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Abstract
Determining the contexts of emission and information content of vocal signals can yield insights into the function of dif-
ferent call types, and remains an important step towards understanding the diversification of mammalian vocal repertoires. 
In this study, we used infra-red video cameras and remote audio recorders to document seasonal and contextual variation in 
male European badger (Meles meles) churr production over a 24-month period, and acoustic analysis based on source-filter 
theory to examine whether churr acoustic structure varies according to the caller’s arousal state and identity. Our behavioural 
observations revealed that male churrs are produced almost exclusively during the breeding season. Further contextual 
analysis showed that males emit churrs during close-range interactions with female conspecifics, often during copulation 
attempts, and churr directly into sett entrances. In addition, males involved in close-range social interactions delivered churrs 
with more call units per second than those vocalising without other conspecifics in close proximity. Discriminant function 
analysis also revealed that male churrs are individually distinctive, and confirmed that the formants (vocal tract resonances) 
contribute the most to caller identity. These findings indicate that badger churrs are sexual calls with the potential to signal 
male arousal state and identity in reproductive contexts. They also add to an increasing body of literature on the importance 
of formants for identity cueing in nonhuman mammals.
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Introduction

Documenting seasonal variation in vocal behaviour and the 
contexts in which vocal signals are produced can provide 
important insights into the functional relevance of different 
call types and their underlying motivational basis. For exam-
ple, exclusive use of a specific vocalisation during the breed-
ing season (Clutton-Brock and Albon 1979; Ellis et al. 2011) 
or when males are actively courting and/or copulating with 

females (Grady and Hoogland 1986; Manno et al. 2007) is 
consistent with a sexual role, while the production of vocal-
isations when other conspecifics are not in close vicinity 
may indicate a contact promoting function (Buesching et al. 
1998; Frommolt et al. 2003; Harrington and Mech 1979; 
McComb et al. 2000). In addition, vocal distinctiveness is 
likely to be adaptive for animals that live in social groups 
(Charrier et al. 2001; Insley 2000; McComb et al. 2000), 
and particularly for territorial social species that often need 
to discriminate between familiar individuals and strangers 
(Hardouin et al. 2006; Harrington and Mech 1979).

In the United Kingdom, European badgers (Meles meles) 
live in social groups of up to 25 individuals (Neal and 
Cheeseman 1996) within well-defined ranges that are cen-
tred on a communal den (or sett) (Macdonald et al. 2015). 
Olfaction is thought to be a key sensory modality for mod-
erating social interactions (Buesching and Macdonald 2004; 
Buesching et al. 2003; Fell et al. 2006) and demarcating 
territories in this species (Buesching and Jordan 2019; Bue-
sching et al. 2002a; Davies et al. 1988; Kruuk et al. 1984; 
Macdonald et al. 2015; Roper et al. 1986; Tinnesand et al. 
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2015); however, the European badger also has a diverse 
vocal repertoire that is likely to be important for mediating 
close-range interactions (Wong et al. 1999). Adult badgers 
hiss, snarl, bark, growl and kecker during agonistic interac-
tions, and produce a range of chitters, yelps and purrs in 
affiliative social contexts (Wong et al. 1999). In addition, 
males are reported to ‘churr’ when sexually aroused (Wong 
et al. 1999). Male churrs consist of discrete call units that 
convey an “oily, bubbling” quality to the calls (Christian 
1993; Wong et al. 1999). The behavioural context that male 
badgers produce churrs implies a sexual function; however, 
whether call production varies according to season and 
social context remains an open question. It has also been 
suggested that male churrs could facilitate individual rec-
ognition and/or the transfer of information on male quality 
in mate choice contexts (Wong et al. 1999). Despite this 
contention, it is not known whether male churrs, or any of 
the European badger’s vocalisations, encode information 
about the caller of potential relevance to other conspecifics.

The source-filter theory (Fant 1960) allows researchers 
to make informed predictions about which acoustic char-
acteristics could potentially provide receivers with reliable 
information about the caller, because it explicitly links vocal 
signal production mechanisms to the acoustic output (Taylor 
et al. 2016). This theory states that mammal vocal signals 
are produced when air expelled from the lungs is converted 
to acoustic energy by the larynx, termed the source (Fant 
1960). The rate at which the vocal folds in the larynx open 
and close determines the fundamental frequency (F0) of 
the vocalisation and the supra-laryngeal vocal tract acts as 
a spectral filter, selectively enhancing certain frequencies 
called formants (Titze 1994). The geometric shape of the 
vocal tract determines the frequency values of the formants, 
with longer vocal tracts producing lower, more closely 
spaced formants (Fitch 1997; Reby and McComb 2003).

Source-related features of nonhuman mammal vocali-
sations are often dynamically varied to signal short-term 
changes in motivational state. For instance, previous work 
on nonhuman mammals has shown that highly aroused 
callers tend to produce longer duration calls with higher F0 
(Briefer et al. 2015; Rendall 2003; Soltis et al. 2005; Stoeger 
et al. 2011, 2012). In addition, while inter-individual differ-
ences in laryngeal and vocal tract morphology make both 
source- and filter-related acoustic characteristics likely to 
yield information on a given caller’s identity, several recent 
studies have emphasised the importance of formants as cues 
to individual identity in nonhuman mammals (Charlton et al. 
2009, 2011; Charlton 2014; Furuyama et al. 2016; McComb 
et al. 2003; Reby et al. 2006; Rendall 2003; Townsend et al. 
2014; Vannoni and McElligott 2007). Badger churrs contain 
discrete pulses with energy across a broad frequency range 
(Wong et al. 1999), making them well suited for highlight-
ing inter-individual differences in formant frequency pattern 

(Charlton et al. 2013; Fitch and Hauser 1995). Furthermore, 
because the formant pattern of male badger churrs should 
directly reflect individual differences in vocal tract length 
and shape, it is likely that formants will provide reliable 
information about the caller’s identity in the European 
badger, as they do in other mammals (Taylor et al. 2016).

The goals of this study were (1) to document seasonal 
and contextual variation in the production of male Euro-
pean badger churrs, (2) to investigate whether the acoustic 
structure of churrs differs when males are involved in close-
range interactions (high arousal) as opposed to vocalising 
alone (low arousal), (3) to determine whether male badger 
churrs are individually distinctive, and (4) to investigate the 
relative importance of different acoustic features for cod-
ing individuality. Based on the premise that male churrs are 
sexual calls (Wong et al. 1999), we expected churrs to be 
exclusively produced during the breeding season. We had no 
strong a priori prediction for the effect of behavioural con-
text on male churr production, however, we did expect that 
churrs produced during close range interactions would be 
characterised by longer duration and higher F0, simply due 
to the heightened arousal state associated with this context. 
Finally, we also predicted that male churrs would be indi-
vidually distinctive, and that the formant frequencies would 
contribute the most to individual identity (as found for other 
mammals: Taylor et al. 2016).

Methods

Study site, animals and handling procedures

This study was conducted on a free ranging and intensively 
studied population of European badgers at Wytham Woods, 
Oxfordshire, England (51:46:26 N; 1:19:19 W), (for more 
details about study site and population see Macdonald et al. 
2015; Savill et al. 2010) between June 2016 and June 2018. 
Acoustic and behavioural data were collected for adult males 
spread across five social groups. As a part of an ongoing 
population study, all badgers at this site are trapped regu-
larly under Home Office license PPL 30/3379 and Natural 
England licence 2019–38863-SCI-SCI. Captured animals 
are sedated using 0.2 ml/kg body weight ketamine hydro-
chloride (‘Ketamidor’; Chanelle Vet (UK) Ltd, Freemans 
House, 127A High Street, Hungerford, Berkshire, UK, RG17 
0DL) for measuring and sampling, and given a permanent 
unique tattoo at first capture. For the purpose of this study, 
we used a measuring tape to measure the distance from the 
apex of the thyroid cartilage (which roughly corresponds to 
the position of the vocal folds in the larynx) to the lips for 
27 sedated adult males, to establish an approximate vocal 
tract length (VTL) for our study population that would allow 
us to predict the expected number of formants in a given 
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frequency range. All residents at the five focal setts received 
a unique fur-clip (Stewart and Macdonald 1997) to enable 
visual identification of individuals in video recordings that 
could then also be linked to audio recordings.

This study followed the ASAB/ABS guidelines for the 
use of animals in research, and was approved by the Univer-
sity of Oxford’s Natural England license 2014-5710-SCI-
SCI, a Home Office license PPL 30/2385, and University 
College Dublin’s Animal Research Ethics Committee 
(AREC-E-16-15-Charlton).

Capture of acoustic data

Motion-detector-activated Crenova RD1000 infra-red video 
cameras (Crenova, USA) and Song Meter SM4 recorders 
(Wildlife Acoustics, Inc, Maynard, USA) were time synced 
and used to capture video and acoustic data, respectively. 
The video recordings (20 s/trigger event) were captured at 
full HD 1080p and 15 frames per second, which typically 
permitted vocalising animals to be identified from their 
fur-clipping patterns (Wong et al. 1999). The audio record-
ers were used to capture uncompressed recordings of male 
churrs (sampling rate: 16 kHz, amplitude resolution: 16 bits) 
that were then linked to the vocalising animals identified in 
the video recordings. The Song Meter SM4 recorders were 
placed at the centre of the setts, where most vocal activity 
was predicted to occur, and approximately 1 m from the 
ground. The recordings were transferred from SD cards to 
an Apple Macintosh Macbook computer, normalized to 
100% peak amplitude and saved as WAV files (16 kHz sam-
pling rate and 16 bits amplitude resolution). To minimise 

inter-observer variation, all behavioural and acoustic analy-
ses were carried out by the lead author.

Definition of behavioural contexts

Badgers within 1  m of one another (roughly two body 
lengths apart) were considered to be involved in a close-
range social interaction, and categorised as belonging to 
the social context (Fig. 1a). Focal animals were defined as 
solitary when they were the only individual observed in 
the video recording (Fig. 1b). We also noted whether focal 
animals were vocalising into the sett entrance or actively 
mounting/attempting to copulate with a female conspecific 
(Fig. 1d).

Acoustic analyses

The audio processing was conducted using Praat v5.1.32 
(www.praat .org). Recordings were initially segmented into 
separate vocalisations using the edit window and labelling 
facility in Praat and saved as individual sound files (.wav). 
Churrs could be distinguished from other badger vocali-
sations and background noises by viewing narrow band 
spectrograms (FFT method; window length 0.03 s; time 
steps = 250; frequency steps = 1000; Gaussian window 
shape; dynamic range = 45 dB) of the audio sequences cap-
tured by the SM4 recorders. A total of 126 recordings of 
male churrs with accompanying video footage of the behav-
ioural context of call production were collected. Before con-
ducting the acoustic analysis, we selected the best 10 record-
ings, with the highest signal to noise ratio, for each of 12 

Fig. 1  Behavioural contexts of male churring. Churrs were observed 
in social contexts (a) and when males were solitary (b). solitary 
churrs were often delivered into sett entrances (c) and males produced 

churrs during copulation attempts (d). The arrow in panel c points to 
the sett entrance. See methods for definitions of the behavioural con-
texts

http://www.praat.org
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individuals. This gave us a total of 120 male churrs for the 
acoustic analysis; 46 churrs were produced in social contexts 
and 74 were produced in solitary contexts.

The mean ± SD vocal tract length (VTL) measured 
from 27 male badgers from our study population was 
11.0 cm ± 3.33 (range: 10.5–11.8 cm). Because male churrs 
are delivered with a closed or partially closed mouth (Wong 
et al. 1999), the vocal tract could then be modelled as an 
11.0 cm linear tube closed (or open) at both ends (i.e. a half-
wave resonator: Titze 1994). Using this vocal tract model, 
the expected position of the first formant can be calculated 
using the following equation: F1 = c/2*VTL, in which c is 
the approximate speed of sound in the mammalian vocal 
tract (350 m/s) (Titze 1994). This gives us a predicted F1 
value of = 1591 Hz. Formants F2–F5 are then predicted 
to occur at 3182 Hz (F2 = 2*F1), 4773 Hz (F3 = 3*F1), 
6364 Hz (F4 = 4*F1), 7955 Hz (F5 = 5*F1), respectively. 
Initial inspection of spectrograms confirmed that five fre-
quency bands exist below 8000 Hz that could represent for-
mants (Fig. 2). As a result, the analysis was set to track and 
measure five formants in the frequency range 0–8000 Hz. 
Linear predictive coding (LPC; ‘To Formants (Burg)’ com-
mand in Praat) was used to measure the frequency values of 
the first five formant candidates using the following analysis 

parameters: time step: 0.01 s; window analysis: 0.03 s; maxi-
mum formant value: 6000–8000 Hz; maximum number of 
formants: 5; pre-emphasis: 50 Hz. To check if Praat was 
accurately tracking the formants, the outputs were com-
pared with visual inspections of relevant spectrograms and 
power spectrums (using cepstral smoothing: 200 Hz). The 
average formant spacing (∆F) was then estimated using a 
regression method in which each formant value was plotted 
against its expected value (this method is covered in more 
detail by Reby and McComb 2003). Because F5 was often 
poorly defined and could not be consistently measured in all 
churrs, it was not included in the ∆F calculation or statistical 
analyses. The number of pulses per second (hereafter F0) 
was measured using the voice report facility in Praat with 
the following parameters: search range = 50–150 Hz, time 
step = 0.01, voicing threshold = 0.3. The Praat voice report 
facility provides the mean time period between pulses, from 
which F0 is calculated. In addition, we measured the num-
ber of call units per second and overall duration of the call 
directly from the waveform.

To further verify whether the spectral peaks derived from 
the LPC analysis were formants, we estimated the vocal tract 
length of one of the males in the analysis (M1663) using the 
following equation: eVTL = c/2ΔF where eVTL = vocal tract 
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length, c is the approximate speed of sound in the mamma-
lian vocal tract (350 m/s), and ΔF = formant spacing (Hz) 
(Titze 1994) to compare with the measured VTL for this 
individual. The measured VTL was 11.5 cm and the esti-
mated VTL derived from the formant spacing was 11.1 cm. 
The close correspondence between the anatomically veri-
fied and estimated VTL, and the uneven spacing of these 
frequency components confirm that they are very likely to 
be formants (Fitch 2002).

Statistical analyses

We used general linear mixed models (GLMMs) fitted 
with maximum-likelihood estimation in R studio v1.1.463 
(nlme package) to determine whether the acoustic structure 
of male churrs differed according to behavioural context. 
The acoustic measures were normally distributed (Sha-
piro–Wilk: > 0.05) and scatter plots were used to confirm 
homoscedasticity. For each GLMM, the mean acoustic val-
ues for each subject in the different contexts were entered 
as dependant variables, the context (social or solitary) was 
entered as a fixed factor, and the identity of the caller was 
entered as a random factor to control for uneven subject 
participation in the dataset. To determine whether churrs 
are individually distinctive, we then used IBM SPSS ver-
sion 20 to conduct a discriminant function analysis (DFA) 
with subject identity as the group identifier, and the acous-
tic measures (duration, F0, call units per second, F1, F2, 
F3, F4, ∆F) entered as discriminant variables. For the 
DFA, both the reclassification and the more conservative 
leave-one-out cross-validation procedure were applied. In 
addition, to ensure the robustness of the classification, we 
pooled the results from 1000 bootstrap samples and used 
bias-corrected and accelerated confidence intervals (using 

the ‘Bootstrap…’ option in SPSS). The statistical signifi-
cance of correct classification of individual callers across 
all subjects was obtained using the Chi square statistic (X2). 
The significance level was set at alpha = 0.05.

Results

Acoustic structure of male badger churrs

Figure 2 illustrates the acoustic structure of male European 
badger churrs. The mean ± SD duration of male churrs was 
1.9 ± 0.7 s, and ranged between 0.7 and 3.7 s. Mean ± SD 
F0 was 84.8 Hz, ranging between 56.7 and 109.5 Hz, and 
call units per second ranged between 10.9 and 14.3, with 
a mean ± SD of 12.9 ± 1.0 per second, which corresponds 
well with the mean of 13.8 call units per second previously 
reported by Wong et al. (1999). Four observable formants 
could be consistently measured in the frequency range 
0–8000 Hz (Fig. 2). Mean ± SD for F1–F4 and ∆F are as 
follows: F1 = 1876.8 ± 266.9 Hz; F2 = 2909.2 ± 252.7 Hz; 
F3 = 4604.4 ± 326.5  Hz; F4 = 6129.4 ± 276.8  Hz; 
∆F = 1534.2 ± 63.3 Hz. The formants were static across the 
male churr call, indicating that very little articulation occurs 
during vocal production (Fig. 2).

Seasonal and contextual variation in churr 
production

Our behavioural observations revealed clear seasonal dif-
ferences in churr production. Males produced churrs almost 
exclusively during the breeding season (Jan–Mar), with a 
marked decrease in churr production in March when com-
pared to January and February (Fig. 3). Only two incidences 

Fig. 3  Seasonal and contextual 
variation in male badger chur-
ring. The total occurrence of 
male badger churring in solitary 
and social contexts is displayed 
for each month of the year over 
the 24-month study period at 
Wytham Woods, Oxfordshire
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of churring occurred outside of the breeding season, one in 
May and one in November (Fig. 3). The contextual analyses 
revealed that 60 male churrs were produced in social con-
texts (i.e. during close-range interactions with other con-
specifics) and 66 churrs were delivered by solitary males 
(Fig. 3). In addition, 28% (17/60) of social churrs were pro-
duced when males attempted to copulate with females, and 
27% (16/60) of solitary churrs were emitted directly into 
sett entrances.

Contextual and inter‑individual differences 
in the acoustic structure of male churrs

The number of call units per second in male churrs sig-
nificantly increased during close-range social interac-
tions when compared to solitary contexts (F1, 11 = 166.04, 
P = 0.049) (Fig. 4). None of the other acoustic features dif-
fered significantly according to behavioural context (dura-
tion: F1, 11 = 0.59, P = 0.584; F0: F1, 11 = 9.25, P = 0.202; 
F1: F1, 11 = 0.06, P = 0.843; F2: F1, 11 = 12.74, P = 0.174; 
F3: F1, 11 = 1.17, P = 0.476; F4: F1, 11 = 4.15, P = 0.291; ∆F: 
F1, 11 = 1.02, P = 0.497) (Fig. 4). The acoustic structure of 
male churrs also varied according to the identity of callers, 
with 94.2% of churrs correctly classified to the 12 individ-
ual males. This classification level is statistically significant 
(X2

11 = 884.8, P < 0.001). When a more conservative leave-
one-out cross validation was applied, the accuracy of clas-
sification to individual fell marginally to 83.3% but remained 
statistically significant (X2

11 = 674.5, P < 0.001). The 
univariate analysis showed that all the acoustic measures 
except call units per second differed significantly between 
individuals (Table 1). The structure matrix generated by the 
multivariate DFA confirmed that the main contributors to 
individual vocal distinctiveness were the formants and ∆F 
(Table 2). Table 1 also provides the variance explained by 
each of the discriminant factors and the loading of the acous-
tic measures on these factors.

Discussion

The results of this study show that male European badg-
ers churr almost exclusively during the breeding season, 
which strongly indicates that these calls are linked to 
reproduction. The contextual analysis also revealed that 
males emit churrs during close-range interactions with 
female conspecifics, including copulation attempts, and 
often churr directly into sett entrances. Accordingly, we 
suggest that male European badgers use churrs to provide 
assurance to female mating partners of a nonaggressive 
intent, so that copulation can occur without aggressive 
escalation. The observation that males often churr into sett 
entrances suggests that these calls are also used to initiate 
contact with receptive females during the breeding season. 
While the precise function of male badger churrs will need 
to be established using playback experiments, the findings 
of the current study indicate that these calls are important 
for promoting close-range contact between the sexes to 
facilitate reproduction.

The prediction that churr duration and F0 would increase 
during close-range social interactions, due to heightened 
arousal state, was not supported. We did, however, find that 
the call units per second in male churrs increased during 
close-range interactions, which indicates that this may pro-
vide a cue to the caller’s arousal state. More highly aroused 
males could also have higher testosterone levels, which are 
linked to sperm quality and hence, fertilisation capacity 
in mammals (Minter and DeLiberto 2008). Vocal cues to 
testosterone-mediated arousal state may, therefore, be impor-
tant in female mate choice contexts. Although female Euro-
pean badgers are induced ovulators (Yamaguchi et al. 2006) 
that are highly promiscuous (Dugdale et al. 2011), more 
highly aroused, high testosterone males could be most likely 
to trigger ovulation and ultimately impregnate females. As a 
result, it would prove adaptive for males to signal their high 
arousal state using churr vocalisations and for females to 
attend to this information. Future studies should test these 
predictions.

We also found that male churrs were individually dis-
tinctive, with 94% of calls correctly assigned to individual 
callers. Although individual vocal distinctiveness is docu-
mented in a wide range of mammals (Blumstein and Munos 
2005; Reby et al. 1998, 1999, 2006; Rendall 2003; Semple 
2001; Soltis et al. 2005), relatively few studies have revealed 
individual vocal distinctiveness in the Mustelidae. Work to 
date has only shown that highly social species, such as giant 
otters, Pteronura brasiliensis (Mumm and Knornschild 
2014), Asian small-clawed otters, Aonyx cinerea (Lemas-
son et al. 2014) and Californian sea otters, Enhydra lutris 
(McShane et al. 1995) have individually distinctive vocalisa-
tions, although all social otter species appear to rely heavily 

Table 1  Tests of equality of group means between individuals for 
each of the acoustic measures in the discriminant function analysis

Acoustic measures Wilks’ lambda F1, 108 P

Duration 0.56 7.78  < 0.01
F0 0.86 1.67 0.01
Call units per second 0.75 3.35 0.09
F1 0.30 22.99  < 0.01
F2 0.18 44.17  < 0.01
F3 0.17 49.45  < 0.01
F4 0.16 52.15  < 0.01
F5 0.15 55.46  < 0.01
∆F 0.56 7.78  < 0.01
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on vocalisations for intra-specific information exchange and 
group cohesion (reviewed in Buesching and Stankowich 
2017). Yet, none of these studies used a source-filter theory 
approach to identify formants and consider their potential 
role in identity cueing. Because formant frequencies and 
spacing are explicitly linked to the shape and size of the 
vocal tract, which should vary between individuals, they 
are expected to be individually distinctive. Consistent with 
our predictions, we found that the formants and ∆F of male 
badger churrs were highly individualised. The results of the 
current study, therefore, provide the first indication that for-
mants are individually distinctive components of Mustelid 
vocalisations, as they are in humans and other nonhuman 
mammals (Bachorowski and Owren 1999; Owren et al. 
1997; Reby et al. 2006; Rendall 2003).

The pulsatile quality of badger churrs is ideal for the audi-
tory discrimination of formant frequencies because each of 
the discrete pulses contains energy across a broad frequency 
range, making it likely that individual differences in formant 
pattern are emphasised (Fitch 1997, 2002; Owren and Ren-
dall 2001). Male vocal distinctiveness may also have fitness 
benefits for female badgers in mate choice contexts (East 
and Hofer 1991; Reby et al. 2001), complementing the well-
reported olfactory distinctiveness of badger anal (Noonan 
et al. 2020) and subcaudal (Buesching et al. 2002a, b) gland 
secretions, where we posit that females could use acoustic 
cues to select less familiar, potentially more heterozygous 
males as mating partners (Radwan et al. 2008; Schwensow 
et al. 2008). Badger cubs sired by more heterozygous males 
are most likely to survive their first year (Annavi et al. 2014), 
and interbreeding between neighbouring groups occurs 
(Evans et al. 1989), with around 50% of cubs sired by non 
social group members in high-density populations (Mac-
donald et al. 2015). Accordingly, females could use churrs 
alongside olfactory cues to identify and preferentially mate 

with unfamiliar males, and in doing so, promote heterozy-
gosity in offspring. Indeed, whether a given vocalisation’s 
specific information content is selected for per se, or arises 
due to differences in vocal production anatomy, we would 
expect receivers to attend to any available information when 
it is adaptive for them to do so. Playback experiments are 
now required to investigate whether female badgers can dis-
criminate between churrs from males resident in their own 
versus unfamiliar social groups, and whether they use this 
ability to select more distantly related individuals as mating 
partners.
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