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In mammalian cross-species hybrids, parameters of voice calls, produced by vocal fold vibrations, are interme-
diate between parental species. Inheritance of ultrasonic calls, produced by whistle mechanism, is unstudied for
hybrids. We examined 4000 pup ultrasonic isolation-induced calls for peak power of call fundamental frequency
and for call duration in 4-8-day-old captive hamsters of four Study Groups: pure Phodopus sungorus; pure
P. campbelli of two populations (Mongolian and Kosh-Agach) and hybrids between male P. sungorus and female
P. campbelli (Kosh-Agach). All Study Groups produced two categories of ultrasonic calls: Low-Frequency centered
around 41 kHz and High-Frequency centered around 60 kHz, but in different percentages. Between populations,
only Low-Frequency calls were shorter and higher-frequency in Mongolian P. campbelli. Between species, only
High-Frequency calls were shorter and higher-frequency in P. sungorus. In hybrids, Low-Frequency calls were
shorter and lower-frequency than in either parental species, whereas High-Frequency calls were longer and
lower-frequency in hybrids than in pure P. sungorus but similar with another parental species. We discuss that
interspecific hybridization may give rise to offspring with new properties of ultrasonic calls.

1. Introduction on vorticities of airflow in the vocal tract (Mahrt et al., 2016; Riede et al.,

2017; Azola et al., 2018; Hakansson et al., 2022a), population-level

In mammals, important drivers of evolution of acoustic communi-
cation are genetic drift (Campbell et al., 2010; Matrosova et al., 2016,
2019) and interspecies hybridization (Shmyrov et al., 2012; Kitchen
et al., 2019). All previous studies exploring the inheritance of acoustic
properties in mammalian interspecific hybrids have been conducted on
the voice-based calls produced by phonation-based mechanism,
involving the synchronous vibrations of the vocal folds in the larynx
(Fitch and Hauser, 2002; Finck and Lejeune, 2010). For ultrasonic vo-
calizations (USVs) produced by aerodynamic whistle mechanism, based
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variation is poorly studied (Musolf et al., 2015).

The voice-based calls of mammalian hybrids are intermediate in the
acoustic properties between parental species (Nikol'skiy et al., 1984;
Long et al., 1998; Page et al., 2001; Shmyrov et al., 2012; Wyman et al.,
2016; Kitchen et al., 2019; Rutovskaya, 2019). The intermediate pattern
of inheritance for voice-based calls was described for hybrids between
closely related parental species with strongly acoustically different vo-
calizations: between red deer Cervus elaphus and sika deer C. nippon
(Long et al., 1998; Wyman et al., 2016), between little (Spermophilus
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pygmaeus) and speckled (S. suslicus) ground squirrels (Nikol’skiy et al.,
1984), between russet (S. major) and yellow (S. fulvus) ground squirrels
(Shmyrov et al., 2012) and between Tien Shan (Myodes centralis) and
bank (M. glareolus) voles (Rutovskaya, 2019). Intermediate acoustic
structure of voice calls was also reported for hybrids between Antarctic
(Arctocephalus gazella) and subantarctic (A. tropicalis) fur seals (Page
et al., 2001) and for hybrids between mantled (Alouatta palliata) and
black (A. pigra) howler monkeys (Kitchen et al., 2019). Inheritance of
USVs by cross-species hybrids is unknown and has yet to be studied for
mammals.

Both whistle and voice-based calls can be sonic or ultrasonic, i.e.,
produced in a human-audible range of frequencies (below 20 kHz) or in
the ultrasonic range (above 20 kHz) (Fernandez-Vargas et al., 2022). In
large mammals, the whistle calls are audible, as in cervids (Reby et al.,
2016; Volodin et al., 2016), bovids (Volodin et al., 2017), camelids
(Volodin et al., 2022), canids (Frey et al., 2016; Sibiryakova et al.,
2021), Asian elephants Elephas maximus (Beeck et al., 2021) and humans
(Azola et al., 2018). In small mammals like bats, calls produced by
phonation mechanism may be nevertheless ultrasonic (Suthers and
Fattu, 1973, 1982; Hakansson et al., 2022b). Voice and whistle-based
mechanisms of call production may coexist within species (Frey et al.,
2016; Beeck et al., 2021; Sibiryakova et al., 2021; Fernandez-Vargas
et al., 2022; Riede et al., 2022).

For rodents, experiments in light gases showed that USVs of all
studied species were produced by whistle mechanism (Riede, 2011;
Riede and Pasch, 2020; Fernandez-Vargas et al., 2022; Riede et al.,
2022). For mice and rats, the whistle mechanism of USV production was
confirmed experimentally, by combining in-vitro larynx physiology and
individual-based 3D airway reconstructions with fluid dynamics simu-
lations (Hakansson et al., 2022a). For cricetids, the whistle mechanism
for USVs was confirmed by experiments in light gases for three species of
grasshopper mice Onychomys (Pasch et al., 2017), for northern pygmy
mice Baiomys taylori (Riede and Pasch, 2020) and for three species of
Peromyscus deer mice (Riede et al., 2022). Switching between voice and
whistle mechanisms has been documented for Onychomys and Peromy-
scus species of cricetid rodents (Pasch et al., 2017; Riede et al., 2022).

The ontogenetic development of USVs in rodents does not require the
auditory feedback, which is necessary for production vocal learning in
mammals (Janik and Slater, 2000; Janik and Knornschild, 2021; Lat-
tenkamp et al., 2021). Rearing genetically deaf and normally hearing
pup laboratory mice by deaf mothers indicates the lack of differences in
the ontogenetic development of pups in terms of the number, structure
and usage of USVs (Hammerschmidt et al., 2012). Consistently, when
these pups became mature, no difference was found between the ultra-
sonic courtship songs of deaf and normally hearing male mice (Ham-
merschmidt et al., 2012). Experimental deafening of laboratory pup
mice at 2 days (d) of age did not affect subsequent adult male courtship
song compared to normally hearing males in terms of the temporal
structure of vocal sequencies, call type, syllable structure and the
acoustics (Mahrt et al., 2013).

Hybrids of closely-related species of dwarf hamsters (Phodopus
campbelli and P. sungorus) may serve as a convenient model for studying
inheritance of USVs. Interspecific hybrids can be obtained experimen-
tally in captivity (Sokolov, Vasil’eva, 1993a; Brekke and Good, 2014).
Female hybrids of P. campbelli and P. sungorus are fertile, but male hy-
brids are sterile because of problems with meiosis and underdevelop-
ment of their reproductive system (Safronova et al., 1992, 1999;
Sokolov, Vasil’eva, 1993a; Safronova, Vasil’eva, 1996; Ishishita et al.,
2015; Bikchurina et al., 2018). Hybrids between male P. sungorus and
female P. campbelli can be obtained easier than hybrids of male
P. campbelli and female P. sungorus. In the first combination, hybrid
newborns are comparable in body size with pups of P. campbelli, whereas
hybrid newborns of male P. campbelli and female P. sungorus are much
larger, resulting in problems during parturitions (Sokolov, Vasil'eva,
1993a; Brekke and Good, 2014; Ishishita and Matsuda, 2016).

In the wild, these species are allopatric: P. campbelli inhabits arid
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steppes from North-East China (Inner Mongolia) throughout Mongolia
to Tuva and Altai; P. sungorus inhabits the steppes of Central and East
Kazakhstan to the North from Lake Balkhash and to West Siberia in the
southern extent of its range (Ross, 1995, 1998). Males of both species
provide parental care to pups (Wynne-Edwards, 1995, 1998), however,
male presence only enhances litter survival in P. campbelli (Wynne-Ed-
wards, 1987; Wynne-Edwards and Lisk, 1989) under conditions of water
scarcity (Scribner and Wynne-Edwards, 1994), which is attributable to
pup consumption of glandular secretions produced by sires (Vasilieva
and Khruschova, 2010). In both species, pups grow fast: 4-d pups are still
naked, but 8-d pups have some fur, can stand on paws and are ambu-
latory, with eyes opening between 10 and 11 d of age (Ross, 1995,
1998). In the wild, 18-d pups leave their natal burrow and become in-
dependent, and their mother deliver the next litters (Sokolov, Vasil’eva,
1993b).

Both pup and adult Phodopus dwarf hamsters produce USVs along
with audible voice calls (Pierce et al., 1989; Hashimoto et al., 2001;
Keesom et al., 2015; Rendon et al., 2015). Adult P. sungorus produce four
types of USVs (classified based on presence of frequency jumps and
harmonics) during same-sex encounters (Keesom et al., 2015). The
fundamental frequency (fO) of USVs ranges from 33.6 to 91.0 kHz, with
average duration of 92.9 + 5.8 ms, and call characteristics do not differ
between sexes (Keesom et al., 2015). Adult P. campbelli of both sexes
produce USVs centered around 71 kHz during sexual behaviour (Pierce
et al., 1989).

For pup USVs, there is only one study, for 3-d pup P. sungorus,
emitting USVs and broadband audible calls during 5-min isolation tests
at 15 °C (Hashimoto et al., 2001). These USVs had chevron and
wave-like contours, the maximum fO of 45-50 kHz, the peak frequency
of 42-45 kHz and duration of 130-150 ms (Hashimoto et al., 2001).

For Phodopus hamsters, there is no direct experimental evidence that
adult or pup USVs are the product of whistle mechanism. However,
indirect data suggest that Phodopus species use whistle mechanism for
producing their USVs, similar to cricetids tested in experiments
employing light gases (Pasch et al., 2017; Riede and Pasch, 2020; Riede
et al, 2022). In addition to USVs, Phodopus species produce
low-frequency audible calls by phonation-based mechanism (Hashimoto
etal., 2001; Keesom et al., 2015). Furthermore, the minimum f0 of USVs
in Phodopus species is above 30 kHz (Pierce et al., 1989; Hashimoto
etal., 2001; Keesom et al., 2015), whereas the maximum confirmed f0 of
the phonation-based calls in cricetids is 16-17 kHz, as in adult grass-
hopper mice (Pasch et al., 2017) and 19-22 kHz in pup deer mice (Riede
et al., 2022). These frequencies fit to the upper limit above the expected
for the very short (0.6-0.7 mm) vocal fold of small rodents (Titze et al.,
2016; Riede et al., 2022).

The aim of this study was to compare the acoustic traits of pup ul-
trasonic isolation calls among two parental species of dwarf hamsters
(P. campbelli and P. sungorus) and their hybrids. In addition, we estimate
within-species acoustic variation, by comparing pup isolation-induced
USVs between two populations of P. campbelli.

2. Material and methods
2.1. Study site, subjects and dates

Pup isolation experiments were carried out in the Department of
Comparative Ethology and Biocommunication of Severtsov Institute of
Ecology and Evolution (Moscow, Russia), from December 2020 to
September 2021. Subjects were balanced samples of captive-born 4, 5-,
6-, 7-, and 8-d pup hamsters, belonging to four Study Groups: Phodopus
campbelli (Mongolian) pups, P. campbelli (Kosh-Agach) pups, P. sungorus
pups and F1 interspecific hybrid pups of male P. sungorus and female
P. campbelli (Kosh-Agach). The P. campbelli (Mongolian) Study Group (P.
campM) belonged to a maintained laboratory population started in 1985
from animals captured in North-East Mongolia. The P. campbelli Kosh-
Agach Study Group (P.campK) belonged to a maintained laboratory
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population started in 1988 from animals captured in Kosh-Agach area of
the Altai Republic, Russia. The P. sungorus Study Group (P.sung)
belonged to a maintained laboratory population started in 1984 from
animals captured in Karasuk area of Novosibirsk region, Russia. The F1
Hybrids of male P.sung and female P.campK were obtained experimen-
tally. Each parental pair (pure-breeding or consisting of two species) was
permanent; pure species pairs were not used to generate hybrid pups.

Parental pairs with litters were kept in plastic cages of 23 x 23 x 30
height cm on a 14 L:10D photoperiod (light onset 5:00) and temperature
22 + 2 °C with 8-10 cm lay of sawdust bedding, one 10x10x10 cm
shelter, 2-3 cardboard pipes of various diameters (4-5 cm) and lengths
(10-15 cm) and toilet paper as nest material. Animals received labora-
tory rodent chow (22% protein), oats, vegetables and water ad libitum.
Parental pairs were regularly checked for presence of litters. Parturition
was considered as day zero of pup life.

2.2. Experimental design

Call-eliciting tests for recording pup isolation-induced USVs from the
four Study Groups were conducted in a room without windows, where
other animals were not present. This allowed recording USVs reliably
assigned to the focal pup. Experiments were conducted during the
daylight phase of the daily photoperiod at room temperature 20-25 °C;
all electrical equipment with the exception of a single ceiling fluorescent
lamp was turned off to decrease the level of background ultrasonic noise.
Recording equipment worked in the same room, but on accuses, to avoid
potential induced noise from the electric circuit.

Each pup was tested only in one single test trial, because uniform
serial tests conducted for a few consecutive days with the same animal
may result in habituation to the experimental procedure. Furthermore,
consecutive pup isolation experiments (even just regular weighing) may
dramatically slow the rate of pup growth, as, e.g., in yellow steppe
lemming Eolagurus luteus (Yurlova et al., 2020).

Before the test trial, the focal pup was removed from the parental
cage and transferred in a clean translucent plastic cup to the experi-
mental area. The room with home cages of animals and the experimental
room were on the same floor, and time from taking the focal pup to the
start of the experiment did not exceed 60 s. Each test trial started when a
focal pup was placed in the experimental plastic container 19 x 13x7
height cm. Each test trial lasted 4 min and included two stages, each 2
min: Isolation Stage (the focal pup isolated in the container) and Touch
Stage (the isolated pup was prodded manually with a cotton bud roughly
twice per second) (following Zaytseva et al., 2019; Klenova et al., 2021;
Dymskaya et al., 2022).

After the end of test trial, the focal pup was removed from the
experimental container by hand and sexed based on the size and position
of the urogenital papilla. The focal pup was then measured with elec-
tronic calipers (Kraf Tool Co., Lenexa, Kansas, US) accurate to 0.01 mm.
In each pup, we measured body length (from the tip of the muzzle to
anus) and head length (from tip of muzzle to occiput). This cycle of two
measurements was repeated thrice and the average value was calculated
and used in statistical analysis. Subsequent to deriving these measure-
ments, the focal pup was weighed on an electronic scale G&G TS-100
(G&G GmbH, Neuss, Germany) accurate to 0.01 g. Weighing occurred
in the same plastic cup, in which the pup was transferred to the exper-
imental room. Morphometric measurements and weight data were used
for estimating potential pup body size differences among the four Study
Groups.

Until completing all tests with a focal litter, all non-focal pup lit-
termates were temporally placed outside of the experimental room in a
cartoon box 7x7x9 (height) cm standing on a chair near the heater,
providing the temperature in the box area of 30-33 °C, to avoid animal
cooling and discomfort-related vocalizing. Upon completing of all test
trials with the focal litter, all tested pups were simultaneously returned
to their home cage. All tested pups were accepted by both parents in all
cases, with no refusals or pup deaths detected as a result of our test trials.
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Before each test trial, the plastic transport cup and the experimental
container were cleaned with water, dried with rubbing by clean cotton
napkin and then rubbed with cotton washed with 40% ethanol, because
a higher concentration of ethanol may affect rodent behavior (Lopez--
Salesansky et al., 2021).

2.3. Acoustic recording

During each test trial, we continuously recorded the focal pup USVs
(384 kHz sampling frequency, 16-bit resolution) using a Pettersson
D1000X recorder with built-in microphone (Pettersson Electronik AB,
Uppsala, Sweden). The microphone was mounted at 35 cm over the table
in the focal pup area, providing a high signal-to-noise ratio during
recording. Recording of each test trial was stored as a separate wav-file.
In parallel with recording, we viewed real-time spectrograms of pup
USVs an Echo Meter Touch 2 PRO (Wildlife Acoustics, Inc., Maynard,
MA USA) attached to a smartphone.

2.4. Animal samples

Our acoustic analysis included data from 80 test trials where indi-
vidual pups were highly vocal in the ultrasonic range of frequencies, one
test trial per pup, 20 trials in total per Study Group. The 80 test trials
were selected from the total set of 288 trials with 288 2-10-d pups: 63
trials with P.campM; 65 P.campK; 83 trials with P.sung and 77 trials with
Hybrids. Acoustic analyses were limited to USVs derived from pups from
4 to 8 d of age, because they produced pup isolation calls primarily in the
ultrasonic range of frequencies. Pups of 2-3-d old produced many
audible calls but few USVs and pups beyond 8 d old were mostly silent.

Twenty P.campM subject pups originated from 17 litters delivered by
15 parental pairs; 20 P.campK pups originated from 18 litters delivered
by 14 parental pairs; 20 P.sung pups originated from 17 litters delivered
by 15 pairs and 20 Hybrid pups originated from 18 litters delivered by
14 parental pairs. For each Study Group we selected 20 pups, including
one pup per litter (rarely two), 4 pups of each age (4, 5, 6, 7, 8 d) with
balanced sex ratios 1:1. Thus, our analyses included 80 pups, 16 pups of
each age (4,5, 6,7, 8 d).

2.5. Call samples

For each pup (80 pups in total, 20 pups per Study Group), we
included in acoustic analyses the first 50 USVs from the start of each pup
test trial, 1000 USVs per Study Group, 4000 USVs in total. Most (3900 of
4000) USVs were selected from the Isolation Stage of test trials, and
remaining 100 (2.5%) USVs were taken from the Touch Stage of test
trials in cases when the number of USVs from the first stage was less than
50. These 100 USVs from the Touch Stage belonged to four of the sixteen
8-d pups, one 8-d pup per Study Group: one P.campM pup (45 USVs), one
P.campK pup (20 USVs), one P.sung pup (8 USVs) and one Hybrid pup
(27 USVs). The 8-d pups vocalized less actively compared to other ages,
probably because of acquiring own thermoregulation.

2.6. Acoustic analysis

Spectrographic analysis of pup USVs was conducted with Avisoft
SASLab Pro v. 5.3.00 (Avisoft Bioacoustics, Berlin, Germany). Using the
semi-automatic option of Avisoft, we measured call duration and peak
power of call fundamental frequency (peakf0) (sampling rate 384 kHz,
Fast Fourier Transform FFT 1024, Hamming window, frame 50% and
overlap 87.5%, providing time resolution 0.33 ms and frequency reso-
lution 375 Hz) (Fig. 1). Based on visual inspection of spectrograms we
found that in most (3899 of 4000) USVs, fpeak was located on call
fundamental frequency band. In the remaining 101 USVs, where fpeak
was either located on a harmonic of fundamental frequency (98 USVs) or
on a subharmonic of fundamental frequency (3 USVs), we measured the
peak frequency repeatedly after filtering out the energetically expressed
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Fig. 1. Measured acoustic parameters in the ultrasonic call (USV) of 6-days old
Phodopus hamster pup shown on spectrogram (right) and power spectrum (left).
Example call contains frequency jump down. Designations: peakfO — the peak
power of call fundamental frequency; duration — call duration; High fO — High-
Frequency component; Low fO — Low-Frequency component; Harmonic of Low
fO — harmonic of Low-Frequency component.

frequency bands, in order to shift the value of the peak frequency to call
fundamental frequency band. Thus, in each of the 4000 USVs we
measured the peak power of call fundamental frequency. To minimize
error in measuring the peak power of call fundamental frequency, we
automatically filtered out the lower 10 kHz in the spectrogram window.
Some USVs were broken with frequency jump(s) (Fig. 1). Presence of
the frequency jump was identified when the jump of fundamental fre-
quency was 10 kHz or more (Yurlova et al., 2020; Kozhevnikova et al.,
2021) (Fig. 1). In each USV, we made only one measurement of peakfO
per call, independent of the number of notes in calls broken with fre-
quency jump(s). In addition to frequency jumps, we examined each USV
for the presence of three other kinds of nonlinear phenomena: sub-
harmonics, biphonations and deterministic chaos (Yurlova et al., 2020;
Klenova et al., 2021; Kozhevnikova et al., 2021; Riede et al., 2022).

2.7. Statistics

Statistical analyses were carried out with STATISTICA, v. 8.0 (Stat-
Soft, Inc., Tulsa, OK, USA). If not indicated otherwise, means are given
as mean =+ SD, all tests were two-tailed, and differences were considered
significant where p < 0.05. To estimate the effect of Study Group on the
acoustic parameters of USVs and to compare parameters of Low-
Frequency USVs (LF USVs) and High-Frequency USVs (HF USVs), we
used General Linear Mixed Model (GLMM) with Tukey post hoc, with
Study Group and Call Category (LF USVs or HF USVs) included as fixed
factors and animal individual identity (ID) as random factor. We added
animal ID in GLMM, because we included in analysis 50 USVs per in-
dividual. For estimating the effect of Study Group and pup Age on
peakf0 of USVs, we used GLMM with Tukey post hoc, with Study Group
and pup Age included as fixed factors and animal ID as random factor.
We combined the measurements of body length, head length and body
weight to form an integrated body size index and, using Principal
Component Analysis (PCA), we reduced the number of morphometric
parameters and took the first axis of PCA as a proxy of body size. We
used Fisher’s exact test to compare percentages. For estimating corre-
lations between body size and the acoustics of USVs, we used Pearson
correlation test.

2.8. Ethical note

All procedures adhered to the ‘Guidelines for the treatment of ani-
mals in behavioural research and teaching’ (Anim. Behav., 2020, 159, I-
XI) and the legal requirements of Russia pertaining to the protection of
animal welfare. The experimental procedure was approved by the
Committee of Bioethics of Lomonosov Moscow State University

Behavioural Processes 210 (2023) 104917

(2011-36) and the Commission of Bioethics of Severtsov Institute of
Ecology and Evolution RAS (2018-23).

3. Results
3.1. USV categories

Distribution of USVs peakf0 values was two-humped, indicating the
presence of two categories, the Low-Frequency USVs (LF USVs) and the
High-Frequency USVs (HF USVs) (Fig. 2). The peakf0 values of LF USVs
were centered around 41 kHz and peakf0 values of HF USVs were
centered around 60 kHz (Fig. 2).

Within individuals, the ranges of peakf0 did not overlap between LF
USVs and HF USVs, displaying a hiatus. However, across the total
sample of 4000 USVs from 80 individual pups, we observed the over-
lapping zone with margins from 44 kHz to 52 kHz (Fig. 2). The condi-
tional demarcation line at about 49 kHz between LF USV and HF USV
peakfOs was calculated as the crossing point of two normal distributions,
created based on peakfOs of LF USVs and HF USVs.

In total for the four Study Groups, we found 1591 LF USVs and 2409
HF USVs (Fig. 3). Some (n = 814) LF USVs (without frequency jumps)
contained only a LF component, and some (n = 1947) HF USVs (without
frequency jumps) contained only a HF component. USVs containing
both LF and HF components (i.e., had frequency jump), were classified
to LF USVs or to HF USVs. If peakfO fell on LF component, this call was
assigned to LF USVs, if peakfO fell on HF component, this call was
assigned to HF USVs (Fig. 3). Thus, 777 USVs with both LF and HF
components were assigned to LF USVs category, while 462 USVs with
both LF and HF components were assigned to HF USVs category (Fig. 3).

3.2. Percentages of USV categories by study groups

Between populations of P. campbelli (P.campM and P.campK), USVs
with both LF and HF components were more numerous in P.campK
(Fisher’s exact test, p < 0.001); USVs with LF component-only were
equally common in P.campM and P.campK (p = 0.99), and USVs with HF
component-only were more common in P.campM (p < 0.001) (Fig. 4).
Between species (P.camp of either population and P.sung) USVs with LF
component-only were more abundant in P.camp than in P.sung
(p < 0.001); USVs with HF component-only were more abundant in P.
sung than in P.camp (p < 0.001), and USVs with both LF and HF com-
ponents were more abundant in P.sung than in P.campK (p < 0.001), but
not in P.campM (Fig. 4). In Hybrids, USVs with both components were
more abundant than in either parental species (p = 0.023 with P.campK;
p < 0.001 with P.sung), USVs with LF component-only were less com-
mon than in P.campK (p < 0.001) and USVs with HF component-only
were less common than in P.sung (p < 0.001) (Fig. 4).

In addition to frequency jumps (USVs with both LF and HF compo-
nents) we also found two other kinds of nonlinear phenomena: sub-
harmonics and biphonations. Subharmonics were more numerous in P.
campM (98 of 1000 USVs) and in P.campK (71 of 1000 USVs) than in P.
sung (42 of 1000 USVs) or Hybrids (32 of 1000 USVs) (Fisher’s exact test,
p < 0.01 for all comparisons). Biphonations were less common and were
only found in 6 USVs of P.campM, 8 USVs of P.campK, 2 USVs of P.sung
and in none of the USVs of Hybrids. Deterministic chaos was not found in
any of the 4000 USVs.

3.3. Acoustic variables

The LF USVs (81.7 + 35.9 ms) were longer than HF USVs (68.0
+ 31.4 ms) and lower in peakfO (41.4 + 5.53 kHz) than HF USVs (59.8
+ 6.96 kHz) (Table 1). Study Group did not affect call duration, but
significantly affected peakfO (Table 1). Significant interactions of factors
Study Group and Call Category (LF USVs or HF USVs) on the acoustic
parameters were detected (Table 1, Fig. 5).

The LF USVs differed between P.campM and P.campK populations in
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USVs from 80 individual pups of four Study Groups.

duration and peakfO: LF USVs were shorter in duration and higher in
peakf0 in P.campM than in P.campK (Fig. 5). Duration of LF USVs was
higher in P.sung than in P.campM but did not differ from P.campK. The
peakfO of LF USVs was higher in P.sung than in P.campK but did not differ
from P.campM. The LF USVs of Hybrids were shorter in duration and
lower in peakf0 than in either parental species (Fig. 5).

The HF USVs did not differ in duration or peakfO between P.campM
and P.campK populations (Fig. 5). In P.sung pups, HF USVs were shorter
and higher in peakf0 than in either P. campbelli population. In Hybrids,
HF USVs did not differ in duration or peakf0 from P.campK but were
longer and lower in peakfO than in P.sung (Fig. 5).

Example call spectrograms illustrating LF USVs and HF USVs of pups
from each Study Group were presented in Fig. 6. Example USVs were
selected based on their close-to-average parameters values for the Study
Groups (Table 1).

3.4. Age and body size effects on call frequency

For LF USVs, Study Group and pup Age affected peakfO (Study
Group: F3 1515 = 88.57; p < 0.001; Age: F4 1515 = 26.01; p < 0.001). For
peakf0, a significant interaction between factors Study Group and Age
was detected (Fi2,1515 = 9.06; p < 0.001). Across the four Study Groups,
peakfO of LF USVs decreased from the 4th to the 6th day of age and
increased from the 6th to 8th day of age (Fig. 7). This trend was pri-
marily based on changes in values of peakfO in P.campK and Hybrid
pups, whereas in P.campM and P.sung pups, peakfO values changed only
slightly with age (Fig. 7).

For HF USVs, Study Group and pup Age affected peakf0 (Study
Group: F3 2335 = 29.14; p < 0.001; Age: F4 2335 = 48.68; p < 0.001). For
peakf0, a significant interaction between factors Study Group and Age
was detected (F122335 12.32; p < 0.001). Across the four Study
Groups, peakf0 of HF USVs displayed a steady decrease from the 4th to
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Table 1

Values (mean =+ SD) for duration and peakf0 of 4-8-days-old hamster pup ultrasonic calls (USVs) and GLMM results for the effects of factors Study Group, Call Category
(LF USVs or HF USVs) and their interaction effect on USV duration and peakf0. Designations: P.campM — P. campbelli (Mongolian) pups; P.campK — P. campbelli (Kosh-
Agach) pups; P.sung — P. sungorus pups; Hybrids — hybrids between male P.sung and female P.campK; LF USVs — low-frequency USVs, HF USVs — high-frequency USVs,
Duration - call duration; peakfO — the peak frequency of call fundamental frequency; n — number of calls.

Study Group P.campM P.campK P.sung Hybrids
Call Category LF USVs, HF USVs, LF USVs, HF USVs, LF USVs, HF USVs, LF USVs, HF USVs,
n =431 n =569 n=>517 n =483 n=331 n =669 n=312 n =688
Duration 68.2 + 36.4 70.3 £ 28.8 90.5 + 28.0 69.8 + 29.4 87.7 £41.3 60.6 + 34.1 79.3 £35.2 72.1 +31.1
(ms) Study Group: F5 3916 = 1.49; p = 0.22; Call Category: F; 30916 = 32.93; p < 0.001;
Study Group & Call Category: F33916 = 24.17; p < 0.001
Peakf0 (kHz) 43.6 £ 4.9 58.6 + 5.7 40.6 + 4.4 59.2 + 5.9 42.6 + 4.6 62.4 £ 6.5 38.4+7.0 58.7 + 8.2

Study Group: F5 3916 = 3.87; p = 0.012; Call Category: F; 3916 = 7837.11; p < 0.001;

Study Group & Call Category: F5 3916 = 34.43; p < 0.001

the 8th day of life (Fig. 7). This trend appears to be attributable to
changes in peakfO in P.campK, P.sung and Hybrid pups, whereas in P.
campM pups, the age-related changes in peak fO were not evident
(Fig. 7).

With Principal Component Analysis (PCA), we reduced the number
of morphometric traits and took the first PCA axis, which accounted for
91.83% of the variation, as a proxy index of pup body size. Average
values of peakfO for LF USVs of individual pups were not correlated with
pup body size index in any Study Group (Table 2). However, peakfO of
HF USVs were negatively correlated with pup body size index in P.sung
and Hybrids (Table 2).

4. Discussion
4.1. Ultrasonic calls of hybrids

Our study showed that hybrids had calls unlike either of the parents.
This was unexpected because vocalizations of rodents are genetically
determined (Hammerschmidt et al., 2012; Mahrt et al., 2013). We
investigated acoustic parameters of pup USVs of dwarf hamster inter-
species hybrids and parental species and found that hybrid offspring
produced USVs with new properties, out of range of frequencies of both
parental species. This study on inheritance of USV acoustics and call
type percentages by dwarf hamster pups (Phodopus campbelli and
P. sungorus) is the first research on whistle calls of mammalian inter-
specific hybrids. As P. campbelli and P. sungorus are allopatric and do not
hybridize in nature, our analyses, made on captive populations cannot
be directly tested in the field on wild animals. However, they present a

model for mechanisms of inheritance of the whistle calls for future
studies of USVs in interspecies hybrids of sympatric species in nature.

We found that in hamster hybrids, duration and peakfO of HF USVs
were closer to one of parental species, whereas for LF USVs, the values
were lower in Hybrids than in either parental species. Consistently, in
2-12-d hybrid pups of four different laboratory strains of domestic mice,
all fundamental frequency parameters of USVs were at the level of the
lowest values of the parental strains (Hahn et al., 1997, 1998; Thornton
et al., 2005). We can therefore propose that there are different patterns
of inheritance of acoustic properties for the whistle versus voice calls in
mammalian hybrids. Further research on mammals producing whistle
calls is necessary to confirm or reject this hypothesis and for searching
the background of such differences.

We found that hamster pup hybrids were intermediate between
parental species in percentages of all different combinations of LF and
HF call components. Consistent with our data, hybrids of two subspecies
of domestic mice, Mus musculus musculus and M. m. domesticus were
intermediate between their parental subspecies in percentages of
different USV types in male courtship song (Musolf et al., 2015).

4.2. Differences of ultrasonic calls of between species and between
populations within species

We found substantial interspecific differences in characteristics of
USVs, expectable because these species, although closely related, are
allopatric in nature (Ross, 1995, 1998). We compared percentages of
different combinations of LF and HF call components and USV acoustics
between P. sungorus and P. campbelli and between two populations
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lack of significant differences between the values (p > 0.05, Tukey post hoc).

within P. campbelli. Percentages of USVs with LF, HF or both components
differed to a greater degree between species than between populations
of P. campbelli, thus reflecting closer relationship between populations
than between species. Unexpectedly, acoustic parameters of LF USVs
differed between populations but not between species, whereas pa-
rameters of HF USVs differed between species but not between pop-
ulations. Similar results were previously obtained in comparing USV
percentages and acoustic characteristics between four populations, two
subspecies and two species of the genus Mus (Musolf et al., 2015). In the
study by Musolf et al. (2015), percentages of different types of adult
male USV courtship songs could differ to a greater degree between
populations within species than between subspecies within species.
Between populations and subspecies, USVs primarily differed in terms of
frequency and temporal parameters, whereas between species, differ-
ences in amplitude and frequency parameters were detected (Musolf
et al., 2015). Further, even different strains of laboratory mice may be
distinctive in their usage of different USV types (Kikusui et al., 2011) or
in terms of the acoustic properties of matched call types of USVs (Arriaga
et al., 2012; Klenova et al., 2021). Overall, our findings are consistent
with those from previous studies suggesting that the percentages and
acoustic characteristics of USVs in rodents are inherited genetically

(Kikusui et al., 2011; Hammerschmidt et al., 2012; Mahrt et al., 2013;
Musolf et al., 2015).

4.3. USV parameters of hamster pups

The 42.6-kHz peak frequency of 4-8d P. sungorus LF USVs in this
study coincides with the 42-45-kHz peak frequency of 3d P. sungorus
pup isolation USVs (Hashimoto et al., 2001). However, call duration in
our study (87.7 ms) was much shorter than in the previous study
(130-150 ms) (Hashimoto et al., 2001), what could be due to different
principles of selecting USVs for analysis. Limited numbers of animals
and calls probably did not allow detecting HF USVs in P. sungorus pups in
the study by Hashimoto with coauthors (2001). The peakfO values of
P. sungorus and P. campbelli pups in our study were similar with peak
frequencies reported for pup isolation USVs in golden (Mesocricetus
auratus) and Chinese (Cricetulus griseus) hamsters (Hashimoto et al.,
2001; Schneider and Fritzsche, 2011), but were substantially higher
than in California deer mice (Peromyscus californicus) pups (Riede et al.,
2022).

The 71-kHz frequency of adult male P. campbelli USVs, emitted in the
context of sexual behavior (Pierce et al., 1989) and the 59.8-kHz
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frequency of adult male and female P. sungorus USVs associated with
aggression (Keesom et al., 2015), are similar to peakfO values of pup
isolation HF USVs in our study. In rodents, the fundamental frequency of
USVs may either increase from pups to adults, as in fat-tailed gerbils
Pachyuromys duprasi (Zaytseva et al., 2019), or decrease, as in domestic
mice (Riede et al., 2020), yellow steppe lemmings (Yurlova et al., 2020)
and Mongolian gerbils Meriones unguiculatus (Kozhevnikova et al., 2021;
Volodin et al., 2023) or even remain practically unchanged, as in Cali-
fornia deer mice (Johnson et al., 2017) and in Vinogradovi gerbils
Meriones vinogradovi (Kozhevnikova et al., 2021; Volodin et al., 2023).
Probably, pup LF USVs disappear in Phodopus hamsters with age, which
results in an ontogenetic increase of USV average fundamental fre-
quency in adults. However, further research is necessary to confirm this
possibility.

Average USV duration of adult P. sungorus engaged in aggressive
interactions (92.9 ms, Keesom et al., 2015) was longer than those of pup
LF USVs (87.7 ms) and HF USVs (60.6 ms) in our study. In all other
studied rodent species, USV duration decreased from pups to adults (Liu
et al., 2003; Johnson et al., 2017; Zaytseva et al., 2019; Yurlova et al.,
2020; Kozhevnikova et al., 2021; Dymskaya et al., 2022; Volodin et al.,
2023). Further research of vocal ontogeny is necessary to reveal whether
the changes of USV duration in Phodopus hamsters correspond to this
trend or not.

We found that frequency jumps of 10 or more kHz were common in
Phodopus pup USVs: from 24.6% of USVs in P. sungorus pups to 39.2% of
USVs hybrid pups (Fig. 4). Comparative data for hamster pups are un-
available, but there are some comparative data on adult hamsters. For
example, 34.6% (56 of 162) of USVs of adult P. sungorus had frequency
jumps (Keesom et al., 2015). In adult golden hamsters, frequency jumps
of 5 or more kHz were detected in 70% female USVs and 18% male USVs
(Floody and Pfaff, 1977). Another study on golden hamsters showed that
frequency jumps of 10 or more kHz were present in 12% of female USVs
and 26% of male USVs (Fernandez-Vargas and Johnston, 2015). In
addition, published spectrograms of USVs of adult golden hamsters
display subharmonics and deterministic chaos (Floody and Pfaff, 1977;
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Fernandez-Vargas and Johnston, 2015), however, the authors do not
provide the percentage of USVs with these nonlinear phenomena.
Among 5-10-d rodent pups of different species, percentages of USVs
with nonlinear phenomena vary extensively, from nearly zero, as in
some species of gerbils (Kozhevnikova et al., 2021) to 30-40% of all
USVs in mice and voles (Grimsley et al., 2011; Yurlova et al., 2020). Pup
USVs of Phodopus hamsters evidently belong to the second group.

4.4. Low and high-frequency USVs in rodents

We found that USVs of 4-8-d P. sungorus, P. campbelli and hybrid
pups contain two components, one centered around 41.4 kHz (LF) and
another centered around 59.8 kHz (HF). Similarly, laboratory mouse
and rat pups also produce USVs which fall into two frequency ranges
(Liu et al., 2003; Boulanger-Bertolus et al., 2017). Further, as in Pho-
dopus hamster pups, mice and rat pups produced USVs in which the low
and high-frequency components occur both separately and together, and
can display frequency jumps (Grimsley et al., 2011; Boulanger-Bertolus
et al., 2017).

In 12-15-d laboratory rat pups, the isolation-induced LF USVs had
the fundamental frequency centered around 40.5 kHz (from 35 to
45 kHz) with a duration of about 140 ms, and HF USVs had fundamental
frequency centered around 66.4 kHz (from 60 kHz to 80 kHz), at very
short duration of 21 ms (Boulanger-Bertolus et al., 2017). In 5-12-d
laboratory pup mice, the isolation-induced LF USVs were centered
around 67 kHz, at duration of 59 ms, and HF USVs were centered
around 94 kHz, at duration of 30 ms (Liu et al., 2003). With increasing
age, mice USVs became less variable and more stereotyped. Compared to
pup isolation USVs, adult mice encounter-related USVs were centered
around a single frequency of 80 kHz (Liu et al., 2003; Grimsley et al.,
2011).

In 6-8- pup prairie voles Microtus ochrogaster, USVs had two widely
spaced LF and HF components within calls (Warren et al., 2022).
Although the authors did not provide the measurements for each
component, their spectrogram displays frequency ranges of 20-35 kHz
for the LF component and 35-70 kHz for the HF component. As in lab-
oratory mice, with increasing pup age, variability of USVs decreased,
USVs of prairie voles became more stereotyped, and at 8-16 d of age,
most vole USVs contain only a LF component (Warren et al., 2022).

Contextual use of LF and HF components of USVs has been investi-
gated only for laboratory rat pups (Boulanger-Bertolus et al., 2017). In
pup isolation experiments, 12-15-d rats produced their 40-kHz and
66-kHz USVs equally often. However, after returning a mother to a pup,
the number of 40-kHz USVs doubled but after removal of the mother,
emission of 40-kHz USVs did not change, remaining at the same high
level. Emission of 66-kHz USVs remained at the same level both with
and without the mother present (Boulanger-Bertolus et al., 2017).

4.5. Pup age effect on USVs

Available data on the effects of pup age on USV acoustic properties
do not reveal any common rule. In this study, LF and HF components of
USVs changed inconsistently as Phodopus hamster pups developed: be-
tween 4 and 8 d of age, peakfO decreased in the HF component, whereas
LF component did not show a steady trend of changes. By contrast, in
yellow steppe lemmings, the maximum fundamental frequency of USVs
decreased rapidly from 1 to 4 d to 5-8 d of age, then increased in 9-12-
d pups and then decreases again in 13-16-d and older pups, becoming
indistinguishable in frequency from adult USVs (Yurlova et al., 2020).
For a pooled sample of LF and HF components in laboratory pup mice,
USV frequency was unchanged from 5 to 12 d of age (Liu et al., 2003) or
slightly decreased from 5 to 11 d of age and then increased at 13 d of age
(Grimsley et al., 2011). In California deer mice, USVs increased in fre-
quency from 2 to 4-7 d of age and then decreased back to previous
values at 21 d of age (Johnson et al., 2017). In Northern collared lem-
mings Dicrostmyx groenlandicus, USV fundamental frequency slightly
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Table 2

Pearson correlation between pup body size index and average values of peakfO
for Low-Frequency (LF USVs) and High-Frequency (HF USVs) ultrasonic calls.
Designations: peakfO — the peak frequency of call fundamental frequency; P.
campM - P. campbelli (Mongolian) pups; P.campK — P. campbelli (Kosh-Agach)
pups; P.sung — P. sungorus pups; Hybrids — hybrids between male P.sung and fe-
male P.campK. N = number of individual pups. Significant correlations are
highlighted in bold.

Study P.campM, P. campK, P.sung, N = 20 Hybrids,

Group N=20 N=20 N=20

LF USVs r=-0.29; r=-0.15; r=-0.11; r=-0.27;
p=0.33 p=0.53 p=0.65 p=0.29

HF USVs r=-0.15; r=—0.20; r=-0.79;p r=-0.54;p
p =0.52 p =0.47 < 0.001 =0.018

decreases from 3 d to 8 d of age (Brooks and Banks, 1973). In prairie
voles, the median frequency of USVs does not change between 6 d and
16 d of age (Warren et al., 2022).

4.6. Potential impacts of captivity on vocalization of dwarf hamsters

Keeping dwarf hamsters of two species for generations in the same
vivarium under the same captive conditions might result in convergence
of call traits rather than dissimilarity. Nevertheless, we found prominent
differences in the acoustics between two populations of the same spe-
cies, between two species and between parental species and hybrids.

Keeping mammals with innate vocalization in captivity per se does
not change acoustic traits of vocalizations. For example, captive popu-
lation of tame Belyaev foxes maintained for over 60 years retained intact
all species-specific vocalizations (Gogoleva et al., 2008) occurring in
wild foxes (Newton-Fisher et al., 1993). Subtle differences, detected in
the acoustic structure of USVs between wild and laboratory California
deer mice (Kalcounis-Rueppell et al., 2010) could be due to interpopu-
lation differences (for instance, Campbell et al., 2010; Matrosova et al.,
2016), rather than represented the effects of captivity.

For animal samples in our study, we used the neutral term “Study
Groups”, not the terms “Lines” or “Strains” used in literature for some
lab-maintained populations. The terms “Lines” or “Strains” would be
incorrect here, as they are only applicable to either animals intentionally



S.V. Piastolov et al.

selected for behavior (as e.g., rats selected for high or low calling rates,
Lesch et al., 2020) or those genetically manipulated (as e.g., mice with
artificially knocked out genes, Klenova et al., 2021). While dwarf
hamsters were not selected for any kind of behavior and were not
genetically modified, they were therefore representative proxies of their
wild ancestors.

4.7. Analysed parameters of USVs

Our semi-automatic acoustic measurements took into account tem-
poral, power and frequency characteristics of the entire calls. We
measured and compared duration and peak frequency and, as in most
(3899 of 4000) USVs the peak frequency was located on a call funda-
mental frequency band, the measurement of peak frequency also
involved call fundamental frequency. In addition, we checked each call
for presence of nonlinear phenomena (frequency jumps, biphonations,
subharmonics and deterministic chaos). The used set of acoustic vari-
ables was sufficient to support our conclusions regarding the acoustic
differences between parental species and hybrids. Inclusion additional
frequency parameters (e.g., the beginning or end fundamental fre-
quencies taken over the call contour) would be redundant here, because
these parameters are highly correlated to peakf0 and thus would not
increase the found differences. Measuring additional parameters of fO
manually would be useful however for further describing the acoustics
of calls in dwarf hamsters in depth, e.g., regarding frequency ranges and
frequency modulation.
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