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Abstract

We used automatic sound recorders to study spontaneous vocalizations of wild wolves dur-
ing the pup-rearing season around rendezvous sites from 24 wolf packs in six study areas
across North America, Asia, and Europe. Between 2018 and 2021, for a total of 1225 pack-
days, we recorded 605 spontaneous wolf chorus howls and 224 solo-howl series. Howling
occurrence varied across areas, from 12.50 to 94.12% days with howling. Daily howling
ranged from 0.00 to 3.47 solo howls/day and 0.13 to 5.29 chorus howls/day. Generally,
spontaneous chorus howls peaked between sunset and sunrise. Howling rate depended
on area, pack size, and density of people living nearby, being greater where fewer peo-
ple lived. High rates in Yellowstone National Park, (800,000+ visitors during the study)
could reflect accommodation to human activities such as wolf watching. One to six auto-
matic recorders per site within 1000 m of rendezvous sites needed 4—15 days to detect the
pack (average 9.5) and 5-21 days (average 11.3) to detect pups, both with a probability of
95%. Our results may guide wolf-monitoring programs using automatic sound recorders, a
promising method offering advantages over howling surveys, especially in human-domi-
nated landscapes.

Keywords Spontaneous howling - Canis lupus - Vocalizations - Rendezvous sites -
Adaptation to humans - Automatic recording

Introduction

Howls are the most conspicuous gray wolf (Canis lupus) vocalizations, allowing com-
munication over long distances and the coordination of group movements. Howls can
be territorial displays (inter-pack communication), conveying information about pack
location, and minimizing contact between packs (Harrington and Mech 1979). Other
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functions include communication among pack members, for instance, to reunite sepa-
rated pack mates (Mech 1970; Harrington and Asa 2003). Due to the elusive behavior
of wolves and the extent of their territories, studying wolf vocalizations is challeng-
ing. Therefore, most such studies have been done with captives or with responses of
wild wolves to simulated howling. Only a few have dealt with spontaneous vocalizations
of wild wolves (Harrington and Mech 1978, 1979; Nowak et al. 2007; McIntyre et al.
2017; Suter et al. 2017; Kershenbaum et al. 2019).

Spontaneous wolf howling follows a seasonal pattern (Harrington and Mech 1979).
Daytime howling in Yellowstone National Park peaked during pre-breeding and breed-
ing seasons (winter) and increased through summer and fall and rose to a lower peak
in October (Mclntyre et al. 2017). In Poland, Nowak et al. (2007) found a spontaneous
howling peak from July to October (between 18:00 and 00:00 h).

Spontaneous howling of captive wolves and the factors affecting wild-wolf response
to simulated howling have been studied in some detail. Environmental factors such as
wind or time of day influence both (Harrington and Mech 1982; Ausband et al. 2020;
Palacios et al. 2021). Small packs reply less to simulated howls (Harrington and Mech
1982), but larger packs take longer to respond (Ausband et al. 2020). Pup presence
increases reply rates, and pups over 16—18 weeks old are more likely to respond to
howls (Ausband et al. 2020). Social factors such as relationship quality between pack
members can influence howling in captive wolves (Mazzini et al. 2013), but the factors
that influence spontaneous howling in wild wolves remain unknown.

Recently, the use of automatic recording units (ARUs) has increased in wildlife stud-
ies (Ramsier et al. 2012; Hill et al. 2017; Lynch and Lynch 2017). ARUs represent a
useful, non-invasive method to detect, monitor, or identify species that emit sounds
(Hill et al. 2017). They have been used, for instance, to (1) detect maned wolf, Chryso-
cyon brachyurus, (Rocha et al. 2015) and gray wolf vocalizations (Suter et al. 2017;
Kershenbaum et al. 2019; Barber-Meyer et al. 2020); (2) to study vocalization rates or
temporal patterns of male impala, Aepyceros melampus, vocal activity (Volodina et al.
2021); and (3) spontaneous howling of captive wolves (Palacios et al. 2021). ARUs have
been proposed as to monitor wild wolf populations (Suter et al. 2017; Barber-Meyer
et al. 2020) and for monitoring the dynamics of gray wolf recolonization (Papin et al.
2018), although Cozzi et al. (2021) found camera trapping and scat dog detection more
effective. ARUs can also be used to identify individual wolves (Larsen et al. 2022) and
to track wolves via acoustic multilateration (Kershenbaum et al. 2019).

We used ARUs to study spontaneous vocalizations of wild wolves at rendezvous sites
and ways to improve the effectiveness of wolf monitoring. We assessed (1) spontaneous
howling rates, (2) environmental factors influencing howling occurrence, and (3) the
minimum time to achieve a significant probability of detecting pups. We predicted that
larger packs would vocalize more and that wolves inhabiting human-dominated land-
scapes would howl less, possibly to minimize detection by humans.

Methods

We studied populations of wolves across six areas with different environmental condi-
tions and varying human-landscape domination (Fig. 1):
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Fig.1 Areas where spontaneous vocalizations of wild wolves around rendezvous sites were assessed:
USYNP (U.S. Yellowstone National Park), USSNF (U.S. Superior National Forest), SSC (Spain Sierra de la
Culebra), SCC (Spain Cordillera Cantabrica), STC (Spain Tierra de Campos), and INM (India Maharastra).
Base map layer obtained in https://www.worldpop.org/

ey

2

3)

Yellowstone National Park, USA (USYNP). Elevations range from 1500 to 3800 m.a.s.1.
Vegetation varies from grassland to alpine, with high mountain meadows and treeless
plateaus. Forests are common (detailed in Despain 1990), and sagebrush is abundant
in non-forested areas to about 2500 m. Temperatures in August—September 2019 (dur-
ing the study) varied from — 5 to 26 °C, and average 24-h temperatures, between 1
and 16 °C. Among our study areas, USYNP hosted the fewest humans (0.08 people/
km? -obtained in http://www.city-data.com/city/Yellowstone-National-Park-Wyoming.
html), although park visitors during August 2019 exceeded 800,000 (https://www.yello
wstone.co/stats.htm). USYNP wolves belong to the subspecies C. . occidentalis and
were reintroduced in 1995-1996, the only reintroduced population of our study (Smith
et al. 2020a). Inside USYNP no hunting of wolves is allowed.

Superior National Forest, Minnesota, USA (USSNF). Elevations range from 325 to
700 m.a.s.l., including swamps, uneven upland, and rocky ridges (Mech 2009). The
vegetation is comprised mostly of conifers interspersed with birch and aspen due to log-
ging and fires (see Heinselman 1993 for details). Temperatures in mid-July—mid Octo-
ber 2019 (study period) ranged from — 3 to 30 °C, and average 24-h temperatures, 4 to
22 °C. Human density is < 8 habitants/km? (Department of Natural Resources 2001).
Tourist activity included 1.49 million of visitors to the wider 16,000-km? national
forest in 2016 (USDA Forest Service 2016). USSNF wolves belong to the subspecies
C. I. nubilus (Nowak 2009 but see Mech et al. 2011) and were legally protected there
during the study.

Sierra de la Culebra Regional Game Reserve in northwest Spain (SSC). Elevations
range from 800 to 1707 m.a.s.l., and vegetation is dominated by scrubland, oak forests,
and conifer plantations. Temperatures in mid-July—late October 2019 and September
2021 varied from — 1 to 36 °C, and average 24-h temperatures, between 6 and 25 °C.
Human densities are 2—6 habitants/km? (municipal register of inhabitants, Statistics
National Institute, obtained in https://www.ine.es). SSC wolves are C. . lupus and dur-
ing the study were a game species (Consejeria de Fomento y Medio Ambiente 2016).
SSC is one of the best-known wolf-watching destinations in Europe (Martinez and
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Pastor-Alfonso 2019). No official tourist data exist, but tourism levels are much lower
than USYNP or USSNF (e.g. the Felix Rodriguez de la Fuente Wolf Center in the area
received ~21,000 visitors/year since 2015, https://www.laopiniondezamora.es/comar
cas/2022/05/04/centro-lobo-supera-200-000-65707631.html).

(4) Cordillera Cantébrica, northern Spain (SCC), the rugged region of Asturias and a
small mountainous area within Galicia. The studied packs occupy western Cordillera
Cantabrica, with elevations from sea level to 1800 m.a.s.l. Vegetation is mainly scrub-
lands, woodlands, and grasslands (pastures) used by free-ranging cattle and horses.
Woodlands are dominated by beech, oaks, birch, and anthropogenic chestnut trees.
Scrublands predominate, and forest fragmentation is high. Temperatures during the
study (July—October 2018, 2019, and 2020) ranged from 6 to 31 °C, and average 24-h
temperatures, between 13 and 24 °C. Human densities are 5-47 habitants/km? (munici-
pal register of inhabitants, Statistics National Institute, obtained in https://www.ine.es).
Wolves in SCC are C. L. lupus. During the study, some lethal control was conducted by
rangers (annual quota) based on conflict level (Consejeria de Agroganaderia y Recursos
Autéctonos 2015).

(5) Tierra de Campos, northwestern Spain (STC). The area comprises flat, almost treeless
agricultural land, with cereal and maize fields providing cover for wolves during certain
seasons. Remnant forests cover 7% of the area (Blanco and Cortés 2007). Temperatures
in early August-late September 2019 and 2021 ranged from 7 to 34 °C, and average
24-h temperatures, 15 and 25 °C. Human densities are 2—7 habitants/km? (municipal
register of inhabitants, Statistics National Institute, obtained in https://www.ine.es).
STC wolves are C. . lupus and were a game species during the study (Consejeria de
Fomento y Medio Ambiente 2016).

(6) Maharashtra, India (INM), a drought-prone area of the Deccan Biogeographic Zone.
Major habitat types comprise pure grassland, grassland dotted with shrubs and trees,
grazing land, and crop fields. Grassland is distributed in fragmented patches, forming a
mosaic of grazing land, agricultural land, and human settlements. Temperatures in early
January-late March 2020 ranged from 10 to 37 °C, and average 24-h temperatures, 17
and 29 °C. INM wolves are C. I. pallipes and are legally protected in the study area
(Wildlife Protection Act 1972). INM has a human density of 224 inhabitants/km? in
the wolf area (Singh and Kumara 2006).

Overall, we studied 24 wolf packs during the pup-rearing season (3 in USYNP, 2 in
USSNEF, 5 in SSC, 5 in SCC, 2 in STC, and 7 in INM, all of them with pups (Table 6
in Appendix), obtaining 1225 wolf-pack days of recordings using ARUs (Audiomoth,
version 1.1.0 and 1.2.0, Hill et al. 2017). Fieldwork was conducted during summer—fall
of 2018, 2019, 2020, and 2021, when pups remain in rendezvous sites (RS). In India,
because births occur in winter (Dave and Raval 2019), recordings were obtained dur-
ing January—March 2020. During the RS season, pack activity is focused on rearing the
pups, the only time when one can reliably locate all pack members in one place repeat-
edly so ARUs can be stationed (Ausband et al. 2016; Gable et al. 2018). We detected
pups and located RS by searching for wolf signs and howling surveys (Jiménez et al.
2016), camera traps (Galaverni et al. 2012), wolf sightings or data from collared wolves.
We installed 1-6 ARUs per RS, having up to 3 units recording simultaneously in 75% of
packs (Table 6 in Appendix). Most ARUs (68%) were installed at 500—1000 m from the
RS, ranging from 200 m to 1.6 km, and recorded 24 h/day. In six packs studied in Spain,
we did not record from sunrise till sunset (Table 6 in Appendix). To ensure that RS
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were active we used data from collared wolves (17 packs) or checked for pups via obser-
vation stations (5 packs) or simulated howling every 5 to 10 days (2 packs) (Ausband
et al. 2010; Gable et al. 2018). We considered a RS period the time since ARU installa-
tion until the last pup presence detected. We discarded data from nights with simulated
howling.

We used the same AudioMoth configuration settings as in Barber-Meyer et al. (2020)
and Kaleidoscope Pro 5.1.9 g (Wildlife Acoustics 2017) to select audiofiles of wolf vocali-
zations (signal-detection parameters: frequency range 300-1000 Hz, length of detec-
tion=3-20 s, maximum inter-syllable gap=1 s). We then examined the audiofiles to audi-
bly distinguish howls by a single individual (solo) and choruses (> 1 individual vocalizing
simultaneously). We determined that choruses included pups when comprised vocal sig-
nals consistent with descriptions of pup vocalizations (Palacios et al. 2016). We arbitrarily
grouped all consecutive vocalizations with silence intervals <60 s as one event, as 60 s is
approximately the mean chorus-howl duration for different wolf populations (Marti-Dom-
ken et al. 2022). Howling events included solo howl series (one to several howls by one
individual) and chorus howls (events that also could include solo howls when the interval
between the vocalizations was < 60 s).

Howling rates

We calculated daily vocal rates (solo-howl rates and chorus-howl rates) of wolf packs for
RS periods (number of vocalization events/number of sampling days), considering only
days with all the scheduled hours recorded. Central daylight hours generally correspond
to wolf inactivity (Packard 2003). Thus, to estimate daily vocal rates, we defined “days”
as 24 h beginning at noon local time (wolves commonly begin activity at dusk and end
at dawn). We compared daily vocal rates obtained for solo howls and chorus howls via a
Welch two-sample t-test. For each area, we assessed the hourly variation of howling activ-
ity as the number of howling events each hour/number of sampling days.

We did not calculate vocalization rates in two cases: the 8-Mile pack at USYNP and
the 7268 pack at USSNF. The 8-Mile pack RS was used by only part of the 8-Mile pack,
a subordinate breeding female and a few others. The main 8-Mile wolves had another RS
concurrently about 15-km away. With the 7268 pack the RS was moved, so we had to move
the ARUs. Although some vocalizations were recorded, we could not be confident that our
recordings included all the howling activity of the pack around the RS during an RS period.

Factors influencing howling behavior

We used daily weather data to estimate the weather conditions during spontaneous howls
(mean wind speed; mean, minimum and maximum temperature; and daily precipitation).
Weather data for the United States and India were gathered by https://www.wundergrou
nd.com/history/ and, for Spain, from AEMET, https://opendata.aemet.es/, from the closest
weather station to the specific study area. We also tested if moon phase influenced spon-
taneous howling, considering the percentage of moon illuminated by the sun at midnight,
obtained from https://phasesmoon.com/.

For each pack, we selected a 25-km? square with the RS at the center and estimated the
human density living there (HAB, data obtained in https://www.worldpop.org/). As an index
of topography ruggedness (MEANSLOPE), we used Google Earth (Google Earth Pro 7.3,
https://www.google.com/earth/, base map data from Google, Landsat 2015) to plot circles for
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each RS (radius=2 km with the RS at the center) and measured the mean slope of the resulting
circumference.

We used winter wolf densities as an index of abundance: 50-70/1000 km? in northern Yel-
lowstone (Smith et al. 2020a), 16/1000 km? in the Superior National Forest (2060-km? study
area—Barber-Meyer 2022), < 10/1000 km? in India (Jhala et al. 2022). In Spain, where no
such data were available, we used the number of packs estimated in each area (Consejeria
de Medio Rural y Cohesién Territorial 2021, and Consejerfa de Fomento y Medio Ambiente
2019). We multiplied the number of packs by 4.2 wolves (Iberian wolf mean pack size in win-
ter (Fernandez-Gil et al. 2020)) and divided by the area to estimate density (non-pack wolves
were not included). We also used size of the studied packs to assess the influence of wolf
numbers on wolf-howling behavior. We used the number of days since the recordings began to
estimate pup growth/age.

We used generalized linear mixed models (GLMMs) with binomial error distribution and
logit link to assess which factors influenced presence/absence of (1) solo howls in a day, and
(2) chorus howls in a day. We removed highly correlated variables (Pearson correlation coeffi-
cient>(0.5) to avoid multicollinearity and assessed leverage and Cook’s Distance (values <0.2
indicated acceptable influence) to examine the effects of potential outliers on the regression.
Finally, we included AREA (study area), ARUS (the number of ARUs used), MINDIS (dis-
tance between the RS and the closest ARU), WIND (daily-mean-wind speed); TEMP (daily
mean temperature); PREC (daily precipitation), MOON (percentage of visible moon), HAB
(human population around the RS), MEANSLOPE, and AGE (number of days since recordings
began) as fixed factors, and pack and study area were included as a nested random factor. We
built a set of competing GLMMs considering all the possible combinations using the selected
variables (including the null model; i.e. the intercept-only model). We used Akaike’s Informa-
tion Criterion (AIC) to rank models, selecting the model with the lowest AIC (Burnham and
Anderson 2002). Models within two AIC units were considered to be of similar support, and
cumulative AIC weights were calculated to evaluate the strength of each model. We estimated
the variance explained by the best model calculating marginal R* (variance explained by fixed
factors) and conditional R? (variance explained by both fixed and random factors (Nakagawa
and Schielzeth 2013)). We did not include in the models pack size (unavailable for all the
packs) or wolf abundance (collinearity with AREA) and computed Pearson correlation coef-
ficients to assess the relationship between wolf numbers (pack size and wolf abundance) and
howling rates. GLMMs were fitted in R software (R Development Core Team 2016) using the
“Ime4” package (Bates et al. 2015).

Detection of wolf packs and the presence of pups

We calculated the average cumulative probability of howl detection by area to estimate the
mean effort needed (in days of recording) to record vocal activity (including solo and chorus
howls), pack vocal activity (chorus howls), and pup vocal activity with 80 and 95% probability.

Results
We recorded 605 wolf chorus howls and 224 solo-howl series emitted spontaneously by
24 wolf packs around RS. We recorded pups in 88% of packs. The percentage of days

with spontaneous vocal activity ranged from 12.50% in Spain (SCC, RS period =16 days)
to 94.12% in the United States (USYNP, RS period=17 days, Table 7 in Appendix).
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Spontaneous solo-howl series recorded in a day varied from 1 to 14, but during most days
with solo howling we recorded one (52% of days), two (23%), or three (11%) solo howls.
Chorus howls recorded in a day ranged from 1 to 14, most days recording 1-3 chorus howls
(1: 52%, 2: 27%, and 3: 8% of days).

Howling rates

Howling recorded near RS mainly involved packs. Daily solo rates were fewer than chorus
rates (Welch two sample t-test=2.16; df=39; p=0.037), ranging from O in four RS peri-
ods (corresponding to SSC and SCC packs) to 3.47 solo howls/day in Junction Butte pack,
USYNP (Table 7 in Appendix). Daily chorus rates varied from 0 (Carondio pack, SCC,
and Nannaj pack, INNM) to 5.29 chorus/day in Junction Butte pack, USYNP (Table 7 in
Appendix).

Howling occurred primarily at night in most areas (Fig. 2). The highest hourly rates
were found in USYNP where the Junction Butte pack vocalized by far the most of all the
packs we studied. Howling activity showed two peaks in all the studied areas. Chorus
howls occurred the most after sunset at USSNF, SSC, SCC, STC, and INM, and after sun-
rise at USYNP. Almost no vocalizing was recorded before sunshine and after sunrise at
USSNEF, SSC, SCC, and STC. Indian wolves also howled before sunset and after sunrise
and howling peaked after sunrise at USYNP.

Factors influencing howling behavior

Solo howls decreased with wind speed and increased with the number of ARUs used and
the distance of the closest ARU to the RS (Table 1). Considering all the competing models
with AIC<2, only wind speed significantly affected solo howling (Tables 2, 3). Chorus
howls decreased with wind speed and human density around RS and was influenced by
study area (Table 1). Tukey post-hoc analyses revealed wolves howled more in USYNP
than in the STC and SCC (p=0.019 and p=0.001 respectively); SSC wolves howled more
than those in SCC (p=0.036), and those in INM more than SCC wolves (p=0.036). Con-
sidering all models with AIC <2, human density around RS and wind speed significantly
affected chorus howling (Tables 4, 5).

We found no relationship between vocal rates and wolf abundance (solo howl rates:
Spearman’s rank correlation, rho=0.137, p=0.514; chorus howl rates: Spearman’s rank
correlation, tho=0.322, p=0.116). However, chorus rates increased with pack size and
the number of adults/subadults per pack (Spearman’s rank correlation between pack size
and chorus rates: rtho=0.758, p=0.018; number of adults/subadults and chorus rates:
rho=0.785, p=0.012; number of pups and chorus rates: rho=0.651, p=0.054).

Detection of wolf packs and the presence of pups

On average, we found an 80% probability of detecting vocalizations, choruses, and pups
in 3.73, 4.45, and 5.15 days respectively; and a 95% probability in 7.7, 9.5, and 11.3 days
(Fig. 3). The highest cumulative probability of howling detection occurred in USYNP and
SSC, and the lowest in SCC (Fig. 3).
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< Fig.2 Hourly distribution of vocal activity recorded in summer around rendezvous sites (winter 2020 in
INM). Hourly rates: number of howling events each hour/number of sampling days. Local sunset (ss) and
sunrise (sr) times are plotted with vertical lines (local ss and sr at the middle of the study for each area)

Table 1 Parameters and statistical significance in the generalized linear mixed models (GLMMs) of solo
howls and chorus howls (pack vocal activity) of wild wolves around rendezvous sites (RS) recorded in the
United States, Spain, and India

Fixed effects Estimate Std. Error z P R’m R%c

Solo howls vocal activity

Intercept —5.924 1.052 —-5.630 <0.001 0.23 0.34
ARUS 1.015 0.271 3.738 <0.001
MINDIS 3.240 1.017 3.186 0.001
WIND -0.274 0.081 —3.39 <0.001
Chorus howls vocal activity
Intercept —1.944 0.767 —2.536 0.011 0.14 0.19
HAB —0.007 0.003 -2.86 0.004
PREC —0.049 0.030 - 1.614 0.107
AREA:SCC —0.209 0.571 —0.365 0.715
AREA:SSC 1.040 0.509 2.042 0.041
AREA:INM 1.534 0.644 2.381 0.017
AREA:USSNF 1.467 0.739 1.985 0.047
AREA:USYNP 2.170 0.691 3.142 0.002
TEMP 0.055 0.031 1.794 0.073
WIND —0.104 0.047 —2.200 0.028

ARUS number of automatic recording units used, MINDIS distance between the RS and the closest ARU,
WIND daily mean wind speed, HAB human population around the RS, PREC daily precipitation, TEMP
daily mean temperature, SCC Spain Cordillera Cantdbrica, SSC Spain Sierra de la Culebra, INM India
Maharashtra, USSNF United States Superior National Forest, USYNP United States Yellowstone National
Park, R’m marginal Rz, R?c conditional R?

Table 2 Competing models explaining spontaneous solo howling at rendezvous sites (RS) with Delta AIC
(difference in AIC score between the best model and the model being compared) <2

Model AlICc Delta AIC Weight
ARUS, MINDIS, WIND 473.17 0.00 0.23
ARUS, MINDIS, MEANSLOPE, WIND 473.59 0.41 0.18
ARUS, MEANSLOPE, WIND 474.52 1.35 0.12
ARUS, AREA, WIND 474.58 1.40 0.11
AGE, ARUS, MINDIS, WIND 47491 1.74 0.09
ARUS, MINDIS, MOON, WIND 475.01 1.84 0.09
ARUS, MEANSLOPE, AREA, WIND 475.04 1.87 0.09
ARUS, MINDIS, MEANSLOPE, TEMP, WIND 475.06 1.89 0.09

AICc Akaike’s Information Criterion with sample size correction, AREA study area, ARUS number of auto-
matic recording units used, MINDIS distance between the RS and the closest ARU, WIND daily mean wind
speed, TEMP daily mean temperature, MOON percentage of visible moon, HAB human population around
the RS, MEANSLOPE index of topography ruggedness
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Table 3 Model averaged
coefficient estimates (Estimate),
adjusted standard errors (Std.
Error), z values, and level of
significance (P) for the predictors
included in the selected candidate
models explaining spontaneous
solo howling at rendezvous sites
(RS) (models with Delta AIC—
difference in AIC score between
the best model and the model
being compared <2)

Estimate Std. Error z P
(Intercept) —7.389 2.709 2.726 0.006
ARUS 1.568 0.924 1.696 0.090
MINDIS 1.952 1.657 1.177 0.239
WIND -0.293 0.087 3.385 0.001
MEANSLOPE 0.043 0.067 0.646 0.518
AREA:SCC 0.945 2.255 0.419 0.675
AREA:SSC —-0.027 0.432 0.063 0.950
AREA:INM 0.189 0.497 0.379 0.705
AREA:USSNF - 0.507 1.320 0.384 0.701
AREA:USYNP 0.044 0.820 0.054 0.957
AGE —0.0004 0.003 0.154 0.878
MOON 0.0001 0.001 0.125 0.901
TEMP 0.003 0.015 0.179 0.858

AGE number of days since the recordings began, AREA study area,
ARUS the number of ARUs used, MINDIS distance between the RS
and the closest ARU, WIND daily mean wind speed, TEMP daily
mean temperature, MOON percentage of visible moon, HAB human
population around the RS, MEANSLOPE index of topography rugged-
ness, SCC Spain Cordillera Cantabrica, SSC Spain Sierra de la Cule-
bra, INM India Maharashtra, USSNF United States Superior National
Forest, USYNP United States Yellowstone National Park

Table 4 Competing models explaining spontaneous chorus howling at rendezvous sites (RS) with Delta

AIC (difference in AIC score between the best model and the model being compared) <2

Model AlCc DeltaAIC Weight
HAB, PREC, AREA, TEMP, WIND 894.55 0.00 0.18
HAB, AREA, TEMP, WIND 895.39 0.84 0.12
HAB, PREC, MEANSLOPE, AREA, TEMP, WIND 895.56 1.01 0.11
HAB, PREC, AREA, WIND 895.78 1.23 0.10
ARUS, HAB, PREC, AREA, TEMP, WIND 895.87 1.32 0.09
HAB, MOON, PREC, AREA, TEMP, WIND 895.90 1.35 0.09
ARUS, HAB, PREC, TEMP, WIND 896.10 1.56 0.08
HAB, MINDIS, PREC, AREA, TEMP, WIND 896.12 1.57 0.08
ARUS, HAB, AREA, TEMP, WIND 896.49 1.94 0.07
HAB, MOON, AREA, TEMP, WIND 896.50 1.95 0.07

AICc Akaike’s Information Criterion with sample size correction, AREA study area, ARUS number of auto-
matic recording units used, MINDIS distance between the RS and the closest ARU, WIND daily mean wind
speed, TEMP daily mean temperature, PREC daily precipitation, MOON percentage of visible moon, HAB
human population around the RS, MEANSLOPE index of topography ruggedness, and AGE number of days

since the recordings began

Discussion

We studied spontaneous howling in wild wolves at RS in six areas across the wolf’s
world range, recording 829 howling events, most of them chorus howls with pups. Some
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Table 5 Model averaged

Esti .E P
coefficient estimates (Estimate), stimate Std. Error ‘ r(>lz0)
adjusted standard errors (Std. (Intercept) ~1966 0986 1995 0.046
Error), z values, and level of
significance (P) for the predictors HAB —0.007 0.003 2.778 0.005
included in the selected candidate =~ PREC —0.036 0.034 1.075 0.283
models explaining spontaneous  AREA-SCC 0.152 1.075 0.141  0.886
chorus howling at rendezvous )
sites (models with Delta AIC— AREA:SSC 1.009 0.607 1.664 0.096
difference in AIC score between AREA:INM 1.463 0.758 1.929 0.054
the best model and the model AREA:USSNF 1.267 0.847 1.497 0.134
being compared < 2) AREA:USYNP 2.086 1.084 1.925 0.054

TEMP 0.048 0.033 1.464 0.143
WIND —0.106 0.047 2.247 0.025
MEANSLOPE —0.009 0.037 0.248 0.804
ARUS 0.095 0.227 0.419 0.675
MOON —0.0003 0.001 0.278 0.781
MINDIS -0.070 0.418 0.168 0.866

ARFEA study area, ARUS the number of ARUs used, MINDIS distance
between the RS and the closest ARU, WIND daily mean wind speed,
TEMP daily mean temperature, PREC daily precipitation, MOON
percentage of visible moon, HAB human population around the RS,
MEANSLOPE index of topography ruggedness, AGE number of days
since the recordings began, SCC Spain Cordillera Cantabrica, SSC
Spain Sierra de la Culebra, /[NM India Maharashtra, USSNF United
States Superior National Forest, USYNP United States Yellowstone
National Park

workers propose that howling helps coordinate events such as departures and move-
ments around homesites and serves as long-range intrapack communication as pups
become more mobile (Harrington and Mech 1978). Our results include important bench-
mark values useful for studies of the rates and temporal distribution of vocal behavior
in wolves. Excepting the Junction Butte pack at USYNP, with 5.29 chorus howls/day
and 3.47 solo howls/day, the howling rates we obtained are lower than those of captive
wolves of the same subspecies (Palacios et al. 2021). Rates of captive wolves should
be higher than those of wild wolves because all vocalizations of captives are easily
recorded, and captives have no need to limit howling to minimize detection by humans
or other wolf packs that could endanger them (e.g., infanticide; Smith et al. 2015). We
found 31 and 42% of days with vocal activity in two RS periods for the USSNF 7282
pack, compared with the 21-27% of days at two other wolf homesites in our study area
(Harrington and Mech 1978). However, hourly distribution of chorus howls was similar
in both studies, peaking at 11 p.m. and a lower peak before sunrise.

Wind influences wolf response rate to simulated howls (Joslin 1967; Ausband et al.
2020), including away from homesites (Harrington and Mech 1982). Factors such as
wind speed also affect spontaneous howling in captivity (Palacios et al. 2021). Our
results accord with those findings, with more vocalizations (both solo and chorus howls)
with low wind. This result could reflect that ARUs have higher detectability with low
wind or winds that carry the vocalizations to the detector (Barber-Meyer et al. 2020).
However, because in most cases we used several ARUs at each site, this would minimize
that problem. In any case, our models showed that weather had low explanatory power,
perhaps due to the low variability among weather conditions during our study.
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The influence of lunar cycles on animal behavior is well documented. Elephants
(Loxodonta africana), for instance, decrease crop-raiding during the full moon, appar-
ently to avoid the height of human activity (Gunn et al. 2014). Sanchez-Ferrer et al.
(2016) reported decreased movement during new and full moon in captive Mexican
wolves, dependent on the age of the individuals, and chorus howling is negatively
related to increasing moonlight in coyotes, Canis latrans (Bender et al. 1996). In our
study, however, moonlight had no effect on spontaneous vocalizations, similar to wild-
wolf responses to simulated howls (Joslin 1967; Harrington and Mech 1982).

We found differences in the factors influencing solo and chorus howling. Solo howls
increased with the numbers of ARUs used and with the distance of the closest ARU to
the RS, factors that did not appear relevant in the chorus-howl models. This could be
due to the fact that, near RS, solo howls trigger the quick response of other pack mem-
bers, thus becoming a chorus howl. The fact that solo howls are harder to detect than
chorus howls (we expect to lose 63% of chorus howls and 91% of solo howls emitted at
0.54 km from the ARUs, (Barber-Meyer et al. 2020)) might explain the low solo howls
detected and why the more ARUs used, the easier to detect solo howls.

Our results indicate that chorus howling in wild wolves depends on the area, pack
size, and density of people living near RS. Differences in study area could reflect
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subspecies differences. Howling differs among subspecies in acoustic structure (Ker-
shenbaum et al. 2016) and chorus-howl length, with Mexican wolves’ howls shorter
than those of other North American wolves (Servin 2000). Also, captive Iberian wolves
howl less than North American wolves (Palacios et al. 2021). However, our unbalanced
sample, with most of our packs of one subspecies, prevents assessment of a subspecies
effect on howling. Differences in area reflect the low chorus howling at SCC compared
to USYNP, SSC, and INM, which could be because only one recorder was used for most
Cantabrian packs or because wolves living in the humanized Western part of Cordillera
Cantébrica howl less than other wolves, a subject that warrants further research.

Larger packs howled more often, similar to previous studies and probably because
there simply were more wolves (Harrington and Mech 1978; Harrington 1989). That
was not true for wolf abundance. Acoustic territorial displays increase with the number
of competitors (Eckenweber and Knornschild 2013), but assuming that most howling
around RS represents intrapack communication, this result could be expected because
smaller packs would howl less around RS even where wolf density is high. However, a
lack of relationship between howling and wolf density could also be because our meas-
urement and accuracy of wolf abundance varied considerably.

Packs vocalized more where fewer people were living near RS, suggesting that
wolves adjust their vocal behavior when living near humans. Many animals adapt their
vocal behavior to anthropogenic sounds, such as changing their temporal patterns or the
frequency and amplitude of their vocalizations (Francis and Barber 2013). Others adjust
their vocal activity to their perceived predation risk (Abbey-Lee et al. 2016). If reduced
vocal activity increases survival of wolves living near humans, we would expect those
persisting in highly human-dominated landscapes and near urban areas to howl less.
Our lowest vocal rates occurred in packs with greatest human densities around RS in
INM, SCC, and STC. Notably, the most howling and the highest cumulative probabili-
ties of wolf detection happened in the USYNP Junction Butte pack, where the fewest
people live around RS but where > 800,000 people visited during the study. Yellowstone
National Park is the world’s most iconic wildlife-watching place, and wildlife is fully
protected. In addition, in Spain the most vocalizations transpired in SSC where, despite
wolves having been a game species until September 2021, wolf watching is an important
activity, and attitudes toward wolves are positive compared to other areas of the Ibe-
rian Peninsula (Pettersson et al. 2021). These findings suggest that neutral or positive
human activities and attitudes might counteract the negative effect of human presence
on wolves’ vocal behavior.

Besides decreasing overall vocalization rates, another adaptation of vocalization
behavior to perceived risk could be a change in the temporal distribution of vocal activity
because the most howling before sunset and after sunrise occurred in USYNP and INM,
where wolves are fully protected. Human activity influences wolf resting-site selection
(Llaneza et al. 2016) and overall habitat selection near road corridors and during higher
human activity (Anton et al. 2020). Wolves minimize the risk of exposure at pup-rearing
sites by avoiding human structures, selecting shelter in vegetation and avoiding agricultural
lands (Sazatornil et al. 2016, but see Thiel et al. 1998). Our results suggest that wolves
howl less and during darkness probably because of perceived risk from humans, a finding
that merits further research.

Passive automatic recorders constitute a useful method to detect wolf presence (Suter
et al. 2017; Barber-Meyer et al. 2020). Here, we show that pups commonly participate in
spontaneous chorus howls around the RS across packs of different wolf subspecies in dif-
ferent areas with different habitat and human pressure. Hence, using ARUs can confirm
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wolf reproduction by detecting spontaneous chorus howls with pups. Although simulated
howling surveys can be very effective (Harrington and Mech 1982; Llaneza et al. 2005)
and are extensively used to study the status of wolf populations (Kaczensky et al. 2013),
ARUs could solve the main problems associated with eliciting responses to simulated
howls: possible effect on wolf behavior, potential increase of vulnerability to humans, low
reliability of estimates from wolf responses (Palacios et al. 2017), and uncertainty from
lack of response.

Simulated howls may affect wolves’” movements. Wolves often approach the human
“howler” (Murie 1944; Harrington and Mech 1979) or the howl box (Brennan et al.
2013) howling stations and other pack members after simulated howls (Leblond et al.
2017). Leblond et al (2017) suggested that simulated howling was unlikely to have
strong negative effects on wolf movement but encouraged further evaluation. This sug-
gestion warrants consideration especially in the design of intensive wolf-monitoring
programs. For example, in a national wolf-population monitoring in Slovenia during
2016, 178 surveyors howled two consecutive nights in 436 3 x3-km grid cells (RaZen
et al. 2020). Simulated howling in human-dominated landscapes may increase pack vul-
nerability if not properly planned, especially if the low vocal rates we found (except in
USYNP) are an adaptation to minimize risk by humans. Other problems with active
howling surveys are related to the low reliability of aural estimates of pup presence
and pack size from wolf responses (Palacios et al. 2016, 2017) and the response rates.
Radiocollared wolves in the Montmorency Forest (Quebec, Canada) only responded to
5% of simulated howls (Leblond et al. 2017) and wolf-response rates may range from
0.1 to 0.56 (see review in Leblond et al. 2017).

Using ARUs 500-1000 m from an occupied RS, we recorded multiple chorus howls
including pups in 88% of the packs without altering wolf behavior or increasing detect-
ability by humans. Depending on the area, 4-15 days were needed to detect the pack
and 5-21 days to detect pups, with a probability of 95%, with the lowest cumulative
probabilities of wolf detection found at SCC. Most of the packs (76%) were studied
using three ARUs within 1000 m, but at SCC we used only one ARU per RS, which
could have affected the results. Although number of ARUs and distance from RS were
not included in the chorus-howl model, we are aware that SCC results could be underes-
timated. However, the information obtained can be used as a benchmark in the design of
wolf-monitoring programs.

Besides demonstrating the potential of ARUs to study wolf acoustic behavior, our
results show that ARUs could be useful to monitor wolf populations as complementary
or even alternative to howling surveys. In the present study we usually deployed three
AudioMoths (~US$115/device) around a RS, changed batteries every 10 days (all ARUs
at each RS could be checked in one day), and spent one day searching a month of record-
ings. When RS locations are unknown, and the aim is to detect reproduction, installing
the ARUs in zones with concentration of wolf signs (Llaneza et al. 2005) could be use-
ful. This method might not be cost-effective compared to camera traps or scat-detection
dogs to detect wolf presence in areas with low wolf densities (Cozzi et al. 2021), or
might not be practical in large roadless areas, but it can be very useful in human-domi-
nated landscapes or areas with high conflict, when other methods might be less suitable.
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Appendix

See Tables 6 and 7.

Table 6 Wolf packs studied

Area Pack Beginning of study End of study Days recorded ARUs D (km) Sch
USYNP Junction Butte  02/08/2019 24/09/2019 54 3-5 0.8-1.2 24
USYNP Phantom Lake 09/08/2019 05/09/2019 28 3 1-1.5 24
USYNP 8-Mile 06/08/2019 13/09/2019 39 3 1-1.5 24
USSNF 7282 09/07/2019 08/10/2019 92 3-6 03-1.6 24
USSNF 7268 22/07/2019 11/09/2019 52 3 025-15 24
SSC Resbalon 10/08/2019 20/09/2019 42 2-3 0.25-0.8 24
SSC Corral 13/08/2019 11/10/2019 60 3 0.5-0.8 24
SSC Flechas 26/07/2019 04/10/2019 71 3 05-1.5 24
SSC Ferreras 23/08/2019 19/10/2019 58 3 0.25-0.8 24
SSC Ferreras 09/09/2021 28/09/2021 20 1 0.2-0.5 SS
SSC Peral 15/08/2019 30/09/2019 47 3 02-0.5 24
Nee Carondio 06/07/2018 06/10/2018 35 1 0.5-1 SS
SCC Santiellos 16/08/2018 08/10/2018 36 1 0.5 SS
ScC Lor 14/08/2020 10/09/2020 28 1 1-1.5 24
ScC Aramo 19/07/2019 09/08/2019 21 1 0.5-1 SS
ScC Bobia 30/05/2018 07/09/2018 36 1 0.5 SS
STC Santovenia 22/08/2019 20/09/2019 30 3 03-0.6 24
STC CamposPal 09/08/2021 07/09/2021 30 3 0.2-0.6  SS
INM Shivajinagar 23/01/2020 07/03/2020 45 3 0.5-1 24
INM Murti 19/01/2020 29/03/2020 71 3 0.5-1 24
INM Nannaj 18/01/2020 25/03/2020 68 1-3 0.5-1 24
INM Kektai 17/01/2020 16/03/2020 60 3 0.5-1 24
INM Kathgaon 10/03/2020 28/03/2020 79 3 0.5-1 24
INM Prashadfarm 19/01/2020 23/03/2020 65 3 0.5-1 24
INM Mudhale 19/01/2020 16/03/2020 58 2-3 0.5-1 24

Date format is DD/MM/YYYY

ARUs number of automatic recording units recording simultaneously, D estimated distance from the record-
ers to the rendezvous site, Sch Schedule of recordings (24 h, SS from sunset to sunrise), USYNP United
States Yellowstone National Park, USSNF United States Superior National Forest, SSC Spain Sierra de la
Culebra, SCC Spain Cordillera Cantdbrica, STC Spain Tierra de Campos, INM India Maharashtra
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