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Abstract

Wolf packs perform group vocalizations called chorus howls. These acoustic signals have a complex structure and could be
involved in functions such as strengthening of social bonds, territory advertisement, or spacing between packs. We analyzed
video recordings of 46 chorus howls emitted by 10 packs of wolves held in captivity, in order to investigate whether sex, age,
social status, pack, or individual influence the way wolves participate in a chorus. We found that, during a chorus, wolves
vocalized 63% of the time, with the howl being the most common vocalization (36% of the chorus duration), followed by
woa (13.5%), other vocalizations (11.8%), and bark (1.7%). The main factor affecting the vocal behavior of wolves was age,
since young wolves vocalized less and uttered shorter acoustic signals than adults. The discriminant analysis carried out
with the wolves of Cafiada Real pack assigned 89.3% of the cases to the correct individual, which is much better than the
assignment expected by chance, suggesting that individuals could have a unique vocal usage during a chorus howl, mainly
due to the use of howls and woa-woa howls. Based on our results, we propose that in the context of a chorus the woa-woa

howl is important, although further research is needed to address this issue properly.
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Introduction

Social animals have complex vocal repertoires comprised
of multiple call types that are used to communicate with
each other in different contexts for different purposes, like
location of group members, group reunion, territory adver-
tisement, and coordinate their daily activity (Baker-Médard
et al. 2013; Baker 2004; Bradbury and Vehrencamp 2011;
Fichtel and Manser 2010; Lehner 1982; Mech 1970). Fur-
thermore, the group members of some species emit vocali-
zations simultaneously, constituting group vocalizations
or choruses (Foote et al. 2011; Harrington and Asa 2003).
Group signals are complex, conspicuous, and are in
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average longer than individual vocalizations (Aubin and
Mathevon 2020; Passilongo et al. 2017). Functions attributed
to group signals are related to intra-group (e.g., to strengthen
social bonds) and inter-group (territorial signals) commu-
nication (Bradbury and Vehrencamp 2011; Brumm 2013).
Consequently, choruses are expected to encode important
information that should be essential for “the group’s sur-
vival” (Caro 2005).

The wolf (Canis lupus) is a social canid that lives in groups
known as packs (Mech 1970). Essentially, the pack size ranges
between 2 and 11 individuals (Fuller et al. 2003), and com-
prises a breeding pair and their offspring, which function as a
family unit during most of the year (Mech and Boitani 2003).
Acoustic communication plays an important role in wolves’
behavior. Wolf packs perform group vocalizations called
chorus howls that can last 30—120 s, depending on group
size (Harrington 1989; Joslin 1967). Chorus howls have been
described as a vocalization in which one wolf begins howling,
with other members joining in until several or all members of
a pack are howling together (Joslin 1967). Howls in the context
of a chorus vary more than those produced by lone individuals
(Harrington 1989; McCarley 1978). Choruses can be discord-
ant, resulting in a change in the overall structure of the cho-
rus, and this is often linked to the presence of various group
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mates possibly originated by a change in physiological arousal
and/or to foster group cohesion (Harrington and Asa 2003;
Schassburger 1993). Chorus howls are more complex than
several wolves howling simultaneously. Besides howls, other
vocalizations often occur in a chorus, such as growls, barks,
and squeaks (Fragnaud 2014; Harrington and Asa 2003;
Holt 1998; Palacios 2015; Passilongo et al. 2017). Some
authors mention a unique vocal type that is performed only
in chorus contexts, called the woa-woa howl (Fragnaud 2014;
Holt 1998; Palacios 2015). Traditionally, the woa-woa howl
has been considered a howl variation, but differences found
related to its acoustic structure suggests that it could be a dif-
ferent vocal type (Fragnaud 2014).

It has been suggested that chorus howls could be involved
in several functions regarding intra-pack communication,
for example, to reunite pack members that are temporarily
distant or scattered, and to strengthen their social bonds
(Harrington and Asa 2003). Chorus howls also play an
important role during the breeding season. As described by
Coscia et al. (1991) and Mech (1970) wolf pups start vocal-
izing (whines and moans) a few days after birth and start to
howl at the age of 1 month. Furthermore, pups frequently
join a chorus howl (Palacios et al. 2016). Reproductive
females often return to the den during the breeding season
and might stimulate the pups with their calls to locate them
(unpublished data). The presence of pups (e.g., reproduc-
tion success) can also be detected based on their acoustic
energy distribution in a chorus (Palacios et al. 2016), sug-
gesting that wolf chorus howls could encode information
regarding age composition. Wolf choruses are also used as
a warning for intruders, supporting the theory of spacing
between packs (Harrington and Mech 1979). For instance,
wolves can signal their presence over an area ranging from
at least 7.8 to nearly 129.5 km? (Joslin 1967).

A pack of wolves consists of individuals of different
social status, age, and sex. The unique composition of each
pack of wolves could cause subtle variations in the struc-
ture of a chorus howl. For instance, wolves are known to
be highly territorial, and group vocalizations can serve
as a defensive strategy (Harrington 1989; Harrington and
Asa 2003; Harrington and Mech 1979). Although the
whole group can join a chorus, adults should be especially
committed in the territorial defense strategies. Moreover,
the physical condition of an adult animal should play in its
favor to produce longer sounds, since production of sound
is energy consuming (Maynard-Smith and Harper 2004).
We hypothesize that adult wolves spent more time vocal-
izing, and emit longer vocalizations than younger indi-
viduals, especially those involved in territory advertising.
Since chorus howls are also used during the breeding sea-
son to communicate with pups, we expect sex- and age-
related differences in the vocal behavior of pack members
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during a chorus. Finally, similar to the vocal cues encoded
in howls, we predict that the vocal usage of each individ-
ual should be unique and distinctive (Palacios et al. 2007;
Watson et al. 2018). To test these hypotheses, we studied
how different pack members contribute to a chorus howl,
taking advantage of a known scenario with wolves held in
captivity, with the information about gender, age, social
status, and individual given by the wolf centers and wolf
curators. Our research aimed to (1) describe different wolf
chorus behaviors of the pack members and its relationship
to group composition and (2) identify if factors like sex,
age, social status, or individual have a specific effect on
the time wolves spend using different vocalizations in a
chorus.

Furthermore, wolf populations are often monitored
through the use of howl surveys (Joslin 1967; Harrington and
Mech 1983; Fuller and Sampson 1988; Thiel et al. 2009),
mainly to locate packs (Harrington and Mech 1983; Fuller
and Sampson 1988), detect successful reproduction (pres-
ence of pups, Palacios et al. 2016), and estimate the aver-
age number of wolves that participate in a chorus (Palacios
et al. 2017; Passilongo et al. 2015). We will discuss how our
results could be applied to improve the reliability of wolf
surveys based on acoustic signals.

Methodology

We analyzed video recordings of chorus howls emitted
by wolves held in captivity at four locations: Cafiada Real
(Madrid, Spain), Centro de Recuperagdo do Lobo Ibérico
(Malveira, Portugal), Lobo Park (Malaga, Spain), and the
International Wolf Centre (MN, USA). Recordings were
obtained during March 2005, July—August of 2007 and
2008, and March 2017, using a digital video camera Sony
Handycam DCR-HC54. The researcher simulated howls
to encourage wolves to respond. Taking in consideration
their highest activity point, simulations were performed
during dawn and dusk. Howls were conducted from at
least 5 to 30 m, often in full sight of the animals since
wolves were habituated to human presence. To increase
the sample size on pups we also included good quality
recordings of wolves in the facilities of Bays Mountain
Park (Kingsport, TN), and the Wolf Park (Battle Ground,
IN) available on the internet, under the author’s permis-
sion. We analyzed a total of 46 chorus howls emitted by
10 packs comprising 30 wolves of different condition (sex,
status, and age composition) from five different subspe-
cies. The major part (80%) of the packs in our study had a
parental pair in it, and the packs without one were exclu-
sively composed by pups due to rules of the wolf center
(suppl. material).
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To analyze behaviors from the video recordings, we
used Solomon software (Péter 2015). We conducted
a focal-animal sampling (one individual is the focus of
observations; Altmann 1974), analyzing every individual
participating in a chorus. Previous inspection of video
recordings and the repertoire of vocalizations described
for the wolf (Fragnaud 2014; Holt 1998; Palacios 2015;
Schassburger 1993) were used to define four sound cat-
egories (Fig. 1): howl, woa (hereafter woa-woa howls),
bark (bark-like vocalizations), and other vocalizations (in
our recordings, these vocalizations were mainly whines,
whistles, and short harmonic sounds that could not be
identified by the researcher). Solomon software allows the
visual inspection of the spectrogram of the sound while
watching the video images. We examined the image, audio,
and spectrogram of the recordings to determine that a wolf
was emitting one of the four vocal types. Sometimes it was
difficult to identify the type of vocalization emitted, espe-
cially when howls and woa-woa howls were combined as a
continuous vocalization.

To measure the time spent emitting both vocal types, we
considered, besides the sound, changes in the body position-
ing that were performed by the animals during the vocali-
zation of those two sound types (video in suppl. material).
In this study we considered that a wolf was (1) howling:
when emitting a long, continuous acoustic signal, maintain-
ing a static position, with the muzzle in a fix position and
the canine teeth clearly visible, and (2) emitting woa-woa
howls, when emitting loud, long, continuous acoustic sig-
nals, higher in pitch and frequency modulation than howls
(by aural estimate), with the mouth wide open and the lips
retracted during the whole woa-woa howl sound extend.
Sometimes woa-woa howls were emitted as a series of dis-
continuous sounds. More interactions between group mem-
bers occur throughout the woa-woa howl vocalization than
during howling; hence, individuals change their body posi-
tion frequently.

For each individual participating in a chorus, we meas-
ured five variables: (1) time spend vocalizing (vocal), (2)
time emitting howls (howl), (3) time emitting woa-woa
howls (woa), (4) time barking (bark), and (5) time doing
other sound types (other). Wolves were at times beyond the
visual range of observations; therefore, only data with ani-
mals in full sight at least 50% of the time were considered.
A random sample of video recordings were analyzed by two
researchers with experience in wolf vocalizations to verify
that the behaviors measured were clearly distinguishable by
different observers. Information of sex, age, and social status
was obtained from the animal handlers. All individuals were
categorized into three age classes (adult: > 2 years old, year-
ling: 1 year old, pups: <1 year old), but due to the sample
size, pups and yearlings were grouped into subadults. For
the social status category, we considered two social rank
categories: breeding pair (parental pair, PP) and other pack
members.

Statistical analyses

We used Linear Mixed Models (LMM) to assess which fac-
tors determine the type of vocalizations that a wolf emits
during a chorus. We built models for vocal, howl, woa,
bark, and other, as dependent variables, with a Gaussian
distribution. We included age, status, and their interaction
with sex as fixed factors, and chorus ID and individual ID
nested to pack as random factors. To further explore our
dataset, we grouped together short vocalizations (bark and
other), and long calls (howl and woa), and built the same
models for long and short vocalizations (including cho-
rus and individual ID as random factors). In preliminary
analyses we saw that the inclusion of subspecies as random
effect did not vary the results; hence, we decided not to
include this factor in the final models. The significance of
terms was determined by a Wald statistic (p <0.05). We
estimated the variance explained by the model calculating
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Fig. 1 Spectrogram frames of the vocal types of this study: a howl, b woa, ¢ bark, and d other. Spectrogram: 1024 FFT (Fast Fourier Transform)

points, Hann window
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marginal R (variance explained by fixed factors) and con-
ditional R? (variance explained by both fixed and random
factors; Nakagawa and Schielzeth 2013). We also calcu-
lated the adjusted Intraclass Correlation Coefficient to
estimate the proportion of the variance explained by the
grouping structure in the population to get a better idea
of individual variation. LMMs were conducted in R (R
Development Core Team 2013), using the lmer function
(in the Ime4 library).

Additionally, we performed a Flexible Discriminant Anal-
ysis (FDA; Hastie et al. 1994) on the Cafiada Real pack data
to see if it is possible to classify individuals according to
their call usage, which would support the hypothesis of the
existence of individually unique vocal behaviors in a chorus.
We only used the Cafiada Real pack (four individuals) since
we had a greater collection, and less variation in the number
of recorded choruses for each individual compared to the
data of the other packs in the study. We standardized the
predictors included in the FDA and used the coefficients of
the canonical functions as a measure of variable importance
to discriminate individuals.

Results

The chorus howls analyzed lasted a minimum of 33 s, and
a maximum of 185 s, with a time length of 73.95+32.47 s
(mean = sd). During a chorus, wolves vocalized 63% of the
time. Howling was the most performed vocalization (57.1%
of the time vocalizing wolves emitted howls), followed by

woa-woa howls (21.5%), other vocalizations (18.7%), and
barks (2.7%). During a chorus howl, adult wolves vocal-
ized 73.3% of the time (46.7% howling, 18.7% emitting
woa, 2.3% barking, and 5.6% emitting other type of vocal-
izations; Fig. 2); meanwhile, subadult wolves vocalized
42.7% of the time (20.7% howling, 12.2% emitting woa,
0.8% barking, and 9% emitting other type of vocalizations;
Fig. 2).

Linear Mixed Models built for the different vocal types
showed an important effect due to the random nested fac-
tor (chorus and individual within a pack) especially for the
time vocalizing and emitting other vocalizations (vocal:
R?.—R*,=0.27, other: R?,— R?, =0.24; Table 1). Among
the fixed factors, age had the biggest effect on the time emit-
ting different vocal types (Table 1). Subadults vocalized sig-
nificantly less than adults (mixed model’s estimate: —0.405,
p-value: 0.001; Table 1) and emitted other vocalizations
more than any type of sound. The results of the model we
built for long vocalizations confirmed the differences found
between age classes (subadults) with an estimate of —0.55
and a p-value of 1.35¢7% (Table 1). Our models showed an
interaction between social status and sex, in which parental
females vocalized more time than parental males (estimate:
0.364, p: 0.021), spending more time emitting long vocali-
zations (estimate: 0.316, p: 0.048), mainly woa-woa howls
(estimate: 0.412, p: 0.06, marginally significant). The FDA
carried out with the wolves of Caflada Real pack (15 chorus
howls), correctly assigned 89.3% of the cases to the right
individual (ind1: 87%, ind2: 100%, ind3: 87%, and ind4:

1.00 0.5
c
0.75 o) 0.4
. . = 0.75
o - N
@ 0.50 .. o © g 03 .
go PRI $0.50 £ "
T . e 002 FRa
0.25 TR 20.25 0.1 . "
P el ey SRR S S
0.00 ted o 2wl T 0.00 { 0.0 * .I *
A S A S A S
Age Age Age
1.00
0.75
>
£075 0.2
050 © =
o S 0.50 ©
I © e m
g - 0.1
0.25 s) :
025
. *° o . b L_&*
0.00 0.00 0.0 e
A S A S A S

Age

Age

Fig.2 Boxplots with datapoints of each vocal type (howl, woa, bark, and other), time spent vocalizing, and doing long vocalizations (howl and

woa) by individuals, according to age classes (adults and subadults)
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Table 1 Results of Linear Mixed Models for each variable (vocal,
howl, woa, bark, other, short, and long): (a) random effects: variance
and standard deviation, (b) fixed effects: estimate and p-values, and

a)

Random effects Model: vocal

variance  std. dev.
chorus 0.005 0.073

individual: pack 0.007 0.082

pack 0.002 0.04
residual 0.01 0.1
Random effects

©)
Model

vocal
howl

woa

bark
other

long vocal

short vocal

n/a not available

chorus
individual
residual
b)

Fixed effects
Model: vocal

Model: howl
Model: woa

Model: bark
Model: other
Model: long vocal

Model: short vocal

R2
marginal

0.54
0.33
0.21
0.02
0.3

0.65
0.25

Model: howl Model: woa

variance  std. dev.  variance
0.005 0.068 *n/a
0.026 0.162 2.09e-02
0.003 0.053 1.22¢-09
0.011 0.106 1.18¢-02

Model: long vocal (howl and woa)

variance std. dev.
0.004 0.065
0.008 0.091
0.011 0.107
factor

sex (female)
age (subadults)
status: sex (parental: female)
age (subadults)
age (subadults)

status: sex (parental: female)

Model: bark
std. dev.  variance  std. dev.
*n/a 0.0002 0.015
1.45¢-01  0.0004 0.02
3.49¢-05  0.0001 0.01
1.09¢-01 0.001 0.032

(c) R? (marginal: variance explained by fixed factors; conditional:
variance explained by both fixed and random factors) and intra-class-
correlation (ICC: adjusted and conditional)

Model: other
variance std. dev.
0.00004 0.006

0.001 0.034
0.001 0.034
0.005 0.068

Model: short vocal (bark and other)

variance
n/a
0.004
0.007

estimate
-0.238
-0.405
0.364
-0.317
-0.24
0412

no significant variables found

age (subadults)
age (subadults)
status: sex (parental: female)

age (subadults)

conditional
0.81
0.83
0.71
0.42
0.54
0.83
0.53

0.155
-0.554
0.316
0.161

R%c-R’m
0.27
0.5
0.51
0.41
0.24
0.28
0.19

*Model woa: without chorus as a random effect (singularity issue); **marginally significant (p < 0.1)

87%), which is much better than the assignment expected
by chance (25%; Fig. 3). The coefficients of the canonical
functions showed that the usage of howls and woas were

std. dev.
n/a
0.062
0.081

p-value

**0.088
0.001
0.021
0.047

**0.076
**0.06

0.002
1.35E-05
0.048
0.015

ICC

adjusted conditional

0.58
0.75
0.64
0.41
0.34
0.53
0.37

0.27
0.5
0.51
0.41
0.24
0.18
0.28

the most important variables to discriminate individuals
(coefficients: howl = —2.65, woa= —2.23, bark= —0.63,
other= —0.57).
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Discriminant Plot for predict classes

Fig.3 Scatter plot illustrating the DFA of the vocal behavior of each
individual in a chorus (data of the Canada Real pack). Number of
individuals: 1, 2, 3, and 4

Discussion

We described the vocal behaviors of the members of a
pack of wolves during a chorus, and its relation to group
composition. The choruses analyzed had a mean duration
of 73.95 +32.47 s. In other studies the overall duration of
a chorus measured throughout different wolf populations
seems to be consistent with our results (e.g., North Ameri-
can wolves, Canis lupus lycaon: 59.9 +18.1 — mean + SD,
Harrington 1989; Iberian wolves, Canis lupus signatus:
66 +27 —mean + SD, Palacios et al. 2016; Polish wolves,
Canis lupus lupus: 67 +5 —mean + SE, Nowak et al. 2007),
suggesting that the chorus howl should be considered a
group vocalization with a similar duration across wolf sub-
species. Passilongo et al. (2017) identified barks, whines,
growls, whimpers, squeaks, and yelps as part of this group
vocalization. Previously, other authors have described
squeaks, barks, growls, and miscellaneous vocalizations in
a chorus (Holt 1998). Our study adds important information
about the usage of calls in a wolf chorus. For instance, our
findings indicate that howl was the most frequent vocal type
emitted in a chorus, as reported previously by Harrington
(1989), Holt (1998), and Passilongo et al. (2017). Although,
so far, hardly any studies offer a proper distinction between
howls and woa-woa howls (but see Fragnaud 2014), our
results suggest that the woa-woa howl is a relevant vocal
type in the context of a chorus (wolves spent more than 20%
of the time they vocalized in a chorus emitting woa-woa
howls). Woa-woa howls were first reported by Tooze (1987),
and briefly described by Holt (1998), although both authors
failed to clearly make a distinction between howls and woa-
woa howls. More recently, Fragnaud (2014) found significant
differences between woa-woa howls and howls in the mean
duration, frequency range, and frequency modulation, and
suggested this sound type should be categorized separately.

@ Springer

However, we still lack a published detailed description of
the woa-woa howl.

One of the goals of our study was to address the way
individuals of a pack of wolves participated in a chorus
howl. Previous research has focused on the vocal repertoire
of the chorus howl, but to our knowledge, did not measure
the contribution of each individual’s unique vocal behavior
(Fragnaud 2014; Harrington 1989; Holt 1998; Passilongo
et al. 2017). The most apparent finding to emerge from the
analysis is that individuals within a pack have unique ways
to use vocalizations in a chorus howl. A fair amount of
research has been carried out searching for individual differ-
ences in specific acoustic signals across a variety of species,
namely, regarding the acoustic structure of vocalizations.
For instance, individual distinction in calls has been reported
for meerkats (Suricatta suricatta, Townsend et al. 2010),
wild agile gibbon (Hylobates agilis, Oyakawa et al. 2007),
horned guan (Oreophasis derbianus, Gonzalez-Garcia
et al. 2017), and coyotes (Canis latrans, Mitchell et al.,
2006). In the case of wolves, Tooze et al. (1987), Palacios
et al. (2007), and Root-Gutteridge et al. (2014) concluded
that howls uttered by wolves have individual differences.
Although not all differences found between individuals
encode information for the receiver (Townsend et al. 2010),
investigation of individual vocal recognition has been dem-
onstrated in the call types of a few species, for example,
elephants (McComb et al. 2000), zebra finches (Taeniopygia
guttata, Elie and Theunissen 2018), and African penguins
(Spheniscus demersus, Favaro et al. 2015). Our work might
offer a novel approach on the chorus howl, since regardless
of the acoustic features of vocal types, it highlights the fact
that wolves have individually unique vocal behaviors when
they participate in a chorus howl. Recent publications on
the behaviors of group-living animals describe that stable
societies benefit form learning and recalling the identities of
their group mates, a characteristic that comes hand in hand
with social complexity (Ward and Webster 2016). Wolves
are a good example of group coordination and cohesion,
and some activities like hunting or collaboration to ensure
reproductive success could greatly benefit from recognizing
your group members (Mech and Boitani 2003). Researchers
have found that the acoustic behavior of wolves increases as
the pups grow, suggesting that the group could profit from it
for location of offspring and food (Mech and Boitani 2003).
To which extent the differences in the use of vocal types we
have found in our study are used for wolves to recognize and
communicate with other pack mates needs further research.
We believe our work proves a great potential for individual
distinctiveness concerning their vocal behaviors in a chorus,
given that the analysis made on this variable (Individual,
DFA, and LMM’s) explained most of the data.

In line with numerous works that found differences
between immature and full-grown individuals in their
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vocalizations, our research suggests that age class affects
the different use of vocalizations emitted during a chorus
(Blumstein and Daniel 2004; Mathevon et al. 2010; Volodin
et al. 2016). Our results show that adults vocalize consistently
during a chorus howl and emit longer sounds than younger
ones. As far as we know, the adults of a pack of wolves vocal-
ize frequently to maintain their territory free from intruders.
Considering our results, and assuming that neighboring packs
might perceive the degree of threat in the group vocalizations
of rivals, it would make sense that adults should emit longer
vocalizations than pups. Furthermore, the scarcer, shorter,
and more chaotic uttering of sounds by younger animals
could be explained by changes in body size, limited experi-
ence, naive behavior, and contextual sound learning (Janik
and Slater 2000). Hence, the mechanics of sound production
predicts that larger, older, or bigger animals emit longer calls,
with lower and less modulated fundamental frequency, than
smaller ones (Ey et al. 2007). Since learning is a gradual
process (Payne 1985), we would expect young individuals
to mimic the sounds of their surrounding adults over time,
till they gain experience, and learn to use the same signals in
different contexts (Coscia et al. 1991; Janik and Slater 2000).
Another plausible cause for the differences found between
juveniles and adults is the caller’s competitive ability (e.g.,
displays of size, condition, or fighting ability) that should
be greater in adults (Fitch and Hauser 2003; Reby and
McComb 2003). Since younger individuals are still in devel-
opment phase (weaker and smaller than adults) we could also
argue that the differences found between age classes in our
data goes in line with the idea that the production of some
type of calls is of higher cost for individuals in poor condition
than for those in good condition (Searcy and Nowicki 2005).

The presence of young individuals in a pack is the evi-
dence of recent reproduction, which from an applied point
of view is the key to monitor the status of wolf populations.
The analysis of recordings of chorus howls obtained dur-
ing summer-autumn is useful to determine the presence
of pups (Palacios et al. 2016). However, it is not always
possible to record chorus howls since the aural estimates
of the presence of pups in a chorus are not always reliable
(Palacios et al. 2017). Our research indicates that chorus
howls that include higher proportions of short vocalizations
(e.g., whines and squeaks) could reveal recent successful
reproduction, which could be crucial in areas of recent wolf
recolonization. Hence, our results may provide useful clues
for wolf monitoring programs about the presence of young
individuals in a pack.

With respect to other factors tested in this study, we
found an interaction between sex and status. Parental
females vocalized more and emitted more woa-woa howls
than parental males. We are not sure to which extent this
result could be due to a sample size artifact, an effect of
the wolves’ conditions of captivity, or a confirmation of the

relevance of woa-woa howls in the acoustic communica-
tion between pack members. Further research is needed to
address the role of the woa-woa howls in a chorus howl.

Supplementary information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10211-021-00388-5.
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