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by Louise Anne Fairless 

 
Worldwide, bats are in decline with populations under threat from many pressures, 

including habitat loss, disease and climate change. A detailed understanding of bat 

social structure and population dynamics is needed to understand and tackle this 

decline. Yet despite bats representing around twenty percent of all mammalian 

diversity, they are underrepresented in life history studies, restricting our 

understanding of social associations, spatial patterns and mating systems for many 

species. This, in turn, inhibits efforts to conserve species and restricts 

interpretation of their population dynamics. 

  This study, therefore, aimed to analyse the ecology of social structure and 

population dynamics using long-term ringing data from several British bat species: 

Natterer’s bats (Myotis nattereri), brown long-eared bats (Plecotus auritus), 

Pipistrellus spp. (P. pipistrellus and P. pygmaeus) and Bechstein’s bats (Myotis 

bechsteinii).  

  Analysis of long-term data of M. nattereri and P. auritus revealed that bats 

maintain long-term associations persisting over several years. Spatial patterns 

revealed high fidelity to roost sites. However, on occasions when bats were 

disturbed during ringing, their dispersal patterns suggested that bats possess a 

wide knowledge of alternative roost sites which may facilitate relocation following 

habitat or climate change. 

  Analysis of population dynamics and social structure of three sympatric species 

(M. nattereri, P. auritus and Pipistrellus spp.) revealed that social systems vary 

between species and seasons. Large roosting groups were reported for M. nattereri 

and P. auritus. Males were found to roost with females both pre- and post-

parturition, however populations were female-biased for both species. Solitary male 

Pipistrellus spp. found pre-parturition were joined by an influx of predominantly 

new adult females for the formation of mating groups post-parturition. There was 

no preference for roosting in boxes facing North, South-east or South-west for any 

species. Roosting groups of M. nattereri persisted from pre- to post-parturition 

whilst the abundance of P. auritus found in boxes post-parturition was low, 

suggesting alternative roosting behaviour for this species post-parturition perhaps 

due to increased activity at swarming sites. Increasing population trends were 

reported for M. nattereri and Pipistrellus spp. whereas the pre-parturition 

population of P. auritus showed a moderate decline, the cause of which requires 

further investigation. 

  Survival analysis revealed female-biased survival rates for M. nattereri and P. 

auritus. Cohort variation in juvenile survival was found in female M. bechsteinii 

whereby high rainfall during the lactation period and an additive effect of high 

population density resulted in lower survival. Age of first reproduction varied 
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between one and five years for this species, but did not vary between cohorts with 

the majority of females reproducing for the first time aged two years. 

  Furthermore, an ecophysiological field study revealed no effect of social structure 

or roost microclimate on the metabolic rates of free-ranging M. nattereri. However, 

low metabolic rates indicated torpor was frequently used both pre-and post-

parturition. 

  The results of this study suggest that future studies on population biology should 

take an integrated approach incorporating aspects of both ecology and 

ecophysiology for the conservation of a species, especially in the face of climate 

change. 
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Chapter 1 - General Introduction 

 

Social living is widespread within the animal kingdom with aggregations of conspecifics 

widely reported in a variety of organisms from amoebas, to eusocial insects, to birds and 

mammals (Rubenstein & Kealey, 2012). Whilst some social aggregations are simply a 

passive consequence of a shared resource, for example, water, food or shelter, other social 

interactions are highly structured indicating high levels of socio-cognitive ability (Archie et 

al., 2006). For social living to persist, each group member must benefit individually. Benefits 

are achieved through a trade-off between disadvantages of group membership, which include 

increased competition for resources and increased incidence of disease and parasitism, and 

advantages which include thermoregulation, information transfer and defence (Alexander, 

1974).  

 

Social structure (synonymous with social organisation) refers to the size and composition of 

social groups including dispersal patterns and mating systems. Social structure can vary 

temporally according to a species’ life history. For example, group size and composition will 

vary markedly in some species driven by the phenology of key annual events including the 

mating season and the period of parturition. The nature of social interactions can also vary 

according to climate, for example male African elephants show more agonistic social 

behaviour and less confrontation with other males during wet seasons compared with dry 

seasons due to reduced competition for resources (O’Connell-Rodwell et al., 2011).  

 

Social structure is an important component of studies on animal populations, due to its 

influence on gene flow, fitness and spatial patterns (Wilson, 1975). Social structure helps to 

describe important relationships between conspecifics, for example the social organisation of 

baboons is highly variable and is shaped by patterns of competition amongst individuals 

(Barton et al., 1996). Perhaps most importantly, analysis of social structure provides an 

insight into the mating system and spatial pattern of a species and is therefore an important 

component of species conservation (Sutherland, 1998). 
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Furthermore, the interaction between an organism’s physiology and its environment 

(ecophysiology) is influenced by its social structure. For example an individual’s energy 

budget can be determined by group size (Scantlebury et al., 2006). Moreover, the use of 

energy strategies, such as torpor in heterothermic animals, can influence the spatial 

patterning and social organisation of a species (Pretzlaff et al., 2010). The link between 

ecophysiology and social structure is important as it can ultimately determine an individual’s 

chances of survival. This link is especially important in the face of changing environmental 

conditions predicted by climate change. 

 

For some mammals, including primates, studies of social behaviour are widespread, with 

field studies made easier by being able to track an animal’s diurnal activities and in some 

cases, each individual being easily recognisable to the researcher (Berman et al., 1997). On 

the contrary, other social mammals, including bats are understudied, leaving lacunas in our 

understanding of aspects of population biology including mating systems and dispersal 

patterns for many species. 

 

Communal living is widespread across the Chiroptera, making them an excellent model for 

investigating the organisation of social groups (Kerth, 2008). The high dispersal ability and 

inconspicuous behaviour of Chiroptera complicate studies of free-ranging individuals and 

hence this taxon is underrepresented amongst mammalian studies. Improving our knowledge 

of social structure across a wide range of bat species will not only contribute to our 

understanding of social living across the Mammalia, but will also help us to build upon 

species-specific conservation action plans which are important in the battle to halt the global 

decline in biodiversity (Butchart et al., 2010). 

 

Bats are no exception to the challenges faced by other terrestrial mammals which include 

habitat destruction and fragmentation, over-exploitation and climate change (Rands et al., 

2010). Declines in the abundance of many bat species have been reported worldwide, with 

nearly a quarter of all species classed as threatened (Mickleburgh et al., 2002). Bats are of 

global importance for their provision of a wide range of ecosystem services (Jones et al., 

2009; Kunz et al., 2011) therefore their conservation is of upmost importance. However, the 
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ecology of social structure and population dynamics of many species is under-studied leaving 

gaps in our present understanding which hinder conservation efforts.  

 

By addressing both ecological and ecophysiological aspects of social living, I aim to 

investigate spatial and temporal patterns in social structure and population dynamics of 

several British bats. The temporal aspect of social behaviour and population structure is an 

important, but often neglected, factor in the conservation of long-lived species. 

 

In this Chapter, I will briefly introduce the Chiroptera before discussing both ecological and 

ecophysiological drivers of social structure and population dynamics across the Mammalia, 

focussing in particular on the Chiroptera. I will end by outlining the aims for each chapter of 

the thesis. 

 

1.1 The Chiroptera 

 

The Chiroptera are the second largest mammalian order with respect to species diversity 

(Venditti et al., 2011) and their ability of powered flight has enabled their distribution across 

all continents except Antarctica (Willig et al., 2005). This diverse taxon can tell us much 

about sociality, population dynamics and ecophysiological processes that can be applied to 

other taxa. Chiroptera have been suggested as important bioindicator species (Jones et al., 

2009); it is therefore important to monitor their population dynamics to predict any adverse 

effects on the abundance of other taxa.  

 

Globally, bats are considered important ecosystem service providers through pollination, fruit 

dispersal and insect control (Fleming & Racey, 2009; Jones et al., 2009). Chiropteran species 

boast a plethora of diets, although most temperate species, including all British bats are 

insectivorous (Vaughan, 1997). Insectivorous species can improve the economic return of 

crops by targeting pest species and therefore bat conservation would provide considerable 

economic returns for commercial crop plantations (Böhm et al., 2011; Boyles et al., 2011; 

Cleveland et al., 2006; Lee & McCracken, 2005). 
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Bat species are very diverse in their ecology and behaviour. Large communities comprising 

multiple sympatric bat species are found worldwide with tropical communities supporting up 

to eighty different species (Lim & Engstrom, 2001). Coexistence of multiple sympatric 

species can be explained by differential behavioural ecology driving resource partitioning 

between species (Arlettaz, 1999). For example, although all are insectivorous, morphological 

differences amongst British bats drive a variation in feeding ecology which allows the 

coexistence of many bat species (Barlow et al., 1997; Saunders & Barclay, 1992). Staggered 

nightly emergence between species facilitates coexistence by reducing inter-specific 

competition for food (Warren et al., 2000) and despite the energy costs of commuting, many 

species travel long distances to foraging sites to reduce inter-specific competition (Kunz, 

1974a; Lumsden et al., 2002).  

 

Bats, like other mammals, are subject to multiple stressors including climate change, habitat 

loss and fragmentation, over-exploitation and disease (Jones et al., 2009). Compounding 

effects of agricultural intensification (Wickramasinghe et al., 2003), poor water quality 

(Vaughan et al., 1996), street lighting (Stone et al., 2009) and traffic noise (Siemers & 

Schaub, 2010) have serious implications for the persistence of many chiropteran species. 

Disease has become a prevalent concern to bat conservationists in recent years due to the 

discovery of white-nose syndrome in 2006 (Blehert et al., 2009). This syndrome, caused by 

the fungus Pseudogymnoascus destructans (Minnis & Lindner, 2013), has caused substantial 

decline in North American bat populations (Blehert et al., 2009; Dzal et al., 2011) and has 

increasingly concerning presence amongst European bat colonies, where the disease is 

present without its lethal effects (Martínková et al., 2010). Improving our understanding of 

the ecological and physiological drivers of roosting structure of several bat species can help 

us to conserve these species and attenuate the population declines which have been reported 

over recent decades (Mickleburgh et al., 2002). Life histories among many bat species are 

not well understood, but understanding the temporal and spatial distribution of a species is 

important for species-specific conservation as well as contributing to a greater understanding 

of social behaviour. 
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1.2 Why study British bats? 

 

Three of the species in this study (Plecotus auritus, Pipistrellus pygmaeus and Myotis 

bechsteinii) are listed as UK Biodiversity Action Plan (BAP) species (BRIG, 2007). 

Substantial population declines have been observed in these species and several other UK 

species over the past few decades although population declines have been hard to estimate 

due to lack of count surveys in previous decades (Harris et al., 1995). Understanding more 

about the temporal aspects of a species’ population dynamics will help inform population 

trends and ultimately contribute to targeted conservation efforts for these species.  

 

Despite their long lifespans, studies on population dynamics of bats have mostly been carried 

out over a short period of few years (Benzal, 1990; Garcia-García et al., 2010; Happold & 

Happold, 1996; Sendor & Simon, 2003) and long-term data sets for many species are rare. In 

the UK, the National Bat Monitoring Programme (NBMP) aims to determine the population 

trends of several UK bat species, however, thus far, many trends are uncertain, or 

contradictory, and so it remains difficult to ascertain a true population status for a species 

(Bat Conservation Trust, 2010). 

 

The NBMP uses three different survey techniques (hibernation surveys, roost surveys and 

foraging surveys) to quantify the abundance and diversity of bat species within the UK (Bat 

Conservation Trust, 2010). This variation in survey technique can drive contradictions in 

NBMP trend data according to species’ life histories and behaviour. Flaquer et al. (2007) 

recommend an integrated approach to surveying bat communities to include bat detectors, 

mist nets and roost surveys due to the impact of roosting behaviour on the effectiveness of 

different survey techniques.  

 

1.3 Life histories 

 

An animal’s life history encompasses several key events of reproduction and survival 

including age at maturity and the size and number of offspring (Barclay & Harder, 2005). 
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Life histories are diverse across the Mammalia (Jones & Safi, 2011). The fast-slow 

continuum describes the distribution of species according to their life histories (Gaillard et 

al., 1989). Fast species are those with a high annual reproductive output and a short lifespan 

(e.g. mice). In comparison, slow species have a low annual reproductive output, but this is 

traded off with a longer lifespan (e.g. elephants).  

 

Despite a general trend for mammals with large brains to live longer, bats are one of a few 

species to object to this rule, with small brains yet long lifespans, exhibiting life histories 

more similar to a large mammal (González-Lagos et al., 2010). Animals that exhibit seasonal 

dormancy and enter into hibernation have higher rates of survival than those that do not 

(Turbill et al., 2011). Consequently, life expectancy is higher amongst hibernators compared 

with non-hibernators, with hibernation increasing maximum life span by fifty percent in 

some cases, explaining to some extent the paradox of the chiropteran life history strategy 

(Turbill et al., 2011). Chiropteran species lie at the slow end of the life history continuum, 

with a low reproductive output and a long lifespan (Barclay & Harder, 2005). Several studies 

have reported bats over thirty years of age in the wild (Arlettaz et al., 2002; Barclay & 

Harder, 2005) with one male vespertilionid bat reaching forty-one years of age when it was 

last recaptured (Myotis brandtii; Podlutsky et al., 2005). With a low reproductive output 

conducive with ‘slow’ species, temperate bats are monoestrous and normally produce just a 

single offspring each year, whilst some tropical bats are polyestrous (Neuweiler, 2000).  

 

The annual life cycle of temperate bat species begins with spring emergence from hibernation 

which coincides with increased insect availability (Park et al., 2000). Summer colonies form 

and are widespread to promote resource partitioning (Kunz, 1974a). Bats have excellent 

homing abilities (Guilbert et al., 2007) and ringing studies show that many bat species show 

a high degree of roost fidelity, returning to the same summer colony year after year 

(Entwistle et al., 2000; Gerell & Lundberg, 1985; Park et al., 1998). Low levels of 

intercolonial movements suggest that the summer colonies of some species support a 

metapopulation model (Entwistle et al., 2000; Hanski & Gilpin, 1997; Park et al., 1998). This 

has implications for gene flow by restricting the free mixing of individuals. Although many 

colonies show fission-fusion patterns in their roosting structure whereby individuals remain 
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loyal to a local site but frequently switch between roosts (Papadatou et al., 2009; Willis & 

Brigham, 2004).   

 

An important event in the mammalian life cycle is the period of parturition (when offspring 

are born). The gestation period varies amongst mammals and correlates with brain size, 

whereby larger-brained mammals have a longer gestation period than mammals with small 

brains (Barton & Capellini, 2011). The gestation period of temperate bats is approximately 

40-50 days, although it can be longer in some species (60-70 for Plecotus auritus; Speakman 

& Racey, 1987). In temperate bats, the period of parturition is timed with high seasonal 

temperature (Ransome & McOwat, 1994) and the lactation period is synchronised with high 

food availability due to the increased energy demands for lactating females and foraging 

juveniles (Cumming & Bernard, 1997; Zortéa, 2003). Bats adjust the rate of foetal growth in 

response to climatic conditions and food availability through the use of torpor during 

gestation (Racey, 1973). Delayed parturition, however, can reduce the survival probability of 

juveniles and their mothers by reducing the time available to feed and build up fat stores 

before hibernation (Frick et al., 2010). Conversely, an increase in spring temperature of just 2 

º
C can cause the date of parturition to be brought forward by up to eighteen days (Ransome & 

McOwat, 1994).  

 

In the Mammalia, the conventional role of the female is a carer whose role it is to look after 

offspring (Kokko & Jennions, 2008). Most bat species are known to rear young in crèches 

(Neuweiler, 2000), such social rearing of young is also present in other mammals (e.g. 

Meerkats; Doolan & Macdonald, 1999). An interesting example of altruistic behaviour was 

observed in the Rodrigues fruit bat (Pteropus rodricensis) when, during parturition, a 

pregnant female was helped by another bat that guided her and groomed her throughout the 

birthing process (Kunz et al., 1994). Weaning lasts for 45-65 days after birth (Altringham, 

2003; Kunz, 1971) and within two to three weeks, young are volant and have achieved ninety 

percent of adult skeletal dimensions (Altringham, 2003).  

 

As nursery colonies disperse in late summer or early autumn, the mating season begins and 

many bat species form mating groups (Altringham, 2003). Some bat species achieve sexual 

maturity within their first autumn and are sexually receptive to the opposite sex at the age of 
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only three months (e.g. Pipistrellus pipistrellus, Racey, 1974). Mating systems are diverse 

amongst Mammalia. Polygyny and promiscuity are the most common (McCracken & 

Wilkinson, 2000), although monogamy and lekking systems have also been reported 

(Clutton-Brock, 1989; Greenwood, 1980). Some species, including the common pipistrelle 

(Pipistrellus pipistrellus), adopt a mating strategy of resource defence polygyny whereby a 

high level of intrasexual competition amongst males drives them to defend roosts and 

foraging sites to which they attract a harem of females (Gerell & Lundberg, 1985). Several 

promiscuous species are known to aggregate in large numbers at mating sites (swarming 

sites) where multi-mate copulations occur. Several colonies will visit these swarming sites, 

where is it believed that copulations between otherwise isolated colonies promote gene flow 

(Furmankiewicz & Altringham, 2007). In many bat species, the mating period is prolonged 

and copulations can occur, not only in the main mating period in autumn, but also throughout 

the over-winter hibernation period and even into the spring (Neuweiler, 2000). Spermatazoa 

are stored in the female until fertilisation in the following spring. Strategies of delayed 

fertilisation and ovulation, delayed implantation and embryonic diapause are employed by 

different species but all serve the same purpose of delaying gestation until the spring 

(Oxberry, 1979). 

 

1.4 Social structure 

 

Social living has evolved so that now many extant animals live in social groups, including 

the Chiroptera, where communal living is widespread (Kerth, 2008). Group living incurs the 

costs of increased competition for resources (Alexander, 1974) and increased incidence of 

disease (Kunz, 1982). Although the benefits of thermoregulation (Willis & Brigham, 2007) 

and information transfer (Kerth & Reckardt, 2003; Wilkinson, 1992) must outweigh the 

disadvantages of increased incidence of disease and competition for resources for group 

living to persist. Ecological constraints (roost availability), physiological constraints (social 

thermoregulation) and demographic traits (longevity) have been put forward as explanations 

for the high level of sociality amongst bats (Kerth, 2008). Social structure has dynamic 

properties and can change with resource availability (Foster et al., 2012), age (Wey & 

Blumstein, 2010) and predation levels (Kelley et al., 2011). Social structure can also vary 
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between groups according to attributes such as group size and ecological factors acting upon 

the group (Madden et al., 2009). 

 

Some mammals are social throughout the year whilst, in others, sociality is driven temporally 

by life history events with group living interspersing with periods of solitarity (Park et al., 

1998). Several mammals show sexual segregation for at least some part of the year 

(Schroeder et al., 2010) resulting in different pressures being exerted on males and females. 

In bats, some species show sexual segregation for a large part of the year, somewhat driven 

by the formation of large female-dominated maternity colonies in the summer (Kerth et al., 

2002). For example, males of the genus Pipistrellus live solitarily for a large part of the year 

(Park et al., 1998). The high abundance of female bats within maternity colonies means that 

they can be located with relative ease, however males often roost inconspicuously at this time 

and the social structure and behaviour of segregated males is under-represented. Bachelor 

groups of multiple males do occur in some bat species, although the behavioural and 

ecological factors driving these associations are still largely unknown (Safi, 2008).  

 

Due to this extreme sexual segregation in roosting behaviour, true sex ratios in adult bat 

populations are difficult to determine, for example, sampling near maternity colonies leads to 

an overrepresentation of females. Rivers et al. (2006) reported male-biased sex ratios in the 

Natterer’s bat (Myotis nattereri) at swarming sites, yet at other times of the year the sex ratio 

was at unity. In their study, Rivers et al. suggested that the male-biased sex ratio was driven 

by differing behaviours between males and females after copulation; they suggested that 

females entered into hibernation soon after copulation whilst males stayed active for longer 

to increase their copulation success, therefore affecting the sex ratio at the time of the study.  

 

The social structure of a species has consequences for an individual’s energy expenditure. 

For example, an individual gains thermoregulatory benefits from roosting with conspecifics 

compared to when roosting alone (Gilbert et al., 2010). The physiological response of an 

animal to its natural environment (ecophysiology) is dynamic and can change according to 

climate and food availability as discussed below.  
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1.5 Ecophysiology of social living 

 

The demand for energy varies temporally with life history events. For example, energy 

demand for female bats is greater during lactation than pregnancy (Kurta et al., 1989). 

Energy availability depends on food availability which shows temporal fluctuations and 

stochasticity (Williams, 1961). With the uncertainty of food availability, an individual must 

adopt strategies to survive in periods of low resource availability. Further to unpredictable 

resource availability, an animal must also adopt different strategies to cope with changing 

weather patterns and long-term climate change. An animal must adopt an appropriate energy 

strategy to achieve a positive energy balance, whereby more energy is gained through 

feeding than is lost through metabolism (Kunz, 1980). 

 

Climate change will increase pressure on many species forcing habitat restrictions and 

species range shifts (Parmesan & Yohe, 2003; Thuiller, 2007). Meanwhile, an animal will 

aim to maintain a positive energy balance in the face of environmental change which may 

result in persisting behavioural and physiological adaptations. In balancing its energy 

strategy, an animal will endeavour to stay within a thermoneutral zone bounded by lower and 

upper critical temperature limits, beyond which an animal must employ physiological and/or 

behavioural processes to return to a body temperature within the thermoneutral zone (Gilbert 

et al., 2010). Some animals benefit from social thermoregulation by huddling in clusters to 

reduce heat loss and remain within the thermoneutral zone. Energy saving mechanisms, 

including the use of torpor, may be deployed by heterothermic species to reduce metabolic 

rate and conserve energy when outside the thermoneutral zone, as discussed below. 

 

1.5.1 Torpor 
 

Energy saving strategies are used by endotherms to survive in cold conditions. Hibernation, 

for example, is a strategy employed by some species to promote over-winter survival (Turbill 

et al., 2011; Webb et al., 1996). During hibernation, animals enter into a deep torpid state by 

reducing their metabolic rate and body temperature (Tøien et al., 2011). A comparison of 

body temperature amongst hibernating bats showed the average minimum body temperature 

during deep torpor of 18 temperate bat species was 11.7 
º
C, although there was a large range 
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across species (2-24 
º
C; Speakman & Thomas, 2005). For successful hibernation, an animal 

must ensure that is has sufficient fat reserves to rely on throughout the winter (Speakman & 

Rowland, 1999). In some animals, including bats, the build-up of brown adipose tissue 

(BAT) provides energy throughout bouts of extended torpor promoting survival during 

periods of inclement weather (Cannon & Nedergaard, 2004). During the pre-hibernation 

period, bats will feed well to build fat reserves which amount to approximately 30% of their 

body mass (Kunz et al., 1998).  

 

Arousals from torpor are costly; without intermittent arousals, a bat could hibernate for 193 

days requiring just 308 mg of fat (Speakman & Thomas, 2005). An animal must therefore 

choose a suitable hibernation site which minimises the need for arousal (Raesly & Gates, 

1987). Despite this, one study showed that bats with high fat reserves chose warmer 

microclimates to minimise their torpor expression due to the cost of increased predation 

whilst in a torpid state (Boyles et al., 2007). A recent study into the torpor patterns of the 

Natterer’s bat, Myotis nattereri, showed that winter torpor bouts were often short, with 

arousal times maximising the potential for winter foraging (Hope & Jones, 2012). This 

differs from other hibernating mammals, for example black bears which hibernate for several 

months without eating, drinking or urinating (Tøien et al., 2011). 

 

Hibernacula most often take the form of underground caves and mines (Altringham, 2003). 

Due to the specific microclimatic requirements of hibernation, it is common for several 

summer colonies (totaling several thousand individuals) to travel many kilometres to 

converge onto a single winter hibernaculum in late autumn/early winter (Lustrat & Julien, 

1997; Rivers et al., 2006; Sendor et al., 2000). In some cases distances between summer and 

winter roosting areas can be considerably large, with some bats hibernating in the Marvel 

Caves in America travelling up to 640 km between summer and winter roosts (Elder & 

Gunier, 1978).  

 

In normothermic conditions (within the thermoneutral zone), BMR is the lowest level of 

metabolism required to sustain an animal, maintaining function of the vital organs under 

conditions when no digestion is taking place (Lighton, 2008). BMR amongst mammals 

correlates with body size, where BMR is predicted to be related to body size to the power 



General Introduction 

 

12 

 

0.67 (BMR = Body mass
0.67

; White & Seymour, 2003). However, BMR studies amongst 

Chiroptera have reported lower rates of metabolism than expected according to the general 

rules across the Mammalia (Hosken & Withers, 1997). During torpor, an animal will lower 

its metabolic rate below the basal metabolic rate (BMR); this is termed the torpid metabolic 

rate (TMR). This physiological adaptation offers considerable energy savings such that 

animals capable of hibernation live longer than those that do not (Turbill et al., 2011). 

 

Further to hibernation (deep, prolonged torpor), some animals suppress their metabolic rate 

on a daily basis (daily torpor). Torpor has the obvious benefits of reduced energy expenditure 

and the conservation of fat reserves, yet there are trade-offs against the levels of 

physiological processes which are achievable during torpor which can, for example, lead to 

prolonged gestation (Racey & Swift, 1981). The patterns of torpor use in different bat species 

can highlight differences in energy strategies. In communally roosting Bechstein’s bats 

(Myotis bechsteinii), the use of summer torpor is associated with smaller groups, whilst larger 

groups tend to remain normothermic (Pretzlaff et al., 2010). Some studies suggest that male 

vespertilionid bats regularly enter torpor in the summer months as they are exempt from the 

constraints imposed on females during the maternity period (Cryan & Wolf, 2003; Grinevitch 

et al., 1995); yet others suggest that males do not enter torpor often, and instead maintain 

high body temperature due to the constraints of spermatogenesis and testicular development 

(Speakman & Thomas, 2005).  

 

1.5.2 Social thermoregulation 
 

Clustering (aggregations of multiple individuals) is another strategy to conserve energy, 

termed social thermoregulation. Roosts which offer temperatures in the thermoneutral zone, 

toward the lower critical temperature, will always be favoured by bats; in instances where 

this is not possible, clustering acts as a behavioural tool to aid thermoregulation (Speakman 

& Thomas, 2005). Clustering benefits an individual by lowering its metabolic rate (Pretzlaff 

et al., 2010; Roverud & Chappell, 1991). Amongst the Chiroptera, clustering is a common 

strategy used to conserve energy with many species known to aggregate in large groups 

(Kerth, 2008). Small mammals have a large surface area to volume ratio resulting in a high 

thermal conductance which means they will readily lose heat to their external environment 
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(Gilbert et al., 2010). Clustering acts to reduce the surface area of an individual which is 

exposed to the environment, allowing an animal to conserve heat and, therefore, energy 

(Gilbert et al., 2010). An obvious clustering behaviour is that expressed by Emperor 

penguins, whereby several hundred male penguins huddle together and benefit from social 

thermoregulation to survive the inclement winter weather (Gilbert et al., 2006). For bats, the 

use of clustering is important for females during the periods of gestation, parturition and 

lactation as these physiological processes rely on normothermia. However, bats are highly 

adaptable in their use of energy saving strategy and will enter into torpor in periods of 

inclement weather or low food availability even when roosting in large maternity colonies 

(Lausen & Barclay, 2003). 

 

1.6 Roosting ecology 

 

To achieve a positive energy balance it is vital that an individual chooses a habitat with a 

suitable microclimate that reduces unnecessary energy expenditure. For bats, suitable roost 

sites are those that protect them from the elements, promote energy conservation and allow 

social interactions (Kunz & Lumsden, 2005). Bats are very diverse in their choice of roost 

sites which include rock crevices (Myotis leibii, Tuttle & Heaney, 1974), crevices beneath 

loose tree bark (Myotis sodalis, Humphrey et al., 1977) and tree cavities (Nyctalus noctula, 

Kaňuch & Ceľuch, 2004). The lesser short-tailed bat (Mystacina tuberculata, Mystacinidae) 

is a unique species that have been known to sculpt communal roost sites in fallen trees 

(Daniel, 1979). Bats are opportunistic and highly adaptable in their choice of roosts and 

modern infrastructure increases the diversity of roost choice, with bridges and buildings 

being incorporated into the natural pool of roost sites (Kunz, 1982). 

 

Changes of roost position in response to environmental changes are observed amongst many 

temperate bat species (Audet, 1990). Long-distance migrations between summer roosts and 

hibernacula are common. For example one study reported the long-fingered bat, Myotis 

capaccinii, migrated 140 km to its hibernation site (Papadatou et al., 2009). Some bats have a 

high degree of roost turnover, for example the Honduran white bat (Ectophylla alba, 

Phyllostomidae) is a tent-making species which constructs roosts from foliage. Each roost is 
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only used for a short period (two days on average) and consequently this species requires a 

large pool of roost sites within its range (Timm & Mortimer, 1976).  

 

In many countries, bat-boxes are used as a conservation tool to both increase the number of 

roost sites available to bats and also to monitor population trends and species diversity. The 

use of boxes as roosts is particularly useful in urban areas and coniferous plantations where 

natural tree roosts are low in number (Ciechanowski, 2005). Bat-boxes have been used for 

many years for the conservation of many British species (Stebbings & Walsh, 1991) 

including brown long-eared bats (Plecotus auritus), Natterer’s bats (Myotis nattereri), 

Bechstein’s bats (M. bechsteinii) and common and soprano pipistrelle bats (Pipistrellus 

pipistrellus and P. pygmaeus), the focal species of this thesis. Bat-boxes are a useful tool for 

both ecological and ecophysiological studies as they make bat-roosts more accessible to 

researchers. 

 

1.7 Thesis structure and chapter aims 

 

1.7.1 Overall study aims 
 

Bats have been highlighted as having unusual life histories – an anomaly amongst similar 

sized mammals. Their unusual life histories have attracted attention in recent years yet, for 

many species, knowledge of life histories is still sparse. The decline in bat species abundance 

in the UK and worldwide drives the need for improved understanding of both ecological and 

ecophysiological aspects of roosting behaviour in many species to inform conservation 

management. Hence, this thesis addresses both ecological and ecophysiological aspects of 

life history and social structure of several British bat species. A field study investigates the 

ecophysiology of bats roosting in bat-boxes within a pine plantation. Furthermore, the 

analysis of capture-mark-recapture studies from long-term bat-box data investigates temporal 

and spatial patterns in social structure and population dynamics in the following species of 

vespertilionid bat: the Natterer’s bat (Myotis nattereri), the brown long-eared bat (Plecotus 

auritus), the common and soprano pipistrelle bats (Pipistrellus pipistrellus; P. pygmaeus) and 

the Bechstein’s bat (Myotis bechsteinii). 
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1.7.2 Chapters outlined 
 

Chapter 2: Spatial and temporal social structure in two sympatric bat species 

Bats are long-lived species, it is therefore important to monitor their social structure over 

several years to get a more accurate understanding of their social interactions. This analysis 

will improve our understanding of mating systems and dispersal patterns in these, and 

similar, species. This chapter addresses long-term social structure in ringed populations of 

brown long-eared bats (P. auritus) and Natterer’s bats (M. nattereri) to investigate both 

temporal and spatial scales of associations amongst individuals. The aim of this chapter is to 

quantify long-term associations between individuals and investigate social structure across 

the study area whilst analysing site fidelity and movements between sites. 

Chapter 3: Population dynamics and roosting structure of three sympatric bat species 

Chapter 3 investigates population dynamics and social structure of three sympatric bat 

species using long-term capture-mark-recapture data from the following species: M. 

nattereri, P. auritus and Pipistrellus spp. (P. pipistrellus and P. pygmaeus). The aim of this 

chapter is to analyse the temporal (seasonal and annual) patterns of social structure and 

population dynamics of these species to improve our understanding of species’ life history 

and to inform bat conservation in managed woodland. 

Chapter 4: Ecophysiology of a communally roosting, free-ranging bat (Myotis nattereri) 

In Chapter 4, a field study addresses the effects of social structure and microclimate on the 

ecophysiology of a colony of free-ranging Natterer’s bats (M. nattereri). Understanding how 

an individual’s energy expenditure is affected by both social structure and the microclimate 

of the roost is important for understanding the evolution of social behaviour and the 

physiological demands of roosting within bat-boxes. The aim of this chapter is to investigate 

the metabolic rates of communally roosting, free-ranging bats to analyse the relationships 

between metabolic rate, group size and roost temperature. 

Chapter 5: Survival and recapture rates of two sympatric bat species  

In Chapter 5, the effects of age and sex on survival and recapture rates of two sympatric bat 

species (P. auritus and M. nattereri) are analysed. This chapter aims to determine survival 
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rates for adult and juvenile bats as well as estimate population size and mean lifespan to 

inform population trends and conservation management.  

Chapter 6: Cohort variation in life history traits of a rare woodland bat (Myotis 

bechsteinii) 

Chapter 6 investigates cohort variation in survival and reproductive patterns of one of 

Britain’s rarer bats, the Bechstein’s bat (M. bechsteinii). Survival patterns and reproductive 

output are two of the main demographics that determine the population growth rate of long-

lived animals. The aim of this chapter is therefore to analyse how these life history traits vary 

temporally and to investigate if they are affected by environmental conditions during early 

development to help with future conservation efforts for this rare British species.  

Chapter 7: General Discussion 

The final chapter discusses the findings of the thesis in relation to the ecological and 

ecophysiological pressures faced by bats in the face of future climate change.
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Chapter 2 - Spatial and temporal social structure 
in two sympatric bat species (Myotis nattereri 

and Plecotus auritus) 
 

 

2.0 Abstract 

 

Chiroptera are the second-most diverse of all the mammalian orders and sociality is 

widespread throughout, yet studies of social structure in this taxon are rare compared with 

other social mammals. Due to the longevity of bats, it is important to study social structure 

over several years to fully understand aspects of population biology including dispersal 

patterns and the structure of mating systems. In this study, I analysed long-term social 

structure in two bat species: the brown long-eared bat (Plecotus auritus) and the Natterer’s 

bat (Myotis nattereri). Like many bat species, these two species are known to form fission-

fusion colonies with regular mixing of individuals. Furthermore, both species experience 

considerable dispersal events during mating and hibernation. Despite this, this study reveals, 

for both species, that males and females exhibited long-term inter- and intra-sexual 

associations. In both species some adult males did not disperse from the colony but instead 

held inter-annual associations with mixed-sex groups. Associations amongst females were 

stronger and more persistent than male-male and male-female associations.  Social network 

analysis revealed high fidelity to roost sites, with few inter-colonial movements. Some inter-

colonial movements were caused by disturbance at the time of ringing. Despite their 

minority, long-distance movements between bat-box schemes demonstrated a wide 

knowledge of roost sites amongst some individuals of both species. Dispersal movements up 

to 7 km were reported, indicating that some individuals held information of alternative roosts 

several kilometres away from their own. 

 

2.1 Introduction 

 

Social groups are defined as units composed of several cohesive individuals that interact in a 

predictable fashion (Eisenberg, 1966). Social living is widespread throughout the animal 
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kingdom from invertebrates to humans (Alexander, 1974). Some species form temporary 

social relationships solely for breeding purposes and are aggressive towards conspecifics at 

other times of the year, whilst other species form persistent social groups which may be 

driven by a shared resource (Vaughan et al., 2011). Social structure describes the quality and 

patterning of relationships between individuals (Hinde, 1976). At the extreme, some social 

groups are highly structured with dominance hierarchies and complex social behaviour 

(Wittemyer & Getz, 2007). The social structure of a population has important consequences 

for understanding the ecology and evolution of habitat use, mating systems, information flow 

and adaptation to changing environments (Croft et al., 2008) and has been well studied in 

animal groups with high socio-cognitive abilities (Lusseau et al., 2003; Robbins et al., 2004). 

However, studies amongst chiropteran species are rare, despite sociality being widespread 

across this taxon (Kerth, 2008). Understanding long-term social structure in bats will 

improve our understanding of dispersal patterns and mating systems which will inevitably 

improve conservation paradigms.  

 

The majority of bat species show social organization to some extent throughout their life 

history (Kerth, 2008). Social living is common from gestation through to lactation due to the 

formation of maternity colonies. Such maternity colonies are often comprised solely of 

females (Kerth et al., 2003a). Further social interaction occurs during the mating season; 

some species form harems, whilst others gather in large numbers at so called ‘swarming’ 

sites to mate, where multiple summer colonies will mix to promote gene flow (Rivers et al., 

2005). Despite communal living being common amongst many bat species (Kerth, 2008), and 

bats boasting long life-spans (Wilkinson & South, 2002), little is known about the temporal 

nature of their relationships with conspecifics and their ability to maintain long-term 

relationships although studies have suggested that associations may persist over several years 

(Kerth et al., 2011; Patriquin et al., 2010; Wilkinson, 1985).  

 

The study of individually identified subjects, and therefore the study of social behaviour, is 

easier for diurnal animals, hence such studies are common for primates (e.g. Ramos-

Fernández et al., 2009), cetaceans (de Stephanis et al., 2008; Foster et al., 2012), carnivores 

(e.g. meerkats, Drewe et al., 2009 and lions, Packer et al., 1990) and ungulates (e.g. 

mountain goats, Fournier & Festa-Bianchet, 1995, and horses, Salter & Hudson, 1982). The 
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social structure of nocturnal species is rendered difficult to study by the technical challenge 

of making observations during periods of activity and is one reason why studies amongst the 

Chiroptera are uncommon. Further complications include the high dispersal abilities of bats 

and inconspicuous or inaccessible roost sites. With the help of advancements in trapping 

methods and the ability to locate roost sites along with the use of individual-based ringing 

data or PIT tagging, the social structure of bat populations can now be investigated in some 

detail. A multi-level social structure similar to that of elephants and dolphins has been found 

in the Bechstein’s bat (Myotis bechsteinii, Kerth et al., 2011). Furthermore, Patriquin et al. 

(2010) showed that the social structure of females northern long-eared bats varied by age and 

reproductive period. 

 

Studies of social structure on bats to date have shown that several species form groups that 

display fisson-fusion dynamics, whereby a large colony of associating individuals contains 

nested sub-groups which regularly split and re-form in fresh mixtures (Aureli et al., 2008; 

Popa-Lisseanu et al., 2008; Willis & Brigham, 2004). Fission-fusion dynamics are 

considered rare amongst the Mammalia, other than Primates, where they have been subject to 

extensive study (Mitani et al., 2002).  Some studies have reported that the aggregations in bat 

populations expressing fission-fusion dynamics are non-random, despite regular roost 

switching and dynamic group sizes, suggesting considerable social cohesion within the 

population (O’Donnell, 2000; Willis & Brigham, 2004). Hitherto, studies of social structure 

in bats have concentrated on female-only maternity colonies (e.g. Kerth et al., 2011). For this 

reason, the social structure of males of many species is poorly understood (Safi, 2008). 

Patterns of male-male and male-female associations are largely unknown, presenting a lacuna 

in our understanding of bat mating systems. Some studies of polygynous mating systems, 

however, have shown that males were not found to form significant associations with either 

sex indicating males are transient with non-permanent social associations (McWilliam, 1988; 

Wilkinson, 1985).  

 

Recent advances in computer software have facilitated the study of animal social structures 

(Brent et al., 2011; Whitehead, 2009). For example, social network analysis represents 

individuals by nodes and the associations (or interactions) between individuals are 

represented as ties between two nodes. Similar network analysis has been prominent in other 
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diverse fields including neural networks (Freeman, 2005) and the Internet (Barabási et al., 

2000) and is a promising advancement in the study of social behaviour in animals (Sih et al., 

2009; Wey et al., 2008). Using a system of nodes and linkages, we can describe how 

information (Lusseau, 2003), disease (Webb, 2005) and genes (Wolf & Trillmich, 2008) flow 

through a network. 

 

2.1.1 Chapter aims 
 

This chapter investigated the temporal and spatial social structure of two species of 

vespertilionid bat, the Natterer’s bat (Myotis nattereri) and the brown long-eared bat 

(Plecotus auritus) using data from a long-term ringing study of bats occupying bat-boxes in 

Wareham Forest, Dorset. The movements between spatially distinct sites were investigated 

and discussed in relation to species behaviour and implications for conservation. 

Furthermore, the temporal relationship between individuals was investigated with an 

emphasis on inter-sexual associations, which will be discussed in relation to species 

behaviour. 

 

Specifically, this chapter addresses the following questions: 

 

What is the temporal pattern of associations amongst individuals? 

 Do long-term associations exist between individuals? For how long do these 

associations persist? Do long-term associations exist for both males and females? 

What is the spatial pattern of associations amongst individuals? 

 To what extent do individuals move between spatially distinct roost sites? Are 

movements between roost sites permanent or do individuals regularly switch 

between bat-box schemes? 
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2.2 Materials and Methods 

 

2.2.1 Study site 
 

The study was carried out in Wareham Forest, Dorset, UK. This forest is managed by the 

Forestry Commission (Government department responsible for UK forests and woodlands) 

and is fragmented into several compartments that each comprises a mosaic of coniferous 

plantation, heathland and semi-natural woodland. Spread across part of the forest were 12 

bat-box schemes situated approximately 1.5 km apart except for Schemes O1 and O2 which 

were 500 m apart (Fig. 2.1). Each bat-box scheme consisted of 6 trees, approximately 10 m 

apart with three bat-boxes per tree positioned at a height of 3 m high facing north, south-east 

and south-west. These schemes were erected between 1984 and 1987. Schemes O1 & O2 

were constructed in January 1995 to replace a larger single scheme at the site (Scheme O) 

that was dismantled due to scheduled tree felling.  

 

2.2.2 Data collection 
 

Ringing data from brown long-eared bats (Plecotus auritus) and Natterer’s bats (Myotis 

nattereri) captured across the 12 bat-box schemes between 1988 and 2009 inclusive were 

used in analysis as at this time all bat-box schemes were erected and established (Fig. 2.1).  

 

Bat-box surveys were carried out in May and September in each study year. At each survey, 

all the bat-boxes within one scheme were surveyed within one hour. If bats were found 

within a box, they were removed and their sex and ring number was recorded. New, un-

ringed bats were ringed, under licence from Natural England, on the forearm with an 

aluminium ring (Mammal Society, UK) carrying a unique identification number. Bats were 

released immediately following completion of these procedures. 
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Figure 2.1 - Forest compartments of Wareham Forest, Dorset (green) with twelve bat-box 
schemes (red circles) labelled A-H, O1, O2 & S. The study area is a mosaic of pine 
plantations and heathland.  
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2.2.3 Measuring association 
 

Bats were considered to be associating with each other if they were found roosting together 

within the same bat-box. Accordingly, a ‘group’ was defined as a collection of bats roosting 

together in the same box. Network analysis was carried out in SOCPROG 2.4 (Whitehead, 

2009). The sample period was set to ‘year’, so that if a bat was associating with another 

individual in either May or September, or both, this record was grouped into one sampling 

period.  The level of association between two individuals was calculated using the simple 

ratio index (SRI). The SRI simply divides the number of sampling periods two individuals 

were seen together by the sum of the number of sampling periods each individual was seen 

without each other and the number of sampling periods they were observed together 

(Ginsberg & Young, 1992): 

 

     
 

           
 

 

 

where, x is the number of years with individuals A and B observed associating; yA is the 

number of years with just A identified; yB is the number of years with just B identified; yAB 

is the number of years with A and B identified but not associating. 

 

2.2.4 Estimate of social differentiation  
 

In an initial step in the social network analysis, SOCPROG 2.4 was used to estimate social 

differentiation for each species, to assess whether there was sufficient structure in the data to 

suggest that there were non-random associations between individuals. Social differentiation 

is a measure of how varied the social system is and is calculated as the coefficient of 

variation of the true association indices (or the standard deviation, over dyads, of the true 

proportion of time spent associated, divided by the mean proportion of time spent associated) 

(Whitehead, 2008a). Social differentiation was estimated using Poisson estimation in 

SOCPROG 2.4. A social differentiation of 0.3 represents a rather homogeneous society, 

greater than 0.5 represents a well differentiated social population and values over 2.0 

represent a population with extreme social differentiation (Whitehead, 2008b). SOCPROG 
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2.4 also gives an estimate of the correlation coefficient between the true association indices 

and the estimated association indices to give an indication of the power of the analysis to 

detect the true social system (Whitehead, 2008b). 

 

2.2.5 Temporal analysis   
 

Temporal analysis of all pairwise associations was run in SOCPROG 2.4 (Whitehead, 2009) 

to enumerate changes across years in the composition and structure of pairwise associations. 

Lagged association rates were calculated for all individuals combined and for each sex class 

separately. The lagged association rate represents the probability that if any two individuals 

are found together at one time point, they will be found together again at another lagged time 

point τ in the future (Whitehead, 2008b; Whitehead, 2009).  

 

Several social structure models describing common temporal patterns of associations 

between individuals in fission-fusion societies were then fitted to the lagged association rates 

for all data combined (Table 2.1) and the best fitting model was selected using the Quasi 

Akaike Information Criterion (QAICc) (Burnham & Anderson, 2002). SOCPROG 2.4 

implements a number of negative exponential models to describe social structure 

(Whitehead, 2008a). The set of models contained three components (or combinations of 

these) which described the temporal dynamics of the relationships. These components were 

constant companionship, rapid disassociation (associations last a short time) and casual 

acquaintances (associations can last for a short or long period of time). A Jackknifing 

procedure was used to estimate the error around the lagged association rates. In the Jackknife 

procedure, the analysis is run several times omitting one sampling period each time 

(Whitehead, 2009). Lagged association rates were compared to a null association rate, which 

assumes no preferred association between individuals, meaning that the probability of 

individuals A and B associating is independent of whether they have associated before 

(Whitehead, 2009). If the lagged association rate equals the null association rate, this would 

indicate no preferred associations between individuals (Whitehead, 2009). 
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Table 2.1 - Models fitted to the data on pairwise temporal associations, where the 
association rate (g) is explained by the model with time lag, τ, and parameter constants 

a,b,c,d; detailed in Whitehead (2008a).  
 

Model Model explanation 

g = 1 Constant companions 
g = a Rapid disassociation + constant companions (some 

associations decay within one year, then associations are 
stable) 

g = e-bτ Casual acquaintances (animals associate for 1/b time units, 
then never again). 

g = a  e-bτ Rapid disassociations + casual acquaintances (some 
associations decay within one year, then association rates 
persist beyond one sampling period then fall to zero) 

g = a + (1 - a)  e-bτ Constant companions + casual acquaintances (association 
rates initially fall exponentially before leveling off) 

g = a + c  e-bτ Rapid disassociation + constant companions + casual 
acquaintances (rapid disassociation within one year and an 
association rate that falls before leveling off) 

g = a  e-bτ  + (1 - a)  e-dτ Two levels of casual acquaintances (two levels of 
association at 1/b and 1/d time scales) 

g = a  e-bτ + c  e-dτ Rapid disassociation + two levels of casual acquaintances 
(rapid disassociation within one year and levels of 
disassociation at time intervals of 1/b and 1/d) 

 

2.2.6 Permutation tests  
 

Monte Carlo permutation tests were run to test whether the association indices in the 

observed dataset were significantly different from the association indices in a random data 

set. A random dataset was generated by permutations of the original dataset whereby the 

number of associations per individual and the number of records per individual is reserved 

(Bedjer et al., 1998; Whitehead, 2009). A total of 500 random datasets were generated, each 

of which was flipped 500 times, where a flip is an exchange of individuals between 

subgroups, one in which individual A was present but not B and another were B was present 

but not A. In this way, subgroup size and the number of observations per individual remain 

constant in all permuted datasets. The p-values stabilized which indicated that the 500 

permutations were sufficient. The coefficient of variation (CV; standard deviation divided by 

the mean) was used to compare the random and real datasets. If the CV was higher in the real 

compared with the random dataset and the p-value was > 0.95, this would suggest that some 

associations were more or less frequent than expected by chance (Whitehead, 2008a). 
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Differences in associations between and within sex classes were tested using the Mantel test 

(Mantel, 1967). 

 

2.2.7 Cluster analysis  
 

The social organization of the individuals was represented using hierarchical cluster analysis 

of the simple ratio matrices. Average linkage method was used to represent individuals in 

clusters. This is a form of agglomerative linkage technique recommended for social analyses 

(Whitehead, 2008a). The output dendogram shows associations among hierarchically formed 

clusters (Whitehead, 2009). The correlation between the actual association indices and the 

level of clustering in the dendogram is assessed by the cophenetic correlation coefficient. The 

cophenetic correlation coefficient is a measure of correlation between the input distance 

measure amongst dyads and the level at which they are joined in the dendogram with a value 

above 0.8 indicating a good fit (Bridge, 1993; Whitehead, 2009). 

 

2.2.8 Association networks 
 

Association matrices were exported from SOCPROG 2.4 (Whitehead, 2009) to Netdraw 

2.119 (Borgatti, 2002) which was used to construct social networks for a graphical 

representation of the associations amongst individuals.  The nodes were displayed by spring 

embedding, whereby more closely associated individuals sit more closely together in the 

network. Node size corresponds with the number of associations the individual has with other 

individuals, termed, ‘strength’. 

 

2.3 Results 

 

2.3.1 Estimate of social differentiation 
 

Social differentiation using Poisson estimation suggested a high degree of social structure 

amongst individuals for both P. auritus (CV = 4.012, estimation of correlation, 0.723) and M. 

nattereri (CV = 3.444, estimation of correlation, 0.709). Therefore, analysis of social 

structure was continued for both species. 
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2.3.2 Lagged association rates between individuals 
 

Lagged association rates and null association rates were calculated for P. auritus and M. 

nattereri separately. For both species, the probability of finding a pair together decreased 

with time lag through to a lag of about 10 years at which point, the lagged association rate 

was not distinguishable from the null association rate whereby individuals associate at 

random (Fig. 2.2). This indicates some long-term associations between individuals as the 

lagged association rates for the real data remained above the null association rates for 10 

years. 

 

Several models were fitted to the lagged association rates to describe the temporal patterns of 

association amongst pairs of individuals (see Methods). For both species, two models shared 

the best fit with ∆QAICc < 1. One described the temporal nature of dyadic relationships as 

rapid disassociation and casual acquaintances and the other as two levels of casual 

acquaintances (Fig. 2.2, Table 2.2). This suggests, for both species, that one level of 

association exists such that individuals disassociate within a couple of years, whilst another, 

more permanent, association exists whereby individuals associate over multiple time periods 

before decaying due to shifts in preferred companionship, mortality, emigration or a 

combination of these (Whitehead, 2009). For both species, between 50 and 80% of pairs 

associated with each other for at least one year. 

 
Table 2.2 - QAICc and ∆QAICc values for best fitting models fitted to the lagged association 
rates to explain the temporal nature of associations for both P. auritus and M. nattereri. 
 

 P. auritus M. nattereri 

Model description QAICc ∆QAICc QAICc ∆QAICc 

Two levels of casual acquaintances 25110.07 0 21009.75 0 

Rapid disassociation + casual acquaintances 25110.49 0.42 21009.83 0.08 

Rapid dis. + Two levels of casual acquaintances 25112.05 1.98 21013.77 4.02 

Constant companions + casual acquaintances 25443.60 333.53 21285.79 276.04 

Rapid dis. + constant comp. + casual acqs 25112.30 2.23 21010.58 0.83 

Casual aquaintances 26164.31 1054.24 22162.39 1152.64 

Rapid disassociation + constant companions 27327.47 2217.4 22282.39 1272.64 
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Figure 2.2 - The lagged and null association rates of P. auritus (n = 690) and M. nattereri (n = 931) captured between 1988 and 2009 against 
year. Error bars are ±1 SE calculated using the Jackknifing procedure. The best fitting models are also shown. 

 

 

Calculating lagged association rates separately within and between sexes showed that female-female associations persist longer than male-male 

associations (Fig. 2.3). Furthermore associations between sexes persisted for longer periods than male-male interactions, but shorter than 

female-female associations for both species (Fig. 2.3). 
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Figure 2.3 - The lagged association rate of P. auritus (393 females, 297 males) and M. nattereri (559 females, 372 males) captured between 
1988 and 2009. Coloured lines represent time-lagged associations within and between sexes. Error bars are ±1 SE calculated using the 
Jackknifing procedure. 
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2.3.3 Permutation tests 

 

To determine whether the observed simple ratio association index differed from random 

expectation, the coefficients of variation (CV) were compared for observed and random 

associations of all possible pairwise associations. The coefficient of variation was higher in 

the original than in the random data set for P. auritus (generated from permutations of the 

original dataset, see methods; CV real = 5.79 versus CV random = 5.61, p > 0.99) and M. 

nattereri (CV real = 5.09 versus CV random = 4.96, p > 0.99). This therefore suggests that for 

each species, there were preferred associations between individuals. Intra-sexual and inter-

sexual preferred associations existed for both species (Table 2.3). No difference was 

detectable between associations within-sex (female-female, male-male) versus between-sex 

(male-female) for either species (Mantel tests: P. auritus, t = 9.41, p > 0.99; M. nattereri, t = 

20.78, p > 0.99). 

 
Table 2.3 - Permutation results for preferred associations between female pairs, male pairs 
and mixed-sex pairs for P. auritus (n = 393 females and 297 males) and M. nattereri (n = 
559 females and 372 males). Coefficient of variation (CV) compared between real and 
random data sets, where CV real greater than CV random represents preferred associations 
if p >0.95.  
 

 P. auritus M. nattereri 

 F-F M-M F-M M-F F-F M-M F-M M-F 

CV (real) 4.97 6.71 6.21 6.21 4.08 6.75 5.79 5.79 

CV (random) 4.70 6.55 6.02 6.02 3.77 6.65 5.67 5.65 

p > 0.99 > 0.99 > 0.99 > 0.99 > 0.99 > 0.99 > 0.99 > 0.99 

 

2.3.4 Cluster analysis 
 

Cluster analysis showed that the ringed P. auritus population separates into defined clusters 

(coloured in Fig. 2.4); this modulation is shown with a high cophenetic correlation coefficient 

of 0.908 suggesting that the dendogram accurately represents the data. Similarly the M. 

nattereri population separates into defined clusters (Fig. 2.4) (cophenetic correlation 

coefficient, 0.87). The linkages between clusters are at very low association indices around 

zero, suggesting little or no associations between clusters but a high level of association 

within clusters. These clusters correlate to the spatial separation of bat-box schemes 
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suggesting there is little or no movement between bat-box schemes, but high fidelity within 

bat-box schemes. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
Figure 2.4 - Hierarchical Cluster Analysis of P. auritus (top) and M. nattereri (bottom) 
captured between 1988 and 2009. Each line initiated from the right-hand side represents 
one individual, yet individual ring numbers have been removed for clarity. Different colours 
represent distinct clusters of individuals whereby no associations exist between individuals 
in two different coloured clusters. 

  10.90.80.70.60.50.40.30.20.1  0

Association index

 

 

  10.90.80.70.60.50.40.30.20.1  0

Association index

P
. 
a

u
ri

tu
s 

M
. 
n

a
tt

er
er

i 

  10.90.80.70.60.50.40.30.20.1  0

Association index



Social associations in two bat species 

 

32 

 

2.3.5 Social networks 
 

In order to understand the patterns of association revealed in the cluster analysis, social 

network diagrams were used to provide a visual representation of the associations between 

individuals. Social network diagrams were used to reveal distinct clusters and to identify 

linkage individuals associated with more than one cluster (Fig. 2.5). Strength (a measure of 

the number of associations an individual has) was higher for M. nattereri than for P. auritus 

(Two-way ANOVA: species effect, F1,1617 = 109.92, p < 0.001) and for both species higher 

for females than males (Sex effect, F1,1617 = 101.86, p < 0.001). The effect of sex depended 

on species (Species*Sex interaction, F1,1617 = 14.38, p < 0.001) whereby the intersexual 

difference in strength was greater for M. nattereri than P. auritus suggesting that females had 

2-3 more associations than males in P. auritus and 6-7 more in M. nattereri (Table 2.4). 

 

Table 2.4 - Strength values and standard deviation (SD) for male and female P. auritus (n = 
393 females and 297 males) and M. nattereri (n = 559 females and 372 males). 
 

 P. auritus M. nattereri 

Female 12.84 (7.91) 19.32 (11.05) 

Male 9.97 (6.65) 13.01 (7.81) 
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Figure 2.5 - Graphical representation of associations of P. auritus and M. nattereri where blue = male, red = female and the size of node 
represents the degree value (strength; number of associations for the individual). Letters refer to bat-box schemes where individuals in each 
cluster were found. 
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The social network diagrams showed that there were clearly defined clusters of individuals 

for both species (Fig. 2.5). The social network diagram for P. auritus showed that individuals 

associating at scheme A did not associate with individuals from other bat-box schemes. 

Schemes D, F, O1, O2 and H were grouped together in the diagram as individuals linked 

between bat-box schemes showing movements between bat-box schemes. For M. nattereri, 

bats located at Scheme D were completely isolated with no evidence of associations between 

other colonies. Colonies at Schemes G, H, O1, O2 and A were clustered together with some 

associations linking these colonies together.  

 

2.3.6 Bat movements 
 

Whilst the cluster analysis revealed a highly structured society, the social network diagrams 

were useful in identifying links between clusters which were investigated further to assess the 

patterns of movements between colonies. Further investigation into bat movements revealed 

that some movements between bat-box schemes involved considerable migrations and that at 

least some may have been caused by disturbance at the time of ringing (Fig. 2.6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Social associations in two bat species 

 

35 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 
 

 

 

 

 

 

 

 
 
Figure 2.6 - Bat movements made by P. auritus and M. nattereri between bat-box schemes 
in Wareham Forest, Dorset. Numbers adjacent to arrowheads indicate the total number of 
movements recorded in each direction. Numbers in brackets indicate those movements 
which were due to disturbance.  
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Movements between bat-box schemes O1 and O2, situated 500 m apart, were numerous and 

bidirectional for both species (Fig. 2.6). These displacements were non-permanent, with 

individuals regularly switching between schemes throughout their recapture history. 

Movements between other schemes were less frequent, although movements of several 

kilometres were recorded for both species. Excluding the individuals representing the 

numerous movements between schemes O1 and O2, only a small number of P. auritus and 

M. nattereri bats were recorded to move between bat-box schemes (Table 2.5). Of the 23 

female M. nattereri which were recorded to have moved between bat-box schemes, the 

majority of these represented non-permanent displacements whereby individuals returned 

back to their original bat-box scheme at least once. No permanent displacements were 

recorded for P. auritus with all of those recaptured after the displacement event being 

recaptured at their original bat-box scheme. The most common movements for these 

individuals were between schemes D&F (under 2 km apart). A long distance roost switch 

was observed for one male P. auritus which was captured as a juvenile in Scheme H then 

recaptured two years later as an adult in Scheme O1 (Fig. 2.6). 

 

Table 2.5 - Summary of M. nattereri and P. auritus bats recorded to move bat-box schemes 
between 1988 and 2009. This summary excludes movements between bat-box schemes O1 
& O2. 
 

Species Sex 
Non-

permanent 
displacement 

Permanent 
displacement 

Not 
recaptured 

after 
displacement 

Total 

M. nattereri F 13 5 5 23 

M. nattereri M 2 3 1 6 

      

P. auritus F 9 0 3 12 

P. auritus M 0 0 2 2 

 

2.3.6.1 Dispersal abilities 

Movements caused by human disturbance were apparently uncommon (Fig. 2.6). 

Nevertheless, they revealed an interesting insight into the dispersal abilities of some 

individuals and their awareness of alternative roost sites several kilometres away. On two 
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separate occasions, an individual M. nattereri bat disturbed during capture at Scheme G was 

recaptured in Scheme H, some 7 km away. On one of these occasions, Schemes G and H 

were checked consecutively on the same day, giving confirmation that this migration 

occurred in daylight. Furthermore, the female M. nattereri bat that made this journey in the 

daytime left one group of individuals in Scheme G, and was found roosting in Scheme H 

with 24 other M. nattereri bats. On a second occasion Schemes G and H were checked on 

consecutive days, so the migration from scheme G to scheme H may have occurred in the 

daytime due to disturbance, or in the evening either due to the disturbance or for an unknown 

reason. 

 

Of the twelve apparent disturbance events recorded for M. nattereri in this dataset (Fig. 2.6), 

five involved the migration of a single individual between bat-box schemes. Two records, 

however, indicated the movements of multiple bats between bat-box schemes. One described 

the movement of two adult female M. nattereri bats that were captured in Scheme A on one 

day and recaptured together in Scheme O2 the following day in September 1997. Another 

record described the movement of 5 female M. nattereri bats from Scheme O (the original 

scheme before splitting into O1&O2) to Scheme G in May 1993. Recapture records showed 

that three of these females stayed at Scheme G and did not return to Scheme O, whilst one 

female returned to Scheme O and was then not recaptured and the fifth female alternated 

between Schemes O and G.  

 

Only one P. auritus bat was recorded to switch bat-box schemes due to apparent disturbance. 

This disturbance record was of a daytime flight by one adult female from Scheme B to 

Scheme D where it was recaptured roosting with a group of 34 other P. auritus bats later that 

day.  

 

2.4 Discussion 

 

This study revealed long-term associations between and within sexes for both M. nattereri 

and P. auritus separately, some of which persisted for up to ten years. Cluster analyses and 

social network diagrams showed there were few associations between bat-box schemes 
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except two schemes situated 500 m apart (Schemes O1 & O2), indicating very high levels of 

site fidelity across the study area. Disturbance events were few, however, they can provide an 

interesting insight into species behaviour as discussed below. 

 

2.4.1 Long-term social structure 
 

The long-term social structure revealed in two bat species in this study is consistent with 

other species from the Vespertilionidae family (e.g. Myotis bechsteinii, Kerth et al., 2011). 

Two levels of temporal associations were indicated in this study with both short-term 

associations lasting a few years and longer-term associations lasting up to ten years. This 

confirms the suggestion from a study of another small insectivorous bat, the northern long-

eared bat (Nyctophilus arnhemensis), that associations may persist over several years 

(Patriquin et al., 2010). A similar structure of temporal associations was also seen in the 

Spix’s disc-winged bat (Thyroptera tricolor) over a shorter time period. This species roosts 

in rolled leaves of Heliconia or Calathea plants in small groups of four to fourteen 

individuals. Vonhof et al. (2004) reported dyadic relationships lasting for around 100 days in 

this species, whilst other longer-term relationships lasted for over 420 days. Temporal 

association indicating two levels of association have also been reported in other mammals 

including the dolphin. Lusseau et al. (2006) showed that some dolphins formed short-term, 

casual acquaintances lasting a few days as well as a smaller number of longer associations 

lasting several years.  

 

Studies of within-year associations in several temperate bat species have shown that colonies 

adhere to a fission-fusion pattern with daily roost switching according to a fission-fusion 

society with preferred associations existing amongst the dynamic colony movements 

(Carroway & Broders, 2007; Kerth & König, 1999; Patriquin et al., 2010). Temporal 

associations of northern long-eared bats (Myotis septentrionalis) within one summer 

suggested that 14% of individuals observed roosting together may be expected to remain 

associating for the entire summer, whereas most associations decayed after 10 days 

(Carroway & Broders, 2007). This current study goes further to suggest that despite major 

dispersal events during the mating season and hibernation, pairwise associations persist over 

several years.  
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Hitherto, studies on social behaviour in bats have focused on the social associations between 

females due to the relative ease of locating female-only maternity colonies (Carroway & 

Broders, 2007; Kerth et al., 2011; Patriquin et al., 2010). Indeed the social organization of 

males is underrepresented in studies of bat social behaviour (Safi, 2008). In some temperate 

species, solitary males roost away from the maternity colony, however in this present study 

males were present in the maternity colonies at least before and after the period of parturition 

showing that in these two species social associations with males could exist throughout the 

summer. This study did indeed reveal that some male-male and female-male associations 

persisted over several years, although associations persisted for a shorter period than female-

female associations. This is therefore the first study to show long-term associations between 

and within both sexes as previous studies have focused on female-only maternity colonies. In 

a study investigating long-term associations between vampire bats, associations of at least 

three years were observed amongst females, whereas long-term associations were absent 

amongst males (Wilkinson, 1985).  

 

High levels of genetic diversity have been reported in colonies of both species, where high 

gene flow has been attributed to mating at swarming sites (areas where multiple summer 

colonies aggregate to mate) (Burland et al., 2001; Rivers et al., 2005). Due to this mating 

behaviour, it is unlikely that the males persisting with females in summer colonies are 

fathering the young born into the colony (Burland et al., 2001). Despite this, the present 

study reveals males exhibiting strong, inter-annual associations with males and females in 

summer colonies for both P. auritus and M. nattereri. Male-biased dispersal and female 

philopatry shapes the life history of many mammals, including bats (Greenwood, 1980; Kerth 

et al., 2002). In some bat species, males disperse and form multi-male groups (Safi, 2008); 

however these groups have not been found for either of the two focal species in this study 

area. Therefore one can assume that if not roosting in a multi-sex group, most other males are 

roosting solitary as is the case for several temperate species (Broders & Forbes, 2004). This 

suggests that benefits must accrue from other aspects of social behaviour, such as 

thermoregulation or information transfer, for mixed-sex colonies to persist in these species. 
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2.4.2 Disturbance of social structure 
 

This study revealed that some movements between, otherwise isolated, colonies may have 

occurred due to human disturbance at the time of ringing. Whilst movements between 

proximal sites are commonly reported amongst temperate bat species due to the fission-

fusion dynamics of their social structure (O’Donnell & Sedgeley, 1999; Willis & Brigham, 

2004), long-distance movements in roosting position are not common, except for migration 

to hibernation sites (Elder & Gunier, 1978; Kurta & Murray, 2002). Movements away from a 

familiar site can be associated with costs such as disruption of social bonds and a lower 

familiarity with foraging area (Alcock, 1989). In this current study, movements from one 

colony to another involved some long-distance migrations of over seven kilometres, outside 

the normal foraging range for these species (Entwistle et al., 1996; Smith & Racey, 2008). 

Whilst some movements were temporary, with the bat returning to its original roosting site in 

a subsequent recapture, other dispersal events were permanent and the bat was continually 

recaptured in the roost site to which it moved during the disturbance event. This study 

therefore shows that disturbance events can cause long-term changes in social structure, 

however in most cases displacement was temporary with bats being recaptured at their 

original roost, proving their excellent homing abilities (Davis, 1966). 

 

Interestingly, some migrations were confirmed as daytime flights as the same individual was 

found in two different bat-box schemes on the same day. Daylight flights have been reported 

in some bat species where they have been attributed to supplementary foraging (Speakman, 

1990). Movement records in this study suggest that bats will also fly considerable distances 

in daylight as a result of disturbance. These movements provide evidence that individuals in 

one colony hold knowledge of other roost sites several kilometres away from their own, 

suggesting perhaps that information is transferred between spatially isolated colonies. Such 

information could be transferred if colonies associated during foraging or during the mating 

period when several colonies travel to swarming sites to mate (Rivers et al., 2005). 

Furthermore, the integration of an individual with a different colony suggests tolerance of 

one colony to outside individuals, although only females provided evidence for such 

integration, so the acceptance of outsider males into a colony is unclear. 
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Disturbance to roost sites could therefore cause changes in the social structure of a colony, 

yet it could be that the disturbance affect is lessened, at least temporarily, by a 

comprehensive knowledge of roost sites across a large geographical area. Disturbance effects 

on colony structure have not been studied, but the revelations of this study should provoke 

further investigation in this area to attenuate disruption to social organization during roost 

disturbance in building development. Due to the mating systems and use of swarming sites 

by both species (Burland et al., 2001; Rivers et al., 2005), one could suggest that that 

movement of bats between sites would have a minimal effect on gene flow between colonies 

as most copulations occur outside of the colonies and it is likely that such proximal colonies 

would congregate at the same swarming sites. 

 

2.4.3 Summary and progression 
 

This chapter reported long-term fidelity to roost sites with few movements between bat-box 

schemes. Both M. nattereri and P. auritus held short & long-term association with 

conspecifics that persisted for up to 10 years. Despite their minority, long-distance 

movements provided evidence that bats held information of alternative roosts over 7 km 

away from their own. 

 

The next chapter will investigate the patterns of bat-box use by three sympatric vespertilionid 

species using long-term ringing data. The chapter will focus on the structure of the social 

groups and the long-term population dynamics of these species. 
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Chapter 3 - Population dynamics and roosting 
structure of three sympatric bat species (Myotis 
nattereri, Plecotus auritus and Pipistrellus spp.) 

 

3.0 Abstract 

 

Worldwide, bat populations are in decline. To halt this decline and implement species-

specific conservation plans, it is important to understand, in detail, the social organisation of 

a species during important life history events including reproduction and mating. The 

population dynamics and roosting behaviour of three sympatric vespertilionid bat species 

living in bat-boxes within managed woodland were studied. Adult sex ratios of the Natterer's 

bat (Myotis nattereri) and the brown long-eared bat (Plecotus auritus) were female-biased 

both pre- and post-parturition, whilst juvenile sex ratios did not differ from unity. The adult 

population of Pipistrellus spp. (common pipistrelle bat, Pipistrellus pipistrellus and soprano 

pipistrelle bat, P. pygmaeus) switched from a male-biased population pre-parturition to a 

female-biased population post-parturition, whilst the juvenile sex ratio was female-biased (at 

the age of two to three months old). Female Pipistrellus spp. appeared to be transient as over 

50% of females captured each year were new adults which had not been previously captured. 

Conversely, the recruitment of new adults into the populations of both M. nattereri and P. 

auritus was low for both sexes suggesting more stable colonies. Overall population trends 

between 1993 and 2009 revealed increases in the abundance of both M. nattereri and 

Pipistrellus spp. However, a declining trend was found for P. auritus, suggesting the 

population is decreasing by 4.5% per year. The number of P. auritus roosting in bat-boxes 

decreased between pre- and post-parturition, suggesting that few bats formed mating groups 

within bat-boxes, perhaps instead migrating to swarming sites outside of the study area. 

Myotis nattereri and P. auritus formed larger groups than Pipistrellus spp. both pre- and 

post-parturition. Maternity colonies of Pipistrellus spp. were not found within the boxes 

unlike M. nattereri and P. auritus which regularly formed maternity colonies within the bat-

boxes. Pipistrellus spp. formed single-male harems post-parturition although large harems 

were rare and pairings of one adult male and one adult female were most common. Myotis 

nattereri formed large mating groups although there was no correlation between the number 
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of males and females within a mating group. Mating groups of P. auritus showed some 

structure with a correlation between the number of males and females in the group and were 

of a similar size to M. nattereri. Box aspect did not influence roost choice in any of the three 

bat species. These patterns of bat-box use and social structure are discussed in relation to 

species behaviour and implications for conservation. 

 

3.1 Introduction 

 

Global biodiversity is under threat from both environmental and human driven stressors 

(Thuiller, 2007). Ecologists and conservationists strive to improve their knowledge of 

species’ life histories to improve conservation strategies which ensure the long-term 

persistence of vulnerable animals. Worldwide, bat populations are in decline (Bat 

Conservation Trust, 2010; Dzal et al., 2011; Lane et al., 2006), whilst some declines have 

been catastrophic due to the rapid invasion of disease (e.g. white-nose syndrome, Dzal et al., 

2011; Foley et al., 2010), steady longer-term declines have been reported in other species 

resulting from habitat change (Bat Conservation Trust, 2010). An effective species-specific 

conservation strategy requires good understanding of population structure and life history, 

however, inconspicuous species can be hard to monitor as their dwellings are either hidden or 

inaccessible.  

 

The aim of this study was to investigate the temporal patterns of social structure and 

population dynamics of sympatric bat species using long-term data from a ringing study. The 

results of this chapter will contribute to our understanding of ecological drivers of social 

structure in bats and contribute to conservation strategies for British bats. 

 

Understanding the environmental and biological processes driving the population dynamics 

of a species is fundamental in ensuring its long-term viability. Species’ life histories are 

drivers of population dynamics (Williams et al., 2002). Diversity in life history and 

behaviour between species drives ecological differences in species composition (Arlettaz, 

1999; Park et al., 1998). Life histories of inconspicuous species, such as bats, are not well 

understood, but improving our knowledge of the dynamics of species composition will not 
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only improve conservation practices, but will also improve our interpretation of population 

trends.  

3.1.1 Long-term trends 
 

Monitoring trends in the population size of multiple bat species at different times of the year 

is vital to understand the effects that habitat and climate change are having on these 

vulnerable mammals. Bats are an important bioindicator species, therefore monitoring 

population trends in several species is important as they will help predict trends in other taxa 

(Jones et al., 2009). The most widespread example of long-term monitoring data on multiple 

British bat species is data collected as part of the National Bat Monitoring Programme 

(NBMP) set up by the Bat Conservation Trust (Bat Conservation Trust, 2010). The NBMP 

monitors eleven of the eighteen British species. Data are collected by multiple methods 

(maternal colony counts, hibernation counts and field foraging surveys) but many trends are 

either non-significant or contradictory (Bat Conservation Trust, 2010), perhaps due to the 

dispersal abilities of bats driving stochasticity in population counts. Given the dynamic 

nature of a working forest, bat populations will be subject to fast pace habitat change 

therefore monitoring their population trends and adaptability to such change is important for 

local conservation targets.  

 

3.1.2 Roosting behaviour 
 

Bats occupy a wide range of roost sites and regularly switch between them (Willis & 

Brigham, 2004), but show high fidelity to a particular area (See Chapter 2; Entwistle et al., 

2000). Natural roost sites include rock crevices (Myotis leibii, Tuttle & Heaney, 1974), tree 

bark (Myotis sodalis, Humphrey et al., 1977) and tree cavities (Nyctalus noctula, Kaňuch & 

Cel’uch 2004). Roosts are often inconspicuous, therefore, to aid conservation and research, 

artificial roosts are provided to augment the number of roost sites available for a number of 

box-dwelling species. These bat-boxes are incorporated into their pool of natural roost sites 

and allow researchers to easily access bats for monitoring purposes. Many ringing (banding) 

studies have used bat-box dwelling bats to investigate population dynamics of species whose 

roosts would have been otherwise impossible to find or access (Flaquer et al., 2006, Park et 

al., 1998). The availability of roosts affects the spatial distribution of bats. For example, the 
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use of bat-boxes in pine plantations provides roosting opportunities where natural roost sites 

are less numerous. Indeed, there are higher occupancy rates amongst bat-boxes in pine 

plantations compared with broadleaf woodland where natural roosts are more plentiful 

(Ciechanowski, 2005). Understanding the use of roosts by multiple sympatric species can 

highlight interspecific ecological interactions which could impact on the development of 

conservation strategies for a particular region (Arnett & Hayes, 2009).  

 

3.1.3 Reproduction and mating behaviour 
 

The annual life cycle of many mammals involves considerable dispersal events causing 

dynamic changes in colony composition both within and between major life history events 

including the formation of maternity colonies and mating groups (Stevick et al., 2011). Life 

histories and social structure can differ greatly amongst sexes and species within the 

vespertilionid family (Park et al., 1998). In some maternity colonies, males are absent 

throughout the parturition period and roost away from the main colony (Kerth et al., 2000a) 

whereas in other species, males are present in the colony all year round (Burland et al., 

1999). British bats breed once per year with the period of parturition in late June or early July 

synchronised with climatic temperature (Ransome & McOwat, 1994). 

 

Within the order Mammalia, the most common mating systems are promiscuity and polygyny 

(Greenwood, 1980). Many bat species are promiscuous, whilst others are polygynous 

(Lundberg & Gerell, 1986; Murray & Fleming, 2008). Mating groups form in late 

summer/early autumn following the break-up of maternity colonies. Some species roost in 

mixed-sex colonies with multiple males, whereas other form single-male harems (Park et al., 

1998; Entwistle et al., 2000; Ortega et al., 2003). In swarming species, as well as mating 

within roosts, mating also occurs at large communal sites, such as cave entrances, where 

males compete for females (Furmankiewicz & Altringham, 2007; Rivers et al., 2006). Here, 

several summer colonies are known to aggregate and mating opportunities between summer 

colonies promotes gene flow amongst otherwise isolated colonies (Furmankiewicz & 

Altringham, 2007).  
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3.1.4 Sex ratio and dispersal 
 

Determining the true sex ratio in bats is impeded by their high levels of dispersal and 

movements over long distances (Elder & Gunier, 1978, Rivers et al., 2006). In a study of the 

sucker-footed bat (Myzopoda aurita) in Malagasy, 100% of bats captured were male, 

suggesting complete sexual segregation for at least some part of the year (Ralisata et al., 

2010). Several bat population studies have reported female-biased sex ratios (Elder & 

Gunier, 1978, Raghurman et al., 2006) consistent with most mammals, whilst, other studies 

have reported male-biased sex ratios (Kurta & Matson, 1980). Patterns of natal philopatry 

differ amongst species, with some showing equal philopatry amongst sexes (Rivers et al., 

2006); whilst others showed high rates of dispersal in one sex (Papadatou et al., 2009, Safi et 

al., 2007). Amongst mammals, males are usually the dispersing sex (Greenwood, 1980), with 

high intrasexual competition for mates (Kokko & Jennions, 2008). Females of many bat 

species show high levels of philopatry (Safi et al., 2007; Rivers et al., 2005). Sex differences 

in dispersal can act as a mechanism to prevent inbreeding, therefore in species where both 

males and females are known to be recruited into their natal colony, extra colony copulations 

promote gene flow (Burland et al., 1999, Furmankiewicz & Altringham, 2007). Investigating 

influences of sex and age on environmental manipulation or resource exploitation are 

important in understanding the effects of habitat change to a species as a whole (Safi et al., 

2007). 

 

3.1.5 Study species 
 

This study was carried out in Dorset, in woodland managed by the Forestry Commission, 

UK. Here, brown long-eared bats (Plecotus auritus), Natterer’s bats (Myotis nattereri) and 

Pipistrelle bat spp. (common pipistrelle bat, Pipistrellus pipistrellus and soprano pipistrelle 

bat, Pipistrellus pygmaeus) were the most common bat species roosting in sympatry yet 

mutually exclusively within wooden bat-boxes situated in predominantly pine plantations. 

Plecotus auritus displays ecological specialisation which makes them ideally suited to 

woodland with short broad wings and low wing loading; they glean insects from vegetation 

(Entwistle et al., 1996). This species has shown a preference towards deciduous over 

coniferous woodland when foraging, nevertheless, they are rarely found foraging outside of 

woodland (Entwistle et al., 1996). Pipistrellus pipistrellus and P. pygmaeus are cryptic 



Social structure of sympatric bat species 

 

47 

 

species which are morphologically very similar, although they show assortative roosting 

(Park et al., 1996) and differing foraging habits, with P. pygmaeus preferring riparian 

habitats and P. pipistrellus often hunting in woodland (Davidson-Watts et al., 2006). These 

two pipistrelle bat species were differentiated in 1993 and are distinguishable by acoustic 

differences in their echolocation calls (Jones and van Parijs, 1993). The soprano pipistrelle 

bat (P. pygmaeus) echolocates with a peak frequency of 55 kHz compared with the 46 kHz 

peak frequency call of the common pipistrelle bat (P. pipistrellus). In the hand, despite 

several morphological differences proposed as distinguishing features including 

differentiating wing venation (Pavlinić et al., 2008) some individuals remain difficult to 

identify to species level and require DNA analysis for accurate identification. Myotis 

nattereri is, like P. auritus, commonly found in woodland (Park et al., 1998) and is a 

gleaning bat. Both P. auritus and M. nattereri are known swarming species; males and 

females aggregate in large numbers at swarming sites, such as cave entrances, to mate from 

September up until hibernation (Furmankiewicz & Altringham, 2007; Rivers et al., 2005).  

 

3.1.6 Chapter aims 
 

This Chapter analysed population dynamics and social structure of three species of 

vespertilionid bat living in sympatry in managed woodland using long-term ringing data. 

Results are discussed in relation to species behaviour and implications for conservation. 

 

The chapter addressed the following questions: 

 

 What are the temporal patterns of population dynamics of the three study 

species? Are sex ratios of adults and juveniles at unity? Is this consistent between 

seasons? Is there high influx of new individuals into the study area and does this 

differ between species and sexes? Long-term trends for each species across the study 

area were also established. 

 What is the social structure of each species occupying the bat-boxes and does this 

vary within and between years? Specifically, what are the group sizes occupying 

the boxes and does this vary between species and season? What is the colony 
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composition occupying the boxes and does this vary between seasons? What is the 

composition of species using the boxes during the mating season? 

 How are bat-boxes used as artificial roosts? What percentage of bat-boxes is 

occupied by bats across the study area? Do species show a preference for bat-boxes in 

a particular orientation?  

 

3.2 Materials and Methods 

 

3.2.1 Study area and data collection 
 

The study area consisted of twenty-one separate sites across Dorset on the south coast of 

England. Each site, hereafter called a bat-box scheme, consisted of six trees positioned 

approximately 10 m apart with three wooden bat-boxes positioned at a height of 3 m facing 

north, southeast and southwest on each tree (Fig. 3.1). 

 
Figure 3.1 - Layout of wooden bat-boxes at a height of 3 m facing north, southeast and 
southwest. Weathered boxes and those destroyed by woodpeckers were regularly replaced. 
External bat-box dimensions (approx. 19 cm h x 18.5 cm w x 14 cm d; internal volume, 
approx. 2,500 cm3). 
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The bat-box schemes were situated across a number of forest compartments managed by the 

Forestry Commission, with the largest compartment in Wareham and further forest 

compartments up to 13 km from this main site (Fig. 3.2). The forest compartments were 

dominated by coniferous plantations, but also had integrated regions of deciduous woodland 

and heathland. The largest forest compartment in this study area, Wareham Main, held eight 

bat-box schemes with a further two at a site called Gore Heath (Fig. 3.2). A further two bat-

box schemes were situated at Hethfelton wood, which is situated approximately 3.5 km 

South-west of Wareham Main Block (Fig. 3.2). The remaining nine schemes (Fig. 3.2, blue 

circles) were located between 4.5 km and 13 km away from the nearest Wareham scheme in 

four peripheral forest compartments: Rempstone, Moreton, Affpuddle and Puddletown. The 

distance between adjacent schemes ranged from 0.4 km to 2.6 km and the mean (± SE) 

distance between adjacent sites was 1.6 ± 0.5 km. Wareham Main, Goreheath and Hethfelton 

bat-box schemes will be referred to as Wareham schemes hereafter (Fig. 3.2, red circles). All 

other bat-box schemes in the peripheral forest compartments will be referred to as Peripheral 

schemes (Fig. 3.2, blue circles). 

 

A pioneering bat-box scheme within the study area was set up at Gore Heath (Fig. 3.2) in 

1976 as part of the National Bat Colony Survey (Stebbings, 1988). This scheme consisted of 

480 bat-boxes spread across 60 trees with bat-boxes facing North, South, East and West at 

two heights of 3 m and 5 m. In 1984, forty of these trees were felled in this scheme and later, 

in January 1995, this scheme was separated into two smaller schemes, each with 18 bat-

boxes in the same format as all the other bat-box schemes. The erection of 19 further 

schemes (A-N & P-T) commenced in 1984 until the final scheme was erected in 1989. 

Schemes O1 and O2 were treated as one scheme for purposes of analysis due to the extent of 

roost switching as reported in Chapter 2. 

 

 

 

 

 

 

 



Social structure of sympatric bat species 

 

50 

 

 

 

 

 

 

 

 

 

 
 
Figure 3.2 - Forest compartments of Wareham Forest, Dorset (green) with twenty one bat-
box schemes (circles). Red circles indicate bat-box schemes where ringing of bats still takes 
place (Wareham schemes: A-I, O1, O2 & S). Blue circles indicate bat-box schemes where 
census counts still take place, but where ringing of bats ceased in 1993 (Peripheral 
schemes: J-N, P-R & T). 
 

3.2.1.1 Ringing study 

The three vespertilionid bat species studied were the brown long-eared bat (Plecotus auritus), 

Natterer’s bat (Myotis nattereri) and Pipistrellus spp. (soprano pipistrelle bat, Pipistrellus 

pygmaeus and common pipistrelle bat, Pipistrellus pipistrellus). Due to the longevity of the 

study, the two cryptic pipistrelle bats (P. pygmaeus and P. pipistrellus) were not 

distinguishable throughout the study. The two cryptic species were analysed as one species 
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and will be referred to as Pipistrellus spp. hereafter, recognizing that both species may have 

been present in the study. An acoustic investigation suggested that the majority of bats were 

P. pygmaeus (see Park et al., 1998), but it is likely that some of the bats in the dataset were of 

the species P. pipistrellus. 

 

Bat-box surveys were carried out twice a year: in May (pre-parturition) and in September 

(post-parturition). Surveys were carried out across all bat-box schemes within 5 days; each 

scheme was surveyed once and all boxes within each scheme were examined within one 

hour. Bats were removed from the boxes. Ring number (if present), sex and age (juvenile or 

adult) were recorded along with details of the bat-box scheme, tree number and orientation of 

the box from which it was removed. Bats were immediately released following capture. 

Apart from the primary associated sex organs, bats show very little sexual dimorphism 

(Jepsen, 1970); sex is therefore determined by examining the sex organs which are exposed 

by blowing on the fur. Juveniles were identified through examination of the cartilaginous 

epiphyseal plates in the finger bones which are visible in young bats, distinguishing them 

from adults (Anthony, 1988). Young identified in the post-parturition period were recorded 

as juvenile (2-3 months old). New bats found in Wareham bat-box schemes (A-I, O1, O2 & 

S) were ringed, under licence from Natural England, with aluminium alloy rings (Mammal 

Society). Ringing of bats in Peripheral bat-box schemes (J-N, P-R & T) ceased in 1993.  

 

3.2.1.2 The data 

Due to their duration and complexity, it is inevitable that long-term datasets contain missing 

data and the dataset for this long-term study is no exception. Missing data complicate and 

restrict statistical analyses by preventing fully cross-factored data. Restrictions have therefore 

been imposed on the amount of data which can be used for analysis in this study. A table of 

the complete data set is given in Appendix A. Where fully-nested data were required, the 

complete dataset could not be analysed, in each case, some years and bat-box schemes were 

removed and the subsection of data used was clearly stated.  

 

Although ringing took place in all schemes at some point in the history of the study, the 

number of schemes where ringing was carried out was reduced to 12 bat-box schemes (A-I, 
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O1, O2 & S) in 1993. Census counts still took place at all 21 schemes, but new bats were no 

longer ringed when found at the Peripheral schemes in Rempstone, Moreton, Affpuddle or 

Puddletown Forests (Fig. 3.2). This means that analysis using ringing data was restricted to 

bats ringed in Wareham Main, Gore Heath and Hethfelton. Furthermore, analysis was 

restricted by high levels of missing data in Peripheral bat-box schemes (see Appendix A). 

 

In early surveys, up until 1991 inclusively, it was common for several bat-box checks to be 

made throughout the year, with up to four surveys recorded at one site in one year. In 1992, 

bat-box checks were made in March and September. From 1993 onwards, surveys were 

standardized with two surveys per year, once in May (pre-parturition) and again in 

September (post-parturition). Therefore, for the most-part, data analysis was restricted to 

thirteen years of ringing data between 1993 and 2008 (1993, 1995-2002, 2004-2005, 2007-

2008) where records were available for all 12 Wareham Schemes in both pre- and post-

parturition (see Appendix A). 

 

Data were checked for recaptured bats within a survey period (which may arise from 

migration to another bat-box scheme due to disturbance – see Chapter 2) and if found, were 

deleted from analysis, with only the initial record remaining, to avoid pseudoreplication.  

 

Graphs were created in Microsoft Excel 2010 and statistical analysis was carried out using 

MINITAB version 16. Data residuals were tested for normality and homogeneity of variance, 

where data violated these assumptions, appropriate data transformations were performed. 

Where residuals were not normally distributed after transformation, non-parametric statistics 

were used. 

 

3.2.2 Data analysis 
 

3.2.2.1 Sex ratios 

3.2.2.1.1 Adult sex ratios 

Data from 13 years of ringing data from Wareham Schemes (A-I, O1, O2 & S) were included 

in analysis. The numbers of male and female bats captured in each period (pre- and post-

parturition) were summed across all 12 Wareham schemes for each year (1993, 1995-2002, 
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2004-2005, 2007-2008) for each of the three species separately. Data were square-root 

transformed to meet the assumption of normality for parametric statistics.  

 

3.2.2.1.2 Juvenile sex ratios 

Data from 15 years of data from Wareham Schemes (A-I, O1, O2 & S) were included in 

analysis. The numbers of male and female bats captured in the post-parturition period were 

summed across all 12 schemes for each year (1993-2005, 2007-2008) for each of the three 

species separately. Juveniles were captured aged 2-3 months old and were recognised by 

incomplete fusion of epiphyseal plates (Anthony, 1988). Data were square-root transformed 

to meet the assumption of normality for parametric statistics. 

 

3.2.2.2 Adult recruitment 

New bats (not previously captured) were recognisable by the absence of an aluminium ring 

on the forearm in the 12 Wareham bat-box schemes (A-I, O1, O2 & S). These un-ringed bats 

were considered new to the population as they had not been previously caught; these could 

also include bats which had roosted elsewhere on previous capture occasions, avoiding 

capture. The percentage of un-ringed females from the total number of females captured each 

year gave a value for adult female recruitment for 13 years of data (1993, 1995-2002, 2004-

2005, 2007-2008). The percentage of un-ringed males from the total number of males 

captured each year gave a value for adult male recruitment for 13 years of data (1993, 1995-

2002, 2004-2005, 2007-2008). Basing the number of new bats found on each sex separately 

accounts for the differences in the number of males and females captured. Percentages were 

arc-sine square-root transformed to meet the assumption of normality for parametric 

statistics. 

 

3.2.2.3 Population trends 

The freeware program Trends and Indices for Monitoring Data (TRIM version 3.5: van 

Strien et al., 2004) was used to analyse trends in the population size of P. auritus, 

Pipistrellus spp. and M. nattereri. Here, population refers to the combined number of bats 

from all the bat-box schemes in the study area (Wareham and Peripheral schemes); therefore 

counts from all 21 bat-box schemes were used in analysis (Fig. 3.2). Pre- and post-parturition 
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population trends were separated for analysis due to the differences in the population 

structure between these two survey periods. Data between 1993 and 2009 inclusive were 

used as each year had the same survey effort i.e. two surveys per year in May and September; 

although missing values within this period were accounted for as explained below. TRIM 

was chosen to analyse population trends because it is a recommended approach to deal with 

missing values which inevitably appear in large data sets (ter Braak et al., 1994) and has been 

used successfully by others to analyse long-term trends in both birds (van Strien et al., 2001) 

and insects (Conrad et al., 2004). Missing data were imputed by TRIM taking into account 

effects of year and bat-box scheme. TRIM computes annual indices, but also overall trends 

over the time series. Trends must not only be significant, but also be biologically relevant; 

see Appendix B for trend classifications used in TRIM 3.5. The first year of study (1993) was 

used as the base year for all species and was assigned an index value of 1.0 against which all 

other years were compared. Linear models were run with all time points (years) selected as 

change points and stepwise selection turned on to remove non-significant time points. Wald 

tests compared the trend before and after each year and identified changepoints (years) where 

trends before and after were significantly different from each other.  

 

3.2.2.4 Group size 

Groups were classed as 2 or more bats of the same species roosting together within a bat-box. 

Groups of bats recorded from 12 Wareham schemes from 13 years (1993, 1995-2002, 2004-

2005, 2007-2008) were analysed for each period (pre- and post-parturition). The group sizes 

in pre- and post-parturition were compared amongst species.  

 

3.2.2.5 Mating group structure 

Mating groups were found post-parturition, defined as groups of adult male and female bats. 

Mating groups were classed as independent because of regular roost switching and mixing of 

individuals. Mating groups from all 21 bat-box schemes (Wareham and Peripheral Schemes) 

from across 13 years (1993, 1995-2002, 2004-2005, 2007-2008) were included in analysis.  
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3.2.2.6 Colony composition 

All bats from all 21 bat-box schemes (Wareham & Peripheral Schemes) captured across 13 

years (1993, 1995-2002, 2004-2005, 2007-2008) were assigned to one of eight social groups: 

single-sex groups {solitary female (1f), solitary male (1m), female-only group (>1f), male-

only group (>1m)}; Mixed-sex groups {with no adult males, therefore a group of females 

including at least one adult  female and at least one juvenile male (0m), mixed-sex group 

with only one adult male (1m), mixed-sex group with more than one adult male (>1m)}; 

Juvenile groups (single-sex or mixed-sex groups containing only juveniles). The percentage 

of bats found in each social category was calculated for each species in pre- and post-

parturition. 

 

3.2.2.7 Roost choice 

Three bat-boxes were positioned on each tree orientated to face north, southeast and 

southwest. Preferences for groups of bats (2 or more bats) to roost in boxes facing a 

particular aspect were investigated. Groups of bats found across 13 years (1993, 1995-2002, 

2004-2005, 2007-2008) were pooled for each scheme. Each group was classed as 

independent due to regular roost switching and fission-fusion movements of individuals 

within the colony. The number of groups of bats found in north, southeast and southwest 

boxes were analysed with respect to species (P. auritus, Pipistrellus spp. & M. nattereri), 

scheme (Wareham schemes only; A-I, O1, O2 & S) and period (pre- and post-parturition). 

 

3.3 Results 

 

 

Analysis of ringing data for a 13 year period (1993, 1995-2002, 2004-2005, 2007-2008) 

showed that a total of 1880 bats were ringed from the 12 Wareham bat-box schemes (Table 

3.1). The most abundant species of bats were brown long-eared bats (Plecotus auritus), 

Pipistrellus spp. and Natterer’s bats (Myotis nattereri). A total of 546 P. auritus were ringed, 

311 of which were female and 235 were male (Table 3.1). Of the 556 Pipistrellus spp. 

ringed, 394 were female and 162 were male (Table 3.1). Myotis nattereri was the most 

abundant species with 778 individuals ringed including 492 females and 286 males (Table 
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3.1). In addition, 3 whiskered bats (Myotis mystacinus; 2 male and 1 female) and 14 noctule 

bats (Nyctalus noctula; 5 female and 9 male) were recorded. Some individual bats were 

recaptured several times. From the ringed population of P. auritus, a total of 853 recaptures 

were made comprising of 647 females and 206 males. A total of 569 recaptures of 

Pipistrellus spp. were recorded including 202 female and 367 male. Recaptures were most 

numerous for M. nattereri with 1411 recaptures recorded for this species, 1130 of which 

were female and 281 were males.  

 
Table 3.1 - Number of individual bats ringed in Wareham bat-box schemes (A-I, O1, O2 & S) 
across 13 years (1993, 1995-2002, 2004-2005, 2007-2008) 

 

  
P. auritus Pipistrellus spp. M. nattereri Total 

Total number of individual 
bats 

Female 311 394 492  
Male 235 162 286  

 
Total 546 556 778 1880 

      
Total number of recaptures  
(excluding initial capture) 

Female 647 202 1130  
Male 206 367 281  

 Total 853 569 1411 2833 
      

 

Across the 12 Wareham bat-box schemes in the 13 years of study, the percentage of bat-

boxes occupied by one or more bats varied between 11% and 21% in pre-parturition and 

between 12% and 20% post-parturition (Fig. 3.3). There was no difference in the percentage 

of boxes occupied between pre- and post-parturition (Paired T-test; t = 0.34, n = 13, p = 

0.741). 
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Figure 3.3 - From the 216 bat-boxes, spread across the 12 Wareham schemes, the 
percentage of bat-boxes occupied by one or more bats in each of 13 years (1993, 1995-
2002, 2004-2005, 2007-2008) in pre- and post-parturition (n = 13 years). 
 
 

3.3.1 Sex ratios 

 

3.3.1.1 Adult sex ratios 

Analysis of all ringing data including initial capture and subsequent recaptures showed a 

marked decrease in the number of adult P. auritus captured between pre- and post-parturition 

for both males and females (Fig. 3.4), with the numbers of adult bats captured decreasing by 

72% and 80% respectively. On average, 23.9 ± 2.5 males were captured each year in the pre-

parturition period compared with 6.8 ± 1.7 captured post-parturition. The average number of 

female bats captured fell from 58.5 ± 4.1 to 11.9 ± 3.0 between pre-and post-parturition in 

this species. The population of M. nattereri was female-biased in both periods, with over 

three times more adult females than males captured. The number of male M. nattereri 

captured was similar between pre- and post-parturition, with 17.2 ± 2.7 and 13.2 ± 2.7 

captured in respective periods. An average of 64.3 ± 9.4 females were caught pre-parturition 

compared with 44.5 ± 9.5 post-parturition. A male-biased Pipistrellus spp. population in the 

pre-parturition period switched to a female-biased population post-parturition and both males 

and females increased in number from pre- to post-parturition with a 34% increase in the 

number of adult males captured (from 16.0 ± 1.4 bats to 24.3 ± 1.8 bats) and an 83% increase 

in adult females (from 5.9 ± 2.2 bats to 35.8 ± 4.5 bats).  
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Figure 3.4 - Average number (± SE) of male and female adult bats captured at Wareham 
bat-box schemes (A-I, O1, O2 & S) each year in pre- and post-parturition for P. auritus, 
Pipistrellus spp. and M. nattereri (n = 13 years). 

 

The effect of sex on the number of adult bats captured depended on species and showed some 

temporal variation (Table 3.2; three-way sex*species*year interaction). The number of male 

and female bats captured depended on the species and on the period of capture (Table 3.2; 

three-way sex*species*period interaction). The abundance of each species depended on the 

survey period and showed temporal variation (Table 3.2; three-way species*period*year 

interaction). The effect of species depended on year (Table 3.2; species*year interaction), 

period (Table 3.2; species*period interaction) and sex (Table 3.2; species*sex interaction). 

Overall, the number of female bats captured outnumbered males (Table 3.2; sex effect) and 

there were more bats captured in the pre-parturition period than the post-parturition period 

(Table 3.2; period effect). 
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Table 3.2 - Analysis of variance in the square root of the frequency of adult bats from 12 bat-
box schemes in Wareham Forest in two survey periods (pre- and post-parturition) in each of 
13 years (1993, 1995-2002, 2004-2005, 2007-2008). General linear model (GLM) with fixed 
effects of species, sex and period and a random effect of year. Two-way interactions and 
three-way interactions are shown. GLM: SQRT frequency of adult bats = 
species|sex|period|year-species*sex*period*year 
 

Source DF Seq SS Adj SS Adj MS F p 

sex 1 89.478 89.478 89.478 48.380 <0.001 

species 2 38.795 38.795 19.398 2.840 0.078 

period 1 23.150 23.150 23.150 6.840 0.023 

year 12 39.588 39.588 3.299 0.360 0.966 

sex*species 2 101.438 101.438 50.719 37.750 <0.001 

sex*period 1 0.065 0.065 0.065 0.080 0.786 

sex*year 12 22.195 22.195 1.850 1.070 0.432 

species*period 2 245.607 245.607 122.803 105.310 <0.001 

species*year 24 163.673 163.673 6.820 3.300 0.001 

period*year 12 40.641 40.641 3.387 2.170 0.061 

sex*species*period 2 45.380 45.380 22.690 50.920 <0.001 

sex*species*year 24 32.242 32.242 1.343 3.010 0.004 

sex*period*year 12 10.047 10.047 0.837 1.880 0.091 

species*period*year 24 27.986 27.986 1.166 2.620 0.011 

Error 24 10.694 10.694 0.446   

 

3.3.1.2 Juvenile sex ratios 

Juveniles were captured in September at the age of 2 to 3 months old. Juvenile M. nattereri 

were by far the most numerous of the three species with 13.6 ± 2.1 males and 16.5 ± 2.7 

females captured on average in each year of the study. Juvenile P. auritus were found in low 

numbers with 4.1 ± 1.1 males and 3.5 ± 0.8 females captured on average each year. Female 

P. pygmaeus outnumbered males by nearly 9 to 1 and male juveniles were so rare, their mean 

annual abundance was less than 1 individual (Fig. 3.5). 
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Figure 3.5 - Average number (± SE) of male and female juvenile bats captured at Wareham 
bat-box schemes (A-I, O1, O2 & S) each year for P. auritus, Pipistrellus spp. and M. 
nattereri (n = 15 years). 
 

The sex effect on the frequency of juveniles captured depended on the species (Table 3.3; 

sex*species interaction) and the year of capture (Table 3.3; species*year interaction). The sex 

effect also depended on the year of capture (Table 3.3; sex*year interaction). The number of 

juvenile bats captured depended on sex (Table 3.3; sex effect) and on species (Table 3.3, 

species effect).  

 

Table 3.3 - Analysis of variance in the square root of the frequency of juvenile bats captured 
per year. General linear model (GLM) with fixed effects of sex and species (P. auritus, 
Pipistrellus spp. and M. nattereri). Random effect of year (1993, 1995-2002, 2004-2005, 
2007-2008). Two-way interactions are shown. GLM: SQRT frequency of juvenile bats = 
species|sex|year-species*sex*year 
 

Source DF Seq SS Adj SS Adj MS F p 

sex 1 5.4072 5.4072 5.4072 6.76 0.021 

species 2 111.7174 111.7174 55.8587 24.43 <0.001 

year 14 40.581 40.581 2.8986 1.06 0.428 

sex*species 2 6.2672 6.2672 3.1336 9.1 0.001 

sex*year 14 11.2005 11.2005 0.8 2.32 0.028 

species*year 28 64.0274 64.0274 2.2867 6.64 <0.001 

Error 28 9.6413 9.6413 0.3443   
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3.3.2 Adult recruitment 
 

The data were unbalanced due to a complete absence of males or females of some species in 

some periods and/or years producing counts of zero and therefore inestimable proportions, 

which meant some three-way interactions were inestimable. Adult recruitment was relatively 

low amongst P. auritus and M. nattereri compared with Pipistrellus spp. (Fig. 3.6). 

Recruitment was female-biased in pre-and post-parturition populations of Pipistrellus spp.; 

58.0 ± 2.7% and 53.7 ± 1.2% of females captured were new bats (which had never been 

captured before) in pre- and post-parturition respectively compared with 19.4% and 23.7% 

new, adult males found in the corresponding periods (Fig. 3.6, Table 3.4). A noticeable influx 

of new adult male P. auritus was also reported pre-parturition that was double the percentage 

of new females for this period. 

 

 

Figure 3.6 - Percentage (± SE) of new adult bats from the total number of bats captured at 
Wareham bat-box schemes (A-I, O1, O2 & S) each year in pre- and post-parturition for male 
and female P. auritus, Pipistrellus spp. and M. nattereri (n = 13 years). 
 

A species effect on adult recruitment depended on sex (Table 3.4; species*sex interaction) 

and year (Table 3.4; year*species interaction) while a sex effect on adult recruitment 

depended on year (Table 3.4; year*sex interaction). There was also an effect of period (pre- 

or post-parturition) on the percentage of new adults recruited into the population which 

depended on the year of capture (Table 3.4; year*period interaction). A species effect on 

adult recruitment showed higher levels of recruitment amongst Pipistrellus spp. (Table 3.4; 
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species effect). The main effect of sex on adult recruitment was influenced by the female-

biased adult recruitment amongst Pipistrellus spp. (Table 3.4; sex effect). 

 

Table 3.4 - Analysis of variance in the arcsine square root of the percentage of new adult 
bats captured each year. General Linear Model (GLM) with the fixed effects of species, sex, 
period and the random effect of year (1993, 1995-2002, 2004-2005, 2007-2008). Three-way 
and Two-way interactions are shown. GLM: percentage of new adult bats captured = 
species|sex|period|year - year*species*sex*period - year*species*sex - year*period*sex - 
year*species*period  

 

Source DF Seq SS Adj SS Adj MS F p 

year 12 1.5599 1.1959 0.0997 0.68 0.754 

species 2 1.9785 2.1457 1.0729 21.39 <0.001 

sex 1 0.7934 0.8399 0.8399 15.86 0.002 

period 1 0.0057 0.0097 0.0097 0.13 0.727 

year*species 24 1.2305 1.2525 0.0522 2.80 <0.001 

year*sex 12 0.6888 0.6510 0.0543 2.91 0.002 

year*period 12 0.9714 0.9387 0.0782 4.19 <0.001 

species*sex 2 1.2300 1.2564 0.6282 33.66 <0.001 

species*period 2 0.0270 0.0384 0.0192 1.03 0.362 

sex*period 1 0.0001 0.0019 0.0019 0.10 0.750 

species*sex*period 2 0.1099 0.1099 0.0549 2.94 0.059 

Error 74 1.3810 1.3810 0.0187   

 

3.3.3 Population trends 
 

Trends in population sizes of all three bat species from bat-box schemes across Wareham and 

Peripheral schemes (21 in total) were calculated for pre- and post- parturition separately. 

Population trends differed between species in the pre-parturition period with a strong 

increase in M. nattereri, moderate decline in P. auritus and a stable population of Pipistrellus 

spp. (Fig. 3.7, Table 3.5). Post-parturition there were increases in the population sizes of both 

M. nattereri (strong increase) and Pipistrellus spp. (moderate increase), however the trend in 

P. auritus was uncertain (Fig. 3.7, Table 3.5, see Appendix B for trend classification). The 

strong increase in the M. nattereri population shows that the population was increasing at an 

average of approximately 10% per year in both pre- and post-parturition. The post-parturition 

population of Pipistrellus spp. shows an annual increase of 2.5% per year whilst the pre-

parturition population was stable. The pre-parturition population of P. auritus showed an 
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annual decline of 4.5%, although the post-parturition trend was uncertain (Fig. 3.7, Table 

3.5). 

 

Table 3.5 - Trend values of P. auritus, M. nattereri and Pipistrellus spp. for pre- and post-
parturition as calculated in TRIM. See Appendix B for trend classification. Where a trend of 
1.02 indicates a 2% increase per year and a trend of 0.98 represents a 2% decrease per 
year. 
 

 Pre-parturition Post-parturition 

P. auritus 0.9554 ± 0.0157 
Moderate decline (p < 0.01) 

0.9774 ± 0.0266 
Uncertain 

M. nattereri 1.0981 ± 0.0198 
Strong increase (p < 0.05) 

1.1040 ± 0.0253 
Strong increase (p < 0.05) 

Pipistrellus spp. 1.0108 ± 0.0126 
Stable 

1.0255 ± 0.0094 
Moderate increase (p < 0.01) 

 

 

Wald-tests were used to compare trends before and after each time point to identify any 

significant changepoints (Table 3.6). A dramatic changepoint was identified in the pre-

parturition population of M. nattereri with the population doubling between 2001 and 2002 

(Fig. 3.7, Table 3.6). 
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Figure 3.7 - Population trends of P. auritus, M. nattereri & Pipistrellus spp. captured at 
Wareham and Peripheral schemes from 1993 to 2009 calculated in TRIM. (*) indicates years 
which are significant change points; trends before and after each time point (year) compared 
with a Wald-Test (Table 3.6). 
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Table 3.6 - Significant changepoints between 1993 and 2009 for P. auritus, M. nattereri and Pipistrellus spp. in pre- and post-parturition. Wald 
tests compare the trend before and after time points. A significant Wald-test shows that the trends before and after the time point were 
different. Non-significant changepoints were deleted by stepwise selection. 

 

 Pre-parturition Post-parturition 
 P. auritus M. nattereri Pipistrellus spp. P. auritus M. nattereri Pipistrellus spp. 

1993 - - - - Wald-Test, df=1, p<.05 Wald-Test 5.30, df=1, p<0.05 

1994 - - - Wald-Test 7.69, df=1, p<0.01 - - 

1995 Wald-Test 5.30, df=1, p <0.05 - Wald -Test 7.58, df=1, p<0.01 - - 
Wald-Test 22.69, df=1, 

p<0.001 

1996 - - Wald -Test 7.31, df=1, p<0.01 - Wald-Test 7.02, df=1, p<0.01 
Wald-Test 22.95, df=1, 

p<0.001 

1997 - Wald-Test 6.03, df=1, p<0.05 - - Wald-Test 6.95, df=1, p<0.01 - 

1998 Wald-Test 5.72, df=1, p<0.05 - - - - Wald-Test 3.90, df=1, p<0.05 

1999 - Wald-Test 4.53, df=1, p<0.05 - - - Wald-Test 9.06, df=1, p<0.01 

2000 - - - - - - 

2001 - Wald-Test 5.92, df=1, p<0.05 - Wald-Test 5.67, df=1, p<0.05 - - 

2002 - Wald-Test 7.52, df=1, p<0.01 
Wald-Test 11.06, df=1, 

p<0.001 
- - - 

2003 - - 
Wald-Test 15.00, df=1, 

p<0.001 
- - Wald-Test 6.19, df=1, p<0.05 

2004 - - - - - - 

2005 - - - Wald Test 8.65, df=1, p<0.01 - - 

2006 - - - - - - 

2007 - - - Wald-Test 5.73, df=1, p<0.05 - 
Wald-Test 15.49, df=1, 

p<0.001 

2008 Wald-Test 3.88, df=1, p<0.05 - - - - 
Wald-Test 17.32, df=1, 

p<0.001 

2009 - - - - - - 
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3.3.4 Group size 
 

Group size was similar amongst P. auritus and M. nattereri and between pre- and post-

parturition (Fig. 3.8). Plecotus auritus roosted in average group sizes of 14.5 ± 1.2 

individuals pre-parturition and 16.5 ± 2.7 individuals post-parturition (Fig. 3.8). M. nattereri 

roosted in similar group sizes with 13.4 ± 1.6 individuals and 17.6 ± 2.5 individuals in pre- 

and post-parturition respectively (Fig. 3.8). Group sizes of Pipistrellus spp. were smaller than 

the other two species (Table 3.7; species effect). Pre-parturition, Pipistrellus spp. roosted in 

average group sizes of 2.9 ± 0.3 individuals compared with 3.6 ± 0.2 individuals post-

parturition (Fig. 3.8). 

 
Figure 3.8 - Average group size (± SE) of P. auritus, Pipistrellus spp. and M. nattereri 
roosting in Wareham bat-box schemes (A-I, O1, O2 & S) in pre- and post-parturition (n = 13 
years). 
 
 

Table 3.7 - Analysis of variance of group size of P. auritus, Pipistrellus spp. and M. nattereri 
captured in pre- and post-parturition. General Linear Model (GLM) with fixed effects of 
species (P. auritus, Pipistrellus spp. and M. nattereri), period (pre- and post-parturition) and 
random effect of year (1993, 1995-2002, 2004-2005, 2007-2008) GLM: number of bats per 
group = species|period|year - species*period*year.  

 

Source DF Seq SS Adj SS Adj MS F P 

Species 
Period 
Year 
Species*Period 
Species*Year 
Period*Year 
Error 

2 
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12 
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24 
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15 
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102.76 
713.22 
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902.45 
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51.38 

927.49 
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547.96 
22.36 
42.72 
25.69 
38.65 
16.90 
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1.72 
0.86 
1.29 
0.56 

<0.001 
0.283 
0.293 
0.445 
0.311 
0.839 

0

5

10

15

20

25

P. auritus Pipistrellus spp. M. nattereri

N
u

m
b

e
r 

o
f 

b
at

s 
p

e
r 

gr
o

u
p

 

pre-parturition

post-parturition



Social structure of sympatric bat species 

 

67 

 

3.3.5 Mating group structure 
 

Mating groups were classed as a group of adult male and female bats roosting together within 

a single box in the post-parturition period. Most P. auritus mating groups were multi-male 

(30 out of a total of 38 groups). Multi-male groups supported up to 21 females, compared 

with only 6 females supported by the largest single-male mating group. There was a positive 

correlation between the number of adult male and female bats found in mating groups of P. 

auritus (Spearman’s rank, r = 0.531, p = 0.001; Fig. 3.9).  

 

The ratio of multi-male versus single-male mating groups of M. nattereri was approximately 

3:2 in favour of multi-male groups. Single-male mating groups supported up to twenty-nine 

females, with 10.8 ± 7.2 females on average. The multi-male groups supported an average of 

12.1 ± 8.2 females with one group of five males supporting forty females. There was no 

support for a correlation between the number of adult males and females within M. nattereri 

mating groups (Spearman’s rank, r = 0.150, p = 0.25; Fig. 3.9). 

 

The mating group structure of Pipistrellus spp. overwhelmingly supported a single-male 

harem structure. The most frequent mating groups found consisted of a single male 

supporting one female (Fig. 3.9). On average, one male supported 2.7 ± 1.9 females and the 

largest harem consisted of one male and eleven females. Unsurprisingly, due to the harem 

structure, there was no correlation between the number of adult males and females found in 

mating groups (Spearman’s rank, r = -0.044, p = 0.50; Fig. 3.9). Only 3% of groups 

contained more than one male and there were no groups exceeding two males. Unusually, on 

two separate occasions, two male Pipistrellus spp. were found roosting together with a 

female during the mating period. 
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Figure 3.9 - Number of males and females in mating groups of P. auritus, Pipistrellus spp. 
and M. nattereri. Mating groups defined as adult male and female bats roosting together 
within a bat-box in Wareham or Peripheral bat-box schemes in the post-parturition period. 
Mating groups collated across 13 years of data. Numbers in brackets indicate multiple 
mating groups.  
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3.3.6 Colony composition  
 

In both pre- and post-parturition, the majority of P. auritus bats formed mixed-sex social 

groups containing multiple adult males. Taking all P. auritus bats captured across all years 

into account, over 80% of bats were found roosting in multi-male groups and there was no 

change between pre- and post-parturition (z-test, z = 0.95, p = 0.34; Fig. 3.10). Only a small 

proportion of bats were found within mixed-sex groups containing only one male (6.2% and 

6.4% in pre- and post-parturition respectively) and there was no change in this social group 

between pre- and post-parturition (z-test, z = -0.13, p = 0.89; Fig. 3.10). 

 

Pipistrellus spp. showed a shift in social structure between pre- and post-parturition. Pre-

parturition, the population was dominated by solitary roosting males; the proportion of bats 

in this social category decreased from 69.2 % to 13.4 % between pre- and post-parturition (z-

test, z = 22.37, p < 0.001; Fig. 3.10). Groups of female Pipistrellus spp. were also seen pre-

parturition, and again a decline was observed in the percentage of bats in this social group 

between pre- and post-parturition (z-test, z = 5.95, p < 0.001; Fig. 3.10). An increase in the 

number of bats in mixed-sex groups containing a single adult male was evident between pre-

and post-parturition with the formation of mating harems (z-test, z = -33.39, p < 0.001; Fig. 

3.10). 

 

M. nattereri were also most commonly found in multi-male, mixed-sex groups however, the 

number of bats found in this social group fell between pre- and post-parturition (z-test, z = 

4.69, p < 0.001; Fig. 3.10). Unlike P. auritus, there were also quite a large proportion of bats 

found in mixed-sex groups containing only a single male; the proportion of bats in this social 

category increased from pre-to post-parturition (z-test, z = -7.46, p < 0.001; Fig. 3.10). In 

post-parturition, 16.8% of bats captured across all years were found in mixed-sex groups 

absent of adult males (groups containing at least one adult female and one juvenile male). 

Pre-parturition, there were female-only groups, the proportion of females roosting in these 

groups reduced in post-parturition with the formation of mating groups (z-test, z = 18.13, p < 

0.001; Fig. 3.10). 
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Figure 3.10 - Percentage of bats captured over 13 years (1993, 1995-2002, 2004-2005, 
2007-2008) from Wareham and Peripheral schemes found in each of eight social categories: 
single-sex groups {solitary female (1f), solitary male (1m), female-only group (>1f), male-
only group (>1m)}; Mixed-sex groups {with no adult males, therefore a group of females 
including at least one adult  female and at least one juvenile male (0m), mixed-sex group 
with only one adult male (1m), mixed-sex group with more than one adult male (>1m)}; 
Juvenile groups (single-sex or mixed-sex groups containing only juveniles). 
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3.3.7 Roost choice 
 

Bat-boxes were positioned at three different aspects (north, N, southeast, SE, and southwest, 

SW) on each tree in the study. A preference for box aspect was tested for using nominal 

logistic regression applied to the data with box aspect (N, SE & SW) predicted by species, 

period and bat-box scheme {logit(aspect) = period|species + scheme}. Scheme could not be 

cross-factored as not all species were found at all schemes. Two logit models were applied 

with north (N) as an arbitrary reference factor compared in two separate logit models with SE 

and SW. Neither logit model provided evidence for scheme, period or species effects on box 

aspect choice (Fig. 3.11, Table 3.8). 

 

 
 
Figure 3.11 - Average number of groups (2+ bats) of P. auritus, Pipistrellus spp. and M. 
nattereri found in north, south-east and south-west facing bat-boxes (± SE). Data from 13 
years of bat-box checks pooled for each scheme individually then averaged to represent the 
average number of bat groups found in each of the box aspects (N, SE, SW) across all 12 
Wareham bat-box schemes. 
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Table 3.8 - Odds ratios with 95% confidence intervals from nominal logistic regression 
applied to the data with discrete choice (N, SE, SW) predicted by species, period and 
scheme. Model: logit(aspect) = period|species + scheme. Scheme could not be cross-
factored as not all species were found at all schemes. Two logit models were applied with N 
as an arbitrary reference factor compared in two separate logit models with SE and SW. 
First level of each factor set to 1.00 and all other levels compared with this reference factor. 
Confidence intervals crossing 1.00 show non-significant deviation from the reference factor. 
Confidence intervals either side of and not crossing the reference value (1.00) would show a 
significant deviation from the reference factor. 

 

 
Logit 1 (SW/N) Logit 2 (SE/N) 

Predictor Odds Ratio 
95% CI (upper, 

lower) 
Odds 
Ratio 

95% CI (upper, 
lower) 

Period 
    

post-parturition 1.00 1.00 1.00 1.00 

pre-parturition 1.14 (0.47, 2.79) 1.52 (0.61, 3.79) 

Species 
    

P. auritus 1.00 1.00 1.00 1.00 

M. nattereri 2 (0.7, 5.73) 2.7 (0.94, 7.81) 

Pipistrellus spp. 1.74 (0.77, 3.95) 1.46 (0.62, 3.44) 

Period*Species 
    

Post*P. auritus 1.00 1.00 1.00 1.00 

Pre*M. nattereri 0.68 (0.19, 2.4) 0.48 (0.13, 1.68) 

Pre*Pipistrellus spp. 0.47 (0.17, 1.31) 0.46 (0.16, 1.31) 

Scheme 
    

A 1.00 1.00 1.00 1.00 

B 2.87 (0.94, 8.78) 2.77 (0.87, 8.77) 

C 0.99 (0.41, 2.38) 1.16 (0.48, 2.82) 

D 0.77 (0.35, 1.71) 0.8 (0.35, 1.8) 

E 0.94 (0.37, 2.38) 0.55 (0.19, 1.57) 

F 1.35 (0.52, 3.48) 1.29 (0.48, 3.46) 

G 1.08 (0.39, 2.99) 1.08 (0.39, 3) 

H 0.85 (0.37, 1.95) 0.73 (0.31, 1.71) 

I 0.82 (0.31, 2.17) 0.77 (0.28, 2.11) 

O1 0.95 (0.37, 2.4) 1.74 (0.72, 4.25) 

O2 0.64 (0.28, 1.48) 0.69 (0.3, 1.62) 

S 1.03 (0.35, 3.04) 1.2 (0.4, 3.61) 
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3.4 Discussion 

 

This long-term study on bat-box use by three vespertilionid species showed that bats roosted 

in boxes facing each of three aspects, north, southeast and southwest without preference for a 

particular aspect. Population trends varied between species with increasing trends in 

Pipistrellus spp. and M. nattereri and a decreasing trend in P. auritus. Colony dynamics of M 

nattereri and P. auritus were relatively stable with few new adults recruited into the 

population and group sizes not changing between pre- and post-parturition. Males roosted 

with females both pre- and post-parturition in these species, although the population was 

heavily female-biased in both species despite juvenile sex ratios at unity. A male-biased 

population of Pipistrellus spp. switched to a female-biased population post-parturition 

following the influx of a high percentage of new adult females during the formation of 

harems. Harems across the study predominantly consisted of just one male with one female. 

The overwhelming majority of P. auritus were found in mixed-sex groups containing 

multiple males whereas the colony composition of M. nattereri showed a greater diversity 

with mixed-sex groups containing a single adult male and female-only groups also regularly 

found.  

 

3.4.1 Seasonal patterns in population structure 
 

Due to biases incurred from sampling near maternity colonies or hibernation sites, where 

sexual segregation may occur at different times of year, it is difficult to obtain a true sex ratio 

for many bat species (Kurta & Matson, 1980). The results of this study revealed female-

biased sex ratios in both pre- and post-parturition populations of P. auritus and M. nattereri, 

which are consistent with other studies of vespertilionid bats (e.g. Eptesicus fuscus, Mills et 

al., 1975; P. auritus, Boyd & Stebbings, 1989; Benzal, 1990). The results of this study differ 

markedly from those reported by Park et al. (1998) who showed that, in colonies from the 

same study area between 1977 and 1993, the number of male and female bats did not differ 

from unity for both P. auritus and M. nattereri either pre- or post-parturition. There is no 

clear explanation for this difference, however Park et al. (1998) report proportions of males 

and females in the populations of P. auritus and M. nattereri which show a trend for female 

bias, but this bias was not highlighted with non-parametric statistics. Female-biased sex 
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ratios are common amongst mammalian systems (Kokko & Jennions, 2008). This could be 

reflected in an unbalanced juvenile sex ratio, for example a female-biased population of adult 

spider monkeys (Ateles paniscus) is driven by a female-biased offspring ratio (McFarland 

Symington, 1987). However this study reports juvenile sex ratios which are at unity for both 

P. auritus and M. nattereri, suggesting that female-biased adult sex ratios result from 

increased female survival or by sex differences in roosting behaviour, with males avoiding 

capture by roosting in inconspicuous sites within or outside of the study area. High natal 

philopatry has been reported in both sexes of M. nattereri and P. auritus (Rivers et al., 2006; 

Entwistle et al., 2000), yet female-biased adult sex ratios are reported, this could therefore 

suggest that lower survival rates amongst males drives a female-biased sex ratio in the adult 

population. Higher survival rates amongst females have been reported in several bat species 

(Boyd & Stebbings, 1989; Pryde et al., 2005; Schorcht et al., 2009), yet in others, there has 

been little or no influence of sex on survival (Papadatou et al., 2009; Sendor & Simon, 2003).  

 

It is perhaps unsurprising that the pre-parturition population of both P. auritus and M. 

nattereri was female-biased as this is when maternity colonies form, which are often 

dominated by females. However, there were many unoccupied boxes in the study area and 

the bat-box schemes were spread across a wide area of woodland. Thus, if more adult male 

bats were present in the study area, they were using alternative roosts which, if found, should 

also be incorporated into conservation management programmes. Bachelor roosts of M. 

nattereri have been found during the summer months in another study (Swift, 1997), but 

were not found in the present study.  The number of male P. auritus present in summer 

colonies in this study fitted the correlation reported by Entwistle et al. (2000) whereby a 

greater proportion of males within summer colonies were found within roosts at higher 

latitudes.  

 

Rivers et al. (2006) reported a male-biased sex ratio for both M. nattereri and P. auritus at a 

swarming site and suggested that females enter into hibernation after copulations whereas 

males stay active to increase their copulation success resulting in a male-biased sex ratio. The 

activities of males at swarming sites could be a factor offsetting the female-biased sex ratio in 

the forest populations in the post-parturition period as both P. auritus and M. nattereri are 

swarming species that travel to large communal hibernation sites to mate with transient 
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females. This could help explain the low number of males captured in the forest post-

parturition.  

 

The population of Pipistrellus spp. switches from a male-biased population pre-parturition to 

a female-biased population post-parturition with the formation of mating groups. This influx 

of females into the population suggests that females do not form maternity colonies in the 

bat-boxes and instead use roosting sites outside of the forest. The male of the species adopts a 

mating strategy of resource defence polygyny, meaning that it defends a particular roost site 

and foraging area and attract females to it (Lundberg & Gerell, 1986). Therefore, the 

transient nature of females offsets the sedentary nature of the males, promoting gene flow 

and preventing inbreeding. This is the opposite of what is seen in the parti-colored bat 

(Vespertilio murinus) where the immigration of males into the colony was higher than 

females (Safi et al., 2007). This is because in this species, the males form segregated colonies 

throughout the year and appear to be more transient than females who show higher fidelity to 

colonies (Safi et al., 2007). The population structure of Pipistrellus spp. suggests 

conservation efforts should be concentrated on both male roost sites and the commuting 

routes used by females between maternity roosts and mating groups. Low levels of adult 

recruitment for both P. auritus and M. nattereri suggest that these species live in more 

isolated colonies for the majority of the year where few new bats join the colony. New, un-

ringed, adult bats found are likely to comprise some bats which are part of the colony, but 

which have roosted in alternative natural roosts and evaded capture, as opposed to bats 

migrating from other colonies.  

 

Although often at unity, reports of skewed juvenile ratios have been found in mammals 

(Clutton-Brock & Iason, 1986). Reports of neonatal sex ratios in bats are rare; however 

capture studies have reported skewed sex ratios in a number of species (Miller, 2003). 

Juvenile sex ratios in the present study do not represent neonatal sex ratios, but instead the 

sex ratios at the age of 2-3 months, at this time, the juveniles were flying, fully weaned and 

foraging for themselves (Neuweiler, 2000). Juvenile sex ratios at unity have been reported 

amongst several vespertilionid bats (Loucks & Caire, 2007; O’Farrell & Studier, 1975) and 

indeed, this was true for both M. nattereri and P. auritus in the present study. However, the 

sex ratio of Pipistrellus spp. juveniles was female-biased. It is likely that the female-bias in 
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juveniles represents differential roosting and dispersal behavior of young females of this 

species. The results of this study suggest juvenile females disperse from their maternity 

colonies and join mating groups whereas male juveniles disperse and roost solitarily due to 

intrasexual competition and are not found within the bat-boxes. In some species, juveniles 

have shown readiness to mate in their first year therefore juvenile females may be mating 

with an adult male in their first mating season (Cryan et al., 2012). 

 

Results showed that the P. auritus population declined between pre- and post- parturition, 

consistent with another study which suggested P. auritus are most abundant in the summers 

whereas at other times of the year they are transient solitary roosting bats (Strelkov, 1962). 

However contrary to Strelkov’s study, our results suggest that the majority of the population 

remains in communal roosts post-parturition as solitary roosting P. auritus were rarely 

observed. This decline in overall abundance of P. auritus post-parturition suggests that after 

the break-up of maternity colonies, this species migrates away from the forest during the 

mating season, although a small number of bats remain and form mating groups in the boxes. 

Plecotus auritus is a swarming species (Furmankiewicz & Altringham, 2007; Rivers et al., 

2006) and could therefore roost closer to swarming sites in the autumn, explaining their 

apparent drop in numbers within the boxes post-parturition. With the high fidelity individual 

bats show to a particular summer roost and high levels of natal philopatry in both sexes 

(Burland et al., 2001), swarming sites facilitate mixing between several summer colonies to 

promote gene flow, important to prevent inbreeding (Veith et al., 2004). The results of the 

present study showed a structured mating group in P. auritus which was also highlighted by 

Park et al. (1998); this could determine the population abundance in the post-parturition 

period if the number of males and or females persisting in mating groups is restricted. 

Although this structure in mating groups could simply be a reflection of the sex ratio, the fall 

in numbers of P. auritus between pre- and post-parturition suggests that behavioural and 

ecological processes may be driving this structure. Myotis nattereri on the other hand appears 

to be sedentary, with little change in population abundance between pre- and post- 

parturition.  
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3.4.2 Population trends 
 

Continual monitoring of population trends is important to understand natural fluctuations of 

populations and to recognise impacts of habitat change and other threats to species diversity. 

For example, long-term monitoring of polar bears has contributed to our understanding of the 

impacts of climate change for this species (Stirling et al., 1999). Long-term data also 

provides evidence of the effectiveness of conservation strategies. In one example, a long-

term monitoring programme for large African mammals revealed discrepancies in the 

implementation of mitigation against human-induced threats, with stable populations in some 

protected areas and severe declines in others (Craigie et al., 2010).  

 

Given that bats are an important bioindicator species, maintaining long-term population 

monitoring is important, not only for the focal species but also for other taxa (Jones et al., 

2009). This study has some benefits over other colony count methods used as part of the 

National Bat Monitoring Programme (NBMP) which largely rely on the emergence of bats 

from a roost to determine population size. In this study however, accurate colony counts were 

made by directly counting the individuals within a roost. Population trends should however 

be treated with some caution as they are susceptible to changes in behaviour and roost 

availability within the forest, for example an increase in the availability of natural roosts may 

reduce the reliance of these species on bat-boxes. However, the high fidelity of bats to roost 

sites (Chapter 2) might suggest that bats would use the boxes as part of their roost site 

regardless of an increase in natural roosts, which are lower in number in pine plantations than 

broadleaf woodland (Ciechanowski, 2005). The results therefore suggest that the population 

trends in this study are a good reflection of bat activity in the study area. 

 

Analysis of long-term population trends showed a moderate decline in the pre-parturition 

population of P. auritus although the trend post-parturition was not statistically supported. 

NBMP data reported very little change in national populations of P. auritus (although results 

are not well supported with statistics and should therefore be treated with caution; Bat 

Conservation Trust, 2010). The moderate decline reported in this study is therefore 

concerning and should be targeted at a local conservation level. In contrast, M. nattereri 

populations showed strong increases both pre- and post- parturition, which mirror the results 

of hibernation survey data collected by the NBMP (Bat Conservation Trust, 2010). However, 
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the NBMP data also reports an inconclusive decline in the colony counts of Natterer’s bats 

over a ten year study (1999-2009; Bat Conservation Trust, 2010). Interestingly, the NBMP 

count data reports national declines in colony counts for both soprano and common 

pipistrelle bats (Bat Conservation Trust, 2010), yet our findings suggest a moderate increase 

in the post-parturition population and a stable pre-parturition population, meaning the local 

forest populations do not reflect the national trends. 

 

3.4.3 Roosting and social structure 
 

Differences in group sizes between species are important as they could suggest differences in 

thermoregulatory requirements and energy expenditure, they could also give an indication of 

the limits imposed by roost size or foraging area. For example, food competition influences 

group size in fruit-eating primates with smaller group sizes found where foraging costs are 

high (Janson & Goldsmith, 1995). Group size is important as it underpins all other aspects of 

social structure including mating systems. 

 

Pipistrellus spp. roosted in very small groups compared with M. nattereri and P. auritus. 

Park et al. (1998) reported that there was no difference in group size between Pipistrellus 

spp., P. auritus and M. nattereri, post-parturition. Despite their study not taking juveniles 

into account, it is clear from looking at the mating group analysis, which only considered 

adult bats, that Pipistrellus spp. formed smaller groups than P. auritus and M. nattereri post-

parturition. In fact, the most common group of Pipistrellus spp. discounting juveniles, in the 

post-parturition period consisted of just one male with one female, in contrast to the large 

mixed sex groups of P. auritus and M. nattereri during the same period. The largest harem of 

Pipistrellus spp. bats consisted of one male and eleven females, considerably larger than 

harems reported by Park et al. (1996) when males of the same species supported up to three 

females, but similar to harems reported by Park et al. (1998) with males supporting up to 9 

females. Bats roosting in larger groups expend less energy so group size could affect 

individual survival (Pretzlaff et al., 2010). Roosting in smaller groups could favour 

Pipistrellus spp. by creating more opportunities to enter into torpor and conserve energy 

(Pretzlaff et al., 2010). 
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Group size is limited by the availability of resources and therefore foraging area (Alexander, 

1974). Entwistle et al. (2000) suggest that colony size generally reflects the differential flight 

capacities and foraging ranges across species. They show evidence for a strong positive 

relationship between wing aspect ratio and colony size. Plecotus auritus is a specialist 

woodland species, with low wing loading and slow flight restricting its foraging to sites close 

to their roosts (Entwistle et al., 1996). For this species, group size could therefore be affected 

by the resources available in the immediate vicinity of the roost (Alexander, 1974). Myotis 

nattereri and P. auritus are likely to benefit from transfer of information regarding 

favourable roosts and foraging sites (Kerth & Reckhardt, 2003) and low energy expenditure 

(Pretzlaff et al., 2010) by clustering in large groups. Post-parturition, the harem sizes of 

Pipistrellus spp. would depend on the availability of females and the ability of males to 

monopolise multiple females. In this study group sizes post-parturition were small as most 

males were found with only a single adult female in the post-parturition survey. 

 

In the present study there were no preferences for roosting in a particular roost aspect for any 

of the three bat species. This could suggest that the aspect of a box does not influence roost 

choice, yet conversely it could suggest that the provision of a variety of roost aspects is 

important as they present different microclimates. Smith & Racey (2005) reported that 

Natterer’s bats regularly switched between roosts of varying temperatures depending on 

reproductive status and energy requirements. Similarly, Arnett & Hayes (2009) found that 

bats used roosts on several different aspects, but could not attribute these choices to 

differences in roost temperature. A study of P. pygmaeus bats using bat-boxes in rice paddies 

showed that there was a higher abundance of bats in east-facing boxes when given the choice 

of roosting in east or west facing bat-boxes (Flaquer et al., 2006). One reason for no 

preferences being observed in the present study could be because the diameter of the trees 

upon which the boxes are places was not large enough to impose significantly different 

microclimates on the boxes. Also, the canopy could have protected the bat-boxes from direct 

sunlight minimizing temperature differences between roosts.  
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3.4.4 Summary and progression 
 

This chapter highlighted the dynamic structure of social living in three sympatric bat species. 

Seasonal changes in bat-box use and population structure were driven by species’ life history. 

In two of the species, P. auritus and M. nattereri, large, mixed-sex groups were found 

roosting in bat-boxes in pre- and post-parturition. These large aggregations can benefit from 

social thermoregulation and information transfer between conspecifics. The next chapter 

investigates the effect of social structure on the physiology of communally roosting bats. The 

effects of group size and roost temperature on metabolic rate are investigated in an 

ecophysiological field study.  
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Chapter 4 - Ecophysiology of a communally 
roosting, free-ranging bat (Myotis nattereri) 

 

 

4.0 Abstract 

 

The social organisation of a species is an integral component of its energy strategy. It is 

therefore important to understand how social living influences an individual’s energy 

expenditure. Furthermore, understanding the link between an animal’s physiology and its 

environment (ecophysiology) is especially important in the face of global climate change. 

Previous ecophysiological experiments have been confined to measurements of individual 

animals in the laboratory, yet recent advances in portable respirometry equipment have 

allowed for the metabolic rate of free-ranging animals to be studied in the field. This study 

investigated the ecophysiology of a free-ranging colony of Natterer’s bats (Myotis nattereri) 

roosting in bat-boxes in managed woodland in Dorset, England. Roosting groups had low 

metabolic rates, indicative of shallow torpor, both pre- and post-parturition. Metabolic rate 

did not differ between pre- and post-parturition and was not explained by group size or roost 

temperature. Roost temperature correlated with ambient temperature and was not explained 

by the size of the group roosting in the box. Shallow torpor resulting in low metabolic rates 

was likely to have been used as a mechanism to maintain a positive energy balance during a 

period of low food availability due to excessive rainfall in the year of study. 

 

4.1 Introduction 

 

Sociality is widespread amongst the Mammalia despite the disadvantages of increased rates 

of parasitism, disease and competition for food (Alexander, 1974; Kunz, 1982). The 

Chiroptera stand out amongst the Mammalia as most bat species live in groups (Kerth, 2008). 

Group living brings fitness benefits through information transfer of roost and foraging sites 

and the use of thermoregulation (Kerth, 2008). Bats maintain long-term social relationships 

persisting over many years (Chapter 2) but the structure of social groups can vary seasonally 



Ecophysiology of a free-ranging bat 

 

82 

 

according to a species’ life history, for example with the formation of maternity colonies or 

mating groups (Chapter 3). 

 

Ecological constraints (roost availability), physiological constraints (social thermoregulation) 

and demographic traits (longevity) have been proposed as contributing factors to widespread 

sociality amongst bats (Kerth, 2008).  However, studies linking the benefits of living in social 

groups and the energy expenditure of individuals have, until recently, been confined to the 

laboratory. Recently, the advancement of portable respirometry equipment has made it 

possible for the metabolic rates of free-ranging animals to be measured in the field without 

disturbance (Dausmann et al., 2009; Pretzlaff et al., 2010). With these technological 

advances, it is now possible to investigate the energy expenditure of free-ranging mammals 

in their natural social and microclimatic conditions. Such field respirometry experiments are 

important to validate measurements of metabolic rate taken in laboratory conditions when the 

animals may have been subject to some stress due to their removal from their natural 

environment. Measuring the metabolic rate of free-ranging animals in the field will help us to 

understand the impacts of social living and microclimate on energy budgets of free-ranging 

animals which have important implications for conservation especially in the face of climate 

change (Stawski & Geiser, 2012). For many bat species, climate change will affect energy 

saving strategies via the frequency and duration of torpor (Sherwin et al., 2013). 

 

For communally roosting bats, clustering increases the temperature within the roost and 

promotes energy savings through a reduction in body temperature and metabolic rate 

(Entwistle et al., 1997; Gilbert et al., 2010; Lundberg & McFarlane, 2009; Roverud & 

Chappell, 1991; Willis & Brigham, 2007). Social thermoregulation is commonly used during 

the reproductive period as it allows body temperature and reproductive processes to be 

maintained despite periods of cold weather (Gilbert et al., 2010). Yet, endothermy is 

energetically costly, and in response to adverse weather or periods of low food availability, 

some animals also enter into torpor (Bozinovic et al., 2007).  

 

Torpor describes a reduction in metabolic rate below basal levels to promote energy savings. 

Unlike hibernation (extended torpor), when animals enter into several days of deep torpor 

with intermittent arousals (Hope & Jones, 2012), individuals can also enter torpor for short 
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periods during the day, termed daily torpor (Geiser & Ruf, 1995). The consequences of daily 

torpor include prolonged gestation (Racey & Swift, 1981) and inhibited lactation (Wilde et 

al., 1999). Prolonged gestation results in delayed parturition, affecting juvenile survival over 

their first winter due to the constrained period to accumulate fat (Ransome, 1989).  

 

Many studies suggest that male bats regularly enter torpor in the summer months as they are 

exempt from the constraints imposed on females during the maternity period (Cryan & Wolf, 

2003; Grinevitch et al., 1995). Others suggest that males do not enter torpor often, and 

instead maintain high body temperature due to the constraints of spermatogenesis and 

testicular development (Kurta & Kunz, 1988). In recent studies, the use of torpor, and even 

hibernation, has been recorded in several tropical and sub-tropical animals in periods of 

inclement weather (Dausmann et al., 2009; Liu & Karasov, 2011; Stawski & Geiser, 2011). 

Furthermore, where the use of torpor was once attributed, almost exclusively, to cold 

temperatures, a recent study suggests that during periods of low food availability, torpor is 

used as an energy conservation strategy even in high ambient temperatures (Grimpo et al., 

2013). 

 

Animals show behavioural plasticity in the use of torpor or normothermia by their habitat 

selection (Lausen & Barclay, 2003; Vaughan & O’Shea, 1976). For bats, finding roosts with 

suitable microclimatic conditions is very important and hence high fidelity to roost sites has 

been reported (Boyd & Stebbings, 1989; Chapter 2).  The thermoneutral zone describes the 

range of ambient temperatures over which the metabolic rate remains stable (Speakman & 

Thomas, 2005). Dwellings which offer temperatures within the thermoneutral zone, toward 

the lower critical temperature, will always be favoured by animals, and in instances where 

this is not possible, clustering acts as a behavioural mechanism to aid thermoregulation 

(Speakman & Thomas, 2005). Bats are small mammals with a high surface area to volume 

ratio and high thermal conductance, clustering is therefore beneficial to an individual as it 

reduces surface area exposure and thermal conductance (Lancaster et al., 1997; Willis & 

Brigham, 2007).  
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4.1.1 Chapter aims 
 

The aim of this study was to investigate the resting metabolic rates of free-ranging, 

communally roosting bats. To date, no ecophysiological studies have measured the metabolic 

rates of free-ranging Natterer’s bats (Myotis nattereri) during the summer period, making this 

the first study to do so outside of the laboratory. The hypothesis to be tested was that torpor 

will be used regularly in the post-parturition period and for individuals to remain 

normothermic pre-parturition due to differences in energy demands in these reproductive 

periods. Furthermore, the effects of group size and roost temperature on an individual’s 

metabolic rate were investigated to determine the benefits of social living for an individual’s 

energy expenditure.  

 

4.2 Materials and Methods 

 

4.2.1 Study species 
 

Natterer’s bats (Myotis nattereri) roosted communally in wooden bat-boxes in Wareham 

Forest, Dorset. At this site, Myotis nattereri roosted in mixed-sex roosts comprising 

reproductive females, non-reproductive females and males (See Chapter 3). Body mass for 

individuals at this site were measured in September 2011 (Table 4.1) and were towards the 

lower end of the range reported for this species (Greenaway & Hutson, 1990). Myotis 

nattereri are commonly found in woodland and glean insects from vegetation, with Diptera 

comprising a large part of their diet (Vaughan, 1997).  

 
Table 4.1 - Body mass (g) of female and male M. nattereri at Scheme D, Wareham Forest in 
September 2011. 
 

 Female Male 

 Adult Juvenile Adult Juvenile 

Mean Body Mass (g) 7.95 7.25 7.70 7.21 

SD 0.34 0.42 0.67 0.40 

n 16 6 5 6 
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4.2.2 Study site  
 

The study was carried out at one bat-box scheme (Scheme D; Fig. 4.1,4.2) consisting of 18 

bat-boxes and was chosen because Myotis nattereri have been found regularly at this study 

site for several consecutive years (Chapter 2) and the site is accessible by foot for 

transportation of field equipment. At this site, like all bat-box schemes, there were six 

allocated trees, approximately 10 m apart, with wooden bat-boxes attached. On each of the 

six trees, three wooden bat-boxes were attached, approximately 3 m from the ground, facing 

north, south-east and south-west. The six trees were situated either side of a 200 m long, 4 m 

wide, grassy ride (Fig. 4.1). Due to the inaccessibility of other known M. nattereri roosts in 

the area and equipment limitations, repeated experiments across several colonies were not 

possible. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.1 - Photograph of the study site, Bat-box Scheme D. Red dots indicate the trees 
with bat-boxes attached. Three wooden bat-boxes were fixed to each tree facing north, 
south-east and south-west. 
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Figure 4.2 - Forest compartments of Wareham Forest, Dorset (green) with twelve bat-box 
schemes (red circles) labelled A-H, O1, O2 & S. Respirometry analysis was carried out at 
bat-box scheme D only (circled). 
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4.2.2.1 Data collection 

Data were collected pre-and post-parturition avoiding June and July when some of the 

females would have been heavily pregnant, giving birth or rearing offspring. Post-parturition 

data were collected in August and September 2011 and 2012. Pre-parturition data were 

collected in May 2012 only. Data collection was subject to both weather and bat-box 

occupancy. Data could not be collected on days of inclement weather (rain or high winds). 

Furthermore, the bat colony used roosts other than the bat-boxes and consequently on some 

occasions there was no evidence of bats using the bat-boxes and measurements could not be 

taken. This restricted the amount of data that could be collected during the time period. In 

addition, heavy rain in spring/summer 2012 impacted on data collection. Therefore, 

reproductive period could not be included as a factor in the analysis of metabolic rate and 

data from both pre- and post-parturition were pooled for analysis of effects of group size and 

roost temperature. Data were collected with permission from Natural England. 

 

4.2.3 Respirometry 
 

4.2.3.1 The metabolic chamber 

The 18 wooden bat-boxes at Scheme D acted as metabolic chambers with an internal volume 

of 23,400 mm
3
 (150 (h) x 130 (w) x 120 mm (d); Fig. 4.3). Any gaps in the box (other than 

the entrance) were sealed with plasticine to prevent any air from inside leaking out the box 

other than through the gas tube during respirometry experiments. The entrance to each bat-

box was positioned on the underside of the box (approx. 150 x 15 mm) (Fig. 4.3). Before the 

bats returned to the area, several adaptations were made to the boxes in April 2011, which are 

detailed below. To allow a gas tight tube (Tygon R-3603) to be fitted to the box, a small hole 

(approx. 5 mm diameter) was drilled into the top of one side of the bat-box and into this hole 

a plastic, tapered tube adapter (4 mm internal diameter) was inserted (‘a’ in Fig. 4.3). The gas 

tube fitting was positioned so that the air flowing into the box would pass over the roosting 

bats before exiting via the gas tight tube. A blunt, metal pin was inserted into the tube adapter 

to keep it clear of debris and the end was sealed with tape or plasticine to prevent any light, 

wind or rain entering the bat-box from this small hole (Fig. 4.3). A second hole (approx. 9 

mm diameter) for a temperature probe was drilled on the side of the box (40 mm from the 
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bottom, 30 mm from the front). Into this 9 mm hole, a small length (approx. 80 mm) of 

hollow bamboo was inserted, ensuring a tight fit, which reduced the internal diameter of the 

hole to 5 mm. This ensured that the temperature probe could be inserted into the box without 

disturbing any bats roosting inside and so that the air temperature inside the box could be 

measured without disturbing the natural roosting position of the bats. The bamboo tube also 

protected the temperature probe from contact with urine or other debris in the box. This was 

preferred to an i-button which could have disturbed the roosting bats as it is known to emit 

ultrasound (Willis et al., 2009). A wooden block was screwed into the bat-box to cover this 

hole when it was not in use (‘b’ in Fig. 4.3). All 18 boxes were adapted in this way, so that 

the gas tube (‘c’ in Fig. 4.3) and temperature probe (‘d’ in Fig. 4.3) could be attached to the 

boxes without disturbing the bats inside.  

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3 - Wooden bat-boxes adapted for use as metabolic chambers: a) plastic tube 
adapter with metal pin inserted, covered in plasticine (air outlet for gas monitoring in an 
inactive state when no monitoring was taking place); b) wooden block covering the 
temperature probe inlet when no monitoring was taking place; c) Tygon gas tube attached to 
the air outlet at the top of the bat-box in an active monitoring state when readings were 
being taken; d) temperature probe inserted into the bat-box through the bamboo tube in an 
active monitoring state; (e) the air inlet/entrance to the box has been outlined in white. 
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4.2.3.2 Determining occupied boxes 

The presence of a group of roosting bats within one of the eighteen boxes was detected by 

connecting a length of gas tight Tygon tubing (R-3603; 4 mm internal diameter) to the tube 

adapter on the box and taking a measurement of CO2 concentration (in parts per million, 

ppm) using an infra-red cell carbon dioxide analyser (G150, Geotech, UK). This CO2 reading 

was compared to ambient CO2 levels (380-400 ppm). Elevated CO2 levels above ambient 

indicated box occupation. The species of bats and group size were confirmed through 

emergence counts. Bat calls were recorded on a Bat Box 2 Frequency Division Bat detector 

using an Edirol sound recorder and calls were analysed with bat call software (Bat Sound 

version 4). Emergence counts were carried out from 15 min before sunset until 90 min after 

sunset. Due to the low density of trees in the area, bats were easily counted leaving the roost 

and counts were verified by a second person. The program ‘Timer’ (written by Patrick 

Doncaster) logged the emergence time for each bat. 

 

4.2.3.3 Respirometry set-up 

The metabolic rate of the roosting group of bats was determined using open-flow pull-mode 

respirometry (Fig. 4.4, 4.5). Air was pulled from the bat-box using a diaphragm pump 

(Tetratech APS100) and flow rate was kept constant at 80 l hr
-1

 using a mass flow controller 

(GFC 17, Aalborg Instruments) which was situated downstream from the pump. Up-stream 

from the pump was a sealed plastic bottle which damped sound from the pump travelling up 

to the bat-box. The exit of the mass flow controller was split using a y-tube connector. On 

one arm of the Y-tube, a small piece of Tygon tubing (100 mm long) connected to a non-

return valve acted as an exhaust outlet removing air from the system. On the other arm of the 

Y-tube connector, a small piece of Tygon tubing (100 mm long) connected to an infra-red 

cell carbon dioxide analyser (G150, Geotech Instruments, UK; accuracy ±1% range). The 

carbon dioxide analyser had an integral pump which drew in an air sample for analysis and 

an internal data logger that recorded the carbon dioxide concentration of the air sample (ppm) 

every 2 min. The G150 CO2 analyser had an in-built moisture removal system to improve the 

accuracy of the CO2 reading. This moisture removal system consisted of a permeable 

membrane selective to water (Nafion tubing) which removed water vapour from the incurrent 

air sample. 
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Figure 4.4 - Respirometry set-up with a wooden bat-box as a metabolic chamber. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5 - Photograph showing the open-flow respirometry set-up for measuring carbon 
dioxide (ppm) in the air stream leaving the bat-box. The black arrows indicate the pathway of 
sample gas during a reading. The red arrows indicate the exit pathway of the gas when 
readings were not taking place. 

Air out 

Air in 

 

Mass flow controller 

 
 

 

Gas Analyser 

  

Non-return outlet 

 

Pump 

Sealed plastic bottle 

Sealed plastic 

bottle 

Pump 

Mass flow 

controller 

CO
2

 analyser 

y-tube 

Non-

return 

valve 



Ecophysiology of a free-ranging bat 

 

91 

 

Carbon dioxide measurements (ml CO2 hr
-1

) and roost temperature (
°
C) were recorded every 

2 min for 4 hr. Due to the varying time taken to identify occupied boxes, the start times could 

not be controlled, but the experiments were always carried out between 11:00 am and 5:00 

pm. Due to the fission-fusion dynamics of the group and regular roost switching, each 

measurement for a group of roosting bats was counted as independent. 

 

A baseline reference reading of carbon dioxide concentration (ppm) in ambient air was taken 

every 30 min to control for any drift in the carbon dioxide analyser (Fig. 4.6). This was done 

manually by removing the Tygon tube attached to the respirometry setup and connecting a 

separate Tygon tube which was exposed to ambient air.  

 

 

Figure 4.6 - Example of carbon dioxide readings taken from a roosting group of 39 M. 
nattereri. Red data points indicate baseline references of ambient CO2. 

 

Carbon dioxide readings were converted to the rate of CO2 production per group per hour 

(VCO2) using the following equation from Lighton (2008): 
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quotient, here assumed to be 0.85, following the RQ defined for another insectivorous 

vespertilionid bat (Myotis bechsteinii) (Pretzlaff et al., 2010). 

 

Roost temperature (
°
C) was measured using a temperature probe (Geotech 4 mm dia., 

accuracy ± 0.2% range) which was inserted into the bat-box (‘d’ in Fig. 4.3) and connected to 

the G150 analyser which logged roost temperature every 2 min in synchrony with the CO2 

readings. Ambient temperature (
°
C) data were collected from the nearest weather station, 

Hurn, Dorset (MetOffice, UK). 

 

The rate of CO2 production (VCO2) for the group was then divided by the number of bats 

roosting within a box to obtain a value for the mean metabolic rate per individual (ml CO2 

animal
-1

 hr
-1

). The rate of carbon dioxide production per bat per hr (VCO2), roost temperature 

(
°
C) and ambient temperature (

°
C) measurements were averaged over the 4 hr experiment. 

 

4.3 Results 

 

Metabolic rates of individual M. nattereri roosting in groups did not differ between pre- and 

post-parturition (T = 1.06, df = 13, p = 0.307) (Fig. 4.7). Pre-parturition, mean metabolic rate 

was 2.51 ± 1.25 ml CO2 hr
-1

 compared with 3.27 ± 1.71 ml CO2 hr
-1

 post-parturition. 

Metabolic rates during the rest phase were over 20 times lower than those measured at dusk, 

prior to emergence, when the bats were active in preparation for flight (Appendix C). 
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Figure 4.7 - Mean metabolic rate (ml CO2 animal-1 hr-1) of M. nattereri in pre- (n = 6) and 
post- parturition (n = 12). 
 

 

The mean (± SE) roost temperature recorded across all days was 21.3 ± 0.97 
°
C, which was 

on average 1.52 ± 0.31 
°
C above ambient temperature. The temperature within the bat-boxes 

strongly correlated with the ambient temperature (F1,16 = 163.87, p < 0.001; Fig. 4.8).  

 

 
Figure 4.8 - The relationship between ambient temperature (°C) and roost temperature (°C) 
in occupied bat-boxes across (n = 18). 
 

 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

pre post

M
e

ta
b

o
lic

 r
at

e
 

 (
m

l C
O

2
 a

n
im

al
-1

 h
r-1

) 

y = 1.1555x - 1.5489 
R² = 0.911 

0

5

10

15

20

25

30

35

0 5 10 15 20 25 30

R
o

o
st

 t
e

m
p

 (
° C

) 

Ambient temp (°C) 
 



Ecophysiology of a free-ranging bat 

 

94 

 

Furthermore, group size did not account for the difference between ambient temperature and 

roost temperature (F1,16 = 1.58, p = 0.23; Fig. 4.9), suggesting that the temperature in the 

roost was more dependent on ambient temperature rather than the presence of bats within the 

box. 

 
 

 
Figure 4.9 - The effect of group size on the difference between roost and ambient 
temperature (°C) (n = 18). 

 

 

Roost temperature inside occupied bat-boxes ranged between 12.6 and 29.0 
°
C.  A General 

Linear Model (GLM) including main effects of roost temperature and group size revealed no 

significant effect of roost temperature on the metabolic rate of bats (F1,15 = 0.14, p = 0.709; 

Fig. 4.10). 
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Figure 4.10 - The relationship between roost temperature (°C) and metabolic rate (CO2 
production per animal ml CO2 hr-1) (n = 18). 

 

 

Group sizes of M. nattereri ranged from 10 to 47 individuals, with an average of 25 bats 

across all recordings. The number of bats roosting together in one box did not affect an 

individual’s metabolic rate, although there was a suggestion of a trend for increasing 

metabolic rate with group size (F1,15  = 3.81, p = 0.07; Fig. 4.11). 

 

 

Figure 4.11 - Metabolic rate (ml CO2 animal-1 hr-1) of M. nattereri roosting in different sized 
groups (n = 18). 
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4.4 Discussion 

 

In this study, a mixed-sex colony of Natterer’s bats (Myotis nattereri) maintained low 

metabolic rates during part of the rest phase which did not differ significantly between pre- 

and post- parturition. Metabolic rates were lower than basal levels predicted for this species 

(13.7 ml O2 hr
-1

, Speakman & Thomas, 2005), but higher than those reported in deep torpor 

(0.5 ml O2 hr
-1

, Speakman et al., 1991) indicating that individuals within these groups were 

using shallow torpor.  

 

These results show that individuals were able to lower their metabolism and create 

considerable energy savings during various reproductive states despite relatively mild 

conditions. Colony size or roost temperature did not influence the metabolic rate of an 

individual, whereas during normothermia, one would have expected clustering individuals to 

benefit from social thermoregulation which would manifest in a reduction in metabolic rate 

with increasing group size (Gilbert et al., 2010; Pretzlaff et al., 2010). This study collected 

data over a four hour resting period due to limitations of equipment therefore it is likely that 

individuals remained normothermic at other times of the day and indeed for entire diurnal 

periods following productive foraging. 

 

4.4.1 Torpor as an energy saving mechanism 
 

The results of this study indicated that M. nattereri used torpor both pre- and post-parturition. 

The employment of torpor post-parturition has been reported in other bat species (Dzal & 

Brigham, 2013) with the metabolic rates of a sibling species (Myotis bechsteinii) recorded in 

the field during post-lactation similar to those reported in this study (Pretzlaff et al., 2010). 

However, contrary to the hypothesis, torpor was employed both in pre- as well as post-

parturition. The use of daily torpor by heterotherms in summer has been reported in other 

mammals, including bats (Turbill et al., 2003b). Regular use of torpor has been observed in 

both solitary (Chruszcz & Barclay, 2002) and gregarious (Lausen & Barclay, 2003) 

reproductive temperate bats. Ecological rather than physiological mechanisms are thought to 

drive the use of torpor as reproductive condition alone does not affect an animal’s ability to 

enter into torpor (Turbill & Geiser, 2006). For example, Hoying and Kunz (1998) reported 
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the use of torpor during pregnancy and lactation in a group of reproductive females which 

they suggested was a result of high rainfall and low insect abundance in the year of study. 

 

Frequent use of summer torpor has been reported for a small, insectivorous sub-tropical bat 

during ambient conditions similar to those experienced in this study (Stawski & Geiser, 

2010b). The northern long-eared bat (Nyctophilus bifax) entered into torpor at random times 

throughout the diurnal period on 85% of study days (Stawski & Geiser, 2010b). In Stawski & 

Geiser’s study, the bats were thermoconforming, allowing their body temperature to fall 

within 2 °C of ambient temperature, promoting extensive energy savings compared to 

normothermia. Similarly, a study into summer torpor use in the temperate lesser long-eared 

bat (Nyctophilus geoffroyi) found that this species used torpor every day with extended use 

over the entire day during cool conditions (Turbill et al., 2003a). In another example, male 

chocolate wattled bats (Chalinolobus morio) used torpor typically for 7 hours on 88% of 

summer days in mild conditions (Turbill, 2006). Furthermore, summer torpor has been 

reported in greater mouse-eared bats, Myotis myotis, with adult females and juveniles torpid 

at temperatures between 20-25 °C, similar to roost temperatures reported in the present study 

(Heidinger, 1988). 

 

The use of torpor during summer has been attributed to low food availability (Wojciechowski 

et al., 2007). In the present study, heavy rainfall in spring and summer 2012 (MetOffice, UK, 

2012) could explain why torpor was used commonly, despite the consequences of delayed 

gestation for pregnant females in the roost (Racey, 1973). Rain increases a bat’s energy 

consumption during flight (Voigt et al., 2011). Therefore energy savings during the day 

roosting period would act as a mechanism for increased energy demand during foraging. 

Entry into torpor as a response to food shortage has recently been reported in a primate 

during both gestation and lactation, with a 40% reduction in food compensated for by the use 

of shallow torpor, at temperatures of 24-25 °C (Canale et al., 2012). Similarly, torpor use by 

the marsupial Sminthopsis macroura occurred frequently at high temperatures, especially 

during food restricted periods (Song et al., 1998). Insectivorous bats have also been known to 

enter into torpor even when food was abundant and when in good physical condition; the 

reason for which the authors suggested was to minimize exposure to predators (Stawski & 

Geiser, 2010a). 
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In this study, group size did not affect metabolic rate of communally roosting individuals and 

group size did not limit torpor use. On the contrary, a study on Bechstein’s bats (Myotis 

bechsteinii) proposed that bats form smaller clusters to promote torpor use (Pretzlaff et al., 

2010). However, a study of summer torpor in the Angolan free-tailed bat (Mops condylurus) 

in a subtropical habitat showed no difference in the incidence of torpor between single and 

clustering bats and in fact single bats maintained higher body temperatures than clustering 

bats during torpor (Vivier & van der Merwe, 2007). In normothermic groups however, 

clustering promotes energy saving with increasing group size correlating with a decrease in 

metabolic rate (Pretzlaff et al., 2010). 

 

The mixed roost in this study consisted of reproductive females and non-reproductive 

females (as well as males; Chapter 3), suggesting that pregnant females entered into shallow 

torpor despite the consequences of delayed foetal development (Racey, 1973). The use of 

torpor during pregnancy has been recorded in several mammals including bats (Willis et al., 

2006) and primates (Canale et al., 2012). Other studies on insectivorous bats have shown that 

parturition is delayed in years with high precipitation due to use of torpor during periods of 

inclement weather and/or low food availability (Arlettaz et al., 2001; Grindal et al., 1992; 

Racey & Swift, 1981). The use of torpor during pre-parturition found in this study would 

therefore go some way to explain the reports of poor reproductive output and delayed date of 

parturition amongst many UK bat species in 2012 (Bat Conservation Trust, 2012).  

 

Behavioural differences can cause variation in resting metabolic rates of sympatric species. 

For example, a recent study comparing the energetics of three insectivorous bat species 

(Myotis bechsteinii, M. nattereri and P. auritus) highlighted species differences in the resting 

metabolic rate of individuals in different reproductive periods (Becker et al., 2013). Both M. 

bechsteinii and P. auritus increased the duration of their foraging bouts to account for the 

energy demands of pregnancy whilst M. nattereri used metabolic compensation, reducing 

resting metabolic rate to within the range 0.3 - 12.2 ml O2 hr
-1

 which was significantly lower 

than the other two species (Becker et al., 2013). 
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4.4.2 Roost microclimate 
 

The selection of a suitable roost site is important for an animal’s energy saving strategy. 

Access to a variety of roosts with different microclimate environments is important 

throughout the reproductive stages (Kerth et al., 2000b). Selection of roost sites can have 

implications for an individual’s energy expenditure. For example, during pregnancy, 

maternity colonies of big brown bats (Eptesicus fuscus) roosting in buildings used torpor less 

frequently than those using natural roosts (Lausen & Barclay, 2006). Pregnant big brown bats 

(Eptesicus fuscus) roosting in rock crevices used torpor on 77% of observations and offspring 

were typically born later compared with attic-dwelling maternity colonies (Lausen & Barclay, 

2006).  

 

Previous studies have suggested that bats choose cooler roosts in order to induce torpor 

(Hamilton & Barclay, 1994). It could be that wooden boxes, as used in this study, provide 

conditions in which torpor can be more frequently deployed, whereas other natural roosts or 

heated buildings could be used to maintain normothermia more often. A study comparing the 

effects of different roost types on the resting metabolic rate of bats, to include buildings, tree 

roosts, woodcrete and wooden boxes would then allow conservationists to provide a selection 

of suitable roosts to meet the energy requirements of a particular species. Woodcrete bat 

boxes are typically black and could be better at absorbing heat radiation, maintaining warmer 

roosting conditions conducive to normothermia, whereas the pale wooden bat-boxes could be 

reflecting a lot of the heat radiation and therefore providing cooler roosts promoting more 

frequent use of torpor. Supporting this idea, Kerth et al. (2000b) found temperatures to be 

nearly 3 °C warmer in black versus white bat-boxes. In their study, surface roof temperatures 

of unoccupied boxes in sun exposed areas were up to 5 °C warmer in black boxes compared 

with white boxes.  

 

The thermoneutral zone (the range of temperatures at which endotherms maintain a constant 

metabolic rate) of vespertilionid bats reported in the literature varies amongst species (e.g. 

Plecotus auritus 34.5 
°
C – 39 

°
C, Webb et al., 1992; Vespadelus vulturnus 27.6 

°
C - 33.3 

°
C, 

Willis et al., 2005). A laboratory study of the big brown bat (Eptesicus fuscus) showed that 

this species typically entered torpor below a lower critical temperature of 26.7 
°
C (Willis et 

al., 2005). High ambient temperatures selected for torpor were reported for the large mouse-
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eared bats, Myotis myotis, which entered into torpor, during summer, at around 23 °C or 29 

°C depending on whether they were exposed to a low (O to 25 °C) or high (7 to 43 °C) 

thermal gradient (Wojciechowski et al., 2007). Therefore, with a mean roost temperature of 

21.3 °C in the wooden bat-boxes in this study, thermoconforming and the use of torpor would 

have provided the bats with considerably energy savings when faced with periods of low 

food availability at times when maintaining normothermia would have not been energetically 

favourable.  

 

To conclude, the results of this study suggest that mixed-sex colonies of Myotis nattereri 

roosting in wooden bat-boxes lower their metabolic rate pre- as well as post-parturition to 

conserve energy despite the consequences of delayed foetal development. Furthermore, the 

size of the colony does not appear to impose any limits on the use of torpor, consistent with 

results from a large maternity colony of big brown bats which entered torpor regularly 

throughout the reproductive period in large groups of 34 bats (Lausen & Barclay, 2003). 

Further investigation should focus on the different types of roosts used by bats in this study. 

A diversity of microclimates from alternative roost sites including tree-holes and buildings 

could promote behavioural plasticity dependent upon thermoregulatory strategy as a 

consequence of climate and food availability. Understanding the roosting behaviour and 

energy strategies used in a variety of roosts would therefore help to conserve the 

physiological demands of these heterothermic mammals. 

 

4.4.3 Summary and progression 
 

In this study, roosting groups of bats used torpor both pre- and post- parturition. This torpor 

use was likely to have been a physiological response to the adverse weather conditions 

reducing foraging success during the year of study. The ability of an animal to enter into 

torpor allows it to overcome periods of adverse weather and low food availability which 

improves survival and longevity. Bats, with their ability to enter into torpor, stand out 

amongst the Mammalia with lifespans more indicative of a large mammal. In the next 

chapter, I will investigate the survival and recapture rates of two free-ranging, insectivorous 

bat species using long-term ringing data. 
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Chapter 5 - Survival and recapture rates of two 
sympatric bat species (Myotis nattereri and 

Plecotus auritus) 
 

5.0 Abstract 

 

Understanding the factors affecting the survival of a species is important to ensure its long-

term viability, particularly in long-lived species. Survival is considered the most important 

factor determining the population dynamics of a species. Survival (or persistence in the 

population) of brown long-eared bats (Plecotus auritus) and Natterer’s bats (Myotis 

nattereri) was estimated from recapture rates in a 13 year ringing study. Female persistence 

in the population was higher than males in both species. Age differences in the persistence of 

individual M. nattereri suggested natal dispersal amongst males. Recapture rates of P. 

auritus were higher amongst females than males, suggesting that males roost in alternative 

natural sites more often than females. Age structure in recapture rates of M. nattereri 

suggested that bats were more likely to be recaptured in their first year compared with 

subsequent years. Population estimates, using recapture rates estimated in program MARK, 

indicated a positive trend in the numbers of both male and female M. nattereri, however 

there was little variation in the population size of P. auritus over the study period. 

 

5.1 Introduction 

 

Understanding the factors affecting the survival of a species is fundamental in long-term 

population management. Population dynamics are directly affected by survival and fecundity, 

therefore determining the factors that affect survival is important in conservation (Pryde et 

al., 2005; Papadatou et al., 2009). For many threatened species, geographic isolation restricts 

population growth through immigration, in which case the persistence of the population may 

depend on high survival (Hoyle et al., 2001). 
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Survival estimates should be considered in the context of where the focal species lies along 

the fast-slow continuum of life history theory. ‘Fast’ animals with short life spans and high 

reproductive output will be influenced by survival rates in a different way to ‘slow’ animals 

with long life spans and low reproductive output (Dobson & Oli, 2007; Promislow & Harvey, 

1990). This chapter focusses on the variation in survival rates of two bat species. Bats are 

considered a ‘slow’ species, with long life spans compared with similarly sized mammals 

(Wilkinson & South, 2002). Lifespans of chiropterans have been reported to be at least three 

times greater than non-flying eutherians (Austad & Fischer, 1991). Furthermore, bats tend to 

have a low reproductive output conducive of ‘slow’ species (Barclay & Harder, 2005). 

 

Adult survival strongly influences population demographics of species that lie in the ‘slow’ 

region of the fast-slow continuum (Schorcht et al., 2009; Sendor & Simon, 2003). Both 

spatial and temporal variation in survival can affect population growth in mammals (Ozgul et 

al., 2006). With survival being one of the most important factors influencing population 

growth or decline, it is important to understand species-specific factors affecting survival 

when constructing species-focussed management plans (Prévot-Julliard et al., 1998). First 

year survival is particularly important as it can determine the number of animals which 

survive to reproductive age which is important to maintain population size or stimulate 

growth (Sendor & Simon, 2003). Hence, this study uses long-term mark-recapture data to 

investigate the temporal variation in survival of two temperate bat species (Vespertilionidae) 

to contribute to our understanding of population dynamics for these species and inform 

conservation management. 

 

Bats are especially hard to monitor due to their inconspicuous roost sites and nocturnal 

behaviour; at best allowing monitoring of a small proportion of the population (Pryde et al., 

2005). With forty percent of Chiroptera classed as either Critically Endangered, Endangered, 

Vulnerable, Near Threatened or Data Deficient, we are pressured to improve our 

understanding of factors influencing survival (IUCN, 2012). In the case of bats, man-made 

bat-boxes provide roost sites which not only help in the conservation of several species, but 

also render wild populations more accessible to researchers. Bat populations can therefore be 
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monitored with minimal disturbance and without the use of expensive, time consuming 

trapping equipment (Boyd & Stebbings, 1989; Park et al., 1998; Schorcht et al., 2009). 

 

Survival estimates have been improved in recent years through the use of capture-mark-

recapture studies and more robust modelling techniques (Hoyle et al., 2001; Papadatou et al., 

2011; Pryde et al., 2005; Pryde et al., 2006; Schorcht et al., 2009). For a population of 

marked individuals with multiple recapture occasions, Cormack-Jolly-Seber models can be 

used to estimate separate parameters for survival and recapture (Cormack, 1964; Jolly, 1965; 

Seber, 1965). Understanding the factors determining survival and recapture rate can also give 

an informative insight into ecological and behavioural dynamics of a population (Papadatou 

et al., 2009). Most studies on bat survival have highlighted sex (Pryde et al., 2005; Hoyle et 

al., 2001) and age differences (Pryde et al., 2005; Hoyle et al., 2001; Sendor & Simon, 2003) 

in survival, however, one or other of these factors have been absent in other studies 

(Papadatou et al., 2009; Sendor & Simon, 2003). It is important to determine species-specific 

survival rates and analyse the effects of age and sex on survival to understand the factors 

affecting population growth. This is especially important when monitoring long-term 

population trends of species responding to human-induced pressures. 

 

5.1.1 Study species 
 

This study focusses on variation in juvenile and adult survival rates of two vespertilionid 

bats, the brown long-eared bat (Plecotus auritus) and Natterer’s bat (Myotis nattereri). Both 

species have shown high fidelity to their roost sites (Chapter 2). Males and females roost 

together throughout the year in female-biased colonies (Chapter 3). At the study site in 

Wareham forest, Dorset, population trends differed between these species, with M. nattereri 

showing a strong increase compared with the uncertain or declining trend for P. auritus 

(Chapter 3). 
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5.1.2 Chapter aims 
 

In this chapter, long-term ringing data were analysed to determine survival and recapture 

rates of two sympatric bat species. In this study, mortality was confounded with emigration, 

therefore apparent survival was defined for these data to mean ‘not dead’ and ‘not emigrated’ 

and therefore represents the persistence of an individual within the population. Data were 

taken from multiple colonies, but were analysed together as one population. Assessing 

survival over several colonies reduces bias and gives a more accurate representation of 

survival for a region (Papadatou et al., 2011). The use of the term population therefore 

defines individuals from across the study area and not one discrete colony. 

 

Monitoring survival rates, coupled with the assessment of population trends is vital in the 

population analysis of long-lived vertebrates (Eberhardt, 2002). Using mark-recapture data 

from ringed populations of two bat species, this chapter aimed to: 

 

 Determine whether age and sex factors affect the survival of these two species. 

 Obtain a value for mean lifespan of each species and analyse differences between 

males and females. 

 Determine species and sex differences in recapture rates to inform conservation 

management. 

 Estimate the overall population size of each species using recapture rates of each 

species. 

 

Results will be discussed in relation to species behaviour and implications for conservation.  

 

5.2 Materials and Methods 

 

5.2.1 Study area and data collection 
 

Thirteen years of individual-based ringing data from colonies of P. auritus and M. nattereri 

bats roosting in bat-boxes in Wareham Forest, Dorset were used to determine rates of 
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survival and recapture in these sympatric species. Wareham Forest is managed by the 

Forestry Commission and is fragmented into several forest compartments which are each a 

mosaic of coniferous plantation, heathland and semi-natural woodland. Spread across the 

largest forest compartment are 12 bat-box schemes situated approximately 1.5 km apart (Fig. 

5.1). Each bat-box scheme consists of 6 trees, approximately 10 m apart; three bat-boxes per 

tree are positioned at a height of 3 m high facing north, south-east and south-west.  

Individuals from four large P. auritus colonies (Schemes A, D, H, O{1 & 2}; Fig. 5.1) and 

three M. nattereri colonies (Schemes G, H, O{1 & 2}; Fig. 5.1) were included in the analysis.  

 

Bat-box observations were carried out twice a year, in May and September. At each survey, 

all the bat-boxes within one scheme were surveyed within one hour. If bats were found 

within a box, they were counted and removed for recording of sex and age (juvenile or adult). 

Bats were recorded as juvenile in September at the age of 2-3 months. At this stage, the 

juveniles have 90% skeletal dimensions of an adult, but are recognisable by incomplete 

fusion of the epiphyseal plates, visible through the wing membrane (Anthony, 1988). 

Juveniles recaptured the following year in May or September were classed as adult. Each bat 

was ringed on the forearm with an aluminium ring (Mammal Society) carrying a unique 

identification number. Bats were released immediately following completion of these 

procedures. 

 

Thirteen years of ringing data were included in analysis (1993, 1995-2002, 2004-2005, 2007- 

2008). Years 1994, 2003 and 2006 were removed from analysis as they were deficient in 

either one or both of the bat-box checks (May and/or September). Only bats ringed for the 

first time in the selected thirteen years were included in analysis, bats ringed prior to 1993 

were removed from analysis. Furthermore, bats ringed in the omitted years (1994, 2003 & 

2006) were removed from analysis. May and September ringing events were combined for 

one annual record.  
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Figure 5.1 - Forest compartments of Wareham Forest, Dorset (green) with twelve bat-box 
schemes (red circles) labelled A-H, O1, O2 & S. 
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5.2.2 Encounter histories 
 

Each individual was assigned an encounter history for each of the 13 years in the time series, 

where a ‘1’ codes for the presence of an individual in a particular year and a ‘0’ codes for the 

absence of the individual. For example the encounter history for a female brown long-eared 

bat with the ring number ‘T2028’ was ‘0001101110111’, meaning that this individual was 

first seen in the 4
th

 year of the time series, seen again in the 5
th

 year, absent in the 6
th

 year, 

seen again in years 7, 8 and 9, absent in the 10
th

 year, and seen again in each of the last three 

years 11, 12 and 13. Each individual bat within the time series was assigned to one of four 

groups (females marked as juveniles, females marked as adults, males marked as juveniles 

and males marked as adults) this allows for both sex and age structure to be incorporated into 

a model which determines survival and recapture estimates.  

 

5.2.3 Data analysis 
 

Survival and recapture rates were analysed in MARK version 6.0. The longer intervals 

between some successive time intervals were adjusted in MARK to account for extended 

intervals between recapture events. 

 

5.2.3.1 Goodness of fit 

The Cormack-Jolly-Seber (CJS) model allows the separation of survival from capture 

probability with full time-dependence. This model makes four main assumptions of the data 

(1) the individuals of the ith sample have the same probability of recapture, (2) the 

individuals of the ith sample have the same probability of surviving to i+1, (3) marks are not 

lost or overlooked, (4) samples are instantaneous and the individuals are released 

immediately after the sample. Assumptions 3 and 4 of the CJS model are met as mark loss is 

considered low/negligible and the capture-mark-release method allows the instantaneous 

release of individuals following marking, therefore time intervals between samples were long 

relative to sample events. Departures of the data from assumptions (1) and (2) of the CJS 

model were tested in the U-CARE (version 2.2) which calculated an overall goodness of fit 

(GOF). A global model containing all parameters of interest was tested for goodness of fit in 
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U-CARE (version 2.2) before further models were constructed in MARK. The fully time-

dependent CJS model was selected as the global model with main effects of sex and age at 

marking by dividing the encounter histories into four groups (females marked as juveniles, 

females marked as adults, males marked as juveniles, males marked as adults). Therefore the 

starting model was defined as φ(g*t)p(g*t) where (where φ = survival, p = recapture, g = group 

[female marked as juvenile, female marked as adult, male marked as juvenile, male marked 

as adult], t = time). 

 

5.2.3.2 Model selection 

If the data met the assumptions of the global CJS model, it was considered an appropriate 

starting model and this along with a further set of candidate models were run in MARK. 

These candidate models were based on a-priori considerations of variables thought to be 

biologically relevant to the survival of the species. Sex was included as a variable because 

sex differences in survival and recapture have been reported in several studies on other bat 

species (Pryde et al., 2005; Hoyle et al., 2001). Grouping animals according to whether they 

were first marked as juveniles or adults allows age to be incorporated into the models as age 

has been found to be an important factor determining survival in past studies (Pryde et al., 

2005; Hoyle et al., 2001; Sendor & Simon, 2003). We defined two age classes (juvenile and 

adult) and bats were classed as juvenile for one year only so, if recaptured the year following 

initial capture, they were classed as adult.  

 

Interactive models were run with Sin Link and were ranked by Akaike’s Information 

Criterion (AICc). The most parsimonious model is that with the lowest AICc value which 

explains the variation in the data with the fewest parameters possible. Model weight is an 

indicator of the likelihood of a model to best represent the data, bounded by 1 and 0 where 1 

is a good model fit and 0 is a poor model fit. If there is uncertainty in the ‘best model’, model 

weight will be distributed amongst several of the top models. Where this occurs, rather than 

taking the parameter estimates from the top model alone, weighted averaging of the top 

models is used to calculate parameters, this takes into account model selection uncertainty. 
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5.2.4 Population size estimate 
 

Population size (N) was estimated using the equation N = n/p where n is the number of 

individuals captured and p is the recapture probability for that survey, estimated in MARK 

(Pryde et al., 2005). Where ‘population’ refers to the total number of ringed bats which use 

the bat-boxes as roosts, but which may not be using them at the same time. When not found 

in the bat boxes, the rest of the ‘population’ is assumed to be using natural roosts. Population 

size was calculated separately for adult males and females; however, bats captured the year 

directly following their initial capture as a juvenile were not analysed, as their probability of 

recapture was estimated separately in MARK due to the age structure in recapture estimates.  

 

An approximate 95% confidence interval for this estimate is given by N + 2√var(N), where  

 

        
        

  
  

      

  
 

    (Pryde et al., 2005; Williams et al., 2002) 

 

5.3 Results 

 

Overall, 161 female P. auritus bats (36 first ringed as juvenile and 125 first ringed as adult) 

and 157 male (46 first ringed as juvenile and 111 first ringed as adult) were analysed in 

MARK. The oldest males in the dataset were R6408 and T8614, both of which were first 

ringed as adults so their exact age was unknown, but were at least 9 years old at the time of 

their last recapture. R6408 was first ringed in 1993 and last seen in 2002 whereas T8614 was 

first ringed in 1999 and last captured in 2008. The oldest female (T2423) was first ringed as a 

juvenile in 1995 and last recaptured in 2008 at 13 years old.   

 

A total of 376 individual female M. nattereri bats (219 first ringed as juvenile and 157 first 

ringed as adult) and 249 male (174 first ringed as juvenile and 75 first ringed as adult) were 

analysed in MARK. The oldest male M. nattereri was ring number T6521, first ringed as an 

adult in 1997, so its exact age is unknown, but subsequent recaptures show it was at least 11 
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years old at its last recapture in 2008. Several female bats achieved at least 11 years of age. 

T2048, T6515 and T6517 were all first ringed in 1997 and last recaptured in 2008, and 

R6497 was first ringed in 1993 and last recaptured in 2004. All of these females were first 

ringed as adults therefore, their exact age cannot be determined. 

 

5.3.1 Goodness of fit of global model 
 

The global model {φ(g*t)p(g*t)} fitted the data for both P. auritus (χ
2
73 = 41.95, p = 0.999) and 

M. nattereri (χ
2

101 = 117.59, p = 0.124), meaning that it was an appropriate starting model for 

both species.  

 

5.3.2 Plecotus auritus model selection 
 

Although the global model φ(g*t)p(g*t) describing survival and recapture rates of P. auritus 

fitted the data, it had little explanatory power compared with other models which suggested it 

was not the best model to describe the data (Table 5.1; AICc weight = 0).  The top ranked 

model φ(s)p(s*t) and the second best model φ
J
(s)φ

A
(s)p(s*t) shared nearly all of the AICc 

weighting representing 47% and 39% of the model weighting respectively (Table 5.1). With 

the second best model including an age effect on survival, age cannot be discounted as an 

important factor in determining survival in this species, even though the top-ranked model 

did not include an age effect. The dataset for this species contained few juveniles; it could be 

that with a stronger representation of juveniles in the data, this age effect would have been 

pronounced. Nevertheless, the two top models both indicated sex as a determining factor in 

survival; in fact nine out of ten of the top models included a sex effect in survival. The top 

four ranked models did not include time (year) as a factor influencing survival, suggesting 

that survival did not vary with time. Of course, survival can never be considered to be 

constant as this is not biologically feasible, but instead one can conclude that the variation in 

survival is not large enough to describe temporal change. 

 

According to the top two ranked models, sharing 86% of the model weight between them, 

recapture rates varied with sex and time, but not by age, in fact age did not factor in any of 
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the top 7 models as a factor affecting recapture rate, therefore juveniles and adults had the 

same probability of recapture. 

 

5.3.3 Myotis nattereri model selection 
 

Although the global model φ(g*t)p(g*t) describing survival and recapture rates of M. nattereri 

fitted the data, it had little explanatory power compared with other models which suggested it 

was not the best model to describe the data (Table 5.1; AICc weight = 0). The top ranked 

model for M. nattereri φ
J
(s)φ

A
(s)p

J
(t)p

A
(t) had 92% of the AICc weight, with 8% being sparsely 

shared between lower ranking models. This top model includes both age and sex as factors 

influencing survival and is over 20 times better supported than the next best model without 

the age effect, determined by the evidence ratio of 20.37 (calculated by dividing the model 

likelihood of the best ranked model with that of the next best ranked model). All top ten 

models included sex as a factor influencing survival. The top ranked model did not, however, 

include time as a factor affecting survival, suggesting a constant survival value between 

years. This again suggests that there was not enough variation in the data set to conclude 

temporal change in survival. Recapture rates varied with age and time (year) but did not 

differ between sexes. 

 

5.3.4 Survival estimates 
 

To account for model selection uncertainty, model averaging was used to calculate estimates 

of survival from the top ranked models weighted by their AICc weight. In both bat species, 

survival varied by sex, with annual survival rates higher amongst females than males (Fig. 

5.2). Furthermore, age differences in survival amongst M. nattereri were strongly influenced 

by the dominant top model and these differences manifested as higher survival rates amongst 

adults compared to juveniles. Thus annual survival rates amongst M. nattereri in their first 

year of life were lower than those in subsequent years. Apparent annual juvenile survival 

rates for M. nattereri were 0.51 ± 0.07 and 0.77 ± 0.04 for male and female juveniles 

respectively compared with 0.64 ± 0.06 and 0.84 ± 0.03 for male and female adults. Age 

differences in survival in P. auritus were influenced by the second best ranked model which 
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held 39% of AICc weight (Table 5.1). With this influence, apparent annual survival rates for 

P. auritus were lower amongst adult males compared with juvenile males (0.65 ± 0.08 for 

juvenile males compared with 0.60 ± 0.05 for adult males, although there appears to be no 

such difference amongst females (0.80 ± 0.05 for juvenile females compared with 0.79 ± 

0.03 for adult females) (Fig. 5.2). 

 

The estimates of survival can be used to estimate longevity in the population where longevity 

(years) = 1/-ln(φ), where φ is the annual survival estimated in MARK. Using the adult 

survival estimates, the lifespan of male and female P. auritus and M. nattereri were 

estimated. Female adult P. auritus were estimated to have an average lifespan of 4.25 years, 

compared to 1.95 for males. Lifespan was estimated to be higher amongst M. nattereri with 

females persisting in the population for an average of 5.89 years compared with 2.25 years 

for males. 

 

5.3.5 Recapture estimates 
 

Recapture rates of P. auritus varied with sex, but not with age (Fig. 5.2) with recapture rates 

higher amongst females (0.81 ± 0.07 and 0.82 ± 0.08 for juveniles and adults respectively) 

than males (0.62 ± 0.15 and 0.63 ± 0.14 for juveniles and adults respectively). However no 

such sex difference in recapture rates were seen for M. nattereri, instead for this species, 

recapture rates varied by age with recapture rates higher amongst juveniles (0.71 ± 0.08 for 

both juvenile males and females) than adults (0.63 ± 0.08 and 0.62 ± 0.07 for males and 

females respectively), suggesting that M. nattereri bats were more likely to be recaptured the 

year after their birth than in subsequent years. 
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Table 5.1 - Top ten models from the full set of candidate models ran in MARK for P. auritus and M. nattereri. The global model 
results are also given. Models are ranked by AICc. AICc Weight shows the confidence in the top ranked model as the best model to 
represent the data.

 

Model (φ = survival, p = recapture,  
s = sex, J = juvenile, A = adult) 

AICc ∆AICc AICc Weights Model Likelihood Number of 
parameters 

Deviance 

P
le

co
tu

s 
a

u
ri

tu
s 

φ(s)p(s*t)                                                             1188.6894 0 0.4712 1.0000 26 446.4352 

φJ
(s)φ

A
(s)p(s*t)                                              1189.0613 0.3719 0.3913 0.8303 30 438.0914 

φ(s)p(t)                                                          1192.5646 3.8752 0.0679 0.1441 14 475.8290 

φJ
(s)φ

A
(s)p(t)                                                   1193.1153 4.4259 0.0515 0.1094 18 467.9764 

φ(s*t)p(s*t)                                                         1196.4474 7.7580 0.0097 0.0207 46 409.5124 

φ(s*t)p(t)                                                           1196.8637 8.1743 0.0079 0.0168 35 434.8466 

φ(t)p(s*t)                                                              1202.5878 13.8984 0.0005 0.0010 35 440.5707 

φ(s)p
J
(t)p

A
(t)                                                   1209.7698 21.0804 0.0000 0.0000 26 467.5158 

φJ
(s)φ

A
(s)p

J
(t)p

A
(t)                                       1211.0586 22.3692 0.0000 0.0000 30 460.0886 

φ(s*t)p
J
(t)p

A
(t)                                      1216.1660 27.4766 0.0000 0.0000 47 426.9227 

GLOBAL MODEL φ(g*t)p(g*t)                         1276.0491 87.3597 0.0000 0.0000 92 374.7935 

        

M
yo

ti
s 

n
a

tt
er

er
i 

φJ
(s)φ

A
(s)p

J
(t)p

A
(t)                                                     2225.8338 0 0.9224 1.0000 30 768.4122 

φ(s*t)p
J
(t)p

A
(t)                                                        2231.8601 6.0263 0.0453 0.0491 47 738.0414 

φ(s)p
J
(t)p

A
(t)                                                              2234.2383 8.4045 0.0138 0.0150 26 785.2226 

φJ
(s)φ

A
(s)p(s*t)                                               2234.6211 8.7873 0.0114 0.0124 30 777.1993 

φJ
(s)φ

A
(s)p

J
(s*t)p

A
(s*t)                                     2236.9320 11.0982 0.0036 0.0039 54 727.8026 

φ(s)p(s*t)                                                               2237.3568 11.5230 0.0029 0.0031 26 788.3412 

φ(s*t)p(s*t)                                                     2243.0792 17.2454 0.0002 0.0002 46 751.4320 

φJ
(s)φ

A
(s)p(t)                                                    2243.1198 17.2860 0.0002 0.0002 17 812.8038 

φ(s)p
J
(s*t)p

A
(s*t)                                           2243.8272 17.9934 0.0001 0.0001 50 743.4703 

φ(s*t)p
J
(s*t)p

A
(s*t)                                           2243.8867 18.0529 0.0001 0.0001 70 699.0262 

GLOBAL MODEL    φ(g*t) p(g*t)                          2249.4252 23.5914 0.0000 0.0000 92 653.6945 
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.

 
Figure 5.2 - Overall, estimate of annual survival (a) and recapture rates (b) of P. auritus and 
M. nattereri across 13 years between 1993 and 2008 (excluding 1994, 2003 and 2006). 
Error bars represent ± SE. 

 

5.3.6 Population size estimate 
 

The population size estimated using real counts and recapture rates from MARK indicated 

that the population of M. nattereri increased throughout the study with a stronger increase in 

females compared with males (Sex*Year effect: F1,18 = 12.89, p < 0.01) (Fig. 5.3). There was 

no significant change in the number of male or female P. auritus in the population (Sex*Year 

effect: F1,18 = 1.42, p = 0.25) (Fig. 5.3). 
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Figure 5.3 - Population size estimates of adult M. nattereri and P. auritus bats from 1995 to 
2007 excluding 2003 and 2006. Population estimates calculated using the recapture rates 
estimated in MARK. There were no adult M. nattereri bats captured in 1995 so population 
size could not be estimated for male bats in this year as recapture estimates were 
inestimable. Error bars represent 95% confidence intervals. 
 
 

5.4 Discussion 

 

For both species in this study, apparent survival rates were higher amongst females compared 

with males, indicating that females persisted in the population for longer periods of time. 

Adult and juvenile survival was constant for both species, showing little variation between 
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study years. There was evidence for age structure in survival in both species, although this 

was most evident in M. nattereri, with the top survival model clearly indicating higher 

survival rates amongst adults than juveniles. Recapture rates differed between species, with a 

sex effect present for P. auritus manifesting as lower recapture rates amongst males 

compared with females regardless of age. For M. nattereri, there was no sex effect on 

recapture rates however an age effect manifested as lower recapture rates amongst adults 

compared with juveniles. 

 

Bats are long-lived species with lifespans on average 3.5 times larger than similar size non-

flying placental mammals (Wilkinson & South, 2002). This extended longevity despite high 

metabolic rates could be, in part, attributed to the free-radical theory of aging, with longevity 

in bats being promoted by reduced free-radical production compared with similar size 

mammals, such as shrews and mice (Brunet-Rossinni, 2004). Using the long-term ringing 

data in this study lifespans of females were estimated to be over twice that of males. On 

average, female M. nattereri and P. auritus persisted in the population for 6 and 4 years 

respectively. Maximum lifespans were unobtainable from the data however there was a 

female P. auritus upwards of 13 years at last recapture and M. nattereri females upwards of 

11 years old. Mean lifespans for these two species were similar to those reported for the 

greater horseshoe bat (Rhinolophus ferrumequinum), for which mean age at mortality varied 

between 5.6 and 8.1 years for early and late breeders respectively (Ransome, 1995).  

 

O’Shea et al. (2004) reviewed studies of survival estimation in bats and found that most past 

studies used ad hoc procedures for estimating survival rates with many relying on descriptive 

approaches, whilst only 17% used maximum-likelihood CJS methods. By reviewing papers 

on bat survival in a number of species, O’Shea et al. (2004) observed generally lower 

survival amongst juveniles compared with adults. This pattern is seen in the apparent survival 

of M. nattereri in this study with juvenile survival approximately 10% lower than adult 

survival for both sexes. This age-dependent effect on survival was however, not clearly 

observed for P. auritus survival in the present study. 
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Adult survival probabilities of the two species in this study were similar to those of a larger 

forest bat (Leisler’s bat, Nyctalus leisleri) which were 0.69 ± 0.07 and 0.76 ± 0.04 for adult 

males and females respectively (Schorcht et al., 2009). Apparent adult survival was also 

similar to that reported for the common pipistrelle bat (Pipistrellus pipistrellus; 0.80 ± 0.05), 

although unlike the two species in the present study, a sex-effect on survival was not reported 

for Pipistrellus pipistrellus (Sendor & Simon, 2003).  

 

Sex differences in survival were evident with female-biased survival in both species. Sex 

differences in survival have been found in other studies of bat survival (Boyd & Stebbings, 

1989; Gerell & Lundberg, 1990; Hoyle et al., 2001; Pryde et al., 2005), but were weak in 

others (Papadatou et al., 2009) and absent in some (e.g. Sendor & Simon, 2003). Survival 

rates of P. auritus found in this study were similar to those reported by Boyd and Stebbings 

(1989) who also estimated annual survival rates of males approximately 20% lower than 

females (apparent survival rate: 0.62 ± 0.08 and 0.78 ± 0.04 for males and females 

respectively).  

 

Survival rates of male M. nattereri estimated from a mark-recapture study at a swarming site 

were considerably larger than those reported in this study, with mean annual survival rate 

reported as 0.86 (Rivers et al., 2006). It is therefore reasonable to suggest that the sex ratio of 

the population drives the differentiation in apparent survival as the sex ratio of several 

species at swarming sites was found to be male-biased (Rivers et al., 2006). It is therefore 

also probable that lower apparent survival of male M. nattereri in this study could be a 

consequence of male-biased dispersal. Hence, the location and protection of male roost sites 

used throughout the year should be integrated in conservation management as it is often 

maternity sites that are the focal point of conservation efforts yet the roosting behaviour and 

social structure of males is less well known. Safi (2008) highlighted the neglect of males in 

the study of social structure and many questions still remain about the ecological 

requirements and roosting behaviour of males of many bat species throughout the year. 

 

Some studies have reported temporal variation in bat survival (Schorcht et al., 2009; 

Papadatou et al., 2009). In the present study, however, survival was constant, suggesting 
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temporal variation in survival rates was minimal, as is the case for some other long-lived 

mammals such as large herbivores (Gaillard et al., 1998). Low temporal variation in survival 

in this study could suggest that these bat colonies were minimally affected by environmental 

conditions, or indeed that the environmental conditions did not vary substantially to affect 

survival. Temporal variation in the survival of the New Zealand long-tailed bat (Chalinobus 

tuberculatus) was attributed to patterns in predator abundance (Pryde et al., 2005), but with 

little variation in survival in the present study, one could infer that predation effects on 

survival were minimal and constant for these bat species. 

 

In both species studied, apparent survival rates were lower in juvenile males than juvenile 

females. Such a pattern was also reported in the Leisler’s bat (Nyctalus leisleri; Schorcht et 

al., 2009). Given that mortality and emigration are confounded, this could suggest that more 

males emigrated in their first year compared with females and could therefore be attributed to 

natal dispersal in males. There was evidence for age structure in survival in both species in 

this present study, although it was less well supported for P. auritus. For M. nattereri, 

survival was lower amongst juveniles compared with adults, findings which are mirrored in 

studies of other bat species including the Leisler’s bat (Nyctalus leisleri; Schorcht et al., 

2009) and the New Zealand long-tailed bat (Chalinolobus tuberculatus; Pryde et al., 2005).  

Recapture probabilities showed that the entire population was not always captured during a 

survey; but instead each capture event captured a sub-set of the population. This suggests that 

these species conform to the fission-fusion model described in other species (Kerth & König, 

1999; Rhodes 2007; Willis & Brigham, 2004). Unlike species which live in closed colonies, 

for example the Bechstein’s bat (Myotis bechsteinii) which would have very high annual 

recapture rates (Kerth et al., 2000a).  

 

Recapture rates did not differ between male and female M. nattereri suggesting that both 

sexes were equally likely to be recaptured in the bat-boxes. Juvenile recapture rates of this 

species were higher than adults in this study, suggesting therefore that bats are more likely to 

be recaptured in the year after their birth than in subsequent years. Reduced rates of recapture 

in subsequent years may reflect fission between new roosts as they identify new roost sites. 

Sex differences in recapture rates were evident amongst P. auritus bats with recapture rates 
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higher amongst females than males. Such sex differences in recaptures rates have also been 

reported in another temperate bat, the Leisler’s bat (Nyctalus leisleri) which showed higher 

recapture rates amongst females compared with males in some years (Schorcht et al., 2009). 

If females are more likely to be recaptured than males, this could suggest that the males 

pursue other roost sites in the area and roost in the bat-boxes less often. Results from Chapter 

3, however, revealed that the overall population of P. auritus roosting in bat-boxes across 

Wareham Forest was female-biased. This therefore suggests that if males are present, but not 

being recaptured as their lower recapture rates suggest, they are either roosting outside of the 

study area or are using alternative, unknown roost sites within the study area. 

 

5.4.1 Implications for conservation 
 

Recapture rates in this present study suggest that many other natural roosts are occupied by 

the bat colonies and that the bat-boxes in this study are part of a much larger pool of roosts 

available to the bats. This is an important consideration to be included in any conservation 

strategy for protecting bats in managed woodland; not only should the bat-boxes be 

maintained, but further natural roost sites should be identified and protected. This 

conservation management task is especially important considering the pressure from the 

open-heathland project to perform wide-scale deforestation across the south of England for 

restoration back to heathland (Forestry Commission, 2005). Individual-based ringing projects 

are useful to calculate probabilities of recapture that can be used to estimate the population 

size of a species across the study area. This is important to consider when retaining and 

conserving roosting and foraging sites at a landscape scale. 

 

5.4.2 Summary and progression 
 

In this chapter, survival rates of M. nattereri were similar to P. auritus and higher amongst 

females than males in both species. An age-dependent effect in survival was found in M. 

nattereri resulting in lower survival amongst juveniles. Juvenile survival is an important 

demographic which can shape population growth. The next chapter will investigate the 

survival rates of juvenile cohorts of Bechstein’s bats (Myotis bechsteinii) in relation to 
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environmental and population density effects during juvenile development. Furthermore, 

cohort variation in body size and age at first reproduction are also investigated.
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Chapter 6 - Cohort variation in life history traits 
of a rare woodland bat (Myotis bechsteinii) 

 

 

6.0 Abstract 

 

Temporal variation in life history traits of a species, including survival and reproduction, can 

influence the dynamics of a biological population. In long-lived species, such temporal 

variation can manifest as cohort variation in life history traits affecting population growth 

through variation in survival and reproductive success. Cohort variation has been studied 

amongst large mammals, yet few studies have considered cohort affects in other species due 

to a paucity of long-term population studies. This study looked at cohort variation in a small 

vespertilionid bat, the Bechstein’s bat (Myotis bechsteinii) using long-term ringing data from 

juveniles born in a closed maternity colony. Juvenile female survival varied annually 

between 70 and 80%. Cohort variation in survival was explained by rainfall during early 

development and an additive effect of population size which negatively influenced juvenile 

survival in their first year. Forearm length was sexually dimorphic and larger for females 

than males in all years. Forearm length varied between cohorts, although an emerging trend 

for forearm length to increase with temperature during early development was not 

significant. Age at maturity ranged from 1 to 5 years but did not show significant variation 

between cohorts. These results contribute to our understanding of population dynamics of 

long-lived species and can help conservationists to understand population trends for this rare 

British species through understanding the long-term cohort affects influenced by 

environmental conditions during development. 

 

6.1 Introduction 

 

Patterns of survival and reproduction play fundamental roles in an animal’s life history 

strategy (Stearns, 1992). Population dynamics are shaped by variation in these key life 

history demographics (Albon et al., 1992; Clutton-Brock et al., 1992). Studies across the 
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Mammalia have shown that environmental and density-dependent variation during 

development influence both survival and reproductive success (Albon et al., 1992; 

Forchhammer et al., 2001). In long-lived species, this is portrayed as significant cohort 

variation in survival and reproductive patterns (Albon et al., 1987).  

 

Cohort variation manifests when cohorts of a population differ in some important 

demographic, for example survival and fecundity, which normally arises from conditions 

during early development (Lindström & Kokko, 2002). Cohort variation has been observed 

in select species for which long-term data are available, including ungulates (e.g. Soay sheep, 

Ovis aries, Forchhammer et al., 2001; red deer, Cervus elaphus, Rose et al., 1998), fish 

(Wiegmann et al., 1997), birds (van der Jeugd & Larsson, 1998) and humans (Ekbom & 

Akre, 1998). 

 

Studies of cohort variation are absent amongst the Chiroptera where their high dispersal 

abilities and inconspicuous behaviour limits the availability of long-term data. Chiropterans 

are long-lived, slow reproducing species (Barclay et al., 2004) which is unusual amongst 

small mammals which normally lie at the ‘fast’ end of the mammalian life history continuum 

with high annual reproductive output and short lifespans (Promislow & Harvey, 1990). 

Therefore the life history traits of bats differ significantly from similar-sized mammals and 

instead have similarities with large mammals (Barclay & Harder, 2005). In mammal 

populations, quantifying vital rates of survival and reproduction are important as they can 

have direct reflections on the population dynamics of a species through their effects on 

population growth rate (Oli & Dobson, 2003). Therefore identifying variation in rates of 

survival and reproduction amongst cohorts is important for long-term conservation of a 

species (Morris & Doak, 2002).  

 

Individual, maternal or cohort variation may influence population demographics to varying 

extents (Jones et al., 2005). A number of factors have been shown to influence juvenile 

survival in mammals including weather (Albon et al., 1987; Forschhammer et al., 2001; 

Gaillard et al., 1997), population density (Gaillard et al., 1997), birth mass (Albon et al., 

1987; Hastings et al., 2011; Keech et al., 2000), birth date (Barclay, 2012), predation 
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(Horning & Mellish, 2012), reproductive synchrony (O’Donoghue & Boutin, 1995) and 

maternal effects (Gaillard et al., 1997).  

 

Both survival and reproduction are known to be affected by climate and environmental 

conditions (Lindström, 1999). Climate change is a major contributing factor to global 

biodiversity decline (Thuiller, 2007). Concerns lie with the ability of species to cope with 

rapid climate change (Pörtner & Farrell, 2008). To predict climate change impacts on species 

abundance and distribution, a better understanding of ecological and behavioural responses to 

climate change patterns, including extreme weather events, is essential (Parmesan, 2006).  

 

Changing climate can be an influential parameter in the variation of population dynamics 

(Sandvik et al., 2012). For ungulates living in desert climates, rainfall is often associated with 

increased juvenile survival; either directly due to increased primary productivity or indirectly 

through nutritional benefits from the mother (Owen-Smith et al., 2005). By contrast, for 

predators in arid regions, juvenile survival is higher following drought conditions as 

increased hunting success is achieved due to the poor body condition of prey (Buettner et al., 

2006).  

 

Large herbivore studies have shown that juvenile survival is highly variable in response to 

stochastic environmental conditions, whereas adult survival remains relatively constant 

(Gaillard et al., 1998). Albon et al. (1992) reported cohort variation in two ungulate species 

(moose, Alces alces, and red deer, Cervus elaphus) that was driven by the nutritional status of 

the mother during early development. In red deer, this was expressed as a density-

independent effect where both survival and reproduction were influenced by the weather 

during early development. In the moose, density-dependent change in food availability was 

the driver of cohort variation in survival.  

 

Climate conditions can also influence body size in mammals. Geographic variation in body 

size relating to environmental conditions is present amongst the Mammalia; however 

variation can also be driven temporally, for example via the link between rainfall and 

primary productivity (Yom-Tov & Geffen, 2006). Larger body size at birth can be 
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advantageous for mammals, for example, larger Stellar sea lion pups have higher rates of 

survival in their first year and this trend continues into adulthood (Hastings et al., 

2011).Variation in juvenile birth weight can be driven by environmental conditions during 

development (Sæther, 1997). Density-dependent effects also act upon juvenile body size, for 

example, Lynx born following periods of high population density are smaller than those born 

following periods of low population density (Yom-Tov et al., 2007). This can result from 

increased competition for food and shelter in high population densities driving 

malnourishment amongst mothers. Restricted growth in juveniles can affect future 

reproductive output (Rhind et al., 1998). Environmental and density-dependent conditions at 

the time of birth can therefore cause variation in body size with consequences of cohort 

variation in survival and reproductive success.  

 

6.1.1 Study species 
 

This study focusses on cohort variation in survival, body size and age at first reproduction in 

Bechstein’s bats (Myotis bechsteinii, Vespertilionidae). Globally, M. bechsteinii is 

considered as Near Threatened (IUCN, 2012) and its status within the UK is very rare (Harris 

et al., 1995). Monitoring the survival rates and reproductive patterns of rare species is 

particularly important because as the population declines, these demographics become 

crucial parameters in the persistence of the species (Morris et al., 2002).  

 

Myotis bechsteinii forms female-only maternity colonies in the summer (Kerth et al., 2002) 

and like other bats of the vespertilionid family, usually gives birth to a single bat, in June or 

July. The lactation period in vespertilionid bats last for several weeks following parturition 

and the bats are usually weaned and volant by the age of three weeks old (Barclay & Harder, 

2005). Juvenile growth post-partum is rapid (Kunz, 1987). Inclement weather during 

spring/summer can delay parturition (Grindal et al., 1992) narrowing the time in which 

juveniles can build up pre-hibernation fat reserves. Bechstein’s bats, like all other British 

species, are insectivorous. Consequently, food availability is determined by the weather, for 

example, insect activity is low during rainfall or cold weather. The breeding season follows 

the break-up of maternity colonies. Like several other vespertilionid species, M. bechsteinii 
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mates at swarming sites, where large numbers of bats from several summer colonies 

aggregate to prevent inbreeding (Kerth et al., 2003b). Fertilisation is delayed until the 

following spring (Crichton, 2000). Following hibernation, Bechstein’s bats show high levels 

of site fidelity and female natal philopatry whereby females return to their summer colonies, 

and males disperse to prevent inbreeding (Kerth et al., 2002). 

 

Given their rarity, it is important to investigate cohort variation in survival, growth and 

reproductive success of M. bechsteinii to understand how density-dependent and density-

independent pressures influence population dynamics. This is especially important when 

considering the impacts of climate change on threatened populations.  

 

6.1.2 Chapter aims 
 

This chapter investigated cohort variation in life history demographics of Myotis bechsteinii 

using a detailed 11 year ringing study. The analysis focussed on three key questions:  

 

 Is there significant cohort variation in body size and is this variation explained by the 

environmental conditions or population size during early development?  

 Is there significant cohort variation in age at first reproduction? If so, is this variation 

explained by the environmental conditions or population size during early 

development?  

 Do cohorts of juvenile bats show significant variation in survival and do 

environmental conditions or population size during the first few months of 

development affect a cohort’s survival rate in their first year?  
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6.2 Materials and Methods 

 

6.2.1 Study site 
 

The M. bechsteinii colony monitored in this study resided in Bracketts Coppice in Dorset, 

UK. Bracketts Coppice encompasses around 38 ha of ancient woodland and is surrounded by 

grazing pasture and hay meadows (Fig. 6.1). Thirty Schwegler (2FN) bat-boxes were erected 

in February 1998 (Fig. 6.2). A further fifty Schwegler 2FN boxes were erected along with 

four 1FW boxes in March 1999 (Fig. 6.2).  

 

Figure 6.1 - Aerial satellite map of Bracketts Coppice outlined in red 
(http://maps.google.com/). 

 

http://maps.google.com/
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Figure 6.2 - Schwegler 2FN (left) and 1fw (right) woodcrete bat-boxes situated in Bracketts 
Coppice, Dorset. Photograph credit: Louise Fairless. 
 

6.2.2 Study species 

 

The Bechstein’s bat (Myotis bechsteinii) is a small insectivorous bat of the vespertilionid 

family with a mean body mass of 8.4 g (Swartz et al., 2005) (Fig. 6.3).  

 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.3 - Photograph of a Bechstein’s bat (Myotis bechsteinii) captured in Bracketts 
Coppice, Dorset. Photograph credit: Louise Fairless. 
 

6.2.3 Data collection 
 

Bat-box surveys were carried out by Colin Morris (VWT) each month between April and 

October from 1998 to 2011 inclusive. Data analysis was restricted to 11 years of data 
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between 2001 and 2011 because 2001 was the first year in which juveniles were found in the 

bat-boxes during the lactation period. All 84 boxes at the site were checked within one day 

and bats were removed and individually identified by their unique aluminium ring (Mammal 

Society). Juveniles were identified by their elongated epiphyseal plates (Anthony, 1988). 

Each individual was sexed, its forearm was measured and the reproductive condition of 

females was recorded (as described below). Historical climate data from the nearest weather 

station, Yeovilton <10 km away, were obtained from the MetOffice records (MetOffice, 

UK). 

 

6.2.3.1 Reproductive condition  

The reproductive state of females post-parturition (July, August and September) was 

recorded by examination of nipple morphology (Racey, 1988). Nulliparous females 

(individuals that have never reproduced) were recognisable by hair surrounding the nipple, 

indicating the bat had never suckled. Lactating individuals which had produced young in the 

current year were identified by swollen, hairless nipples and the expression of milk. Post-

lactating females had reproduced in the current year, but stopped expressing milk and were 

identified by swollen hairless nipples showing signs of recent suckling. Females were 

recorded as parous if they were sexually mature and had reproduced in a previous year, but 

had not reproduced in the current year. Parous females were identified by hairless nipples 

without recent signs of suckling. 

 

6.2.3.2 Forearm length 

Forearm length (mm) between the wrist and elbow joints was measured using Stainless Steel 

Mitutoyo 505-713 Dial Calipers (0-150mm Range, +/-0.01mm). Forearm measurements were 

taken in either August or September in the year of birth when the forearm was considered to 

be fully grown, as forearm growth ceases at around 40 days after birth (Ransome, 1998). 

 

6.2.3.3 Mean temperature during lactation  

Temperature during the lactation period in the first two months of life (July and August) was 

considered an important variable as this is a period of rapid juvenile development and a time 

when energy demand is greatest. Weather data for temperature were taken from the nearest 
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weather station, Yeovilton (MetOffice, UK). Mean temperature (°C) was calculated using 

daily means throughout July and August (Fig. 6.4). 

 

Figure 6.4 - Yearly variations in mean temperature (°C) across July and August between 
2001 and 2011. 

 

6.2.3.4 Rainfall during lactation period  

Rainfall during the first two months of a juvenile’s post-partum development (July & 

August) was also included as a variable. The amount of rainfall during the lactation period 

could affect the foraging productivity of mothers and young juveniles as rain impacts on 

insect activity and bat foraging ability. Weather data for rainfall were taken from the nearest 

weather station, Yeovilton (MetOffice, UK). Total rainfall (mm) in July was added to that of 

August to obtain a value for the total sum of rainfall (mm) across these two months (Fig. 

6.5). 
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Figure 6.5 - Yearly variation in total rainfall (mm) throughout July and August from 2001 to 
2011. 

 

6.2.3.5 Population size 

Population size was also used as a covariate in this study, as it has shown to influence cohort 

variation in a variety of demographics in other mammals. Population size was calculated as 

the total number of individuals including males and females of all ages captured in July and 

August of each year (Fig. 6.6). If an individual was captured in both months, it was only 

recorded once as it was the number of individual bats captured that was of interest. 

 

Figure 6.6 - Yearly variations in population count of M. bechsteinii from 2001 to 2011. 

0

20

40

60

80

100

120

140

160

180

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

R
ai

n
fa

ll 
(m

m
) 

Year 

80

85

90

95

100

105

110

115

120

125

130

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

P
o

p
u

la
ti

o
n

 c
o

u
n

t 

Year 



Cohort variation in a woodland bat 

 

131 

 

6.2.4 Data analysis 
 

6.2.4.1 Population dynamics 

The number of male and female juvenile Bechstein’s bats ringed each year was analysed with 

respect to sex and year (Number of individually-ringed juveniles = year|sex-year*sex). 

Analysis was carried out in Minitab 16.2. 

 

The temporal trend of adult females between 2001 and 2011 was analysed using the freeware 

program Trends and Indices for Monitoring Data (TRIM version 3.5: van Strien et al., 2004). 

The time effects model taking into account serial correlation and overdispersion was used as 

data were available for each year in the study. TRIM compared the population count from the 

first year (2001) to all other years in the study using loglinear regression. It determines a 

slope parameter for the change in population count over time to determine the status of the 

population which it classes as stable, decreasing or increasing. Trends must not only be 

significant, but also be biologically relevant; see Appendix B for trend classifications used in 

TRIM 3.5.  

 

6.2.4.2 Cohort variation in forearm length 

Forearm measurements were used as they represent a fixed measure of body size which 

ceases growing after approximately 40 days. Using these data, cohort variation in forearm 

length was analysed using a one-way ANOVA with year as a factor.  

 

Further covariate models were implemented using stepwise linear regression whereby the 

explanatory covariates (total rainfall during July & August and mean temperature during July 

and August) were bi-directionally added to and removed from the model until the best model 

explaining the data remained. Significance to remove covariates was set at an alpha level of 

0.15. Analysis was carried out in Minitab 16.2. 

 

6.2.4.3 Cohort variation in age at first reproduction  

The analysis of age at first reproduction was restricted to juvenile cohorts between 2001 and 

2007 since preliminary analysis of data revealed that age of first reproduction ranged 

between 1 and 5 years, therefore juveniles released in 2007 were the last cohort able to reach 
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the age of 5 during the timespan of the study. Data analysis was restricted to juveniles which 

were caught in the lactation period in consecutive years until their first reproductive event 

(58 out of 135 individuals). Omitted individuals included those which were not recaptured, 

those which had gaps in their reproductive history (due to being absent from the study area 

during one or more reproductive periods) and females which did not reproduce. Age at first 

reproduction was calculated as the first year in which an individual was recorded lactating – 

therefore indicating that she had produced offspring in the current year. Age at first 

reproduction was recorded in years (1, 2, 3 etc.).  

 

A one-way ANOVA of age at first reproduction against cohort was used to test for cohort 

differences in age at first reproduction. Further covariate models were implemented using 

stepwise linear regression whereby the explanatory covariates (total rainfall during July and 

August, mean temperature during July and August, mean cohort forearm length and 

population count) were bi-directionally added to and removed from the model until the best 

model explaining the data remained. Significance to remove covariates was set at an alpha 

level of 0.15. 

 

6.2.4.4 Cohort variation in juvenile survival 

Survival and recapture rates were analysed in MARK version 6.0 and all models were 

constructed within this program. Only bats which were first captured as juveniles were 

included in analysis so that juvenile survival could be incorporated into the model. This 

restricted survival analyses to 207 female bats captured as juvenile between 2001 and 2011. 

Juvenile survival described the survival from their year of birth (t) to the following year 

(t+1). 

 

6.2.4.4.1 Encounter histories 

Each individual was assigned an encounter history for each of the 11 years in the time series, 

where ‘1’ = present and ‘0’ = absent. For example, the encounter history for a female with 

ring number ‘U5812’ was ‘00011011111’, for the 11 year study between 2001 and 2011. 

Therefore, this individual was first seen in 2004, recaptured in 2005, missing in 2006, then 

recaptured in each of the last 5 years until 2011 inclusive. These encounter histories were 
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used to estimate survival and recapture rates of individuals using the Cormack-Jolly-Seber 

(CJS) model. Two age classes were defined (juvenile and adult) and bats were classed as 

juvenile for one year only and so, if recaptured the year following initial capture, they were 

classed as adult. The CJS model allows the separation of survival from capture probability 

with full time dependence. The starting model was defined as φ(a2*t)p(m*t) where (where φ = 

survival, p = recapture, t = time, a2 denotes age structure (two age classes: juveniles and 

adults) and m denotes age structure in recapture rate). 

 

 

6.2.4.4.2 Goodness of fit 

The goodness of fit of the fully-paramatised starting model was tested using the Bootstrap 

GOF procedure in MARK. In this procedure, 1000 simulations were run. In each simulation, 

encounter histories were generated for each individual and the global model fitted φ(a2*t)p(m*t). 

The aim of the bootstrap procedure was to see where the observed model deviance fitted to 

the original data fell amongst the deviance for the same model fitted to simulated data. For 

example, if the 1000 simulated bootstrap results were ranked by their deviance and the 

observed model deviance fell between the 901
st
 and 902

nd
 positioned results, one would 

conclude that the probability of observing a deviance greater than the observed model would 

be p = 0.099 as 99 out of 1000 simulated models had a deviance higher than the observed 

model deviance. 

 

Overdispersion, measured by the variance inflation factor (ĉ) was calculated by dividing the 

observed deviance by the permuted mean deviance. With no overdispersion, ĉ = 1, whereas ĉ 

> 1 indicates at least some overdispersion. Where ĉ was adjusted to account for 

overdispersion, Quasi Akaike Information Criterion (QAICc) as opposed to AICc was 

preferred to rank models (Burnham & Anderson, 2002). 

 

6.2.4.4.3 Model selection 

If the bootsrapping procedure showed that the global CJS model had adequate fit to the data, 

it was considered an appropriate starting model and this, along with a further set of candidate 

models, was run in MARK.  
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Interactive models were run with Sin Link whereas covariate models were constructed using 

a Design Matrix and run with Logit Link (Burnham & Anderson, 2002). The most 

parsimonious model is that with the lowest AICc/QAICc value which explains the variation in 

the data with the fewest parameters possible. Model weight is an indicator of the likelihood 

of a model to best represent the data, bounded by 1 and 0 where 1 is a good model fit and 0 is 

a poor model fit. If there was uncertainty in the ‘best model’, model weight was distributed 

amongst several of the top models. Where this occured, rather than taking the parameter 

estimates from the top model alone, weighted averaging of the top models was used to 

calculate parameters, to take into account model selection uncertainty. 

 

6.2.4.4.4 Adding covariates to survival models 

Four covariates (total rainfall during July & August [mm], mean temperature during lactation 

[°C], population count and forearm length [mm] were added to the best fitting model to 

include temporal variation in juvenile survival. These covariates were added in a series of 

sequential steps following the methods used by Gaillard et al. (1997). First, each covariate 

was added separately to the model, and these four models, each with a single covariate were 

ranked by QAICc. Next, to the best fitting model containing a single covariate, a second 

covariate was added. Finally, a third covariate was added to the best fitting model containing 

two covariates. Each step aimed to maximize the fit of the model to the data. All models 

were ranked by QAICc and the best performing model was that with the lowest QAICc. An 

r
2

 value indicated the fitness of the model to the data. Slope parameters indicated the effect of 

the covariate on the model parameters.  

 

6.3 Results 

6.3.1 Population dynamics 
 

The temporal patterns of adult and juvenile M. bechsteinii were analysed to assess the status 

of the population. The total number of juveniles born each year never exceeded 50 bats. The 

number of female juveniles ranged from 9 in 2006 to 31 in 2001. Males ranged from 4 in 

2006 to 27 in 2007. The effects of year and sex were included in a General Linear Model to 
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explain juvenile abundance (Number of individually-ringed juveniles = year|sex-year*sex). 

There was a temporal effect showing considerable variation in juvenile abundance between 

years (F10,10 = 3.37, p = 0.034; Fig. 6.7). However, there was no overall sex effect (F1,10 = 

0.27, p = 0.613; Fig. 6.7) meaning that there was no overall difference in the number of male 

and female juveniles found during the study. 

 
Figure 6.7 - Number of individual male and female juvenile M. bechsteinii ringed in each 
year between 2001 and 2011. 
 
 

The adult female population of M. bechsteinii roosting in bat-boxes in Bracketts Coppice did 

not change significantly between 2001 and 2011 (TRIM: trend stable, slope parameter 1.0087 

± 0.0113) (Fig. 6.8). Adult males were low in number (maximum 5 individuals), or absent all 

together, between 2001 and 2011 are therefore not included in the figure.  
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Figure 6.8 - Number of adult female M. bechsteinii captured each year between 2001 and 
2011.  
 

6.3.2 Cohort variation in forearm length 
 

Mean forearm length of juvenile Myotis bechsteinii ranged from 41.7 to 43.1 mm for females 

and 41.1 to 42.5 mm for males. Mean forearm length for a juvenile cohort varied by year 

(F10,10 = 6.52, p < 0.01) and depended on sex (F1,10 = 52.63, p < 0.001) (Fig. 6.9).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.9 – Mean (±SE) forearm length (mm) of male and female M. bechsteinii from 2001 
to 2011. 
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Two covariates describing environmental conditions during juvenile development (total 

rainfall and mean temperature during July and August) were included in a stepwise 

regression model to predict mean forearm length in 11 juvenile cohorts (2001 - 2011) for 

males and females separately. Neither temperature nor rainfall influenced forearm length of 

male juveniles. Stepwise regression included temperature in a final model to explain juvenile 

female forearm length which suggested a positive trend such that females born in warm 

summers had larger forearms (Fig. 6.10) although this was not significant (T = 2.05, p = 

0.07). 

 
Figure 6.10 - Mean forearm length of juvenile female M. bechsteinii explained by mean 
temperature during the lactation period (July & August). Each data point represents a 
juvenile cohort year from 2001 to 2011. 

 

 

6.3.3 Cohort variation in age at first reproduction 
 
The age of first reproduction (as determined by the age at which a female was first recorded 

lactating) varied between one and five years, with most bats giving birth for the first time at 

the age of two years (Fig. 6.11). In most cohorts, at least some females reproduced at the first 

opportunity, as one-year olds (Fig. 6.11). 
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Figure 6.11 - The number of female M.bechsteinii captured in a lactating condition for the 
first time in each of 7 years (2001 – 2007) as a proportion of the total number of females 
achieving sexual maturity in each cohort. For example, of the 25 juvenile females released 
in 2003, 17 produced young. Of these 17, 17.6% gave birth for the first time aged 1, 70.6% 
gave birth for the first time aged 2, 6% gave birth for the first time aged 3 and 6% for the first 
time aged four years. No individual reproduced for the first time over the age of 4 for this 
cohort. 

 

 

For the seven cohorts where data for age at maturity up to 5 years old were available (2001-

2007), mean age at first reproduction did not vary across cohorts (One-way ANOVA: F6,51 = 

0.97, p = 0.457; Fig. 6.12). Using stepwise regression, neither forearm length, rainfall, 

temperature nor population size during early development explained the mean age at first 

reproduction for a cohort.  
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Figure 6.12 - Mean age at first reproduction for 7 cohorts of juvenile female M. bechsteinii 
born between 2001 and 2007 inclusive.  
 

6.3.4 Cohort variation in survival  
 

6.3.4.1 Goodness of fit 

The fully paramatised global model for recapture and survival of female M. bechsteinii 

φ(a2*t)p(m*t) was tested for goodness of fit (GOF) using the Bootstrap GOF method in 

program MARK. With 1000 simulations, the global model showed adequate fit to the data (p 

< 0.01) although slight overdispersion was calculated (ĉ = 1.38), ĉ was therefore adjusted to 

account for this overdispersion in further model selection. 

 

6.3.4.2 Model selection 

The fit of the global model φ(a2*t)p(m*t) to the data was ranked against other candidate 

models including age (juvenile or adult) and temporal (year) effects. The top model included 

an age effect whereby survival rates were higher amongst adults than juveniles with apparent 

annual survival estimated at 0.75 ± 0.08 for juveniles and 0.81 ± 0.07 for adults (Fig. 6.13, 

Table 6.1). Furthermore, survival rates in both juveniles and adults were constant suggesting 

there was little temporal variation in survival rates in both age classes (Table 6.1). However, 

a temporal effect was present in the other highly ranked models with which the QAICc 

weights were shared. The model weights were shared amongst several top models, therefore 

the strength of the temporal variation is unclear, however there appears to be at least some 
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temporal variation in juvenile and adult survival despite not being present in the top model. 

The recapture term for all top ten models was the same, where recapture rate varies with 

cohort. Model averaging was used to account for the shared distribution of model uncertainty 

amongst the top models, therefore parameter values estimated by each model were combined 

using a weighted average.  

 
Table 6.1 - Top ten models ranked by QAICc along with the global fully paramatised model 
with age structure in survival and recapture rates. φ denotes the survival term in the model, 
p denotes the recapture term, a2 denotes two age classes (juvenile and adult), t = time 
(years), m = trap effect, k = number of parameters in the model. 

 

Model QAICc 
Delta 
QAICc 

QAICc 
Weights 

Model 
Likelihood k QDeviance 

{φ(a2./.)p(cohort)} 526.1597 0 0.43836 1 12 117.4031 

{φ(.)p(cohort)} 528.483 2.3233 0.13719 0.313 11 121.8155 

{φ(a2./t)p(cohort)} 528.8225 2.6628 0.11578 0.2641 20 103.0742 

{φ(a2+t)p(cohort)} 529.3321 3.1724 0.08973 0.2047 21 101.4242 

{φ(t)p(cohort)} 529.409 3.2493 0.08635 0.197 20 103.6607 

{φ(a2*t/.)p(cohort)} 529.8027 3.643 0.07092 0.1618 20 104.0545 

{φJ(.)φA(cohort)p(cohort)} 530.9632 4.8035 0.0397 0.0906 20 105.2149 

{φ(cohort)p(cohort)} 533.7807 7.621 0.0097 0.0221 19 110.184 

{φ(a2*t)p(cohort)} 534.0976 7.9379 0.00828 0.0189 28 90.8436 

{φ(a2*cohort)p(cohort)} 535.5635 9.4038 0.00398 0.0091 28 92.3095 

GLOBAL φ(a2*t)p(m*t) 558.0551 31.9854 0 0 36 96.7578 

 

 

 
Figure 6.13 - Annual survival rates of juvenile female (dark grey) and adult female (light 
grey) M. bechsteinii estimated from model averaging of top models. 
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Recapture rates were near 100% for nearly all juvenile cohorts released, although a slight 

drop was seen for the juvenile cohort released in 2006 and much lower recapture rates were 

seen for the cohort released in 2001. The rate of recapture of an individual depended on the 

cohort from which it was released, but this was heavily influenced by the low recapture rate 

from the 2001 cohort (Fig. 6.14, Table 6.1). 

 

 

Figure 6.14 - Annual recapture rates of female M. bechsteinii released in juvenile cohorts 
between 2001 and 2010 estimated from model averaging of top models. 
 
 

6.3.4.3 Adding covariates 

Using the best model including temporal variation in juvenile survival φ(a2*t/.)p(cohort) 

(Table 6.1), covariates were added in sequential steps (Table 6.2). An additive model 

including rainfall (R) and the population count (P) during the lactation period best described 

temporal variation in juvenile survival as can be seen by the lowest QAICc value for this 

model (Table 6.2). As a single covariate, rainfall accounted for 38% of the variation in 

juvenile survival, which was increased to 66% with the addition of population count. Adding 

a third covariate did not explain any of the residual variance unexplained by the first two 

covariates. Juvenile survival decreased with increasing rainfall in addition to increasing 

population size as can be seen by the negative slope parameters in Table 6.2. 
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Table 6.2 - Modeling variation in juvenile survival with covariates: mean temperature across 
July and August (T); Total rainfall from July and August (R); population count across July 
and August (P) and Mean juvenile forearm length (F). φJ = juvenile survival, φA = adult 
survival. All models ranked by QAICc. Recapture part kept constant at p(cohort). Adult 
survival was also kept constant.  
 

Model type Model QAICc 
Num. 
Par 

Slope SE R2 

Time dependence in 
juvenile survival 

φJ(t) φA(.) 529.802 20    1 

       
One covariate φJ(R) 523.145 13 R -0.015 0.007 0.383 

φJ(T) 523.972 13 T 0.587 0.300 0.321 

φJ(F) 525.999 13 F 0.589 0.393 0.169 

φJ(P) 527.298 13 D -0.020 0.021 0.072 

        
Two covariates φJ(R+P) 521.512 14 R -0.021 0.008 0.663 

   D -0.050 0.028  

φJ(R+T) 524.466 14 R -0.010 0.008 0.442 

   T 0.320 0.362  

φJ(R+F) 525.001 14 R -0.013 0.008 0.402 

   F 0.232 0.466  
        

Three covariates φJ(R+P+T) 523.589 15 R -0.022 0.012 0.665 

   D -0.053 0.035  
   T -0.088 0.473  

φJ(R+P+F) 523.605 15 R -0.020 0.009 0.664 

   D -0.049 0.028  
   F 0.066 0.483  
       

Constant juvenile 
survival 

φJ(.)φA(.) 526.160 12    
0 

 

6.4 Discussion 

 

 

This study demonstrated cohort variation in population demographics of Myotis bechsteinii, 

showing that inter-cohort variation in body size and juvenile survival is not restricted to large 

mammals. Cohort variation in juvenile female survival negatively correlated with rainfall 

during the first few months of development. An additive effect of population size on first-

year survival indicated a density-dependent effect influencing cohort variation in survival. 
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Further to survival, there was inter-sexual and temporal variation in body size (measured by 

forearm length). However, forearm length did not influence juvenile survival or age at first 

reproduction. For those females that went on to breed, the majority of individuals gave birth 

for the first time aged two years old. Age at first reproduction spanned between one and five 

years old but did not show significant inter-cohort variation, nor was it predicted by the 

environmental conditions or population size during development. 

 

The results of this study contribute to current understanding of population dynamics and the 

influence of density-dependent and density-independent factors affecting population 

demographics for this taxon. Such contributions will help in population viability analysis and 

understanding long-term population dynamics of this and other similar bat species. 

 

6.4.1 Cohort variation in body size 
 

This study revealed significant temporal variation in forearm length of male and female M. 

bechsteinii between years. Furthermore, forearm length was shown to be a sexually 

dimorphic feature in this species with female forearm length growing approximately 1 mm 

larger than males. Sexual dimorphism of a similar degree has been found in similar species 

(Kunz, 1974b, Myers, 1978), but has not before been reported in M. bechsteinii. Longer 

forearms in female bats have been explained by the reproductive demands of carrying a large 

foetus as opposed to traditional mammalian drivers of sexual dimorphism including 

competition for resources including mates and food (Myers, 1978; Ralls, 1977). 

 

Although not significant, there was a suggestion for temperature during development to be 

positively correlated with juvenile forearm length such that larger juveniles were born in 

periods of warm weather. This trend may emerge from a larger dataset. Influences of 

temperature on body size have been found in other bat species including the big brown bat, 

Eptesicus fuscus (Hood et al., 2002) and the greater horseshoe bat, Rhinolophus 

ferrumequinum (Ransome, 1998). 
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Geographic variation in body size exists in several mammal species and has been shown to 

be affected by environmental conditions. For example, rainfall patterns can influence body 

size of ungulates through its effect on primary productivity (Yom-Tov & Geffen, 2006). 

Whilst variation in forearm length of bat species has been studied geographically, few studies 

have looked at variation amongst years. A three-year study on climatic effects on forearm 

length variation in three horseshoe species (Chiroptera: Rhinolophidae) eluded to an 

influence of temperature and rainfall during the first few weeks of development on the 

growth rates of juveniles, however three years of results did not offer robust statistical 

analysis (Dietz et al., 2007). Hoying & Kunz (1998) compared the growth rates of juvenile 

eastern pipistrelle bats (Pipistrellus subflavus) in two different years, one with low 

temperatures, low insect abundance and high rainfall and the other with improved conditions 

of higher temperature and insect abundance and low rainfall. Their results showed that 

forearm lengths were lower in the year with lower ambient temperature and higher rainfall 

before and during post-natal growth. The results of this present study showed temporal 

variation in forearm length although this could not be attributed to environmental conditions 

during development.  

 

Moreover, in this study, forearm length did not affect juvenile survival. This could be partly 

explained by the findings of Rossiter et al. (2001) who suggested that the degree of 

outbreeding has more of an influence on the survival of an individual through their first few 

years as opposed to body size or mass. In some mammals, body size has been shown to affect 

patterns of survival and reproduction. Body mass can be used in mammalian studies as a 

measure of body size and has been shown to positively influence juvenile survival (e.g. 

Rieger, 1996). For the study of bats, the forearm length is a fixed skeletal dimension which 

allows a stable measure of body size. Due to the daily variation in foraging, body mass could 

vary considerably and therefore may not be a good measure of body size in these small 

mammals. 
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6.4.2 Cohort variation in age at first reproduction 
 

For many species, the timing of first reproduction has important consequences for lifetime 

reproductive output and fitness. For example, female rhesus macaques (Macaca mulatta) 

face reduced adult survival when they mature early relative to other females (Blomquist, 

2009). The reproductive patterns of female M. bechsteinii showed that females gave birth for 

the first time between the ages of one and five years old. Age at first reproduction has been 

shown to vary considerably in other mammals, including the Weddell Seal, whereby the age 

at first reproduction ranged from 4 to 14 years (Hadley et al., 2006). 

 

In this study, age at first reproduction did not vary amongst cohorts. However, data analysis 

was restricted by only seven cohorts for which data of age at first reproduction between 1 and 

5 years old were available. Amongst the Mammalia there are examples of density-

independent cohort variation in age at maturation. For example, the percentage of female Red 

Deer on the Isle of Rhum calving for the first time as three year olds varied between 0 and 

89% amongst cohorts (Langvatn et al., 1996). These cohort differences were negatively 

correlated with the temperature variation in May and June twelve months earlier (Langvatn et 

al., 1996). A recent study on the reproductive patterns of female big brown bats (Eptesicus 

fuscus) showed that the date of parturition can influence the age of first reproduction of the 

offspring with females born early in the season more likely to survive and reproduce as one-

year olds (Barclay, 2012). Earlier breeding can affect longevity in some bat species, for 

example in the greater horseshoe bat the mean age at mortality in early breeding bats was 2.5 

years earlier than late breeding bats, even though the overall lifetime reproductive success 

was similar (Ransome, 1995). 

 

6.4.3 Cohort variation in juvenile survival 
 

Juvenile survival was lower than adult survival in this study and was negatively influenced 

by an additive effect of rainfall and population size. The effect of rainfall during early 

development on survival in juvenile M. bechsteinii is probably due to the negative 

relationship between rainfall and foraging success. Rain increases an individual’s energy 
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consumption during flight (Voigt et al., 2011) and at the onset of rain, some species are 

known to immediately hang up in a roost to avoid flying (Entwistle et al., 1996). Conversely, 

for juvenile herbivores, such as kudu and wildebeest, rainfall during early development can 

have a positive effect on juvenile survival due to increased primary food productivity (Owen-

Smith et al., 2005).  

 

High population densities increase competition for limited food resources which would 

further impact on juvenile survival and hence can explain the additive effect of population 

size on juvenile survival in this study. As a single covariate, population size contributed little 

to the overall variation in juvenile survival, suggesting without additive environmental 

effects, population size was not a major determinant in juvenile survival. A similar masking 

of a density-dependent effect on survival was observed in the juvenile survival of the greater 

kudu (Tragelaphus strepsiceros) whereby a negative density effect on survival was masked 

by a strong positive rainfall effect (Owen-Smith, 1990).  

 

Cohort variation in survival can vary geographically. A study of early survival in roe deer 

fawns showed that the causes of cohort variation differed amongst two geographical 

locations, with fawn survival at one site positively correlating with early body growth and 

total rainfall in May and June and at a second location, whilst there was evidence for a 

positive effect of May and June rainfall, there was also a negative effect of population 

density (Gaillard et al., 1997). 

 

6.4.4 Summary and progression 
 

Conditions during early development can lead to long-term variation amongst cohorts in 

some parameter influencing population dynamics, including survival and reproduction. This 

study showed that cohort variation in survival was negatively influenced by both density-

independent (rainfall) and density dependent effects (population size). Furthermore, temporal 

variation in forearm length was reported in this study, although was not significantly affected 

by environmental conditions during postnatal development despite a trend for increasing 

forearm length with temperature. The results of this study have important implications for the 
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future conservation of long-lived species in which cohort variation is apparent. Cohort 

variation can affect population growth rates through variation amongst population 

demographics such as survival and reproductive output. Population dynamics are vulnerable 

from future climate change, especially for long-lived species exhibiting cohort variation. 

 

The final chapter will draw on the conclusions from the research chapters within this thesis 

and discuss the future of ecological and ecophysiological aspects of social structure across 

the Chiroptera in the face of climate change.
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Chapter 7 - General Discussion 
 

 

The aim of this study was to investigate the ecology and ecophysiology of social structure 

and population dynamics in bats. This was achieved primarily through analysis of long-term 

data of the following focal bat species: Natterer’s bat (Myotis nattereri); Pipistrellus spp.; 

brown long-eared bat (Plecotus auritus) and Bechstein’s bat (Myotis bechsteinii). These 

long-term data revealed long-term survival of female P. auritus and M. nattereri who formed 

associations with other females lasting over 10 years. Whilst apparent male survival was 

lower, long-term associations spanning several years persisted between both males and 

females. Populations of P. auritus and M. nattereri roosting in bat-boxes were confirmed as 

female-biased, yet males were also found regularly roosting with females. Large groups were 

found roosting within bat-boxes, however, social organization varied by season according to 

species’ mating systems. For example, solitary male Pipistrellus spp. were predominantly 

found in the spring survey and were later joined by an influx of new females in the autumn 

survey when male-female pairings or small harems were found.  

 

A field study into the ecophysiology of groups of M. nattereri roosting in bat-boxes revealed 

that bats were able to conserve energy through a reduction in metabolic rate both pre- and 

post-parturition despite mild roost temperatures, but metabolic rate was not influenced by 

social structure. Furthermore, environmental conditions during juvenile development affected 

the first-year survival rates, but not age of first reproduction of M. bechsteinii. 

 

Improving our understanding of social structure and population dynamics in bats helps 

conservationists to halt the decline in species abundance and biodiversity, which is especially 

important for insectivorous bats given the ecosystem services they provide (Kunz et al., 

2011). Yet, future pressures on bat populations including disease (Cohn, 2008) and habitat 

loss through urbanisation (Baker & Harris, 2007), will have important impacts on the 

persistence of many species through their effects on population demographics such as 

survival and reproduction.  
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Climate change is perhaps one of the most important threats to consider in relation to its 

impact on social structure and population dynamics of a species. Climate change impacts on 

a wide diversity of taxa have received considerable interest in recent years (Thuiller, 2007). 

Climate change has already caused species to respond in a number of ways including species 

range shifts towards higher latitudes, changes in phenology, changes in morphology and 

shifts in genetic frequencies (Root et al., 2003; Parmesan & Yohe, 2003). Phenological 

changes including the timing of life history events including reproduction and migration are a 

characteristic of climate change in many species (Peñuelas & Fillela, 2001). Indeed the 

present study has shown that climate can influence survival in juvenile M. bechsteinii; 

therefore we should look carefully at how changing climates will influence life history 

characteristics of threatened species under future climate change predictions. Hence, 

addressing the effects of changing environments on both population dynamics and social 

structure requires an interdisciplinary approach from physiologists and ecologists. 

 

7.1 Bats and climate change 

Bat species diversity is under threat with 40% of bats listed as critically endangered, 

endangered, vulnerable, near threatened or data deficient (IUCN, 2012). Sherwin et al. 

(2013) highlighted several implications of climate change for bats encompassing aspects of 

biogeography, foraging niche and dispersal ability which could further impact upon already 

fragile species.  

 

Rebelo et al. (2010) investigated climate change impacts on the biogeography of European 

bat species and reported a reduction in bat species richness under all of the IPCC climate 

change scenarios. Their study predicted population declines, or extinction, for several species 

under extreme climate change scenarios whereas the less severe climate change predictions 

were less damaging. In the most extreme IPCC climate change scenario, there was a major 

reduction in bat species richness throughout mainland Europe (Rebelo et al., 2010). 

However, Scandinavia and the United Kingdom were predicted to increase in bat species 

richness (Rebelo et al., 2010). These areas should therefore be important focusses of habitat 

management to accommodate future biogeography shifts. If compounding factors affecting 
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species richness, such as habitat loss and fragmentation, are not controlled in these areas then 

the species loss predicted by climate change models may be much worse. The present study 

revealed a decline in the abundance of P. auritus in managed woodland in Dorset. Given this 

is already a UK BAP species (BRIG, 2007), an investigation into the cause of this decline is 

important, especially if populations are also under threat from climate change and other 

human-induced pressures. This study did, however, reveal constant survival for P. auritus 

following analysis of a sub-set of the overall forest population. If this is true for the entire 

population, the decline in population size may be instead related to a change in roosting 

behaviour rather than a factor affecting survival. For example, as the forest matures, more 

natural roost sites become available and this could reduce a species’ reliance on bat-boxes 

leading to a reduction in the numbers found in bat-boxes, explaining the decline. 

 

A decline in bat species richness and abundance will have major impact on the ecosystem 

services they provide (Kunz et al., 2011). Around the world, several bat species are classed 

as ecosystem service providers, including insectivorous bats which, by preying upon insect 

pests, improve the economic yield of agricultural crops (Boyles et al., 2011). Loss of species 

richness could therefore have severe economic impacts, for example in the United States, 

where bats are predicted to be amongst the taxa most affected by climate change, with bat 

species contributing to over 20% of mammalian species loss (Burns et al., 2003). 

 

Bats stand out amongst mammals with their unique ability of powered flight (Speakman, 

2001). Dispersal abilities will limit the ability of mammals to adjust their range in response to 

climate change (Schloss et al., 2012) whereas the flight ability of bats facilitates their range 

shifts (LaVal, 2004). Chapter 2 of this thesis reported individuals moving up to 7 km to an 

alternative roost following disturbance providing evidence for an extensive knowledge of 

roost sites within a large geographical range. Such information would facilitate relocation to 

other roosts if climate change impacts meant that roost sites were no longer suitable and 

foraging sites were no longer profitable. 

 

Northward range shifts in response to rising temperatures have already been reported for 

some species, including the Kuhl’s pipistrelle bat (Pipistrellus kuhlii) (Sachanowicz et al., 
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2006). Furthermore, the migratory Nathusius’ pipistrelle bat (Pipistrellus nathusii) has shown 

range shifts linked to climate change with an expanded range in the UK (Lundy et al., 2010) 

and northward advances into Poland (Sachanowicz & Ciechanowski, 2006). Range shifts to 

northern latitudes or higher altitudes have been reported, concurring with climate change 

predictions. For example, in Costa Rica, twenty-four lowland species, including the common 

vampire bat (Desmodus rotundus), expanded their range to higher altitudes in response to a 2 

°C temperature rise (LaVal, 2004). Given the predictions for species range shifts into the UK 

(Rebelo et al., 2010), conservation of woodland in the south of England is of vital importance 

for woodland bat species. Plans for widescale deforestation under the open heathland 

initiative should consider the impact to bats roosting within managed woodland marked for 

deforestation (Forestry Commission, 2005). Given the abundance of bats in the area and high 

levels of site fidelity revealed by this study, extensive deforestation could have serious 

impacts upon the persistence of species in this area. 

 

A further threat resulting from climate change is the increasing occurrence of extreme 

weather events which can cause mass mortality amongst species. In a single catastrophe, over 

3,500 mortalities were reported in two species of Australian tree-roosting bats (black flying-

fox, Pteropus alecto and grey flying-fox, Pteropus poliocephalus) as a result of the 

temperature reaching 42 °C (Welbergen et al. 2008). Looking further back, mass mortality 

events in these two species have been reported since 1994 leading to over 30,000 mortalities 

as a result of extreme temperatures (Welbergen et al., 2008). Moreover, the present study 

showed that more subtle variations in weather patterns can impact upon survival (Chapter 6). 

Further investigation into the effects of climatic variation on life history traits is vital to 

predict how population dynamics will respond to future climate change. The use of summer 

torpor in pre- and post-parturition in this study (Chapter 4) suggests that bats can adapt their 

energy strategy to cope in periods of adverse weather and low food availability. 

Ecophysiological studies into the energy strategies of species are vital in providing suitable 

habitats as requirements change according to changing climates. 
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7.2 Influence of climate change on reproductive patterns 

Major bat life history events including departure from hibernation and timing of parturition 

depend on climate and food availability. Rising spring temperatures can influence the timing 

of parturition, for example a rise in spring temperature of just 2 °C was the driver for an 

earlier parturition date in the greater horseshoe bat, Rhinolophus ferrumequinum (Ransome & 

McOwat, 1994). Furthermore a long-term rise in mean April temperature recorded over 

several decades advanced the date of parturition of an insectivorous Myotis species by around 

11 days (Myotis daubentonii) (Lučan et al., 2013). Conversely during periods of cool weather 

or low food availability, bats will use torpor during gestation. Torpor delays foetal growth 

and delays the parturition date until favourable conditions occur (Willis et al., 2006). 

Excessive precipitation can also delay parturition, or force some individuals to forego 

breeding altogether (Grindal et al., 1992).  

 

Arlettaz et al. (2001) showed that food availability, rather than climate was the determining 

factor in the timing of parturition of the insectivorous mouse-eared bats (Myotis myotis & 

Myotis blythii). On the contrary, reproductive timings of the frugivorous little yellow-

shouldered bat (Sturnira lilium) were explained by ambient temperature as opposed to food 

availability (Mello et al., 2009). Nevertheless, earlier parturition dates promote over-winter 

survival by increasing the time over which an individual can feed and build up fat reserves 

(Frick et al., 2010). 

 

The effect of climate change on reproductive patterns can differ amongst species. For 

example, Burles et al. (2009) looked at the effects of a cold, wet summer on the reproductive 

timing of two sympatric species (Myotis lucifugus and Myotis keenii). Whilst M. lucifugus 

responded to the adverse weather conditions by delayed and low reproductive success, M. 

keenii experienced shorter gestations and there was no effect on reproductive success. The 

authors attributed the difference in species responses to adverse weather to the differential 

foraging habits, suggesting that the gleaning species (M. keenii) coped better in the cool wet 

conditions as their foraging success did not depend on aerial insect activity. In a study into 

the climate change impacts on 47 European and north-west African species, none of the 

species were perceived as having a species mortality risk associated with climate-induced 
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changes in reproductive patterns however the authors admit more research and assessment is 

needed to fully understand the impacts (Sherwin et al., 2013). 

 

Chapter 6 in this study investigated the effects of the temperature and rainfall patterns during 

development on age at first reproduction of M. bechsteinii. Age at first reproduction varied 

between one and five years in this species, but was not related to climate during early 

development. Despite no evidence for cohort variation in age at reproduction in this study, 

reproductive success can vary among years in response to changing weather patterns. For 

example, the proportion of reproductive female Daubenton’s bats (Myotis daubentonii) found 

between 1999 and 2012 ranged between 33% and 93% and was negatively correlated to 

precipitation between the gestation and lactation periods (Lučan et al., 2013). Due to the 

longevity of bats (Chapter 5), large ranges in reproductive success driven by climate change 

could cause considerable variation in population growth. This would be very concerning for 

rare species, therefore long-term population monitoring remains important. 

 

From declines in reproductive output by 32-51% in warm years when precipitation and 

stream flow was low, Adams (2010) proposed that areas in North America predicted to 

become warmer and drier under climate change predictions, would be subject to dramatic 

declines in bat reproductive output. Bat species living in water-stressed regions are predicted 

to be heavily impacted by future climate change (Sherwin et al., 2013). Water supply is 

particularly important during the lactation period as lactating individuals have a constant 

reliance on water supplies (Adams & Hayes, 2008). Evaporative water loss is higher in bats 

than in mammals of similar size; therefore an adequate water supply is important to maintain 

a positive water balance (Chruszcz & Barclay, 2002). Individuals reduce the rate of 

evaporative water loss by clustering (Boratyński et al., 2012). Social organization could 

therefore vary in the face of climate change as bats show behavioural plasticity in the 

formation of groups depending on environmental cues. 
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7.3 Influence of climate on survival 

 

Frick et al. (2010) reported higher survival rates of little brown bats (Myotis lucifugus) in 

years with wet summers. Furthermore, droughts have been shown to decrease survival rates 

of big brown bats (Eptesicus fuscus) (O’Shea et al., 2011). Yet high levels of rainfall which 

impact on foraging success can negatively affect survival. For example, Chapter 6 of this 

thesis showed that survival rates of juvenile Bechstein’s bats were lower following periods of 

high rainfall during development. Due to the link between survival and population growth, 

the increased occurrence of extreme weather events predicted by climate change could have 

serious negative impacts on the persistence of some populations (O’ Shea et al., 2011). 

 

Over-winter survival of bats depends on both the success of pre-hibernation foraging to 

develop fat reserves and the selection of a suitable hibernaculum (Boyles et al., 2007). 

Overwinter survival rates have been shown to decline as a consequence of warm winters 

(Pryde et al., 2005). The abundance of bats in European hibernation sites has been proposed 

as an important indicator of climate change impacts on bats due to the specific temperature 

and humidity requirements of hibernacula which could be sensitive to climate change 

provoking changes in species behaviour (Newson et al., 2008). Bats enter into deep torpor 

during the hibernation period, lowering their metabolic rate and body temperature (Geiser, 

2004). Yet, recent studies have shown that bats frequently arouse from torpor, most probably 

to maximise potential for winter foraging when conditions are suitable (Hope & Jones, 

2012). Climate change could increase mortality rates in hibernating species as a rise in 

temperature would shorten torpor bouts and increase metabolic rates, consequently 

decreasing energy reserves (Geiser & Broome, 1993). Further to temperate regions, torpor is 

also commonly reported in both tropical and sub-tropical species (Bartels et al., 1998; Geiser 

& Stawski, 2011). Stawski & Geiser (2012) predicted the use of torpor in tropical bats would 

decrease with rising climatic temperatures, however, field studies suggested that bat 

populations showed plasticity in torpor use as torpor bout duration did not decrease as 

expected. Therefore the effects of climate change on torpor bout duration remain unclear and 

require further study. This present study found that bats reduced their metabolic rate despite 
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roosting in relatively large groups. Therefore more ecophysiological studies are needed to 

understand the metabolic compensation mechanisms of free-ranging bats in the field.  

 

Species which use daily torpor or hibernation as a strategy to adjust their daily energy 

expenditure exist as a minority amongst recently extinct mammals and could show similar 

resilience in the face of climate change extinction risks (Geiser & Turbill, 2009). 

The low resting metabolic rates reported in Chapter 4 of this study were probably encouraged 

by the high rainfall and associated low foraging success at the time of study. The ability of 

bats to adjust their metabolic rate in response to environmental conditions promotes their 

survival. The energy expenditure patterns of different bat species and the use of torpor 

requires further study if physiological responses under future climate change scenarios are to 

be fully understood. 

 

Conservation physiology is an important, emerging field which addresses aspects of an 

organism’s physiology in respect to its conservation (Cooke et al., 2013). Thus, working with 

conservation ecologists, the aim is to build an interdisciplinary approach to conservation. 

Ecophysiological studies provide important links between an organism’s energy budget and 

its environment. This will have an important conservation context due to changing 

environments in response to global climate change.  

 

7.4 Conclusion 

 

Ecologists and conservationists are under pressure to improve our understanding of life 

histories, social structure and population dynamics of species to halt declines in biodiversity 

loss. With the ensuing pressure of climate change, physiologists will play an important role 

in determining the relationship between climate and the energy demands of free-ranging 

mammals, to predict how, and if, species can adapt to climate change. 

 

A paucity of long-term studies has restricted our understanding of long-term social structure 

and population dynamics in many mammal species. Long-term data across a breadth of 

mammalian species need to continue to be funded to allow us to monitor the effects of, and 
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where possible mitigate against, anthropogenic and environmental factors, including habitat 

loss and climate change which threaten global biodiversity (Thuiller, 2007). Long-term data 

in this study have shown the longevity of social relationships amongst individuals, the 

seasonality of social groups, the longevity of individuals and cohort variation in survival in 

response to environmental conditions during development. If bat species are to fulfill their 

role as an important bioindicator species (Jones et al., 2009) it is vital that long-term records 

are maintained to monitor their population dynamics. Future long-term data analysis should 

concentrate on the effects of climate on survival rates, reproductive patterns and cohort 

variation in populations which could affect population growth rate.  
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Appendix A 

 

 

Data collected from Wareham and Peripheral bat-box schemes between 1977 and 2009.  
 

Data collected at Wareham and Peripheral bat-box schemes (21 in total) in pre- and post-parturition from 1977 to 2009. Yellow = data 

present, red = data absent, white = scheme not erected. Multiple surveys were carried out within each period (pre- or post-parturition) 

between 1977 and 1991. In 1992, surveys were carried out in March and September. From 1993 to 2009 inclusive, two surveys were 

carried out each year in May and September. Scheme O was the initial bat-box scheme set up in 1976; this was separated into two 

smaller schemes approximately 500 m apart in January 1995. 
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Scheme O had 60 trees, each with 8 boxes. Boxes were placed at 3m and 

5m facing N,S,E,W. Forty of these trees were felled in 1984
Scheme O was split  into two schemes O1 and O2 in January 1995
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Appendix B  
 

Trend classification used in TRIM 3.5 
   

 Strong increase - increase significantly more than 5% per year (5% would mean a 

doubling in abundance within 15 years). Criterion: lower limit of confidence interval 

> 1.05. 

 Moderate increase - significant increase, but not significantly more than 5% per year.  

Criterion: 1.00 < lower limit of confidence interval < 1.05. 

 Stable - no significant increase or decline, and it is certain that trends are less than 5% 

per year.  Criterion: confidence interval encloses 1.00 but lower limit > 0.95 and 

upper limit < 1.05. 

 Uncertain - no significant increase or decline, but not certain if trends are less than 

5% per year.  Criterion: confidence interval encloses 1.00 but lower limit < 0.95 or 

upper limit > 1.05. 

 Moderate decline - significant decline, but not significantly more than 5% per year. 

Criterion: 0.95 < upper limit of confidence interval < 1.00. 

 Steep decline - decline significantly more than 5% per year (5% would mean a 

halving in abundance within 15 years). Criterion: upper limit of confidence interval 

<0.95 
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Appendix C 

 

Metabolic rate of M. nattereri prior to emergence 
 

 

The metabolic rate of individuals prior to emergence was measured to give a comparison 

against metabolic rates measured in the rest phase. The metabolic rate of individuals prior to 

emergence reached 64 ml CO2 hr
-1

, indicating highly active, normothermic bats prior to 

emergence at dusk. 

 
Metabolic rate (ml CO2 animal-1 hr-1) of M. nattereri prior to emergence from the bat-box. 
Arrow indicates the time at which the first bat emerged. 
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