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Abstract 
Studying pup isolation calls of wild rodents provides background for developing new early-life animal models for biomedical research and drug 
testing. This study discovered a highly complex acoustic phenotype of pup isolation calls in 4–5-day-old Mongolian hamsters Allocricetulus cur-
tatus. We analyzed the acoustic structure of 5,010 isolation calls emitted in the broad range of frequencies (sonic, below 20 kHz, and ultrasonic, 
from 20 to 128 kHz) by 23 pups during 2-min isolation test trials, 1 trial per pup. In addition, we measured 5 body size parameters and the body 
weight of each pup. The calls could contain up to 3 independent fundamental frequencies in their spectra, the low (f0), the medium (g0), and 
the high (h0), or purely consisted of chaos in which the fundamental frequency could not be tracked. By presence/absence of the 3 fundamental 
frequencies or their combinations and chaos, we classified calls into 6 distinctive categories (low-frequency [LF]-f0, LF-chaos, high-frequency 
[HF]-g0, HF-h0, HF-g0 + h0, and HF-chaos) and estimated the relative abundance of calls in each category. Between categories, we compared 
acoustic parameters and estimated their relationship with pup body size index. We discuss the results of this study with data on the acoustics 
of pup isolation calls reported for other species of rodents. We conclude that such high complexity of Mongolian hamster pup isolation calls is 
unusual for rodents. Decreased acoustic complexity serves as a good indicator of autism spectrum disorders in knockout mouse models, which 
makes knockout hamster models prospective new wild animal model of neurodevelopmental disorders.
Key words: audible and ultrasonic vocalization, Cricetinae, nonlinear phenomena, pup isolation calls, rodents, wild animal models.

Vocalizations of laboratory rodent pups serve as indicators for 
modeling diseases of humans and for drug testing (Scattoni et 
al. 2009, 2018; Gulia et al. 2014; Wöhr 2014; Zeskind et al. 
2014; Riede et al. 2015; Esposito et al. 2017; Hülsmann et 
al. 2019; Klenova et al. 2021a). The most commonly used 
mouse and rat pup models of neurodevelopmental disorders 
(Scattoni et al. 2008; Grimsley et al. 2013; Brudzynski 2015, 
2021; Duvauchelle et al. 2018; Granon et al. 2018; Shekel 
et al. 2021), however, are not exhaustive in terms of resolv-
ing the entire spectrum of biomedical problems (Yurlova et 
al. 2020; Klenova et al. 2021b). Thus, identifying new wild 
rodent models for medical research remains a worthwhile 
task (Hashimoto et al. 2001; Rutovskaya 2020; Yurlova et al. 
2020; Warren et al. 2022; Chen et al. 2023).

Cricetids may prove to be promising biomedical models 
involving vocalization, because they maintain a high con-
stancy of the acoustic parameters for many generations in 
captivity. This high constancy was demonstrated for exam-
ple, for laboratory golden hamsters Mesocricetus auratus 
(Schneider and Fritzsche 2011) and may be inferred from 
comparison between wild and laboratory-reared California 

mice Peromyscus californicus (Kalcounis-Rueppell et al. 
2010). At the same time, laboratory rat strains selected for 
call rate, display progressive changes of laryngeal morphol-
ogy in a series of generations (Lesch et al. 2021) which may 
affect the results of biomedical tests. More importantly, rats 
of inbred strains may suddenly change the behavioral pheno-
type they were selected for (Alekhina et al. 2016).

Mechanisms of adult cricetids sound production have been 
thoroughly investigated (Pasch et al. 2017; Riede et al. 2017, 
2022; Riede and Pasch 2020). These mechanisms involve 
voice-based and whistle-based sound production, similar to 
the mechanisms found in murids (Riede 2011, 2013; Riede 
et al. 2020; Darwaiz et al. 2022; Håkansson et al. 2022). 
While “voice-based” calls are produced with vibration of the 
vocal folds, the “whistle-based” calls are produced by an aer-
odynamic whistle mechanism based on airflow vorticities in 
the vocal tract (Mahrt et al. 2016; Riede et al. 2017, 2022; 
Håkansson et al. 2022). Both voice and whistle-based calls 
can be sonic (below 20 kHz) or ultrasonic (above 20 kHz) 
(Fernández-Vargas et al. 2022; Riede et al. 2022). For differ-
ent call types, adult cricetids may use different production 
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mechanisms (Pasch et al. 2017; Fernández-Vargas et al. 
2022; Riede et al. 2022). For the same call types, cricetid 
pups use the same production mechanisms as adults (Riede 
et al. 2022).

Acoustic complexity has been studied in many rodent taxa, 
including mice, rats, hamsters, voles, Neotomine mice, and 
gerbils (Grimsley et al. 2011; Fernández-Vargas and Johnston 
2015; Zaytseva et al. 2019; Yurlova et al. 2020; Klenova et 
al. 2021a; Kozhevnikova et al. 2021; Dymskaya et al. 2022). 
A broad range of frequencies, from human-audible to ultra-
sonic, was also reported for pup isolation calls of golden, 
Djungarian Phodopus sungorus, Campbell P. campbelli, 
and Chinese Cricetulus griseus hamsters (Hashimoto et al. 
2001; Schneider and Fritzsche 2011; Piastolov et al. 2023). 
Measurements of peak frequency suggest the presence of 
3 independent fundamental frequencies in calls of white-
throated woodrats Neotoma albigula (Kobrina et al. 2022). 
Pup and adult Key Largo woodrats Neotoma floridana 
smalli also produce low-frequency (LF) squeaks (with mean 
frequency of 1.8 kHz), mid-frequency squeaks (with mean  
frequency of 10.3 kHz), and ultrasonic squeaks (with  
mean frequency of 39.1 kHz) (Soltis et al. 2012). Mid-
frequency (12–18 kHz) calls were noted in adult laboratory 
mice during restraint, along with audible LF and ultrasonic 
calls (Grimsley et al. 2016).

The most important traits of acoustic complexity are 
percentage and diversity of nonlinear vocal phenomena: 
frequency jumps, deterministic chaos, subharmonics, and 
biphonation (Wilden et al. 1998; Fitch et al. 2002; Stoeger et 
al. 2012; Volodin et al. 2018; Sibiryakova et al. 2021). Among 
5–10-day-old pups of different rodent species, percentages of 
ultrasonic calls with nonlinear phenomena vary from nearly 
zero, as in some species of gerbils (Kozhevnikova et al. 2021) 
to 30–40% in mice and voles (Grimsley et al. 2011; Yurlova 
et al. 2020).

Abundant nonlinear phenomena in rodent vocalizations 
predetermine terminology used for the calls and their parts. 
For calls with noisy segments, the broadly used term “deter-
ministic chaos” comes from the application of chaos theory 
in nonlinear dynamic systems to the work of sound source in 
mammals and birds. The deterministic chaos represents non-
random noise which is characterized by a sudden onset and 
the occurrence of harmonic windows and traces of subhar-
monics (Riede et al. 2022). The term “deterministic chaos” 
was introduced by publications of Wilden et al. (1998) for 
mammals and Zollinger et al. (2008) for birds and then 
extended for rodent voice-based calls, as audible squeaks of 
domestic mice (Finton et al. 2017) and those calls of cricetids 
which are produced by the vocal folds in the ultrasonic range 
of frequencies (Riede et al. 2022). For the noisy segments in 
the ultrasonic calls produced by whistle mechanism, the ter-
minology has yet to be established.

For rodent ultrasonic calls with frequency jumps, the 
whole calls are sometimes termed syllables and their parts are 
termed notes. This terminology was proposed for describing 
ultrasonic calls with 1 or a few frequency jumps which are 
numerous in the courting songs of male domestic mice (Holy 
and Guo 2005; Arriaga et al. 2012; Arriaga and Jarvis 2013). 
Furthermore, the use of this term was extended to ultrasonic 
calls of other species of rodents, as for example, Neotropical 
singing mice of the genus Scotinomys (Campbell et al. 2014), 
fat-tailed gerbils Pachyuromys duprasi (Zaytseva et al. 2019), 
yellow steppe lemmings Eolagurus luteus (Yurlova et al. 

2020), and voles of the genus Lasiopodomys (Dymskaya et 
al. 2022).

In the wild, vocalizations of hamster pups have not been 
studied. In captivity, hamster pups vocalize in response to 
cooling when isolated from the nest (e.g., Hashimoto et al. 
2001; Piastolov et al. 2023), provoking parental retrieval 
behavior (Schneider and Fritzsche 2011). Pup isolation tests 
can easily be standardized and conducted in laboratory con-
ditions. They are thus widely used for studying sonic and 
ultrasonic communication of rodent pups including mice, 
rats, gerbils, voles, and hamsters (Okon 1971; Hofer et al. 
2002; Shair et al. 2003; Scattoni et al. 2009; Yurlova et al. 
2020; Kozhevnikova et al. 2021; Piastolov et al. 2023).

In contrast to pups, adult hamsters do not vocalize in cap-
tivity when they are alone (Keesom et al. 2015), although 
they produce some calls when alone in the wild (Briggs and 
Kalcounis-Rueppell 2011; Petric and Kalcounis-Rueppell 
2013). Captive adult hamsters vocalize during aggressive 
(Frank and Johnston 1981; Keesom et al. 2015; Rendon et 
al. 2015) and sexual interactions (Floody et al. 1977; Floody 
and Pfaff 1977a; Cherry 1989; Pierce et al. 1989; Fernández-
Vargas and Johnston 2015) and respond to playbacks of 
synthetized ultrasonic calls (Floody and Pfaff 1977b; Floody 
2018).

For Mongolian hamsters Allocricetulus curtatus, there are 
no data on the acoustic structure of adult or pup calls. For 
adult hamsters of other species, the acoustic structure of the 
ultrasonic calls was investigated in the sexual context for 
golden hamsters (Floody and Pfaff 1977a; Fernández-Vargas 
and Johnston 2015) and during peaceful and aggressive inter-
actions with same-sex and other-sex partners for Eversmann 
hamsters Allocricetulus eversmanni and gray hamsters 
Cricetulus migratorius (Kapusta et al. 2006). Ultrasonic calls 
of adult golden hamsters (with the average maximum peak 
frequency of about 54 kHz) varied by contours of fundamen-
tal frequency and note composition (Fernández-Vargas and 
Johnston 2015). Adult Eversmann hamsters produce ultra-
sonic calls with descending contour in the range of 25 to 60 
kHz in fundamental frequency and from 90 to 136 ms in 
duration (Kapusta et al. 2006). Adult gray hamsters produced 
ultrasonic calls with various contours, including the U-shaped 
one, in the range of 15 to 60 kHz in fundamental frequency 
and from 118 to 210 ms in duration (Kapusta et al. 2006).

Hamster pup calls produced during pup isolation tests were 
investigated for Djungarian hamsters (Hashimoto et al. 2001; 
Piastolov et al. 2023), Chinese hamsters (Hashimoto et al. 
2001), golden hamsters (Hashimoto et al. 2001; Schneider 
and Fritzsche 2011) and Campbell hamsters (Piastolov et 
al. 2023). Three-day-old Djungarian hamsters produced 
ultrasonic calls with a maximum fundamental frequency of 
45–50 kHz, peak frequency of 42–45 kHz, and call duration 
of 130–150 ms, with chevron-like and wave-like contours 
(Hashimoto et al. 2001). Comparative interspecies analysis of 
pup sonic and ultrasonic isolation calls in golden, Djungarian, 
and Chinese hamsters showed that calls were produced 
within approximately the same frequency ranges and did not 
differ in peak frequency, but differed between species in con-
tour shapes, depth of fundamental frequency modulation, call 
duration and bandwidth (Hashimoto et al. 2001).

The Mongolian hamster is an average-sized rodent (adult 
body mass of 50–70 g), inhabiting dry steppes and semideserts 
of Central Asia (Feoktistova et al. 2013). Sustainable captive 
populations of this species can be kept for many generations 
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(Gureeva et al. 2015, 2021). In captivity, parental pairs live 
together and jointly raise offspring (Feoktistova et al. 2013, 
2019). The aim of this study was to conduct phenotyping of 
prethermal pup sonic and ultrasonic calls of Mongolian ham-
sters as a background for developing a potential new wild 
biomedical vocal model of emotional dysfunction on a wild 
cricetid rodent species.

Materials and Methods
Study site and subjects
Audio recordings of pup isolation calls of Mongolian ham-
sters Allocricetulus curtatus (Allen 1925) were collected at 
the Joint Usage Center “Live collection of wild species of 
mammals” at the A.N. Severtsov Institute of Ecology and 
Evolution of the Russian Academy of Science (the biological 
station “Tchernogolovka”), Moscow Region, Russia, from 28 
June 2020 to 31 July 2020. This laboratory population was 
established in 2009 from 10 (5 male and 5 female) individual 
Mongolian hamsters originating from a natural population 
in Eastern Siberia, Tuva Republic (surroundings of Tere-Khol 
lake, 50°38ʹ1″N, 97°24ʹ28″E), Russia (Gureeva et al. 2015).

Parental pairs were kept in 24 × 54 × 12 cm plastic cages 
with wire-mesh lid, with sawdust bedding and hay as nest 
material; food (oats and sunflower grains, carrot, apples, cab-
bage, and beet) and water were available ad libitum. Before 
parturition, males were separated from pregnant females. 
Pregnant females were checked 3 times a week for the appear-
ance of a litter, and birth dates and numbers of pups per litter 
were recorded. The day of birth was considered day zero of 
pup life. The number of pups per litter varied from 2 to 6 
(mean ± SD 4.3 ± 1.6 pups). Subjects were 26 pups (15 males 
and 11 females), aged 4–5 days old, from 6 litters delivered 
from 6 parental pairs. Subject pups were sexed at 20–25 days 
old, based on visible testicles in males or vagina in females 
and separated from their mothers at 1 month of age.

Call recording
Pup isolation calls were recorded in the daytime, in a room 
where only the recorded pup was present, at room temper-
ature 18–19 °C. Before the start of test trials, a female was 
separated from its litter to a separate cage and the home cage 
with the focal litter was placed near a heater, which provided a 
comfortable temperature at which pups stop vocalizing. Pups 
were recorded singly when isolated in an open from above 
plastic cylinder 17 cm diameter and 13 cm high. Audio record-
ing lasted 2 min. Then a hand-held pup was measured using 
a digital caliper DEKO GJ61 (DEKO Tools Co., Malaysia, 
Kuala Lumpur) with 0.1 mm precision for head length (from 
tip of nose to occiput), body length (from tip of nose to anus), 
tail length (from tip or tail to anus), foot length (from tip of 
middle digit to heel), and forearm length (from tip of middle 
digit to elbow). After measurements, a focal pup was weighed 
on digital scale CAS MWP-3000 B (CAS Corporation, Seoul, 
Korea) with 0.1 g precision and then placed in a nonhome 
plastic cage 24 × 54 × 12 cm near the heater. All pups of the 
recorded litter were tested 1 by 1 and returned together to 
their home cage; a mother was then also returned to the home 
cage. Before each test trial, the experimental plastic cylinder 
was cleaned with water, dried with rubbing by clean cotton 
napkin, and then rubbed with cotton washed with 40% eth-
anol, because a higher concentration of ethanol may affect 
rodent behavior (Lopez-Salesansky et al. 2021).

During each test trial (1 per pup), we continuously recorded 
pup LF calls (range of recording from 40 Hz to 24 kHz, 48 
kHz sampling frequency, 16-bit resolution) using a Zoom-H1 
digital recorder with built-in microphone (Zoom Corp., 
Tokyo, Japan) and simultaneously recorded pup high-fre-
quency calls (HF calls, range of recording from 6 kHz to 128 
kHz, 256 kHz sampling frequency, 16-bit resolution) using an 
Echo Meter Touch 2 PRO (Wildlife Acoustics, Inc., Maynard, 
MA, USA) attached to a smartphone. The microphones were 
mounted at 25 cm over the table in the focal pup area, provid-
ing a high signal-to-noise ratio during recording. Recordings 
of each test trial were stored as 2 separate wav-files, 1 for the 
LF and 1 for the HF calls.

Call samples
Of the 26 pups tested during the 2-min test trials (1 trial per 
individual), 20 pups provided LF calls for analysis, 23 pups 
provided HF calls and 3 individuals were silent. For count-
ing percentages of different call categories (see Results), we 
used all recorded calls, including the calls of poor quality. For 
acoustic analyses, we selected calls within files, taking only 
those calls which had a high signal-to-noise ratio and were 
not damaged by noise.

We created 4 different call samples, 2 samples for LF calls 
(1 for counting percentages of different categories of LF calls 
and another for detailed acoustic analyses of call structure 
within categories), and 2 samples for HF calls (analogously, 
1 for counting percentages of different categories of HF calls 
and another for detailed acoustic analyses of call structure 
within categories).

The call sample for counting percentages of different cate-
gories of LF calls included all LF calls of 20 pups emitted dur-
ing test trials (from 12 to 134 LF calls per individual, 1,404 
LF calls in total). The call sample for counting percentages 
of different categories of HF calls included all HF calls of 23 
pups emitted during test trials (from 12 to 287 HF calls per 
individual, 3,606 HF calls in total).

The call sample for acoustic analysis of LF calls included 
354 LF calls from 18 pups (20 LF calls per individual from 17 
pups and 14 LF calls from the 18th pup); 2 pups did not pro-
vide enough calls for analysis (˂5 measurable calls). Sample 
for acoustic analysis of HF calls included 1,192 HF calls from 
22 individuals (from 18 to 86 HF calls per pup, in average 
54.2 ± 15.7 HF calls per pup), 1 pup did not provide enough 
calls for analysis (˂5 measurable calls).

Call analysis
Acoustic analyses were carried out using spectrographic soft-
ware Avisoft-SASLab Pro, v. 5.2.13 (Avisoft Bioacoustics, 
Berlin, Germany). Spectrograms were created using a 
Hamming window (Fast Fourier Transform [FFT] length 
1,024, frame 50%, overlap 87.5%, frequency resolution was 
47 Hz for LF calls and 250 Hz for HF calls, time resolution 
was 2.7 ms for LF calls and 0.5 ms for HF calls).

Using the semi-automatic option of Avisoft, for either LF 
(n = 354) or HF calls (n = 1,192), we measured call duration, 
the peak frequency averaged over the entire call (mean peak 
freq), and also the peak frequency at the beginning point of 
a call contour (start peak freq) and at the end point of call 
contour (end peak freq) (Figure 1). In cases where the call 
contained 1 or 2 independent fundamental frequencies, we 
additionally measured, in the spectrogram window, with ret-
icule cursor, the maximum (max freq) and minimum (min 
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freq) values of each fundamental frequency band. We calcu-
lated the depth of frequency modulation (depth freq) as the 
difference between the maximum and minimum values of the 
fundamental frequency.

Each LF call (n = 1,404) and each HF call (n = 3,606) 
was checked for the presence of nonlinear vocal phenom-
ena (see Results): subharmonics, chaos, frequency jumps, 
and biphonations (Wilden et al. 1998; Yurlova et al. 2020; 
Kozhevnikova et al. 2021). Subharmonics were noted when 
frequency bands of 1/2 or 1/3 of the fundamental frequency 
were present in the call spectrum. Chaos was noted when 
a chaotic segment (sometimes with residual fundamental 
frequency) was present in call spectrum. We only noted the 
presence of chaos and/or subharmonics, if the duration of 
call fragments containing these nonlinear phenomena com-
prised at least 10% of the entire call duration (Yurlova et 
al. 2020; Kozhevnikova et al. 2021). We also noted the pres-
ence of frequency jumps, when the fundamental frequency 
increased or decreased abruptly for ≥ 1 kHz (for LF calls) 
or for ≥ 10 kHz (for HF calls). Additionally, each HF call 
(n = 3,606) was checked for the presence of short broadband 
clicks spanning the audible through the ultrasonic range of 
frequencies (Groszer et al. 2008; Gaub et al. 2010; Klenova 
et al. 2021a).

Biphonations could only be noted in HF calls, because the 
recorder for HF calls (Echo Meter Touch 2 PRO) cut off all 
frequencies lower than 6 kHz. As we made audio recordings 
of LF and HF calls independently with 2 recorders (Zoom-H1 
and Echo Meter Touch 2 PRO, respectively), we could not 
check the calls for presence of biphonations between LF 
and HF calls. For HF calls, biphonation was noted when 2 
independent fundamental frequencies and their combinatory 

frequency bands were present in the call spectrum (Yurlova 
et al. 2020).

Statistical analyses
Statistical analyses were carried out with STATISTICA, v. 13 
(StatSoft, Tulsa, OK, USA). Descriptive statistics were indi-
cated as mean ± SD, all tests were 2-tailed and differences 
were considered significant whenever P < 0.05. We used 2-way 
ANOVA with Tukey HSD (Honest significant difference) post 
hoc for estimating the effects of call category on the acoustic 
parameters, with call category included as a fixed factor and 
pup individual identity (ID) as a random factor. We used a 
repeated measures (r-m) ANOVA controlled for individuality, 
to compare the mean values of the acoustic parameters of 
the medium (g0) and the high (h0) fundamental frequencies 
within and between HF calls of different categories with 1 
or 2 fundamental frequencies. We used principal component 
analysis (PCA) to estimate the degrees of correlation between 
body size parameters and for calculating the body size index 
on the basis of these parameters. We used the Pearson corre-
lation with Bonferroni corrections for multiple testing with 
body size index as a proxy of body size to estimate the effect 
of body size on the acoustics of calls of different categories.

We used a standard procedure of discriminant function 
analysis (DFA) to calculate the probability of the assignment 
of calls to the correct category. We used Wilks’ Lambda to 
estimate how strongly acoustic parameters contribute to the 
discrimination of individuals. To validate our DFA results, we 
calculated the chance values of correct assignment of calls to 
call category by applying a randomization test for misclas-
sification probability in discriminant analysis (Solow 1990). 

Figure 1 Measured parameters for HF pup Mongolian hamster isolation call. Spectrogram (middle), mean power spectrum (left), and 2 single power 
spectra (right). Designations: duration—call duration; mean peak freq—the peak frequency averaged over the entire call; start peak freq—the peak 
frequency at the beginning point of a call; end peak freq—the peak frequency at the end point of call; g0max freq—the maximum of the medium 
fundamental frequency; g0min freq—the minimum of the medium fundamental frequency; h0max freq—the maximum of the high fundamental 
frequency; h0min freq—the minimum of the high fundamental frequency; A and B—the start and end points of call where the single power spectra 
were taken. The spectrogram was created at 256 kHz sampling frequency, FFT length 1,024, Hamming window, frame 50%, overlap 87.5%.
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The values by chance were calculated from DFAs performed 
on 1,000 randomized permutations on the data sets (Solow 
1990; Mundry and Sommer 2007).

Results
Call categories
Mongolian hamster pup isolation calls displayed a high com-
plexity of the acoustic structure, resulting from 3 independent 
fundamental frequencies in call spectra. The LF calls could 
contain the low fundamental frequency (f0), while HF calls 
could contain the medium fundamental frequency (g0) and 
the high fundamental frequency (h0), either alone or together 
(Figure 2). Both LF calls and HF calls contained calls in which 
the fundamental frequency could not be tracked in chaos 
(Figure 2). By presence/absence of fundamental frequency 
(f0, g0, h0, or their combination) and chaos, we classified all 
calls to 6 categories (Figure 2): LF-f0 calls—monophonic calls 
with a visible low fundamental frequency (f0) band in the call 
spectrum; LF-chaos calls—calls in which the low fundamen-
tal frequency (f0) could not be tracked in the chaos; HF-g0 
calls—monophonic calls with a visible medium fundamen-
tal frequency g0 band; HF-h0 calls—monophonic calls with 
a visible high fundamental frequency h0 band; HF-g0 + h0 
calls—calls with 2 visible fundamental frequencies (g0 and 
h0); HF-chaos calls—HF chaotic calls, in which the funda-
mental frequency band could not be tracked in the chaos.

In total, 23 pup callers emitted, during the 2-min isolation 
trials (1 per pup), 5,010 isolation calls, 1,404 (28.02%) LF 
calls, and 3,606 (71.98%) HF calls (Figure 3). Of the LF 
calls, 659 (13.15%) were LF-f0 calls and 745 (14.87%) were 
LF-chaos calls. Of the HF calls, 1,059 (21.14%) were HF-g0 
calls, 1,020 (20.36%) were HF-h0 calls, 846 (16.89%) were 
HF-g0 + h0 calls, and 681 (13.59%) were HF-chaos calls 
(Figure 3).

Acoustic comparison between monophonic call 
categories
Two-way ANOVA revealed that all acoustic parameters of 
pup isolation calls containing only 1 fundamental frequency 
(LF-f0, HF-g0, and HF-h0) differed significantly between calls 
of the 3 categories (Table 1). Tukey HSD post hoc revealed 
significant differences for all pairwise comparisons of the 
acoustics between different categories. Call duration was the 
longest for LF-f0, intermediate for HF-g0, and the shortest for 
HF-h0 calls. The values of fundamental and peak frequencies 
and of depth of frequency modulation were the smallest for 
LF-f0 calls, intermediate for HF-g0 calls, and the largest for 
HF-h0 calls (Table 1).

Calls with the low fundamental frequency alone (LF-f0 
calls) are calls lying in the audible range of frequencies, with 
greater duration compared to other call categories with 1 fun-
damental frequency. The values of f0max ranged from 0.52 
to 4.64 kHz and values of mean peak freq ranged from 2.06 
to 14.06 kHz, both within the audible range of frequencies 
(below 20 kHz) (Figure 4). Calls with the medium fundamen-
tal frequency alone (HF-g0 calls) were located at the border 
of the audible and ultrasonic (over 20 kHz) frequency ranges, 
with values of g0max ranging from 8.0 to 31.70 kHz and 
values of mean peak freq ranging from 8.0 to 37.0 kHz. The 
HF-g0 calls often had, in addition to the fundamental fre-
quency band, readily visible harmonics, and peak frequency 
could lie on a frequency band of one of those harmonics 
(Figure 4). Calls with the high fundamental frequency (HF-h0 
calls) were entirely within the ultrasonic range, with values 
of h0max ranging from 24.75 to 109.25 kHz, however, the 
mean peak freq values were lower and ranged from 7.70 to 
86.50 kHz, primarily because of presence of nonlinear vocal 
phenomena in the calls. The HF-h0 calls commonly lacked 
harmonics and were therefore represented by a single fre-
quency band, usually strongly modulated and decreasing 
from the beginning to the end of a call (Figure 4).

Figure 2 Spectrograms illustrating categories of LF and HF calls of 4–5-day-old pup Mongolian hamsters. Normalized waveforms above the 
spectrograms show the lack of clipping in the calls. (a) LF-f0, call with visible low fundamental frequency f0; (b) LF-chaos, LF chaotic call, in which 
the fundamental frequency band cannot be tracked; (c) HF-g0, call with visible medium fundamental frequency g0; (d) HF-h0, call with visible high 
fundamental frequency h0; (e) HF-g0 + h0, call with 2 visible fundamental frequencies g0 and h0; (f) HF-chaos, HF chaotic call, in which the fundamental 
frequency band cannot be tracked. Spectrograms were created using sampling frequency 256 kHz, Hamming window, FFT 1024 points, frame 50%, 
overlap 93.75%.
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We conducted DFA for acoustic differences between the 3 
call categories with 1 fundamental frequency, with inclusion 
of values of the 4 acoustic parameters: duration, max freq, 
min freq, and mean peak freq of each of 892 calls within 
these 3 categories. The DFA results confirmed ANOVA results 
regarding good discriminability of calls between the 3 cate-
gories (Figure 5). The average percent of correct assignment 
of the calls to category was 91.6%, which was significantly 
higher than the level expected by chance of 35.8 ± 1.0%, 
min = 31.9%, max = 39.6% (permutation test, 1,000 permu-
tations, P < 0.001). In order of decreasing importance, the max 

freq and duration were mainly responsible for discrimination 
of call categories. Discriminant root 1 (eigenvalue = 3.55) was 
highly correlated with the max freq (r = 0.95), and discrimi-
nant root 2 (eigenvalue = 0.25) was highly correlated with 
duration (r = 0.81).

Acoustic comparison between monophonic and 
2-frequency call categories
Duration of HF-g0 + h0 calls with 2 fundamental frequen-
cies (0.098 ± 0.031 s) exceeded (2-way ANOVA, F2,1019 = 

Figure 3 Numbers of pup isolation calls of 2 categories of LF and 4 categories of HF calls: LF-f0—calls with visible low fundamental frequency f0; 
LF-chaos—LF chaotic calls; HF-g0—calls with visible medium fundamental frequency g0; HF-h0—calls with visible high fundamental frequency h0; 
HF-g0 + h0—calls with 2 visible fundamental frequencies g0 and h0; HF-chaos—HF chaotic calls.
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25.6; Р < 0.001) the duration of the monophonic HF-g0 calls 
(0.086 ± 0.040 с) and the duration of the monophonic HF-h0 
calls (0.077 ± 0.036 s). Mean peak freq for the HF-g0 + h0 
calls (26.27 ± 10.77 kHz) was higher (F2,1019 = 139.4; 
Р < 0.001) than those of HF-g0 calls (20.11 ± 5.77 kHz) and 
lower than in HF-h0 calls (34.24 ± 14.08 kHz).

The g0max was higher in the monophonic HF-g0 calls 
(18.12 ± 3.96 kHz) than in 2-frequency HF-g0 + h0 calls 
(15.73 ± 2.61 kHz) of the same individual (r-m ANOVA, 
F1,17 = 8.05, P = 0.01) (Figure 6). The g0min did not differ 
between the monophonic HF-g0 calls (12.89 ± 3.04 kHz) and 
HF-g0 + h0 calls (12.43 ± 2.20 kHz) of the same individual 
(r-m ANOVA, F1,17 = 0.45, P = 0.51) (Figure 6).

The h0max did not differ between the monophonic HF-h0 
calls (51.85 ± 11.08 kHz) and 2-frequency HF-g0 + h0 calls 
(50.12 ± 12.04 kHz) of the same individual (r-m ANOVA, 
F1,17 = 1.04, P = 0.32) (Figure 7). The h0min did not differ 
between the monophonic HF-h0 calls (34.55 ± 8.99 kHz) and 
HF-g0 + h0 calls (32.94 ± 8.10 kHz) of the same individual 
(r-m ANOVA, F1,17 = 2.13, P = 0.16) (Figure 7).

Values of g0max were always lower than the values of 
h0min of the same individual, in comparing monophonic 
HF-g0 calls and HF-h0 calls (r-m ANOVA, F1,17 = 38.44, 
P < 0.001), and in comparing the fundamental frequencies 
within 2-frequency HF-g0 + h0 calls (r-m ANOVA, F1,17 = 
92.94, P < 0.001) (Figure 8).

Acoustic comparison between 2 chaotic call 
categories
Two-way ANOVA showed that all acoustic parameters of pup 
isolation calls differed between the LF chaotic calls (LF-chaos) 
and HF chaotic calls (HF-chaos) (Table 2). The LF-chaos calls 
had a longer duration and lower peak frequencies compared 
to HF-chaos calls (Table 2).

The LF-chaos calls are the calls lying within the audible 
range of frequencies, entirely chaotic, in which the funda-
mental frequency cannot be tracked. The values of LF-chaos 
calls mean peak freq ranged from 1.31 to 14.01 kHz, entirely 
within the audible range of frequencies (Figure 4). The val-
ues of acoustic parameters of LF-chaos calls (Table 2) were 
similar to those of LF-f0 calls (Table 1). Call duration (F1,335 
= 0.83; P = 0.36), start peak freq (F1,335 = 0.59; P = 0.44) and 
end peak freq (F1,335 = 0.62; P = 0.43) did not differ between 
LF-chaos calls and LF-f0 calls, but the values of the mean 

peak freq were higher (F1,335 = 6.37; P = 0.012) in LF-chaos 
calls compared to LF-f0 calls. The HF-chaos calls lie primar-
ily in the ultrasonic range of frequencies, the values of the 
mean peak freq ranged from 12.70 to 42.20 kHz (Figure 4). 
Because in these calls, the fundamental frequency could not 
be tracked, we could not determine, which of these funda-
mental frequencies, g0 or h0 was masked with chaos.

We conducted DFA for acoustic differences between the 2 
call categories with chaos. We included in DFA the values of 
4 acoustic parameters: duration, mean peak freq, start peak 
freq, and end peak freq of each of the 341 calls of 2 categories. 
The DFA confirmed ANOVA results regarding good discrim-
inability of chaotic calls between the 2 categories. The aver-
age value of correct assignment to call category was 99.7% 
(only 1 call was mistakenly assigned to the incorrect cate-
gory), which was significantly higher than the level expected 
by chance of 52.6 ± 2.2%, min = 48.2%, max = 61.3% (per-
mutation test, 1,000 permutations, P < 0.001). In order of 
decreasing importance, the mean peak freq and duration were 
mainly responsible for discrimination of call categories.

Percentages of nonlinear phenomena in calls of 
different categories
Nonlinear phenomena occurred within all 6 call categories, 
in 1,393 (99.2%) of 1,404 LF calls, and in 2,788 (77.3%) 
of 3,606 HF calls (Figure 4). The most frequent nonlinear 
phenomenon was chaos, which was present in 1,391 (99.1%) 
of the LF calls and in 2,434 (67.5%) of the HF calls. The 
enormously large percentage of calls with chaos could be sub-
divided into 2 call categories in which chaos entirely masked 
the fundamental frequency: LF-chaos calls and HF-chaos 
calls. Subharmonics were detected in 23 (1.6%) of the LF 
calls and in 857 (23.8%) of the HF calls; biphonations were 
not detected in LF calls but were found in 481 (13.3%) HF 
calls; frequency jumps were the most rare nonlinear phenom-
enon and were present in as little as 3 (0.2%) LF calls and 
in 51 (1.4%) HF calls. Some calls contained more than 1 
nonlinear phenomenon; nonlinear phenomena were absent in 
11 (0.8%) LF calls and in 818 (22.7%) HF calls. Broadband 
clicks were detected in 916 (25.4%) HF calls.

The occurrence of nonlinear phenomena and clicks in calls 
of the 6 calls categories is illustrated by Figure 9. While fre-
quency jump was the rarest nonlinear phenomenon, chaos 
was the most frequent nonlinear phenomenon in any call 

Table 1 Values (mean ± SD) of acoustic parameters for 3 call categories with 1 fundamental frequency and 2-way ANOVA results for their comparison. 
Call category was included as a fixed factor and animal ID as a random factor. Designations: LF-f0—calls with visible low fundamental frequency f0 
band; HF-g0—calls with visible medium fundamental frequency g0 band; HF-h0—calls with visible high fundamental frequency h0 band; duration—call 
duration; max freq—the maximum value of the fundamental frequency; min freq—the minimum value of the fundamental frequency; depth freq—the 
depth of frequency modulation; mean peak freq—the mean peak frequency over entire call; start peak freq—peak frequency at the beginning point of a 
call; end peak freq—peak frequency at the end point of a call; N = number of animals; n = number of calls

Acoustic parameter LF-f0 calls
N = 17, n = 162

HF-g0 calls
N = 21, n = 362

HF-h0 calls
N = 20, n = 368

ANOVA

Duration (s) 0.152 ± 0.056 0.086 ± 0.040 0.077 ± 0.036 F2,868 = 237.3; P < 0.001

Max freq (kHz) 2.19 ± 1.01 18.02 ± 5.25 52.56 ± 16.74 F2,868 = 1490.2; P < 0.001

Min freq (kHz) 1.66 ± 0.96 12.81 ± 4.17 35.27 ± 12.84 F2,868 = 1141.3; P < 0.001

Depth freq (kHz) 0.54 ± 0.33 5.21 ± 3.08 17.30 ± 11.36 F2,868 = 322.8; P < 0.001

Mean peak freq (kHz) 7.49 ± 3.58 20.11 ± 5.77 34.24 ± 14.08 F2,868 = 487.6; P < 0.001

Start peak freq (kHz) 7.33 ± 3.78 20.88 ± 8.37 42.34 ± 22.06 F2,868 = 308.7; P < 0.001

End peak freq (kHz) 5.36 ± 3.49 19.58 ± 7.51 36.22 ± 15.48 F2,868 = 511.1; P < 0.001
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Figure 4 Spectrograms illustrating diversity and nonlinear vocal phenomena of LF and HF calls of 4–5-day-old pup Mongolian hamsters. (a1) LF-f0 
call lacking nonlinear phenomena; (a2) LF-f0 call with chaos at the beginning; (a3) LF-f0 call with chaos at the beginning and at the end; (a4) LF-f0 call 
with chaos at the end; (a5) LF-f0 call with chaos and frequency jump; (a6) LF-chaos call; (a7) LF-chaos call; (a8) LF-chaos call; (b1) HF-g0 call lacking 
nonlinear phenomena; (b2) HF-g0 call with subharmonics; (b3) HF-g0 call with chaos and biphonation; (b4) HF-g0 call with chaos and frequency jump; 
(b5) HF-chaos call; (c1) HF-h0 call with biphonation; (c2) HF-h0 call with a broadband click at the beginning; (c3) HF-h0 call with subharmonics; (c4) 
HF-h0 call with chaos, subharmonics and frequency jump; (c5) HF-h0 call with chaos; (d1) HF-g0 + h0 call, g0 and h0 together throughout a call creating 
biphonation; (d2) HF-g0 + h0 call, h0 at the beginning and at the end, g0 in the middle of a call; (d3) HF-g0 + h0 call with chaos and biphonation; (d4) 
HF-g0 + h0 call with chaos and subharmonics; (d5) HF-g0 + h0 call with chaos. Spectrograms were created using sampling frequency 48 kHz (for LF 
calls) and 256 kHz (for HF calls), Hamming window, FFT 1,024 points, frame 50%, overlap 87.5%.
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category. Calls without nonlinear phenomena were rare; 
the largest percent of calls without nonlinear phenomena 
(48.0%) was detected in HF-h0 calls (Figure 9).

Body size relationship with 3 call fundamental 
frequencies
The 4–5-day-old pup Mongolian hamsters had no fur, but 
their skin was already pigmented by growing hairs. Hindleg 
and forepaw digits were still fused, pinnae were well sepa-
rated but ear passages closed, eyes were still covered by a 
layer of skin. Pups locomotory movements involved crawl-
ing. Pup body mass (n = 26) was on average of 4.4 ± 0.3 g,  
body length 43.6 ± 0.7 mm, head length of 16.5 ± 0.4 mm, 
forearm length of 13.4 ± 0.4 mm, foot length of 7.6 ± 0.2 
mm, and tail length of 7.1 ± 0.3 mm.

For calculating body size index for estimating the effect of 
body size on the acoustic parameters, we included all 6 meas-
ured parameters of body size: body mass, and the lengths of 
body, head, forearm, foot, and tail. We calculated body size 
index for 22 of 23 pup callers (data for the 23rd pup were 
lost), for which the measurements of fundamental frequency 
were made for calls of different categories. All these body 
parameters strongly correlated with the first PCA factor, with 
correlation coefficients ranging from 0.73 to 0.97 (Table 3). 
The first PCA factor accounted for 81.75% of variation, so 
we used the values of the first PCA factor as a generalizing 
body size index for each of the 22 pups.

Pup body size index (first PCA factor) only significantly 
positively correlated (after Bonferroni correction) with mean 
peak frequency of LF-f0 calls (Table 4). The maximum and 
minimum fundamental frequencies of calls of all the 3 call 
categories with fundamental frequency and the mean peak 
frequencies of HF-g0 calls and HF-h0 calls did not show any 
relationship with body size index (Table 4).

Discussion
This study investigated, for the first time, pup isolation calls 
in 4–5-day-old Mongolian hamsters. The calls were pro-
duced in both sonic and ultrasonic frequency ranges. We 
identified 6 call categories: LF-f0, LF-chaos, HF-g0, HF-h0, 
HF-g0 + h0, and HF-chaos (Figures 2 and 3). Pup isolation 
calls of Mongolian hamsters may contain 3 independent fun-
damental frequencies, the low f0, the medium g0, and the 
high h0 (Figures 2 and 4). In 2 categories of calls (fully audi-
ble LF-chaos calls and partially ultrasonic HF-chaos calls) the 
fundamental frequency band could not be tracked in chaos 
(Figures 2 and 4). In addition, calls of Mongolian hamster 
pups had high percentages of nonlinear vocal phenomena: 
frequency jumps, chaos, subharmonics, and biphonations 
(Figure 9). Such extremely high structural diversity of pup 
isolation calls is unusual for rodents and can be used for cre-
ating new animal models in biomedicine. It is likely that this 
model will display a more detectable decrease of acoustic 
complexity, because mouse and rat models of human neural 
disorders display calls of less complex structure than in intact 
control strains (Scattoni et al. 2008, 2018; McMurray et al. 
2013; Gulia et al. 2014; Duvauchelle et al. 2018; Shekel et 
al. 2021).

The percentage of calls with nonlinear phenomena 
(99.2% for 1,404 LF calls and 77.3% for 3,606 HF calls) 
and the diversity of nonlinear phenomena were higher than 
in other hamsters (Hashimoto et al. 2001; Schneider and 
Fritzsche 2011; Piastolov et al. 2023). Most (67.5%) HF 
pup isolation calls of Mongolian hamsters contained chaos 
(Figure 9). Partially ultrasonic broadband calls with fre-
quency bandwidth from 10 to 60 kHz, reminiscent of the 
HF-chaos calls of pup Mongolian hamsters, were reported 
for 3–12-day-old pup golden hamsters (Schneider and 
Fritzsche 2011). Similar in the acoustic structure broadband 

Figure 5 Scatterplot showing separation produced by the first 2 discriminant roots of 892 pup isolation calls of Mongolian hamster to 3 call categories 
with DFA. Designations of call categories: LF-f0—calls with visible low fundamental frequency f0; HF-g0—calls with visible medium fundamental 
frequency g0; HF-h0—calls with visible high fundamental frequency h0.
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audible-through-ultrasonic noisy rasp calls with bandwidth 
from 9 to 58 kHz were described for pup and adult Key Largo 
woodrats (Soltis et al. 2012) and white-throated woodrats 
(Kobrina et al. 2022). Chaos is abundant in the broadband 
ultrasonic calls of the calsyntenin2 deficient knockout pup 
mouse model of autism (Klenova et al. 2021a). Broadband 
ultrasonic calls were detected in 58.3% of individual autistic 
mice pups compared to 15.9% in the control (nonautistic) 
mouse strain (Klenova et al. 2021a). In addition, published 
spectrograms indicate that adult golden hamsters also pro-
duce very complex ultrasonic calls with chaos, however, the 
authors do not provide the percentage of these calls (Floody 
and Pfaff 1977a; Fernández-Vargas and Johnston 2015). At 
the same time, chaos was missing in all of the 4,000 exam-
ined ultrasonic calls in 4–8-day-old Campbell and Djungarian 
hamsters (Piastolov et al. 2023).

Subharmonics and biphonations were detected in 23.8% 
and 13.3% of HF calls of Mongolian hamster pups, respec-
tively (Figure 9). Among pups of other hamster species, these 
nonlinear phenomena were less abundant. Subharmonics 
were detected in 8.5% of ultrasonic calls in Campbell hamster 
pups and in 4.2% of ultrasonic calls in Djungarian hamster 

pups (Piastolov et al. 2023). Biphonations were rare in these 2 
hamster species, occurring on only in 0.2–0.7% of pup ultra-
sonic calls (Piastolov et al. 2023).

Frequency jumps were most rare nonlinear phenomena 
of pup Mongolian hamsters and were detected in 1.4% of 
HF calls (Figure 9). In contrast, frequency jumps of 10 or 
more kHz occurred in 24.6% in Djungarian and 30.1% in 
Campbell hamster pup ultrasonic calls (Piastolov et al. 2023). 
In adult Djungarian hamsters, frequency jumps occurred 
in 34.6% of ultrasonic calls (Keesom et al. 2015). In adult 
golden hamsters, frequency jumps of 10 or more kHz were 
detected in 12% of female and in 26% of male ultrasonic 
calls (Fernández-Vargas and Johnston 2015) and frequency 
jumps of 5 kHz and more were detected in 70% of female 
and in 18% of male ultrasonic calls (Floody and Pfaff 1977a).

The most likely production mechanism for pup isolation 
calls of Mongolian hamsters with low fundamental frequency 
(f0, of 1.7–2.2 kHz, Table 1) is vibration of the vocal folds. 
For cricetids, production of the voice-based LF calls was con-
firmed by experiments in light gases for the long-distance 
advertisement calls (with fundamental frequency of 11–14 
kHz) and agonistic barks (about 8 kHz) of adult grasshopper 

Figure 6 Plots illustrating the differences in (A) g0max between the monophonic HF-g0 calls and 2-frequency HF-g0 + h0 calls; (B) g0min between the 
monophonic HF-g0 calls and 2-frequency HF-g0 + h0 calls. Numbers indicate the IDs of pup callers.
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mice (genus Onychomys) (Pasch et al. 2017) and for the barks 
(6–10 kHz) of adult Peromyscus deer mice (Riede et al. 2022).

The high fundamental frequency (h0, of 35.3–52.6 kHz, 
Table 1) in calls of pup Mongolian hamsters is probably pro-
duced by the whistle-based mechanism. For cricetids, this 
mechanism was confirmed experimentally for close-distant 
mating down-sweeps and trills (of 40–55 kHz) of grasshop-
per mice (Pasch et al. 2017) and for sweeps (of 30–80 kHz) 
of adult deer mice (Riede et al. 2022). The same mechanism 
might be expected for production of pup ultrasonic isolation 
calls with descending contour (from 120 to 60 kHz) by pup 
deer mice Peromyscus maniculatus (Smith 1972).

However, for pup isolation calls of Mongolian hamsters 
with medium-frequency (g0, of 12.8–18.0 kHz, Table 1), the 
sound production mechanism is not clear and must be dis-
covered by physiological experiments. At this range of fre-
quencies, Neotominae cricetids produce both whistle-based 
and voice-based calls. For instance, northern pygmy mice 
Baiomys taylori use the whistle mechanism for producing 
their long-distance songs, consisting of calls with descending 
contours, starting at about 40 kHz and ending at about 18 

kHz (Riede and Pasch 2020). At the same time, in deer mice, 
both sustainable calls of adults (with fundamental frequency 
of 12 − 19 kHz) and pup isolation calls (with fundamental 
frequency of 18 − 22 kHz) were voice-based calls (Riede et 
al. 2022).

Pup Mongolian hamsters could produce the 2 fundamental 
frequencies g0 and h0 within a call, either 1 after another 
(as frequency jump) or simultaneously (as biphonation); the 
simultaneously produced fundamentals could interact, cre-
ating the combinatory frequency bands (Figure 4). Biphonic 
calls with 2 ultrasonic fundamental frequencies, 1 about 40-50 
kHz, and the second about 90–125 kHz, were also reported 
in 2–5-day-old pup Lasiopodomys voles (Dymskaya et al. 
2022), 1–8-day-old yellow steppe lemming Eolagurus luteus 
pups (Yurlova et al. 2020), and 6–10-day-old Meriones ger-
bil pups (Kozhevnikova et al. 2021). The highest percentage 
of ultrasonic calls containing biphonations (34% calls) was 
found in 1–4-day-old yellow steppe lemming pups (Yurlova et 
al. 2020). In contrast, in adult cricetids, calls with 2 ultrasonic 
fundamental frequencies are lacking (Pasch et al. 2017; Riede 
et al. 2022). Thus, findings 2 simultaneously produced high 

Figure 7 Plots illustrating the differences in (A) h0max between the monophonic HF-h0 calls and 2-frequency HF-g0 + h0 calls; (B) h0min between the 
monophonic HF-h0 calls and 2-frequency HF-g0 + h0 calls. Numbers indicate the IDs of pup callers.
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fundamental frequencies in spectra of rodent pup ultrasonic 
isolation calls suggests that the mechanisms underlying pro-
duction of ultrasonic calls in pups can be more complex than 
those described for adults.

The production mechanism of chaos in voice-based calls of 
Mongolian hamster pups, with low fundamental frequency 
f0 might be related to the irregular vibrations of the dynamic 
system of the 2 vocal folds, resulting in deterministic chaos 

(Herzel et al. 1994; Wilden et al. 1998; Fitch et al. 2002). At 
the same time, in the whistle-based calls of Mongolian ham-
ster pups, with high fundamental frequency h0, chaos arises 
in the vocal tract from airflow-induced noise (Mahrt et al. 
2016; Håkansson et al. 2022). So, it can be termed turbulent 
chaos. For chaos in pup isolation calls of Mongolian hamsters 
with medium-frequency g0, the production mechanism is not 
clear.

Figure 8 Plots illustrating the differences in (A) g0max and h0min of the monophonic HF-g0 and HF-h0 calls; (B) g0max and h0min of 2-frequency 
HF-g0 + h0 calls. Numbers indicate the individual identities of pup callers.

Table 2 Values (mean ± SD) of pup isolation calls with chaos, and the results of 2-way ANOVA for differences between call categories. Call category 
was included as a fixed factor and animal ID as a random factor. Designations: LF-chaos—LF chaotic call; HF-chaos—HF chaotic calls; duration—call 
duration; mean peak freq—the mean peak frequency over entire call; start peak freq—peak frequency at the beginning point of a call; end peak freq—
peak frequency at the end point of a call; N = number of subject pups; n = number of calls

Acoustic parameter LF-chaos calls
N = 17, n = 192

HF-chaos calls
N = 14, n = 149

ANOVA

Duration (s) 0.151 ± 0.032 0.081 ± 0.034 F1,319 = 92.2; P < 0.001

Mean peak freq (kHz) 8.00 ± 3.71 22.63 ± 4.45 F1,319 = 464.2; P < 0.001

Start peak freq (kHz) 7.81 ± 3.73 23.44 ± 8.07 F1,319 = 241.9; P < 0.001

End peak freq (kHz) 5.53 ± 3.70 24.35 ± 8.37 F1,319 = 352.5; P < 0.001
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