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Abstract

Effective wolf monitoring is more critical than ever to support robust population estimates, identify
breeding packs, and anticipate and mitigate attacks on livestock. This study evaluates bioacoustic
monitoring to estimate wolf population size and detect packs and pups by howling activity, using
recordings collected from free-ranging wolves in four different study areas in Denmark and from
captive wolves housed in two zoos. It assesses whether howl structure can identify wild individuals
and discriminate between current year-pups (aged between four and nine months) and adults. At
one wild Location 1, we identified two free-ranging individuals from 40 adult howls by quantifying
fundamental-frequency features and applying linear discriminant and multivariate variance
analyses; individual classification accuracy was 92%. In captivity, the same workflow yielded 84%
accuracy for three wolves at Location 5 and 86% for four wolves at Location 6, including perfect
classification for one animal. We examined howls recorded from late August 2021 to February 2022
using maximum fundamental frequency. Across months, mixture modelling and principal
component analysis consistently resolved two groups in the wild data, and multivariate tests
indicated significant separation each month (p < 0.001), consistent with a pup-adult contrast and the
expected autumnal decline in pup frequencies as they mature. A focused analysis restricted to adult-
range howls also resolved two groups with very strong multivariate separation (p < 0.001), in line
with female-male differences. Overall, passive bioacoustics is an effective, non-invasive approach for
wide-area coverage and for inferring pack composition from acoustic evidence alone.

Keywords: bioacoustics monitoring; wolf howling; fundamental frequency; individual identification;
age classification; sex classification; mixture modeling; principal component analysis

1. Introduction

1.1. The Central European Wolf Populations” Ecology and Protection

The grey wolf (Canis lupus Linnaeus, 1758) historically had one of the broadest distributions of
any terrestrial mammal across the Holarctic, spanning much of Europe as well as large portions of
Asia and North America. [1,2]. Intense persecution extirpated wolves from much of Western Europe
[3,4], but remnant populations later expanded under stricter protection (EU Habitats Directive; Bern
Convention) [5,6]; the species is currently listed as Least Concern by IUCN [7]. The Central European
wolf population has been pivotal for Denmark’s recolonization [4,8,9]. After 200 years of absence,
wolves were recorded again in Denmark in October 2012, followed by immigrants from Germany
[9,10]. Since 2017, a national program led by the Danish Environmental Protection Agency with the
Natural History Museum Aarhus and Aarhus University has followed SCALP standards, integrating
DNA, photo documentation, and validated public reports [10,11]. To date, 35 individuals have been
genetically identified, mainly in remote heathland/forest areas with low human activity [10,12]. As
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DNA-based individual monitoring becomes increasingly costly, Denmark has since 2025 estimated
population size by converting packs to individuals using a spring factor of 7 (IUCN-consistent range
6-8) [10], highlighting the need for complementary non-invasive tools such as acoustic monitoring
(Supplementary materials S1).

Bioacoustics monitoring, in particular passive acoustic monitoring (PAM), uses autonomous
sound recorders to survey wildlife and their environments [13,14]. PAM has been successfully
applied in terrestrial systems to monitor elephants, gibbons, red deer, birds and elusive carnivores
such as wolves [15,16]. For wolves, acoustic monitoring includes not only passive recording but also
simulated howls performed by observers, a widely used technique to elicit vocal responses and locate
packs [37,39]. Recorders deployed unattended for days to weeks on predefined schedules can, under
suitable conditions, monitor an area with a radius of approximately 3 km [17], including remote or
privately owned terrain that is otherwise difficult to access [18,19]. For wolves, PAM focuses on howls
and is highly non-invasive, allowing detection of presence and packs over large areas and potentially
providing information on individual animals. Bioacoustic data are analysed as spectrograms, and
wolf howls, which are tonal and harmonic, can be characterised by their fundamental frequency (F0);
variation in FO among individuals enables individual discrimination and identification [13-21].

1.2. Wolf Communication by Howling

Wolves use several channels of communication, but howling is their most conspicuous long-
distance vocalisation [22]. Adult howls are low, harmonically structured calls typically spanning a
fundamental frequency of approximately 150-780 Hz [20] and are produced solo or in choruses for
territorial defence, maintaining contact among pack members and social bonding [22,23]. Active
vocalizations of wolves allow us to study the significance of interspecies interactions [Palacios et al
2007], because howls travel over long distances, especially at night, they can convey information on
location, identity, age and sex, and howling rates increase during the pre-breeding and breeding
seasons [22]. In human-dominated landscapes, wolves and prey often shift activity to avoid people;
this “super-predator” effect compresses vocal activity into nocturnal windows, which is crucial for
PAM deployment and interpretation [24].

Vocal communication begins early in life: pups initially whine, moan and scream, and after two
to three weeks, when they emerge above ground, they start howling daily [20,22]. At this stage, the
fundamental frequency is high (around 1,000 Hz) and then declines over the following months; by
six to seven months, pup howls resemble adult howls with fundamental frequencies around 350 Hz
[18]. In autumn, pups increasingly travel with the pack and contribute more frequently to howling
events [25]. These ontogenetic changes in howl production suggest that bioacoustic monitoring may
help discriminate pups from adults and, consequently, provide a non-invasive indicator of local
breeding activity [22,25].

Scope of the Study

Acoustic monitoring is a valuable complement to other methods. It enables systematic, long-
range surveillance and requires less field effort than visual sightings, track-and-sign surveys, or
extensive camera-trap deployment. In addition, it can reveal breeding activity and may allow
identification of individuals. Although bioacoustics monitoring is now widely used, further
refinement is needed to optimize its effectiveness for wolves.

In Denmark, interpretation of acoustic activity should account for (i) the standardized SCALP
framework by identifying individuals in a pack and reproduction has been successful, (ii) the national
shift to reporting reproductive units and estimating total abundance with a spring conversion factor
(6-8; presently 7), and (iii) acoustic monitoring could be used as early warning when wolves have
newly established in areas with livestock.

We hypothesize that autonomous passive acoustic monitoring in confirmed Danish wolf
territories can reliably detect howling and that howl structure contains repeatable acoustic signatures
that enable inference of (i) individual identity, (ii) age class (pup vs. adult), and (iii) sex among adults;
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furthermore, we hypothesize that standardized auditory playbacks can increase the probability of
eliciting howls relative to baseline conditions. This study advances the use of autonomous acoustic
recorders for monitoring free-ranging wolves in Denmark by:

(1) Quantifying howling activity from sunset to sunrise across autumn and winter to inform
optimal deployment and sampling schedules.

(2) Testing whether fundamental-frequency features enable discrimination and classification of
individual free-ranging wolves.

(3) Assessing whether pup howls can be distinguished from adult howls to provide a non-invasive
indicator of breeding activity.

(4) Evaluating whether adult howls can be differentiated by sex (female vs. male) based on acoustic
structure.

(5) Testing whether howling can be experimentally elicited under controlled playback conditions.

In breeding territories, adult howls (restricted to the adult-frequency range) are expected to
show a bimodal distribution in maximum fundamental frequency (Max F0), consistent with sex-
related differences in vocal output (with females exhibiting higher Max F0O than males). We further
hypothesize that the higher-frequency cluster will account for a greater proportion of adult howls in
late summer—autumn, when pups accompany the pack, reflecting sex-specific contributions to pup
care, pack coordination, and territorial signaling.

We will evaluate these aims through bioacoustics monitoring within confirmed wolf territories
across Denmark and analyze the recordings for statistically significant differences linked to specific
behavioral tendencies.

2. Materials and Methods

2.1. Collecting Howls from Wild and Captive Wolves

Data comprised howls from captive wolves at a Danish zoological park and from free-ranging
wolves in Denmark. Recordings were obtained through bioacoustics monitoring using a Song Meter
SM4 Bioacoustics Recorder (Wildlife Acoustics Inc., Maynard, Massachusetts, United States). Audio
files were saved in WAV format on secure digital cards with 128 gigabytes of storage. Wild-wolf
recordings were collected in areas with known territories or recent observations. Initial information
on wolf presence was compiled from wolf-tracking platforms, daily press reports, and social media.
The Ulveatlas.dk website provided specific, up-to-date sighting records. Local personnel within the
study areas contributed site knowledge, including guidance on optimal recorder placement.

2.1.1. Location Selection

Four locations were chosen for collecting howls from wild wolves and two locations were chosen
for collecting howls from wolves in captivity (Figure 2.1).

Location 1 (55°35'36"N 8°55'13"E). Wolves were documented at this site [10]. Acoustic recording
was conducted from 26 August 2021 to 21 February 2022 (app. Table A5.1).

Location 2 (56°52'54"N 10°12'13"E). A wolf was documented at this site [10]. Recordings were
collected during four periods: 10-31 July 2021, 25 August-13 September 2021, 14-28 December 2021,
and 18 January-1 February 2022.

Location 3 (55°56'51"N 8°39'47"E). Wolves were documented at this site [10]. Acoustic recording
started in October 2021; audio data from January—February 2022 was lost due to equipment issues
[10] (app. Figure A5.5).

Location 4 (56°14'08"N 8°29'47"E). Wolves have been present at this site [10,12,26]. Acoustic
recording started on 2 August 2021 [10,12,26].

Location 5 (56°20'39"N 10°39'13"E). Wildlife Park/Zoo with three captive adult Eurasian wolves
(Canis lupus lupus), all siblings; two males and one female, all were sterilised. Recording began on 28
August 2021 (app. Table A5.2).
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Figure 2.1. Locations in Denmark where bioacoustics recorders were deployed to collect wolf howls.

Location 6 (55°48'27"N 9°21'07"E). Wildlife Park/Zoo with eleven captive male Mackenzie-Valley
wolves (Canis lupus occidentalis) native to North America. A litter of five pups was born in 2021; pup
sex was not recorded for this study, and pup vocalizations were present across the three recording
periods. Recordings at this location were collected during three periods: 24 Oct-8 Nov 2021 (RecP1),
16-30 Nov 2021 (RecP2), and 7-30 Jan 2022 (RecP3), during which pup howls were present.

In the following Table 2.1, you can view the different locations and recordings periods.

Table 2.1. Overview of the six recording locations (Location 1-6), including venue type and wolf status (wild vs.

captive), and the corresponding recording periods (deployment dates) used in this study.

Location  Venue (site type)  Wolf status Recording periods / dates
20 Aug-3 Sep 2021; 28 Sep-13 Oct 2021; 13-26 Oct
Loc1 fenced nature area wild 2021; 26 Oct-8 Nov 2021; 22 Nov-5 Dec 2021; 21

Dec 2021-3 Jan 2022; 7-20 Feb 2022
10-31 Jul 2021; 25 Aug-13 Sep 2021; 14-28 Dec

Loc2 fenced nature area wild 2021; 18 Jan—1 Feb 2022
Loc3  military training area wild Recording began Oct 2021
Loc4 forest—h?ath wild Recording start?d 2 Aug 2921 (two units; one
mosaic mobile, one stationary)

. 28 Oct-11 Nov 2021; 16-29 Nov 2021; 17-31 Jan

Loc5 Z00 captive
2022

, 24 Oct-8 Nov 2021; 16-30 Nov 2021; 7-30 Jan 2022

Loc6 Z0O0 captive

(pup howls present across periods)

2.1.2. Placement and Settings for the Acoustic Recorders

Operating time of autonomous recorders depends on environmental conditions, primarily
temperature and moisture exposure. Low ambient temperatures reduce battery voltage and effective
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capacity, shortening operating time relative to room-temperature specifications, whereas persistent
rain, high humidity, and freeze—thaw conditions can promote condensation or water ingress and may
prematurely end deployments.

Each deployment lasted approximately three weeks, after which batteries and SD cards were
replaced. Recorder settings were configured to capture the fundamental frequency ranges of both
adult and pup howls. The sampling rate was 44.1 kHz with 16-bit amplitude resolution. A 220 Hz
high-pass filter was applied to attenuate wind and anthropogenic noise.

Recorder sites were selected in collaboration with local personnel, who provided up-to-date
information on wolf activity and frequently used areas to guide optimal placement. Units were
strapped to trees at approximately 1.5 m height in semi-open forest, where surrounding vegetation
provided wind shelter without obstructing sound transmission to the microphones. Recording
schedules targeted peak vocal activity: because spontaneous wolf howling is concentrated from
sunset through the night (often peaking in the evening hours) and chorus howls generally peak
between sunset and sunrise, the schedule initially ran 20:00-07:00 and was later adjusted to 17:00-
08:00 with the shift from summer to wintertime [27,28]. At Location 5, the recorder was positioned
adjacent to the enclosure to allow battery and SD-card changes without staff assistance.

2.1.3. Spectrograms

Kaleidoscope Pro 5.4.3 (Wildlife Acoustics Inc., Maynard, MA, USA)—a bioacoustic analysis
software package that provides spectrogram visualization and tools for automated detection and
acoustic clustering of candidate signals in large audio datasets—was used to detect wolf howls [29].
The detector was trained on annotated recordings with signal parameters set to 100-2000 Hz to
encompass adult howls and the higher-frequency calls of pups (up to ~1100 Hz) [20]. Detection length
was constrained to 0.5-20 s, and the maximum inter-syllable gap (used to delimit signals) was 0.35 s
[16]. Detected events were then grouped using Kaleidoscope’s cluster analysis, which sorts files by
acoustic similarity [29]. For clustering, the maximum distance from the cluster center to include in
the output (similarity threshold relative to the training set) was set to 1.0 [16]. The Fast Fourier
Transform (FFT) window was 21.33 ms, and the maximum number of states for the Hidden Markov
Model was 12, following manufacturer guidance that higher settings can increase discrimination
among clusters [16,29]. To control cluster formation, the maximum distance to the cluster center when
building clusters was 0.5, and the maximum number of output clusters was capped at 500. Only the
FFT parameter was set to its maximum; all other clustering parameters were left at default values.
After automated processing, we conducted an initial review of clusters to locate groups of similar
detections, followed by manual verification and labelling because some wolf howls were mixed with
other species’ calls (e.g., red deer roars). Spectrograms and audio were inspected to assign call types:
solo howls were labelled “wolf howl,” two overlapping howls “wolf duet,” and three or more
overlapping howls “wolf chorus” [30]. Finally, the dataset was rescanned to further train the software
for wolf-howl detection.

2.2. Analysis of Wolf Howls

Duets and choruses were generally excluded because overlapping vocalizations obscure
individual contours; they were retained only when individual howls could be reliably isolated and
when assessing temporal howling activity at Location 1, Location 5 and Location 6. Because our
analyses rely on extracting the fundamental-frequency contour (and maximum fundamental
frequency) from spectrograms, we applied an additional quality-control step during acoustic
measurement. Howls were excluded from fundamental-frequency-based analyses when the
fundamental-frequency band was not clearly distinguishable on the spectrogram (for example, very
hoarse low-frequency howls with diffuse harmonics), or when pitch extraction could not be
performed reliably. This criterion was applied to avoid biased or spurious maximum fundamental-
frequency values in the mixture analyses used for pup detection and sex-related clustering.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2.2.1. Howling Activity of Wild and Captive Wolves

All wolf howls from Location 1 and Location 5 were aggregated by hour within the recording
schedule. To account for unequal recording effort across deployments, counts were normalized to
howls per hour. This adjustment was particularly important for Location 1, which had more
recording periods.

2.2.4. Individual Identification of Wolves

To identify individuals, isolated clips were assigned to presumed adult howls. Putative pup
howls were excluded because, as shown in previous studies, pup vocalizations change substantially
until adulthood, precluding reliable individual assignment [20]. All howls from Location 1, Location
5 and Location 6 were attributed based on structural features in both the audio and spectrogram,
which provided the clearest individual differences.

Only howls from Location 1 were used to estimate the number of adult wolves, as these
deployments yielded the largest sample of wild vocalizations. The analysis comprised 40 howls
attributed to two presumed adults. Isolated clips were assigned to adults based on distinctive
structural features, the primary criterion, and 20 recordings were allocated to everyone. Howls with
high maximum fundamental frequencies were excluded. Variables for individual identification were
extracted in Praat via pitch analysis (Figure 2.2, Table 2.1).

1200wl T i == SR |

ITI A Mg —

I M
1200 Hz
84 4 He P I
Kl 19.15
QHz 3 He

Figure 2.2. Spectrogram of two howls presumed to be from an adult wolf. The fundamental frequency and

recording times are indicated. Howls were recorded at Location 1 and processed in Praat.

Table 2.1. Acoustic variables used to investigate individual identification in wolves and to assess differences
between adult and pup howls [16,19].

Variable Definition
Mean FO Mean distribution of the fundamental frequency (Hz)
Min FO Minimum fundamental frequency (Hz)
PosMin FO Position of minimum frequency (time of min/duration)
Max FO Maximum fundamental frequency (Hz)

PosMax F0 Position of maximum fundamental frequency (time of max/duration
Sd mean FO Standard deviation of the mean fundamental frequency (Hz)
Cofv Coefficient of frequency variation (SD/Mean F0 x 100)
Slope Mean absolute slope of fundamental frequency F0O (Hz/s)

Range Range of fundamental frequency (Max FO — Min F0)

Start FO Start fundamental frequency (Hz)

End FO End fundamental frequency (Hz)
Duration Duration of the howl (sec)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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To reduce multicollinearity, we calculated Pearson product-moment correlations among all
variables for each howl and excluded those with r > 0.7 (Posmax F0, CovF, Start F0). We then
evaluated classification of howls into two individuals using linear discriminant analysis in PAST,
applied to the remaining variables: Mean FO, Min F0, Max F0, SD, Slope, Range, End F0, and Duration.

2.2.2. Identification of Howls from Pups

The speech analysis software Praat (Amsterdam, Netherlands) was used to analyse the acoustic
structure of detected wolf howls from Location 1 and Location 6. At Location 1, at least four pups
were born in April-May 2021 (all females), and recordings were collected from late August 2021 to
February 2022; thus, pup howls were recorded during the pups’ first year. At Location 6, five pups
were born in 2021, and recordings were made in October-November 2021 and January 2022; pup sex
was not available and is therefore not reported. Maximum fundamental frequency (Max F0) was used
to distinguish adults from pups in 148 howls from Location 1 (Table 2.1) and 115 from Location 6
(Table 2.1).

Table 2.1. Number of howls per month used to distinguish pup from adult howls recorded at Location 1.

Aug Sept Oct Nov Dec Feb
Number of howls used for identification 11 4 32 44 54 3

Table 2.2. Number of howls per month used to distinguish pup from adult howls recorded at Location 6.

Oct Nov Jan
Number of howls used for identification 37 37 41

Mixture analysis was conducted in PAST (In Supplementary materials 54). All howls were
analyzed with a pitch ceiling of 1200 Hz. According to the literature, pup howls drop in frequency at
6-7 months of age [22,31]. Wolves generally whelp between mid-April and early May, with the
majority of litters occurring in late April [1,3]. Consequently, pups were ~4 months old at the start of
data collection in August. All recorded howls were included in the mixture analysis to separate
higher— from lower-maximum fundamental frequencies, with the higher values presumed to be pup
howls. This approach was used to track pup development, as howl frequency declines with age [30].
Model fit was evaluated using Akaike’s Information Criterion (AIC), and multivariate analyses—
Principal Component Analysis (PCA) and MANOVA —assessed significance and group structure
[32].

2.2.3. Difference in Male and Female Wolf Howls

Howls with a maximum fundamental frequency (Max F0) below 550 Hz were used to
distinguish males from females. Variables were extracted in Praat. A mixture analysis in PAST tested
whether the Max F0O values from 64 howls could be partitioned into two groups [33]. Model quality
was evaluated with Akaike’s Information Criterion (AIC), and Principal Component Analysis (PCA)
and MANOVA were used to assess significance and group structure [32].

2.3. Eliciting Howls from Captive Wolves by Auditory Stimulation

Auditory stimulation to elicit howls from wolves has the potential to serve as a complementary
method to Passive Acoustic Monitoring, as it can provoke howling from a distance and enable ‘on
demand’ evaluation of wild populations.

To elicit howling, playback experiments were conducted at loc. 5 (30 March 2022) and loc. 6 (4
April 2022). At Location 5, three one-minute stimuli—an ambulance siren, church bells, and a howl
from a female Arctic wolf (Canis lupus arctos) —were each broadcast 13 times in a fixed sequence with
10-minute intervals. This sequence was repeated three times, after which the stimulus that elicited
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the strongest response was played three consecutive times, and this was repeated twice. Start times
of both playbacks and wolf responses were recorded.

Loc. 6 houses eleven captive male Mackenzie Valley wolves (Canis lupus occidentalis), with five
pups born the previous year. Two stimuli used at Location 5 (the Arctic female howl and church
bells) were also broadcasted here, with the bell track modified to include five distinct bell tones to
test tonal specificity, as these wolves are known to howl at local church bells and other stimuli of
anthropogenic origin. The ambulance siren was replaced by a wolf duet recorded in 2020 in
Yellowstone’s Lamar Valley (35 s) [34]. Initially, the same clip was played four times at 10-minute
intervals; subsequent broadcasts were single clips separated by 10 minutes. Finally, four additional
stimuli were presented: a mixed-noise montage (bells, sirens, alarms, wolf howls), archival
recordings of loc. 6 wolves in captivity from the previous year, field recordings from loc.1 (six howls
near the recorder), and four bouts of human-produced howling at high volume. In total, 20 playbacks
were conducted. After the first four trials, a 34-minute interruption occurred due to an event at the
enclosure, after which the session resumed.

3. Results

3.1. Howling Activity of Wild and Captive Wolves

Most wild wolf howls were recorded at two of the four distribution sites (Location 1 and
Location 3); at Location 2, the wolf's presence during the study period was documented as a single
yearling male (GW2368m), and in Location 1 the presence of the pair GW930f and GW1840m was
confirmed. Location 1 produced the largest sample (486 observations in 1,549 hours of recording),
while Location 3 produced six howls (app. Tables A5.1 and A5.2).

At Location 1, mean howling rate was low during RecP1-RecP3 (0.13, 0.05, 0.07 howls-h™),
increased markedly in RecP4 (0.53), remained elevated in RecP5-RecP6 (0.29, 0.48), and declined in
RecP7 (0.09). Within-night detections showed no consistent peak between sunset and sunrise,
although relatively few howls occurred between 01:00 and 04:00 (Table 3.1).

Table 3.1. All recorded wolf howls (solo, duet, chorus) binned by hour for each recording period (RecP) in

Location 1.

17-18 18-19 19-20 20-21 21-22 22-23 23-00 00-0101-02 02-03 03-04 04-05 05-06 06-07 07-08

RecP1 - - - 0 0 0 0 0 0 12 17 0 0 0 -
RecP2 - - 1 13 16 0 23 45 O 0 0 100 O 0 0
RecP3 - - 5 0 1 1 0 0 6 0 0 0 0 0 0
RecP4 O 2 62 40 0 0 0 0 0 0 0 0 0 0 0
RecP5 0 0 0 1 0 0 23 13 0 0 0 1 16 1 1
RecP6 0 0 0 2 0 8 6 0 5 0 0 23 29 8 O
RecP7 O 0 4 0 0 12 0 0 0 0 0 0 0 0 1

Mean howling rates at Location 1 varied markedly among recording periods (Table 3.X), with
low rates in RecP1-RecP3, a peak in RecP4, sustained elevated rates in RecP5-RecP6, and a decline in
RecP7.

Table 3.X. Mean howling rate (howls h') at Location 1 across recording periods (RecP1-RecP7), with

corresponding deployment dates and total number of detected howls per period.

Recording period Dates Total howls Mean howls (h?)
RecP1 20 Aug-3 Sep 2021 29 0.13
RecP2 28 Sep—13 Oct 2021 108 0.05
RecP3 13-26 Oct 2021 13 0.07
RecP4 26 Oct—8 Nov 2021 104 0.53
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RecP5 22 Nov-5 Dec 2021 56 0.29
RecP6 21 Dec 2021-3 Jan 2022 159 0.48
RecP7 7-20 Feb 2022 17 0.09

At Location 5 (captive wolves), mean howling rate was lowest in RecP1 (0.11 howls-h™) and higher
in RecP2-RecP3 (0.45 and 0.38). Detections were concentrated around 21:00 and in the early morning
hours before 06:00, with RecP1 restricted to 06:00-08:00 and RecP2-RecP3 spanning 20:00-08:00
(Table 3.2).

Table 3.2. All recorded wolf howls (solo, chorus) binned by hour for each recording period (RecP) in Location
5. Exact dates for each period are provided in Appendix Table A5.2.

17-18 18-19 19-20 20-21 21-22 22-23 23-00 00-01 01-02 02-03 03-04 04-05 05-06 06-07 07-08
RecP1 0 0 0 0 0 0 0 0 0 0 0 0 0 11 10
RecP2 0 2 0 0 0 1 0 10 15 8 11 30 10 O 1
RecP3 0 0 0 2 19 3 9 12 0 0 0 12 14 2 5

In Location 5, recording period 1 had the lowest mean howls per hour (0.11). Periods 2 and 3
were higher, with period 2 the highest (0.45) and period 3 close behind (0.38).

At Location 6 (captive wolves), howling rates were substantially higher (2.86-5.05 howls-h!
across recording periods). Hourly distributions indicated concentrations in the evening and early
morning hours (Table 3.3), suggesting that calling activity may be influenced by activity around the
enclosure and interactions with keepers.

Table 3.3. All recorded wolf howls (solo, duet, chorus) sorted by time for each recording period (RecP).
Recording period 2 is omitted because incorrect device timestamps prevented ordering. Howls were recorded
at Location 6. Exact dates are provided in Appendix Table A5.3.

17-18 18-19 19-20 20-21 21-22 22-23 23-00 00-01 01-02 02-03 03-0404-05 05-06 06-07 07-08
RecP1 62 16 21 0 6 0 9 35 0 8§ 21 27 0 120 232
RecP2 263 100 42 176 197 50 10 0 10 2 31 0 19 0 84

At Location 6, mean howls per hour were 2.86 in RecP1 (24 Oct-8 Nov 2021), 2.89 in RecP2 (16—
30 Nov 2021), and peaked at 5.05 in RecP3 (7-30 Jan 2022), coinciding with the pre-breeding period
for wolves [35].

3.2. Individual Identification of Wolves

Linear discriminant analysis achieved 92 % correct classification: 19 howls were assigned to
adult 1 (Loc 1.1) and 18 to adult 2 (Loc 1.2) (Table 3.4). Hereafter, the two presumed adult individuals
recorded at Location 1 are labelled Loc 1.1 and Loc 1.2, where Loc 1 denotes the recording site and
.1/.2 are internal identifiers for each individual.

Table 3.4. Confusion matrix from linear discriminant analysis (LDA) for individual identification at location 1.
Forty presumed adult howls (n = 20 per individual; putative pup howls with high maximum fundamental
frequency excluded) were classified into Loc 1.1 and Loc 1.2 using acoustic variables extracted in Praat. Rows
indicate the priori individual label (assigned based on distinctive structural features in the spectrogram and
audio), while columns indicate the individual label predicted by the LDA. Values on the diagonal represent
correct classifications and off-diagonal values represent misclassifications. Overall classification accuracy was
92.5% (37/40), corresponding to 95% for Loc 1.1 (19/20) and 90% for Loc 1.2 (18/20).

Loc1.1 Loc1.2 Total
Loc1.1 19 1 20
Loc1.2 2 18 20
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Total 21 19 40

The same variables used for individual identification at Location 1 were applied to Location 5
and Location 6. For the three wolves in captivity at Location 5, the analysis achieved 84 % correct
classification: 13 howls were assigned to Loc 5.1, 15 to Loc 5.2, and 10 to Loc 5.3 (Table 3.5). Fifteen
howls per individual were used in the analysis.

Table 3.5. Confusion matrix from linear discriminant analysis of howls recorded at Location 5, showing the
number of calls classified to adult 1 (Loc 5.1), adult 2 (Loc 5.2), and adult 3 (Loc 5.3).

Loc5.1 Loc5.2 Loc5.3 Total

Loc5.1 13 2 0 86.7 %

Loc 5.2 0 15 0 100 %

Loc5.3 3 2 10 66.7 %
Total 16 19 10

The corresponding LDA plot displays the relative positions of howls assigned to the three
individuals. The groups show overlap, and some calls were classified using linear discriminant
analysis (LDA). (Figure 3.4).

— - = ==
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\ . /
/
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\ Loc. 5.3 ¥ Loc. 5.2
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Figure 3.4. Linear discriminant analysis plot showing the placement of correctly classified howls relative to the

other individuals. All howls were recorded at Location 5.

From Location 6, four individuals were assigned nine howls each for linear discriminant
analysis. Using the selected variables, classification accuracy was 86 %. Wolf 1 (Loc 6.1) and Wolf 2
(Loc 6.2) achieved the highest individual accuracies— 89 % and 100%, respectively (Table 3.6).

Table 3.6. Confusion matrix from linear discriminant analysis of howls recorded at Location 6, showing the
number of calls classified to adult 1 (Loc 6.1), adult 2 (Loc 6.2), adult 3 (Loc 6.3), and adult 4 (Loc 6.4).

Loc6.1 Loc6.2 Loc6.3 Loc6.4 Total Correct classification (%)
Loc 6.1 8 0 0 1 9 88.9
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Loc 6.2 0 9 0 0 9 100

Loc 6.3 0 0 7 2 9 77.8

Loc 6.4 0 1 1 7 9 77.8
Total 8 10 8 10 36

The LDA plot shows overlap between calls assigned to wolf 2 (Loc 6.2) and wolf 3 (Loc 6.3), with
some misclassifications. By contrast, calls for wolf 1 (Loc 6.1) form a distinct, non-overlapping cluster,
consistent with its 100 % accuracy. Loc 6.2 exhibits limited overlap only with Loc 1.3, matching its 89
% accuracy (Figure 3.5).

Ads 2

21 Loc. 6.3

Figure 3.5. Linear discriminant analysis plot showing the placement of correctly classified howls relative to other

individuals. All howls were recorded at Location 6.

3.3. Identification of Howls from Pups

Monthly mixture analyses of Max FO at Location 1 indicated an optimal two-group solution (k =
2) based on the lowest AIC. Across months, the higher-Max FO cluster shifted toward lower values,
consistent with pup maturation and the age-related decline in howl frequency. By December and
February, only two howls exceeded 600 Hz, while the remainder had shifted to lower maximum (app.
Figure A5.2). In each monthly analysis, MANOVA confirmed a significant separation between the
two groups, indicating clear bimodality in the data (Table 3.7).

Table 3.7. MANOVA indicated that the two-group solution (k = 2) was significant for every month.

k A p F
August — September 2 0.14 ok 7.27 E06
October — November 2 0.25 ok 110.8
December, February 2 7.97 E-149 o 3.20 E149
w4 = 5 0.001.

Mixture analysis of Max FO in Location 6 indicated two groups (k = 2) as the optimal solution
based on the Akaike Information Criterion (AIC) (Figure 3.7). As in Location 1, the cluster with higher
maximum fundamental frequencies shifted toward lower values over time, consistent with pup
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maturation. By January, the separation between the lower- and higher-frequency groups was smaller
than in October (app. Figure A5.3). For each month, a MANOVA with k = 2 confirmed a significant
difference between groups, indicating a consistent bimodal structure.

Table 3.8. MANOVA indicated that, for each month, the two-group solution (k = 2) was significant.

K A p F
October 2 0.26 o 49.5
November 2 0.09 o 162.3
January 2 0.16 o 103.5
8% = 5 0.001.

3.4. Identification of Howls from Female and Male Wolves

When testing whether howls from Location 1 could be partitioned by sex, a mixture analysis of
Max FO values < 500 Hz supported a two-group model (k = 2; AIC = 897.4) (app. Figure A5.4).
Principal Component Analysis further indicated a clear two-cluster structure (app. Figure A5.5).
MANOVA confirmed significant group separation (Wilks” A = 0.09, F = 539.5, p< 0.001), indicating
two distinguishable groups within the data.

A mixture analysis of howls from Location 5 indicated a two-group solution (AIC = 675.8). All
howls were included, as no pups were present. A PCA plot illustrates the separation between groups.
MANOVA confirmed significant differentiation (Wilks” A = 0.11, F = 291.1, p< 0.001), further
supporting that the groups are distinct.

3.5. Eliciting Howls by Auditory Stimulation

No wolves responded to the playbacks by howling at either Location 5 or Location 6, though
they did react behaviorally to some stimuli. At Location 5, overall interest was low. Early in the
session, ambulance sirens and a female Arctic wolf’s howl elicited brief activity: the wolves ran
around the enclosure, and during one howl playback, all three wagged their tails. By contrast, church-
bell stimuli produced weak reactions, and by 42 minutes, all three wolves were lying down with no
apparent response. Throughout, they frequently oriented toward the speaker and the observer.
During the 10-minute intermissions, all wolves typically lie down. At the 10th clip, only one wolf
stood and moved around for ~2 minutes before rejoining the others; at the 11th clip, none stood, and
during the final 30 minutes, all three remained recumbent with no observable reaction (Table 3.9).

Table 3.9. The three wolves at Location 5 did not howl in response to the playback stimuli; accordingly, vocal
responses are not shown. They did, however, exhibit non-vocal reactions. “Active reaction” denotes overt bodily
movements; “no reaction” indicates no, or only minimal, observable change in behavior during and after
playback. Audio clips were presented with 10-minute intermissions. At 14:00, a clip was played inadvertently,

and the subsequent interval was extended by 2 minutes.

Time Audio clip Behavioural responses
12.30 Ambulance Active reaction — two wolves immediately started.running
around the enclosure. Last wolf had no reaction.
12,40 Wolf howl Active reaction — a.ll wolves running around the enclosure.
Seemingly looking for the sound.

12.50 Church bells Wolves out of sight.

Active reaction — two wolves seeking the sound near the
13.00 Ambulance speaker. Last wolf had no reaction in the beginning but

eventually followed the reaction of the others.

Two wolves reacted after the third playback by running
13.10 Wolf howl around the enclosure after the audio clip ended. Last wolf
did not react.
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No reaction. One wolf looked in our direction when the

13.20 Church bells last sound of the bells played.

Two wolves stood up — last wolf was lying down during
and after the audio clip.
13.40 Wolf howl All wolves wagged their tales.
One wolf walked around the enclosure but at last, joined
the other two wolves laying down.

13.30 Ambulance

13.50 Wolf howl

One wolf walked around the enclosure during the first
14.00 Wolf howl minute of the audio clip, and shortly joined the other two
who were laying down,

14.12 Wolf howl No reaction — all three wolves were laying down.
14.22 Ambulance No reaction — all three wolves were laying down.
14.32 Ambulance No reaction — all three wolves were laying down.

The wolves at Location 6 did not howl in response to the playbacks, but they did exhibit other
reactions. During the third bell playback, pre-howling cues were observed: wolves moved around
one another and lifted their heads. Similar behavior occurred during the second playback of the
Arctic female howl, when whining was noted. A wolf-duet playback also elicited orienting responses
toward the speaker, and archival playbacks of the pack’s 2020 howls prompted some movement [16].
Linear discriminant analysis achieved 92% correct classification at Location 1 (40 solo adult howls;
three misclassifications), indicating that two free-ranging adults could be distinguished using
fundamental-frequency features. This performance is consistent with earlier work showing strong
individual signatures in wolf howls. For example, Larsen et al. (2022) reported perfect (100%)
individual classification for multiple wolves using discriminant analysis of howl features, and Root-
Gutteridge et al. (2014) reported 100% correct classification for solo howls (and 97.4% for choruses)
when combining fundamental-frequency and amplitude metrics. Our slightly lower accuracy relative
to these best-case values likely reflects the more variable conditions of field recordings (e.g., distance
and environmental noise) and our reliance on a limited set of frequency-based predictors.
Importantly, accuracy declined when more individuals were classified in the captive datasets (84%
for three wolves at Location 5; 86% for four wolves at Location 6), highlighting the expected increase
in overlap as the number of individuals rises. Choruses were excluded from Location 1 for individual
identification because overlapping calls prevented reliable pitch extraction; however, previous work
suggests that incorporating chorus information—when individual contours can be resolved —may
further strengthen population-level inference because choruses typically include contributions from
multiple pack members. (Table 3.10).

Table 3.10. The eleven wolves at Location 6 did not howl in response to the playbacks; accordingly, vocal
responses are not shown. Other behaviors were observed. “Active reaction” includes running, walking, and
orienting within the enclosure or toward the sound. “No reaction” indicates that none of the wolves changed
position before or after the clips; individuals remained lying or sitting. The session was paused 30 minutes after

the start for a 30-minute public activity with the wolves.

Time Audio clip Reactions

10.40 Wolf duet Action reaction — many in the pack looked towards the sound

10.50 Wolf duet Action reaction — many in the pack looked towards the sound

11.00 Wolf duet Action reaction — many in the pack looked towards the sound

11.10 Wolf duet Action reaction — many in the pack looked towards the sound

1154 Bell sounds Active reactior.l - WOIVQ§ running around the enc?osure during the

audio clip. Distracted by a tractor passing by.

12.04 Bell sounds No reaction.

1214 Bell sounds Active reaction — showed signs of. howling behavior. Audio played
two times.
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No reaction — distracted by a tractor passing by in the beginning of

12.24 Bell sounds the audio clip.
1234 Wolf howl Active reaction — some moveme.znts from some of the wolves. Alpha
male did not react.
1244 Wolf howl .Audlo play?d two tlrr}es. Active reaction — Whl‘nes and shc?wec‘i
signs of howling behavior. Guests appeared during the audio clip.
12.54 Wolf howl No reaction — guest appeared during the audio clip.
13.04 Wolf howl No reaction — guest appeared during the audio clip.
13.14 Ambulance Active reaction — wolves played Pefore during and after the audio
clip.
13.24 Bell sounds No reaction.
13.34 Bell sounds No reaction.
13.44 Sound mix No reaction.

Audio played two times.

13.54 L howls (202
3.5 oc 6 howls (2020) Active reaction — some movements.

14.04 Imitated howls No reaction.
14.14 Loc 1 howls (2021) No reaction.
1424  Loc 1 howls (2021) No reaction.

4. Discussion
4.1. Howling Activity of Wild and Captive Wolves

At Location 6, howling activity was higher in RecP3 (January 2022) than in the two earlier
periods (RecP1-RecP2; October—-November 2021); this increase was statistically significant (Poisson
rate model with recording hours as exposure: RecP3 vs. RecP1 RR =1.87, 95% CI 1.69-2.08, p < 0.001;
RecP3 vs. RecP2 RR =1.75, 95% CI 1.58-1.94, p < 0.001), whereas RecP1 vs. RecP2 was not significant
(p=0.26). In a ten-year study of Yellowstone’s Northern Range, McIntyre et al. (2017) [35] delineated
seasonal phases: pre-breeding (December—January), breeding (February), post-breeding (March),
denning (April), and pups in the den (May). Accordingly, our three high-activity periods align with
pre-breeding and its lead-up, when elevated howling is also reported [36,37].

At Location 5, mean howls per hour peaked in period 2 (16-29 November), mirroring the
elevated autumn calling at Location 1. Rates declined slightly in period 3 (17-31 January), consistent
with McIntyre et al. (2017) [35], who found lower calling during pre-breeding. Wolves in captivity at
Location 5 howled somewhat more in the early morning, possibly reflecting keeper activity [38]. Wild
wolves at Location 1 called more sporadically through the night, although period 4 showed an
evening maximum between 19:00 and 21:00, in line with reports of calling from sunset to sunrise [27].

Location 1 yielded many detections. Recording began on 20 August 2021, when pups typically
increase participation in howling [18,22]. Joslin (1967) [18], studying captive timber wolves (Canis
lupus lycaon) in Algonquin Park, observed more howling in July-August; by September—October,
pups howled independently in 13% of events. At Location 1, averages peaked in late autumn (period
4), consistent with McIntyre et al. (2017) [25], who documented increased fall howling as pups begin
travelling with the pack. Rates then declined in February—when breeding presumably occurs—
contrary to some reports [31,36,39,40]. Note that the Location 1 deployments did not cover entire
months or a full year, leaving gaps that may affect comparisons.

At Location 3, six howls were detected near the time a female was first photographed with a
male: one on 24 October, four on 3 November, and one on 27 November. No howls were recorded at
Location 4 despite its long-standing status as a wolf territory and camera evidence of a pair in 2021
[10]. Field signs (feces, tracks, photographs) were scarce —atypical of an established pair—suggesting
the wolves may have left the area [10]. Sites with detections hosted more than one wolf, implying
that absence at Location 4 could reflect either true absence during the study or recorders placed
beyond detection range, even though howling had previously been heard there. No howls were
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detected at Location 2, where a single male has been observed since May 2021 with no reports of
conspecifics.

Harrington and Mech (1979) [36] examined responses to simulated howls in northeastern
Minnesota: lone wolves replied in only two of 29 sessions—and only when at least two wolves were
near the same kill —whereas packs responded far more often, with larger packs more likely to answer.
Thus, lone wolves are typically less vocal than packs. Being solitary carries risks, and lone wolves
tend to avoid packs [41,42]. This behavioural tendency may limit the effectiveness of acoustic
monitoring, as the method relies on wolves vocalizing within the surveyed areas.

4.2. Individual Identification of Wolves

Linear discriminant analysis achieved 92 % correct classification, demonstrating that the two
wolves at Location 1 could be reliably identified. Other bioacoustics studies have likewise
successfully identified individuals from howls [16,21]. Larsen et al. (2022) [16] showed that both
Eurasian and Arctic wolves can be identified with high accuracy using fundamental-frequency
features in discriminant analysis, reporting 100% correct classification for multiple individuals of
both subspecies. Similarly, Root-Gutteridge et al. (2014) [21] achieved 100% correct classification for
solo howls and 97.4% for choruses by combining fundamental-frequency and amplitude metrics.
Choruses from Location 1 were excluded here because overlapping calls prevented reliable pitch
extraction; nonetheless, incorporating choruses in future work could be informative, as pack howls
generally include contributions from most, and often all, members of the pack and may provide a
rapid means to estimate the number of individuals in an area [18,23].

4.3. Identification of Howls from Pups and Separating Howls from Male and Female Wolves

The highest Max F0O observed in this study was 785 Hz, the lowest was 268 Hz and the median
Max FO across all recordings was 393.4 Hz. Mixture analysis separated higher- from lower-Max F0
howls; 27 howls with Max FO of 552-785 Hz are tentatively attributed to pups, though further
validation is needed to confirm age-based grouping. Wolfes studies in captivity would be optimal for
ground-truthing by linking acoustic recordings to visually verified individuals. Coscia (1995) [20]
tracked pup vocal development from birth to six weeks, reporting howls up to ~1100 Hz at two weeks
that declined to ~704 Hz by six weeks. Accordingly, additional bioacoustics work in areas where pups
emerging from dens would help distinguish pups from adult howls. Harrington and Mech (1978)
[31] did not clearly separate older pups from adults but documented structural maturation (deeper,
longer howls), with pup howls shorter on average; early pup howls may peak without the typical
terminal drop [20]. Such patterns could facilitate non-invasive detection of reproducing packs. The
observed seasonal decline in Max F0, consistent with pup maturation, has important implications for
acoustic monitoring. High frequency howls early in the season may serve as indicators of
reproducing packs, whereas later recording dominated by lower frequencies could obscure pub
presence. Highlighting this temporal pattern can help refine monitoring protocols by identifying
optimal periods for detecting breeding activity.

A separate mixture analysis of Max FO <500 Hz identified 64 howls likely produced by adults at
Location 1 and resolved two clusters, one calling more frequently and at higher frequencies. This
group may represent the female, with the smaller, lower-frequency cluster representing the male.
Although breeding females can be relatively silent early in the pup stage [18], our recordings began
when pups were ~4 months old. Females often predominate in pup care and protection, whereas
males range more widely for foraging [43]; if higher-frequency calls belong to the female, increased
calling could reflect pup-related coordination or territorial warning. This behavioural pattern
suggests that mid-summer, when females are more stationary near dens to care for pups, may
represent an optimal period for detecting breeding status through acoustic monitoring. Definitive sex
assignment will require controlled settings (e.g., wolves in captivity) where individuals can be
observed and matched to howls. Therefore, this is a limitation in its application in the field. Finally,
low-frequency hoarser howls were difficult to analyze because FO bands were less distinct on
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spectrograms; these were excluded. Improved methods for extracting Max FO from such signals could
sharpen male—female differentiation and clarify sex-specific howling behavior.

An important methodological limitation is that some low-frequency, hoarse howls could not be
analysed reliably because the fundamental-frequency band was indistinct on spectrograms, and these
calls were therefore excluded from maximum fundamental-frequency-based analyses. This exclusion
may reduce sensitivity to a subset of adult vocalisations and could bias sex-related inference if such
hoarse/low-frequency howls are produced disproportionately by one sex or age class. Future work
should test more robust pitch-extraction approaches and validate sex and age assignments in
controlled conditions where callers can be visually confirmed.

5. Conclusions

Passive acoustic monitoring (sunset-sunrise) quantified wolf howling in Denmark during a
single window (late Aug 2021-Feb 2022) in free-ranging and captive packs. Wild detections were
largely confined to one site that yielded sufficient high-quality solo howls for individual-level
analyses; most other sites produced few or no detections, underscoring sensitivity to site selection
and recorder placement. Fundamental-frequency descriptors supported reliable individual
discrimination and identified a high-frequency cluster that decreased over successive months,
consistent with pup vocal maturation within the sampled period. A stable two-cluster structure
within the adult range may reflect sex-related differences but requires ground-truth validation.
Playback trials in captivity elicited behavioral responses without triggering howling, suggesting
limited efficacy under the tested conditions. This will need more investigation to ensure successful
howling activity from wild wolves. Because no spring-summer data were collected, annual
seasonality cannot be inferred, and captive daily vocal patterns should not be compared to seasonal
howling in the wild.

Supplementary Materials: The following supporting information can be downloaded at: S1 Wolf locations
distribution in Denmark can be viewed at https://www.ulveatlas.dk/; S2 Klelund can be viewed:
https://klelund.dk/#om, S3 Lille Vildmose can be viewed: https://www.avjf.dk/avjnf/naturomraader/lille-
vildmose/ , S4 PAST: https://www.nhm.uio.no/english/research/resources/past/.
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Abbreviations

The following abbreviations are used in this manuscript:

AIC Akaike Information Criterion
AZCF Aalborg Zoo Conservation Foundation
CEWP Central European Wolf Population

EU European Union

FO Fundamental Frequency

Max FO Maximum Fundamental Frequency

FFT Fast Fourier Transform

HMM Hidden Markov Model

IUCN International Union for Conservation of Nature
LDA Linear Discriminant Analysis

PCA Principal Component Analysis

RecP Recording Period

SM4 Song Meter SM4 (bioacoustic recorder)

WAV Waveform Audio File Format

Loc. 1 Location with wild wolves
Loc.2 Location with wild wolves
Loc. 3 Location with wild wolves
Loc. 4 Location with wild wolves
Loc. 5 Location with captive wolves
Loc. 6 Location with captive wolves
PAM Passive Acoustic Monitoring

SCALP Status and Conservation of the Alpine Lynx Population
Appendix

Table A5.1. Overview of recording periods, sites, recording schedules, and number of howls detected at Loc 1.

. . . Average
Cerod " | Period den) | sehedule | Howts | DUt | Chorus | S| hows p.
RecP1* 2(;//2//22%2211 - 20:00 - 7:00 0 0 0 0 0
RecP1 2(;//@//22%2211 - 20:00 - 7:00 29 0 0 29 0.13
RecP2 21?‘)//91/02/(;%121_ 19:00 — 8:00 106 2 0 108 0.052
RecP3 1232}%?;521 1_ 17:00 - 8:00 12 1 0 13 0.07
RecP4 22//11(1//22%2211 - 17:00 — 8:00 104 0 0 104 0.53
RecP5 2@//1112//22(())2211 N 17:00 — 8:00 48 5 3 56 0.29
RecP6 21;}12//22 82221 N 17:00 — 8:00 129 20 10 159 0.48
RecP7 72/02//22/(;%22 2_ 17:00 - 8:00 8 1 8 17 0.09

Table A5.2. Overview of recording periods, sites, recording schedules, and number of howls detected at Loc 2.

Recordin Average
Recording . . 5 Recording Solo Total 5
A Location Period Duets | Chorus howls pr.
Period schedule Howls howls
(dates) hour
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By | 28/10/2021 -
RecP1 enclosure 11/11/2021 17:00 - 8:00 21 0 0 21 0.11
By | 16/112021— | _
RecP2 enclosure 29/11/2021 17:00 - 8:00 87 0 1 88 0.45
By | 1701202- | _
RecP3 enclosure 31/01/2022 17:00 — 8:00 69 0 6 75 0.35
(P T e 200 TE
: |
'41.1 H S—p—— - —
= ok
OHz
1200 Hz
IT6 Mz
OHz

Figure A5.1. Example spectrograms of a pup howl (top) and an adult howl (bottom), each annotated with its

maximum fundamental frequency (Max F0).
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Figure A5.2. Mixture analysis of the maximum fundamental frequency of howls recorded at Location 1 from
August 2021 to February 2022 (January excluded due to no detections). Akaike Information Criterion (AIC)
values are reported for each analysis.
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Figure A5.3. Mixture analysis of the maximum fundamental frequency of howls recorded in October, November,

and January at Location 6. Akaike Information Criterion (AIC) values are reported for each analysis.
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Figure A5.4. Mixture analysis of maximum fundamental frequencies < 500 Hz for howls recorded from August
2021 to February 2022.
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Figure A5.5. Mixture analysis of maximum fundamental frequencies for howls recorded in October, November,

and January a Location 5.
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