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Abstract: The aim of this study was to estimate heat loss in the brown long-eared bat during
hibernation depending on the refugioclimate conditions. The measured values of refugioclimate
parameters were: ambient temperature (Ta) 3–10 ◦C, relative humidity (Rh) 74–98% and air velocity
(v) 0.06–0.95 m/s. Heat loss was calculated using convective heat transfer equations. Mean heat
loss amounted to 4 W/m2. The results were compared to the heat loss calculated based on the fat
burned during hibernation. Bats flying into underground systems during the hibernation period
were captured and their body mass was measured. A loss of body mass of 2.6 g over the 126 days of
hibernation was observed. Heat loss equalled 3.115 W/m2K.The presented method of calculating
energy expenditure allows for non-invasive monitoring of the heat and fat losses of bats during
hibernation. Such research may find application in designing artificial wintering sites.
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1. Introduction

The microclimate of a refuge (the refugioclimate) affects the survival of bats during
winter [1–3]. Each species has its own preferences regarding the refugioclimate [4–6].
In addition, the makeup of a refugioclimate determines both the thermal comfort and
frequency of awakenings [2,7–9].

The interior microclimates of underground environments (caves, adits, bunkers, etc.)
where bats hibernate can be highly diverse due to the number of entrances, airflow direction
and velocity, depth and other properties of each underground system [10,11]. The field of
science that researches and analyses such microclimates is called micrometeorology [12–15],
sometimes referred to as cave meteorology [16].

Hibernation occurs as a response to unfavourable environmental conditions. In order
to survive this period, the hibernators must accumulate fat and find a suitable site, where
they can lower their body temperature and maintain it at an appropriate level, usually
close to that of the ambient temperature.

Metabolism slows down considerably during hibernation. Many researchers address
the problem of changes in the metabolic rate and the effect of hibernation on the condition
of the body [17–20].

The emission of heat from a bat’s body into the surroundings takes place through
convection, conduction, radiation and evaporation [21]. A few studies have attempted
to measure the total energy expenditure during hibernation [18,22–27]. Furthermore,
studies concerning energy expenditure to date have been based on incomplete conditions
in the hibernaculum. The authors have usually only provided selected parameters of the
underground microclimate, rather than the parameters of the refugioclimate (primarily
the ambient temperature, Ta) [28]. The modelling of energy transformation is based on the
optimal values of the selected parameters, primarily Ta, or Ta and relative humidity (Rh) [2].
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This leads to discrepancies between the calculated and the observed hibernation time. In
contrast, there are many studies concerning the effect of Ta, Rh and airflow velocity (v) on
human thermal comfort and human energy expenditure, for instance, in mines [29,30].

The aim of this study was to estimate heat loss in the brown long-eared bat Pleco-
tusauritus (Linnaeus, 1758) during hibernation depending on the refugioclimate conditions,
as determined by Ta, Rh and v. Heat loss was calculated using convective heat transfer
equations. The results were compared to the heat loss calculated based on the fat burned
during hibernation.

2. Methods

This study was conducted in underground systems located in the Międzyrzecki Re-
jon Umocniony (‘Strengthened Area of Międzyrzecki’, MRU) [31] and in the Podziemia
Tarnogórsko-Bytomskie (‘Tarnogóra and Bytom Underground’, PTB) [32] in Poland. Data
related to the refugioclimate were collected with permission from the Voivodeship Nature
Conservators and the Minister of Environment (DOPog-4201-04A-2/03/al.; DOPog-4201-
04A-6/04/al.; DLOPiK-op/Ozgi-4200/IV.D-16/6568/06/aj). The principal criterion for the
selection of the research sites was a large population of wintering Plecotusauritus specimens.

2.1. Body Mass Measurement

In order to measure the loss of body mass over the winter, bats were captured between
11 October 2003 and 8 May 2004 at approximately two-week intervals. Bats flying into the
PTB underground system were captured using D 70/16 chiropterological mist-nets. Body
mass was measured using a Pesola Light Line 20 g/02 dynamometer, modernised and
calibrated for the purposes of this study, with a range of 0÷20 g and an accuracy of ±0.1 g.

2.2. Refugioclimate Parameter Measurement

Data concerning the refugioclimate (Ta, Rh, absolute air pressure p, and v) were
collected independently during the peak of hibernation (December–February) in 2002 and
2007 in the MRU. The hibernating animals were not woken up, and their gender and
age were not determined. The SENSOTRONMPG22 measurement devices, modified and
calibrated for the purposes of this study, were used with the following accuracy ratings:

– Gas parameter metre—for humidity (Rh), range of 0÷100%, resolution of indica-
tions 0.1% with an uncertainty of indications ±1.5%; for temperature (Ta), range of
−50 ÷ 200 ◦C, resolution of indications 0.1 ◦C with an uncertainty of ±0.1 ◦C; and for
atmospheric pressure (p), range of 500 ÷ 1500 hPa, resolution of indications1 hPa with
an uncertainty of ±2 hPa;

– Thermo-anemometer (portable digital air speed (v) and temperature metre)—the
measurement range was 0.01 ÷ 20m/s, with an uncertainty of indications ±0.01 m/s.

The measurements were taken from the side of the incoming air using an extendable
arm to prevent the observer from interfering with the readings. The values of atmospheric
pressure were transformed into values of p for 1000 hPa using the ‘Mollieri-x Chart’ pro-
gram in order to facilitate a comparison between the Rh readings obtained from different
measurement locations and days with significant differences in pressure.

2.3. Heat Loss Calculation

(a) Based on fat burned

The energy reserve (ER) was estimated using the cost of hibernation of an average
specimen, based on measurements of the body mass of Plecotusauritus specimens flying
into the PTB.

ER = m f at·q f at burn (1)

where the variables represent the following:

ER—energy reserve, J.
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mfat—mass of fat, g.
qfat burn—energy according to Poczopko [33] 39.75 kJ/g.

The amount of heat generated by burning the accumulated fat throughout the period
of hibernation was calculated using the following formula:

Qhib =
ER
τ

(2)

where the variables represent the following:

Qhib—heat, W.
τ—hibernation time, s.

Heat loss was calculated per 1 m2 of the body surface area of the bat, based on the
average size of a specimen of this species [34], i.e., height of 0.04 m, width of 0.026 m and
thickness of 0.013 m.

qhib =
Qhib

S
(3)

where the variables represent the following:

qhib—density of heat flux, W/m2.
S—surface, m2.

The mean surface of a specimen was calculated by simplifying the shape of the bat
into that of a cylinder:

S = 2πr(r + h) = 3.048 × 10−3 m2 (4)

where the variables represent the following:

h—height (0.04 m).
r—radius of the cylinder, calculated as the average of thickness and width (9.75 × 10−3 m).

The heat loss values calculated from the fat burned were compared to those calculated
with the inclusion of the heat exchange between the bat’s body and the surroundings.

(b) Based on refugioclimate parameters

The measurements of the refugioclimate parameters and body temperature (Tb) were
used for the calculations. To simplify the calculations, the following assumptions were
made: the surface of the bat adjoining the terrain was minimal and limited to the bat’s
points of attachment and fulcrums; the air flowed over the bat’s entire body; and the heat
exchange was described by Newton’s law:

qhib = α·∆t (5)

where the variables represent the following:

α—heat transfer coefficient, W/m2K.
∆t—difference between the bat’s body temperature, Tb, and the ambient temperature,
Ta(K).

During hibernation, the difference between Tb and Tain Plecotusauritus amounts to
approximately 1 degree (∆t ≈ 1) [6,35–37]; therefore,

α = qhib (6)

The heat transfer coefficient (α) was calculated based on equations for forced convec-
tion. The air flux was assumed to be perpendicular to the bat’s body, which for the purposes
of the calculations was treated as a cylinder. Consequently, the Zukauskas equation for air
was applied [38]:

Nu = 0.216·Re0.6 (7)

where the variables represent the following:
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Re—Reynolds number.
Nu—Nusselt number.

The Reynolds number was calculated using the following formula:

Re =
w·l
ν

(8)

where the variables represent the following:

w—air velocity, m/s.
l—characteristic dimensions (diameter of the cylinder), m.
ν—kinematic viscosity coefficient of the air, m2/s.

Nu =
α·l
λ

(9)

where the variables represent the following:

λ—thermal conductivity coefficient of the air, W/m·K.
α—heat transfer coefficient, W/m2·K.

Thus, α was given by

α =
Nu·λ

l
(10)

3. Results
3.1. Body Mass Measurement

Table 1 shows the results of measurements of the body mass of all bats flying into and
out of the PTB.

Table 1. Variation in mean body mass of the Plecotusauritus specimens over time.

Data m sd Cv n N

11 October 2003 8.2 1.34 16 91 0

25 October 2003 9.8 1.31 13 38 14

8 November 2003 9.9 0.86 9 38 14

22 November 2003 9.7 1.07 11 15 14

13 December 2003 8.3 0.94 11 10 21

27 December 2003 9.3 1.24 13 7 14

4 January 2004 8.3 0.82 10 5 8

24 January 2004 8.6 1.56 18 8 20

7 February 2004 7.6 0.93 12 14 14

21 February 2004 7.6 0.57 8 16 14

13 March 2004 7.3 1.22 17 25 21

27 March 2004 8.8 0.95 11 37 14

10 April 2004 7.9 0.80 10 44 14

24 April 2004 7.7 0.75 10 22 14

8 May 2004 9.3 0.58 6 3 14
where m—mean body mass [g], sd—mean standard deviation [g], Cv—coefficient of variation [%], n—number of
measurements, N—number of days between measurements.

The data shown in Table 1 were used to distinguish the periods of increases and
decreases in the mean body mass of the bats. The loss of body mass during hibernation is
shown in Figure 1.
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Figure 1. Changesin the body mass of Plecotusauritus during hibernation. The whiskers denote the
standard deviation of a series of measurements.

The maximal body mass of the bats (9.9 g) was registered on 8 November 2003. The
minimal body mass was registered on 13 March 2004. The mean loss of mass based on the
trend line (Figure 1) equalled 2.6 g and took place over 126 days, which constituted about
26% of the bats’ body mass compared to the mass prior to hibernation. The variation in the
body mass measurements was low (Cv < 25%).

3.2. Refugioclimate Parameter Measurement

Table 2 presents the mean values of the parameters of the refugioclimate obtained in
the MRU in 2002 and 2007.

Table 2. Values of the parameters of the refugioclimate in the MRU.

Date T,
◦C

sd T,
◦C

Cv,
%

Rh,
%

sd Hr,
%

Cv,
%

v,
m/s

sd v,
m/s

Cv,
%

P,
hPa

n,
-

4 January 2002 3.0 0.96 30 98.0 0.57 1 0.08 0.01 11 1000 30

19 January 2002 3.0 1.23 47 97.0 0.89 1 0.07 0.02 28 1000 30

1 February 2002 5.0 1.15 22 97.0 0.65 1 0.06 0.02 26 1000 34

22 February 2002 5.0 1.35 27 97.0 0.84 1 0.06 0.01 19 1000 28

8 December 2002 5.0 1.53 31 97.0 0.64 1 0.07 0.01 17 1000 28

21 December 2002 6.0 1.26 23 97.0 0.50 1 0.07 0.01 13 1000 26

5 January 2007 8.0 0.41 5 82.0 2.87 4 0.36 0.13 38 1000 58

6 January 2007 10.0 0.55 6 74.0 25.64 35 0.21 0.01 47 1000 55

7 January 2007 9.0 0.60 7 81.0 1.93 2 0.06 0.04 60 1000 3

8 January 2007 9.0 0.22 3 82.0 1.76 2 0.06 0.04 59 1000 24
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Table 2. Cont.

Date T,
◦C

sd T,
◦C

Cv,
%

Rh,
%

sd Hr,
%

Cv,
%

v,
m/s

sd v,
m/s

Cv,
%

P,
hPa

n,
-

9 January 2007 10.0 0.39 4 91.0 0.63 1 0.50 0.29 58 1000 5

7 February 2007 7.0 0.77 12 89.0 3.36 4 0.95 0.35 36 1000 25

8 February 2007 8.0 0 0 84.0 0 0 0.61 0.04 7 1000 4

9 February 2007 7.0 0.45 6 85.0 10.32 12 0.54 0.03 6 1000 8

11 February 2007 10.0 1.15 11 - - - 0.53 0.53 100 1000 8

13 February 2007 7.0 1.35 18 84.0 6.03 7 0.22 0.19 83 1000 74

14 February 2007 9.0 0.41 4 88.0 0.37 0 0.20 0.04 18 1000 6

15 February 2007 9.0 1.13 12 78.0 5.94 8 0.08 0.05 66 1000 86

-—no measurement, n—number of specimens.

3.3. Heat Loss Calculation

(a) Based on fat burned

Next, the ER of an average Plecotusauritus specimen was calculated following the
assumption that the mean loss of mass was directly related to the burning of 2.6 g of fat in
order to cover the expenditure during hibernation.

ER = 2.6·39.75 = 103, 350 J

The heat generated by a specimen during hibernation (Equation (2)) amounted to

Qhib =
103, 350 J

126 days · 24h ·3600 s
= 9.493 E − 3, W

The heat loss relative to 1 m2 of the surface area of a specimen’s body (Equation (3))
equalled

qhib =
9.493 E − 3 W
3.048 E − 3 m2 = 3.115

W
m2

(b) Based on refugioclimate parameters

Table 3 presents the heat loss calculated based on the parameters of the refugio-
climate (Equations (5)–(10)). The values represent the mean value (qhib) for each day
of measurement.

Table 3. Heat (qhib) lost from the surface of a specimen’s body into the surroundings in the MRU.

Measurement Date qhib, W/m2 sdqhib, W/m2 Cv, % n, -

4 January 2002 2 0.2 7 30

19 January 2002 2 0.4 18 30

1 February 2002 2 0.3 15 34

22 February 2002 2 0.2 11 28

8 December 2002 2 0.2 11 28

21 December 2002 2 0.2 8 26

5 January 2007 5 1.6 28 58

6 January 2007 4 1.2 31 55

7 January 2007 2 0.7 37 3

8 January 2007 2 0.7 36 24
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Table 3. Cont.

Measurement Date qhib, W/m2 sdqhib, W/m2 Cv, % n, -

9 January 2007 6 3.3 51 5

7 February 2007 10 2.5 26 25

8 February 2007 8 0.3 4 4

9 February 2007 7 0.3 4 8

11 February 2007 6 4.1 65 8

13 February 2007 4 2.1 54 74

14 February 2007 4 0.4 12 6

15 February 2007 2 1.1 54 86

The mean values of qhib on each day of measurement showed a normal distribution.
The mean heat loss during hibernation (qmean), calculated as the arithmetic mean of the
results provided in Table 3, amounted to 4 W/m2.

4. Discussion

The main question asked in every study on the energetics of hibernation is whether
the fat reserves of a specimen are sufficient to survive the period of hibernation [26].

The content of fat in the bodies of some species of bats prior to their entry into
hibernation ranges from 1/5 to 1/3 of the dry weight of their bodies [33]. Studies on
hibernation have rarely addressed the topic of estimating the total energy expenditure and
fat use in hibernating bats [22–25]. Koteja [24] analysed the energy balance in the greater
mouse-eared bat (Myotismyotis)during hibernation. They concluded that from a mean
weight of about 29 g in the autumn, the species burns about 4.9 g of fat over the course of
hibernation (165 days). Thomas [27] estimated that the little brown bat (Myotislucifugus)
uses about 2 g of its 6.5 g weight over the course of hibernation (193 days). In addition,
Harrje [39] demonstrated that the Daubenton’s bat (Myotisdaubentoni) loses 30–40% of its
autumn body mass (37% on average) over the course of 200 days. The big brown bat
(Eptesicusfuscus) burns 3 g of fat out of its autumn weight of 20 g [40].

In most studies, it is assumed that the content of fat in a bat’s body prior to hibernation
ranges from 25% to 30% of the total body weight [5]. The energy balance during hibernation
is usually modelled based on a constant weight loss of 30% [9,41]. Cheng [42] proposed
changing this approach after demonstrating that specimens with less fat content in their
bodies burn fat at a reduced rate.

Koteja [24] stated that the rate at which a bat burns fat differs considerably depending
on the site and the phase of hibernation, although the total fat loss for a given species
remains the same across different underground systems. Ransome [25] also observed major
differences in the rate of fat burning in his study on the greater horseshoe bat (Rhinolophus
ferrumequinum).

The loss of body mass measured in the PTB amounted to 2.6 g, with a pre-hibernation
mass of 9.9 g, which constituted about 26% of a bat’s average mass. According to Hranac [2],
the lean body mass of bats usually remains constant, which means that any loss of mass
can be attributed to fat being burned.

The mean heat loss estimated based on the amount of fat burned amounted to
3.115 W/m2. However, this study did not take into account differences in sex, age, physical
condition, size or hibernation strategy. Furthermore, the estimated heat loss may have been
burdened with an error resulting from the method used to calculate the hibernation time.
Usually, the hibernation time in bats is determined based on the number of nights with a
mean recorded temperature of below 0 ◦C [9,41]. However, some populations of bats may
awaken from hibernation even when the ambient temperature drops below 0 ◦C. Bats wake
up from hibernation repeatedly, but do not leave their wintering grounds. According to the
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subject literature, over 60% of bat awakenings are cold awakenings, which use up less fat
while allowing the bats to change their hibernation site [43]. However, some specimens fly
into and out of the underground systems throughout the entire period of hibernation. The
authors of this study used such specimens to measure their body mass in order to avoid
waking up the hibernating bats. This suggests the existence of more complex determinants
of the awakening time [44]. Hranac [2] proposed improving the accuracy of determining
the hibernation time by also taking into account the height and latitude, in addition to the
number of days with below-freezing temperatures. Hibernation takes place in a period
when, in addition to unfavourable temperatures, the bats experience a shortage of food.
Consequently, the bats are forced to use their accumulated fat reserves. The authors of
this study defined hibernation time as the time from the day when the bats’ maximal body
mass was observed (in bats flying into the cave) to the day when the minimal body mass
was observed. According to the authors’ investigations, hibernation time defined in this
manner is consistent with the field observations of various species of bats (different species
have different hibernation times, despite wintering in the same climate).

The metabolic rate in hibernating bats decreases with body temperature [18,45]. How-
ever, temperature is not the only factor that affects the amount of heat generated in a
bat’s body. Bats may be able to control their energy expenditure regardless of the ambient
temperature and drastically decrease it when at risk of depleting their fat reserves [24].
According to Hranac [2], the primary parameters that determine the rate of metabolism are
temperature and relative humidity. Their modelling was based on an optimal temperature
(4 ◦C) and a relative humidity (98%) that can ensure the longest possible hibernation time
in Myotislucifugus. Furthermore, Klüg-Baerwald [46] emphasised the importance of the
interaction between temperature and air velocity for the bats’ winter activity.

The actual wintering conditions differ, both between different bat species and within a
given species inhabiting the same cave [6]. Plecotusauritus prefers underground systems
with a temperature ranging from 0.0 to 9.0 ◦C for hibernation [4,47–52]. However, these val-
ues were provided without specifying whether they concerned the underground microcli-
mate or the refugioclimate. In this study, the following ranges of refugioclimate parameters
were observed in the MRU: Ta 0.7 ÷ 11.5 ◦C, Rh 56.7 ÷ 100% and v 0.01 ÷ 1.43 m/s.

In general, healthy bats are assumed to be able to reduce fat loss during winter by
choosing a microclimate that allows for fewer awakenings [1,22,53–55]. An appropriate
microclimate may ensure the longest possible hibernation time [8]. Many publications
confirm that multiple independent factors may affect energy expenditure in hibernating
mammals [56–58]. However, Ta is usually considered the most important of these factors.
McGuire [59] demonstrated that Ta, humidity and the condition of the body contribute to
energy expenditure during hibernation.

The authors of this study believe that the key factors are air temperature (Ta), air-
flow velocity (v) and relative humidity (Rh). Ambient temperature and airflow velocity
determine the intensity of the heat exchange between the body of a hibernating bat and
its surroundings by means of convection. This is reflected in the formulas for convection
(airflow velocity affects the type of flow: turbulent, transitional or laminar). Furthermore,
the metabolic rate increases at high ambient temperatures, which causes faster burning of
the fat reserves. Consequently, high airflow velocities allow the bats to lower their body
temperature. Conversely, humidity affects the intensity of the exchange of mass between
the body and the surroundings (leading to the loss of water by the bats).

In 2002, the refugioclimate was observed to have stable parameters, with low values
of Ta (3–6 ◦C) and v (0.06–0.08 m/s) and high values of Rh (97–98%), while in 2007, high
values of Ta (7–10 ◦C) and v (0.06–0.95 m/s) were noted, with much lower values of Rh
(74–91%).

The authors observed that Plecotusauritus prefers humid refuges. A humid envi-
ronment decreases the loss of water through evaporation and reduced energy expendi-
ture [59,60]. A previous study (Table 2) showed that when the relative humidity was high



Appl. Sci. 2024, 14, 716 9 of 12

(over 97%), Plecotusauritus specimens chose sites with a slow (0.06–0.08 m/s) airflow and
low temperature (3–6 ◦C).

In these conditions, the mean heat loss amounted to about 2 W/m2 (Table 3). At a
higher temperature (9–10 ◦C) and low Rh (ca. 74%), the bats selected sites with a high v
(ca. 0.21 m/s), resulting in a mean heat loss of about 4 W/m2. The highest heat loss (over
10 W/m2) occurred with a v of over 0.5 m/s. In these conditions, the Ta in the hibernaculum
was 7–8 ◦C and the Rhwas 80–90%.

The estimation of heat loss did not take into account the changes in a bat’s body surface
involved in the heat exchange. Speakman [61] observed a relationship between a bat’s body
temperature and the degree to which its ears stand out from the head and the regulation
of the body surface in a temperature lower than the ambient temperature. Preliminary
observations indicate that the surface area of a brown long-eared bat’s body in contact with
the surroundings changes significantly over the course of hibernation (Figure 2).
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Figure 2. Changes in the body surface area of the brown long-eared bat during hibernation.

The estimation of heat loss in the bats based on heat exchange mechanics, which was
performed using both the fat-burned method and the refugioclimate parameters method,
did not take into account the awakenings, which, despite constituting only a small fraction
of the hibernation time, corresponded to a considerable portion of the expended energy.
Thomas [27] reported that a single awakening uses up about 5% of abat’s total energy
expenditure during hibernation. According to Klüg-Baerwald [46], bats do not wake up
from torpor in order to refill their fat reserves; rather, they do so in order to find a site with
a more beneficial refugioclimate or to excrete metabolic products.

5. Summary

Over the 126-day-long hibernation of Plecotusauritus, its specimens lost 2.6 g of
body mass. Heat loss calculated based on the fat burned over this period amounted
to 3.115 W/m2. Heat loss calculated based on the parameters of the refugioclimate (Ta, Rh
and v) and the bats’ body temperature (Tb) equalled 4 W/m2 and provided information
about momentary heat loss (for a given refugioclimate on different measurement days).
They provide insight into the variation in the rate of fat consumption during hibernation.
Averaging the results indicates the heat loss sustained by a given species during hiberna-
tion. Calculating the bats’ energy expenditure by measuring the refugioclimate parameters
allows researchers to monitor the hibernation of bats over any length of exposure and
frequency of readings with minimal intervention (since the parameters of the surroundings,
rather than the bats themselves, are measured) and to determine the potential hibernation
time. In addition, it allows for the identification of potential hibernation sites where pa-
rameter values are favourable in terms of the use of fat reserves. Such research may find
application in designing artificial wintering sites.
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357–370. [CrossRef]
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