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ABSTRACT 

Bats spend half of their life at roosting sites. Hence, exploring for potential roosts is an essential 

task for their survival, especially for those species which switch roosts regularly, such as several 

temperate bat species. However, localizing new roosts is a difficult task due to bats’ sensory 

limitations (e.g., vision, echolocation range). To compensate such constrains, it has been 

hypothesized that bats rely on cognitive processes like associative learning, spatial memory, social 

information use and memory retention for an efficient roost localization. However, no previous 

study has assessed these cognitive skills under natural conditions. 

The aim of my thesis was to assess how individually RFID-marked, free-ranging bats use different 

cognitive processes when localizing suitable day roosts. For this purpose, I used a pairwise roost-

quality (suitable vs. unsuitable) choice experiment with automatic monitoring and assessed bats’ 

cognitive processes according to different cues available. Cues were echo-reflective (spectral 

signature of boxes), spatial (position of the box within the experimental pair) and social (presence 

of conspecific at roosts), each one linked to a different cognitive process. 

I found that Bechstein’s bats (Myotis bechsteinii) used associative learning to discriminate between 

suitable and unsuitable newly placed boxes according to their echo-reflective cues. However, when 

individuals returned to known suitable roosts, they relied more on spatial memory to localize them. 

This was evidenced by the higher proportion of visits to the unsuitable boxes after swapping box 

positions within the same experimental pairs. When social cues were available, bats discovered a 

higher number of suitable roosts and re-localized previously occupied roosts more accurately. 

Taken together, Bechstein’s bats used multiple cognitive processes and prioritized one process 

over another depending on the relevance of the cues and search context. 

Memory retention of the learned association was analyzed one year later, after the bats had returned 

to their breeding sites from their hibernacula. I found no evidence that individuals remembered the 

association between roosts’ suitability and their respective echo-reflective cue. The lack of 

memory retention could be attributed to hibernation or the duration of the period that the bats spent 

away from their summer habitat without the opportunity to reinforce the association contingencies. 

Nevertheless, bats quickly relearned the same association in a short period of time. This 

emphasizes the high behavioral flexibility of the bats. 
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Given the ability of Bechstein’s bats to quickly learn to discriminate roosts based on their external 

echo-reflective cue via associative learning, I investigated whether the use of echo-reflective cues 

improves box detectability and further occupancy. This was also assessed in free-ranging 

Natterer’s (Myotis nattereri) bats and the brown long-eared bats (Plecotus auritus). I found that 

the use of echo-reflective cues did not improve the detectability and occupancy of newly placed 

boxes despite the previous experience of the colonies with such cues. There were differences 

among species in the number of discovered boxes, visits and roosting days. These differences 

could be related to the species-specific explorative behavior and roost-switching behavior. Box 

supplementations programs aimed to conserve or relocate bat colonies should consider these 

behaviors to increase their likelihood of success even when bat colonies are used to roosting in 

artificial shelters. 

My research underlined the importance of evaluating multiple cues under natural conditions to 

understand how natural selection has shaped the cognitive process used for localizing resources. 

Cognitive field studies are logistically challenging given the number of factors to control. 

However, automatic monitoring techniques like the one used in this study give the possibility to 

deepen the understanding of the cognitive ecology of animals. I finally discuss two venues of 

further research to understand the spread of information within colony members about novel roosts 

and the recruitment dynamic to novel roosts. 
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1. INTRODUCTION 

 

1.1 Roosting ecology of bats 

The morphological and behavioral adaptations of bats for roost occupancy evidence the significant 

role that the roosting ecology has in  the evolution of bats (Kunz and Lumsden 2003). 

Morphological adaptations include specialization in the skull shape, wrist, feet and cryptic pelage 

patterns (Kunz and Lumsden 2003; Santana et al. 2011; Rossoni et al. 2019). Behavioral 

adaptations affect, for example, group size and stability, grooming, clustering, social organization, 

roost fidelity, and roost switch patterns (Lewis 1995; Kunz and Lumsden 2003; Russo et al. 2005; 

ter Hofstede and Fenton 2005). These adaptations reflect the selective pressures imposed by the 

respective characteristics of roosts and how strong bats depend on them. There is a wide variety 

of roost types. According to their permanence (i.e., rate of formation and decay), roosts can be 

classified along a continuum from ephemeral (e.g., flaking bark, foliage, furled leaves) to more 

permanent shelters (e.g., hollow trees, caves, human-made structures) (Kunz and Lumsden 2003; 

Voss et al. 2016). The degree of dependence of a bat species on a specific roost type can range 

from obligatory to opportunistic, and can vary seasonally and be gender-specific according to their 

reproductive status (Hamilton and Barclay 1994; Kunz and Lumsden 2003; Barclay and Kurta 

2007). 

Regardless of the bat species’ degree of dependency on a particular roost type, bats spend at least 

half of their life at roosting sites (Kunz 1982). Roost availability has been long suspected to play 

a major role in the diversity of bat communities (Humphery 1972). Therefore, suitable roosts are 

a critical habitat element for bats (Kalcounis-Rüppell et al. 2005). Besides providing shelter against 

adverse weather conditions and predators, roosts also allow for social interactions and provide 

suitable thermal environments for hibernation, reproduction and rearing young (Hamilton and 

Barclay 1994; Vonhof and Barclay 1996). Depending on the degree of specificity of the bat species 

to their roosts and their availability in the environment, roosts can be a limiting factor for bats' 

survival (Crampton and Barclay 1996; Sedgeley and O’Donnell 1999). Since the far majority of 

bat species cannot create their roosts, exploring for potential roosting sites is an essential task for 
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their survival. This is especially true for those bat species that rely on ephemeral roosts or switch 

roosts regularly (Ruczyński et al. 2007; Russo et al. 2017). 

Temperate forest bats use a great variety of roost types and switch roosts regularly (Kühnert et al. 

2016). The permanence of the roost type influences roost switching behavior; however, other 

factors elicit this behavior. For example, the barbastelle bat (Barbastella barbastellus) commonly 

roosts under flaking bark (Russo et al. 2005). Given the ephemeral nature of this roost type, 

individuals switch roosting sites on average every three days (Russo et al. 2005). Other tree-

dwelling bats also present roost switching behavior despite using more permanent roosts like tree-

cavities (Kerth et al. 2001; Ruczyński and Bogdanowicz 2005; Popa-Lisseanu et al. 2008; Dietz et 

al. 2018). 

Besides the ephemerality of roosts, several hypotheses have been proposed to explain roost 

switching behavior. Roost switching has been explained as a strategy to minimize predation, avoid 

parasitism (Bartonička and Gaisler 2007; Reckardt and Kerth 2007), meet thermoregulatory 

requirements regarding bats’ reproductive status (Hamilton and Barclay 1994; Kerth et al. 2001; 

Russo et al. 2017), maintain social bonds (Willis and Brigham 2004; Wilkinson et al. 2019) and 

enhance colony knowledge about roosting resources (Kerth and Reckardt 2003; Popa-Lisseanu et 

al. 2008). 

Roost switching requires a high abundance of suitable roosts (O’Donnell and Sedgeley 1999). 

Although some roosts types can be apparently abundant, bats are highly selective about where they 

roost (Sedgeley and O’Donnell 1999), hence suitable roosts might often be in short supply. Roost 

selection has received much attention given its importance in bats’ lifes (Kunz 1982). 

Understanding how bats select their roosts has valuable implications for bat conservation. 
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1.2 Roost selection by bats 

The number of studies on roost selection by tree-dwelling bats has increased rapidly in the last 

three decades (Nado and Kaňuch 2015). Roost selection patterns have been studied using different 

methodological approaches at different observational scales. A typical approach to infer roost site 

selection involves measuring and comparing environmental characteristics of areas with and 

without bat activity (Kalcounis-Rüppell et al. 2005). Bat activity is usually assessed via acoustic 

monitoring or by the presence and number of occupied roosts. The miniaturization of radio-

transmitters has made it possible to conduct telemetry studies and track individual bats to their 

actual roosting sites (Vonhof and Barclay 1996; Sedgeley and O’Donnell 1999). 

The ability to find occupied roosts has allowed assessing which environmental factors influence 

roost selection (Sedgeley and O’Donnell 1999; Perry et al. 2007). Environmental factors are 

measured at different spatial scales ranging from microclimate and characteristics of cavities to 

landscape configuration (Sedgeley 2001; Perry et al. 2007). Many studies have found that bats 

prefer to roost in large trees with open canopies in non-fragmented landscapes (Kalcounis-Rüppell 

et al. 2005; Nado and Kaňuch 2015). At a microclimatic scale, bats prefer roosts with temperatures 

and humidity that offer substantial energetic benefits (Kerth et al. 2001; Sedgeley 2001). These 

microclimatic conditions are related to cavity features like height above ground, entrance size and 

aspect, internal volume and thickness of walls (Ruczyński and Bogdanowicz 2005). Comparisons 

between occupied roost and potentially available cavities have demonstrated that bats are highly 

selective for safe and warm shelters (Sedgeley 2001; Ruczyński and Bogdanowicz 2005). 

However, roost selection has been observed to be species-specific and depends on sex and their 

reproductive cycle (Dietz et al. 2018). 

The knowledge about roost site selection of tree-dwelling temperate zone bats is greatly based on 

the external and internal characteristics of cavities (Kunz and Lumsden 2003; Kalcounis-Rüppell 

et al. 2005). Although this information has helped to predict suitable areas for bat conservation, 

there is limited information about how bats actually detect and recognize new roosts (Ruczyński 

et al. 2007). Behavioral studies have started to fill this gap with sensory and cognitive experiments, 

mostly conducted under laboratory conditions (Ruczyński et al. 2009). 
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1.3 Roost localization by bats 

Exploring potential roosting sites is an essential but difficult task for all bat species irrespective of 

their ecology (Ruczyński et al. 2009). It is assumed that once an individual bat localizes a potential 

roost, it relies on its spatial memory to relocate the roost for further occupation (Winter et al. 2005). 

However, bats need to detect and recognize suitable roosts on their very first visit to a new cavity 

(Ruczyński et al. 2007). Roost localization by bats has been investigated from a sensory ecology 

approach using bat species with different flight, echolocation and visual abilities (Ruczyński et al. 

2009, 2011). 

Recent research has investigated the role of bats’ different sensory channels (i.e., echolocation, 

vision, hearing, smell and thermo-sensation) to find roosts effectively. The evaluation of the 

different sensory channels has been addressed with roost finding experiments that provides sensory 

cues of different nature. The relative relevance of each sensory cue is assessed according to the 

bats’ efficiency to find new cavities (e.g., search time) in the presence or absence of the respective 

cues (Ruczyński et al. 2009, 2011). Sensory cues can be classified into non-social (echolocation, 

vision and temperature) and social sensory cues (bat odors, echolocation and social calls; 

Ruczyński et al. 2007). 

Besides echolocation, bats can exploit other non-social and social cues to recognize new potential 

roosting sites (Ruczyński et al. 2007). The use of social cues such as eavesdropping on 

echolocation calls of conspecifics, or active recruitment through social calls requires that at least 

one member of the colony finds a new suitable roost (Chaverri et al. 2010; Schöner et al. 2010; 

Gillam et al. 2013). Other social cues such as odors have been proved to be of less importance for 

roost recognition (Ruczyński et al. 2007). When there is a lack of social information, bats rely on 

their sensory abilities to recognize new roosts. Echolocation, as well as visual information, can be 

used. For instance, bats can identify and locate roosts in high cluttered environments according to 

their specific echo-reflective signature as in the case of the Hardwicke’s wooly bat (Kerivoula 

hardwickii) which roosts in pitcher plants of the genus Nepenthes (Schöner et al. 2015). Regarding 

visual cues, the brown long-eared bat (Plecotus auritus), can identify tree cavities with certain 

visual characteristics (contrast around cavity) under dim light conditions (Ruczyński et al. 2011). 

In general, bats are more efficient in finding new roosts when echolocation and social calls of 
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conspecifics are present than when bats only rely on their own non-social information (Schöner et 

al. 2010; Furmankiewicz et al. 2011). 

There are interspecific differences in the use of different sensory cues for roost finding. These 

differences lie in the flight maneuverability and echolocation call amplitude of the bat species 

(Ruczyński et al. 2009). Recognizing a cavity entrance in an irregular three-dimensional space like 

a tree trunk is a very challenging echolocation task. The degree of difficulty might be higher for 

fast-flying bat species (e.g., Nyctalus noctula) compared to more maneuverable species that have 

the ability to hover for a finer entrance inspection (e.g., Plecotus auritus, Myotis daubentonii). The 

amplitude and high frequency of echolocation calls also affect the possibility for bats to eavesdrop 

on such calls for finding roosts. Echolocation calls with high amplitudes affect their detection 

range and consequently have limited use as a social cue to find new roosts (Ruczyński et al. 2009). 

On the contrary, social calls have lower frequencies and are usually loud. Hence, social calls are 

well-suited for long-range communication and, consequently, they are potentially a more effective 

cue for roost localization (Ruczyński et al. 2009; Chaverri et al. 2010; Schöner et al. 2010). 

Since localizing new roosts is a difficult task due to bats’ sensory limitations, it has been proposed 

that bats adjust their behavior to decrease the energetic cost implied (Ruczyński and Bartoń 2012). 

Such adjustments in behavior are related to cognitive processes that ensure an effective localization 

of new roosts. 
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1.4 Cognitive process involved in roost localization 

Searching for crucial resources for survival and reproduction, such as food or shelters, can be a 

significant challenge for animals when those resources are scarce or otherwise difficult to locate 

(Dall et al. 2005; Hills et al. 2015; Valdes and Laidre 2018). How well animals can find resources 

depends on the environmental conditions as well as the sensorial and cognitive abilities of the 

respective species. By continuously gathering information from the environment through their 

senses, animals can improve their chance to find resources that have an unpredictable spatio-

temporal distribution (Dall and Johnstone 2002). Collecting information, however, is made at the 

expense of time and energy that can be used for other biological demands such as growth and 

reproduction (Dall et al. 2005). Consequently, it is expected that animals evolved fine-tune 

sensorial systems that best suit the ecological demands of their environment and thus minimize 

such costs (Niven and Laughlin 2008). 

From a bat’s sensory point of view, roost localization is a difficult perceptual task that requires 

time and energy (Ruczyński and Bartoń 2012). It has been hypothesized that bats rely on 

behavioral adaptations to compensate for their sensory constraints for an efficient roost search. 

Cognitive processes allow animals to improve their localization of resources through experience 

and interaction with environmental cues (Brown 2012) to which animals need to respond according 

to their relevance (Fawcett and Johnstone 2003; Shettleworth 2005). Environmental cues can be 

object-specific (i.e., colors, shapes), spatial (position of objects in the space) and social (when 

derived from the activity of other animals) (Zentall 2006; Herborn et al. 2010). These cue types 

can be related to different cognitive processes, among them: (1) associative learning, (2) spatial 

memory and (3) social information use (Box 1). 

Ruczyński and Bartoń (2012) proposed that these three cognitive processes are compensatory 

strategies of bats’ sensorial limitations for roost localization. The role of these cognitive skills in 

resource localization by bats has been mainly studied in a foraging context. For example, 

experimental studies have demonstrated that the frog-eating bat (Trachops cirrhosis) can use 

associative learning and social information to acquire novel foraging behavior. The frog-eating bat 

can rapidly alter associations between preys’ acoustic cues and quality (Page and Ryan 2005) and 

quickly acquire novel foraging behavior from conspecifics (Page and Ryan 2006). In experimental 

studies, the nectar-feeding bat (Glossophaga soricina) can learn to discriminate among objects 
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resembling bell-shaped flowers with different echo-acoustic properties. This species discriminates 

not only between hollow forms (paraboloid vs. hemisphere) but also shapes of different sizes 

associated with rewarded and unrewarded feeders (von Helversen 2004; Simon et al. 2006). These 

studies evidenced the bats’ ability to learn associatively and use social information for exploiting 

novel resources. However, few studies assess the cognitive processes in a roost-selection context 

(but see: Schöner et al. 2015). 

Roost localization by bats gives us an attractive scenario to assess how different cognitive abilities 

integrate for an optimal resource searching. On the one hand, roosts are an excellent example of a 

resource that is scarce but stable in space and time (but see: Rodríguez-Herrera et al. 2018). On 

the other hand, bats possess different cognitive abilities that might aid them to search for optimal 

roosts (Ruczyński and Bartoń 2012). Most of the studies assessing the cognitive abilities of bats 

are conducted under laboratory conditions. However, there is an increasing number of studies that 

address these cognitive abilities of wild animals directly in the natural habitat where they have 

evolved (Byrne and Bates 2011; Morand-Ferron et al. 2016). 

 

Box 1: Cognitive processes 

Associative learning is a basic cognitive mechanism that allows animals to form associations 

between cues and resources or events relevant for their survival (Heyes 1994; Dukas 1999). 

Associative learning has been studied in a wide range of organisms and behavioral contexts such 

as foraging, predator avoidance, prey recognition, mate choice, navigation and shelter selection 

(Ginsburg and Jablonka 2010). The generalization of cue-reward associations increases animals’ 

efficiency to recognize resources, as well as to assess their quality and exploit them, particularly 

when such resources are novel or hard to find. Consequently, associative learning has an adaptive 

significance in many contexts and thus it is widespread among animals (Morand-Ferron 2017). 

Spatial memory is a cognitive process for memorizing the location of resources after being 

previously discovered (Benhamou 1994). A good spatial memory increases the accuracy in re-

localizing previously discovered resources. This cognitive process is influenced by the life history 

of the species or the resource’s nature to be searched (Krebs 1990; Shettleworth 1990; Rosati et 

al. 2014). For example, birds with different foraging ecology, which can be categorized into food-
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storing (mainly parids and corvids) and non-storing species, differ in their spatial memory 

(Shettleworth 1990). Food-storing species rely more on spatial cues for retrieving caches than non-

storing species (Boyd and Richerson 1988; Galef and Giraldeau 2001). Regarding the nature of 

the resource, spatial memory would be favored when the resources are spatiotemporally 

predictable. For example, flower resources tend to have a non-random distribution. Thus nectar-

feeding animals like bees and hummingbirds depend on their spatial memory to carry out profitable 

searches (Orth and Waddington 1997; Hurly and Oseen 1999). 

Social information use is a cognitive process based on associative mechanisms (Heyes 2012). It 

allows animals to learn from the outcome of the behavior from conspecifics with similar ecological 

requirements (Seppänen et al. 2007). Animals can increase their efficiency in localizing resources 

by using social information which is typically obtained directly from conspecifics or indirectly 

from the products of their behavior, such as feces or inadvertently emitted sounds (Danchin et al. 

2004; Galef and Laland 2005). In either way, social information use can reduce the costs of 

localizing and assessing resources compared to when animals use non-social information (Galef 

and Giraldeau 2001). 

  



INTRODUCTION 

 
 

15 

1.5 Aims and methods 

Bats’ cognitive processes involved in roost localization have not been assessed before in the wild. 

In the present dissertation, I assess the interplay of associative learning, spatial memory and social 

information use in roost localization with free-ranging bats. This dissertation is made up of three 

publications. In publication 1, I aimed to understand whether and how individually RFID-marked, 

free-ranging Bechstein’s bats (Myotis bechsteinii) use associative learning, spatial memory and 

social information when localizing suitable day roosts. In publication 2, I assessed the memory 

retention ability of a learned association after a natural period of hibernation of Bechstein’s bats. 

In publication 3, I investigated, taking into consideration the associative learning ability of bats, 

whether echo-reflective cues make artificial roosts more detectable and improve their occupancy 

by Bechstein’s bats, Natterer’s bats (Myotis nattereri) and the brown long-eared bat (Plecotus 

auritus) compared to boxes without such cue. 

 

1.5.1 Experimental apparatus 

I assessed the bat’s cognitive processes by using a pairwise roost-quality choice experiment. I 

introduced experimental pairs of bat boxes hung side by side on the same tree separated from each 

other by 25 cm. An experimental pair consisted of an open “suitable” and a blocked “unsuitable” 

box. I marked each box type (suitable vs. unsuitable) with a distinctive echo-reflective cue. As 

echo-reflective cues, I used hollow concave hemispheres made of plexiglass with a radius of 40 

and 50 mm. The hemispheres were glued to the lid of the boxes. To ensure that each hemisphere 

size had a distinctive echo-signature, their spatio-spectral features were characterized. 

Experimental boxes were monitored permanently during the experimental time using RFID-

loggers. I assessed the cognitive processes involved in roost localization by analyzing the nightly 

roost visitation pattern of each bat obtained from the logger data. Logger data are composed of the 

identity of the bat (a unique alpha-numeric code from the RFID- tag), date and time of the reading. 
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1.5.2 Data processing 

Logger-data processing before data analysis was the same for each publication. I considered only 

the first record per bat to a given box per night as a ‘visit’ to avoid pseudo-replication due to 

revisits to the same box during the night. Bat revisits were accounted for when there were 10 

minutes of difference from the same individual’s previous record. Then, I chronologically arranged 

each bat’s visits to the experimental boxes so that I had a record of every consecutive visit 

according to the box type visited. 

The variables for each visit were recorded as follows (Figure 1):  

(i) Box type, ‘suitable’ or ‘unsuitable.’ 

(ii) Experience of a bat, was defined depending on whether or not the bat had visited a 

given box for the first time as ‘naïve’ or ‘experienced,’ respectively. 

(iii) Information type, categorized as ‘non-social’ or ‘social.’ I considered visits as ‘non-

social’ when no other colony members had been recorded within 1 minute, and ‘social’ 

information as visits involving more than one bat. 

(iv) Pair discovery, was the first visit of each bat to an experimental pair. 

(v) Cumulative number of suitable and unsuitable visits. 

 



INTRODUCTION 

 
 

17 

 

Figure 1. Algorithm for logger-data processing. Each record corresponds to a logger-data entry 
of a given experimental box. 
 

1.5.3 Field sites and bat monitoring 

I monitored bat colonies from 2016 to 2018 between April and September in two different 

deciduous forest sites (BS and UA) close to the city of Würzburg, Germany. Each site holds a 

different composition of bat species and number of colonies (Table 1). All bat colonies commonly 

roost in bat boxes (model 2FN, Schwegler, Germany) and to a lesser degree in natural tree cavities. 

Colonies have been continuously monitored for more than twenty years (Kerth et al. 2002). All 

adult female bats present in the colonies were previously subcutaneously tagged with a glass 

encapsulated RFID-tag (Trovan, Germany). New females in the colonies were tagged at the 

beginning or at the end of the breeding season each year. Roost monitoring was performed daily 

by inspecting previously installed bat boxes in each forest site. If bats were observed in a box, an 

automatic RFID-logger was installed. The number and identity of the tagged bats roosting together 

were subsequently obtained. Behavioral experiments were conducted along with the bat-roosting 

monitoring. 
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Table 1. Colonies monitored between 2016 and 2018 in each field study site. Field 
experiments conducted are indicated by the number of publication (see section 4). 

Field site Boxes deployed Bat colony (size range) Field experiments 

BS 120 

Myotis bechsteinii (8 - 12) 

M. nattereri (107 - 105) 

Plecotus auritus 1 (6 - 12) 

P. auritus 2 (3 - 6) 

P. auritus 3 (10 - 11) 

Publication 1, 2, 3 

Publication 3 

Publication 3 

Publication 3 

NA 

UA 49 M. bechsteinii (22 - 30) Publication 1 
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2. RESULTS AND DISCUSSION 

 

2.1 General findings 

I found that free-ranging Bechstein’s bats used associative learning, spatial memory and social 

information when localizing suitable roosts. The use of one or another cognitive process depends 

on the search context and cues available. These results suggest that Bechstein’s bats make a 

hierarchical use of these cognitive processes when localizing suitable day roosts (Hernández-

Montero et al. 2020a). 

Bechstein’s bats were able to associate the echo-reflective cue of the boxes with their habitability. 

However, I found no evidence of memory retention when presenting the same association 

contingencies in a second breeding season with the same individual bats after hibernating. 

Nevertheless, bats quickly re-learned the same association during the second breeding season, 

emphasizing Bechstein's bats' high behavioral flexibility (Hernández-Montero et al. 2020b). 

Based on the previous results, I investigated whether the use of echo-reflective cues improved the 

detection and occupancy of newly placed boxes by Bechstein’s bats, Natterers bats and the brown 

long-eared bat. All three species were already familiar with this cue as an indicator of suitability. 

I found that attaching an echo-reflector to newly placed bat boxes did not improve their discovery 

and subsequent occupation compared to boxes with no cue (Hernandez-Montero et al., submitted). 

The differences among species in the use of newly placed boxes can be related to the species-

specific exploration and roost-switching behavior. 
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2.2 Cognitive processes involved in roost localization 

I found that free-ranging bats used associative learning, spatial memory and social information for 

roost localization. The use of one or another depended on the context of search and cues available 

(Hernández-Montero et al. 2020a). 

There are two search contexts: discovery and re-localization. Discovery is when bats encounter a 

new potential roost for the first time. Re-localization is when bats return to a previously known 

roost. I assessed three available cues, object-specific cues, spatial cues, and social cues. Object-

specific cues were the echo-reflectors of two different sizes (ø40 and ø50 mm) attached to each 

box type (suitable and unsuitable), each echo-reflector with a characteristic echo-acoustic 

signature. Spatial cue is the position of the box within a pair hung on the tree (left or right). Social 

cues were inferred by the presence of conspecifics at the boxes according to the logger data; in this 

regard, a bat can visit a given box alone (non-social) or with another colony member (social). 

When a bat discovered a box by itself (i.e., non-socially), it used associative learning to 

discriminate between suitable and unsuitable boxes according to their echo-acoustic signature 

(object-specific cue). This was evidenced by the higher number of box discoveries when visiting 

first the suitable box than the unsuitable one. The probability of discovering a suitable box 

increased as bats gather experience with the discrimination task. The associative learning ability 

using artificial echo-acoustic cues has been previously demonstrated with nectar-feeding bats in a 

foraging-related task (von Helversen 2004; Simon et al. 2006). Associative learning has been 

proposed as the most plausible strategy to decrease roost localization costs, given the sensory 

limitations of bats (Ruczyński and Bartoń 2012). My results show for the first time that bats can 

also use associative learning in a roost selection context as previously suggested (Ruczyński et al. 

2009). 

After box discovery, bats readily used the suitable experimental boxes as day roosts. This allowed 

me to test spatial memory's role by swapping the position of boxes within pairs after bats had left 

the suitable roost. I compared the proportions of bats visiting the suitable box before and after 

swapping the boxes. Most of the bats revisiting the experimental pairs, after swapping box 

positions, visited the unsuitable box located where the suitable box had been previously. Since 

both boxes still had the distinctive echo-reflector attached, this result suggests that bats prioritize 
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spatial memory over a cue-directed search (associative learning) to re-localize suitable roosts. This 

result is intuitive, given the spatio-temporal stability of the roosts of temperate forest bats (e.g., 

tree cavities), spatial cues would be more reliable for re-localizing known roosts (Lučan et al. 

2009). 

The use of associative learning and spatial memory was assessed with bats using non-social 

information to exclude social cues. When social cues (presence of experienced conspecifics at 

roosts) were available, bats enhanced roost search either when discovering unfamiliar roosts or 

when re-localizing known suitable roosts. The presence of conspecifics is probably the most 

relevant cue for roost selection (Russo et al. 2017). When individuals face similar environmental 

requirements, in this case suitable day roosts, the presence of conspecifics may indicate the 

location of resources (Danchin et al. 2004). For social species that benefit from the presence of 

conspecifics for thermoregulation (Pretzlaff et al. 2010), social cues might play a more important 

role than non-social cues (i.e., object-specific and spatial cues) when searching for roosts (Kerth 

and Reckardt 2003). 

Taken together, Bechstein’s bats used multiple cognitive processes, each related to a specific cue 

type. The results evidenced that Bechstein’s bats prioritize one cognitive process over another 

depending on the relevance of the cue and the search context. The decision strategy to favor one 

cognitive process over another conforms to the ‘rule-of-thumb’ approach (Hutchinson and 

Gigerenzer 2005). This approach proposes that animals rank multiple cues available in the 

environment according to their relevance and thus favor a particular cognitive process (Fawcett 

and Johnstone 2003). My study underlines the importance of evaluating multiple cues that animals 

might use in resource search under natural conditions (Fawcett et al. 2014). 
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2.3 Memory retention of learned associations 

After ascertaining the associative learning ability of Bechstein’s bats to discriminate suitable 

roosts, I evaluated the memory retention of the same association contingencies in the consecutive 

summer after a natural hibernation period. Taking advantage of the colony fidelity of female 

Bechstein’s bats, I evaluated memory retention in nine of twelve individuals present in the first 

breeding season in the BS colony. Based on the effects that hibernation has in the brain functions, 

it is commonly assumed that hibernation impairs memory retention (Daan et al. 1991; Palchykova 

et al. 2002; von der Ohe et al. 2007). However, given the life history of bats (long lifespans, high 

mobility and living in complex environments), it has been hypothesized that memory retention in 

bats is highly adaptive (Ruczyński and Siemers 2011). 

I assessed associative learning and memory retention by comparing the proportion of visits to 

suitable boxes within and between breeding seasons, respectively. The increase in the proportion 

of visits during the first breeding season showed that bats quickly learned the association between 

the box suitability and its external echo-reflective cue. Bats maintained this behavior until the end 

of the breeding season. However, after bats had returned from their hibernacula, the proportion of 

visits to suitable boxes was significantly lower. This result suggests that bats lack memory 

retention after returning from hibernation. Despite this drop in the proportion of visits to suitable 

boxes, I observed a similar increasing pattern during the second breeding season, as observed in 

the first one. This result hints that bats could quickly re-learn the association in the second breeding 

season (Hernández-Montero et al. 2020b). 

Bechstein’s bats’ fast associative learning ability is in accordance with previous lab studies using 

other bat species ecologically similar to Bechstein’s bats such as Myotis nattereri (Siemers 2001; 

Page et al. 2012) and M. emarginatus (Clarin et al. 2013). However, the lack of evidence for 

memory retention contrasts with previous lab studies that have confirmed memory retention of an 

associative task after hibernation in squirrels (McNamara and Riedesel 1973), salamanders 

(Kundey et al. 2018) and bats (Clarin et al. 2014). Differences with previous studies might be 

based on the experimental conditions, such as the elapsed time between initial training and 

hibernation, hibernation length, and elapsed time between arousal from hibernation and retention 

test. Unlike previous studies, my experiment was conducted under natural conditions that reflect 
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the natural seasonality of Bechstein’s bats. Hence, the unnatural effects due to an artificial 

hibernation onset and length can be discarded. 

However, given that I could not have a non-hibernating control group of bats due to logistic reasons 

(e.g., housing), I cannot completely attribute the lack of memory retention to hibernation. I propose 

two possible explanations for the observed drop in the proportion of visits to suitable boxes 

between the first and the second breeding season. Either 1) bats forgot the association 

contingencies or 2) bats remembered them but explored newly placed boxes as an information 

updating strategy about current roosting options. 

My first explanation (bats forgot the associations) is based on two traditional theories of forgetting 

(Wixted 2004). The loss of memory is attributed to interference from distracting elements 

(interference theory) or the deterioration of memory traces due to metabolic processes (decay 

theory). In my study, there were eight months between the last trials in the first year and the first 

trials in the second year of which at least five months correspond to hibernation (Van Schaik et al. 

2015). This makes both theories plausible. 

The second explanation proposes that even though bats remembered the learned association, this 

knowledge did not affect their exploration of newly placed boxes. The sampling of alternative 

locations after learning to discriminate resources accurately is apparently an irrational behavior 

(Fawcett et al. 2014). However, the persistence of inspecting unsuitable roosts can be linked to a 

strategy for optimal decision-making in changing environments or to the non-existent costs 

associated with such behavior (Houston et al. 2007). Whatever the reason behind this behavior 

may be, it cannot be ruled out that individuals do not benefit from resampling alternative roosting 

options. 

I cannot determine to what extent the lack of memory retention was due to hibernation itself or the 

time that the bats spent apart from their summer habitat without the opportunity to reinforce the 

association contingencies. Despite this apparent lack of memory retention, my results also 

confirmed the rapid learning ability of bats, underlining their high behavioral flexibility (Page et 

al. 2012). How bat species react to new roosting options (i.e., exploration and occupancy) 

determines, in the long term, the success of species management measures (Rueegger et al. 2019). 
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2.4 Use of echo-reflectors to attract bats to newly placed boxes 

Bechstein’s bats quickly learned to discriminate between suitable and unsuitable roosts based on 

their external echo-reflective cue via associative learning (Hernández-Montero et al. 2020a, b). 

Based on this finding, I investigated whether using an external echo-reflective cue improves the 

detectability and attractiveness of newly placed boxes compared with boxes without such a cue 

(henceforth, ‘modified’ vs. ‘unmodified’; Hernandez-Montero et al., submitted). I inferred box 

detectability by recording the number of discovered boxes and the elapsed days since box 

installation until box discovery. Attractiveness was inferred through the number of visits and the 

number of days that bats used a box as a day roost. This last experiment also assessed the reaction 

of other two sympatric bat species in Blutsee, Natterer’s bats (Myotis nattereri) and the brown 

long-eared bat (Plecotus auritus) to newly placed boxes. 

The use of echo-reflective cues improved neither the detectability nor the attractiveness of newly 

placed boxes. Only Natterer’s bats discovered modified boxes faster compared to unmodified 

boxes. However, none of the three bat species discovered more boxes with echo-reflective cues 

than unmodified boxes, suggesting that echo-reflective cues did not improve the detectability of 

the boxes. Modified boxes were not more attractive than unmodified boxes according to the 

number of visits and the number of days that bats used the newly placed boxes as day roosts. 

Interestingly, although Bechstein’s bats had learned previously to associate echo-reflective cues 

with the suitability of the boxes (Hernández-Montero et al. 2020a), they visited and occupied 

unmodified boxes more frequently. The possibility that bats forgot the association could be ruled 

out because they were able to re-learn it after returning from their hibernacula (Hernández-

Montero et al. 2020b). Natterer’s bats and the brown long-eared bats also had experience with 

boxes with echo-reflective cues in the previous two years. However, these two species visited 

experimental boxes to a lower degree compared to Bechstein’s bats. 

Overall, all three bat species did not seem to be more attracted to boxes with echo-reflective cues. 

However, there were differences in the explorative behavior towards newly placed boxes, modified 

or unmodified. Although Natterer’s bat and the brown long-eared bat explored newly placed boxes, 

they did it to a lesser degree than Bechstein’s bats. Differences among bat species in the 
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exploration and use of newly placed boxes could be related to species-specific explorative behavior 

and roost-switching behavior (Lučan et al. 2009; Fleischmann and Kerth 2014).  

The explorative and roost-switching behavior of bat species can have conservation implications. 

Box supplementation programs aimed to conserve or relocate bat colonies should consider these 

behaviors. Even when bats are already familiar with artificial roosts, the occupancy of newly 

placed boxes may take longer than expected. 

 

2.5 Conclusions 

My results confirm previous suggestions derived from lab and simulation studies that free-ranging 

bats use different cognitive skills to localize suitable roosts (Ruczyński et al. 2009; Ruczyński and 

Bartoń 2012). The use of one or another cognitive skill depends on the search context and cues 

available suggesting that bats made a hierarchical use of different cognitive processes when 

localizing day roosts (Fawcett and Johnstone 2003). The assessment of multiple cues available in 

the physical and social environment, where animals have evolved, gives a broader perspective of 

animals’ cognitive ecology (Fawcett et al. 2014; Morand-Ferron et al. 2016).  

My memory retention study is, to the best of my knowledge, the first field study that attempts to 

assess memory retention in a hibernating animal. Contrary to previous studies with bats, I found 

no evidence of memory retention of a learned association (Ruczyński and Siemers 2011; Clarin et 

al. 2014). However, bats quickly re-learn the association, evidencing their high behavioral 

flexibility (Page et al. 2012). 

Despite the bats’ learning ability to associate an artificial cue with a roost’s habitability, the use of 

echo-reflective cues did not improve the detectability of newly placed roosts. Even after being 

familiar with the echo-reflective cues, bats seemed to prefer newly placed boxes without such cues. 

The differences among bat species in the exploration and occupancy of newly placed boxes should 

be considered to increase the likelihood of success of box supplementation programs. 
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2.6 Perspectives 

RFID-monitoring provides several advantages over traditional observation methods (e.g., focal 

observation), especially when observing elusive nocturnal animals like bats. However, it also has 

some limitations because the interaction among individuals has to be statistically inferred. 

Considering the nature of the RFID-monitoring data, I would like to address two further research 

possibilities to deepen the understanding of roost localization behavior. 

The first possibility takes advantage of the data obtained in this study or in similar experimental 

designs to explore the emerging leadership patterns in collective roost localization. By using a 

social network analysis approach it could be possible not only to explore association patterns 

among individuals (Wilkinson et al. 2019) but also to assess how the information about new 

roosting sites spread among colony members (Kerth and Reckardt 2003). Several questions 

regarding collective decisions can be addressed using this approach (Palacios-Romo et al. 2019). 

For example, is there a leader? What particular attributes does a leader have (e.g., age, time in the 

colony, kin relationship, centrality)? Does the use of social information influence roosting 

decisions? Previous social network analyses have revealed that Bechstein’s bats form non-random 

associations and that such associations are stable over time despite their high fission-fusion 

dynamic (Kerth et al. 2011). These past results can lead to the hypothesis about the dynamic of 

information transfer in a roost discrimination and learning context. 

A second follow-up research possibility to deepen the understanding of how bats recruit members 

to suitable roosts is to complement the automatic RFID monitoring with other observation 

methods. For example, by using only RFID-logger data, it can observed which individuals actually 

enter the boxes and inferred which individuals act as followers. Bats may use social calls to attract 

and coordinate group cohesion during roost switching (Schöner et al. 2010; Sagot et al. 2018). 

Complementing RFID-logger data with acoustic monitoring and video surveillance at roosts could 

provide a better understanding of the leading-following and recruitment dynamic. The use of such 

observation methods would not only complement the RFID-logger data but also validate it 

(Nomano et al. 2014). For example, the length of the time span for categorizing social or non-

social visits could be fine-tuned using video-recordings. The use of acoustic monitoring can not 

only provide a hind of the social behavior taking place at roosts, but also extend the observation 

range outside their immediate limits.
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Abstract
Animals have evolved different cognitive processes to localize crucial resources that are difficult to find. Relevant cognitive 
processes such as associative learning and spatial memory have commonly been studied in a foraging related context under 
controlled laboratory conditions. However, in natural environments, animals can use multiple cognitive processes to localize 
resources. In this field study, we used a pairwise choice experiment and automatic roost monitoring to assess how individu-
ally marked, free-ranging Bechstein’s bats belonging to two different colonies use associative learning, spatial memory and 
social information when localizing suitable day roosts. To our knowledge, this study tests for the first time how associative 
learning, spatial memory and social information are used in the process of roost localization in bats under the natural con-
ditions. We show that, when searching for new roosts, bats used associative learning to discriminate between suitable and 
unsuitable roosts. For re-localizing previously occupied roosts, bats used spatial memory rather than associative learning. 
Moreover, bats significantly improved the localization of suitable unfamiliar roosts and tended to increase their accuracy 
to re-localize previously occupied day roosts using social information. Our field experiments suggest that Bechstein’s bats 
make hierarchical use of different cognitive processes when localizing day roosts. More generally, our study underlines that 
evaluating different cues under natural conditions is fundamental to understanding how natural selection has shaped the 
cognitive processes used for localizing resources.

Keywords Cognition · Associative learning · Spatial memory · Social information · Myotis bechsteinii

Introduction

Localizing resources that are crucial for survival and repro-
duction such as food or shelters can be time and energy 
consuming (Dall and Johnstone 2002). Consequently, ani-
mals have evolved sensory systems and cognitive processes 
that maximize net benefits by minimizing resource location 
costs (Niven and Laughlin 2008). Cognitive processes allow 
animals to improve their localization of resources through 
experience and interaction with environmental cues (Brown 
2012) to which animals need to respond according to their 
relevance (Fawcett and Johnstone 2003; Shettleworth 2005). 
Cues can be object-specific (i.e., colors, shapes), spatial 
(position of objects in space) (Herborn et al. 2010) and 
social (when derived from the activity of other animals; 
Zentall 2006). These cue types can be related to different 
cognitive processes, among them: (1) associative learning, 
(2) spatial memory and (3) social information use.

Associative learning is a cognitive process that allows 
animals to build neural representations of associations 
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Testing animals’ cognitive process in their natural habitat is highly 
challenging. We assess for the first time how Bechstein’s bats 
combine three different cognitive process to localize novel roosts.
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between cues and resources (Dukas 1999). This cognitive 
process has been studied in a wide range of organisms 
and behavioral contexts such as foraging, predator avoid-
ance, prey recognition, mate choice, navigation and shelter 
selection (Morand-Ferron 2017). The generalization of the 
learned cue-resource associations increases the efficiency 
of animals to locate resources and to assess their quality.

Spatial memory is another cognitive process for memo-
rizing resources’ location after they had been previously 
discovered (Benhamou 1994). Spatial memory has been 
intensively studied in relation to foraging ecology, where 
it differs strongly between food-storing and non-storing 
species. For example, food-storing bird species rely pref-
erentially on spatial cues over object-specific cues for 
returning to food locations, while non-storing species 
appear to use both kinds of cues equally (Brodbeck 1994; 
McGregor and Healy 1999). Spatial memory is typically 
favored when resources are spatiotemporally predictable. 
For example, nectar-feeding animals (e.g., Hymenoptera) 
depend on their spatial memory to track the distribution 
of foraging patches and locations already exploited (Orth 
and Waddington 1997; Chittka et al. 1999).

Finally, social information use is a cognitive process 
based on associative mechanisms (Heyes 2012) between 
the activity of individuals (typically a conspecific) that 
face a similar situation (e.g., foraging, shelter selection) 
and the outcome of their behavior (Seppänen et al. 2007). 
Social information use is based on social cues that can be 
obtained from direct interaction with conspecifics or indi-
rectly from the products of their behavior, such as feces or 
inadvertently emitted sounds (Danchin et al. 2004; Galef 
and Laland 2005). Using social information can reduce 
the costs of localizing and assessing resources that occur 
if animals use an individual trial–error strategy (Galef and 
Giraldeau 2001; Thornton and McAuliffe 2006). Thus, 
when analyzing how animals localize resources, we have 
to consider the use of social and non-social cues and how 
such cues affect their performance differently (Jones et al. 
2013).

The above mentioned cognitive processes have been com-
monly studied under laboratory conditions that minimize 
the variation of the learning context (Morand-Ferron et al. 
2016). Laboratory studies have yielded valuable insights into 
the cognitive abilities of animals. However, experimental 
conditions rarely match the physical and social environ-
ment in which organisms have evolved (Fawcett et al. 2014; 
Morand-Ferron et al. 2016). Field studies offer the complex 
environment of the species; but confounding factors are 
often more challenging to control. Cognitive experiments 
conducted in the wild rely on protocols where animals freely 
interact with the experimental setup (Thornton and Sam-
son 2012; Morand-Ferron et al. 2016). This voluntary par-
ticipation, coupled with automatic data collection devices, 

can reveal the behavioral performance of the target species 
(Morand-Ferron et al. 2015; Cauchoix et al. 2017).

Resource localization has been studied primarily in rela-
tion to foraging behavior, but it can also be observed in other 
contexts. The roost searching behavior of forest-dwelling 
bats provides an interesting model to explore how different 
cognitive processes may be involved in localizing resources. 
Finding suitable roosts can be time and energy consuming 
given the typically low availability of roosts and the limi-
tations of sensory ranges (e.g., vision, echolocation) for 
detecting them. Hence, bats have to implement searching 
strategies to decrease the costs of roost finding. A simula-
tion model exploring how bats locate suitable roosts under 
different scenarios of roost density and perceptual ranges 
showed that bats can use associative learning, spatial mem-
ory and social information to compensate for their sensory 
limitations (Ruczyń ski and Bartoń  2012). Empirical studies 
suggest that bats may search for characteristic elements of 
roosts to find them (e.g., visual cues, echo roughness, tem-
perature) pointing to their capacity of associative learning 
(Ruczyń ski et al. 2007, 2009, 2011). However, associative 
learning in bats has only been tested in foraging related con-
texts (Siemers 2001; Simon et al. 2006). Spatial memory 
has been evidenced in roost localization based on long-term 
re-use of tree cavities by European forest bats (Lučan et al. 
2009). Finally, empirical studies have demonstrated that the 
use of social information (e.g., eavesdropping on conspecific 
calls, presence of conspecifics) facilitates roost localization 
(Kerth and Reckardt 2003; Ruczyń ski et al. 2009; Sagot 
et al. 2018).

With a field experiment, we aimed to disentangle the 
interplay of associative learning, spatial memory and social 
information use in the localization of day roosts in two free-
ranging colonies of RFID-tagged Bechstein’s bats (Myotis 
bechsteinii). For this purpose, we used a pairwise discrimi-
nation task protocol. We introduced experimental pairs of 
bat boxes composed of an unsuitable and a suitable roost, 
hanging side by side at the same tree. We marked each box 
type (suitable vs. unsuitable) with a distinctive echo-reflec-
tive cue, which allowed for an association between this cue 
and the suitability of the respective box-type for roosting. 
The use of spatial memory was assessed by swapping the 
position of the experimental boxes within the experimental 
pair after the suitable box of the respective pair has ben 
used as a day roost. Finally, social information use was 
determined depending on whether the bats visited the boxes 
in groups or individually. We continuously monitored all 
experimental boxes for the presence of individually marked 
bats using automatic RFID-loggers.

We expected that the bats would learn to associate the 
echo-acoustic cue of the boxes with their suitability as a 
day roost. If associative learning takes place, we predicted 
(i) that as bats gain experience with both experimental box 
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types, they would discover a higher number of experimen-
tal pairs (pair discovery) by first visiting the suitable box. 
Among previously discovered roosts, we experimentally 
assessed how bats re-localize suitable boxes: either via cue-
directed search (associative learning of the echo-reflective 
cue) or using spatial memory (location of the box at a tree). 
Given the predictable location of previously discovered 
natural roosts (e.g., tree cavities), (ii) we predicted that bats 
should rely on spatial memory for re-localizing suitable 
boxes that they had used as day roost before. Finally, given 
previous evidence of information transfer about roosts in 
Bechstein’s bats (Kerth and Reckardt 2003), we predicted 
that (iii) colony members rely strongly on social informa-
tion for (re)localizing suitable roosts. By investigating the 
interaction of multiple cognitive abilities, this study gives 
insights into how free-ranging animals use different cues 
available in their environment and thus whether individu-
als favor one cognitive process over another (Fawcett and 
Johnstone 2003).

Materials and methods

Study species, field sites and monitoring

In forest-dwelling Bechstein’s bat, females are highly 
philopatric to their natal colony where they communally 
breed during summer. Bechstein’s bat colonies show a fis-
sion–fusion behavior and colony members switch day roosts 
(tree cavities and bat boxes) on a regular basis (Kerth et al. 
2011). As a consequence, a colony may use up to 50 dif-
ferent roosts during one breeding season. Previous studies 
have shown that individuals regularly explore new potential 
roosts by visiting them over several nights before using them 
as a day roost (Kerth and Reckardt 2003; Fleischmann and 
Kerth 2014).

We conducted our study during two breeding seasons 
(May to September) in the home range of two Bechstein’s 
bat colonies (Colony ‘BS’ in 2016 and ‘UA’ in 2018) living 
in deciduous forests close to the city of Würzburg, Germany. 
Both colonies regularly roost in bat boxes (Schwegler model 
2FN) and have been monitored for over 20 years (Kerth et al. 
2002). During our study, the colonies comprised 12 (BS in 
2016) and 22 (UA in 2018) adult females previously marked 
with RFID-tags (Trovan, Germany). Between May and Sep-
tember, we monitored all previously installed boxes (112 
in BS; 49 in UA) and newly installed experimental boxes 
on a daily basis (see next section). We installed automatic 
RFID-tag loggers (LID 650; EURO ID, Germany), pow-
ered by a battery (12 V/3.6 Ah) with the detection antenna 
(6 cm × 4 cm) placed in the outer entrance of the boxes. We 
programmed loggers to record individual ID, date and time 
for each bat passing through the antenna between 19:00 and 

07:00. We placed loggers at all experimental boxes at the 
beginning of the experiment, and additionally at all boxes 
currently in use as day roosts based on our daily roost moni-
toring (Kerth and Reckardt 2003). During daily roost moni-
toring, we checked all bat boxes in the area for roosting bats, 
which can be seen with a flashlight through the entrance of 
the boxes (Kerth and König 1999). This automatic moni-
toring method gives continuous monitoring data recording 
about 97% of the bats present in the boxes (Kerth and Reck-
ardt 2003).

Experimental setup

To investigate the cognitive skills of bats for localizing new 
roosts, we placed ten experimental pairs of bat boxes within 
the home ranges of both colonies. An experimental pair con-
sisted of a ‘suitable’ and an ‘unsuitable’ box placed side by 
side on the same tree separated from each other by 25 cm 
(Fig. S1.1). These bat boxes have two entrances: an inte-
rior and exterior. Suitable boxes had both entrances open, 
allowing the bats to roost inside. Unsuitable boxes had the 
interior entrance blocked with a plastic mesh allowing the 
bats to explore entrance area of the box but preventing them 
from using it as a day roosts (see Kerth and Reckardt 2003 
for details). We randomize the position of each box (left 
or right) at a given tree. We removed and cleaned all the 
experimental boxes in September when bats began to leave 
the study area for hibernation, to prevent any parasite or odor 
cues from carrying over between years.

Each box type was associated with a distinctive echo-
reflective cue. As echo-reflective cues, we used hollow con-
cave hemispheres made of plexiglass with a radius of 40 and 
50 mm. We glued the hemispheres to the lid of the boxes. 
We marked each suitable box with a smaller hemisphere 
(40 mm) and each unsuitable box with a larger hemisphere 
(50 mm). We used hollow hemispheres as echo-reflective 
cues because they reflect an echo with a broad directivity and 
a distinct spectral signature. Previous research has shown 
that bats are able to easily recognize such hemispheres in 
clutter rich surrounding, and distinguish even small differ-
ences in size (Simon et al. 2006).

To ensure that each hemisphere size had a distinctive 
echo-signature, we characterized their spatio-spectral fea-
tures using a biomimetic sonar head with a 1/4” free-field 
microphone (G.R.A.S. Sound & Vibration, Denmark) and a 
custom-built double-layer electro-mechanical film (EMFI) 
speaker (Simon et  al. 2006). We ensonified the hemi-
spheres at a distance of 40 cm, with artificial chirp signals 
(40–160 kHz, 3 ms) comprising the call frequency range 
of Bechstein’s bats (range 42–112 kHz, frequency with the 
most energy: 73 kHz; Parsons and Jones 2000). We meas-
ured the spectral target strength (dB) around the hemi-
spheres’ concave side. We defined 0º as the opening plane 
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of the hemisphere being perpendicular to the sound propa-
gation and measured along the azimuth plane from ± 90º in 
increments of 1.8º (see spectral directional plot; Fig. S1.2).

Data processing

We assessed the cognitive skills involved in roost locali-
zation by analyzing the nightly roost visitation pattern of 
each bat obtained from the logger data. We considered only 
the first record per bat to a given box per night as a ‘visit’ 
to avoid pseudo-replication due to revisits to the same box 
during the night. We chronologically arranged the visits of 
each bat to the experimental boxes so that we had a record 
of every consecutive visit according to the box type visited.

We recorded the following variables for each visit: (i) box 
type, ‘suitable’ or ‘unsuitable’; (ii) previous experience of 
a bat, defined as either ‘naïve’ or ‘experienced’, depending 
on whether or not the bat had visited a given box for the 
first time; (iii) information type, categorized as ‘non-social’ 
or ‘social’. We considered visits as ‘non-social’ when no 
other colony members had been recorded within 1 min, and 
‘social’ information as visits involving more than one bat (a 
naïve bat arriving within 1 min of an experienced bat; see 
Supplementary Material S2). We defined the visit of the 
first bat of an all-naïve group as ‘non-social’ and the other 
visiting bats as ‘social’ because those latter bats could have 
observed the behavior of the first bat. To inspect the consist-
ency of our results, we performed statistical analyses using 
alternative time spans (30 and 180 s; see Supplementary 
Material S3). We defined (iv) ‘pair discovery’ as the first 
visit of each bat to an experimental pair. According to the 
first box type visited, a ‘pair discovery’ can be ‘suitable’ or 
‘unsuitable.’ Finally, we recorded (v) the cumulative number 
of previous ‘suitable’ and ‘unsuitable’ visits for every ‘pair 
discovery’ event to quantify the previous experience of an 
individual bat with the two different box types at the moment 
of discovering a new experimental pair.

Data analysis

To assess associative learning, spatial memory and social 
information use, we pooled the data of the two colonies from 
the years 2016 (BS) and 2018 (UA) because both colonies 
behaved similarly concerning to pair discoveries (see Sup-
plementary Material S4). Before assessing for associative 
learning, we tested whether bats had an initial preference 
for a particular box type (i.e., its echo-acoustic signature) 
using a binomial test with an expected proportion of 0.50. 
We computed the binomial test only with those individuals 
using non-social information in their very first visit to an 
experimental box to rule out that the bats merely copied 
the behavior of conspecifics. We performed all statistical 
analyses in R v.3.4.3 (R Core Team 2017).

Associative learning

To assess for associative learning of the echo-reflective cue, 
we compared the number of pair discoveries recorded for 
each box type (suitable vs. unsuitable) when bats used non-
social information with a Wilcoxon matched-pair signed-
rank tests (paired per individual bat). Moreover, we carried 
out generalized additive mixed models (GAMM) to examine 
the likelihood that an individual bat discovers a suitable box 
as a function of its previous experience at the time of discov-
ery and the information type used. We used GAMM because 
we expected a non-linear relationship between the probabil-
ity of discovering a suitable box and the numeric covariates 
(Zuur et al. 2009). We set the box type visited (suitable: 
1, unsuitable: 0) as the response variable. We included the 
following fixed effects: the cumulative number of visits to 
suitable and unsuitable boxes, and the information type used 
(non-social or social). We included random effects for indi-
vidual identity and colony to control for possible depend-
ence due to repeated measures or colony effects. Because 
the response variable was binary, we used a binomial model 
and a logit link function. To select the best minimal model, 
we built alternative models using an all-subset approach and 
ranked them according to their Akaike Information Crite-
rion corrected for small sample sizes (AICc; Supplemen-
tary Table S5.1). We carried out all GAMM models using 
the mgcv R-package. Fit quality assessment of the minimal 
model is available in the Supplementary Material S5.

Spatial memory

To test whether bats use spatial memory to re-localize previ-
ously occupied roosts, we swapped boxes’ positions within 
the same experimental pair (left or right on the same tree) 
after the bats had left the suitable box used as a day roost for 
at least 1 day. We cleaned the boxes with clear water before 
swapping them to avoid the potential use of olfactory cues. 
Association contingencies remained the same before and 
after swapping the position of the boxes.

We recorded the box type that each bat visited using 
non-social information before and after the swap as follows. 
Before swapping boxes within a pair, we recorded the last 
box type that each bat visited, from the given pair, before 
starting to use the suitable box as a day roost. After swap-
ping the boxes, we recorded the box type of the first revisit to 
the respective experimental pair of each bat. To examine the 
effect of swapping the box in the re-localization of the suit-
able box, we calculated the mean proportion of bats visiting 
the suitable box before and after the swap using non-social 
information (henceforth p̂before−ns and p̂after−ns , respectively). 
Because bats often visit a suitable box several times before 
using it as a day roosts (Kerth et al. 2006), we expected 
p̂before−ns to be close to one, i.e., almost all visits directly 
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prior to swapping were to suitable boxes. If bats use spa-
tial memory for re-localizing the suitable box, we expected 
p̂after−ns to be close to zero i.e., the unsuitable box, now at 
the position where the suitable box was previously located, 
would be visited first. On the contrary, if bats employed 
a cue-directed search (associative learning; i.e., the echo-
reflective hemispheres) to re-localize the suitable box, we 
expected p̂after−ns to remain close to one after the swap.

Because only seven of 20 experimental pairs were revis-
ited after the swap, we used a permutation test to assess 
whether our observed p̂before−ns and p̂after−ns deviated from a 
random distribution. For each mean proportion (before and 
after), we generated a permutated data set (1000 permuta-
tions) by sampling the observed visits with replacement and 
randomly allocating them in one of the two box types (suit-
able or unsuitable). Then, we calculated the mean proportion 
(n = 7 for each permutation) by dividing the total number of 
visits to suitable boxes by the total number of visits (Crawley 
2013). We compute the probability of getting our observed 
p̂before−ns and p̂after−ns from the permutated data sets with 
normal distribution using their associated Z score. Observed 
values deviate from random when they have a probability 
lower than 0.05. To assess whether swapping boxes within 
a pair (before vs. after) had a significant effect in the propor-
tion of bats visiting the suitable box, we conducted a gener-
alized linear mixed model (GLMM) with binomial distribu-
tion fitting the experimental pair identity as a random effect.

Social information use

In the previously described analyses, we assessed associative 
learning (pair discovery) and spatial memory only when bats 
used non-social information. However, if social informa-
tion use improves the roosts localization, we would expect 
a higher number of pair discoveries using social information 
(i.e., arriving with other colony members) than when bats 
use non-social information (i.e., arriving alone). Thus, for 
each box type (suitable and unsuitable), we compared the 
number of pair discoveries between information types (non-
social vs. social) using the Wilcoxon matched-pair signed-
rank test. We paired the data from each information type per 
individual bat.

We also assessed whether social information use improves 
the re-localization of previously occupied roosts. For bats 
using social information, we calculated the mean propor-
tion of bats visiting suitable roosts before and after swap-
ping the position of the box sides using social information 
(henceforth p̂before−s and p̂after−s , respectively). We assessed 
whether the observed p̂before−s and p̂after−s deviates from a 
random distribution using a permutation test as described 
above. We evaluated the effect of swapping boxes within a 
pair in the mean proportion of bats visiting the suitable box 

using social information with a binomial GLMM. We speci-
fied the experimental pair a random effect.

Finally, we expected that bats were more successful in re-
localizing suitable roosts when using social information than 
when they use non-social information ( p̂after−s > p̂after−ns ). 
We assessed the effect of the information type for re-localiz-
ing the suitable box using a binomial GLMM. We fitted the 
information type (non-social vs. social) as the explanatory 
factor and the experimental pair as a random effect.

Results

We collected data from 12 bats in 2016 and 22 bats in 2018 
for a total of 34 adult female bats. Five out of nine indi-
viduals using non-social information in their first visit of 
an experimental box visited the suitable box (binomial test, 
P = 0.55). This result suggests that the bats could not detect 
whether the boxes were suitable or unsuitable before visit-
ing at least one of the two box types (compare Kerth and 
Reckardt 2003).

Associative learning

Bats using non-social information discovered more exper-
imental pairs by first visiting the suitable box (Wilcoxon 
matched-pair signed-rank: Z = 4.553, P < 0.0001, n = 34 
bats; Fig. 1). According to our top-ranked model, which 
explained 40% of the deviance (Table S5.1, Fig. 2), the 
probability of discovering a suitable box was best explained 
by the additive effect of the cumulative number of visits to 
suitable and unsuitable boxes performed by each individual 
(see Table 1). Neither random effect (individual identity and 

Fig. 1  Boxplot of the number of pairs discovered per box type per-
formed by female Bechstein’s bats (n = 34) using non-social infor-
mation (individuals arriving alone). Triangles represent the mean. 
Results from Wilcoxon matched-pair signed-rank test displayed as 
****P ≤ 0.0001
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colony) significantly affected an individual’s probability to 
first visit the suitable box (Table 1).

Spatial memory

The mean proportion of bats visiting the suitable box sig-
nificantly decreased after swapping the position of the boxes 
within the experimental pair ( p̂before−ns : 0.80; p̂after−ns : 0.28; 
GLMM: df = 11, Z = − 4.44, P < 0.0001). Both values devi-
ated from a random distribution ( p̂before−ns : Z score = 2.84, 
P = 0.002; p̂before−ns : Z score = − 2.70, P = 0.003).

Social information use

For suitable boxes, bats performed a higher number of pair 
discoveries (P = 0.001) using social information compared 
to cases when they used non-social information (Fig. 3; 
Table 2). For unsuitable boxes, we did not observe a differ-
ence between information types (P = 0.15; Fig. 3, Table 2).

The mean proportion of bats visiting the suitable roost 
significantly decreased after swapping the position of the 
boxes within the experimental pair ( p̂before−s : 0.97; p̂after−s : 
0.56; GLMM: df = 11, Z = − 4.51, P < 0.0001). However, 
only the proportion before the swap deviated from random 

Fig. 2  Predicted probability to discover box pairs by visiting suitable 
roosts depending on the cumulative number of visits to unsuitable (a) 
and suitable boxes (b) by female Bechstein’s bats (n  = 34). The esti-
mate and its 95% confidence interval were based on our best fitted 
generalized additive mixed model (GAMM) including the cumulative 

number of suitable and unsuitable visits as fixed effects; bat identity 
and colony were random intercepts. While investigating the effect of 
each factor separately the remaining factor was set to its mean. Given 
the similar behavior of the two colonies, we present only the esti-
mated probabilities for the Blutsee colony as a representative

Table 1  Generalized additive mixed model on factors affecting the probability that Bechstein’s bats discovering a suitable box

Data were fitted to a binomial distribution with logit-link function and binary response (0 = unsuitable box, 1 = suitable box). The number of pair 
discoveries (Ndiscov) and bats (Nbats) that were included in the model are given

Parametric coefficient Estimate SE Z P value

(Intercept) 2.467 0.334 7.382 < 1.56e−12

Smooth terms edf χ2 P value

Cumulative suitable visits 4.792 38.544 < 6.81e−6

Cumulative unsuitable visits 6.301 35.233 < 1.25e−4

Colony (Random factor) 0.254 0.269 0.301
Bat identity (Random factor) 0.00 0.00 0.712
Model parameter Deviance explained R2 UBRE Sample size

40% 0.403 − 0.347 Ndicov = 270
Nbats = 34
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( p̂after−s : Z score = 3.03, P = 0.001; after − s : Z score = 0.76, 
P = 0.22). The mean proportion after swapping the box posi-
tions was significantly higher when bats used social infor-
mation compared to when bats used non-social information 
( p̂after−s : 0.56 vs. p̂after−s : 0.28; GLMM: df = 11, Z = 3.130, 
P < 0.001).

Discussion

Our experimental field study demonstrated that free-ranging 
female Bechstein’s bats used a suite of different cognitive 
skills to localize their day roosts. Associative learning of 
an echo-acoustic cue indicating box quality improved the 
bats’ ability to find new suitable roosts; however, for re-
localizing previously occupied roosts, bats relied mostly on 
spatial memory. The use of social information significantly 
increased the performance of bats on their first visit to unfa-
miliar roosts.

We found no evidence that the bats initially preferred one 
of the two box types. However, as bats gathered experience 
with the experimental task, they quickly started to discrimi-
nate between box types. The higher number of discoveries 
of suitable boxes compared to unsuitable boxes showed that 
the bats associated the boxes’ echo-acoustic cues with their 

suitability (Fig. 1). The cumulative number of visits to suit-
able and unsuitable boxes best explained how bats learned 
to associate the boxes’ echo-acoustic signature with their 
suitability as a day roost. The cumulative number of visits 
to suitable and unsuitable boxes can be seen as a proxy of 
experience of the bats with both box types. This indicates 
that the process of discrimination learning is typically based 
on the experience of both failure and success (Spence 1936).

Associative learning has previously been demonstrated 
in a foraging-related task with nectar-feeding bats using 
artificial echo-acoustic cues like in our experiment (von 
Helversen 2004; Simon et al. 2006). Our results showed 
for the first time that bats can also use associative learn-
ing for localizing novel roosts, as previously suggested by 
Ruczyń ski et al. (2009). We were confident that bats used 
associative learning to discriminate between box types as 
we were able to exclude or control for the effects of other 
learning methods. First, we controlled for social information 
by only analyzing pair discoveries of bats that used non-
social information, thereby excluding individuals that may 
have instead used social information. Second, our results on 
associative learning were consistent using alternative time 
spans for categorizing social information (Fig. S3.1). Lastly, 
since pair discovery was defined as only the very first visit to 
a given pair of boxes, spatial memory could not influence the 
decision of the bats. Overall, the experiment showed that the 
bats quickly learned to associate the box’s suitability with its 
echo-reflective cue. Therefore, by swapping the position of 
boxes within pairs, we were able to investigate the relative 
use of associative learning and special memory.

While bats used associative learning to find new suit-
able roosts, our experimental relocation of boxes within 
a pair showed that bats strongly relied on spatial memory 
for re-localizing day-roosts. Most of the bats that revisited 
the experimental pairs, after swapping the position of the 
boxes, visited the unsuitable box located where the suitable 

Fig. 3  Box plot of the number 
of pairs discovered performed 
by female Bechstein’s bats 
(n  = 34) using non-social 
(individuals arriving alone) and 
social information (individu-
als arriving within a group of 
bats) per box type. Triangles 
represent the mean. Results 
from Wilcoxon matched-pair 
signed-rank test displayed as: ns 
P > 0.05; ****P ≤ 0.0001

Table 2  Total number of pair discoveries per box type (mean ± SD) 
and comparisons between information types (Z: Wilcoxon matched-
pair signed-rank test), n  = 34 bats

Box type Information type Z P value
Non-social Social

Suitable 81 (2.38 ± 1.44) 141 (4.15 ± 1.48) 3.286 0.001
Unsuitable 20 (0.58 ± 0.89) 28 (0.82 ± 0.71) 1.410 0.15
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box previously was. This result shows that the bats largely 
relied on spatial memory when re-localizing a previously 
occupied roost. Since both boxes still had the distinctive 
echo-reflector attached to them, this finding suggests that 
bats prioritize spatial memory over a cue-directed search 
(associative learning) when revisiting previously discovered 
suitable roosts.

When we assessed for differences between non-social 
and social information, we found that the use of social 
information (arriving at a box together with other colony 
members) improved the bats’ performance in the localiza-
tion of suitable roosts. However, we did not observe such 
an improvement for unsuitable boxes. As bats profit from 
the presence of conspecifics for thermoregulation (Pretzlaff 
et al. 2010), we would not expect that they recruit con-
specifics to unsuitable roosts (Kerth and Reckardt 2003). 
Regarding the re-localization of day roosts, we observed a 
higher mean proportion of bats visiting the suitable box after 
swapping boxes’ sides using social information compared to 
non-social information. This suggests that bats were more 
accurate in re-localizing the suitable box using social infor-
mation. However, we do not have conclusive evidence since 
our permutation test showed that our observed p̂after−s did 
not differ significantly from random chance.

In addition to observing another bat entering a roost, 
bats might also use other sources of social information not 
detectable with our RFID-monitoring, such as odor cues 
or vocalizations at suitable boxes. In another European 
bat, Nyctalus noctula, odor cues have been demonstrated 
to play a minimal role as social cues for roost localization 
(Ruczyń ski et al. 2009). To nevertheless minimize the pos-
sible effect of odor cues, deployed experimental boxes were 
either brand-new (30 out of 40) or thoroughly cleaned before 
the experiments. Likewise, boxes were cleaned when their 
position was swapped, making the use of odor cues over 
other information sources unlikely. Regarding social acous-
tic cues, we cannot exclude the possibility that bats were 
attracted by social calls by bats swarming near the entrance 
of a box (i.e., dawn swarming; Naďo and Kaňuch 2015), 
or emitted from inside the suitable boxes (Schöner et al. 
2010). However, we considered that the arrival pattern of 
bats at boxes is a good proxy for inferring social informa-
tion use, including the potential use of social calls from in 
or around the boxes. Our analysis using time spans of either 
60 or 180 s as the cutoff for social visit delineation led to 
similar results. However, using a 30-s span resulted in no 
differences between information types for suitable boxes (see 
Fig. S3.2). In a previous study assessing information trans-
fer in Bechstein’s bats, Kerth and Reckardt (2003) used a 
180 s span between records as individuals do not enter a box 
immediately upon arriving. Using a time span of 30 s may 
falsely identify social visits as non-social visits if the expe-
rienced bat flies around within the direct vicinity of the box 

for several minutes before entering as has previously been 
observed (Schöner et al. 2010; Naďo and Kaňuch 2013). 
Thus, we considered our 60-s span to be a more accurate 
estimate of social information availability for roost localiza-
tion than a 30-s span, while simultaneously limiting the false 
positives that a longer timespan could introduce.

Do bats make hierarchical use of cues?

In this field experiment, Bechstein’s bats used multiple 
cognitive skills, each related to a specific cue type (object-
specific, spatial and social). We provide evidence that the 
relative importance of each cognitive skill differed accord-
ing to the circumstance, as shown for other animal species 
(Herborn et al. 2010; Morawetz et al. 2013). How animals 
prioritize one cognitive skill over another depends on the 
relevance of the cue and can be explained by the ‘rule-of-
thumb’ approach (Fawcett and Johnstone 2003; Morawetz 
et al. 2013). Rules-of-thumb provide decision strategies 
based on different cues ranked according to their relevance 
in a given circumstance, thus favoring a particular cognitive 
skill. In our experiment, the echo-acoustic characteristics of 
the boxes were perceptually relevant available cues for the 
discrimination of roost types, favoring associative learning 
in the case of novel roosts. However, for re-localizing known 
roosts, bats seemed to prioritize spatial memory over associ-
ative learning. This is intuitive as spatial cues would be more 
reliable for re-localizing roosts given the spatio-temporal 
stability of the roosts (Lučan et al. 2009). A hierarchical 
use of spatial memory over associative learning has also 
been observed in the foraging behavior of nectar-feeding 
animals such as carpenter bees (Orth and Waddington 1997), 
hummingbirds (Hurly and Healy 1996) and bats (Thiele and 
Winter 2005; Stich and Winter 2006; Carter et al. 2010) 
whose foraging resources are also relatively predictable in 
space and time. On the contrary, animals preying on unpre-
dictable resources (e.g., swarms of insects) rely more on 
associative learning than on spatial memory to localize 
known resources (Hulgard and Ratcliffe 2014).

While the importance of associative learning of object-
related cues and spatial memory depended on the context, 
when using social information, bats improved the localiza-
tion of unfamiliar roosts. In our experiment, the presence 
of colony members at the experimental box might be the 
most relevant cue. Since bats benefit from the presence of 
conspecifics in communal roosts for social thermoregulation 
(Pretzlaff et al. 2010), they should be particularly motivated 
to approach conspecifics. Hence, for bats that roost commu-
nally, social cues are likely to be prioritized over non-social 
cues when bats are searching for roosts (compare Kerth and 
Reckardt 2003).

Our study underlines the importance of evaluating mul-
tiple sources of information under natural conditions for a 
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better understanding of how natural selection has shaped 
decision rules and the cognitive skills used for localizing 
resources (Houston et al. 2007; Fawcett et al. 2014).
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Supplement S1. Experimental setup 

 

 

Fig. S1.1 Experimental pair, suitable box (right) with a plastic hemisphere of 40 mm in radius; 

unsuitable box (left) with a plastic hemisphere of 50 mm. 

 

 

 

Fig. S1.2 Echo reflectance of hemispheres in the azimuth plane. Radius a) 40 mm; b) 50 mm. 
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Supplement S2. Setting a time span for categorising social information 

 

We assigned social information to those visits where naïve bats arrived at an experimental box 

together with experienced conspecifics. Later visits of experienced bats were taken into account 

to assess whether a naïve bat arrive within a group or alone. For defining whether a bat visited an 

experimental box alone or as part of a group, we calculated the time difference between two 

different bats arriving at experimental boxes after each other. For this purpose, we analysed the 

pair discovery (see manuscript for definition) events per night. Given the wide range of categories 

for time difference (1 – 11891 seconds), we categorised the time difference into intervals of five 

seconds to reduce the possible number of categories. Events above 300 seconds were assigned to 

an upper boundary category (>300 s) because the number of visits considerably drops after this 

period (Kerth and Reckardt 2003). For each box type (suitable and unsuitable), we plotted the 

absolute frequency and the relative frequency (percentage of cases) of every interval (Fig. S2.1), 

as well as the cumulative percentage of each category (Fig. S2.2). We visually explored the 

distribution of the data and chose the optimal time threshold to define a “social information event” 

by selecting the minimum possible time interval that encompasses the largest proportion of data 

(Fig. S2.2). 

 

As we can see in Figure S2.1, the distribution of arrival events per time category displayed a right-

skewed distribution for both types of boxes. The mean and standard deviation (mean ± SD) of the 

time difference between bats were 582 ± 1923 and 244 ± 1118 seconds for suitable and unsuitable 

boxes respectively. These values reflect the high variance in the time differences recorded. The 

frequency of cases for unsuitable boxes drops after 20 seconds, encompassing 83% of the data for 

time intervals ≤ 20 seconds. In the case of suitable boxes, the frequency of cases does not clearly 

drop at any specific time interval, with more than one-third of the data encompassing time intervals 

≤ 30 seconds. To use the largest amount of data possible, we decided to set a one-minute as the 

time threshold for considering that a bat arrived together with another bat and thus social 

information could be used. This interval captures 88.89% and 54.25% of the arrival events at 

unsuitable and suitable boxes respectively (Fig. S2.2). 
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Fig. S2.1 Frequency (bars) and relative frequency (percentage of cases, lines) of arrival events 
for each time interval (upper bound labelled). The vertical red dashed line signalizes 60 seconds. 

 

 

 

Fig. S2.2 Cumulative percentages of arrival events per time category (upper bound labelled) for 
each box type. Labelled points represent the percentage of data reach within a 60-seconds span 
(vertical red dashed line). 
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Supplement S3. Comparisons using alternative time spans 

 

In order to assess the robustness of our results with respect to the chosen time spans, we analysed 

associative learning and social information use, using alternative time spans for categorising social 

information. The results presented in our manuscript are based on a 60-seconds span to categorise 

the information type. Additionally, we computed comparisons using 30- and 180-seconds 

intervals. 

 

Associative learning 

Results on associative learning were based on the comparisons of pairs discoveries using non-

social information between box types (suitable vs unsuitable). Bats performed more pair 

discoveries by visiting the suitable than the unsuitable box first (see “Non-social” column tables 

S3.1-3) and those differences were consistent through all analysed time spans (Fig. S3.1). 

 

Fig. S3.1 Comparisons using different time spans for the number of pairs discovered performed 
by each bat (n = 34) using non-social information. Plots are arranged column-wise under different 
time spans. Triangles represent the mean. Results from Wilcoxon matched-pair signed-rank test 
displayed as: ** P ≤ 0.01; **** P ≤ 0.0001. 
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Social information use 

We assessed the influence of social information use by comparing the number of pair discoveries 

between information types (non-social vs social). These comparisons were computed for each box 

type.  

 

For suitable boxes, results using a 60- and 180-seconds span were consistent. We detected a 

significantly higher number of pair discoveries using social than non-social information. However, 

we did not observe significant differences between information types using a 30-seconds span 

(Fig. S3.2). For unsuitable boxes, the results were consistent across all time spans, with no 

significant differences between information types (Fig. S3.2). 

 

As we increased the time span used for defining information type, the number of cases using social 

information increased and the number of non-social cases decreased (tables S3.1-3). We decided 

to use a 60-second span for classifying social information events for two reasons. First, field video-

records of Bechstein’s bats had shown that bats usually fly around boxes before entering them 

(Schöner et al. 2010). Considering this behaviour, a 30-seconds span might underestimate social 

events. Second, based on a previous study in Bechstein’s bats, the number of bats arriving after 

each other at a roost considerable decreases after 180 seconds (Kerth and Reckardt 2003). In this 

sense, a 60-seconds time span is more conservative for classifying social information since it is 

three times smaller than 180-seconds. Nevertheless, results with a 60- and a 180-seconds span 

were consistent. 
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Fig. S3.2 Box plot of the number of pairs discovered performed by Bechstein’s bats (n = 34) using 
non-social and social information per box type. Plots are arranged column-wise under different 
time spans used for categorizing social versus non-social information. Triangles represent the 
mean. Results from Wilcoxon matched-pair signed-rank test displayed as: ns P > 0.05; *** P ≤ 
0.001; **** P ≤ 0.0001. 

 

Table S3.1 Number of pair discoveries per box type (mean ± SD) and comparisons between 
information types using a 30-seconds span for categorizing information type (Z: Wilcoxon 
matched-pair signed-rank test; bold numbers indicate significant differences), n = 34 bats. 
Event Information type   
    Box type Non-social Social Z P-value 
Pair discovery 
    Suitable 113 (3.32 ± 1.63) 109 (3.21 ± 1.49) -0.207 0.83 
    Unsuitable 22 (0.65 ± 0.98) 26 (0.76 ± 0.69) 0.905 0.36 

 

Table S3.2 Number of pair discoveries per box type (mean ± SD) and comparisons between 
information types using a 60-seconds span for categorizing information type (Z: Wilcoxon 
matched-pair signed-rank test; bold numbers indicate significant differences), n = 34 bats. 
Event Information type   
    Box type Non-social Social Z P-value 
Pair discovery 
    Suitable 81 (2.38 ± 1.44) 141 (4.15 ± 1.48) 3.286 0.001 
    Unsuitable 20 (0.58 ± 0.89) 28 (0.82 ± 0.71) 1.410 0.15 

 

Table S3.3 Number of pair discoveries per box type (mean ± SD) and comparisons between 
information types using a 180-seconds span for categorizing information type (Z: Wilcoxon 
matched-pair signed-rank test; bold numbers indicate significant differences), n = 34 bats. 
Event Information type   
    Box type Non-social Social Z P-value 
Pair discovery 
    Suitable 43 (1.26 ± 1.24) 179 (5.26 ± 1.48) 4.949 < 0.0001 
    Unsuitable 19 (0.59 ± 0.86) 29 (0.85 ± 0.74) 1.745 0.08 
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Supplement S4. Analysis per colony 

We surveyed two Bechstein’s bat colonies for assessing how free-ranging bats search for novel 

roosts. Both colonies lived in forests close to the city of Würzburg, Germany. We conducted our 

field experiments in two different years with the colonies BS and UA. The experiments in the BS 

colony took place between 29.05 to 11.09.2016 (106 days). The experiments in the UA colony 

took place between 14.05 to 25.08.2018 (104 days). We assessed whether both colonies showed a 

comparable visiting pattern to the experimental boxes placed in their respective home ranges. For 

each colony, we tested for differences in the number of pairs discovered per box type (suitable vs 

unsuitable) using arrivals with “non-social information” (Fig. S4.1). Data were obtained using a 

60-seconds span for categorising information type. 

For associative learning, in both colonies the bats showed the same behavioural differences 

between box types (Fig. S4.1). Given the overall similarities in the results in associative learning 

and social information use between colonies, we pooled the data of both colonies for further 

exploration. 

 

 

Fig. S4.1 Boxplot of the number of pairs discovered per box type performed by Bechstein’s bats 
using non-social information in each colony (BS: n = 12; UA: n = 22). Triangles represent the 
mean. Results from Wilcoxon matched-pair signed-rank test displayed as: ** P ≤0.01; *** P ≤ 
0.001. 
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Supplement S5. General Additive Mixed Models and fit quality assessment of the top-

ranked model 

 

Table S5.1 General additive mixed models ranked according to the Akaike 
information criterion corrected for small sample sizes (AICc), df: degrees of 
freedom; ∆AICc indicates the difference between the AICc value of each model 
and the top-ranked model; wi characterizes the probability of being the best model 
a Model df AICc ∆AICc wi 
 box type ~ s(cum_s) + s(cum_u) 12 177.7 0.00 0.665 
*box type ~ s(cum_s) + s(cum_u) + info 13 179.1 1.37 0.335 
 box type ~ s(cum_u) 7 233.4 55.74 0.000 
 box type ~ s(cum_u) + info 8 235.5 57.78 0.000 
 box type ~ s(cum_s) 6 235.8 58.13 0.000 
 box type ~ s(cum_s) + info 7 236.6 58.89 0.000 
 Intercept only 1 254.7 77.04 0.000 
 box type ~ info 2 256.3 78.63 0.000 
a Explaining factors: cum_s: cumulative number of suitable visits, cum_u: cumulative number of 
unsuitable visits, col: colony (BS, UA), info: information used (social, non-social). Bat identity and 
colony was included as a random effect in every model. 
*Full model 

 

We assessed the fit quality of the top-ranked model using the heat map plot and heat map statistic 

proposed by Esarey and Pierce (2012) using the R-library heatmapFit (Esarey et al. 2016). This 

method enabled us to examine how closely a model’s predicted probabilities match the observed 

frequency of events in the data set and whether these deviations are systematic or merely noise. 

The heat map statistic is used to quantify the goodness of model fit by looking at the proportion of 

observed data points that have a one-tailed p-value less or equal to 0.1. If more than 20% of the 

observed data has a p-value ≤ 0.1 we can suspect that our model is misspecified (Esarey and Pierce 

2012). 

 

The heap map plot (Fig. S5.1) and the heat map statistic derived from our top-ranked model 

allowed us to characterise its fit quality as acceptable with 15.92% of the observations having 

one-tailed P-value ≤ 0.1. The deviations from the perfect fit (see deviations of the lines 

representing the modelled and the empirical data Fig. S4.1) can be attributable to the number of 

observations (n = 270 pair discovery events). Because we did not observe every possible 
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combination of cumulative suitable and unsuitable visits, the observed heat map line deviates 

from perfect fit; however, < 20% of our observations are significantly different from the perfect 

fit. 

 

Fig. S5.1 Heat map plot from our top-ranked model box type ~ s(cum_s) + s(cum_u), bat identity 
and colony were set as random factors. The histogram indicates the location and frequency of 
observations. Model built from 270 observations. 

 

Supplement references 
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4.2 No evidence of memory retention of a learned association between cue and roost quality 

after hibernation in free-ranging bats. 
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1  | INTRODUC TION

Memory retention, the ability to recall or retain experiences over 

long periods, is proposed to be under strong selection given its 

importance in different ecological contexts (Roth, Rattenborg, & 

Pravosudov, 2010). It allows animals to rediscover resources and to 

remember social relationships (Healy & Jones, 2002; Kerth, Perony, 

& Schweitzer, 2011). It has been hypothesized that memory reten-

tion would be favored in long-lived animals that live in complex 

environments (Ruczyński, Clarin, & Siemers, 2014; Ruczyński & 
Siemers, 2011). However, in long-lived animals that depend on physi-

ological adaptations such as torpor or hibernation in order to survive 
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Abstract
Hibernation is a physiological adaptation that allows animals to survive adverse envi-

ronmental conditions. A commonly assumed cost of hibernation is impaired memory 
retention. So far, however, the effects of hibernation on memory retention have been 

assessed on only a few behavioral tasks, and exclusively under laboratory conditions. 
Taking advantage of the longevity and strict colony fidelity of female Bechstein's 
bats, we were able to evaluate memory retention in the same individuals over two 

consecutive summers in the field. We used a pairwise roost choice experiment with 

automatic monitoring of RFID-tagged bats. Roosts’ suitability as day roost was as-

sociated with a distinctive external echo-acoustic cue. Experiments were separated 

by a natural hibernation period of eight months. We determined associative learn-

ing and memory retention by comparing the bats’ proportion of visits to suitable 

roosts within and between breeding seasons, respectively. During the first breeding 

season, bats quickly learned to associate the suitable roosts with their external cue. 
After hibernating, we found no evidence that individuals remembered the associa-

tion between the roosts’ suitability and their respective external cue, suggesting a 

lack of memory retention. Nevertheless, bats quickly re-learned the same associa-

tion during the second breeding season, emphasizing the high behavioral flexibility 

of Bechstein's bats.
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harsh climatic conditions (Turbill, Bieber, & Ruf, 2011), hibernation 
may impair the memory of the individuals.

Hibernating animals show low synaptic activity (von der Ohe, 
Garner, Darian-Smith, & Heller, 2007), reduced brain functions (Daan, 
Barnes, & Strijkstra, 1991; Krilowicz, Glotzbach, & Heller, 1988), and 
a brain electrical activity similar to sleep deprivation (Palchykova, 
Deboer, & Tobler, 2002). Thus, it has been assumed that hibernation 
impairs memory retention. This idea has been tested in a few be-
havioral studies, mostly in rodents (see Table 1). Most of the recent 
evidence stands against the idea that hibernating animals show im-
paired memory retention both in endotherms (rodents and bats) and 
in ectotherms (salamanders). However, so far, the effects of hiberna-
tion on memory have been assessed for only a few behavioral tasks 
and exclusively under laboratory conditions.

Hibernating bats are a promising vertebrate group to assess 
memory retention after hibernation because it is possible to induce 
them to hibernate under experimental conditions. However, there 
are only two studies assessing memory retention in the mouse-
eared bat (Myotis myotis) under lab conditions. Ruczyński and 
Siemers (2011) assessed memory retention of a spatial memory task 
after an artificial hibernation period of ten weeks at 7ºC. They found 
no difference in the performance of bats that hibernated compared 
to non-hibernating controls. Clarin, Borissov, Page, Ratcliffe, and 
Siemers (2014) assessed memory retention of an associative learning 
task, between light cues and food resources, after a natural hiberna-
tion period. The obtained results indicated memory retention of the 
association one year after initial training. However, this evidence can 
be considered anecdotal because it derived from a single recaptured 
bat. Although the evidence hitherto indicates that hibernation does 

not impair the memory of the mouse-eared bat, such ability has not 
been tested in other bat species or under natural conditions.

Laboratory studies offer a high degree of control; however, they 
may bear little resemblance to the natural conditions in which indi-
viduals live and selection forces operate (Morand-Ferron, Cole, & 
Quinn, 2016). On the other hand, field studies, compared to labo-
ratory studies, have the limitation of lacking a non-hibernating con-
trol group due to logistic limitations (e.g., lack of animal housing). 
To the best of our knowledge, field studies assessing the cognitive 
performance of animals after hibernation are lacking due to the dif-
ficulty of testing the same animals (with a known knowledge status) 
without interfering with their natural behavior. Species that show 
high individual site fidelity, such as philopatric bats (Kerth, Mayer, 
& König, 2000), offer a unique opportunity for assessing memory 
retention in an ecological context (Healy & Jones, 2002).

Female Bechstein's bats (Myotis bechsteinii) show strong philopatry 
to their summer breeding areas (Kerth et al., 2000). They yearly form 
maternity colonies, from mid-April to September, which disintegrate 
during hibernation, from October until mid-April (Kerth & König, 1999; 
Kerth, Safi, & König, 2002). The high philopatry, in combination with 
the longevity of Bechstein's bats, enables long-term monitoring 
(Fleischer, Gampe, Scheuerlein, & Kerth, 2017) and behavioral ex-
periments with individual bats over several years in the wild (e.g., 
Fleischmann et al., 2013). Given the consistent seasonal movement 
between the same hibernating and breeding sites over many years 
(Dekeukeleire, Janssen, Haarsma, Bosch, & Schaik, 2016), it seems that 
long-term spatial memory is not affected by hibernation. Moreover, 
there is evidence that female Bechstein's bats remember their individ-
ual foraging areas (Kerth, Wagner, & König, 2001) as well their social 

TA B L E  1   Studies addressing the effects of ahibernation in memory. Hibernation lengths in bold numbers are reported as natural periods

Study Species Behavioral task Hibernation (months)
Effect in
memory

Mihailovic et al. (1968) Spermophilus citellus Spatial learning 1 Retention

McNamara and Riedesel 
(1973)

Spermophilus lateralis Associative learning 0.4 Retention

Mateo and Johnston (2000) Spermophilus beldingi Social recognition
Kin recognition

6 Impairment
Retention

Millesi et al. (2001) Spermophilus citellus Spatial learning
Operant learning
Social recognition

7 Impairment
Impairment
Retention

Zhao, Bucci, Weltzin, and 
Drew (2004)

Urocitellus parryii Aversive conditioning 1.4 Retention

Weltzin et al. (2006) Urocitellus parryii Fear conditioning 0.3 Retention

Clemens, Heldmaier, and 
Exner (2009)

Marmota marmota Operant learning 5 Retention

Ruczyński and Siemers (2011) Myotis myotis Spatial learning 2.3 Retention

Clarin et al. (2014) Myotis myotis Associative learning 6 Retention

Wilkinson, Hloch, Mueller-
Paul, and Huber (2017)

Salamandra salamandra Spatial learning 3.3 Retention

Kundey et al. (2018) Ambystoma tigrinum Associative learning 3 Retention

aWe consider hibernation as a prolonged bout of torpor, studies addressing daily torpor are not included. 
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relationships in their colonies over several years (Kerth et al., 2011). 
However, no field study has experimentally assessed the degree of 
memory retention of a learned association in bats so far.

In the present study, we aimed to assess memory retention 
of an association between a cue and roost's suitability after a 
natural hibernation period in wild RFID-tagged Bechstein's bats. 
For this purpose, we used a pairwise roost-quality choice exper-
iment. Roost selection is essential for the survival of bats (Kunz 
& Lumsden, 2003). We introduced experimental pairs of bat 
boxes that comprised a suitable and an unsuitable box for roost-
ing. Each box type (suitable vs. unsuitable) was associated with a 
distinctive echo-reflective cue. We conducted both experimental 
phases, (a) the training for associative learning, and (b) the post-hi-
bernation memory retention test (successive summer), in the field. 
Experimental bat boxes were continuously monitored with auto-
matic RFID-loggers (Kerth & Reckardt, 2003).

Based on the life history of bats (long lifespan, high mobility 
and living in complex environments), it has been hypothesized that 
memory retention in bats is highly adaptive (Ruczyński, Szarlik, & 
Siemers, 2011). Since bats successfully use associative learning 
when foraging (Page, von Merten, & Siemers, 2012; Siemers, 2001), 
we would expect that the retention of learned associations should 
also be adaptive in a roost localization context.

To assess memory retention in a free-ranging Bechstein's bat col-
ony, we compared the relative frequency of discoveries and subse-
quent visits to suitable vs. unsuitable boxes between two successive 
summers. Experiments to assess for associative learning and memory 
retention were separated by an 8-month period that included natural 
winter hibernation. After assessing associative learning during the 
training phase in the first summer, we tested whether bats retained 
the learned association after hibernation. If the memory is retained, 
we expect an equal or higher proportion of discoveries of suitable 
boxes at the beginning of the second summer compared to the first 
summer. Also, in the event of memory retention, we expect that the 
proportion of visits to suitable boxes reached in the first summer 
is maintained in the consecutive summer. Alternatively, if bats do 
not show memory retention, we expect that bats show a lower pro-
portion of visits to suitable boxes at the beginning of the second 
summer compared to that reached at the end of the first summer.

2  | METHODS

2.1 | Study site and monitoring

We conducted our study during the breeding seasons of 2016 (May 
to September) and 2017 (May and June) in the home range of the 
Bechstein's bat colony “Blutsee” (BS) in a deciduous forest close to the 
city of Würzburg (northern Bavaria, Germany; Kerth & König, 1999). 
The colony members mainly roost in bat boxes (model 2FN, Schwegler, 
Germany) and to a lesser degree in natural tree cavities. Since 1993, 
the BS colony has been yearly monitored from May, when females 
had returned to their breeding area from their hibernacula sites, to 

mid-September when the bats start to leave the area and fly to their 
hibernacula (Kerth & König, 1999; Kerth et al., 2002). Every adult fe-
male bat in the colony has been marked with an RFID-tag (Trovan Ltd., 
Germany; Kerth & König, 1999). Thus, as this is a maternity colony, we 
know the identity of each bat present in the colony.

Day roosts were daily monitored by checking for the presence 
of bats in 120 boxes distributed in the colony's home range (ca. 0.5 
km2). We installed an antenna and an RFID-tag logger (LID 650, 
EURO ID, Germany) at occupied boxes. Logger data are composed of 
the identity of the bat (a unique alpha-numeric code from the RFID-
tag), date and time of the reading.

2.2 | Experimental setup

Our experimental setup followed the protocol of Hernandez-
Montero et al., (in press). We tested for memory retention of a 
learned association using a pairwise choice experiment of roosts 
with different suitability associated with an external echo-reflective 
cue. In addition to the 120 bat boxes available in the BS colony, in 
each year, we placed ten pairs of new or thoroughly cleaned experi-
mental bat boxes within the known roosting area (Zeus, Puechmaille, 
& Kerth, 2017). An experimental pair consisted of an open “suitable” 
and a blocked “unsuitable” box hung 25 cm apart from each other on 
the same tree. The bats could use suitable boxes for roosting, while 
unsuitable boxes had their interior entrance blocked allowing bats to 
explore them but not to use them as a day roost (compare Kerth & 
Reckardt, 2003). We randomly chose the position of each box (left 
or right) at a given tree. We equipped every experimental box with 
an automatic RFID-tag logger for continuous automatic monitoring.

The echo-reflective cue associated with each box type was a 
symmetric plastic hollow hemisphere. We glued a hemisphere to the 
box's lid, either with a radius of 40 or 50 mm to signal suitable and 
unsuitable boxes, respectively. The ability of bats to discriminate 
hollow hemispheres of different sizes according to their echo-acous-
tic characteristics has previously been demonstrated in a foraging 
and roost selection context (Hernandez-Montero et al.,; Simon, 
Holderied, & Helversen, 2006 in press).

To ensure that each echo-reflective cue had a distinctive echo-sig-
nature, their spectral composition was characterized using a biomi-
metic sonar head with a ¼” free-field microphone (G.R.A.S. Sound & 
Vibration, Denmark) and a custom build double layer electro-mechani-
cal film speaker (Simon et al., 2006). Hemispheres were ensonified at a 
distance of 40 cm with artificial ultrasound pulses (40 – 160 kHz, 3ms), 
approximating the call frequency range of Bechstein's bats (range: 42 – 
112 kHz, frequency with most energy: 73 kHz; Parsons & Jones, 2000). 
For every frequency, the spectral reflection intensity was calculated 
(target strength dB for 20-cm reference distance) around the center of 
the hemispheres (defined as 0º) in their concave side. Measurements 
were made in the elevation and azimuth plane from ± 90º in increments 
of 1.8º. The mean target strength (40–160 kHz) of each hemisphere 
size was similar across different angles of incidence (Figure S1), making 
both hemispheres sizes potentially equally detectable.
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2.3 | Data processing

We assessed associative learning and its memory retention by ana-
lyzing each bat's visiting pattern of experimental boxes. The data 
from 2016 are a subset of the data collected for another study by 
Hernandez-Montero et al., (in press). The data from 2017 were 
newly collected for this study. Data processing was in accordance 
to Hernandez-Montero et al., (in press). To avoid pseudo-replication, 
we considered only the first record of each bat at a given box in 
the night as a visit (night is defined from 19:00 to 7:00). We also 
discarded all visits from the data analysis recorded at a given experi-
mental box while that box was used as a day roost (i.e., bats roosting 
inside the box during the day) on consecutive dates. We decided to 
discard visits to day roosts because bats constantly return to those 
boxes, and visits can be due to spatial memory. We chronologically 
arranged the visits of each bat to the experimental boxes for deter-
mining which box type was consecutively visited.

For each visit, we recorded the following variables: (a) box type 
(“suitable” or “unsuitable”); (b) experience, categorized as “naïve” or 
“experienced” depending on whether or not the bat visited a given 
box for the first time in the year; (c) information type was categorized 
as “social” or “non-social” depending on whether a bat was accom-
panied or not by another colony member within a 60-s span, respec-
tively. When categorizing “information type” with alternative time 
spans (30 and 180 s), we found similar results in the visiting pattern 
between box types (see Figures S2 and S3). When a group of bats ar-
riving at a box was composed of only naïve individuals, we accounted 
the first recorded bat of the group as “non-social” and the other bats 
as “social” because the latter bats may have observed the behavior 
of the first bat. Finally, we defined (d) a “pair discovery” as the first 
visit in the year of each bat to an experimental pair. Depending on 
which box type was visited first, a pair discovery could be “suitable” 
or “unsuitable.”

2.4 | Experiments

2.4.1 | Associative learning

Our first experimental period took place in 2016 from May 29th 
to September 11th (106 days). We assessed over the entire breed-
ing season by comparing the number of pair discoveries and visits 

between box types recorded by each bat in the colony (Figure 1). To 
rule out the influence of social information use, we only took those 
bats into account that used non-social information (arriving alone 
according to our criteria). We used Poisson generalized linear models 
(GLM) to assess for differences in pair discoveries and visits between 
box types (suitable vs. unsuitable; Tables S1 and S2)

2.4.2 | Memory retention

To assess whether individuals retained the previously learned asso-
ciation between the echo-reflective cue (hemisphere size) and the 
suitability of the box, we repeated the experiment in 2017 with the 
same association contingencies. We placed the ten experimental 
pairs in 2017 at different trees than in 2016 to avoid the possibility 
that the bats use spatial memory to discriminate between box types. 
This second experimental period lasted 20 days from May 18th, 
when all the bats had returned to their breeding area from their hi-
bernacula, to June 7th 2017. We considered a 20-day experimental 
period to be sufficient to assess memory retention because, accord-
ing to the 2016 data, bats were most active in exploring experimen-
tal boxes within the first 20 days, and most of the pair discoveries 
events (68%) in that year occurred within this period.

For assessing memory retention, we compared the data from 
2017 with the data obtained from the first 20 experimental days 
from 2016. We henceforth will refer to this 20-day experimental pe-
riod of each year as the “beginning” of the breeding season. To allow 
for paired comparisons, we only considered the data from the indi-
viduals present in both years. Hence, the datasets from each year 
corresponded to the same individuals present at the beginning of the 
breeding season, making datasets comparable. For a schematic rep-
resentation of the dataset used for each data analysis, see Figure 1.

We tested for memory retention by comparing the bats’ propor-
tion of visits to suitable boxes. The proportion of visits to suitable 
boxes was compared within and between years (see below). Finally, 
in the case that there was no memory retention, we tested whether 
the bats re-learned the association in 2017 using the same criteria as 
for the 2016 data (see associative learning section).

Individual bats differed in the number of visits they made to all 
experimental boxes during the beginning of the breeding seasons 
(range of number of visits: 10–34). In order to include all bats into 
a standardized analysis, we calculated the proportion of visits to 

F I G U R E  1   Datasets used for assessing associative learning, and visit groups used for assessing changes in the proportion of visits to 
suitable boxes within and between breeding seasons. Each visit group comprised five consecutive visits of each bat present in both years 
(n = 9). The beginning of each breeding season comprised 20 days (colony size, 2016 n = 12; 2017, n = 9), see text for the exact dates of data 
collection during each breeding season
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suitable boxes over the first and last five visits of each bat at the 

beginning of the first (2016) and second (2017) breeding season. 
Additionally, for the first breeding season, we calculated the pro-

portion of visits to suitable boxes over the very last five visits of 

each bat before leaving the area for hibernation. Hence, in total, we 

calculated the mean proportion of five different visit groups. At the 
beginning of each breeding season: “First 2016”, “Last 2016”, “First 
2017”, “Last 2017” (F2016, L2016, F2017, L2017 respectively); and 
at the end of the breeding season 2016: “End 2016” (E2016). Given 
the low number of non-social visits per bat during the two 20-day 

periods we considered all visits (using non-social or social informa-

tion) for calculating the proportion of visits to suitable roosts for 

each visit group (Table S3).

We tested memory retention by analyzing the changes in the 

proportion of visits to suitable roosts in two steps. First, we deter-

mined learning by assessing whether there was an increase in the 

proportion between the firsts and last visits, then we assessed for 

differences between years. We used binomial generalized linear 

mixed models (GLMM) with logit link to assess for differences in the 
proportion of visits to suitable boxes among the abovementioned 

groups of visits during the two breeding seasons. Models were built 

to assess learning and memory retention by assigning time catego-

ries to each visit group differently.

For assessing learning, we assigned visit groups into two time 

categories: “first” for F2016 and F2017; and “last” for L2016 and 
L2017. Since there was no equivalent of E2016 measured at the end 
of the breeding season 2017, we excluded the visit group E2016 
from this particular analysis. In our first model, we assessed for dif-

ferences in proportions between time categories (first vs. last) by 

setting the time as a fixed factor. In a second model, we assessed 

whether changes in proportion at different time (first vs. last) is 

independent of the year (2016 vs. 2017) by adding an interaction 
term between time and year. In each model, we set bat identity as 

a random factor.

In a second step, we assessed for changes in proportion across 

the different visit groups (i.e., F2016, L2016, E2016, F2017, L2016). 
We built a third binomial GLMM setting the visit group as a fixed 
factor and bat identity as a random factor. We took the proportion 
reached at the end of the breeding season 2016 (E2016) as the ref-
erence category not only for inferring memory retention (E2016 vs. 
F2017) but also for inferring maintenance of the proportion reached 

during the beginning until the end of the breeding season (E2016 
vs. L2016).

Finally, we tested for associative learning in 2017 by compar-

ing the number of pair discoveries and visits between box types as 

described for 2016 (see section: associative learning; Tables S4 and 
S5). We computed all data analyses in R v.3.4.3 (R Core Team, 2019), 
GLMMs were implemented with the lme4 package (Bates, Mächler, 
Bolker, & Walker, 2015).

3  | RESULTS

The BS colony comprised 12 adult females in 2016, nine of which 
returned in 2017. Thus, we could compare the information obtained 

from the nine individuals present in both years. Results from Poisson 

GLMs are based on non-social records from 12 individuals in 2016 
and nine individuals in 2017 (Tables S1–S4). Results of GLMMs are 
based on non-social and social visits performed by nine individuals 

present in both years.

F I G U R E  2   Number of pair discoveries 
and visits per box type in 2016 (over a 
period of 106 days, n = 12 bats). Thick 
horizontal lines represent the median. 
Triangles represent the mean. Jittered 
points represent individual bats. Results 
from Poisson GLM displayed as: *** 
p < .0001
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3.1 | Associative learning in 2016

Over the whole first breeding season, the bats discovered more pairs 
by visiting the respective suitable box first and had more visits to 
suitable boxes than to unsuitable ones using non-social informa-
tion (Poisson GLM pair discovery: z = −3.804, p < .0001; visits: z 
= −9.166, p < .0001, n = 12; Figure 2a,b). The increase in the pro-
portion of visits to suitable boxes (mean ± SE) from 0.71 ± 0.15 in 
F2016 to 1.00 ± 0 in L2016 (Figure 3) shows that the bats quickly 
learned the association between the suitability of a box and its ex-
ternal echo-reflective cue (hemisphere size). Indeed, our first GLMM 
model showed that the mean proportion of visit to suitable boxes 
was significantly higher during the last visits compared to the first 
visits recorded at the beginning of the first breeding season (GLMM: 
z = 3.812, p < .001, n = 36). Our second GLMM revealed that the dif-
ference in the proportion between the last and the first visits was in-
dependent of the year given the non-significant interaction between 
time (first vs. last) and year (z = −50, p = .96, n = 36). Finally, our third 
GLMM showed that the higher proportion of visits to suitable boxes 
reached over the last five visits at the beginning of the first breed-
ing season was maintained until the end of the first breeding season 
(GLMM E2016 vs. L2016: z = 1.279, p = .20, Table 2).

3.2 | Memory retention

Our third GLMM showed that the bats’ proportion of visits to suit-
able boxes was significantly lower after returning from hibernation. 
The proportion of visits to suitable boxes dropped from 0.91 ± 0.09 
at the end of the first year to 0.73 ± 0.14 during the first visits of 
the second year suggesting that bats lack memory retention after 
returning from hibernation (E2016 vs. F2017: z = −2.112, p = .03; 
Table 2). Afterwards, bats showed a comparable proportion of vis-
its to suitable boxes during the last five visits at the beginning of 
the second breeding season (L2017: 0.93 ± 0.08) compared to the 
proportion reached at the end of the first year (E2016 vs. L2017: 
z = 0.392, p = .69; Table 2).

We observed a similar increasing pattern in the mean propor-
tion at the beginning of the breeding season in both years (Figure 3). 
These results suggest that bats were able to re-learn the association 
in the second year. This was further supported by the higher number 
of pair discoveries and visits to suitable boxes than unsuitable ones 
by the end of the experiment in the second year (Poisson GLM, pair 
discovery: z = −3.067, p = .002; visits: z = −4.886, p < .0001, n = 9; 
Figure 4a,b).

4  | DISCUSSION

Our study aimed to assess the memory retention of a previously 
learned association between echo-reflective cues and roost suit-
ability after a natural hibernation period in free-ranging Bechstein's 
bats. There was no evidence of memory retention of the learned as-
sociation, as can be seen from the bats’ initial lower proportion of 
visits to suitable boxes after hibernation compared to the proportion 
reached at the end of the previous summer. However, bats quickly 
re-learned the association reaching a proportion of visits to suitable 
boxes comparable to that before hibernating (Table 2; Figure 3).

The higher number of pair discoveries and visits to suitable 
boxes throughout the first breeding season (Figure 2) showed that 
bats learned to discriminate between suitable and unsuitable boxes 
according to their associated echo-reflective cue. The significant in-
crease of the bats’ proportion of visits to suitable boxes within the 
first 20 days of the breeding season in both years showed that asso-
ciative learning was indeed very fast. Our results are in accordance 
with previous lab studies that have demonstrated the fast associa-
tive learning ability (albeit in a foraging-related task) of other bat 
species ecologically similar to Bechstein's bats (e.g., Myotis nattereri, 
M. emarginatus; Siemers, 2001; Page et al., 2012; Clarin, Ruczyński, 
Page, & Siemers, 2013).

Bats maintained the proportion reached during the beginning 
of the first breeding season until the end of this breeding season 
(E2016 vs. L2016, p = .20). However, when we repeated the exper-
iment in the second year, after bats returned from hibernation, the 

F I G U R E  3   Colony mean and standard 
error of the proportion of visit to suitable 
boxes in the first (F) and last (L) five visits 
at the beginning of the breeding season 
in 2016 and 2017 (20-day experimental 
period), and at the end of the 2016 
breeding season (E2016; n = 9 bats 
present in both years). Jittered points 
represent individual bats
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proportion over the first five visits per individual was significantly 
lower (E2016 vs. F2017, p = .034). This drop in the proportion of 
visits to suitable boxes is contrary to our memory retention hypoth-
esis. Also, this finding is in contrast with previous studies that have 
confirmed memory retention of an associative task after hiberna-
tion in squirrels (McNamara & Riedesel, 1973), salamanders (Kundey, 
Lessard, Fitz, & Panwar, 2018) and bats (Clarin et al., 2014). The lack 
of experimental evidence for long-term memory retention in our 
study is unexpected given that other studies, based on data col-
lected in multiple years, have indirectly shown that Bechstein's bats 
have long-term memory of social interactions (Kerth et al., 2011) and 
individual foraging sites (Kerth et al., 2001; Melber, Fleischmann, & 
Kerth, 2013). One explanation would be that hibernation may affect 

different aspects of memory differently (Mateo & Johnston, 2000; 
Millesi, Prossinger, Dittami, & Fieder, 2001).

The differences of our findings with those of previous studies 
might also arise from different experimental conditions, such as 
the elapsed time between initial training and hibernation, hiber-
nation length, and elapsed time between arousal from hibernation 
and retention test. It has been shown that an immediate onset of 
hibernation after initial learning acquisition impairs memory re-
tention (Kundey et al., 2018; Sugai et al., 2007). Likewise, the time 
between arousal and the retention test can have consequences 
in memory retention, though results are ambiguous (Mihailovic, 
Petrovic-Minic, Protic, & Divac, 1968; Weltzin, Zhao, Drew, & 
Bucci, 2006). For example, Weltzin et al. (2006) showed that arc-
tic ground squirrels show memory retention 24 hr after arousing 
from hibernation but not after 3 hr or four weeks, suggesting that 
memory is altered at specific times after arousal. Moreover, hi-
bernation length varies among studies ranging from a couple of 
weeks to several months in the case of natural periods (Table 1). 
However, to our knowledge, there is no information about to what 
extent hibernation length affects memory retention. Few studies 
take into account the species’ seasonal behavior patterns in their 
experimental procedures (but see: Millesi et al., 2001). Because 
our study is conducted under natural conditions, it reflects the 
natural seasonal cycle of Bechstein's bats. We conducted our ex-
periments when bats were most active in summer. Hence, we can 
discard unnatural effects due to low activity levels immediately 
after arousal from hibernation as well as potential effects due to 
an artificial hibernation onset and length.

We propose two possible explanations for the observed drop 
in the proportion of visits to suitable boxes between the first and 
second year. 1) Bats forgot the learned association between roosts’ 

TA B L E  2   Results from the generalized linear mixed model 
testing for differences in the proportion of visits to suitable boxes 
between visit groups, E2016 was set as the reference level (see text 
for abbreviations). Model based on 45 observations

Effects Estimate SE z-value p

Intercept 2.327 0.523 4.443 8.88e−6

F2016 −1.427 0.618 −2.306 0.021

L2016a  1.456 1.138 1.279 0.200

F2017 −1.316 0.622 −2.112 0.034

L2017 0.311 0.794 0.392 0.694

aBecause of identical values in this group, we subtracted 1 of the 
successes of one individual to induce variability in the data set and to 
make possible the comparison against the reference level. The induced 
variance did not affect the remaining comparisons, estimates, SE, z, and 
p-values remained exactly the same. 
Significant p-values (<.05) are indicated in bold.

F I G U R E  4   Number of pair discoveries 
and visits per box type in 2017 (over 
a period of 20 days, n = 9 bats). Thick 
horizontal lines represent the median. 
Triangles represent the mean. Jittered 
points represent individual bats. Results 
from Poisson GLM displayed as: ** 
p < .001; *** p < .0001
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suitability and their echo-reflective cue. Alternatively, 2) bats re-
membered the association but explored the newly placed boxes irre-
spective of their type as a strategy to update the information about 
current roosting options.

Our first explanation proposes that besides the time be-
tween the experiments, the experiences that bats went through 
during that lapse might also hinder memory retention. According 
to traditional theories of forgetting, the loss of memories can be 
attributed to the interference from distracting elements (inter-
ference theory) or to the deterioration of memory traces due to 
metabolic processes (decay theory, sensu Wixted, 2004). In our 
study, there were eight months between the last trials in the first 
year and the first trials in the second year, of which at least five 
months correspond to hibernation (Biedermann & Henkel, 2013; 
Van Schaik et al., 2015); hence both theories could explain the re-
sults. Since hibernation implies changes in metabolism that affects 
brain activity (Daan et al., 1991; Krilowicz et al., 1988; von der Ohe 
et al., 2007), it may have negative consequences for memory reten-
tion (decay theory). Besides hibernation itself, other experiences 
such as migration to hibernacula, mating, and return to breeding 
areas may also affect memory retention (interference theory).

A second explanation is that even though bats remembered 
the learned association, this knowledge did not affect their ex-
ploration of newly placed boxes. Previous cognitive studies 
have shown that even individuals that have learned to localize 
resources with high accuracy can show lower performance due 
to sampling alternative locations (Clarin et al., 2014; Mateo & 
Johnston, 2000). It has been proposed that such apparent irratio-
nal behavior represents a strategy for optimal decision-making in 
changing environments (Fawcett et al., 2014). The persistence of 
inspecting unsuitable boxes can result from decision rules adapted 
to heterogeneous environments and or due to the non-existent 
cost associated with such behavior (Fawcett et al., 2014; Houston, 
McNamara, & Steer, 2007).

Even though roosts, such as tree cavities or the bat boxes in our 
study site, exist at the same location for a long time, they are typ-
ically an unpredictable resource in time because they may be tem-
porally unsuitable for roosting. In our study site, non-experimental 
boxes can be occupied by nesting birds, wasps, dormice (Glis glis), or 
other bat species present in the area, making them unsuitable for 
Bechstein's bats. However, this unsuitability is only temporal, which 
makes it beneficial for female Bechstein's bats to inspect boxes pre-
viously perceived as unsuitable for updating the information about 
current roosting options (Fawcett et al., 2014; Houston et al., 2012). 
At the same time, the costs associated with occasionally inspecting 
unsuitable experimental boxes were probably low. Since there was 
no predation risk and we provided no negative stimulus associated 
with unsuitable boxes (see Fleischmann et al., 2013), we assume that 
the exploration costs in time and energy were negligible. If there are 
no costs associated with forgetting this would give further support 
for our most parsimonious explanation that bats simply forgot the 
learned association. However, we cannot discard that individuals do 
not benefit from resampling alternative roosting options.

Despite an overall persistence of bats to more often visit suit-
able boxes in the first year (E2016 vs. L2016, p = .20), the observed 
increase in variation at the end of the season (Figure 3: E2016) 
shows that some bats may update their information by also visiting 
unsuitable boxes occasionally. Indeed, three of the nine analyzed 
individuals had a proportion lower than 100% by the end of the 
first breeding season. However, in the second year the proportion 
dropped at the same level as during the initial presentation of the 
experimental boxes in the first year (F2016: 0.71 ± 0.15 vs. F2017: 
0.73 ± 0.14; Figure 3). Thus, we suggest that the strong drop in the 
proportion of visit to suitable boxes at the beginning of the second 
year (E2016 vs. F2017, Table 2) occurred because the bats forgot the 
learned association rather than following a strategy for updating the 
association contingencies.

Because we combined social and non-social visits when com-
paring the proportion of visits to suitable boxes between years, we 
cannot exclude that social factors affected the observed lack of 
memory retention. Hypothetically, social information transfer could 
buffer the loss of memory in some of the colony members if those 
individuals copy the behavior of colony members that do remember 
the association between the cue and box suitability. On the other 
hand, information transfer could also increase the lack of memory 
retention, if bats that show no memory retention are more influen-
tial in the colony's decision about which roosts to visit/occupy. Given 
the relative small number of colony members, we cannot assess the 
relative influence of individual bats during roost choice. However, 
our results clearly show that on the level of the colony there was 
no memory retention, which means that either all colony members 
lacked memory retention or at least those that were most influential 
in deciding which roosts to visit.

Due to the lack of memory retention after hibernation, the bats 
needed to re-learn the association between the echo-reflective cue 
and roosts’ suitability. Indeed, the bats showed the same fast as-
sociative learning one year after the initial learning (Figure 4). The 
ability to learn and exploit new resources allows species to adapt 
to changing environments regarding the available resources (Beever 
et al., 2017; Brown, 2012). In Bechstein's bats that frequently 
switch their day roost, which can quickly change in their suitabil-
ity, a flexible learning strategy about roost suitability is undoubtedly 
advantageous.

5  | CONCLUSION

Based on the pattern observed in the proportion of visits to suit-
able boxes for roosting across different times within and between 
two consecutive breeding seasons, we suggest that bats forgot the 
learned association between the echo-reflective cue and the suit-
ability of the box after a natural hibernation period. However, at pre-
sent, we cannot determine to what extent this finding was due to 
hibernation itself or the duration of the period that the bats spent 
apart from their summer habitat without the opportunity to rein-
force the association contingencies. At the same time, our results 
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also confirm the rapid learning ability of bats, underlining their high 

behavioral flexibility (Page et al., 2012). From an applied conserva-

tion perspective, getting insights into species’ behavioral responses 

in their habitat is essential for planning adequate conservation 

measures (Berger-Tal et al., 2011). In the particular case of bats, 

how species react to new roosting options (i.e., exploration and 

use) determines, in the long term, the success of species manage-

ment measures (Rueegger, Goldingay, Law, & Gonsalves, 2019; Zeale 
et al., 2016).
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Fig. S1. Average spectral target strength (40 – 160 kHz) across different angles of incidence of 

each hemisphere size. The spectral reflection intensity (target strength) was calculated in dB for a 

20-cm reference distance. 
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Fig. S2. Number of pair discoveries per box type in 2016 (over a period of 106 days, n = 12 bats) 

under different times regimes for categorizing non-social information. Thick horizontal lines 

represent the median. Triangles represent the mean. Jittered points represent individual bats. 

Results from Poisson GLM displayed as: * < 0.05, *** p < 0.0001. 

 

 

Fig. S3. Number of visits per box type in 2016 (over a period of 106 days, n = 12 bats) under 

different times regimes for categorizing non-social information. Thick horizontal lines represent 

the median. Triangles represent the mean. Jittered points represent individual bats. Results from 

Poisson GLM displayed as: *** p < 0.0001. 
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Table S2 Summary table of the number of visits to each box type according to 
the information type that each bat used during the first year (2016) in a 106-day 
period. Non-social data was used for assessing associative learning. 
Info Non-social Social 
ID Suitable Unsuitable Total Suitable Unsuitable Total 
6684 20 8 28 26 4 30 
9652 22 5 27 16 3 19 
aFDF2 20 7 27 29 4 33 
a65EA 8 1 9 10 3 13 
a78B5 16 3 19 20 5 25 
9A11 22  22 13 2 15 
A241 26 9 35 23 5 28 
ADE3 27 9 36 29 8 37 
12F0 29 12 41 25 3 28 
2037 9 1 10 9 1 10 
D221 10 1 11 18 4 22 
C1B3 18 4 22 22 6 28 
Total 227 60 287 240 48 288 
a Bats that did not return to the breeding area in the second year (2017) 

Table S1 Summary table of the number of discovered pairs to each box type 
according to the information type that each bat used during the first year (2016) 
in a 106-day period. Non-social data was used for assessing associative learning. 
Info Non-social Social 
ID Suitable Unsuitable Total Suitable Unsuitable Total 
6684 2 0 2 8 0 8 
9652 6 1 7 3 0 3 
aFDF2 1 3 4 5 1 6 
a65EA 2 0 2 4 1 5 
a78B5 3 1 4 5 1 6 
9A11 5  5 4 1 5 
A241 5 1 6 3 1 4 
ADE3 1 0 1 7 2 9 
12F0 4 2 6 4 0 4 
2037 4 0 4 4 1 5 
D221 1 0 1 7 2 9 
C1B3 3 1 4 3 2 5 
Total 37 9 46 57 12 69 
a Bats that did not return to the breeding area in the second year (2017) 
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Table S3 Number of visits and percentage of non-
social and social visits recorded for each visit 
group. Each visit group is made up of 5 consecutive 
visits during the first (F) and last (L) five visits in 
each year (2016, 2017) and at the end (E) of 2016. 
Visit group Non-social (%) Social (%) 

F2016 20 (44.5) 25 (55.5) 

L2016 25 (55.5) 20 (44.5) 

E2016 27 (60.0) 18 (40) 

F2017 27 (60.0) 18 (40) 

L2017 20 (44.5) 25 (55.5) 

Total 119 (52.8) 106 (47.2) 
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Table S4 Summary table of the number of discovered pairs to each box type 
according to the information type that each bat used during the second year 
(2017) in a 20-day period. Non-social data was used for assessing associative 
learning. 
Info Non-social Social 

ID Suitable Unsuitable Total Suitable Unsuitable Total 
6684 4 0 4 6 6 12 
9652 2 3 5 6 2 8 
9A11 3 1 4 5 1 6 
A241 6 5 11 3 1 4 
ADE3 5 6 11 5 1 6 
12F0 3 4 7 6 0 6 
2037 3 0 3 5 1 6 
D221 7 0 7 1 0 1 
C1B3 2 1 3 5 0 5 
Total 35 20 55 42 12 54 

 

Table S5 Summary table of the number of visits to each box type according to 
the information type that each bat used during the second year (2017) in a 20-
day period. Non-social data was used for assessing associative learning. 
Info Non-social Social 

ID Suitable Unsuitable Total Suitable Unsuitable Total 
6684 10 1 11 13 6 19 
9652 8 3 11 11 2 13 
9A11 8 1 9 11 1 12 
A241 10 6 16 12 1 13 
ADE3 11 6 17 15 2 17 
12F0 7 4 11 9 0 9 
2037 5 0 5 6 1 7 
D221 9 0 9 3 0 3 
C1B3 4 1 5 9 0 9 
Total 72 22 94 89 13 102 
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4.3 Are echo-reflective cues effective to attract bats to newly placed artificial roosts? 
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Abstract

The availability of suitable roosts is an important factor affecting the viability of bat 

populations. In Europe and North-America, the installation of artificial roosts is a 

standard conservation measure to mitigate the loss of tree cavities or crevices at 

buildings. How quickly artificial roosts, such as bat boxes, are adopted, depends on how

easily the bats can find them, and on their suitability for roosting. While there is some 

information about how the design of bat boxes influences their occupancy, it is 

unknown to what extent the use of bat boxes depends on their detectability. In this 

experimental field study, we studied the roost selection behavior of three forest-living 

bat species. We investigated whether attaching an external echo-reflector to bat boxes 

influenced the time until the bats discover a box or the total number of discovered 

boxes, which are proxies for detectability. We also assessed whether this modification 

improved the occupancy of newly placed boxes, as a proxy for their attractiveness. As a 

result of a previous study, all studied bat colonies were familiar with the echo-reflector 

as an indicator for the suitability of bat boxes as a day roost. For each species, we 

compared between boxes with and without an echo-reflector, the number of boxes 

discovered, the number of days elapsed until discovery, the number of subsequent visits,

and the number of days that each box type was used as day roosts. Myotis bechsteinii 

and Myotis nattereri discovered, visited and used more unmodified boxes than boxes 

with echo-reflectors. Plecotus auritus did not show differences in behavior with regard 

to the box types. Our results show that attaching an echo-reflector to newly placed 

artificial roosts does not improve their discovery and subsequent occupation, even when

bats are already familiar with this cue as an indicator of suitability. We discuss the 

implication of our findings for bat conservation.
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Introduction

Having a sufficient number of suitable roosting sites is a critical habitat element for bats

(Kalcounis-Rüppell et al., 2005). This is especially true for forest-living bats that 

frequently switch their communal day roosts in order to avoid parasites and find optimal

roosting temperatures (O’Donnell and Sedgeley, 1999; Kerth et al., 2001; Reckardt and 

Kerth, 2007; Olson and Barclay, 2013). For those species, it is crucial to preserve a 

large pool of suitable roosts in order to ensure the viability of populations (O’Donnell 

and Sedgeley, 1999).

The availability of suitable roosts for tree-dwelling bats is often reduced due to 

logging practices that remove potential roosts like old-trees or snags (Mickleburgh et 

al., 2002; Whitaker et al., 2006; Lučan et al., 2009). The installation of bat boxes is a 

widely used conservation measure in Europe and North-America (Rueegger, 2016) 

aiming to mitigate the loss of natural roosts (Ciechanowski, 2005; Rueegger et al., 

2019). Bat boxes have also been used to attract displaced colonies to new areas (Neilson

and Fenton, 1994; Brittingham and Williams, 2000; Ruffell et al., 2009), or to support 

local bat populations (Boyd and Stebbings, 1989; Flaquer et al., 2006; Long et al., 

2006). In central Europe, artificial roosts have been used since the 1950s (Issel and 

Issel, 1955) and constitute a common practice to compensate for the destruction of 

roosts (Zahn and Hammer, 2017).

Installing bat boxes, however, does not guarantee their adoption, or the 

persistence of bat populations affected by the loss of natural roosts (Whitaker et al., 

2006). The success of roost supplementation programs depends on the detection and 

occupancy of the newly placed boxes (Brittingham and Williams, 2000). There are 

several factors affecting box occupancy (reviewed by: Mering and Chambers 2014) 

including time since installation (Agnelli et al., 2011; Bender, 2011), box design 

(Baranauskas, 2009; Dodds and Bilston, 2013), microclimatic characteristics (Kerth et 

al., 2001), and the number and deployment of the boxes (Brittingham and Williams, 

2000; Zahn and Hammer, 2017).

The time it takes for bats to occupy newly installed bat boxes can range from a 

few days to up to 10 years after their installation (Whitaker et al., 2006; Bender, 2011), 
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and some are never occupied despite being within the home range of a colony. There are

several factors affecting the delay in box occupancy such as the local abundances of 

bats (Whitaker et al., 2006; Rueegger, 2016), the previous experience of bats with 

artificial roosts (e.g., Kerth and Reckardt 2003; Fleischmann and Kerth 2014), and box 

design (Poulton, 2006; Dodds and Bilston, 2013).

While there is evidence that the design of a bat box can influence whether or not 

it is occupied, it is unknown to what extent occupancy is influenced by their 

detectability. In the present study, we assess how three sympatric forest-dwelling bat 

species discover and occupy newly placed boxes that differ in their echo-reflective 

characteristics. We did not aim to test different box models but instead used one model, 

2FN boxes (Schwegler, Germany), which is intensively used as day roosts by our study 

populations for more than ten years (e.g., Zeus et al. 2017). As our study species mainly

use echolocation for navigation and orientation, we used an echo-reflective cue to 

exploit bats’ perceptual bias. We modified the echo-reflective characteristic of the boxes

by attaching a hollow hemisphere which echoes are constant over a wide range of 

angles of sound incidence (Simon et al., 2006), making the boxes potentially more 

conspicuous for the bats. That bats use echo-reflective cues for finding natural roosts 

has been demonstrated in the paleotropical bat Kerivoula hardwickii that uses pitcher 

plants (Nepenthes hemsleyana) as a day roost (Schöner et al., 2015) and for one of the 

study species, Myotis bechsteinii, using bat boxes (Hernández-Montero et al., 2020b).

We investigated whether the use of an external echo-reflective cue improves the 

detection and attractiveness of newly placed boxes compared with boxes without such a 

cue (henceforth, ‘modified’ vs. ‘unmodified,’ respectively). We assessed the 

detectability of each newly placed box type by comparing the number of discovered 

boxes and the elapsed days since their installation until discovery. The attractiveness of 

the boxes was assessed by comparing the number of nightly visits and subsequent use as

day roosts as a proxy of occupancy of each box type.

Two previous studies carried out in our study site, showed that M. bechsteinii 

quickly learned to discriminate between suitable and unsuitable roosts based on the size 

of their respective external echo-reflective cue via associative learning (Hernández-

Montero et al., 2020b, 2020a). However, individuals of M. nattereri and Plecotus 
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auritus interacted with boxes with attached echo-reflective cues to a lesser degree (see 

supplementary material). Based on these observations, we expected that the three 

species will differ in how they discover and use modified versus unmodified boxes. 

Specifically, we expected that M. bechsteinii would discover modified boxes faster and 

more often than unmodified boxes, resulting in a higher number of visits and longer use 

of modified boxes. Likewise, we expected that M. nattereri and P. auritus also detect 

modified boxes faster and more often than unmodified boxes. However, given the lower

occupancy of modified boxes in previous studies (see supplementary material), we 

expected that modified boxes would be less attractive than unmodified boxes for these 

two species.

Materials and methods

Study site, colonies and monitoring

This study was carried out in a deciduous forest near the city of Würzburg, northern 

Bavaria, Germany. We collected roosting data in 2018 between May and July (64 days) 

from four breeding colonies; one Myotis bechsteinii (colony size: n = 8 adult females), 

one Myotis nattereri (n = 107 adult females) and two Plecotus auritus colonies (colony 

1: n = 11 adult females; colony 2: n = 3 adult females). All colonies are composed of 

female bats that return every year after hibernation to their breeding areas.

In our study area, wood-concrete 2FN boxes (Schwegler, Germany) have been 

deployed for more than 25 years (Kerth and König, 1996). In general, the 2FN box 

design is among the most preferred box models by all three species (Poulton, 2006; 

Dodds and Bilston, 2013). In our study site all three species regularly use 2FN boxes, in

addition to natural cavities, as day roosts (Kerth and König, 1999; Kerth et al., 2011).

Every female bat in our study colonies has been individually marked in their first

year of life with a small subcutaneously implanted radio-frequency identification 

(RFID) tag. Handling, marking, and observation of bats were carried out under license 

from the Nature Conservancy Department of the Government of Lower Frankonia 

(permit number 55.1-8642.01-2/00). The colony of M. bechsteinii has been 

continuously monitored since 1993, the colonies of P. auritus since 2003, and the 

colony of M. nattereri since 2010. During that time, the bats roosted mainly in 2FN bat 
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boxes. We monitored day roosts with RFID loggers (LID 665 EURO ID, Germany). 

This is a well-established monitoring method that allows for the identification of ca. 

97% of all marked individuals roosting inside the boxes (Kerth and Reckardt, 2003; 

Kerth et al., 2011). Logger data comprises the identity of the individual, date, and time 

of reading.

Experimental setup

In addition to the 112 2FN boxes permanently deployed in the study area, we placed 12 

new 2FN boxes in the roosting area (Zeus et al., 2017). Six of the newly placed boxes 

had a symmetrical plastic hollow hemisphere of 50 mm radius attached to their lid as an 

echo-reflective cue (modified boxes). The other six boxes lacked an echo-reflector 

(unmodified boxes) and were, therefore, identical to the boxes already present in the 

area. All 12 experimental boxes were hung at a height of 2.5 meters and were alternated 

between modified and unmodified boxes to avoid a clustered distribution of a same 

experimental box type.

We used the hollow hemisphere as an external cue because it reflects sounds 

over a wide range of angles (Simon et al., 2006). We chose a hemisphere of 50 mm 

radius because we carried out a pair-wise choice experiment in 2017, the year before the

current study, having the suitable boxes equipped with this hemisphere size and 

unsuitable boxes with a hemisphere of 40 mm radius (see supplementary material). 

Myotis bechsteinii quickly learned to recognize suitable and unsuitable boxes based on 

the reflector size (Hernández-Montero et al., 2020b). Hence, boxes with the same type 

of echo-reflector as in our current study were previously perceived as suitable roosts 

(see supplementary material). All newly placed boxes were equipped with an RFID-

logger device for continuous monitoring. This allowed us to document for each marked 

bat, the type of box visited at night in a chronological order. A night of monitoring 

ranged from 19:00 to 7:00.

Data analysis

To assess whether newly placed boxes with an echo-reflector are more easily detectable 

and more effective in attracting bats than newly placed boxes without an echo-reflector, 

we compared between box types the number of 1) discovered boxes, 2) elapsed days 

until discovery, 3) visits, and 4) days that a particular box type was used as a day roost. 
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We carried out these comparisons for each bat species separately. We pooled the two 

Plecotus auritus colonies to assess the species’ reaction to the newly placed boxes (for a

total n = 14).

Data processing was according to Hernández-Montero et al., (Hernández-

Montero et al., 2020b). To avoid pseudo-replication, we considered as a visit only the 

first reading in the night of each individual to a given box. For each visit we determined

the identity, species, box type, experience and how the information about a box was 

obtained by the individual (‘social’ vs ‘non-social’ information). Previous experience of

a bat with an experimental box was categorized depending on whether or not the bat has

visited the box for the first time as ‘naïve’ or ‘experienced’, respectively. Information 

was assigned as ‘non-social’ or ‘social’ taking into account the number of bats visiting a

box and their experience status. Visits with non-social information were those visits in 

which no other colony member had been recorded within one minute, while visits with 

social information involved more than one bat arriving together at a box (naïve bat(s) 

arriving within one minute of experienced bat(s)). When a group of bats consisted of 

only naïve individuals, we categorized the first individual within the group as using 

non-social information and the remaining bats as using social information because those

bats could be influenced by the first bat visiting the box.

Since bats can influence each other roost choice, we only considered those bats 

using non-social information (i.e., arriving alone according to our definition) for the 

comparison of the number of boxes discovered, the number of days until discovery, and 

the number of visits between box types. The number of elapsed days were counted 

starting from box installation until box discovery. Box discovery was defined as the 

very first visit of each individual to a given box, so that each individual bat could 

discover a maximum of 12 boxes. When comparing the number of visits, we discarded 

visits to day roosts (experimental boxes occupied during the day) from the data analysis 

because bats constantly return to day roosts in consecutive nights during their 

occupancy which can disproportionately increase the number of visit to a given box 

type. Finally, we compared the number of days that bats used a particular box type as a 

day roost taking into account all the individuals that used the boxes as day roost. The 

presence of bats inside the boxes was confirmed every morning, as roosting bats can be 
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seen from the ground using a flashlight without opening the boxes (Kerth and König, 

1999).

For each bat species, we compared the median number of days until box 

discovery between box types using a Mann-Whitney U-test. The number of discovered 

boxes, visits and roosting days was recorded at the individual level and compared 

between modified and unmodified boxes through paired comparisons. We assessed for 

differences between box types using a Wilcoxon matched-pairs signed-rank test. For the

analysis, we took into consideration only those bats that discovered, visited and used 

either type of newly placed boxes at least once. Normality and homoscedasticity were 

tested using a Shapiro-Wilk test and Bartlett test, respectively. We computed all 

statistical analyses in R v.3.6.1 (R Core Team, 2019).

Results

All the individuals of M. bechsteinii and P. auritus visited (using non-social 

information) and roosted at least once inside the newly placed boxes. Of the 107 M. 

nattereri individuals, 71 discovered and visited the newly placed boxes using non-social

information, and 89 used them as day roosts. The total number of discovered boxes by 

at least one individual of each bat species, as well as the total number of visits and 

roosting days for each box type are summarized in Table 1.

Myotis bechsteinii discovered more (Wilcoxon matched-pairs signed-rank tests, 

Z = -2.25, p = 0.02, n = 8; see Mbec Fig.1A) and faster unmodified than modified boxes

(Mann-Whitney test U = 2.239, p = 0.025; see Mbec Fig.1B). Unmodified boxes were 

discovered after a median of four days compared to 43 days for modified boxes. 

Individuals of M. bechsteinii also visited unmodified boxes more often (Z = -2.25, p = 

0.02, n = 8; see Mbec Fig.1C) and used them as roosts for a longer time (Z = -2.55, p = 

0.01, n = 8; see Mbec Fig.1D) than modified boxes.

Myotis nattereri discovered more unmodified than modified boxes (Z = -6.44, p 

< 0.0001, n = 71; see Mnat Fig.1A). However, modified boxes were discovered more 

quickly than unmodified boxes (median 21 vs. 37 days, respectively; U = -2.50, p = 

0.01; see Mnat Fig.1B). Individuals of M. nattereri visited unmodified boxes more often

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210



PUBLICATION 3 

 
 

97 
 

0DQXVFULSW�ERG\
'RZQORDG�VRXUFH�ILOH��������N%�

(Z = -6.08, p < 0.0001, n = 71; see Mnat Fig.1C) and used them as day roosts longer (Z 

= -8.18, p < 0.0001, n = 89; see Mnat Fig.1D) than modified boxes.

Plecotus auritus showed no difference between box types in the number of 

discovered boxes (Z = 0.47, p = 0.63, n = 14; see Paur Fig.1A), days needed to discover 

a newly placed box (U = 1.35, p = 0.17; see Paur Fig.1B), or the number of visits made 

to each box type (Z = 0.32, p = 0.74, n = 14; see Paur Fig.1C). However, they did use 

modified boxes longer than unmodified boxes as day roosts (Z = 1.99, p = 0.046, n = 

14; see Paur Fig.1D). 

Taken together, these results show that for all three species, the use of echo-

reflective cues did not increase the detectability of the boxes, or made the boxes more 

attractive than boxes without echo-reflectors.

Discussion

We explored whether attaching an echo-reflector, previously associated with suitable 

roosts within the study population, to newly placed 2FN boxes increased their 

detectability and attractiveness. We inferred box detectability by recording the number 

of discovered boxes and the elapsed days since box installation until box discovery. 

Attractiveness was inferred through the number of visits and the number of days that 

bats used a box as a day roost.

The use of echo-reflectors did not improve the detectability of the boxes as 

evidenced by the lower number of discovered boxes and longer time required for 

discovery. Only Myotis nattereri discovered modified boxes faster compared to 

unmodified boxes; nevertheless, none of the three bat species discovered more boxes 

with echo-reflective cues compared to unmodified boxes.

Contrary to our hypothesis, our results suggest that the use of echo-reflectors did

not improve box detectability according to the measured parameters. We would like to 

point out that the time until discovery and the number of discovered boxes are only 

proxies and not direct measures of detectability. Given our observational method (i.e., 

RFID monitoring), we can only make inferences based on records of bats entering the 
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boxes. Hence, we cannot infer box detectability for those bats that did not enter the 

boxes. Moreover, it is possible that boxes with echo-reflectors are indeed more 

detectable than unmodified boxes, but that bats avoid them (e.g., neophobia). Although 

bats were exposed to boxes with echo-reflectors during the previous two years, 

personality effects like neophobia can differ between and within species, and can be 

persistent over time (Morand-Ferron et al., 2016).

The attractiveness of the boxes, as measured by the number of visits and the 

number of days the bats used the roost during the day, was also not improved by 

attaching echo-reflectors to them. Interestingly, although M. bechsteinii had learned 

previously to associate echo-reflective cues with the suitability of the box (Hernández-

Montero et al., 2020b), in the present study they visited and occupied unmodified boxes

more frequently. Notably, a previous study demonstrated that M. bechsteinii can quickly

re-learn the association between box’s suitability and its echo-reflective cue 

(Hernández-Montero et al., 2020a). The preference for unmodified boxes could be 

explained by the uncertainty previously experienced with boxes with echo-reflectors. 

Since in the previous year, unsuitable boxes were also equipped with an echo-reflector 

(see supplementary material), M. bechsteinii might avoid boxes with echo-reflectors 

irrespective of its size.

While individuals of M. nattereri and M. bechsteinii discovered, visited and 

roosted in unmodified boxes more frequently, individuals of P. auritus showed no 

difference in their behavior towards the two box types. Although M. nattereri and P. 

auritus explored newly placed boxes, they did it to a lesser degree than M. bechsteinii in

terms of the number of visits and days that a given box was used as a day roost (Fig. 1C,

D). Contrary to M. bechsteinii and P. auritus where all colony members roosted at least 

once in the newly placed boxes, only 83% of the M. nattereri colony used them as day 

roosts. The difference among bat species in the exploration and use of newly placed 

boxes could also be related to the species-specific exploration and roost-switching 

behavior of our three study species (Lučan et al., 2009; Fleischmann and Kerth, 2014).

As observed here for unmodified boxes, a previous study showed that M. 

bechsteinii individuals are significantly faster at discovering and occupying newly 

placed boxes than P. auritus individuals (Fleischmann and Kerth, 2014). Another study 
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conducted in our study area showed that the large M. nattereri colony occupied a larger 

number of boxes and had a higher fission-fusion behavior compared to the smaller M. 

bechsteinii and P. auritus colonies (Zeus et al., 2017). Paradoxically, although the M. 

nattereri colony seems to face the highest pressure to gather information about potential

roosts, it’s members did not explore and occupy the newly placed boxes as often as the 

colony members in the other two species. The degree of fidelity to particular known day

roosts rather than an opportunistic use of available roosts might also influence the 

species’ behavior towards newly placed boxes (Neilson and Fenton, 1994; Lučan et al., 

2009).

The observed differences in the bat species’ reaction to newly placed boxes can 

have conservation implications. For example, in areas where bats are already used to 

occupying bat boxes, it might be possible to gradually relocate colonies into suitable 

forested areas by simply hanging new boxes, as Bechstein’s bats explore roosts also 

outside their established roosting area  (Fleischmann and Kerth, 2014). However, even 

if bat boxes are hung close to old roosts, as in our study, their occupancy can take some 

time. Similarly, displaced colonies of Myotis lucifugus from buildings during renovation

did not occupy bat houses installed nearby their original roosts (Neilson and Fenton, 

1994). On the other hand, displaced maternity colonies of Eptesicus fuscus and M. 

lucifugus readily occupied bat boxes when they were hung on the same buildings that 

previously housed the colonies (Brittingham and Williams, 2000).

Our study suggests that occupancy of newly placed boxes cannot be increased 

by attaching an echo-reflector to them. None of the species discovered more modified 

than unmodified boxes. However, the three species differed in the degree of exploration 

and use of newly placed boxes. Individuals of M. bechsteinii visited and used more 

newly placed boxes, especially unmodified boxes, compared to the other species. This 

highlights that even when bats are familiar with artificial roosts, the occupancy of newly

placed boxes may take some time, depending on the species’ roosting behavior.
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Tables

Table 1. Summary table of the total number (mean ± sd) of discovered boxes, visits and roosting days for each bat 
species per experimental box type.

*Box
discovery

Visits **Roosting days

Bat species Modified Unmodified Modified Unmodified Modified Unmodified

Myotis 
bechsteinii

4 
(1.12 ±

1.36)

6 
(3 ± 0.92)

20
(2.5 ± 1.41)

61
(7.62 ± 4.14)

6
(5.00 ± 1.69)

35
(33.1 ± 1.89)

Myotis nattereri
5 

(0.23 ±
0.43)

6 
(1.3 ± 0.83)

24
(0.38 ± 0.65)

108
(1.52 ± 1.09)

4
(0.32 ± 0.72)

13
(4.38 ± 1.74)

Plecotus auritus
5 

(0.87 ±
1.10)

5 
(0.64 ± 0.92)

26
(1.86 ± 1.41)

24
(1.71 ± 1.27)

11
(5.43 ± 0.85)

6
(4.33 ± 1.40)

*  Total number of discovered boxes by at least one individual of the corresponding bat species.
** From a total of 64 days of experiment.
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In 2017 we conducted a pairwise choice experiment following the experimental protocol of Hernández-
Montero et al. (2020). We hung 10 pairs of experimental boxes in the common roosting area of Myotis 
bechsteinii, M. nattereri and Plecotus auritus. Each experimental pair consisted in one open suitable box 
and one blocked unsuitable box as day roosts. Suitable boxes had attached a ø 50 mm hemisphere as an 
echo-reflective cue. Unsuitable boxes had attached a 40 mm hemisphere.  

 

 For each bat species, we recorded the number of discovered boxes and visits made to each box 
type. We also recorded the number of days that each bat species used the suitable box as a day roosts. 
This supplemental material give a summary table and data visualization of the interaction (discovered 
boxes, visits, and roosting days) of each species with the experimental boxes. 

 

 Myotis bechsteinii was the species that had the higher level of interaction with the experimental 
boxes, followed by P. auritus. Myotis nattereri was the species with the lower degree of interaction with 
the experimental boxes. 

 

Literature cited 

 

Hernández-Montero, J. R., Reusch, C., Simon, R., Schöner, C. R., & Kerth, G. (2020). Free‑ranging bats combine three different cognitive 

processes for roost localization. Oecologia, doi: 10.1007/s00442-020-04634-8
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Figure 1S. Number of discovered boxes (a) and visits (b) per box type, and the number of days when bats 
used the suitable box as day roost (c). Mbec: Myotis bechsteinii (n = 9), Mnat: M. nattereri (n = 42), Paur: 
Plecotus auritus (n = 9). Triangles represent the mean. Suitable boxes were equipped with a ø 50 mm 
hemisphere, Unsuitable boxes with a ø 40 mm hemisphere. 

  

Table S1. Summary table of the number of individuals of three bat species exploring newly placed 
boxes. Suitable boxes were equipped with a ø 50 mm hemisphere, unsuitable boxes were equipped 
with a ø 40 mm hemisphere. The total number and the mean ± SD is shown for discovery events and 
visits for suitable and unsuitable boxes. The total number and the mean ± sd of day roosts days 
correspond only for suitable boxes. Mbec: Myotis bechsteinii; Mnat: M. nattereri, Paur: Plecotus 
auritus. 

Species (N) Individuals 
exploring (%) 

Box discovery events Total number of visits Day roosts 
days Suitable Unsuitable Suitable Unsuitable 

Mbec (9) 9  
(100) 

66 
7.33 ± 0.70 

40 
4.44 ± 2.46 

122 
13.60 ± 4.10 

54 
6.0 ± 3.91 

23 
16.20 ± 3.35   

Mnat (125) 42  
(33.6) 

40 
0.95 ± 0.30 

5 
0.11 ± 0.32 

40 
0.95 ± 0.30 

5 
0.11 ± 0.32 

13 
0.66 ± 0.72 

Paur (19) 9  
(47.3) 

22 
2.44 ± 1.59 

9 
1 ± 1.22 

36 
4 ± 3.64 

17 
1.89 ± 2.57 

5 
5.56 ± 5.34 
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