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Abstract

Moonlight plays a significant role in prey—predator relationships. At full moon,
predators’ hunting success and activity rates generally increase. Even though the
analysis of facultative carnivore movement patterns can improve our knowledge of
how moonlight can change the behaviour of such a group of species with diverse
ecological needs, few studies have been conducted with facultative carnivores and
none with telemetric data. Here, we studied whether moonlight influences brown
bear, Ursus arctos, movement behaviours. By analysing data collected from 2002
to 2014 for 71 collared individuals inhabiting Finland and Russian Karelia, we
found that some internal and external factors are influencing brown bear movement
patterns. In particular, this facultative carnivore moves more slowly and over
shorter distances during hyperphagia periods than during the mating season. How-
ever, moonlight does not affect brown bear movements. Although brown bears are
large carnivores, they are opportunistic omnivores with a high fruit diet and, there-
fore, the prey—predator relationships that are behind the dependence of carnivores

on moonlight seem to be weaker than in obligate carnivores.
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Introduction

The moon orbits the earth and, in this way, the positions of
the sun, moon and earth reflect different illuminations of the
moon called lunar phases. The lunar cycle (from new moon to
new moon) has an average duration of 29.5 days. It can lead
to several environmental modifications, such as changes in the
nocturnal atmosphere, for example, on full moon nights, the
amount of light is 250 times greater than on moonless nights
(Foster & Roenneberg, 2008). These changes are used as
benchmarks by some animals to synchronize the reproduction
period (e.g. breeding, spawning) (Kronfeld-Schor et al., 2013),
adjust the activity rate of finding food (Grant et al., 2012), and
for communication (Penteriani et al., 2011). It is therefore not
surprising that there is growing evidence that moon phases
influence the behaviour of many animal species, including
humans (Sjodin et al., 2015).

Night light plays a notable role in nocturnal vision of some
mammals and thus prey—predator relationships (Dacke et al.,
2003; Penteriani et al., 2013; San-Jose et al., 2019). Species
that depend primarily on vision may be more successful at
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finding food with moonlight, and they may also face a lower
risk of predation, as their capacity to detect predators should
increase. Visual sensitivity and acuity vary considerably among
nocturnal species and may explain why not all predators
respond or respond in the same way at the time of the full
moon (Heurich et al.,, 2014; Prugh & Golden, 2014). When
the moon is close to full, cheetahs, Acinonyx jubatus and wild
dogs, Lycaon pictus, are more active in order to maximize
hunting success as their chase patterns require high visible
conditions (Cozzi et al., 2012; Rasmussen & MacDonald,
2012). Therefore, their prey is more likely to remain in
refuges, limiting their activity and becoming more vigilant
(Brown & Kotler, 2004a; Daly et al., 1992; Griffin et al.,
2005; Lima & Dill, 1990), feeding back on the activity
rhythms of their predators. Similar behavioural patterns have
also been observed in some omnivores like badgers, which
synchronize their breeding behaviour on dark nights to avoid
predators (Dixon et al., 2006). The activity patterns of Iberian
lynx, Lynx pardinus, mirror the activity of their main prey, the
rabbit, Oryctolagus cuniculus. In particular, rabbits move fur-
thest from their dens and are more active around the new
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moon, and consequently, lynxes reduce their travelling dis-
tances and concentrate their movements in the core areas of
their home ranges, which generally match those areas with a
high density of rabbits (Penteriani et al., 2013). In addition, as
behavioural decisions made at one step can have an impact on
the behavioural choices at the next step, it has been demon-
strated that some carnivores that increase their hunting success
on clear nights generally decrease their activity the following
day (Cozzi et al., 2012; Rasmussen & MacDonald, 2012).
Therefore, bright, moonlit nights may create a fitness trade-off
by increasing carnivores’ hunting success probability (Clarke,
1983; Kotler et al., 1988, 2002), but reducing their energy
reserve through increased activity to search for hidden prey
(but see Sabato et al., 2006). These behavioural changes can
be costly because they take time and energy away from others
activities linked to fitness, such as parental cares or mating
(Lima & Dill, 1990).

The animal’s navigation and mobility capabilities determine
how an individual will move in response to external factors
and internal states (Nathan et al., 2008). Animals continu-
ously make decisions on how, when and where to move to
find suitable areas to meet their vital requirements (Estes
et al., 1982; Nathan et al.,, 2008; Van Moorter et al., 2013).
However, animal movements can also be affected by other
factors, such as the availability of food and shelter, landscape
structure, weather conditions and anthropogenic activities
(Martin et al., 2008, 2013; Nathan et al., 2008). In this con-
text, the analysis of the movement patterns of carnivores can
improve our current knowledge on how moonlight may alter
the behaviours of a group of well-differentiated species with
diverse ecological needs such as carnivores (Wilson & Mitter-
meier, 2009). The ecological and evolutionary consequences
that the moon may have at the individual, population and
community levels are numerous; however, there is still a lack
of information available on the effect of the different moon
phases and the associated moonlight on carnivore movement
patterns (but see, e.g., Cozzi et al., 2012; Di Bitetti et al.,
2006; Grassman et al., 2005; Mukherjee et al., 2009; Penteri-
ani et al., 2014).

Of the group of large carnivores, the potential effects of
moonlight on movement patterns of brown bears, Ursus arctos,
have not yet been studied. The brown bear is an intriguing
large carnivore for two reasons. First, even though brown bears
have the typical morphological features of carnivores (defined
canine teeth, claws and a carnivore digestive tract), they are
facultative, or non-obligate, carnivores. That is, they do not
exclusively depend on the movements and rhythms of activities
of given prey. Second, brown bears can be extremely flexible
in their primary diel activity pattern, from diurnal to crepuscu-
lar to nocturnal (Rode & Robbins, 2000; Gende & Quinn,
2004; Swenson et al., 2007; Robbins et al., 2007), and their
diel activity can be affected by human encroachment, hunting,
bear population density and latitude (Hertel et al., 2017; Ordiz
et al.,, 2012, 2013; Theuerkauf et al., 2003). Thus, even if
moonlight has some effect on brown bear movement patterns,
omnivory and flexibility in rhythms of activity may weaken
moon-dependence, as earlier suggested by Richardson (2017)
in a camera trap study.
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The distinctive brown bear dietary preferences compared
with other large carnivores may provide a different perspective
on the potential influence of the moon on the movement strate-
gies of facultative carnivores. To determine whether the lunar
phases influence brown bear movements, we studied the daily
movement behaviours of 71 brown bears (42 males and 29
females) in Finland and Russian Karelia from 2002 to 2014.
On the basis of the main characteristics of brown bears, we
hypothesize that movement patterns will not show dependence
of bears on moonlight, even though they might have some
preference for darker nights as a response to human avoidance
and occasional predation events.

Materials and methods

Study area

The movements of our radio-collared brown bears covered
most of southern and central Finland (220 000 km?) and also
involved a part of Russian Karelia (160 000 km?), and ranged
from 61.69°N to 66.56°N (Fig. 1). At these latitudes, the
length of the night varies significantly between seasons. The
topography is relatively smooth with elevation ranging from
100 to 576 m a.s.l. Both regions are largely dominated by
highly managed productive boreal forest (Ahti et al., 1968;
Hagen et al., 2015). About 86% of the land area is covered by
forests, where the main tree species are the Scots pine Pinus
sylvestris, the Norway spruce Picea abies and various birches,
Betula spp. The terrain is also characterized by the presence of
lakes and peat bogs. Isolated houses and low-traffic roads are
widespread in the study area.

Data collection

From 2002 to 2013, 71 brown bears were captured in spring
(n = 115 captures, as some individuals were captured several
times; Table S1), after they left their winter dens. Brown bears
were tagged until October shortly before entering dens. They
were darted from blinds at temporary baits. Immobilization
drugs and dosages followed the protocol by Jalanka and Roe-
ken, (1990). The injected doses used to immobilize bears con-
tained medetomidine (50 pg/kg) and ketamine (2.0 mg/kg)
(Jalanka & Roeken, 1990). To dart bears in late summer or
autumn, the spring dose was increased 25-50%, and longer
needles were used because of body fat (Arnemo et al., 2007).
Bears were sexed, weighed and aged (on the basis of cemen-
tum annuli counts of a first premolar removed at time of cap-
ture; Craighead et al.,, 1970). Yet, as the cementum annuli
method did not allow determining the exact age of all tracked
individuals, we categorized age as adult/subadult in order to
avoid excluding these individuals from our analyses. Permis-
sion to capture and manipulate bears was issued by the County
Veterinarian of Oulu and by the Regional State Administrative
Agency of Lahti (Finland). Individuals were fitted with a collar
that carried 1.5 kg global positioning system (GPS) transmit-
ters (Televilt, Lindesberg, Sweden; Vectronic Airspace, Berlin,
Germany). The weight of the collars was less than 1.0-2.0%
of  the  bodyweight of  adult females (mean
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Figure 1 Distribution of GPS locations of 42 brown bear males (n = 15 subadults, black movement paths) and 29 females (n = 12 subadults,
grey movement paths) spread across south-eastern Finland and Russian Karelia (2002—2014).

(kg) & sp = 124.6 £ 27.5) and 0.5-1.0% of adult males
(mean (kg) £ sp =212 £ 61.4). Out of the 71 collared brown
bears, 27 were subadults. As they might still grow, collars
were adjusted so that they could expand and allow for
increased body size. Brown bears were categorized as suba-
dults when they were 4 years old and younger. Collars had a
pre-programmed drop off mechanism with an average battery
life of 1 year. Whenever the drop off did not work by the
scheduled time owing to technical flaws, the bear was re-
captured and the collar was removed. All collars were removed
before the end of the project in 2014.

The GPS collars were calibrated to collect one brown bear
location every four hours (z = 173 301 number of total loca-
tions; mean  number of locations per  individ-
ual £ sp = 2440.9 £ 2396.6). Radiotracking sessions
(n = 4158 days) started at 2:00 and ended at 22:00. Therefore,
data comprised locations collected during the day and the night
(hereafter, daily scale). Signals from the satellite transmitters
were recorded by the ARGOS satellite system (www.cls.fr).
The data provided sufficient days (number of collared individu-
als per day £ sp = 5.97 £+ 4.01, range: 1-20) among the dif-
ferent moon phases (Table S1). We recorded the positional
dilution of precision (PDOP) value for all 3-D fixes and the
horizontal dilution of precision for 2-D fixes. Following the
method developed by D’Eon et al., (2002), we excluded all 2-
D fixes. Although this data screening method reduces the
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dataset, it allows a high percentage of detection of large loca-
tion errors (Bjerneraas et al., 2010).

Movement patterns

Daily brown bear trajectories were obtained by using the ade-
habitat package version 0.4.15 for R software (Calenge, 2006).

We estimated the following movement parameters at a daily
scale (i.e. we considered both day and night locations): (1)
total distance, which is the cumulative sum of the distance
between successive relocations on the same daily trajectory;
(2) net distance, that is, distance travelled between the initial
position and the final position on a daily scale; (3) average
daily speed, which is the mean of the step distance (distance
between two relocations) divided by the time interval between
consecutive locations; and (4) mean turning angle, where
angles between 0 to 90° correspond to directional persistence
and angles above 90° indicate that the individual returns
towards the previous location. Even though the resolution of
the data might seem coarse to estimate the real tortuosity and
total daily distance, the fact that all individuals were followed
at the same resolution makes the comparison between parame-
ter estimation feasible and reliable. Finally, we estimated (5)
the size of the home range at a daily scale per individual
(n =11 424 daily home ranges) using the minimum convex
polygon (MCP) method (Dahle & Swenson, 2003a; Mohr,
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1947). MCP was chosen over the kernel estimator because it is
applicable with fewer than 30 locations (Seaman et al., 1999).
To set the limits of the home range, we used isopleth values
of 95% density. We removed every day with less than five
locations to get a better estimate of daily movements.

Moon phases

(6) Daily moon phases for the study area were obtained from
the Naval Oceanography Portal (https://aa.usno.navy.mil/data/
docs/MoonFraction.php) and expressed in terms of the fraction
of the moon disc illuminated and whether the moon was wax-
ing or waning. The different phases of the moon were calcu-
lated as in Penteriani et al., 2011. The fraction of the moon
disc illuminated was transformed into radians to give each day
an angular equivalent (0), based on the periodic regression
method (DeBruyn & Meeuwig, 2001). As a result, the moon
cycle is represented by a continuous transition from 0 to 2w
radians, that is, 0 and 2w radians correspond to the full moon
and © radians is the new moon. In order to represent the entire
lunar cycle, the fraction of the moon disc illuminated
expressed in radians was introduced as an explanatory variable
in the statistical model in the form of cos(6), sin(B), cos(20)
and sin(26) (DeBruyn & Meeuwig, 2001). A semi-lunar cycle
(two peaks in a lunar month) can be studied using the terms
cos(20) and sin(260). Peaks are not necessarily of equal ampli-
tude, so all terms are useful for analysing the lunar effect. A
significant cos(0) regression coefficient reflects a peak emerg-
ing at the full moon or new moon, for example, a positive
regression coefficient corresponds to a greater distance trav-
elled at the time of the full moon and a shorter distance at the
time of the new moon. A significant sin(0) regression included
in the model reflects a peak emerging at first or last quarter,
for example, a positive regression coefficient corresponds to a
greater distance travelled at the time of the last quarter and a
shorter distance at the time of the first quarter. A significant
cos(20) regression coefficient reflects two peaks one appearing
between the first and last quarter and one between the full and
new moon; for example, a positive regression coefficient corre-
sponds to a greater distance travelled at the time of the new
and full moon and a smaller distance at the time of the first
and last quarter. A significant sin(20) regression coefficient
reflects two peaks appearing between the new moon and the
first quarter and between the full moon and the last quarter, or
between the last quarter and the new moon and between the
last quarter and the full moon; for example, a positive regres-
sion coefficient corresponds to a greater distance travelled
between full moon and the last quarter or between the new
moon and the first quarter. The combination of significant
coefficients for both 6 and 20 makes it possible to precisely
determine when peaks occur and at what level.

Internal and external factors

In order to take into account other factors that may affect
movement patterns, we also considered: (1) age class (i.e. sub-
adults vs. adults); (2) sex; (3) period (i.e. mating vs.
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hyperphagia season); and (4) vegetation types. The mating sea-
son lasts for about three months from den exit to the 31st of
July (Dahle & Swenson, 2003b; Spady et al., 2007), and the
period of hyperphagia begins the 1st of August and ends at
the end of October when bears enter the den (Ordiz et al.,
2017). Due to the extreme homogeneous landscape of Karelian
landscape (essentially pine forests and lakes), the landscape
GIS layer extracted from Earth Data — ORNL DAAC (https:/
webmap.ornl.gov/ogcdown/dataset.jsp?dg_id=10004 31), reso-
lution 500 m, was reclassified into five vegetation types: (1)
forest (i.e. hardwood and mixed forests); (2) softwood forest
(i.e. conifer forests); (3) grasslands; (4) wetland areas; and (5)
human settlements. The Intersect tool was used to extract
information from each bear’s daily home range, and then, it
was transformed into a percentage of land use. Finally, we
obtained the length of the night for the study area from the
Naval Oceanography Portal (https://aa.usno.navy.mil/data/docs/
MoonFraction.php).

Statistical analyses

Statistical analyses only covered vegetation parameters that
were well represented in the area, that is, those with less than
20% of zeros in all the daily home range under consideration.
The variables ‘softwood forest” and “forest’ were highly corre-
lated (» = 0.88), and we consequently excluded the variable
“forest’, which is less characteristic of Finnish landscapes (Ahti
et al., 1968).

For each movement parameter estimated at a daily scale (see
Data collection for more details), we first built models includ-
ing all explanatory variables except the moon phase variable,
that is, age class, sex, period and vegetation types. While the
residuals of the total and net distances were normally dis-
tributed, the ones for speed did not follow a normal distribu-
tion. Therefore, we built linear mixed models for total and net
distances, and generalized linear mixed models for speed and
turning angle (with Gamma distribution as a link function and
Poisson distribution, respectively). Finally, as the duration of
the night (which might influence the effect of the moon) varies
significantly in our study area, we included night length as an
offset. We created a set of competing models that included all
potential combinations of predictors and selected the most par-
simonious model according to Akaike’s information criterion
(AICc) (Burnham & Anderson, 2002). Parameter coefficients
and the relative importance value (RIV) for the respective
explanatory variables were calculated using model averaging
approach on the 95% confidence set (Burnham & Anderson,
2002). Parameter estimates produced by model averaging
derive from weighted averages of these values across all mod-
els in the set considered (Symonds & Moussalli, 2011). In par-
ticular, the relative importance value (RIV) of each explanatory
variable was calculated by summing Akaike weights across all
models which contain the variable (Burnham & Anderson,
2002). We considered this to be our null model. On the top of
the effects of the factors included in the null model, the effect
of the moon on each of the considered response variables was
estimated at the daily scale. The moon (see section Moon
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phases) was introduced in the form of cos(8), sin(), cos(20)
and sin(20) as continuous explanatory variables. We compared
our null model with the one containing the moon phase using
maximum likelihood (Myung, 2003). We assumed that the
moon had an effect on movement parameters when the p-value
between the two models was less than 0.03 (Zuur et al,
2009). As each brown bear was followed for several days
(hereafter, sessions) and years, we considered the individual,
the session (a session corresponds to one day, i.e., the first
location until the last location of the day) and the year as
nested random effects. We used the statistical software R v.
3.5.1 (R Development Core Team, 2018) with the /me4 pack-
age (Bates et al., 2015) and MuMIn package (Baﬁofl, 2013)
for model generation and model averaging.

Results

We found that internal and external factors influenced brown
bear movements, which otherwise were not influenced by lunar
brightness (Table 1 and Tables S2 and S3). That is, models
containing the moon phases never performed better than our
null models (Tables 1 and 2, Fig 2).

Our null models always included the variable period, with
brown bears moving slowly, over short distances with more
tortuous trajectories during the hyperphagia period than the
mating period. (Table 1). Furthermore, brown bears generally
moved long distances and showed extensive home ranges
when moving in habitats dominated by conifers (Table 1).
Finally, adult brown bears moved faster and demonstrated
more tortuous trajectories within larger home range areas than
did subadult individuals, especially during the mating period
(Table 1). No differences were found between male and female
movement patterns (Table 1), independent of age class.

Discussion

Changes in movement patterns between the different periods
may be related to different biological needs across the breeding
season. During the hyperphagic period, brown bears generally
moved less and demonstrated torturous trajectories, probably
restricting their activity around abundant local food resources
(McLoughlin et al., 2000; Selva et al., 2017). In contrast, dur-
ing the mating period, brown bears moved longer distances,
most likely with the aim of increasing the probability of find-
ing a potential partner (Graham & Stenhouse, 2014; Steyaert
et al., 2012). These results are in line with previous studies
showing that, during the mating season, oestrus females might
increase their movements to maximize reproductive success
and the survival of future cubs (Ebensperger, 1998; Hrdy,
1979; Soltis et al., 2000). Also, brown bears typically travelled
long distances and showed extensive home ranges when mov-
ing in habitats dominated by conifers. Habitat quality and char-
acteristics may engender diverse costs and benefits and
consequently noticeable differences in movement behaviours
(Delgado et al., 2010). In our study area, conifer forest may
represent a vegetation type where the costs of movements are
low, for example, increased visibility resulting in less need for
vigilance, food source types and availability and/or fewer
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landscape obstacles. Lastly, adult brown bears moved faster
and demonstrated more tortuous trajectories within larger home
ranges than subadult individuals, especially during the mating
season (Table 1), which might suggest a behaviour mainly
related to mating needs.

Although our data do not indicate any differences in move-
ment patterns between males and females, this might be an
area of focus for future studies. While we did not consider the
reproductive status of females, previous evidence shows that
females with cubs of the year may move less and in a more
constricted area than other individuals during the mating sea-
son (Ordiz et al., 2017), when females with COYs restrict their
movements to reduce probability of an infanticide.

Further, it is important to highlight here that in our study
area, the hyperphagia period extensively overlaps with the
hunting period. According to the Finnish Wildlife Agency, the
hunting season indeed starts on the 20th of August and closes
on the 31st of October. Even though it would have been inter-
esting to include the effect of hunting in our models and sepa-
rate for the ones due to the intrinsic and different biological
needs across the breeding season, we neither had accurate data
on hunting pressure variation over the entire hunting season
and over the 12 years of this telemetry study, nor any kind of
hunting data in Russia. Due to this lack of data, we cannot
therefore discard the possibility that the recorded patterns of
movement during the hyperphagia are also partially determined
by the confounding effect of hunting. Actually, when human
pressure is high, factors such as fear drive animals to adjust
their behaviour to reduce risk. That is, bears can allocate part
of their time to vigilance at the expense of other vital needs,
such as searching for food, to avoid threatening encounters
with humans (Gosselin et al., 2015; Loveridge et al., 2007;
Ordiz et al., 2011, 2012, 2013). Thus, hunting pressure might
also help explaining why brown bears moved slowly, over
short distances and follow more tortuous paths when the hunt-
ing season was opened.

Contrary to many other carnivores that have been shown to
follow the rhythm of moonlight patterns, brown bear move-
ment patterns were not influenced by the moon phases (see
also Richardson, 2017). Models containing the moon phases
never performed better than our null models. Notably, even
though brown bears have the typical morphological features of
carnivores, they are opportunistic omnivores with a diversified
diet (Bojarska & Selva, 2012). Although brown bears may
show carnivore habits and feed on small mammals as well as
large ungulates (Bojarska & Selva, 2012; Niedziatkowska
et al.,, 2019), the brown bear diet is composed of more than
50% vegetal materials (e.g. grass, leaves and roots) and also
rich fleshy fruits (e.g. bilberry Vaccinium myrtillus; Cronin,
2005; Persson et al., 2001; Rode & Robbins, 2000; Rode
et al., 2001; Stenset et al., 2016). As a result, the prey—preda-
tor relationships that are behind the dependence of carnivores
on lunar light (Berger-Tal et al., 2010; Bhatt et al.,, 2018;
Brown & Kotler, 2004b; Penteriani et al., 2013) are weaker in
brown bears than in other obligate carnivores. It is important
to consider here that it would have been easier to detect a
potential effect of the moon on movement patterns when link-
ing bear displacements to habitat categories where the
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Table 1 Values of AlCc, AAICc and Weighted AlCc of the best (AAICc < 2) linear mixed or generalized linear models (see text for more details),
summary of the null model considered for each movement parameter and the analysis of variance (ANOVA with R2c (i.e. conditional R squared))
showing that the moon did not affect brown bear movement patterns

Competing models AlCc AAICc Weighted AlCc
Total distance Conifer + period 39 897 0.00 0.50
12 & P RIV
Intercept 6.54 0.14 <0.001
Period —-1.75 0.08 <0.001 1.00
Conifer 0.08 0.06 0.16 0.67
ANOVA d.f. AIC Pr (>Chisq) R2c
Conifer + period 7 39 886 0.88
Conifer + period +
Moon phases 1 39 245 0.02 0.88
Competing models AlCc AAICc Weighted AlCc
Net distance Conifer + period 47 850 0.00 0.64
i3 se® P RIV®
Intercept 4.26 0.13 <0.001
Period —1.98 0.07 <0.001 1.00
Conifer 0.13 0.04 <0.001 1.00
ANOVA d.f. AIC Pr (>Chisq) R2c
Conifer + period 7 47 839 0.90
Conifer + period + 11 47 913 0.02 0.90

Moon phases

Competing models AlCc AAICc Weighted AlCc
Home range Period + conifer 29 557 0.00 0.65
i3 sE® P RIV
Intercept 1.52 0.10 <0.001
Period —1.58 0.03 <0.001 1.00
Conifer 0.04 0.02 0.07 0.59
ANOVA d.f. AIC Pr (>Chisq) R2c
Period + conifer 7 29 592 0.89
Period + conifer + 11 29 624 0.41 0.89

Moon phases

Competing models AlCc AAICc Weighted AlCc
Speed Period + conifer 39 897 0.00 0.50
12 sE® P RIV
Intercept —-2.19 0.70 0.002
Period 0.04 0.01 <0.001 1.00
Conifer 0.09 0.03 0.002 1.00
ANOVA d.f. AIC Pr (>Chisq) Deviance
Period + conifer 7 —225 590 —225 606
Period + conifer +
Moon phases 11 —225 325 1.00 —225 349
Competing models AlCc AAICc Weighted AlCc
Turning angle Period + age 19 169 0.00 0.27
i3 e P~ RIV°
Intercept -0.22 0.08 0.006
Period —1.69 0.03 <0.001 1.00
Age 0.05 0.07 0.44 0.58
ANOVA df. AIC Pr (>Chisq) R2c
Period + age + 5 19 206 0.39
Moon phases 9 19 239 0.562 0.39
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Table 2 Values (mean =+ sp, range) of movement parameters across moon phases €h“ Full moon

t#;: First Quarter)

Brown bears’ movements according to the moonlight

-~
a; Last Quarter; . New Moon;

Total distance (km)

Net distance (km)

Home range (km?)

Speed (km/h)

2

*20&

7.7 + 6.6, 0-66.2

7.5+ 7.0, 0-50.2

7.9+ 7.1, 0-545

8.0 + 7.1, 0-66.0

4.0 + 4.6, 0-37.8

3.7 £ 4.8, 0-47.1

4.1 £ 4.7, 0-346

4.0 £ 4.7, 0-40.9

2.7+ 7.0, 0-136

28+ 8.1,0-131.4

2.9+ 7.4, 0-109.7

3.1+ 8.8, 0-168

0.4 £0.7,0-16.0

0.4+ 0.8, 0-158

0.4+ 0.9 0-16.0

0.4 £0.9, 0-16.3

Daily home range

(2
o
5
Q
@ 3
£ . [ [ ] ( )
3 1
c
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E 0 2 i 3n/2 2w
K ¥ "
= Daily distance
o ™
3 o]
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-
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Daily speed

Turning angle
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Figure 2 Moon phase estimated effect (smoothed grey lines) on daily home range, daily speed, turning angle, daily distance and net distance as
estimated by linear mixed models for total and net distances, and generalized linear mixed models for speed and turning angle (with Gamma
distribution as a link function and Poisson distribution, respectively) (Table 1). The moon cycle is represented by a continuous transition from 0 to
2n radians; that is, 0 and 2r radians correspond to the full moon and = radians are the new moon. In order to represent the entire lunar cycle,
the fraction of the moon disc illuminated expressed in radians was introduced as an explanatory variable in the statistical model in the form of
cos(0), sin(0), cos(20) and sin(26), which corresponds to 1 to 6 in the x-labels. (Brown bear picture: V. Penteriani).

brightness of the moon is really diverse (e.g. dense forest—
presence of canopy cover—yvs. open fields), as we did, rather
than using many different habitat types very similar among
them, for example dense stand, young stand and old-growth
stand of forest, or clearcut, field and bog. In addition, some
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other factors may have further played a role in reducing the
potential effect of the moon on brown bears in our study area.
First, bear feeding patterns on natural food might be disrupted
by the continuous supply of anthropogenic foods at artificial
feeding points established for hunting and bear viewing

SO0 SSR00Y UadQ 10} 1d80X8 ‘panied Jou AOLIS S| UONGLISIP pue asn-8Y *[T202/TT/80] uo -8B - Ined uoliyL Ag ‘wodAs|imAreiqjpul|uosuo eal|gnadsz//sdny woy papeo|umoq ‘0 ‘TZ0Z ‘866.697T



Brown bears’ movements according to the moonlight

purposes (Penteriani et al., 2010; Penteriani et al., 2017, 2021;
Kojola & Heikkinen, 2012). In fact, this practice can further
modify the bears’ non-dependence on prey (Steyaert et al.,
2014) and, therefore, the potential influence of moonlight. Sec-
ond, as stated above, we should also take into account that this
Finnish-Russian bear population is managed through hunting
and, as it has been previously demonstrated (Ordiz et al.,
2011), bears under hunting pressure may alter their normal
activity rhythms and movements. Further limiting factors that
may have reduced the potential effect of the moon in our study
area are cloud cover and the fact that the sun reflects less into
the moon in summer at high latitudes. However, we could not
consider the potential effects of real and local cloud coverage
in a species that is performing large displacements like brown
bears because such data simply do not exist. This is because
the spatial resolution of the meteorological stations recording
weather data is not as spatially fine-grained as bear displace-
ments require. In addition, cloud coverage may change consid-
erably at a short temporal scale. Thus, during their long
displacements within their large home ranges, brown bears
may be faced to different cloud coverage conditions even dur-
ing the same night. Yet, we consider that if it would have been
a lunar effect on bear movement behaviours, the duration of
our telemetry study should have allowed us to it even if during
some nights or during some portions of the nights that clouds
could have partially covered moon brightness. In this regard,
we should not forget that even in cloudy skies, the night
brightness of full moon nights is higher than during new moon
nights.

The lunar cycle is a major factor in activity changes, and
many nocturnal and diurnal animals can alter their activity in
response to moonlight variations. Thus, it is essential to study
the effect of the moon on carnivores as increased hunting
success may influence their behaviour in the following days.
In the case of the brown bear, however, it seems that the
lunar cycle does not influence their movement patterns. The
results of this study suggest that predator—prey interactions
and carnivore behaviour still merit further investigation that
takes into account (1) the intrinsic characteristics of carni-
vores (e.g. facultative vs. obligate carnivores), (2) the physical
environment in which they move (e.g. vegetation types and
nocturnal light), and (3) the potential interference of human
activities. In fact, the effects of some of the external pres-
sures acting on predators, such as moonlight, might be hid-
den and/or greatly reduced by stronger forces like the needs
of carnivores during specific periods of the year (e.g. mat-
ing), individual age, human avoidance and/or interference
with feeding activity. A more global approach to the study of
carnivore behaviours, which takes into account both obligate
and facultative carnivores, might change the way we think
about their interactions with the environment and humans,
and bring to light more complex behavioural patterns than
previously thought.
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Supporting Information

Additional Supporting Information may be found in the online
version of this article:

Table S1. Distribution of days over the period and the lunar

cycle (ﬁ‘: Full moon; az Last Quarter; . New

Moon; t;, First Quarter) according to the sex and age of
brown bears and the distribution of the number of individuals

radio-tagged by year.

Table S2. Values of AICc, AAICc and Weighted AICc of
all the models built for the five movement parameters where
internal and external factors were analysed.

Table S3. Values of the variance and standard deviation of
all the models built for the five movement parameters where
internal and external factors were analysed.
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