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Abstract 14 

Social hibernation of animals is one of the most important physiological and ecological 15 

behaviours. The purpose of the study was the investigation of the influence of the 16 

roostsite climate parameters: temperature (T), humidity (Rh) and air flow velocity (v) on 17 

the clustering of the Barbastella barbastellus (western barbastelle) during hibernation. 18 

The research was carried out in the underground systems of Poland (Central Europe) over 19 

a period of 6 years. The range of air parameters changes ranged for T from 6.0 to 12.4 ℃, 20 

for Rh from 56.4 to 91.8% and for v from 0.01 to 1.17 m/s. The quantile linear regression 21 

method was used for the statistical analysis of the results. The study indicated that the 22 

increase in the number of individuals in the hibernaculum occurs with an increase in the 23 
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product (correlation result) T and v, while a decrease in the size of the group occurs with 24 

an increase in the products T and Rh, v and Rh as well as T, v and Rh. 25 

 26 
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 37 

1. Introduction 38 

 39 

The phenomenon of grouping among bats is one of the important physiological 40 

and ecological behaviours (Boyles et al. 2008). Although clustering aims mainly at 41 

minimizing heat loss into the environment, it can also serve as protection against 42 

predators or to maintain emotional and family ties, hierarchy in the herd, etc. 43 

The hibernation process is precisely regulated and controlled (Thomas, 1995, 44 

Janicki et al., 2006). The parameters characterizing metabolic changes in the state of 45 

energy equilibrium during hibernation depend on constant factors (species, size, weight, 46 
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gender, age of the individual) and variables (values of physical parameters of the 47 

environment). 48 

The process is characterized by a drastic reduction in body temperature and other 49 

physiological functions, which can reduce energy consumption by up to 95% compared to 50 

the cost of staying active during winter (Geiser, 2004). This state can last from several 51 

hours to several months (Hoffman, 1964; Nelson, 1980; Lyman et al., 1982; Wang, 1987; 52 

French, 1988; Storey and Storey, 1990; Geiser and Ruf, 1995). In particular, the bats can 53 

decrease their body temperature almost to the ambient one (McNab, 1982) or in a short 54 

time increase it significantly above this value (even up to 40°C at the air temperature of 55 

only a few degrees) (Davydow, 2004). 56 

It is widely known that in order to reduce energy consumption during hibernation, 57 

in addition to the euthermic process, animals also use various behaviours, e.g. they form 58 

dense clusters (aggregations). As it was noted by Ransome (1990), social 59 

thermoregulation is of great importance during hibernation. The grouping of individuals 60 

during wintering is variable both within the species and between species (Kłys, 2013). 61 

Some bat species winter separately, some form small, "rare" clusters, while others gather 62 

in dense groups (Смирнов et al. 1999; Томиленко, 2002; Kłys, 2013), numbering up to 63 

several thousands of individuals (Betke et al., 2008). Dissimilar aggregation tendencies 64 

are observed within the species also in the same winter accommodation. During winter, 65 

bats may move and change their roosting place, which sometimes leads to change in the 66 

size and composition of grouping in the hibernaculum (Орлова et al., 1983; Томиленко, 67 

2002). 68 

The study of bat hibernation is often limited to descriptive field observations (e.g. 69 

when and where mammals have wintered) or physiological research in the laboratory (e.g. 70 
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study of metabolism and endocrine system functions of animals), without the 71 

environmental context. Initial studies assess the changes in the number of individuals 72 

depending on the microclimate of the caves. Most of them concern the bat's 73 

thermopreferendum (Gaisler, 1970; Bauerova and Zima, 1988; Boyles et al., 2019). 74 

Currently, the description of the hibernation process is based on the measurements of 75 

temperature (T) as the only parameter of the roost site microclimates (Harmata, 1969; 76 

Boyles et al., 2019), and occasionally temperature and humidity (Kunz, 1982. Nagel, 77 

Nagel., 1991; Visnovska et al., 2006; Boyles et al., 2008; Boratyński et al., 2012). Few 78 

authors take into account the temperature, humidity, air velocity and thermal conductivity 79 

coefficient of the substrate (λ) in the search for optimal values defining the so-called 80 

thermal comfort of selected species (Kłys, 2004; Kłys and Wołoszyn, 2005; Kłys, 2008; 81 

Kłys, 2013) Physiologists often define the conditions that minimize energy expenditure as 82 

"optimal" (Day and Tomasi, 2014), the research and analysis of the hibernation process 83 

should not be based on the determination of these conditions, but on predicting of bat 84 

behaviour  (Humphries et al., 2003; Boyles et al., 2019). 85 

The authors chose for the study the western barbastelle Barbastella barbastellus 86 

(Schreber, 1774) species which uses all available hibernation strategies (Kłys, 2013), both 87 

individually and in clusters, sometimes up to several hundred individuals. The changes in 88 

the roost site climate (Kłys and Wołoszyn, 2005) were analyzed through the changes in 89 

the size of the roosting place parameters (temperature T and relative humidity Rh) and air 90 

flow velocity v in the context of their influence on the formation of aggregation of this 91 

species. 92 

The aim of the study was the evaluation of the air temperature, its relative 93 

humidity and air flow speed influence on bat aggregation during their winter hibernation. 94 
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For this purpose appropriate model describing an influence of the air physical parameters 95 

on bats’ grouping was constructed, analysis of the model would provide an outline of the 96 

relationship between grouping and the determined air parameters, and allow to find 97 

explanation of bats’ behaviour. 98 

2. Methods 99 

 100 

The research was carried out in the underground systems of Poland: Forty Nyskie 101 

(Generalna ... 2014), Fortified part of Międzyrzecze (Nietoperek ... 2021) and Mopkowy 102 

Tunel (Mopkowy ... 2017). The data of the roost site climate was collected between the 103 

years 2002 and 2007 on the basis of the permits of the Provincial Nature Conservators 104 

and the Ministry of the Environment (DOPog-4201-04A-2/03 / al .; DOPog-4201-04A-105 

6/04 / al .; DLOPiK-op / Ozgi- 4200 / IV.D-16/6568/06 / aj.) The most important criteria 106 

for selecting research sites were the large number of wintering specimens of the selected 107 

species. 108 

Data was collected during the peak of hibernation (December - February). Due to 109 

the fact that the hibernating animals were not awakened, neither gender nor age was 110 

determined, in the places where bats hibernate, data was collected with use of measuring 111 

devices from SENSOTRON (Kłys 2013). Hibernation strategies were simplified in this 112 

work in relation, in order to illustrate the essence of the problem, what is more wintering 113 

was distinguished: individual and in groups (social) (Fig. 1, Fig. 2). 114 

The influence of the air temperature (T), relative humidity (Rh) and flow speed (v) on 115 

bats’ group formation was studied. Using explanatory variables T, Rh and v the bats’ 116 

count n in the group was modelled. In calculation total number of 180 observations was 117 

used.  118 
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3. Statistical methods 119 

 120 

The aim of the statistical methods application was the construction of a model describing 121 

an influence of the air physical parameters on bats’ grouping.  122 

At the starting point of the analysis, the were studied the relationships between 123 

explanatory variables T, Rh and v. For this purpose the Principal Component Analysis 124 

(PCA) was used (Jolliffe 2002; Jackson 1991). Because the explanatory variables come 125 

from different units, before PCA they were centred with the mean column and scaled with 126 

the standard deviation.  127 

Due to relatively low number of bats’ clusters, the quantile regression (QR) model was 128 

used (Koenker et al., 2018; Davino et al., 2014) for the cluster size modelling. In quantile 129 

regression the conditional quantile τ of the response variable, for example median, was 130 

estimated.  131 

QR model is an extension of the ordinary linear regression that is used when the 132 

conditions of linear regression are not met. 133 

In the quantile regression model all determined explanatory variables and interactions 134 

between them were included. According to Chambers (Chambers and Hastie, 1993) the 135 

model is described by the mathematical formula below:  136 

n ~ T*Rh*v      (1) 137 

where “~ “ separates response variable on the left from the explanatory variables on the 138 

right. The “*” operandadds interactions between variables to the model. For numerical 139 

variables it includes a point-wise product of the variables.  140 
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In Eq. 2 the expanded, but equivalent to Eq. 1 form, is presented:  141 

n ~ T+Rh+v+T:Rh+T:v+Rh:v+T:Rh:v    (2) 142 

where “+” separates predictor terms in an additive model, and “:” separates interacting 143 

terms. 144 

 145 

The statistical computations were performed with use of R language (Team, 2020). For 146 

QR computation the R package quantile regression was used (Koenker, 2020). 147 

4. Results 148 

 149 

Tab. 1 Shows the summary of statistical parameters that describe the observations. 150 

During observations the range of the temperature variations was 6.4 °C. But at most, the 151 

50% of temperatures changed in the interquartile range IQR (IQR=q75 – q25) of the width 152 

1.62 °C. This value indicates stable temperature conditions during at least a half of bats’ 153 

observation period. Changes in relative humidity exceeded 34 %. But, similarly as for T, 154 

the predominating changes measured by IQR did not exceed 7%.The wind speed change 155 

fluctuated from nearly 0 up to almost 1.2 m/s. The corresponding IQR was 0.10. Group 156 

formation was not frequent. Starting from 91% quantile of n, bigger than 1 values were 157 

observed.  158 

The structure and relationships between explanatory variables was assessed with use of 159 

the PCA method. The share of the first principal component (PC) in variability is 58 % of 160 

the total variance, and share of PC2 is 25 %. The first 2 PCs contain 83 % of the total 161 

variance.  162 
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In Fig. 1 a biplot of the PC1 and PC2 is presented. There were no significant relationships 163 

between the parameters during the study. The points describing physical parameters form 164 

a relatively homogeneous structure, however, several outliers can be observed. Lack of 165 

tendency to grouping of observations and no common relationships among them 166 

promotes these variables for predictors in a regression model.  167 

Eq. 3 shows the expression describing relationship between 3 explanatory variables and 168 

response: 169 

n=β0+ β1T + β2Rh + β3v + β4TRh + β5Tv + β6Rhv + β7TRhv   (3) 170 

In the expression βi(i={1...7})are structural parameters of the model.  171 

For τ = {0.925, 0.950, 0.975}the values of the structural parameters and corresponding 172 

standard errors SE, and p-values for null hypothesis H0: βi=0 were calculated. The 173 

standard errors were computed with use of the bootstrap method. 174 

Tab. 2 Shows results of the computations. 175 

The critical p-value = 0.05 was considered for rejection of the null hypothesis. The H0 176 

hypothesis cannot be rejected for all structural parameters when τ = 0.95. No statistically 177 

significant relationships between air parameters and bats’ grouping were observed. Both 178 

for τ = 0.95 and 0.975 the interaction terms occurred significantly different from 0, 179 

though for β7the critical value was slightly exceeded. The null hypothesis can be rejected 180 

also for the intercept β0. 181 

5. Discussion 182 

 183 
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The visible influence of T, Rh and v on grouping of the bats was not observed. The 184 

computation results indicate the influence of interactions between these parameters on the 185 

response. Interaction between the two numerical variables in regression model produces a 186 

new variable -the product of selected variables. Because interactions are products, their 187 

influence is important when both factors increase or decrease together. If the value of one 188 

factor increases and the value of the other decreases, their product changes only slightly 189 

and no influence on predictor is observed. 190 

The main results from the quantile regression model application for bats’ cluster size 191 

description can be summarised as follows: 192 

 the negative value of β4 indicates decrease in bats’ group size with increasing T 193 

and Rh.  194 

 the positive value of β5 indicates increase in bats’ group size with increasing T and 195 

v, 196 

 the negative value of β6 indicates decrease in bats’ group size with increasing v 197 

and Rh, 198 

 the negative value of β7indicates decrease in bats’ group size with increasing T, v 199 

and Rh. 200 

 201 

The purpose of hibernation is to minimize energy consumption during the 202 

unfavourable period of food shortage. This process is characterized by controlled 203 

reduction of metabolism and, consequently, body temperature (Wermundsen and 204 

Siivonen, 2010). Each species has its own optimal metabolic rate that guarantees it will 205 

survive the unfavourable period. 206 
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Loss of energy can occur in various processes, including heat exchange with the 207 

environment or evaporation. Heat exchange with the environment can be regulated by 208 

hibernation strategies, which determine the participation of individual heat transport 209 

mechanisms between the bat's body and the air (convection) or between the body and the 210 

ground (conduction) (Kłys, 2013). 211 

The formation of clusters causes the reduction of ratio in the surface area to body 212 

weight and, consequently, a smaller evaporation and heat exchange (giving up). This ratio 213 

is of great importance especially in small animals. It is commonly believed that clusters 214 

can facilitate energy saving, e.g. by reducing water losses in the body (Studier, 1970; 215 

Procter and Studier, 1970; Stapp et al., 1991; Canals, 1998; Brown, 1999; Jefimow et al. 216 

2011; Wojciechowski et al., 2011; Boratyński et al., 2012) or compensate for energy 217 

losses (Boyles et al., 2008). Often the effect of hydration is more important than 218 

nutritional status. Even in conditions of high air humidity (90-98%), the loss of moisture 219 

can be significant, depending on the intensity of metabolic processes, which in turn 220 

depend on the rate of heat loss to the environment, individuals may also have negative 221 

effects, such as extending the hibernation time or mutual awakening. 222 

The amount of energy consumed depends on the microclimate, and more specifically 223 

on the roost site climate in which the bat hibernates. In favourable conditions of the 224 

climate, bats should hibernate individually, while in unfavourable conditions (causing too 225 

high consumption of energy) they should form clusters or leave the hibernacula. 226 

Our own observations show that, unlike other species, Barbastella barbastellus  bats 227 

hibernate at a relative air humidity that rarely exceeds 90%. Approaching the upper limit 228 

of the humidity range causes the aggregation of individuals into clusters, which is 229 

confirmed by the studies of other authors (Ransome, 1990; Thomas and Cloutier, 1992; 230 

https://doi.org/10.5194/bg-2022-159
Preprint. Discussion started: 27 July 2022
c© Author(s) 2022. CC BY 4.0 License.



Barbastella barbastellus hibernation 

 

11 
 

Thomas, 1995), while there is no reference to the correlation of the values of other air 231 

parameters. 232 

The work of Wermundsen and Siivonen 2010 verified the belief that some bat species 233 

prefer thermally stable habitats, while others choose conditions that vary in terms of 234 

temperature. The authors of this article observed that bats (Eptesicus nilssonii, Myotis 235 

brandtii/mystacinus, Myotis daubentonii and Plecotus auritus) in the initial period of 236 

hibernation chose places with the highest air temperature and humidity, and in the last 237 

stage, places with the lowest values of these parameters, although the range and extremes 238 

of temperatures were similar throughout all hibernation period. 239 

Encarnacao et al., (2012), in studies on the influence of the habitat on the strategy 240 

of the Myotis daubentonii bats hibernation, observed the occupation of more favourable 241 

habitats by reproductive females, and less favourable by males. Males from different 242 

habitats showed different hibernation strategies that depended, among others, on air 243 

parameters. In less favourable conditions of the habitat, they observed the grouping of 244 

males into clusters, which they explained as an energy-saving strategy. They used 245 

temperature and air humidity measurements to determine the conditions of the roost site 246 

climate.  247 

The basic parameters characterizing the microclimate are temperature (Ta), 248 

humidity (Rh) and air velocity (v) (Pawiński et al., 1995; Paszyński et al., 1999). 249 

During the analysis of the influence of two parameters (variables) on the Western 250 

Barbastellus hibernation strategy, it was noticed that the increase of the Ta product causes 251 

clustering of Barbastella barbastellus. Increasing Ta causes an increase in Tb, which in 252 

turn causes an increase in the metabolic rate of the bat, so that it uses up energy stores 253 

faster in the form of accumulated fat. The temperature of bats usually oscillates around 254 
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the ambient temperature (Geiser, 2004; Dunbar and Tomasi, 2006; Boyles et al., 2008; 255 

Kłys, 2013), regardless of whether the animals hibernate individually or in aggregation. 256 

The speed of the air flow has a decisive influence on the intensity of the heat 257 

exchange process in the convection mechanism. It determines the type of flow (laminar, 258 

transitional, turbulent), which determines the thickness of the laminar (Prandtl) layer that 259 

forms around the bat's body. The (Prandtl) film has the main resistance to heat penetration 260 

because it conducts heat which is much less efficient compared to heat transfer in a 261 

turbulent area. The greater the velocity values, the smaller the Prandtl film thickness and 262 

the more intense the heat transfer. 263 

The Ta increase also increases the evaporation of water from the bat's organism, 264 

which simultaneously increases energy loss (Wermundsen and Siivonen, 2010). The 265 

increase in air Rh, on the other hand, reduces water loss. It is then possible to hibernate 266 

individual individuals. 267 

An increase in the air flow velocity (v) increases the reception of moisture from 268 

the bat's organism to the environment or increases evaporation due to the transport of 269 

warmer or drier air, displacing the moist, cool air surrounding the bat (Wermundsen and 270 

Siivonen, 2010). At the same time, the higher the degree of air saturation with water 271 

vapor, the more difficult it becomes to collect heat by evaporation (Thomas and Cloutier, 272 

1992; Thomas, 1995; Paksuz et al., 2007). 273 

However, analysing the changes in two parameters does not present a full picture 274 

of the thermal comfort of a hibernating bat. 275 

When taking into account three variables, hibernation of individual animals was 276 

observed in the conditions of simultaneous increase in Ta, Rh and v values or a 277 

simultaneous decrease in the values of these parameters. 278 
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With an increase in Ta and Rh, the metabolic rate increases, and heat transfer 279 

occurs mainly by convection. Increasing the air velocity v allows to receive heat and 280 

moisture from the body, and this in turn allows you to maintain optimal energy 281 

expenditure. 282 

When the values of all parameters are decreasing simultaneously, the metabolic 283 

rate decreases and the evaporation intensity decreases, so low air velocities are sufficient 284 

for the heat dissipation. 285 

In this study, the authors did not take into account the heat transfer between the 286 

bat's body and the ground, taking place through heat conduction. The intensity of heat 287 

transfer in this mechanism depends on the value of the thermal conductivity coefficient of 288 

the substrate (λ), which determines the heat conductivity and is characteristic for a given 289 

material. In the conducted research, bats on the same basis adopted different strategies 290 

(they hibernated separately or formed aggregations). 291 

 292 

6. Conclusion 293 

 294 

It was found that the clustering of bats is closely associated with the analysed 295 

parameters. The statistical analysis using the quantile linear regression method showed 296 

that the interactions between the parameters T, v and Rh are significant. 297 

In the case of the Barbastella barbastellus species, the formation of clusters and an 298 

increase in the size of the group of bats with an increase in the products T and v were 299 

observed. These conditions can be described as less favourable for hibernation, which 300 

may result in too high rate of heat transfer to the environment. The decrease in the 301 

number of clusters indicates more favourable conditions for hibernation and it is followed 302 
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by an increase in the products of T and Rh, v and Rh, and a simultaneous increase or 303 

decrease in the values of the three parameters: T, v and Rh. 304 

 305 
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 470 

 471 

Table 1. The statistical parameters of the data collected during observation. The min and 

max are the minimum and maximum values in the data, q25 and q75 are respectively the 

lower and upper quartile, median is the median (q50) value, mean is the arithmetic 

average, and SD stands for the standard deviation. 

 

parameter T[°C] Rh[%] v[m/s] n[-] 

min 6.00 56.4 0.01 1 

q25 8.28 74.5 0.05 1 

median 9.05 78.4 0.12 1 

q75 9.90 81.3 0.15 1 

max 12.40 91.8 1.17 220 

mean 8.87 77.7 0.19 4.5 

SD 1.29 6.8 0.25 18.9 
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 486 

Table 2. The structural parameters βi values, their standard errors SE, and p-values for 

null hypothesis H0: βi=0 

 

Structural 
parameter 

value SE p-value 

τ= 0.925 

β0 10 14 0.474 
β1 -3.3 7.9 0.681 
β2 1.4 8.9 0.872 
β3 2 17 0.917 
β4 -3.5 6.2 0.573 
β5 4 12 0.763 
β6 -3 12 0.818 
β7 -1.8 7.0 0.802 

 τ= 0.950 

β0 46 16 0.005 

β1 9 10 0.360 
β2 -13.6 10.0 0.176 
β3 35 19 0.065 
β4 -16.7 7.3 0.024 
β5 31 15 0.036 
β6 -29 13 0.033 
β7 -16.9 8.6 0.051 
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 τ= 0.975 

β0 56 17 0.001 
β1 3 10 0.791 
β2 -9 11 0.441 
β3 28 19 0.133 
β4 -20.7 8.6 0.016 
β5 37 16 0.020 
β6 -29 13 0.031 
β7 -18.0 9.2 0.052 

 487 

 488 

 489 

 490 

 491 

 492 

Fig. 1. Wintering of a single individual Barbastella barbastellus 493 

Fig. 2. Group wintering of Barbastella barbastellus 494 

Fig. 3.The biplot containing projected scores in PC1 and PC2 coordinates. 495 
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Fig. 1.  508 
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Fig. 2.  512 
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Fig. 3. 517 
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