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ARTICLE INFO ABSTRACT

Keywords: Winter activity of hibernating mammals is likely to be influenced by climate change. Our study focuses on

Ba_ts o Nyctalus noctula, a non-cavernous hibernator using artificial roosts in a recently colonized winter region. Using

Winter activity continuous acoustic monitoring and temperature measurements inside and outside the roosts, we found that bats

g;:;ff;::i:gde exhibit a circadian cycle (active at night, resting during the day) even during hibernation season. Activity

Ambient temperature duration and intensity changed in response to ambient temperature, photoperiod, and hibernation progression.

Climate change Warm ambient temperatures led to increased nighttime activity, extending the duration of the active phase. As
photoperiod increased, the rest phase lengthened, while the overall magnitude of activity decreased from the
beginning to the end of the hibernation period. Below 0 °C vocal activity was nearly zero indicating a minimal
probability of bat activity during both day and night. The species recent success in extending its hibernation
range northward may be attributed to its flexible adjustment to prevailing environmental conditions. Never-
theless, it remains uncertain whether engaging in daily activity at temperatures above 0 °C confers any ad-
vantages at northern latitudes to prevent premature energy depletion. The persistence of circadian activity
during winter could be a relic behavior, adapted from historical patterns of wintering in insect-rich and warm
southern latitudes.

1. Introduction Bats of temperate zones are predominantly small; insectivores and

their annual cycle of activity depends on prey availability (Dietz et al.,

Periodicity by animals is an inescapable trait common across eco-
systems. The life of most animals exists in an alternate shift of two
behavioral stages - rest and activity (Halle and Stenseth, 2012). The
trade-off between energy gain and expenditure during these stages is
performed on a tidal, daily, monthly, or annual basis. This delicate
balance is particularly crucial for many small mammals, necessitating
the adoption of heterothermy as a strategy for energy regulation
(Stawski et al., 2014). Heterothermic mammals are capable of torpor - a
state of profound and controlled decrease in metabolic rate (McNab,
2002; Ruf and Geiser, 2015). A variety of torpor patterns, such as daily
torpor, hibernation, and short-term hibernation, are broadly repre-
sented in different species of mammals. However, the pattern of torpor
and extent to which individuals use it depends on many factors: body
size, dietary specialization and food source availability, type of roosts,
geographical distribution, and seasonality (Ruf and Geiser, 2015;
Kortner and Geiser, 2000).

2009). Therefore, temperate zone bats spend the cold period with low
prey availability in hibernation, using fat stored prior to winter (Stawski
et al., 2014). However, bats exhibit periodic arousals during hiberna-
tion, sometimes even emerging from their hibernacula (Jonasson and
Willis, 2012; Boyles et al., 2006). The reasons for such arousals are
thought to be related to removing metabolic byproducts, copulation,
switching hibernacula, feeding, drinking, and potentially avoiding
muscle atrophy (Strelkov, 1969; Boyles et al., 2006; Lee et al., 2008,
2010; Hope and Jones, 2012; Czenze et al., 2013; Ben-Hamo et al., 2013;
Lyman et al., 1982). Winter activity is costly for bats, as they spend up to
80-90% of energy sources from fat deposit to sustain periodic active
states during hibernation (Geiser, 2004; Reeder et al., 2012). Never-
theless, a crucial role of periodic rewarming appears to be the adjust-
ment of biological rhythms to environmental oscillations. Both duration
and function of winter activity are moderated by: 1) latitude and in
particular average winter temperatures of the hibernacula (Thomas

* Corresponding author. Ukrainian Bat Rehabilitation Center of NGO “Ukrainian Independent Ecology Institute”, Plekhanov St., 40, 61001 Kharkiv, Ukraine.
E-mail addresses: a.kravchenko@gmail.com, kseniia.kravchenko@uni.lu (K. Kravchenko).

https://doi.org/10.1016/j.jtherbio.2024.103999

Received 16 February 2024; Received in revised form 9 October 2024; Accepted 15 October 2024

Available online 2 November 2024

0306-4565/© 2024 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


mailto:a.kravchenko@gmail.com
mailto:kseniia.kravchenko@uni.lu
www.sciencedirect.com/science/journal/03064565
https://www.elsevier.com/locate/jtherbio
https://doi.org/10.1016/j.jtherbio.2024.103999
https://doi.org/10.1016/j.jtherbio.2024.103999
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtherbio.2024.103999&domain=pdf

K. Kravchenko and J. Furmankiewicz

etal., 1990); 2) type of hibernacula in terms of its microclimatic stability
—caves and mines maintain more stable temperatures than trees and
buildings, where temperatures are more variable (Boyles et al., 2006); 3)
physiological, ecological and behavioral features of the species and even
of the particular population (Jones et al., 1995).

Non-cavernous hibernacula, such as tree cavities, foliage, rock
crevices, and anthropogenic structures, are typically smaller in space
and more climatically unstable than caves (Kliig-Baerwald et al., 2017;
Kunz and Lumsden, 2003). Bats using non-cavernous hibernacula
exhibit more frequent physical activity during the winter compared to
cavernicolous species (Boyles et al., 2006; Kliig-Baerwald et al., 2024).
However, knowledge about their winter activity remains limited (Boyles
et al., 2006; Boyles and Robbins, 2006; Kliig-Baerwald et al., 2024).
Some species switch hibernacula frequently during the winter likely as
an attempt to find more suitable microclimate conditions for hiberna-
tion, especially when temperatures fluctuate significantly in poorly
insulated hibernacula (Boyles et al., 2006; Boyles and Robbins, 2006;
Boyles and McKechnie, 2010). Therefore, overwintering in
above-ground hibernacula is often restricted to latitudes with mild
winter conditions (average temperature above zero). Species which use
poorly insulated cavities all year round in the Northern hemisphere
perform seasonal southward migration (Fleming and Eby, 2003; Cryan
and Veilleux, 2007). Mild winter temperatures also increase insect
availability and may lead to periodic arousals for feeding synchronized
with the circadian cycle (Jones et al., 1995; Hope and Jones, 2012; Park
et al., 2000). However, recent evidence for Eptesicus fuscus hibernating
in rock crevices showed that they exhibit circadian activity without
signs of foraging (Kliig-Baerwald et al., 2024). In contrast, cavernicolous
species at northern latitudes with severe winter conditions have no
possibility to feed outside the caves and do not synchronize arousal
activity with circadian cycle (Speakman and Thomas, 2003; Czenze
etal., 2013; Hayman et al., 2017). While many aspects of winter activity
remain unclear, we can nevertheless, highlight two distinct patterns of
winter activity: 1) prolonged torpor bouts and free-ranging cycles
without the possibility of feeding and 2) shorter torpor bouts with
pronounced circadian activity with compensation of energy needs by
occasional feeding.

Global environmental processes such as climate change affect species
distribution range, phenology, and physiology (Walther et al., 2002).
Some aboveground hibernating species, such as Nyctalus noctula now
prefer to overwinter on the breeding grounds which are significantly
north of previously known hibernacula (Kravchenko et al., 2020).
Nyctalus noctula has been defined as a long-distant migrant since the
middle of the 20th century (Strelkov, 1969). Mark recapture data show
that N. noctula migrate 1200-1600 km from northern breeding terri-
tories in summer to south-western hibernation sites (Panutin, 1980;
Hutterer et al., 2005). However, over the last 30 years, several studies
provide evidence of northward expansion of the hibernation range of
this species (Strelkov, 1969; Schmidt, 2010; Godlevska, 2015; Krav-
chenko et al., 2020). Currently, N. noctula hibernates in buildings and
bat boxes across Central Europe (Lupicki et al., 2007; Kanuch and
Celuch, 2000; Gebhard, 1984; Avery, 1986; Zahn and Clauss, 2003;
Schmidt, 2010; Voigt et al., 2014; Kravchenko et al., 2017). Around 80%
percent of N. noctula in hibernation sites in Central and Eastern Europe
originate from local populations (Voigt et al., 2014; Kravchenko et al.,
2020). Investigating how climate-driven range shifts are shaping the
winter activity and hibernation strategies of these animals is crucial to
understanding their ability to survive in changing environments.

To shed light on the question of adjustment of winter behavior
periodicity to the environment, we hypothesized that this former
“migratory” species, which now overwinters in poorly insulated roosts
at northern latitudes, will exhibit a flexible behavioral pattern deter-
mined by temperature and circadian periodicity. We predicted that
warm spells during winter would stimulate circadian activity, whereas
cold spells would promote prolonged multi-day torpor. Additionally, we
hypothesized that the course of hibernation shapes the magnitude of
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activity, with higher activity levels at the beginning and end of the hi-
bernation period. According to the energy maximization hypothesis
(Avery, 1985), bats should be more active at the beginning of hiberna-
tion (November, December), when fat reserves are highest and offer the
most significant energy gain, enabling the energy-intensive arousals
from torpor needed for essential activities. Similarly, they are more
active at the end of hibernation (March) when energy and water
replenishment are necessary after the coldest period (Speakman and
Racey, 1989).

2. Material and methods
2.1. Study site

Our study was conducted in the city of Wroclaw (51°06'N, 16°53'E,
121 m a.s.l.) in southwestern Poland. Wroclaw is situated in the Silesian
Lowlands on the Oder River, which is known as a migration route of
N. noctula (Furmankiewicz and Kucharska, 2009). Wroclaw has a marine
west coast climate that is temperate with mild winters, warm summers,
no dry seasons and moderate seasonality (http://www.wroclaw.clima
temps.com). The mean air temperature in the warmest month is
+18.8 °C (July) and in the coldest month is —0.4 °C (January) (Dubicki
et al., 2002). The early winter (average air temperatures between 0 and
5 °C) starts from 8 November and lasts till the 18 December. The winter
thermal period (average air temperatures fall below 0 °C) lasts from 19
December till the 21 February (total duration of up to 65 days per year).
This period is characterized by large temperature fluctuations (up to
15.6 °C) within a single year. The early spring (average air temperatures
are the same as for early winter) thermal period is from 22nd of February
till the 27th of March (Dubicki et al., 2002).

The winter aggregation of N. noctula we studied inhabited a single
large brick building, the Lower Silesian Governor’s Office (LSGO),
located in the center of the city along the Oder River. The roost was in a
space between the wall and ceiling at the level of the third floor (14-15
m above ground). We estimated from emergence counts that approxi-
mately ~120 individuals hibernated there.

2.2. Recording of bat activity

We recorded vocalizations of bats at the roost, continuously from
November 17, 2011 until March 30, 2012 with Anabat SD1 bat detector
(Titley Scientific, QLD, Australia). The detector was constantly oper-
ating under default zero-crossing mode. The detector stored bat calls on
a CompactFlash card and was connected to a 12 V battery. We changed
the battery every two weeks and at the same time downloaded the data.
We made no recordings between 7th and 22nd of March due to pre-
mature battery drain. We placed the detector in a plastic box to protect it
from unfavorable weather conditions. We placed the detector on the
outside windowsill 1.5 m from the roost. The microphone was directed
towards the roost entrance.

2.3. Temperature measurements

We measured temperature each hour with two i-Button temperature
data loggers (iButtons, Maxim Integrated Products, Dallas, TX, USA)
with temperature range from —40 to +85 °C and an accuracy +0.5 °C.
One logger was placed inside the roost and the second was placed
outside the roost on the windowsill near the detector to measure
ambient temperature. The indoor logger was placed 50 cm deep from the
roost entrance and was placed into the plastic mesh grid to prevent
direct contact of individuals with the logger.

2.4. Analyses of recordings

We analyzed audio recordings with AnalookW software program
(version 3.5 m; C. Corben, Titley Scientific, QLD, Australia). Two types
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of vocalizations of N. noctula were distinguished. The first one were
echolocation sequences emitted by passing bats, i.e. flying out of the
roost in the open space with the range of frequency of maximum energy
between 20 and 24 kHz (we call these F calls or “flight”). The second
type were shorter echolocation pulses emitted by bats close to the roost
entrance (bats entering/exiting roost or sitting close to roosts entrance)
and from the roost (bats resting in the roost), with a frequency range
between 25 and 60 kHz (we termed it R calls or “roost”) (Furmankiewicz
et al., 2011) (Fig. 1). It was not possible to make a distinction between
two subcategories of R calls because we did not conduct continuous
video recording of bat behavior, but only undertook visual observation
of the colony activity during the study and linked observed behavior
with emitted calls. R calls were unambiguously emitted by bats in the
roost because they were also recorded during the day when no bats were
seen flying around the roosts entrance.

The level of each type of vocal activity (F/R) emitted by bats was
counted and converted to activity units. The activity unit was defined as
the number of sequences of each type of echolocation in a 5 s period. If
the sequence lasted more than 5 s, then the number of activity units we
counted as a number which is obtained by division of total duration time
of the sequences by 5 (rounding to the highest whole number) (Fig. 1). In
cases when up to three individuals vocalized simultaneously the number
of individuals was determined based on the number of sequences and
the activity unit was multiplied by the number of vocalizing bats. If

R calls in front of the roost
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many individuals vocalized simultaneously and it wasn’t possible to
identify the sequences for each of them, the number of sequences was
multiplied by 3 to avoid overestimating the number of individuals
(Kepel et al., 2011). Bats also emitted low-frequency social calls (with
the average frequency of maximum energy 13.4 kHz) when they rested
in the roost (Furmankiewicz unpublished data.), similar to the vocali-
zation in the summer roosts (Pfalzer and Kusch, 2003; Furmankiewicz
et al., 2011). However, they were sporadic and infrequent, and we did
not include them in the analysis.

2.5. Statistical analysis

Statistical analyses were carried out in R version R i386 3.5.0 (R Core
Team (2021)). First, we checked the relationship between the two types
of activity (F and R) using a Spearman’s rank correlation test. The data
on activity units of both call types showed a right-skewed distribution
with a large proportion of zero values. Our raw activity data were
potentially pseudo replicated, as it was not possible to distinguish how
many individuals were vocalizing simultaneously. Therefore, the degree
of activity based on absolute activity unit counts was not biologically
relevant according to experimental setup (observation and recording on
the group level with many individuals), as more calls within the same
numerical order did not necessarily reflect more individuals vocalizing.
Taking this into account, we considered the binomial distribution of

F calls in the open space
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Fig. 1. Examples of calls and activity units of Nyctalus noctula recorded by Anabat SD1 detectors and visualized with Analook v 3.5 m software.
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data. For F calls, zero was equal to the absolute absence of activity units
and one was equal to one or more activity units. For R calls, zero was
equal to a range between zero and ten activity units and one was equal to
eleven or more activity units. We arbitrarily defined a threshold in 10
activity units for R calls, as in many cases calls from the roost were single
and infrequent, which reflected a single individual vocalizing, rather
than the activity of the whole colony.

To understand the impact of T, and course of hibernation period on
circadian activity cycles we used Fourier series (Nievergelt, 2013). A
Fourier based approach comes from trigonometric algebra and allows
the decomposition of a periodic function into a linear combination of
simple oscillating functions (sines and cosines) parameterized by Four-
ier coefficients (see example in Rickard et al., 2012). We modeled time
of day was modeled as sines and cosines of time in radians and then
added this to the model as an interaction with T, and variable called
Time_rel. Time rel in our case was a continuous vector of interval
numbers from beginning to end of the study period representing course
of hibernation period. We used autocorrelation function “AR1” applied
to Time_rel vector. The model was fitted with “fitme” function from
“spaMM” package (Rousset and Ferdy, 2014). The coefficients and
structures of all applied models are provided in Supplementary Material
1.

To assess the insulation properties of the roost, we tested the effect of
T, on the temperature in the roost (Troost) Using linear regression. Also,
we checked whether activity level in the roost affected Tyoost. Then we
compared two models with “anova” function from “stats” package (R
Core Team (2021)), which performs likelihood ratio test for nested
models.

3. Results
3.1. General activity and roost insulation properties
Bats were active in the roosts during most of the study period from

November until mid-March, with inactivity primarily observed on days
when the temperature was below 0 °C. In total, we recorded 633,060
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sound sequences within the roost (R calls) and 93,441 flying calls (F
calls) in this period. R activity was positively correlated with F activity
during the study period (Spearman rank correlation, rs = 0.83, p <
0.001).

T, had a significant effect on Tyo0st and explained 81% of the varia-
tion with an intercept of 5.18, which means that T;,0st Was on average
approximately 5 °C higher than T, (see Supplemental material 1). R
activity had also correlated with Tyyos¢ and the model which included T,
and R activity variables provided the best fit according to the likelihood
ratio test (F = 128.7, p < 0.001). Based on this we only used T, as a
predictor of bat activity.

3.2. Circadian cycle of bat activity in relation to temperature and phase of
hibernation season

Both F and R activity had a similar pattern over the course of the
study, although there were some differences in the significance of co-
efficients in the models (see a summary of models in Supplementary
material 1). The probability of F and R activity was correlated with T,
and time of the day. Bats exhibited circadian activity patterns. Both
types of activity were higher at night, and fewer calls happened in the
daytime (Fig. 2A and B). During nighttime the probability of activity was
high with higher temperatures. At temperatures below 0 °C the proba-
bility of activity was almost zero throughout the day and night.

For F activity, Sinl, which represents the Sine time of day in radians
and shaped the maximum and minimum values of the function on the y-
axis, had a significant effect. The interaction of T, with Sinl had a sig-
nificant effect on F activity as well and showed that temperature along
with the time of the day impacted the probability of activity. The
Time_rel factor had a negative tendency (p = 0.08), meaning that the
probability of a flying activity tended to decrease over the course of
hibernation. However, the interaction of Cos1, which shaped the prob-
ability of activity function along the x-axis, and Time_rel was not sig-
nificant and indicating that maximum probability of flying activity
occurred at the same time during the season.

For R activity, the effect of Sinl was evident only when the
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Fig. 2a. Probability of flying activity (F) in relation to Ta. The probability is modeled for middle time of hibernation season (27th of January).
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Probability of activity in the roost
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Fig. 2b. Probability of activity in the roost (R) in relation to Ta. The probability is modeled for middle time of hibernation season (27th of January).

interaction of Sinl and T, was retained. The interaction between Cosl
and Time_rel factor had a marginally significant effect (p = 0.03) with
negative coefficients on activity in the roost, as well as the interaction
between Sinl and Time_rel (p = 0.04). This suggests that the duration of
active vocalization and activity decreased in course of hibernation
(Fig. 3A and B).

In general R activity was several times higher in terms of the number

of recorded calls than F activity. Specifically, F activity occurred
steadily, from sunset to sunrise, while R activity within the roost peaked
a few times, particularly 1-2 h after sunset, close to midnight, and up to
1 h before sunrise (see Supplementary Fig. 4). The steady pattern of F
activity suggests an initial emergence of the bats from the roost followed
by continuous activitynear the roosts. In contrast, the distribution of R
activity indicates that bats had distinct periods of elevated activity in the
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Fig. 3a. Probability of flying activity F (A) in relation to time during hibernation season. The probability is modeled for the avarage over season T, 3.7 °C.
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Fig. 3b. Probability of activity in the roost R (B) in relation to time of hibernation season. The probability is modeled for the avarage over season T, 3.7 °C.

roost.
4. Discussion

Our study demonstrates the activity patterns of a non-cavernous
hibernator was related to ambient temperature, circadian periodicity,
and course of winter. As predicted, winter activity of N. noctula was
related to ambient temperature and followed a circadian rhythm with an
active phase during the night and a rest phase during the day. These
findings are the first to show the winter activity pattern of migratory
bats from a newly occupied northern hibernation range. However, bats
maintained the circadian periodicity only at warm temperatures. Below
0 °C activity levels were minimal with no circadian pattern, suggesting
that bats remain active only when it is energetically profitable. Given
that energetic costs of flight increase as temperatures drop (Racey and
Speakman, 1987; Kliig-Baerwald et al. 2016), flying is beneficial during
warm nights when insect availability is higher (Williams, 1961; Zahn
and Kriner, 2016) and the cost of flying is compensated by the benefit of
feeding (Speakman and Racey, 1989). Furthermore, the energy costs for
rewarming during arousals from torpor decrease at mild T, (Geiser et al.,
2004; Turbill and Geiser, 2008). Therefore, when temperatures fall
below 0 °C, bats most likely remain in state of deep torpor. An important
question is whether warm spells with similar temperature values during
winter, occurring in both the northern and southern parts of the species
hibernation range offer similar opportunities for occasional feeding. The
case of Big brown bats (Eptesicus fuscus) from North America is illus-
trative. At lower latitudes, these bats forage during winter (Bernard
et al.,, 2021). However, at higher latitudes, even during warm nights,
they exhibit periodic circadian-synchronized flights without foraging
(Kliig-Baerwald et al., 2024). Further studies on insect winter activity in
relation to climate conditions are necessary to test weather warm tem-
peratures serve as indicators of feeding opportunities and therefore
trigger the winter activity patterns of non-cavernous hibernators.

The activity pattern followed a circadian rhythm. The maintenance
of this circadian cycle during hibernation has been reported for bats that
spend winter in mild climates (Boyles et al., 2006; Park et al., 1999;

Hope and Jones, 2012, 2013). Our study revealed that Nyctalus noctula
exhibited a distinct circadian activity in a newly occupied area for hi-
bernation, but only when T, was above 0 °C. The fact that displaying a
circadian rhythm depends on temperature indicates a flexible adjust-
ment of the active mode to environmental conditions, which might
explain the species’ recent success in expanding its hibernation range
northward.

One indication suggesting that winter arousal is for feeding, is the
synchronization of activity with sunset time. (Hope and Jones, 2012).
Several studies (Turbill, 2008; Turbill and Geiser, 2008; Zahn and
Clauss, 2003; Georgiev and Stoycheva, 2006) have shown that bat ac-
tivity during winter at temperate latitudes gradually decreases with time
after sunset, influenced by temperature loss and insect availability.
When ambient temperatures were above 0 °C, bats were expected to fly
near the roost throughout the night, not just in the first few hours after
sunset. Turbill and Geiser (2008) demonstrated that during hibernation,
bats in roosts can arouse several times per night. Since the bat aggre-
gation was large, the constant activity near the roost throughout the
night can be attributed to the alternating behavior of individual bats,
with some remaining active while others remain in torpor. Furthermore,
due to the small daily amplitude of T, during winter, we suggest that
photoperiod rather than T, was the main zeitgeber triggering the syn-
chronization of activity phase with nighttime. Thus, while Ta moderated
the degree of activity, day length affected the duration of the rest phase
versus activity.

The course of hibernation shapes the magnitude of activity. As pre-
dicted by the energy maximizing hypothesis, the probability of activity
decreases throughout hibernation. The notably higher bat activity early
in winter may result from the behavior of bat aggregations. They tend to
gather in winter roosts at the start of the hibernation period and emit
loud, low-frequency social calls (Furmankiewicz, unpublished data).
According to Gebhard (1995), N. noctula mate in November. Mating
behavior, followed by loud calls from the roost, likely provides crucial
information to newcomers about the wintering group’s location
(Gebhard, 1995).

Winter activity patterns have been previously studied only in
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southern and western populations of N. noctula from Slovakia, Bulgaria,
and England (Celuch and Kanuch, 2005; Georgiev and Stoycheva, 2006;
Avery, 1986). These regions are characterized by mild winters and
pronounced insect activity during warm spells, favoring active behavior
of non-cavernous hibernators. In our study, the colony was located at
51°N in central Europe and has been used for hibernation by N. noctula
only for the last few decades (Strelkov, 1969; Lupicki et al., 2007;
Godlevska, 2015). Although winter temperatures are mild, there are
periods of several weeks with below 0 °C temperatures and significant
snow cover (Dubicki et al., 2002). Maintaining activity without avail-
able food under these conditions should be costly. Additionally, the ef-
fect of global climate change increases the likelihood of extreme weather
events in mid-latitudes (Cohen et al., 2014). For example, the so-called
Early 2012 European cold wave from the North-East, reported in winter
2011/2012 (WMO report 2013), brought three weeks of temperatures
below 0 °C in January and February and was associated with significant
snowfall across Europe, especially in Central and Eastern Europe.
Considering such periodic cold spells in Europe and the active behavior
of winter aggregations of N. noctula in poorly insulated aboveground
roosts, we suggest that Central European populations, accustomed to
mild winters, may be more dependent on temperature amplitudes and
thus more vulnerable than Western and Southern European populations.

Insulation properties of winter cavities are an additional crucial
factor shaping winter activity in non-cavernous hibernators. According
to Speakman and Racey (1989), temperature fluctuation in tree hiber-
nacula is crucial as it allows animals to gauge outside conditions
regarding food availability and the availability of unfrozen drinking
water. Thus, roost temperature may directly impact the survival rate of
winter colonies during hibernation (Speakman and Racey, 1989). It has
been observed in Western, Central, and Southern Europe that N. noctula
choose poorly insulated roosts for hibernation in various types of cav-
ities such as trees (Sluitter and Heerdt, 1964), bat boxes (Horn, 2015),
and buildings (Zahn et al., 2000). Simultaneously, cavities with tem-
peratures above 0 °C are required for optimal hibernation (Gazarian,
2002). In our study, internal roost temperature was positively correlated
with external temperature. The internal roost temperature was consis-
tently 5 °C higher than the external temperature. The choice of poorly
insulated cavities for hibernation made by N. noctula at more northern
latitudes could be a consequence of behavioral predisposition (Bihari,
2004) rather than physiological requirements. However, several studies
(Ruf and Arnold, 2000; Willis and Brigham, 2007; Czenze et al., 2013)
have reported that social thermoregulation of bat aggregations, rather
than the roost’s microclimate itself, affects energy expenditure within a
colony of cavity-roosting bats. Social thermoregulation provides bene-
fits by allowing bats to share body heat, reducing the individual energy
expenditure required to maintain body temperature. Noctule bats hi-
bernating in groups awoke less frequently and had more prolonged
torpor bouts compared to solitary bats (Moiseienko and Vlaschenko,
2023). Gazarian (2002) reported that a winter aggregation of more than
40-50 individuals of N. noctula could endure freezing temperatures,
even below —10 °C for up to a week, while aggregations of fewer in-
dividuals in the same roost conditions did not survive. Therefore, bats
may benefit from the poor insulation of winter cavities during warm
spells, even at northern latitudes, as it allows passive rewarming (Currie
etal., 2014), and they may compensate for heat loss during cold periods
by clustering in aggregations.

Little is known about behavioral changes of species adjusting to new
environmental conditions, at the same time this information is essential
for understanding of ecological challenges and conservation needs for
species in question (Wong and Candolin, 2015). The high activity level,
occupancy of poorly insulated roosts, and maintenance of the circadian
cycle during winter lead us to characterize N. noctule as an opportunistic
hibernator relying on mild winter conditions. However, below-freezing
temperatures limits activity and might force prolonged torpor bouts,
while extreme cold spells can also increase arousal probability. Due to
climate change, winters are becoming shorter and milder in Europe,
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which may promote the survival of bats by reducing the impact of harsh
weather conditions. Interestingly, there is an interplay with circadian
periodicity, which remains constant compared to temperature changes.
We suppose that warmer temperatures and longer northern nights in
winter at high latitudes may provide the larger time window for activity
yet may not offer adequate opportunities for replenishing fat stores. This
raises the question of whether observed activity in poorly insulated
roosts allows bats to avoid premature energy depletion at high tem-
perature at northern latitudes. The activity we recorded may be relic
behavior, adapted from historical patterns of wintering in insect-rich,
warm regions with 10-12-h nights. Further comparative studies along
a latitudinal gradient are required to better understand the ecological
challenges and direction of selection pressure on the winter behavior of
non-cavernous hibernators. This will allow for the adjustment of con-
servation management strategies to species needs in the current era of
rapid environmental changes.

5. Conclusion

The activity patterns of non-cavernous hibernators, focusing on
Nyctalus noctula, in relation to ambient temperature, circadian rhythms,
and seasonal dynamics. We found that winter activity in N. noctula is
influenced by ambient temperature, showing a circadian rhythm with
increased activity at night and rest during the day. These represent the
first documentation of winter activity patterns for migratory bats in the
recently colonized northern part of their hibernation range.

Changes in N. noctula activity patterns were primarily influenced by
ambient temperature, with bats maintaining their circadian periodicity
only at temperatures above 0 °C. This interplay of the ambient tem-
perature with circadian periodicity highlights the flexibility of N. noctula
winter behavior, However, it remains unclear whether similar temper-
ature values in the northern range of the species wintering grounds have
the same impact on insect activity as observed in southern regions and
could provide noctules with compensatory energy through foraging. The
northward expansion of N. noctula raises conservation concerns as
warmer temperatures and longer northern nights in winter may not
provide adequate opportunities for replenishing fat stores. Under-
standing these dynamics is crucial for developing effective conservation
strategies to support N. noctula in adapting to a changing climate. Our
study underscores the importance of further research to understand the
ecological challenges and conservation needs of this species in the face
of ongoing environmental changes.
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