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Abstract

Within-population acoustic variation of European red deer Cervus elaphus follows two empirically
established common rules: Rule 1: suggesting similar-pitched stag and hind calls because of poten-
tial prevalence of natural over sexual selection on call pitch; and Rule 2: predicting lower-pitched
calls in adults, because larger vocal folds normally produce lower-pitched calls in mammals. We
found that both rules were supported for native Pannonian red deer from Central Europe. All fun-
damental frequency ( fy) parameter values of hind contact calls (for the exclusion of the beginning
fo) were indistinguishable from those of stag rutting roars. These results agree with published data
on vocalization of male and female American and Asian wapiti Cervus canadensis. Calls of adults
of either sex were lower in frequency than calf calls. These results disagree with data collected
from adult and young American wapiti producing same-frequency calls, probably because of a
distinctive mechanism of sound production (whistling).
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1. Introduction

Taxon red deer Cervus elaphus sensu lato includes three species: the Central
Asian hanglu Cervus hanglu, the European red deer Cervus elaphus and the
East-Asian and American wapiti Cervus canadensis (Lorenzini & Garofalo,
2015; Mukesh et al., 2015; Kumar et al., 2017; Niedzialkowska et al., 2021).
These three species have a common origin in Central Asia and hybridize with
providing fertile hybrids both in captivity or being translocated to other wild
habitats (Perez-Espona et al., 2011; Frantz et al., 2017).

Vocal repertoire of the European red deer Cervus elaphus includes the
contact calls, produced by hinds and calves (Vailkkovd & Madlek, 1997;
Sibiryakova et al., 2015; Volodin et al., 2015a) and rutting roars, produced
by stags (Reby & McComb, 2003; Frey et al., 2012; Golosova et al., 2021).
Stags are vocal primarily during the autumnal rutting periods (Frey et al.,
2012; Della Libera et al., 2015; Rusin et al., 2021), whereas hinds and calves
are vocal primarily during the spring-summer calf-raising periods (Varikova
& Malek, 1997; Kidjo et al., 2008; Sibiryakova et al., 2015; Volodin et al.,
2015a). Stag rutting roars attract hinds and deter rival stags (Clutton-Brock
& Albon, 1979; Reby et al., 2005; Charlton et al., 2007). Hinds produce
contact calls for re-storing spatial proximity with their young (Vaiikovd &
Malek, 1997; Sibiryakova et al., 2015). Acoustic variables of stag and hind
calls represent important behavioural characteristics of populations of red
deer Cervus elaphus sensu lato (Volodin et al., 2016, 2019; Golosova et al.,
2017, 2021).

The main acoustic variables of red deer calls (the fundamental frequency
( fo) representing the rate of vibration of the vocal folds in the larynx, and for-
mants representing resonances of the vocal tract) may be differently affected
by natural and sexual selection (Clutton-Brock & Albon, 1979; Reby &
McComb, 2003). Call fundamental frequency ( fj) seems to be more strongly
affected by natural selection. The rationale for this is that within populations,
the fps of stag and hind calls are similar (Feighny et al., 2006; Volodin et al.,
2015a, 2016), whereas between populations, fys vary up to two dozen times
(e.g., Kidjo et al., 2008; Della Libera et al., 2015; Volodin et al., 2015a, 2016;
Reby et al., 2016).

In contrast to fj, call formants are under strong pressure of sexual selec-
tion (Taylor & Reby, 2010). Formants are inversely related to vocal tract
length, so rutting roars of European red deer, with lower-frequency formants,
serve to apparent body size exaggeration, effective for attracting potential
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mates and deterring rival stags (Fitch & Reby, 2001; Reby & McComb,
2003). Based on formants, hinds choose the apparently larger-sized mates
(Reby & McComb, 2003; Reby et al., 2005; Charlton et al., 2007, but see
Charlton et al., 2008 for exclusion, indicating preference by females of for-
mants characteristic for voices of young males). Under strong force of sexual
selection, European red deer stags developed an ability to additionally elon-
gate the vocal tract, by retracting the larynx deeply down for producing their
rutting roars with lower-frequency formants (Reby & McComb, 2003; Frey
et al., 2012; Volodin et al., 2019). In contrast to stags, hinds only weakly
retract the larynx during their contact calls and their calls are usually rela-
tively short (Sibiryakova et al., 2015).

Whereas within populations of European red deer sex-related differences
in fp are negligible or small, the respective age-related differences in fy
are prominent. In all studied European-origin populations of red deer, calls
of calves are substantially higher in frequency than in adults (Vaikovd &
Milek, 1997; Kidjo et al., 2008; Sibiryakova et al., 2015; Volodin et al.,
2015a). This ontogenetic pathway, with decreasing fy, is typical for mam-
mals and might be related with physical growth of body and vocal folds
rather than any pressures of natural or sexual selection (Charlton & Reby,
2016; Garcia et al., 2017; Garcia & Ravignani, 2020; De Gregorio et al.,
2022).

So far, all studies of sex and age-class acoustic variation across European
red deer populations have suggested the use of two hypothesized rules. Rule
1: stags and hinds use calls of similar-frequencies, and Rule 2: the funda-
mental frequency of calls in adults is lower than that of calves. At the same
time, sex and age-class acoustic variation in all studied populations of Amer-
ican and Asian wapiti Cervus canadensis only follow Rule 1, producing calls
with similar fjs between sexes (Feighny et al., 2006; Volodin et al., 2016).
However, they do not follow Rule 2, producing adult and young contact calls
with similar or equal fys (Feighny, 2005; Feighny et al., 2006; Volodin et al.,
2016; Sibiryakova et al., 2018).

In this study, we investigate whether acoustic variation of Central Euro-
pean Pannonian red deer (Banwell, 1998, 2002; Bana et al., 2018; Volodin et
al., 2019; Golosova et al., 2021; Frank et al., 2022) follows the trend typical
for other studied populations of European red deer or represents an excep-
tion following those trends which are typical for wapiti. This comparison
is legitimate as rutting calls of stags, and contact calls of hinds and calves
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partly share the same function: all of them are designed to attract (Lingle et
al., 2012).

Pannonian red deer population from South Hungary includes both wild-
living and farmed animals (OVA, 2018; Volodin et al., 2019). Native Pan-
nonian red deer from South Hungary display many shared traits with other
populations of European red deer in morphology (Banwell, 1998, 2002) and
genetics (Bana et al., 2018; Golosova et al., 2021; Frank et al., 2022). Based
on mitochondrial and nuclear genetic markers, Pannonian red deer represent
the native Central European population of red deer (Golosova et al., 2021;
Frank et al., 2022).

Stag rutting roars of Pannonian red deer are reminiscent of the roars
of other European populations of C. e. hippelaphus (Volodin et al., 2019;
Golosova et al., 2021). Pannonian stags produce their rutting roars in bouts
of 3.18 &+ 2.17 roars per bout on average. Duration of longest roars within
bouts ranges from 0.47 s to 4.60 s (1.13 &£ 0.50 s on average) and the maxi-
mum fundamental frequency ( fomax) ranges from 63 Hz to 584 Hz (168.3 +
60.5 Hz on average) (Volodin et al., 2019). For comparison, fymax of the
rutting roars of other European subspecies ranges of 52-274 Hz on average
depending on subspecies/population (Golosova et al., 2021). Hind and calf
vocalizations of Pannonian red deer have yet to be investigated.

The aim of this study was to compare the acoustic variables of con-
tact calls between farmed hinds and calves and to compare them with the
acoustic variables of rutting calls of wild-living stags. This comparison was
intended to test, for Pannonian red deer, Rule 1, predicting similar funda-
mental frequencies of stags and hinds within population, because of potential
prevalence of natural over sexual selection on call pitch, and Rule 2, predict-
ing an ontogenetic decrease of fundamental frequency, because larger vocal
folds of larger adults commonly produce lower-pitched calls than smaller
vocal folds of the young in mammals.

2. Materials and methods
2.1. Sites, animals and dates of work

Vocalizations were recorded in South Hungary, where Pannonian red deer
are native. Stag rutting calls were recorded during the rutting period, on
the 12800 ha at the hunting area nearby the city of Nagyatdd, Hungary
(46.067 N, 17.492 E) from 9 September to 6 October 2015 (Volodin et
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al., 2019). The estimated total population number in Hungary in 2018 was
111450 individuals (OVA, 2018). Hind and calf contact calls were recorded
during the calving period, at the Deer Farm of the Game Management and
Landscape Center of Kaposvar University (B&szénfa, Hungary) (46.236 N;
17.832 E) (Nagy et al., 2019), from 11 May to 15 June 2016, from a herd of
66 mothers and their young in an enclosure of about 25 ha, separated visually
and acoustically from stag enclosures of this farm. Individuals could not be
identified from automated recordings, so the precise numbers of recorded
animals were unknown.

All stags and hinds were mature breeding adults, participating in the rut
(stags) or giving birth to the young (hinds). For calves, we used as a proxy of
age the date of first appearance of calf calls (14 May) on the spectrograms of
audio recordings. As recording was started on 11 May (i.e., three days before
the appearance of first calls of the calves in the recordings), we considered 14
May as zero day of calf life. Therefore, we inferred from the recordings that
during call collection, the age of calves during the recording period varied
from 1 day of age (on 15 May) to 32 days of age (on 15 June, end of audio
recording). Stag vocal features only slightly vary depending on management
conditions: captive, semi-captive, free-ranging, wild-living or translocated
(Hurtado et al., 2012; Volodin et al., 2015a, 2019; Golosova et al., 2017). In
addition, we used passive audio recording without human presence for all sex
and age classes, so comparison of acoustic data obtained from free-ranging
stags and from farmed hinds and calves was appropriate in this study.

2.2. Call recording

All audio recordings (sampling rate of 22.05 kHz, 16 bit resolution, stereo)
were made by using two automated recording devices SongMeter SM2+-
(Wildlife-Acoustics, Maynard, MA, USA), one for stags and one for hinds
and calves. The devices, equipped with two microphones directed oppositely
and set to the highest possible sensitivity of recording, were established at
pillars or trees on 5 meters above the ground and recorded most stag roars in
the radius of 0.5 km around device (Volodin et al., 2019) and large amounts
of hind and calf contact calls within the study enclosure.

Stag rutting calls were recorded daily from 05:00 to 08:00 and from 18:00
to 21:00 in the mode 9 min of recording with 1-min pause and from 21:00
to 05:00 in the mode 9 min of recording with 21-min pause. Each 9-min
recording was stored as a separate wav-file. This recording schedule enabled
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to cover the daily periods of the highest vocal activity. We collected fifty-two
9-min audio files per 24-h period, 210.6 h of recordings in 1404 audio files
in total.

Hind and calf contact calls were recorded daily from 04:20 to 05:50 and
from 19:50 to 21:20, in the mode 9 min of recording with 1-min pause. We
collected eighteen 9-min audio files per 24-h period, 94.2 h of recordings in
628 audio files in total.

2.3. Call samples

For acoustic analyses, we selected 264 stag rutting roars. We included in
analysis only main common roars (tonal roars, the longest within bouts,
thereafter ‘main roars’) (Reby & McComb, 2003; Volodin et al., 2019) (Fig-
ure 1). As the number of roars per bout influences f, of main roar (Frey et
al., 2012; Volodin et al., 2019), we selected for analysis a balanced set of
main roars occupying different positions within their bouts. Of the 264 main
roars selected for analysis, 40 were extracted from single-roar bouts, 127

= NDW b~ O
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Figure 1. Spectrogram illustrating vocalizations of Pannonian red deer. Upper panel: A four-
roar bout of stag rutting roars, the last roar represents the main (longest) roar of the bout.
Lower panel: Alternating hind contact calls (1st, 3rd, 4th, and 6th) and calf contact calls
(2nd and 5th). The spectrogram was created with Hamming window, 11025 Hz sampling
rate, FFT 1024 points, frame 50% and overlap 96.87%. Wav-file of these calls is available in
Supplementary Audio 1.
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were the highest-frequency roars within bouts (40 first calls within bouts, 41
last calls within bouts, 46 calls from the middle of the bouts), and 97 were
not highest-frequency calls within bouts (14 first calls within bouts, 40 last
calls within bouts, 43 calls from the middle of the bouts).

For acoustic analyses, we selected 228 oral contact calls of hinds and 309
oral contact calls of 1-32-day-old calves. We considered calls with a low f;
as belonging to hinds and calls with a high f; as belonging to calves, because
before calving, only low-frequency calls were present in the recordings (Fig-
ure 1). We included in the acoustic analysis only the oral calls (thereafter
‘contact calls’) of hinds and calves. Calls were classified to nasal or oral (pro-
duced through the nose or through the mouth) by an experienced researcher
(IAV) on the basis a specific ‘nasal’ sounding of calls produced through the
nose and differences in energy distribution characteristic of nasal and oral
contact calls of red deer (Sibiryakova et al., 2015). If a call had a short nasal
part at the beginning (not exceeding 20% of call duration), such calls were
also considered as oral calls.

2.4. Call measurements

Measurements of acoustic variables of the total sample of 801 calls were
conducted uniformly for all calls of stags, hinds and calves. Before mea-
surements, calls were down-sampled from 22.05 kHz to 11.025 kHz using
Avisoft SASLab Pro (Avisoft Bioacoustics, Berlin, Germany) for better fre-
quency resolution and high-pass filtered at 50 Hz to delete low-frequency
background noise. A preliminary visual on-screen inspection of spectro-
grams showed that f; always exceeded 50 Hz, so this filtering did not affect
the measured acoustic variables. Spectrograms for acoustic analyses were
created with the following settings: a Hamming window, Fast Fourier Trans-
form (FFT) 1024, frame 50%, overlap 96.87%.

For each call, we measured a total of 10 acoustic variables by using
two spectrographic software, Avisoft SASLab Pro and Praat (www.praat.
org). All measurements were automatically exported to Microsoft Excel
(Microsoft, Redmond, WA, USA). With Avisoft, we measured 8 variables,
and with Praat, we measured 3 variables; the maximum fundamental fre-
quency ( fomax), Which was primarily important for the acoustic comparison
of sex and age-classes, was measured with both Avisoft and Praat. As for-
mants could not be measured in the relatively high-frequency calls of calves,
we restricted a comparison between sex and age-classes with parameters of
fo, duration, and power parameters.
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In the spectrogram window of Avisoft, we manually measured call dura-
tion with the standard marker cursor and the maximum, beginning and end
fundamental frequencies (fomax, fobeg and foena) With the reticule cursor
(Figure 2). In the power spectrum window, within 0.05 s time frame taken
around the point of the fjmax, We semi-automatically measured the peak fre-
quency ( fpeak) and three power quartiles, the lower (g25), the medium (g50)

Frequency
(kHz)

5

Duration

0.05 s time

fpeak
q75 —» 2
q50 —»
Q25— 1

1 0
Amplitude (V) Time (s)

Figure 2. Measured acoustic variables: spectrogram of hind oral call (right) and mean power
spectrum of 0.05 s time frame of a call. Designations: duration, call duration; fymax, the
maximum fundamental frequency; fomin, the minimum fundamental frequency; fopeg, the
beginning fundamental frequency; fpend, the end fundamental frequency; fpeak, the max-
imum amplitude frequency; q25, the lower quartile of power spectrum; q50, the medium
quartile of power spectrum; q75, the upper quartile of power spectrum. The spectrogram was
created with Hamming window, 11 025 Hz sampling rate, FFT 1024 points, frame 50% and
overlap 96.87%.
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and the upper (q75), covering respectively 25%, 50% and 75% of call energy
(Figure 2).

With Praat, the fundamental frequency band was tracked with cross-
correlation algorithm, with time step 0.01 s for calls of adults and 0.005 s for
calves and the limits of the spectrographic window from 0 to 5000 Hz. Then,
the minimum, maximum and mean fundamental frequencies ( fomin, fomax
and foymean) Were calculated automatically based on tracked f. As fomax val-
ues obtained by Avisoft and Praat provided very close values (coefficient of
determination R? of Pearson correlation ranged from 0.972 to 0.979), we
only used the fymax values measured with Praat for further analyses.

2.5. Statistical analyses

Statistical analyses were performed with STATISTICA, v. 8.0 (StatSoft,
Tulsa, OK, USA). Means are given as mean =+ SD, all tests were two-tailed,
and differences were considered significant whenever p < 0.05. Distribu-
tions of 22 measured parameter values of 30 distributions did not depart
from normality (Kolmogorov-Smirnov test, p > 0.05). As ANOVA is rel-
atively robust to departures from normality (Dillon & Goldstein, 1984), this
was not an obstacle to the application of the parametric tests.

We applied a one-way ANOVA with Tukey HSD (Honest Significantly
Different) test to compare the acoustic variables between sex and age-classes.
We used Pearson’s correlation coefficient for estimating the relationship
between calf age and the acoustic variables of hinds and calves.

3. Results
3.1. Sex and age-class acoustic differences

Duration of stag rutting roars was longer than those of either hind contact
calls or calf contact calls, and hind contact calls were longer than calf contact
calls (Table 1). All fy variables, for the exclusion of fype, did not differ
between stag rutting roars and hind contact calls (Table 1). All f; variables
of stag rutting roars and hind contact calls were significantly lower than those
of calf contact calls (Table 1). The fobeg, fpeak and all the three quartiles of
power spectrum were the lowest in stag rutting roars, intermediate in hind
contact calls and the highest in calf contact calls (Table 1).
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3.2. Changes of mother and young contact calls during calf-raising season

With calf growth during calf-raising season (from 1 to 32 days old), call
duration, fomaxs fomins fobegs foend and fomean Of hind contact calls signifi-
cantly decreased, whereas f,c. and all the three power quartiles (g25, 50,
q75) significantly increased (Figure 3, Table 2). For calves, the duration
of calf contact calls did not show correlation with age (Figure 3, Table 2).
At the same time, the fomax, fomin, fobeg» foend and fomean Of calf contact
calls decreased with age, whereas the fpca, 25 and 50 increased with age
(Table 2).

4. Discussion

In this study, acoustic variables of Pannonian red deer stag rutting roars and
hind and calf contact calls were studied in detail and compared among sex
and age-classes. As predicted by Rule 1 for calls of adults, most variables
of fundamental frequency ( fy) were indistinguishable between the sexes. At
the same time, f{ characteristics were distinctive for the Pannonian red deer
population compared to other studied populations/subspecies (Volodin et al.,
2019; Golosova et al., 2021). Even the closest f values of Alpine population
stags of presumably the same subspecies C. e. hippelaphus ( fomax = 274 Hz,
Boceci et al., 2013) are substantially higher than in Pannonian red deer stags
in our study (177 Hz). Earlier, similar or indistinguishable values of stag and
hind fundamental frequencies were reported for Iberian red deer (Volodin et
al., 2015a), Corsican red deer (Kidjo et al., 2008), American wapiti (Feighny,
2005; Feighny et al., 2006) and Siberian wapiti (Volodin et al., 2016).
Therefore, we can conclude that the similarity in frequency variables of
stags and hinds within populations/subspecies (at strong differences in val-
ues of fundamental frequency between subspecies) represents a common rule
(Rule 1) for all studied subspecies of red deer and wapiti. These data do not
agree with the hypothesis that acoustic structure of stag rutting calls evolved
under strong influence of sexual selection, directed to attraction of mates and
deterring rival stags (Clutton-Brock & Albon, 1979). Of course, fundamental
frequency may not be the only parameter under sexual or natural selection.
We can hypothesize that fundamental frequency of different subspecies of
red deer and wapiti emerged under the influence of natural selection, which
similarly acted on stags and hinds as adaptation to social communication
in certain environmental and climate conditions. A broad variation of the
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Figure 3. Scatterplots illustrating the relationships between calf age during 32-day-long
period from first detection of newborn calf calls in the recordings after parturitions and
acoustic variables of hind and calf contact calls: duration, call duration; fmax, the maximum
fundamental frequency; fpeak, the maximum amplitude frequency. Linear regression lines
with 95% confidence intervals are shown.

acoustic structure of stag rutting calls at the lack of data on the acoustic struc-

ture of hind calls in the Central-Asian red deer (Cervus (elaphus) hanglu)
(Nikolskii, 1975; Volodin et al., 2013) from the center of origin of species
Cervus elaphus do not allow to conclude about whether fundamental fre-
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Table 2.

Pearson correlation coefficients between acoustic variables of Pannonian red deer hind and
calf contact calls and calf age (estimated in time period from the day of first appearance of
newborn calf calls to 32nd day of the recordings).

Acoustic variable Hind contact calls Calf contact calls
(N =228) (N =309)
r p r 14

Duration (s) —0.40 <0.001 0.06 0.290
fomax (Hz) —-0.24 <0.001 —0.69 <0.001
Sfomin (Hz) —0.34 <0.001 —0.61 <0.001
fobeg (Hz) —-0.27 <0.001 —0.68 <0.001
foend (Hz) —-0.43 <0.001 —0.57 <0.001
Sfomean (Hz) —0.35 <0.001 -0.70 <0.001
Speak (Hz) 0.14 0.040 0.24 <0.001
q25 (Hz) 0.24 <0.001 0.29 <0.001
q50 (Hz) 0.28 <0.001 0.16 0.006
q75 (Hz) 0.19 0.005 0.08 0.170

N, number of calls; duration, call duration; fqmax, the maximum fundamental frequency;
Jomin, the minimum fundamental frequency; fobeg, the beginning fundamental frequency;
Joend. the end fundamental frequency; fomean, the mean fundamental frequency; fpeak., the
maximum amplitude frequency; q25, the lower quartile of power spectrum; q50, the medium
quartile of power spectrum; q75, the upper quartile of power spectrum.

quency decreased or increased during the circumpolar radiation of red deer
to Europe and to Asia and America (Mahmut et al., 2002; Ludt et al., 2004).

In this study, we also found that, along ontogeny up to the age of 32
days, the contact calls of Pannonian red deer calves become lower in fre-
quency, whereas duration of their calls remains unchanged. Decrease of f;
with age from calves to adults was previously reported for other popula-
tions/subspecies of European red deer, e.g., Corsican red deer (Kidjo et al.,
2008), and Iberian red deer (Sibiryakova et al., 2015). We can therefore con-
clude that f; of Pannonian red deer vocalizations decreases along ontogeny,
thus following the common rule for most ruminants and other mammals,
that small offspring with their short vocal folds produce audible calls higher
in frequency than adults with their longer vocal folds (Matrosova et al.,
2007; Volodin et al., 2017a). Exceptions can be potentially related to dif-
ferent mechanics of the vocal folds, e.g., in very small-sized mammals as
shrews (Volodin et al., 2015b).



1476 Pannonian red deer vocalization

Alternatively, similarity of fj in calls of calves and adults can result from
using a distinctive (whistling) mechanism of sound production than those
based on phonation with vibration of vocal folds in wapiti compared to red
deer (Reby et al., 2016). Probably due to the whistling mechanism of sound
production in Asian and American wapiti, in contrast to European red deer,
the fy does not decrease along ontogeny and remains unchangeably high
in adult stags and hinds, as in calves (Feighny, 2005; Volodin et al., 2016;
Sibiryakova et al., 2018). In ruminants, the whistling mechanism was also
proposed for the very high-frequency calls in domestic cattle (Hall et al.,
1988; Volodin et al., 2017b) and camels (Volodin et al., 2022).

The acoustics of contact calls of red deer hinds and calves are poorly
studied compared to the acoustics of stag rutting calls, so, comparison of the
obtained data from hind and calf calls is especially interesting. The oral con-
tact calls of Pannonian red deer hinds in our study were the longest (1.26 s)
compared to any studied European red deer subspecies/population: Corsican
red deer (0.60 s, Kidjo et al., 2008), Iberian red deer (0.76 s, Sibiryakova et
al., 2015) and Central European red deer (0.27 s, Vankova & Malek, 1997),
as well as compared to Siberian wapiti C. e. sibiricus (0.38 s, Volodin et
al., 2016) or American wapiti (0.28 s, Feighny, 2005). The maximum fun-
damental frequency of Pannonian red deer hind contact calls in this study
(167 Hz) was intermediate among European subspecies, higher than in Cor-
sican red deer (103 Hz, Kidjo et al., 2008) and Central European red deer
(108 Hz, Vankova & Malek, 1997), but lower than in Iberian red deer (180 Hz
Sibiryakova et al., 2015). The maximum fundamental frequency of Pannon-
ian red deer hinds was also substantially lower than in Siberian wapiti hinds
(1570 Hz, Volodin et al., 2016) and American wapiti hinds (1410-1590 Hz,
Feighny, 2005).

We can therefore conclude that Pannonian red deer hinds produce the
longest known contact calls among studied red deer populations. Duration
of hind contact calls decreases with calf growth, but remains very long even
after a month after the start of parturitions. The reason of such long duration
of the contact calls in Pannonian red deer hinds remains unclear. At the same
time, the fy range of Pannonian red deer hind contact calls is within the
frequency range of European red deer in general.

Duration of calf contact calls was close between Pannonian red deer in our
study (0.29 s in 1-32-day-old calves) to those reported for calves of other
subspecies of European red deer and wapiti: 0.26 s in 1-2-day-old calves
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of Central European red deer (Vankova & Malek, 1997), 0.26 s in 1-40-day
old calves of Iberian red deer (Sibiryakova et al., 2015), 0.42 s in 1-120-
day old calves of Corsican red deer (Kidjo et al., 2008), 0.29 s in 1-30-day
old Siberian wapiti (Volodin et al., 2016) and 0.28 s in 1-day-old Ameri-
can wapiti (Feighny, 2005). Similar to duration, the maximum fundamental
frequency of calf contact calls was also close between Pannonian red deer
in our study (735 Hz) and other subspecies of European red deer: 737 Hz
in Central European red deer (Vankova & Malek, 1997), 875 Hz in Iberian
red deer (Sibiryakova et al., 2015) and 710 Hz in Corsican red deer (Kidjo
et al., 2008). In contrast to European subspecies of red deer, the maximum
fundamental frequency is substantially higher in wapiti calves: 1560 Hz in
Siberian wapiti (Volodin et al., 2016) and 14801520 Hz in American wapiti
(Feighny, 2005). The reason for the substantially higher-frequency calls in
wapiti than in European red deer calves can be the difference in sound pro-
duction mechanisms, vocal fold vibration in red deer vs whistle mechanism
in wapiti (Reby et al., 2016).

We found that Pannonian red deer mother contact calls become shorter
and lower in frequency during the 32-day-long period after the start of calf-
raising season, probably as the result of decrease of anxiety of the hinds,
which might be very high during parturitions following by steady decrease
of anxiety with calf growth. Previously, a decrease of f; with decrease of
emotional arousal and discomfort was reported for many mammalian species
as an important vocal indicator of internal state in mammals (Briefer, 2012).

Comparative data displaying the relationship between the acoustics of
hind contact calls with calf age are scarce. In Siberian wapiti, the maxi-
mum fundamental frequency of hind contact calls decreases from 1570 Hz in
June, when the age of offspring is about one month, to 1430 Hz in Novem-
ber, when the age of offspring is about six months (Volodin et al., 2016;
Sibiryakova et al., 2018). However, the maximum fundamental frequency of
Iberian red deer hind contact calls increased from 180 Hz in May-June, when
the age of offspring is below 40 days, to 209 Hz in September, when the age
of offspring is about four months (Sibiryakova et al., 2015; Volodin et al.,
2015a). Aside the effect of calf age, these different trends of changes could
be related to differences in recording procedures, passive acoustic recording
(this study), manual recording outside enclosure (Sibiryakova et al., 2018)
and manual recording inside enclosure, with separation of mother and young
(Sibiryakova et al., 2015; Volodin et al., 2015a).
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Supplementary Materials

Supplementary Audio file. Vocalizations of Pannonian red deer. A four-roar
bout of stag rutting roars, the last roar represents the main (longest) roar of
the bout, and alternating hind contact calls (1st, 3rd, 4th, and 6th) and calf
contact calls (2nd and 5th). This file can be accessed at 10.6084/m9.figshare.
20746165.
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