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Wolves (Canis lupus) are generally monitored by visual observations, camera traps, and DNA traces. However, several
studies use acoustic devices to monitor wolves.
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| 1. Introduction

In 2012, a wolf (Canis lupus lupus) was found dead in northern Jutland, Denmark, which was the first observation of
wolves in Denmark since 1813 . The wolves in Denmark are dispersers from Germany and their descendants, and are
part of a connected Central European wolf population. In Europe (excluding Russia), there are more than 17,000 wolves
(2 In the European Union (EU), the wolf population is estimated to exceed 13,000 individuals [ and the European
populations are generally increasing in size due to recent protection. However, in most Western European countries the
populations are still relatively small with less than 1000 wolves M2, |n Scandinavia, the population is approximately 480
wolves B, and there are at least a further 780 individuals found in Germany and western Poland [&. Wolves dispersing
from the Central European population have reached Belgium, the Netherlands, and Denmark 2. The number of wolves
present in Denmark was estimated as a litter of 4 pups and 11 adult individuals in the period 1 April to 30 June 2021; in
total, it was estimated that there were eight immigrant adults and seven Danish born individuals . However, monitoring
the population and dispersal of individuals has proved to be challenging as wolves are both wide-ranging B and
notoriously fearful of humans .

As in the rest of Europe, Denmark is obligated to monitor wolves according to the EU Habitats Directive (92/43/EEC) . In
Scandinavia and Germany, databases containing validated wolf observations, reported by citizens and by volunteers, and
DNA samples obtained from scats and the carcasses of killed domestic animals have been established to track the
population status of wolves AL A genetic reference database for wolves in Central Europe has been established to
analyze the origin and movements of wolves across Europe 121,

Currently there is both active and passive monitoring of wolves in Denmark 13l Active monitoring consists of registering
tracks and DNA profiles, and the use of camera traps 14131, passive monitoring is the registration of public observations,
including organized volunteers as part of citizen science projects 2415 Camera traps are an essential tool but are limited
by their small field of view compared to wolves’ extensive physical range, and their effective deployment requires prior
knowledge of wolf presence in an area.

Acoustic monitoring is a passive monitoring tool that has been used in the last decades for studies of diverse taxa,
including insects 18l bats (17118 hirds 19 whales [29[21 and large terrestrial mammals such as ungulates 221231 gngd
elephants 24, and with acoustic devices; it is similarly possible to detect elusive but vocal species such as wolves 22,
Recognizing individual wolves on their howls can give insight into their movements and territory size. Several studies have
shown that acoustic monitoring of wolves can be a useful and relevant tool since it is cost-effective and non-invasive 28!
[271(28][29]30] and can help recognize wolves from a distance and determine the number of wolves present [22128](301[31][32]

Acoustic monitoring of wolves is based in detection of their howls 281331341 \wolves use howls for different purposes: (1) to
defend their territory 281331351 (2) to contact members of the pack [28133] and (3) to socialize 23123, They may howl solo
or in chorus from packs 281381 \olves usually howl around twilight and in the middle of the night 22! and their emissions
are most intense during the months of July through October, when the presence of pups increases the pack’s howling 2!,
This is likely to make other predators aware that the pups are protected by adults 231,

The fundamental frequency (f0) is the lowest frequency band of the tonal call as wolf howl. For wolves, the fO typically has
values between 150 and 780 Hz 27 and has been used to identify individual wolves with high accuracy within subspecies
of wolves such as Eastern wolves (Canis lupus lycaon) ZB8] ndian wolves (C. I. pallipes) B2, and Iberian wolves (C. I.



signatus) 8. Root-Gutteridge et al. B9 were able to identify individuals in captive Eastern wolves with 100% accuracy
using both f0O and amplitude (the highest variation of a wave in air pressure, perceived as volume). The use of amplitude
for encoding individual identity for wolves in situ requires additional studies to determine the rate of sound suppression
over distance, in different weather conditions, and through different habitats such as open land or forest 27, Furthermore,

wolves have been shown to have different vocal signatures depending on the subspecies 21 and are group specific
[42]

Monitoring based on camera traps requires individuals in near field of view, which are most efficient at 10 m 43!, whereas
acoustic recorders cover larger distances with a with a radius of 3 km 28, However, development of the methodology for
analyzing the acoustic data is essential for wider scale use. Because of the small population in Denmark, captive wolves
located in zoos are of importance to train the algorithm to recognize wolf howls. Researchers know numbers present and
can recognize individuals in zoos. Additionally, subspecies are known to show variations in their howls ‘41l thus,
recognition should be trained on the relevant subspecies.

| 2. Identification of Subspecies

All the 170 howls from the seven wolves were used in the analysis for subspecies. The discriminant analysis using nine
acoustic variables (Maxf0, Posmaxf0, Sd, Slope, Cofm, IQR, Startf0, Endf0, and Duration) gave an overall 78% of
correctly classified subspecies (Figure 1). For Northwestern wolves the classification was 64%, for Arctic wolves, the
classification was 82%, and finally for Eurasian wolves it was 77%. Pairwise post-hoc Hotelling test analysis showed
significant difference in howls between Arctic and Eurasian wolves (DF = 9, F = 23.77, p < 0.001), Arctic and Northwestern
wolves (DF =9, F = 2.9, p < 0.01), and Eurasian and Northwestern wolves (DF = 9, F = 10, p < 0.001) all p-values were
significant after sequential Bonferroni correction (Table 1). The randomized subsets gave overall correct classifications
between 70% and 90% where most were between 82% and 88%. Pairwise post-hoc Hotelling test showed significant
differences between most randomized subsets. After sequential Bonferroni 72% was not significant.
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Figure 1. Linear discriminant (LD) analysis plot for identification of the subspecies Arctic, Eurasian, and Northwestern
wolves with a 78% correct classification.

Table 1. Pairwise post-hoc Hotelling test for Subspecies with F-values, p-values, and number of degrees of freedom (DF).
Symbol # indicates significant p-values after sequential Bonferroni.

F p DF
Arctic-Eurasian 23.77 <0.001 *# 9
Arctic-Northwestern 2.9 <0.01# 9
Eurasian-Northwestern 10 <0.001 # 9

| 3. Individual Identification of Arctic Wolves

Sixty-two howls from four wolves were used in the analysis of howls from Arctic wolves. The discriminant analysis using
eight variables (Minf0, MaxfO, Posmaxf0, Sd, Cofm, Startf0, EndfO, and Duration) gave an overall 95% correct



classification of howls from the four wolves (Figure 2). Classification of each wolf showed that RW1, RW2 and WCTM all
have 100% correct classification and WCTF has a 91% correct classification. The pairwise post-hoc Hotelling test showed
significant difference in howls between RW1 and RW2 (DF = 8, F = 33.2, p < 0.001), between howls from RW1 and
WCTM (DF = 8, F = 37.52, p < 0.001), between RW2 and WCTM (DF = 8, F = 9.68, p < 0.01), between RW1 and WCTF
(DF =8, F = 93,87, p < 0.001), between RW2 and WCTF (DF = 8, F = 41.74, p < 0.001) and lastly between WCTM and
WCTF (DF = 8, F = 8.2, p < 0.01). All pairwise post-hoc Hotelling tests showed significant differences after sequential
Bonferroni were applied (Table 2). After randomizing the data, the correct classification ranged between 89% and 100%,
where most lay between 94% and 97%. The pairwise post-hoc Hotelling tests for the randomized subsets showed
significant differences with all subsets of RW1 after sequential Bonferroni correction. The pairwise post-hoc Hotelling test
showed significant differences between RW2 and WCTM. However, after sequential Bonferroni correction 70% was not
significant. The pairwise post-hoc pairwise post-hoc Hotelling tests for randomized RW2 and WCTF showed significant
difference in howls for all subsets. After sequential Bonferroni correction 80% was significant. The pairwise post-hoc
Hotelling for randomized WCTM and WCTF showed significant differences for most subsets. After sequential Bonferroni
correction 70% was not significant.
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Figure 2. Linear discriminant (LD) analysis plot for individual identification of howls from Arctic wolves with a 95% correct
classification.

Table 2. Pairwise post-hoc Hotelling test for Arctic wolves with F-values and p-values. Symbol # indicates significant p-
values after sequential Bonferroni test.

F p DF
RW1-RW2 33.2 <0.001 *# 8
RW1-WCTM 37.52 <0.001 * 8
RW1-WTCF 93.87 <0.001 * 8
RW2-WCTM 9.68 <0.01* 8
RW2-WCTF 41.74 <0.001* 8
WCTM-WCTF 8.2 <0.01# 8

| 4. Individual Identification of Eurasian Wolves

Ninety-seven howls from nine Eurasian wolves were used in this analysis. Using eight variables (Minf0, Maxf0, PosmaxfO,
Sd, Cofm, Startf0, Endf0, and Duration), the discriminant analysis achieved 89% accurate classification (Figure 3). SK1,
and ULF achieved 100% correct classification. BLS0028 achieved a correct classification of 94%, BLS011 had an 85%
correct classification. BLS026 achieved 83% correct classification and BLS010 achieved an 82% correct classification.
The pairwise post-hoc Hotelling test showed significant differences between howls from all except BLS011 and BLS026
(Table 3). After sequential Bonferroni correction BLS026 and SK1 and BLS011 and SK1 were not significant. After
randomizing the data, the correct classification ranged between 89% and 97%, where most were between 92% and 97%.
The pairwise post-hoc Hotelling test revealed 57% significant differences and 20% was significant after sequential
Bonferroni correction was applied.
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Figure 3. Linear discriminant (LD) analysis plot for individual identification of howls from Eurasian wolves with a 92%
correct classification.

Table 3. Pairwise post-hoc Hotelling test for Arctic wolves with F-values, p-values and number of degrees of freedom
(DF). Symbol # indicates significant p-values after sequential Bonferroni. n.s. indicates not significant p-values.

F p DF
BLS010-BLS011 8.05 <0.001 # 7
BLS010-BLS026 13.91 <0.001 # 7
BLS010-BLS028 62.04 <0.001 * 7
BLS010-SK1 58.31 <0.001 # 7
BLS010-ULF 169.04 <0.001 # 7
BLS011-BLS026 1.56 n.s. 7
BLS011-BLS028 9.21 <0.001 # 7
BLS011-SK1 23.07 <0.01# 7
BLSO011-ULF 32.85 <0.001 # 7
BLS026-BLS028 10.2 <0.001 # 7
BLS026-SK1 9.61 <0.05 7
BLS026-ULF 34.13 <0.001 # 7
BLS028-SK1 17.44 <0.001 # 7
BLS028-ULF 374 <0.001 # 7
SK1-ULF 13.16 <0.001 # 7

References

1. Pagh, S. Kap 3: Ulvens biologi. In Bidrag Til Opdatering Af Forvaltningsplan for Ulv ; Aarhus Universitet, DCE—
Nationalt Center for Miljg og Energi: Aarhus, Denmark, 2018; p. 26.

2. Boitani, L. IUCN Red List of Threatened Species: Canis lupus. IUCN Red List Threat. Species. 2018. Available online:
https://www.iucnredlist.org/species/3746/163508960 (accessed on 23 January 2022).

3. Svensson, L.; Wabakken, P.; Maartmann, E.; Cardoso Palacios, C.; Flagstad, @.; Akesson, M. Inventering av Varg
Vintern 2020-2021. Bestandsovervaking av Ulv Vinteren 2020-2021 ; Norsk Institutt for Naturforskning (NINA):
Trondheim, Norway, 2021; ISBN 978-82-426-4783-2.

4. Olsen, K.; Sunde, P.; Vedel-Smith, C.; Hansen, M.M.; Thomsen, P.F. Statusrapport Fra Den Nationale Overvagning Af
Ulv (Canis lupus) i Danmark—2. Kvartal 2021 ; Aarhus Universitet, DCE—Nationalt Center for Miljg og Energi: Aarhus,
Denmark, 2021; p. 19.



10.
11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

. Fuller, T.K.; Mech, L.D.; Cochrane, J.F. Wolf Population and Dynamics. In Wolves: Behavior, Ecology, and

Conservation; Mech, L.D., Boitani, L., Eds.; University of Chicago Press: Chicago, IL, USA, 2003; pp. 161-191. ISBN
978-0-226-51697-4.

. Kirilyuk, A.; Kirilyuk, V.E.; Ke, R. Long-Distance Dispersal of Wolves in the Dauria Ecoregion. Mammal Res. 2020, 65,
639-646.
. Fritts, S.H.; Stephenson, R.O.; Hayes, R.D.; Boitani, L. Wolves and Humans. In Wolves: Behavior, Ecology, and

Conservation; Mech, L.D., Boitani, L., Eds.; University of Chicago Press: Chicago, IL, USA, 2003; pp. 289-316. ISBN
978-0-226-51697-4.

. Habitats Directive: Council Directive 92/43/EEC of 21 May 1992 on the Conservation of Natural Habitats and of Wild

Fauna and Flora; European Union: Brussels, Belgium, 1992; pp. 7-50.

. Dbb-Wolf. Available online: https://www.dbb-wolf.de/home (accessed on 19 October 2021).

Ulveatlas . Available online: https://www.ulveatlas.dk/ (accessed on 19 October 2021).
Rovdata . Available online: https://rovdata.no/Ulv/Be-standsstatus.aspx (accessed on 19 October 2021).

Olsen, K.; Sunde, P.; Hansen, M.M.; Francis, P.; Anders, A.J. DNA-Analyser og Beskrivelse af Den Centraleuropeeiske
Ulvebestand, Herunder Identifikation af Ulve og Ulvehybrider ; DCE—Nationalt Center for Miljg og Energi og
Naturhistorisk Museum Aarhus: Aarhus, Denmark, 2019; p. 15.

Olsen, K.; Sunde, P.; Vede-Smith, C.; Hansen, M.M.; Thomsen, P.F. Statusrapport fra den Nationale Overvagning af
Ulv (Canis lupus) i Danmark—3. Kvartal 2020 ; Aarhus Universitet, DCE—Nationalt Center for Miljg og Energi: Aarhus,
Denmark, 2020; p. 19.

Breitenmoser, U.; Breitenmoser-Wirsten, C.; von Arx, M.; Zimmermann, F.; Ryser, A.; Angst, C.; Molinari-Jobin, A.;
Molinari, P.; Linell, J.; Siegenthaler, A.; et al. Guidelines for the Monitoring of Lynx. KORA Ber. 2006, 33, 17-26.

Sunde, P.; Olsen, K. Ulve (Canis lupus) i Danmark 2012—-2017: Oversigt og Analyse af Tilgeengelig
Bestandsinformation ; Aarhus Universitet, DCE—Nationalt Center for Miljg og Energi: Roskilde, Denmark, 2018; pp.
15-16.

Mankin, R.W.; Hagstrum, D.W.; Smith, M.T.; Roda, A.L.; Kairo, M.T.K. Perspective and Promise: A Century of Insect
Acoustic Detection and Monitoring. Am. Entomol. 2011, 57, 30-44.

Elmeros, M.; Fjederholt, E.T.; Baagee, H.J. Overvagning Af Flagermus P& Bornholm i 2018 ; DCE—Nationalt Center
for Miljg og Energi: Aarhus, Denmark, 2018.

Fjederholt, E.T.; Johansen, T.W.; Dahl Mgiller, J.; Christensen, M.; Baagge, H.J. NOVANA-Overvagning Af Flagermus i
2020 ; Aarhus Universitet, DCE—Nationalt Center for Miljg og Energi: Aarhus, Denmark, 2020.

Stastny, J.; Munk, M.; Juranek, L. Automatic Bird Species Recognition Based on Birds Vocalization. EURASIP J. Audio
Speech Music Process. 2018, 2018, 19.

Moore, S.E.; Stafford, K.M.; Mellinger, D.K.; Hildebrand, J.A. Listening for Large Whales in the Offshore Waters of
Alaska. BioScience 2006, 56, 49-55.

Brown, J.C.; Smaragdis, P.; Nousek-McGregor, A. Automatic Identification of Individual Killer Whales. J. Acoust. Soc.
Am. 2010, 128, EL93-EL98.

Rusin, L.Y.; Volodin, I.A.; Sitnikova, E.F.; Litvinov, M.N.; Andronova, R.S.; Volodina, E.V. Roaring Dynamics in Rutting
Male Red Deer Cervus elaphus from Five Russian Populations. Russ. J. Theriol. 2021, 20, 44-58.

Volodina, E.V.; Volodin, .A.; Frey, R. Male Impala (Aepyceros melampus) Vocal Activity throughout the Rutting Period
in Namibia: Daily and Hourly Patterns. Afr. J. Ecol. 2021, 60, 95-99.

Wrege, P.H.; Rowland, E.D.; Keen, S.; Shiu, Y. Acoustic Monitoring for Conservation in Tropical Forests: Examples
from Forest Elephants. Methods Ecol. Evol. 2017, 8, 1292—-1301.

Papin, M.; Pichenot, J.; Guérold, F.; Germain, E. Acoustic Localization at Large Scales: A Promising Method for Grey
Wolf Monitoring. Front. Zool. 2018, 15, 11.

Joslin, P.W.B. Movements and Home Sites of Timber Wolves in Algonquin Park. Am. Zool. 1967, 7, 279-288.

Root-Gutteridge, H.; Bencsik, M.; Chebli, M.; Gentle, L.K.; Terrell-Nield, C.; Bourit, A.; Yarnell, R.W. Identifying
Individual Wild Eastern Grey Wolves (Canis lupus lycaon) Using Fundamental Frequency and Amplitude of Howls.
Bioacoustics 2014, 23, 55—-66.

Suter, S.M.; Giordano, M.; Nietlispach, S.; Apollonio, M.; Passilongo, D. Non-Invasive Acoustic Detection of Wolves.
Bioacoustics 2017, 26, 237-248.



29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

Whytock, R.C.; Christie, J. Solo: An Open Source, Customizable and Inexpensive Audio Recorder for Bioacoustic
Research. Methods Ecol. Evol. 2017, 8, 308—-312.

Garland, L.; Crosby, A.; Hedley, R.; Boutin, S.; Bayne, E. Acoustic vs. Photographic Monitoring of Gray Wolves (Canis
lupus): A Methodological Comparison of Two Passive Monitoring Techniques. Can. J. Zool. 2020, 98, 219-228.

Passilongo, D.; Mattioli, L.; Bassi, E.; Szabo, L.; Apollonio, M. Visualizing Sound: Counting Wolves by Using a Spectral
View of the Chorus Howling. Front. Zool. 2015, 12, 22.

Hennelly, L.; Habib, B.; Root-Gutteridge, H.; Palacios, V.; Passilongo, D. Howl Variation across Himalayan, North
African, Indian, and Holarctic Wolf Clades: Tracing Divergence in the World’'s Oldest Wolf Lineages Using Acoustics.
Curr. Zool. 2017, 63, 341-348.

Harrington, F.H.; Mech, L.D. Wolf Howling and Its Role in Territory Maintenance. Behaviour 1979, 68, 207-249.

Mitchell, B.R.; Makagon, M.M.; Jaeger, M.M.; Barrett, R.H. Information Content of Coyote Barks and Howls.
Bioacoustics 2006, 15, 289-314.

Nowak, S.; Jedrzejewski, W.; Schmidt, K.; Theuerkauf, J.; Mystajek, R.W.; Jedrzejewska, B. Howling Activity of Free-
Ranging Wolves (Canis lupus) in the Biatowieza Primeval Forest and the Western Beskidy Mountains (Poland). J.
Ethol. 2007, 25, 231-237.

Palacios, V.; Font, E.; Marquez, R. Iberian Wolf Howls: Acoustic Structure, Individual Variation, and a Comparison with
North American Populations. J. Mammal. 2007, 88, 606—613.

Theberge, J.B.; False, J.B. Howling as a Means of Communication in Timber Wolves. Am. Zool. 1967, 7, 331-338.

Tooze, Z.J.; Harrington, F.H.; Fentress, J.C. Individually Distinct Vocalizations in Timber Wolves, Canis lupus. Anim.
Behav. 1990, 40, 723-730.

Sadhukhan, S.; Root-Gutteridge, H.; Habib, B. Identifying Unknown Indian Wolves by Their Distinctive Howls: Its
Potential as a Non-Invasive Survey Method. Sci. Rep. 2021, 11, 7309.

Root-Gutteridge, H.; Bencsik, M.; Chebli, M.; Gentle, L.K.; Terrell-Nield, C.; Bourit, A.; Yarnell, R.W. Improving
Individual Identification in Captive Eastern Grey Wolves (Canis lupus lycaon) Using the Time Course of Howl
Amplitudes. Bioacoustics 2014, 23, 39-53.

Kershenbaum, A.; Root-Gutteridge, H.; Habib, B.; Koler-Matznick, J.; Mitchell, B.; Palacios, V.; Waller, S. Disentangling
Canid Howls across Multiple Species and Subspecies: Structure in a Complex Communication Channel. Behav.
Process. 2016, 124, 149-157.

Zaccaroni, M.; Passilongo, D.; Buccianti, A.; Dessi-Fulgheri, F.; Facchini, C.; Gazzola, A.; Maggini, I.; Apollonio, M.
Group Specific Vocal Signature in Free-Ranging Wolf Packs. Ethol. Ecol. Evol. 2012, 24, 322-331.

Randler, C.; Kalb, N. Distance and Size Matters: A Comparison of Six Wildlife Camera Traps and Their Usefulness for
Wild Birds. Ecol. Evol. 2018, 8, 7151-7163.

Retrieved from https://encyclopedia.pub/entry/history/show/49817



