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ABSTRACT
Bats, some species of rodents and some birds are able to save
energy during the summer period by decreasing their body
temperature and falling into torpor. Some studies indicate that torpor
prevents sleeping and causes effects similar to sleep deprivation.
Impairment of processes stabilizing memory slows down learning
accuracy and speed. We conducted two experiments to test whether
greater mouse-eared bats, Myotis myotis, which commonly use
torpor during the summer period, experience a trade-off between
energy savings and learning abilities. We compared learning speed
and accuracy in bats that were exposed to low (7°C) and higher
ambient temperatures (22°C) between training and experimental
sessions. Tests were conducted in experiments with food reward
(food search) and without food reward (perch search). Time spent
with the skin temperature above 30°C was significantly longer for bats
exposed to 22°C than for those exposed to 7°C, and longer in
experiments with food reward than without food reward. We observed
only a very weak tendency for better accuracy and shorter search
times in bats exposed to 22°C than in those exposed to 7°C. Our
data indicate that memory consolidation of bats under natural
conditions is not affected by daily torpor when bats are in good
condition and may therefore defend against a rapid fall into torpor.
We suggest that homeostatic processes connected with the circadian
rhythm allow protection of the consolidation of memory for relatively
simple tasks despite time spent in torpor.

KEY WORDS: Life history, Memory consolidation, Memory
retention, Normothermy, Torpor

INTRODUCTION
Long-term memory is important for many animals in a variety of
different contexts (Roth et al., 2010). Good memory allows for
quick and effective rediscovering of food resources and hides,
identification of conspecifics, etc. (Shettleworth, 2001; Stoddard et
al., 1991). Storage of accurate memories is an active and costly
process involving maintenance and repair of neural structures
(Dukas, 1999). Therefore, animals may experience conflicts
between the benefits and costs of memory retention (the keeping of
memory over prolonged periods of time) (Chancellor et al., 2011;
Roth and Pravosudov, 2009); for example, food-catching birds living
in harsh climates have developed a larger hippocampus volume than
those from milder areas, which may result in enhanced spatial
memory and better survival in birds from harsh climates. A memory
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is normally formed after repeated learning events (Smid et al., 2007)
and sleep enhances this process (Palchykova et al., 2002; Roth et al.,
2010). Sleep deprivation has negative effects on both memory
consolidation [the storage of initial memory representations into
long-term memory by stabilization, enhancement and integration
processes (Stickgold, 2005)] and retention (Graves et al., 2003;
Guan et al., 2004).

Recently, an interesting conflict between energy conservation and
sleep was discovered in hibernation and torpor using mammals (for
review, see Roth et al., 2010). Such mammals are able to decrease
their body temperature to save energy during periods of food
deficiency (Geiser, 2008). Although torpor, hibernation and sleep
are all characterized by short or prolonged inactivity, they are very
different physiological states (Roth et al., 2010) and are
distinguished by duration, drop in body temperature and decrease of
metabolic rate (Geiser, 2004; Roth et al., 2010). Both rapid eye
movement (REM) sleep and slow wave sleep (SWS) are reduced
during torpor and hibernation (e.g. Deboer and Tobler, 1996; Deboer
and Tobler, 2000; Deboer and Tobler, 2003; Millesi et al., 2001;
Trachsel et al., 1991). Animals emerging from these states spend
most of their time in sleep with brain activity typical for sleep-
deprived animals (Palchykova et al., 2002). This suggests that torpid
or hibernating animals experience sleep deficiency (Palchykova et
al., 2002; von der Ohe et al., 2007), which might lead to deficiencies
in memory consolidation and retention.

The influence of torpor and hibernation on memory consolidation
and retention has only been investigated in a handful of studies,
primarily in rodents (Clemens et al., 2009; Mateo and Johnston,
2000; Millesi et al., 2001; Palchykova et al., 2006) but also, in one
recent study, in bats (Ruczyński and Siemers, 2011). These studies
tested the impact of hibernation on long-term memory and taken
together provide conflicting results. Millesi et al. (Millesi et al.,
2001) provide evidence of memory loss; specifically, spatial
memory and memory of operant tasks were negatively affected by
hibernation in European ground squirrels, Spermophilus citellus.
Social memory, in contrast to spatial memory, showed little to no
impairment in European ground squirrels or in Belgin’s ground
squirrels, Urocitellus beldingi (Mateo and Johnston, 2000; Millesi
et al., 2001). Contrary to the results from studies on such relatively
short-lived rodents, studies on animals that live for longer and in
complex environments, such as marmots and bats, suggested that
their memory was not affected by hibernation at all (Clemens et al.,
2009; Ruczyński and Siemers, 2011). We (Ruczyński and Siemers,
2011) postulated that the ability to protect long-term memory
through hibernation depends on memory type and life history of the
respective animals. We further suggested that long-lived animals and
those living in complex environments have better protected memory
than those that live relatively short lives and/or inhabit simple
environments.

Most of these previous studies addressed memory retention over
long-term hibernation. Here, we addressed a different question: is
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the consolidation (shift from short- to long-term memory) of newly
acquired skills impaired by low body temperature? When an animal
moves into a hibernaculum, its memory is probably already
consolidated. However, animals that employ short-term torpor on a
daily basis may well experience a trade-off between energy savings
and memory consolidation, because the latter is expected to require
a warm, active brain. The process of memory consolidation invokes
the establishment of new synapses and up- or down-regulation of
existing synapses. These complex cellular processes will require
normothermic conditions for the biochemical machinery to work
(Palchykova et al., 2006). Furthermore, torpid animals are not able
to sleep in a neurophysiologial sense, or may only be able to sleep
at a reduced level. As outlined above, this torpor-induced sleep
deprivation should counteract memory consolidation. Experiments
on Djungarian hamsters, Phodopus sungorus, indeed indicate that
torpor has a negative influence on memory consolidation and may
impair object recognition (Palchykova et al., 2006). In the
poikilothermic snails Lymnaea stagnalis, the process of memory
consolidation was also impaired by quick exposure to low
temperatures (Sugai et al., 2007). These results indicate that the
effect of decreasing brain temperature after training could be more
pronounced on memory consolidation than on memory retention.

Bats are a very interesting group of mammals in this respect.
Temperate zone bats, in particular, decrease energetic costs by
falling into torpor on a daily basis even during the summer period
(Grinevitch et al., 1995; Turbill et al., 2003). Memory retention in
the vespertilionid bat Myotis myotis Borkhausen 1797 has
previously been shown to be not affected by long-term hibernation
(Ruczyński and Siemers, 2011; Clarin et al., 2014). Here, we tested
the influence of short-term daily torpor on memory consolidation in
this species.

Bats are also very long-lived animals. Species of the genus Myotis
live on average 14.9 years (Barclay and Harder, 2003) and the
reported age record for M. myotis in the wild is 37 years (Gaisler et
al., 2003). Learning, therefore, is probably crucially important in the
behavioural ecology of bats (Gaudet and Fenton, 1984; Page and
Ryan, 2005; Ruczyński and Bartoń, 2012). As a result, bats could
be especially affected by a trade-off between memory consolidation
and energy savings using torpor.

To test whether memory consolidation in bats is affected by the
decrease in body temperature during daily torpor, we conducted two
experiments, one requiring the bats to learn the location of food
(with a food reward) and the other requiring them to learn the
location of a dry perch (without a food reward). The former
experiment required the bats to learn and remember a feeding site,
while the latter required the bats to learn and remember an escape
route from an uncomfortable situation. We tested whether learning
performance depends on the duration of time during which bats stay

at high body temperatures after training. Based on the results from
a rodent (Palchykova et al., 2006) and an invertebrate species (Sugai
et al., 2007), and because of the expected torpor-induced sleep
deprivation, we hypothesized that animals which are able to stay
longer at high body temperatures after training would have a greater
chance to consolidate memory and could learn faster than those that
decrease their body temperatures faster, deeper and for a longer
period of time after training. Specifically, we expected individuals
kept at 22°C between training and experimental sessions to show
faster learning of their respective tasks over consecutive days in
terms of the number of correct decisions and time to complete the
task than individuals kept at 7°C between training and experimental
sessions.

RESULTS
Skin temperature
The duration of the daily period during which the skin temperature
of the bats stayed above 30°C (Tskin>30°C) was significantly
affected by experiment type (F1,31=11.26, P=0.002) and temperature
in the climate chambers (F1,31=37.05, P<0.001). Animals kept at
22°C between sessions spent more time with Tskin above 30°C than
animals kept at 7°C (Table 1). Bats in the perch search experiment
spent less time with Tskin>30°C than bats in the food search
experiment (Table 1). The mean duration from the end of the
experimental trials to the moment when Tskin dropped below 30°C
for the first time was shorter in bats kept at 7°C compared with that
in bats kept at 22°C (F1,31=28.78, P<0.001), and shorter in bats from
the perch search experiment than in bats from the food search
experiment (F1,31=9.53, P=0.004). Likewise, the duration of the
longest bout with Tskin<30°C per each day was shorter in bats
participating in the food search experiment (F1,31=30.91, P<0.001)
than in bats participating in the perch search experiment, and shorter
in bats kept at 22°C (F1,31=35.88, P<0.001) than in bats kept at 7°C
(Table 1). Mean skin temperature during bouts with Tskin<30°C was
lower in bats kept at 7°C, as was the minimum Tskin (results
summarized in Table 1).

Food search experiment
Neither treatment (χ2

1=1.12, P=0.29) nor day in training (χ2
1=0.99,

P=0.32) had an effect on how often the bats (N=8 individuals per
treatment group) performed a correct decision during the 2nd and
3rd day of training (Fig. 1). We did not observe differences in the
proportion of correct choices made by bats kept at different
temperatures during the 4th, 5th and 6th day (experimental sessions;
Fig. 2). There was no difference between treatment groups (χ2

1=1.41,
P=0.23) or experimental days (χ2

2=3.39, P=0.18). We also did not
observe differences in search time between bats kept at 7 and 22°C
(χ2

1=0.34, P=0.56) or between experimental days (χ2
2=3.13, P=0.21;
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Table 1. Tskin measurements of bats kept in climate chambers at 7 or 22oC in the food search experiment and in the perch search
experiment

Food search experiment Perch search experiment

7°C 22°C 7°C 22°C

Daily time period with Tskin>30°C (min) 208.8±133.5 583.8±199.3 96.1±42.7 338.3±155.6
Time till Tskin<30°C (min) 148±101 520±216 83±51 257±155
Duration of longest bout per day with Tskin<30°C (min) 914.4±208.4 634.72±211.3 1207.2±70.5 893.3±191.2
Mean Tskin when Tskin<30°C (°C) 12.4±7.5 24.2±2.0 9.0±4.8 23.6±1.7
Maximum Tskin (°C) 39.2 39.6 38.9 38.4
Minimum Tskin (°C) 6.6 22.4 6.6 22.45

Skin temperature (Tskin) was measured between experimental sessions during 5 days in the food search experiment and 1 day in the perch search experiment.
Measurements started when the bats were placed in the climate chambers and stopped when the bats were removed from the climate chambers. Values are
presented as means ± s.d.
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Fig. 3). However, there might be a slight trend for a decrease in
search time over consecutive days in the group that was kept at 22°C
between experimental sessions.

Perch search experiment
We did not observe differences in the proportion of correct choices
made by bats kept at different temperatures in the perch search
experiment (χ2

1=0.04, P=0.84, N=9 individuals per treatment group).
However, animals made more correct choices on the second day
(consolidation test) than on the first day (χ2

1=4.42, P=0.035; Fig. 4).
The time the animals took to find the dry perch did not differ between
treatment groups (χ2

1=0.37, P=0.54). However, on the second day,
animals found the dry perch faster (χ2

1=11.46, P<0.001; Fig. 5).

DISCUSSION
Contrary to expectations, our study showed that daily exposure to a
lower temperature had no effect on the bats’ learning abilities even
though those bats spent less time with Tskin>30°C in comparison to
bats kept at the higher temperature. This suggests that for bats living
under natural conditions, daily torpor would have no significant
cognitive consequence with respect to relatively simple tasks.

Although the function of sleep is not fully understood, it is known
that it plays an important role in the consolidation and retention of
memory (Stickgold, 2005), while torpor is a process that allows
energy conservation compared with resting (Geiser, 2004). The two
states of sleep and torpor are mutually exclusive. When animals
decrease their body temperature, the possibility of sleep is
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Fig. 1. Number of successful trials during an early phase of training
(days 2 and 3) in the food search experiment. Only one arm of the maze
was opened. Bats were exposed to 7 or 22°C in the climate chambers.
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Fig. 2. Number of successful trials during the 4th, 5th and 6th day of the
experiment with opened maze arms for bats exposed to 7 or 22°C.
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Fig. 3. Time taken to successfully complete a trial in the food search
experiment. Between experiments, bats were exposed to 7 or 22°C.
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Fig. 4. Number of successful trials on both experimental days in the
perch search experiment. Between experimental sessions, bats were kept
at 7 or 22°C.



Th
e 

Jo
ur

na
l o

f E
xp

er
im

en
ta

l B
io

lo
gy

4046

suspended, and when they increase their body temperature to sleep,
the costs of sustaining that high temperature increase (Roth et al.,
2010; Trachsel et al., 1991). We conservatively assumed that greater
mouse-eared bats (M. myotis) are able to sleep when their skin
temperature exceeds 30°C. Djungarian hamsters spontaneously sleep
when their body temperature rises above 20°C (Palchykova et al.,
2002) after torpor. Unfortunately, the influence of torpor on the
sleeping pattern of bats is not known (Zhao et al., 2010). Therefore,
we can only speculate about the conditions necessary for bats to
sleep and consolidate memory.

Our experiments of exposure to low and high temperatures did not
reveal differences in the speed of learning between treatment groups,
although the period of time with Tskin>30°C was significantly
different. This indicates that the duration of torpor does not play a role
(or plays only a minor one) in the impairment of memory
consolidation of a simple task. In other words, bats are able to avoid
or minimize the conflict between energy conservation and memory
consolidation. Torpor impairs object recognition in rodents in complex
tasks but not in simple ones (Palchykova et al., 2006). Bats in our
tasks had to associate spatial elements with food or a safe place, which
may be a more complicated task than simple object recognition. Such
a task demands skills of association of spatial elements with rewards.
The extremely weak tendency for slower learning in bats kept at lower
temperatures suggests that if torpor indeed affects learning abilities, it
is happening at a very subtle level.

The lack of clear cognitive effects of the decrease in body
temperature could be explained by a bat’s life history. Many bat
species live in complex environments and knowledge about this
environment is probably important in their long life (Ruczynski and
Siemers, 2011). Therefore, behavioural and physiological mechanisms
should have evolved in bats to minimize the negative effects of a
trade-off between energy conservation and cognitive abilities.

Negative effects of torpor may be particularly minimized when
learning is associated with a food reward (which probably is the
most common situation in nature). This is because digestion
prevents the bats from falling into torpor quickly (Matheson et al.,
2010) and thus may provide a suitable amount of time for memory

consolidation, therefore decreasing the potential effects of sleep
deprivation by torpor. The subsequent fall into torpor might have no
or only minimal effects on acquired skills or knowledge. The idea
that recent feeding delays the onset of torpor is further supported by
the fact that in both treatment groups, animals that were in the perch
search experiment, which were not fed after their training session,
entered torpor more quickly and spent more time with Tskin below
30°C than bats in the food search experiment, which received food
during training and experimental trails. Nevertheless, in both
treatment groups, the dynamics of Tskin followed natural patterns
(Dietz and Kalko, 2006). Bats were active with high body
temperatures for several hours after training and only subsequently
decreased their body temperatures. Our data suggest that even 1–2 h
during which the bats keep their body temperature high is sufficient
to consolidate memory about a simple task.

We conclude that under natural situations, negative effects of
torpor on cognitive ability play only a marginal role, if any, in bats.
However, we suggest that starvation may amplify potential negative
effects on cognitive processes in bats. We argue on a more general
level that although solving cognitive problems demands high brain
temperatures, a period of decreased body temperature and inactivity
does not necessarily impair cognitive processes that are actively
underway before and after torpor.

MATERIALS AND METHODS
Animals and housing
For our experiments, we used males and post-lactating females of greater
mouse-eared bats (M. myotis). All animals were captured between 19 June
and 15 August 2010 near Ruse in Bulgaria under licence from the
responsible authorities (Ministerstvo na Okolnata Sreda I Vodita, Sofia,
Bulgaria, 193/01.04.2009 and 205/29.05.2009). The bats were kept for
behavioural experiments at the Tabachka Bat Research Station (Bulgaria) of
the Sensory Ecology Group (Max Planck Institute for Ornithology,
Seewiesen, Germany), which is run in cooperation with the directorate of
the Rusenski Lom Nature Park in the district of Ruse. Before experiments
began, the animals were housed in small groups in cages (50×35×40 cm
length×width×height) under the natural local light regime. The bats were fed
daily with 4 g of mealworms (larvae of Tenebrio molitor) each. Animals in
the food search experiment received their food during training and
experimental sessions as a reward. Animals in the perch search experiment
received their food after the consolidation test (see below). All animals had
access to water ad libitum in their cages. Additionally, bats received water
after training in the perch search experiment.

Training and testing in the food search experiment
Bats (16 adult males, eight individuals in each treatment group) were hand
fed and trained to eat mealworms from small bowls for 2–3 nights after they
were caught. Bats were weighed before and after feeding and training. This
allowed us to control for the motivation of the bats throughout the
experiment. The training and testing maze (see Ruczynski and Siemers,
2011; Clarin et al., 2013) consisted of four plastic boxes (20×13.5×10 cm),
one of which was the starting box, while the other three were potential
feeding boxes. The boxes were connected to a large central box
(24×16.5×12.5 cm) by transparent tubes (25 cm long, internal diameter
7 cm); this diameter was sufficiently large to allow the bats to crawl and turn
easily (see Ruczynski and Siemers, 2011; Clarin et al., 2013). Once the bats
had arrived in the central box, they had to decide which of three tubes to
enter (left, right or straight ahead). Each feeding box contained 10 g of live
mealworms so that any prey-related sensory cues – smell, rustling sounds,
etc. – emanating from the three feeding boxes were the same. We trained
each bat to feed in only one of the boxes. To speed up training and decrease
stress for the animals, we increased the difficulty of the task over 3 days and
measured learning effects over the next 3 days. Training and experiments
were conducted during the natural activity hours of the bats (1 h after sunset
until 1 h before sunrise), as follows.
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Fig. 5. Time taken to find a dry perch. Between experimental days, bats
were exposed to 7 or 22°C.
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On day 1, bats were placed in the starting box and subsequently allowed
to explore the maze and all of its boxes for 15 min. In each box there were
three mealworms, so the bats were motivated to visit different boxes.

On day 2, again, the bats were placed into the starting box and could
crawl to the centre box. Here, only one arm was opened (‘correct’) while the
two other arms were closed by slides (‘wrong’). Each terminal box (three
boxes) was baited with around 10 g of mealworms. When a bat went into
the correct terminal box, it could eat mealworms. This procedure was
repeated 10 times. During the first four trials, the bats received four
mealworms per trial and in the remaining six trials, they received two
mealworms. If a bat turned back, stopped for a longer period of time (ca.
3 min) or successfully found and ate mealworms, it was removed from the
maze for 1–3 min before the next trial started. The bats did not receive
additional food after training.

On day 3, the procedure from day 2 was repeated. However, bats received
four mealworms during the first three trials and two in the remaining seven
trials. During the last (10th) trial, the bats received additional mealworms,
but not more than 40–45 mealworms in total during one training session,
corresponding to ca. 4 g of mealworms. All mealworms were consumed in
the maze. The number of mealworms eaten was noted after each trial.

On days 4, 5 and 6, all maze arms were opened. If a bat chose a wrong
arm, it was punished by closing the arm with a slide before the bat entered
the terminal box. After an unsuccessful trial, the bat was removed and after
a short break, the next trial started. During the last (10th) trial, the bats
received additional mealworms in the maze when necessary.

The bats were assigned to either the group kept at 7°C (±0.1°C; eight bats)
or that at 22°C (eight bats). The temperature in caves used by M. myotis is
around 15°C during the summer period (B.-M. Clarin, personal
communication). We chose lower and higher temperatures for keeping the
bats, in order to differentiate between conditions that could affect the
duration of daily torpor. Half of the bats were trained to find food in the left
terminal box and the other half to find food in the right terminal box
(balanced within group). After each training or experimental session, the
maze was cleaned with water and detergent to remove possible odour cues.
Within a session with an individual bat, the different maze arms were
interchanged to remove the possibility that a bat would simply follow its
own scent cues.

After training and experiments, bats were placed in plastic boxes (1.3 l;
one for each individual, with numerous holes ensuring air exchange between
the box and ambient air) and, 30 min after training, they were transported to
climate chambers (KB53, Binder, Möhringen-Tuttlingen, Germany). Bats
spent around 22 h per day in the climate chambers. The animals were
removed from the climate chambers 1 h before experiments began and
transported to the experimental room. Within this 1 h, the bats increased
their skin temperature to similar levels in the control (22°C) and
experimental groups (7°C).

Air exchange between the boxes and ambient air was fan assisted. Water
was accessible in the boxes ad libitum. All experiments were filmed with a
CCD camera (Watec, WAT-902H2 Ultimate) and recorded on miniDV tapes
(Sony® DCR-TRV80E recorder). The time that bats took to complete a trial
(i.e. from leaving the start box to entering the correct feeding box) was
scored off-line by a person blind to the experimental condition of the bat
(kept at 7 or 22°C).

Training and testing in the perch search experiment
For this second experiment, 18 post-lactating females were caught early in
the morning when returning from foraging. Training started the night after
the bats were caught. Until training started, bats had ad libitum access to
water. Animals were not fed until the end of the consolidation test (see
below). Naive bats were placed in the experimental setup at the starting
point. The bottom of the arena was covered by water to a depth of 0.5 cm.
A dry perch was hidden behind a plastic wall. The perch was only accessible
by crawling around the plastic wall either on the right side or on the left side.
On the other side, access to the dry perch was blocked by another plastic
wall. If a bat made a wrong decision and crawled around the wall on the
wrong side, it was not taken out of the arena, but allowed to turn around and
further explore the arena. To analyse the number of correct decisions, we
scored only the first choice an animal made when put into the arena. When

analysing the searching time, we counted the total time an animal needed to
find the dry perch. Bats had 3 min to find the dry perch (Fig. 6). If the bat
did not find the dry shelter, it was removed from the maze and dried for
around 1 min in soft paper. When a bat found the perch, it was allowed to
stay there for 3 min. Afterwards, the bat was removed and a new trial
started. Every bat had three trials within a training session (one night). Bats
were dried in soft paper after training and transported to climate chambers
15 min after finishing the last trial. Bats were divided in two groups (nine
individuals in each treatment group); one was kept at 7°C while the other
was kept at 22°C. In each group, five bats had to crawl around the plastic
wall on the right side and four bats had to crawl on the left side to reach the
dry perch. Bats stayed in the climate chambers for 22.5–23 h. For the
consolidation test, bats were removed from the climate chambers 1 h before
the experiment and kept in small boxes in the experimental room
(temperature between 22 and 25°C). Bats were weighed 10–15 min before
the test and were checked to see if they were cold or warm to avoid starting
experiments with bats still in torpor. The consolidation test was conducted
in the same way as the training. Bats were fed after the last trial.

Measurement of Tskin
All bats were tagged with iButtons ETL1 (Dallas). The iButton mass was
reduced to 1–1.3 g by removing the metal capsule and covering it with
rubber shrink tube (van Marken Lichtenbelt et al., 2006; Robert and
Thompson, 2003). We used iButtons even though they produce ultrasound,
which potentially may disturb bats (Willis et al., 2009), because all bats were
exposed to the same acoustic stimulus and the climate chambers produced
continues noise to which the bats habituated quickly. Loggers were glued to
the skin in the interscapular region using skin adhesive (Hanfred
SauerGmbH, Labboch, Germany) at least 24 h before the food search
experiment began and at least 12 h before the perch search experiment. Skin
temperature was measured every 5 min. We compared the duration of time
during which the bats had a Tskin above 30°C, because higher brain
temperature favours the possibility of sleeping and memory consolidation
(Palchykova et al., 2002; Roth et al., 2010). We used differences in the time
spent with Tskin>30°C as an indicator of the possibility of potential memory
consolidation. For comparison, we used only the times during which the bats
were in the climate chambers. iButtons were taken off after experiment
ended and before the bats were released.

Statistical analysis
All statistical analysis was conducted in R Version 2.15.2 (R Development
Core Team, 2012). For computation of mixed effects models, we used the
lme4 package (Bates et al., 2012). To compare the time spent with
Tskin>30°C and to compare maximum bout duration with Tskin<30°C, we ran
linear models containing both experiment type (food search versus perch
search) and treatment (7°C versus 22°C) as fixed factors. From the perch
search experiment, we only had one measurement per individual. For the
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Perch

Starting point

Fig. 6. Experimental setup used in the perch search experiment. Here,
the dry perch is only accessible from the right side.
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food search experiment, we had five measurements per individual. To
achieve more balanced data-sets, we analysed mean duration with
Tskin>30°C for each individual in the food search experiment. To compare
the proportion of correct decisions during one session, we ran generalized
linear mixed effects models for binomial data with day and treatment as
fixed factors and individual as random factor. To analyse search times, we
computed linear mixed effects models with day and treatment as fixed and
individual as random factors. All data on time, except for those of maximum
torpor bout duration, were log-transformed to achieve equal variance and a
distribution close to the normal distribution. All P-values reported were
derived from log-likelihood ratio tests of the minimal adequate model and
a model that differs from the minimal adequate model in not containing the
fixed effect in question. All box-and-whisker plots show median, 25th
percentile, 75th percentile, minimum and maximum. Outliers have values at
least 1.5 times the interquartile range (IQR) larger than the 75th percentile
or 1.5 times the IQR smaller than the 25th percentile.

Acknowledgements
We thank the Tabachka Bat Research Station team 2010 for support and Sue
Anne Zollinger and John Ratcliffe for helpful comments on an earlier version of the
manuscript. We acknowledge Katharina Clarin and Angela Clarin for help with the
logistic flow of the food search experiment. We are deeply thankful to the late Björn
Siemers, head of the Sensory Ecology Group in Seewiesen, Germany, for his
inspiration, support and friendship.

Competing interests
The authors declare no competing financial interests. 

Author contributions
I.R., B.M.S. and T.M.A.C. conceived and designed the experiments. I.R. performed
the experiments. I.R. and T.M.A.C. analyzed the data. B.M.S. contributed
reagents/materials/analysis tools. I.R., B.M.S. and T.M.A.C. contributed to the
writing of the manuscript.

Funding
The study was funded by the Max Planck Society and supported by the Polish
Ministry of Science and Higher Education (programme ‘Support for International
Mobility of Scientists’, decision number 547/MOB/2009/0). T.M.C. was supported
by the International Max Planck Research School (IMPRS) for Organismal Biology.

References
Barclay, R. M. R. and Harder, L. D. (2003). Life histories of bats: life in the slow lane.

In Bat Ecology (ed. T. H. Kunz and M. B. Fenton), pp. 209-253. Chicago, IL:
University of Chicago Press.

Bates, D., Maechler, M. and Bolker, B. (2012). lme4: Linear Mixed-Effects Models
Using S4 Classes. R package version 0.999999-0. Available from
http://cran.rproject.org/package=lme4

Chancellor, L. V., Roth, T. C., LaDage, L. D. and Pravosudov, V. V. (2011). The
effect of environmental harshness on neurogenesis: a large-scale comparison. Dev.
Neurobiol. 71, 246-252. 

Clarin, T. M. A., Borissov, I., Page, R. A., Ratcliffe, J. M. and Siemers, B. M. (2014).
Social learning within and across species: information transfer in mouse-eared bats.
Can. J. Zool. Rev. Can. Zool. 92, 129-139.

Clarin, T. M. A., Ruczyński, I., Page, R. A. and Siemers, B. M. (2013). Foraging
ecology predicts learning performance in insectivorous bats. PLoS ONE 8, e64823. 

Clemens, L. E., Heldmaier, G. and Exner, C. (2009). Keep cool: memory is retained
during hibernation in Alpine marmots. Physiol. Behav. 98, 78-84. 

Deboer, T. and Tobler, I. (1996). Natural hypothermia and sleep deprivation: common
effects on recovery sleep in the Djungarian hamster. Am. J. Physiol. 271, R1364-
R1371.

Deboer, T. and Tobler, I. (2000). Slow waves in the sleep electroencephalogram after
daily torpor are homeostatically regulated. Neuroreport 11, 881-885. 

Deboer, T. and Tobler, I. (2003). Sleep regulation in the Djungarian hamster:
comparison of the dynamics leading to the slow-wave activity increase after sleep
deprivation and daily torpor. Sleep 26, 567-572.

Dietz, M. and Kalko, E. K. V. (2006). Seasonal changes in daily torpor patterns of free-
ranging female and male Daubenton’s bats (Myotis daubentonii). J. Comp. Physiol.
B 176, 223-231. 

Dukas, R. (1999). Costs of memory: ideas and predictions. J. Theor. Biol. 197, 41-50. 
Gaisler, J., Hanák, V., Hanzal, V. and Jarský, V. (2003). Results of bat banding in the

Czech and Slovak Republics, 1948-2000 (in Czech). Vespertilio 7, 3-61.

Gaudet, C. L. and Fenton, M. B. (1984). Observational-learning in 3 species of
insectivorous bats (Chiroptera). Anim. Behav. 32, 385-388. 

Geiser, F. (2004). Metabolic rate and body temperature reduction during hibernation
and daily torpor. Annu. Rev. Physiol. 66, 239-274. 

Geiser, F. (2008). Ontogeny and phylogeny of endothermy and torpor in mammals and
birds. Comp. Biochem. Physiol. 150A, 176-180. 

Graves, L. A., Heller, E. A., Pack, A. I. and Abel, T. (2003). Sleep deprivation
selectively impairs memory consolidation for contextual fear conditioning. Learn.
Mem. 10, 168-176. 

Grinevitch, L., Holroyd, S. L. and Barclay, R. M. R. (1995). Sex-differences in the
use of daily torpor and foraging time by big brown bats (Eptesicus fuscus) during the
reproductive season. J. Zool. 235, 301-309. 

Guan, Z., Peng, X. and Fang, J. (2004). Sleep deprivation impairs spatial memory and
decreases extracellular signal-regulated kinase phosphorylation in the hippocampus.
Brain Res. 1018, 38-47. 

Mateo, J. M. and Johnston, R. E. (2000). Retention of social recognition after
hibernation in Belding’s ground squirrels. Anim. Behav. 59, 491-499. 

Matheson, A. L., Campbell, K. L. and Willis, C. K. R. (2010). Feasting, fasting and
freezing: energetic effects of meal size and temperature on torpor expression by little
brown bats. J. Exp. Biol. 213, 2165-2173.

Millesi, E., Prossinger, H., Dittami, J. P. and Fieder, M. (2001). Hibernation effects
on memory in European ground squirrels (Spermophilus citellus). J. Biol. Rhythms
16, 264-271. 

Page, R. A. and Ryan, M. J. (2005). Flexibility in assessment of prey cues: frog-eating
bats and frog calls. Proc. Biol. Sci. 272, 841-847. 

Palchykova, S., Deboer, T. and Tobler, I. (2002). Selective sleep deprivation after
daily torpor in the Djungarian hamster. J. Sleep Res. 11, 313-319. 

Palchykova, S., Winsky-Sommerer, R., Meerlo, P., Dürr, R. and Tobler, I. (2006).
Sleep deprivation impairs object recognition in mice. Neurobiol. Learn. Mem. 85,
263-271. 

R Development Core Team (2012). R: a language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna, Austria. Available at:
http://www.r-project.org/.

Robert, K. A. and Thompson, M. B. (2003). Reconstructing thermochron ibuttons to
reduce size and weight as a new technique in the study of small animal thermal
biology. Herpetol. Rev. 34, 130-132.

Roth, T. C. and Pravosudov, V. V. (2009). Hippocampal volumes and neuron numbers
increase along a gradient of environmental harshness: a large-scale comparison.
Proc. Biol. Sci. 276, 401-405. 

Roth, T. C., II, Rattenborg, N. C. and Pravosudov, V. V. (2010). The ecological
relevance of sleep: the trade-off between sleep, memory and energy conservation.
Philos. Trans. R. Soc. B 365, 945-959. 

Ruczyński, I. and Bartoń, K. A. (2012). Modelling sensory limitation: the role of tree
selection, memory and information transfer in bats’ roost searching strategies. PLoS
ONE 7, e44897. 

Ruczyński, I. and Siemers, B. M. (2011). Hibernation does not affect memory
retention in bats. Biol. Lett. 7, 153-155. 

Shettleworth, S. J. (2001). Animal cognition and animal behaviour. Anim. Behav. 61,
277-286. 

Smid, H. M., Wang, G., Bukovinszky, T., Steidle, J. L. M., Bleeker, M. A. K., van
Loon, J. J. A. and Vet, L. E. M. (2007). Species-specific acquisition and
consolidation of long-term memory in parasitic wasps. Proc. Biol. Sci. 274, 1539-
1546. 

Stickgold, R. (2005). Sleep-dependent memory consolidation. Nature 437, 1272-1278. 
Stoddard, P. K., Beecher, M. D., Horning, C. L. and Campbell, S. E. (1991).

Recognition of individual neighbors by song in the song sparrow, a species with song
repertoires. Behav. Ecol. Sociobiol. 29, 211-215. 

Sugai, R., Azami, S., Shiga, H., Watanabe, T., Sadamoto, H., Kobayashi, S.,
Hatakeyama, D., Fujito, Y., Lukowiak, K. and Ito, E. (2007). One-trial conditioned
taste aversion in Lymnaea: good and poor performers in long-term memory
acquisition. J. Exp. Biol. 210, 1225-1237. 

Trachsel, L., Edgar, D. M. and Heller, H. C. (1991). Are ground squirrels sleep
deprived during hibernation? Am. J. Physiol. 260, R1123-R1129.

Turbill, C., Körtner, G. and Geiser, F. (2003). Natural use of heterothermy by a small,
tree-roosting bat during summer. Physiol. Biochem. Zool. 76, 868-876. 

van Marken Lichtenbelt, W. D., Daanen, H. A. M., Wouters, L., Fronczek, R.,
Raymann, R. J., Severens, N. M. W. and Van Someren, E. J. W. (2006).
Evaluation of wireless determination of skin temperature using iButtons. Physiol.
Behav. 88, 489-497. 

von der Ohe, C. G., Garner, C. C., Darian-Smith, C. and Heller, H. C. (2007).
Synaptic protein dynamics in hibernation. J. Neurosci. 27, 84-92. 

Willis, C. K. R., Jameson, J. W., Faure, P. A., Boyles, J. G., Brack, V., Jr and
Cervone, T. H. (2009). Thermocron iButton and iBBat temperature dataloggers emit
ultrasound. J. Comp. Physiol. B 179, 867-874. 

Zhao, X., Sun, H., Tang, Z., Flanders, J., Zhang, S. and Ma, Y. (2010).
Characterization of the sleep architecture in two species of fruit bat. Behav. Brain
Res. 208, 497-501. 

RESEARCH ARTICLE The Journal of Experimental Biology (2014) doi:10.1242/jeb.106336


	Food search experiment
	Perch search experiment
	Fig./1. Number
	Fig./2. Number
	Fig./3. Time
	Fig./4. Number
	Fig./5. Time
	Training and testing in the food search experiment
	Training and testing in the perch search experiment
	Measurement of Tskin
	Statistical analysis
	Fig./6. Experimental

