is a by-product of differences in individual
vocal morphology, but theoretically, it can be used for differ-
ent communicative purposes, which can be proposed based
on available data on alarm calling of other colonial spe-
cies of rodents and lagomorphs. Potential adaptive benefits
from using the individualistic alarm calls by the voles are
distinguishing reliable from unreliable callers (Hare and
Atkins 2001; Blumstein et al. 2004; Sloan and Hare 2006);

estimating the degree of threat urgency based on the num-
ber of simultaneously vocalizing callers (Weary and Kramer
1995; Sloan and Hare 2008); estimating the direction of the
movements of a predator over the colony and modifying the
anti-predator behaviour accordingly (Thompson and Hare
2010); and/or discrimination between members of one’s own
family and intruders (Conner 1984). These potential adap-
tive benefits have yet to be tested for Brandt’s voles in either
the field or in semi-captive conditions.

Our estimations of Brandt’s vole vocal tract lengths by
the acoustic parameters also provide some approximation
regarding formant frequencies in this species’ alarm calls.
Our observations show that Brandt’s voles produce their
alarm calls through a widely open mouth (Supplementary
information Movie S1). In rodents, the larynx position is
immediately behind the skull at the level of the 1st—2nd
neck vertebrae (Fitch 2000; Pasch et al. 2017; Riede et al.
2017). So, based on the available measurements of skulls
(Allen 1940) and heads of live Brandt’s voles (Dymskaya
et al. 2022), we could estimate the oral vocal tract length for
adults of this species as about 2627 mm long. For a uniform
tube with one end closed, formant frequencies are described
by the formula:

F,=(2i—1)xc/4VTL

where i is the formant number, ¢ is the speed of sound (350
m/s), VTL is vocal tract length (in m) and F/, is the frequency
(in Hz) of ith formant (Riede and Fitch 1999). Based on
this formula, the first formant of the orally produced alarm
calls of Brandt’s voles should have the central frequency
of 3.24-3.37 kHz, and the second formant should have the
central frequency of 9.72—-10.01 kHz. The calculated central
frequency of the second formant is very close to the average
value of fpeak (10.87 kHz) in the Brandt’s vole, measured
in this study.

We propose that the shift of essential energy of alarm
calls toward higher frequencies in Brandt’s voles, supported
by resonances of the second formant, could evolve for better
propagation of alarm calls in open landscapes, characteristic
of Brandt’s vole habitat. Brandt’s voles produce their anti-
predator vocalizations near ground level, often from their
burrow entrances (Supplementary information Movie S1).
Thus, their alarm calls are often in shadow zones arising
from temperature and/or wind gradients and are affected by
ground attenuation (Wiley and Richards 1978). In the open
habitats of Brandt’s voles, ground attenuation is higher for
calls lower than 2 kHz and lower for calls higher than 6 kHz
(Marten and Marler 1977). So, the frequency range of alarm
calls of Brandt’s voles is well suited for propagation through
the environment in their steppe habitats (Nikolskii and
Sukhanova 1992; Rutovskaya 2012; this study). Consistent
with this interpretation, other vole species inhabiting open
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landscapes produce alarm calls having frequency ranges
similar to those of Brandt’s voles (Pandourski 2011; Rutovs-
kaya and Nikolskii 2014; Volodin et al. 2024b). Although
hearing sensitivity has yet to be studied specifically for the
Brandt’s vole, another vole species of open landscapes, the
prairie vole Microtus ochrogaster has a hearing range with
the greatest sensitivity between 8 and 16 kHz (New et al.
2024).

While different contour shapes contribute substantially to
complicating the acoustic structure of individualistic alarm
calls in Brandt’s voles, nonlinear phenomena were rare in the
alarm calls of this species. The rarity of nonlinear vocal phe-
nomena was also previously reported in discomfort-related
calls of Brandt’s voles in captivity (Dymskaya et al. 2022).
Nonlinear phenomena (biphonations and subharmonics)
detected in some alarm calls of Brandt’s voles in this study
were very similar in the acoustic structure to the nonlin-
ear phenomena found previously in the alarm calls of Altai
pikas Ochotona alpina, a species which also displays a rapid
increase in fO at call onset and rapid fall of fO after the fO
maximum, although pika alarm calls are longer (Volodin
et al. 2018). In contrast to Brandt’s voles, in the alarm calls
of Altai pikas, nonlinear phenomena are much more abun-
dant and constitute an important contributor to individual
variation of alarm calls (Volodin et al. 2018).

Nonlinear phenomena increase the complexity of the
acoustic structure of animal calls, contributing to their
individuality and allowing reliable discrimination of
individuals by their calls (Fitch et al. 2002; Volodina
et al. 2006). Also, in many species of mammals, includ-
ing people, the inclusion of nonlinear phenomena can
enhance the perception of alertness and convey distress
in vocalizations (Blumstein and Récapet 2009; Townsend
and Manser 2011; Karp et al. 2014; Marx et al. 2021;
Massenet et al. 2022). However, nonlinear phenomena
did not constitute a substantial part of the acoustic vari-
ation in the alarm calls of Brandt’s voles. The rarity of
nonlinear phenomena in alarm calls was also reported for
three species of ground squirrels (Matrosova et al. 2012)
and in the Harting’s vole Microtus hartingi (Volodin et al.
2024b). It is possible that some species of rodents avoid
producing nonlinear phenomena in their alarm calls for
optimization of their intensity and better propagation
through the environment via concentration of energy of
the fundamental frequency on the formant frequencies of
the vocal tract, similar to primates (Joliveau et al. 2004;
Koda et al. 2012).

We could not estimate the effects of sex and age on the
structure of alarm calls in Brandt’s voles. However, some
species of rodents produce alarm calls that are indistin-
guishable between adults and pups, in spite of the large
differences in body size (Matrosova et al. 2007; Swan
and Hare 2008; Volodina et al. 2010). Furthermore, the
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influence of sex and age on the structure of alarm calls in
rodents is much weaker than the influence of individual-
ity (Blumstein and Munos 2005; Matrosova et al. 2011;
Goncharov et al. 2021).

We consistently recorded alarm calls of Brandt’s voles in
the same context, towards a standing immobile researcher.
Recording alarm calls in the presence of a human is a wide-
spread method for studying alarm communication in ground-
dwelling mammals (McCowan and Hooper 2002; Matrosova
et al. 2009, 2010a, 2010b, 2011; Schneiderova and Policht
2010, 2012; Volodina et al. 2010; Schneiderova 2012; Sch-
neiderova et al. 2017, 2020; Volodin et al. 2018, 2021a,
2024a; Goncharov et al. 2021). In some species of ground
squirrels, alarm calls differ according to the type of predator
(terrestrial or aerial) (Melchior 1971; Owings and Virginia
1978; Davis 1984; Leger et al. 1984; Goncharov et al. 2021),
whereas in other species of rodents, such differences were
not found (Matrosova et al. 2012; Schneiderova and Policht
2012; Loughry et al. 2019). To our knowledge, there is no
study on voles in which differences in the alarm calls toward
different types of predators were found.

Recordings of each individual vole in a single session in
our study may promote overestimation of the individuality
of calls, though this approach is widely applied in studying
individuality in alarm calls of ground-dwelling mammals
because it imitates one episode of predator appearance
before the caller (McCowan and Hooper 2002; Matrosova
et al. 2009, 2011; Schneiderova and Policht 2010; Volodina
et al. 2010; Volodin et al. 2018, 2021a). However, the large
sample size (50 calls per individual) and high variability of
acoustic structure even among calls following each other
in series argue against the overestimation of individual-
ity in the Brandt’s vole. Furthermore, our study provides
the evidence that successive alarm calls in a monotonous
series can be substantially dissimilar and investigates the
degrees of similarity between them. It remains unclear,
however, how variable alarm calls of Brandt’s vole indi-
viduals are over different time spans, as studies paralleling
those performed with ground squirrels (Matrosova et al.
2009, 2010a, 2010b; Schneiderova et al. 2017) have yet to
be conducted.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00114-024-01956-y.
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