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A B S T R A C T

The roosts of many IUCN-listed cave-roosting bat species are under threat from tourist

development in SE Europe and other regions of the world. Much-needed conservation strat-

egies require, among other information, an understanding of their roost movements and

population dynamics, which can now be obtained relatively quickly using advanced mod-

els. We have studied the long-fingered bat, Myotis capaccinii, an obligate cave-dweller, in

Dadia National Park, Greece. The species formed colonies of up to a few thousand individ-

uals and was highly mobile, frequently switching summer roosts up to 39 km apart, even

during late pregnancy. The bats migrated to distant hibernacula including a cave in Bul-

garia 140 km NW of the Park. Adult recapture probabilities varied with season and sex:

low female recapture rates in autumn, relative to spring and summer, indicated non-ran-

dom temporary emigration following nursery colony dispersal. The opposite pattern was

seen in males: increasing recapture rates in the autumn suggest that males gather in these

roosts to mate with females in transit. Adult survival (0.86–0.94) was similar in females and

males, similar in winter and summer, and comparable to recent estimates for other bats

based on similar modelling techniques. Sex-based differences in juvenile recapture

suggest female philopatry and male-biased dispersal. Our work shows that protection of

M. capaccinii roosts must extend beyond the Park’s and indeed the country’s boundaries:

its conservation requires large-scale, trans-national integrated conservation plans. Our

results will apply to many other warm-temperate species with similar life history cycles.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Migratory and intra-seasonal movements are common in

highly mobile animals such as birds and bats. The movement

of birds has been extensively studied but much less is known

about the role of intra- and inter-seasonal movements be-

tween roosts in the ecology of bats (e.g., Fleming and Eby,
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2003; Kerth et al., 2006; Popa-Lisseanu et al., 2007). Roosts pro-

tect bats from predation and adverse weather, promote en-

ergy conservation and facilitate social interactions and

information transfer (Kunz, 1982; Kunz and Lumsden, 2003).

Temperate bats use roosting sites for rearing pups in summer,

mating in late summer and autumn and hibernation in win-

ter. Throughout the world caves and mines host large bat
.
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colonies and the high fidelity shown to just one or a few sites

makes bats particularly vulnerable (e.g., Tuttle, 1976). Caves

serve as nursery colonies in tropical and warm-temperate re-

gions and hibernacula in both cool and warm-temperate

zones. In warm-temperate regions, cave use is often complex,

with bats moving from site to site (e.g., Kunz, 1982). The loss

or degradation of any of these sites may reduce reproductive

success or increase mortality (Fleming and Eby, 2003).

Because roosts with different functions are needed to

complete the yearly cycle, protecting only those sites with

large numbers of bats may be insufficient: management for

conservation requires an understanding of roosting ecology

(e.g., Kurta and Kennedy, 2002). Nursery colonies in under-

ground sites are widespread in southern Europe, but the same

(and many other) sites are used at other times of year. For

example, Koyunbaba Cave in NW Turkey is home to nursery

colonies totalling 23,000 bats of six species (Furman and

Ozgul, 2004), but the cave is used by a wider range of species

throughout the year. Unfortunately, Koyunbaba and many

other caves surveyed by Furman and Ozgul are under threat,

primarily from tourist development, despite the threatened

status of the bats using them. The situation is similarly unset-

tling in several other countries in the region (e.g., Paragamian

et al., 2004) and beyond (e.g., Mexico, Arita, 1996; China, Niu

et al., 2007). Of the sites under study here, Maronia Cave is

threatened by tourist development and Koufovouno is unpro-

tected and subject to frequent disturbance, which can lead to

roost abandonment.

Understanding the dynamics of animal populations is also

of great importance in conservation management. The prob-

ability of adult survival is usually the major determinant of

population growth or decline in long-lived species (e.g., Pré-

vot-Julliard et al., 1998), such as bats: estimates of survival

rate and the identification of the factors affecting it are there-

fore vital (Morris and Doak, 2002). Capture–mark–recapture

models have been among the most important methods for

the study of population dynamics, particularly of cryptic ani-

mals (Burnham et al., 1987; Pollock et al., 1990; Lebreton et al.,

1992). The recent development of sophisticated models and

flexible software has facilitated the modelling of complex

dynamics (Lebreton et al., 1992; Cooch and White, 2006). By

identifying factors involved in the survival and recapture pro-

cesses, these models can help us understand the dynamics,

ecology and behaviour of animal populations (Pollock et al.,

1990; Lebreton et al., 1992), estimate trends and assess their

viability in time, as well as evaluate the impact of threats

and management practices on survival (Lettink and Arm-

strong, 2003; Pryde et al., 2005).

Capture–mark–recapture has been applied in bats to track

movements between sites (e.g., Humphrey and Cope, 1976;

Tuttle, 1976; Fleming and Eby, 2003; Rivers et al., 2006), to

study social systems and population structure (e.g., McCrac-

ken and Bradbury, 1981; Park et al., 1998; Entwistle et al.,

2000; Senior et al., 2005) and to estimate population size

(e.g., Vonhof and Fenton, 2004; Senior et al., 2005; Rivers

et al., 2006). Many older attempts to estimate survival rates

used demographic techniques (e.g., life tables; see review by

Tuttle and Stevenson, 1982) subject to several sources of bias

and error. Only a few recent studies have investigated demo-

graphic parameters and population dynamics using more ro-
bust modelling techniques (Hoyle et al., 2001; Lettink and

Armstrong, 2003; Sendor and Simon, 2003; Pryde et al., 2005,

2006).

The long-fingered bat (Myotis capaccinii, Bonaparte, 1837) is

a cave-roosting species that uses underground sites through-

out its life cycle (Spitzenberger and von Helversen, 2001; Pap-

adatou et al., 2008). Females form large maternity colonies in

spring and summer to give birth and rear their young. Few

adult males are present in these colonies. At the end of sum-

mer, maternity colonies disperse and the number of males in-

creases (Papadatou et al., 2008). In winter, most bats move to

different caves to hibernate (Spitzenberger and von Helver-

sen, 2001; Papadatou et al., 2008). The species is widely but

sparsely distributed around the Mediterranean (Mitchell-

Jones et al., 1999; Spitzenberger and von Helversen, 2001).

Classified as Vulnerable by the World Conservation Union

(IUCN, 2007), it has undergone substantial declines in the

western part of its distribution (Mitchell-Jones et al., 1999).

Although rare overall, population density can be locally high

(Spitzenberger and von Helversen, 2001) suggesting its distri-

bution may be dependent on the availability of suitable

underground roost sites. As a regional migrant (Hutterer

et al., 2005) it is believed to cross national boundaries between

summer and winter roosts, but evidence for this remains

sparse and anecdotal. Although the ecology of M. capaccinii

is now being investigated (e.g., Biscardi et al., 2007; Papadatou

et al., 2008), we still have much to learn.

Using a ringed bat population and mark-recapture model-

ling we aimed to: (a) study the seasonal movements of M. cap-

accinii and determine whether roosting sites within the

boundaries of a protected area are adequate for the protection

of this species, (b) obtain primary population parameter esti-

mates (survival and population size) and identify factors

affecting them and (c) determine whether differences be-

tween adult female and male biology (see Papadatou et al.,

2008) were reflected in differences in these parameters and

in recapture probabilities.

The study was conducted in and close to the National Park

of Dadia-Lefkimi-Soufli, Greece, but the results are likely to be

applicable to other populations of the species across its geo-

graphical distribution, since it uses similar roosts throughout

its distribution. Indeed it is likely to be relevant to other tem-

perate cave-roosting bats, including several IUCN ‘red book’

species.

2. Materials and methods

2.1. Study sites

One volcanic cave (Vouva Lefkimis) and three disused chro-

mium mines (Agia Varvara, Tsoutouro and Katratzides) were

used by M. capaccinii in the National Park of Dadia-Lefkimi-

Soufli (Fig. 1). The species was also found in two limestone

caves near to the park, Maronia and Koufovouno (Fig. 1). Early

recaptures of ringed bats showed that Koufovouno was used

by the park’s population and it was included in the analysis.

The Diavolorema River (Fig. 1) was used regularly by foraging

M. capaccinii from all of the roosts studied and hence it was

also included in the analysis. Roosting sites are described in

detail in Papadatou et al. (2008).



Fig. 1 – The National Park of Dadia-Lefkimi-Soufli and study roosts. Inset: caves Ivanova Voda and Dyavolskoto Garlo (solid

circles), used by hibernating bats, in the western Bulgarian part of the Rhodope Mountain range and summer roosts in Dadia

National Park and Koufovouno cave (solid squares).
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2.2. Data collection

Data were obtained from bats captured at roost entrances

during evening emergence using a harp trap (Faunatech, Aus-

tralia) or mist nets (BTO, UK) and occasionally over the river.

Fieldwork was carried out between October 2002 and October

2004. No bats were captured from December to March, since

most had migrated to their hibernacula (Papadatou et al.,

2008). Visits were made on a regular basis, at intervals (10 or

14 days) aimed at minimising disturbance. Maternity colonies

were visited only once in June. All individuals were released

within 2 h of capture. Captured bats were identified, their

sex, age, reproductive condition and time of capture recorded,

and their weight and length of forearm measured. Three age

categories were defined, juvenile (J), sexually immature (I) and

adult (A) bats (for further details see Papadatou et al., 2008).

Bats were ringed on the forearm using individually numbered

aluminum rings (The Mammal Society, UK).

2.3. Data analysis

2.3.1. Data considerations
Only adult bats were used in the analysis, divided into fe-

males and males. Immature individuals were excluded to re-

duce data heterogeneity, since their year of birth was

uncertain, and preliminary analysis showed that the number

of sampling periods was insufficient for juveniles. However,

bats first captured and marked as juveniles in 2003 and recap-

tured as adults in 2004 were included in the analysis the first
time they were recaptured as adults. Capture data for each

group within each of the two years of the study were pooled

into seasons based on the bats’ seasonal roosting habits

(Papadatou et al., 2008) and capture effort. The reasons for

pooling were: (a) reduction of data sparseness, (b) reduction

of capture heterogeneity since only one roost was sampled

on each occasion, and (c) it was biologically meaningful to

examine population parameters in seasons. Seasons were

spring (April–May), summer (June–August) and autumn (Sep-

tember–October or November), a similar approach to that fol-

lowed by Hoyle et al. (2001). Winter was considered an

interval, as no captures took place and most bats had left

the sites. In total, there were seven capture seasons, each rep-

resenting a capture occasion in the analysis: AU02 (autumn

2002), SP03 (spring 2003), SU03 (summer 2003), AU03 (autumn

2003), SP04 (spring 2004), SU04 (summer 2004) and AU04

(autumn 2004). Multiple recapture of a bat within a season,

was considered a single recapture (Hargrove and Borland,

1994). Survival (u) was estimated for intervals between seasons

and recapture rate (p) and population size (N) for each season.

2.3.2. Model construction and goodness of fit testing
Data analysis was carried out using MARK (Cooch and White,

2006; White and Burnham, 1999). The Cormack-Jolly-Seber

(CJS) model based on live recaptures of animals in an open

population (Lebreton et al., 1992) was selected initially. The

main effects were sex and time, and their interaction was in-

cluded, giving the starting model: usex�timepsex�time, where (u) is

the survival and (p) the recapture rate. Model notation follows



B I O L O G I C A L C O N S E R V A T I O N 1 4 2 ( 2 0 0 9 ) 2 8 0 – 2 8 9 283
the approach recommended by Lebreton et al. (1992). The

starting model was based on the biology of the population,

as well as statistical considerations such as goodness of fit

(GOF) testing (Lebreton et al., 1992).GOF Tests 2 and 3 were ap-

plied using the program U-CARE (Choquet et al., 2005) to see

whether the data set violated the assumptions underlying

the starting model (Pollock et al., 1990; Lebreton et al., 1992).

GOF tests are made up of four different components:

TEST2.CT + TEST2.CL + TEST3.SR + TEST3.SM. Any systematic

variation in the data set that is not accounted for by the start-

ing model reflects capture (assumption 1) and (or) survival

heterogeneity (assumption 2) and results in significance

mainly in the TEST2.CT and/or TEST3.SR, respectively (Pradel

et al., 2005). Tests 3.SM and 2.CL have no simple biological

interpretation (Choquet et al., 2005). U-CARE also provides

‘‘directional’’ tests for immediate trap dependence (specific

capture heterogeneity; Pradel, 1993) and transience (specific

survival heterogeneity; Pradel et al., 1997). Transience is an

extreme case of individual heterogeneity resulting from the

capture of animals travelling through the study area at the

time of sampling (Pradel et al., 1997). To incorporate transient

individuals, a TSM (time since marking) model is used as the

global model instead of the CJS model. This model, denoted

usex�M2�t=tpsex�t where ‘‘M2’’ indicates the classification variable

for the newly and previously marked groups and ‘‘t/t’’ indi-

cates full time-dependence for survival (u) for each group,

respectively, allows survival to differ between newly and pre-

viously marked individuals (Pradel et al., 1997; Cooch and

White, 2006). The survival of previously marked individuals

is an unbiased estimate of the survival of residents, while

the survival of newly marked individuals (initial survival

including both transient and resident individuals) can be used

to estimate the proportion of transients using the formula

(Pradel et al., 1997; Appendix):

%T ¼ ð1� uRþT=uRÞ � U=ðUþ AÞ

where uR+T is the first-year or initial survival, uR the survival

of residents, and U and A the number of unmarked and al-

ready marked individuals in the sample, respectively.

A GOF test for the TSM model includes all component tests

for both sexes except TEST3.SR (Pradel et al., 1997). Hence,

GOF tests can identify biological characteristics of the study

population that prevent the CJS model from fitting the data.

Although sampling was not instantaneous in relation to the

intervals between seasons, this was assumed not to affect

survival estimates, given the long life span of bats (Hargrove

and Borland, 1994; Barclay and Harder, 2003).

2.3.3. Candidate model set and model selection
Following GOF testing and construction of an appropriate

starting (global) model, a set of alternative models containing

fewer parameters was derived based on preliminary analysis

and some a priori biological considerations from knowledge of

this (Papadatou et al., 2008) and other bat species. The most

parsimonious among models was selected based on Akaike’s

information criterion corrected for small sample size (AICc)

(Burnham and Anderson, 2002). The model with the lowest

AICc best explains the variation observed in the data set

and contains the smallest number of parameters possible.

As the most parsimonious model, it is selected as a basis
for inference (Anderson et al., 1994; Burnham and Anderson,

2002). If over-dispersion was detected in the data, the quasi-

likelihood adjustment of AICc was used (QAICc), incorporating

the over-dispersion coefficient ðĉÞ (Anderson et al., 1994). We

also report the difference (D) between QAICc of each model

and that of the most parsimonious model and Akaike’s

weight (wi) for each model. Models with DQAICc < 2 are con-

sidered to have substantial support and are thus used for

making inferences, models with DQAICc between 4 and 7 have

less support and models with DQAICc > 10 essentially none

(Burnham and Anderson, 2002). Akaike’s weight is propor-

tional to the relative likelihood of each model and the smaller

it is the less plausible is the alternative model (Buckland et al.,

1997). To accommodate model selection uncertainty, survival

and recapture rates and their associated precision measures

were estimated using model averaging over all models (Buck-

land et al., 1997).

2.3.4. Population size estimates
MARK does not calculate population sizes for open, live recap-

ture models. We therefore estimated population size Ni for

capture occasion (season) i, as ni=p̂i (Hoyle et al., 2001; Pryde

et al., 2005), where ni is the number of bats captured on occa-

sion i including both marked and unmarked individuals and

p̂i is the estimated capture rate for the same occasion.

Approximate 95% confidence intervals were calculated as

N̂ i � 2seðNiÞ where se(Ni) is the standard error of the estimate

given by the equation seðN̂ iÞ ¼ nðse½p̂�Þ=p̂2 (Lettink and Arm-

strong, 2003).

3. Results

3.1. Summary statistics

Overall, 4164 bats were captured, 2499 ringed (60.0%), and 831

individuals recaptured (33.2%) with a total of 1127 recaptures,

i.e., including individuals repeatedly recaptured, over 139

capture occasions. Of 1573 adults captured and marked, 453

individuals were recaptured (Table 1) with a total of 737 recap-

tures. The majority of adults were recaptured at a different

roosting site from the original capture site (Table 1). Distance

between roosting sites ranged from 1 km (Ag.Varvara-Tsouto-

uro) to 39 km (V. Lefkimis – Koufovouno) (Fig. 1). Long-dis-

tance movements were as likely as shorter movements, as

the proportion of bats ringed elsewhere and recaptured at

the more distant site (Koufovouno) was no lower than at other

sites (42% Koufovouno; 12–20% other sites). Frequent move-

ment between roosting sites allowed us to treat them as a sin-

gle site for the population parameter estimates.

After pooling capture occasions into seasons, most adult

bats were captured once only and, of those marked, most

were recaptured once only. The proportion of male recaptures

was significantly lower than the proportion of female recap-

tures (Table 1; v2 = 9.919, df = 1, P < 0.01).

3.2. GOF test and global model

The GOF test showed that the CJS model fitted our data, but

the P value was close to significance (Tests 2 and 3, total

v2 = 43.014, df = 30, P = 0.058; Table 2). The directional test for



Table 1 – Number of adult bats ringed, number and
proportion of individuals recaptured and number and
proportion of individuals recaptured at the site of original
capture only and at different sites at least once. Original
capture occasions were used, i.e., data is presented prior
to pooling into seasons.

Female Male Total

No. bats ringed 966 607 1573

Individuals recaptured 306 147 453

% Individuals recaptured 32 24 29

No. recaptured original site 110 67 175

% Recaptured at original site 36 46 39

No. recaptured different site 196 80 272

% Recaptured at different site 64 54 61
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transience for both sexes was significant (z = 2.208, P < 0.05),

but the test for trap dependence was not (z = �0.944,

P = 0.34). When the two sexes were examined separately,

transience was detected only in females (z = 2.354, P < 0.01),

indicating an excess of newly marked individuals never seen

again. The autumn 2003 cohort was primarily responsible for

the significant result, but there was a weak effect of tran-

sience in all seasons (data not shown). Transience was not de-

tected in males, but this could be the result of the generally

low male recapture probabilities and smaller data set. There-

fore, both sex groups were examined under a TSM model.

GOF test result for this model was significant (v2 = 33.751,

df = 21, P < 0.05), because of the significant TEST2.CT for fe-

males (Table 2). However, the specific test for trap dependence

was not (z = �0.250, P = 0.80). This indicates capture heteroge-

neity resulting from over-dispersion of the data, possibly due

to lack of independence between individuals, a feature com-

monly observed in gregarious species (Burnham and Ander-

son, 2002). Because the calculated over-dispersion

coefficient ðĉÞ was less than 3 (1.61), we concluded that the

TSM model fitted our data set adequately.

3.3. Candidate model set and model selection

3.3.1. Modelling survival
Temporal or seasonal variations were considered in model-

ling survival. Differences in energetic demands between
Table 2 – GOF test results of the CJS model usex�timepsex�time

for M. capaccinii capture–recapture data.

v2 df P

Males

TEST2.CT 6.568 4 0.16

TEST2.CL 7.763 4 0.10

TEST3.SR 1.878 4 0.76

TEST3.SM 1.540 2 0.46

Females

TEST2.CT 10.060 4 0.04

TEST2.CL 6.930 4 0.14

TEST3.SR 7.385 5 0.19

TEST3.SM 0.889 3 0.83

Total 43.014 30 0.06
sexes and/or between different reproductive seasons are

likely to cause differences in survival. Models with interaction

terms between effects ðusex�M2�t=tÞ, models constrained by sea-

son ðusex�M2�season=seasonÞ and some alternatives including addi-

tive effects were applied.

3.3.2. Modelling recapture
Recapture rate (p) was considered to be different between

sexes and constrained to be affected by season, i.e., the main

effects on (p) were sex and season. The summary of capture–

recapture data (m-arrays, not shown) showed that recapture

varied seasonally and differed between males and females:

this was incorporated in the models as an interaction term

between the main effects. Exploratory analysis confirmed

that sex or season alone did not explain any of the variation

in the data, so that models psex, pseason and p (i.e., constant re-

capture and equal between males and females or between

seasons) were not included in the set. However, some models

having only additive effects of the main factors (sex + season)

were considered, because including them allows a formal test

of the interaction effect (sex*season). Hence, recapture rate

was modelled as psex�season or psex+season.
3.3.3. Intervals
Intervals between seasons (AU02, SP03, SU03, AU03, SP04,

SU04, AU04) calculated from the median date of the pooled

capture occasions of one season to the median of the next

were 0.5, 0.2, 0.3, 0.6, 0.3 and 0.3 years successively. Yearly

fractions were used as a mean to estimate an equivalent an-

nual survival for each season.
3.3.4. Model set
Twenty models were constructed. The global model had no

support (Table 3; DQAICc >> 10; wi = 0). According to the most

parsimonious model (Table 3), survival was equal in adult

males and females, initial survival showed random temporal

variation, and survival of resident individuals was constant

through time (‘‘t/.’’ notation). However, this model had an evi-

dence ratio w1/w2 (Burnham and Anderson, 2002) only 1.22

times better than the next best model, which assumed a con-

stant initial survival (‘‘./.’’ notation; Table 3). In other words,

evidence for variation over time of the proportion of tran-

sients was not clearly supported by the data. There was some

evidence for an additive sex effect (model 3) or seasonal var-

iation in survival (models 4 and 5) with their DQAICc < 3. Over-

all, the two best models (DQAICc < 2) had 55% of the support

from the data and the top 11 (DQAICc < 7) all of the support.

Models with additive effect of sex and season in recapture

rate (psex+season) had no support (DQAICc >> 10; wi = 0).
3.4. Parameter estimates

Estimated adult initial survival was lower than the resident

adult survival, as expected (Table 4). Initial and resident sur-

vival was similar for adult males and females (Table 4) as sug-

gested by the best models in the set (Table 3). Annual survival

of residents varied between 0.862 (SE = 0.275) and 0.943

(SE = 0.169). Estimated seasonal recapture rates were gener-

ally low in both sexes (Table 4). Adult female recapture rates



Table 3 – Candidate model set describing survival and recapture of adult male and female M. capaccinii bats in the Dadia
National Park and adjacent region. Models are ranked according to their DQAICc values. Only models with DQAICc < 7 and
the global model (in bold) are shown.

Model QAICc DQAICc wi Relative model likelihood n.p. Qdev

1 uM2�=t:psex�season 1640.24 0.00 0.30 1.00 13 69.26

2 uM2� :=:psex�season 1640.64 0.40 0.25 0.82 8 79.77

3 usexþM2� :=:psex�season 1642.25 2.01 0.11 0.37 9 79.37

4 uM2�season=:psex�season 1642.27 2.03 0.11 0.36 10 77.37

5 uM2� :=seasonpsex�season 1642.70 2.46 0.09 0.29 10 77.80

6 usex�M2� :=seasonpsex�season 1644.17 3.92 0.04 0.14 11 77.24

7 usex�M2� :=:psex�season 1644.19 3.95 0.04 0.14 10 79.29

8 uM2�season=seasonpsex�season 1646.16 5.92 0.02 0.05 12 77.20

9 uM2�t=tpsex�season 1646.64 6.40 0.01 0.04 17 67.52

10 uM2� :=tpsex�season 1646.75 6.50 0.01 0.04 12 77.79

11 usexþM2�t=tpsex�season 1647.19 6.95 0.01 0.03 18 66.03

17 usex�M2�t=tpsex�t 1668.79 28.55 0.00 0.00 32 58.85

u = survival, p = recapture, QAICc = Quasi Akaike’s Information Criterion, DQAICc = differences in QAICc between each model and the most

parsimonious model, wi = Akaike’s weight, n.p. = number of estimable parameters, Qdev = deviance.
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were highest in spring and summer, whereas adult male re-

capture rates were highest in the autumn (Table 4).

3.5. Proportion of transients

Results for the proportion of transients are shown in Table 5.

3.6. Adult population size

Population size was estimated for resident males and females

in spring and summer 2003 and 2004. Autumn populations

were not estimated, because of the evidence of non-random

movements and the low recapture probabilities of bats (Pol-

lock et al., 1990). Estimates of adult population size ranged be-

tween 606 (381–830) and 1662 (1045–2278) for the females and

between 388 (95–680) and 3447 (846–6048) for the males,
Table 4 – Average estimates of survival (u) and recapture (p) an
first interval immediately following initial capture including bo
intervals, i.e., residents only (R), and (b) seasonal recapture rat
are not recaptured by definition. AU02 = autumn 2002, SP03 =

Season R + T survival

Females Mal

u SE u

(a) Survival

1 AU02–SP03 0.523 0.207 0.497

2 SP03–SU03 0.332 0.242 0.318

3 SU03–AU03 0.587 0.304 0.563

4 AU03–SP04 0.466 0.143 0.444

5 SP04–SU04 0.494 0.248 0.469

6 SU04–AU04 0.461 0.310 0.442

Female

p

(b) Recapture

1 Spring 0.220

2 Summer 0.205

3 Autumn 0.077
though the latter estimate is less precise (Table 5). Overall

estimates ranged between 993 and 5109 individuals. Because

male and female CI always overlap (Table 5), there is no evi-

dence for departure from 1:1 sex ratio in the population, but

males are less likely to be caught.

3.7. Juvenile dispersal and survival

Of 364 bats ringed as juveniles in 2003, 57 (16%) were recap-

tured as adults in 2004 and 79% of the recaptures were fe-

males. Thus 27% (45/164) of females, but only 6% (12/200) of

males, were recaptured (contingency test; v2 = 31.36, df = 1,

P < 0.001). Similar results were obtained the following year:

7% (19/272) of the juveniles ringed in 2004 were recaptured

as adults in early-mid summer 2005 and 74% were females.

For comparison, 28% (236/833) of the adult bats ringed in
d their standard errors (SE): (a) initial survival, i.e., for the
th residents and transients (R + T) and survival for all other
es. Recapture was not estimated for transients, since these
spring 2003, SU03 = summer 2003 and so on.

R survival

es Females Males

SE u SE u SE

0.222 – – – –

0.311 0.943 0.169 0.910 0.226

0.331 0.872 0.232 0.870 0.265

0.160 0.947 0.121 0.934 0.136

0.261 0.943 0.177 0.903 0.242

0.327 0.863 0.243 0.862 0.275

s Males

SE p SE

0.041 0.049 0.018

0.034 0.092 0.024

0.016 0.142 0.032



Table 5 – The proportion of transients (% T) in the population and estimates of M. capaccinii male and female population
sizes (N) with 95% confidence intervals (CI) across seasons.

Season Females Males

% T N 95% CI % T N 95% CI

SP03 64 606 381–830 65 388 95–680

SU03 29 652 438–866 34 1132 40–1725

AU03 47 – – 47 – –

SP04 38 1662 1045–2279 44 3447 846–6048

SU04 28 1553 1045–2062 37 1524 727–2322
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2003 were recovered in 2004. The proportion of juveniles

recovered in 2004 was significantly lower than that of adults

(contingency test; v2 = 26.11, df = 1, P < 0.001).

4. Discussion

4.1. Recapture and transience

Adult recapture probabilities were low and varied with season

and sex. Male recapture rates were lower than those of fe-

males in spring and summer, since many males roost at un-

known sites, when females congregate in maternity roosts

to breed (Papadatou et al., 2008). In the autumn, male recap-

ture rate increased and female recapture rate decreased, indi-

cating non-random, temporary emigration following

maternity colony dispersal at the end of summer. Increasing

male recaptures, combined with a larger proportion of males

in the autumn samples (Papadatou et al., 2008), suggest that

more males gather in these roosting sites, possibly to mate

with females in transit. The capture of many unmarked indi-

viduals in the autumn suggests transient animals, confirmed

by the significant result of GOF tests for females. Transience

was more apparent in the autumn, and also in spring 2003.

The non-significant result for males may be a result of low

male recapture rates and/or real differences in their dispersal

behaviour. Autumn and spring transients are probably bats

passing through on their way to their winter and summer

quarters, respectively. Females in transit may stop over to rest

and refuel (Strelkov, 1969; Fleming and Eby, 2003) and/or to

mate with the resident males (Dwyer, 1966; Park et al., 1998).

4.2. Roost fidelity and philopatry

It has been suggested that bats are more faithful to more per-

manent but scarce sites, such as caves and mines (Kunz, 1982;

Lewis, 1995; Kunz and Lumsden, 2003). We observed roost

switching among M. capaccinii maternity colonies between

and within years (Papadatou et al., 2008), but it was less fre-

quent than in many tree-roosting species, e.g., Myotis

bechsteinii (Kerth et al., 2006) and Nyctalus lasiopterus

(Popa-Lisseanu et al., 2007). Colonies of these species fre-

quently occupy several roosts simultaneously within their

home range as the colony fragments and reforms. M. capaccinii

also conforms to this fission–fusion model, with regular inter-

change of bats between roosts over a substantial area, but they

move less frequently than the tree-roosting species studied.

With the exception of lactating individuals, M. capaccinii, moved
between roosting sites from spring through to autumn, cover-

ing distances up to 39 km, even during heavy pregnancy

(Papadatou, 2006). Movements between caves have also been

observed in M. capaccinii in southern France (Némoz and

Brisorgueil, 2008) and in other cave-species, e.g., Macroderma

gigas (Hoyle et al., 2001), Myotis grisescens (Tuttle, 1976),

Miniopterus schreibersii (Dwyer, 1966) and Desmondus rotundus

(Trajano, 1996).

Females usually return to their natal colony after hiberna-

tion, but males rarely do (e.g., Tuttle, 1976; Bradbury, 1977; Pe-

tit and Mayer, 1999; Castella et al., 2001), a characteristic of

many mammals (Greenwood, 1980). Recaptures of adults

ringed as juveniles suggest that M. capaccinii conforms to this

pattern of male-biased dispersal.

4.3. Adult survival

The most parsimonious model suggested that random tem-

poral effects (such as weather and prey availability) have a

more significant effect on survival than season. However, a

time effect was apparent only in the interval following initial

capture, i.e., when there were transients, and thus may be an

effect of the different proportion of transients in each capture

occasion. The sex effect was relatively weak, perhaps due to

the small male sample. Some studies suggest differential sur-

vival between male and female bats (e.g., Gerell and Lund-

berg, 1990; Hoyle et al., 2001; Pryde et al., 2005), but Sendor

and Simon (2003) found no sex-specific difference in survival

in Pipistrellus pipistrellus. Sex-specific differences in summer

survival might be expected due to the high energy demands

of lactation and also in winter survival, since females may de-

posit more fat than males in the autumn Ransome, 1990.

However, although adult females were heavier than males

in the autumn, this was due only to their larger skeletal size

(Papadatou et al., 2008).

Annual equivalent survival (0.86–0.94), estimated within

each season, was comparable to values (>0.80) reported in re-

cent studies using similar modelling methods: e.g., Myotis nat-

tereri in the UK (Rivers et al., 2006), P. pipistrellus in Germany

(Sendor and Simon, 2003) and Chalinolobus tuberculatus in

New Zealand (Pryde et al., 2005). Most older studies used less

rigorous techniques (e.g., unknown age-cohort life tables) and

failed to take into account capture heterogeneity (e.g., emi-

gration or dispersal). As a consequence, estimated survival

was lower, e.g., 0.28–0.75 in P. pipistrellus (Gerell and Lundberg,

1990), 0.72–0.86 in Myotis lucifugus (Humphrey and Cope 1976)

and 0.57–0.82 in M. grisescens (Tuttle and Stevenson, 1982).
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Survival estimates for black-headed gull increased from less

than 0.75 to 0.90 over time, reflecting the improvement in

methods (Prévot-Julliard et al., 1998).

A greater mortality during the winter compared to other

seasons might be expected due to the depletion of fat reserves

at the end of hibernation. However, in agreement with Sendor

and Simon (2003), we found no evidence for this.

The significantly lower proportion of juveniles recaptured

in the year following their birth may indicate higher vulnera-

bility and lower winter survival compared to adults (Tuttle

and Stevenson, 1982). However, it is more likely to be due to

dispersal of juvenile males away from the natal area: only

6% were recaptured as adults, compared to 27% of juvenile fe-

males. Furthermore, immature bats and non-reproductive fe-

males may roost separately from maternity colonies (e.g.,

Hamilton and Barclay, 1994; Solick and Barclay, 2006).

4.4. Adult population size

The lack of familiarity with the study population and roosts in

2003 resulted in fewer captures (Lettink and Armstrong, 2003)

which in turn affected population estimators. This may ex-

plain the large difference between estimated spring 2003 and

2004 populations. Estimates became more reliable later when

capture probabilities were relatively high (Lebreton et al.,

1992). Nevertheless, our study shows that the M. capaccinii

adult population reaches several thousand individuals in

spring and summer. However, the species may be only locally

abundant in Dadia National Park. Distribution and abundance

of suitable underground roosting sites may have a significant

effect on the distribution, density and colony size of bat popu-

lations (Kunz, 1982). As an obligate cave-dweller (Spitzenber-

ger and von Helversen, 2001), patchy roost distribution may

lead to patchy distribution of the species across its range, as

appears to be the case in Bulgaria (Benda et al., 2003).

4.5. Conservation implications

The high proportion of transient bats and the regular use of

roosts outside the national park show that protection must

extend beyond the park’s boundaries to be effective in con-

serving its breeding population. However, we do not know

where transient bats are when they are not in the park. One

bat ringed in Dadia was recovered in September 2005, and five

more in February 2006, in Ivanova Voda, a cave hibernation

site in the western Rhodope Mountains of Bulgaria (Fig. 1),

140 km north-west of Dadia (T. Ivanova and B. Petrov, pers.

comm.), where up to 9000 hibernating M. capaccinii have been

reported (Benda et al., 2003). At least nine more ringed bats

were seen whose numbers could not be read and many more

may have gone unobserved in the dense hibernation clusters.

We recovered three bats in Dadia that were ringed at Ivanova

Voda (T. Ivanova, pers. comm.). Ivanova Voda and the nearby

Djavolskoto Garlo are among only a few large hibernacula in

the western Rhodopes (B. Petrov and T. Ivanova, pers. comm.)

and like Koufovouno lack legal protection. Tens of thousands

of bats of several species, including M. capaccinii, hibernate in

these two caves from summer roosts in Bulgaria and beyond.

Only one small hibernation site of M. capaccinii is known in NE

Greece (Maronia Cave, Paragamian et al., 2004) but no bats
from Dadia have been recovered there. Furman and Ozgul

(2004) recorded approximately 1000 M. capaccinii in winter

and 4000 in spring in caves in NW Turkey, 140 km east of Da-

dia. Over 90% of the M. capaccinii were in a single cave, Dupn-

isa, and most appeared to hibernate elsewhere. The evidence

suggests that M. capaccinii spend the summer in underground

sites throughout SE Europe, often forming large maternity

colonies. The bats gather to hibernate in even larger concen-

trations in a small number of sites. This pattern is seen in

other species: e.g., an estimated 90% of the population of Myo-

tis grisescens in the southeastern United States hibernates in

only three caves, with 75% in a single cave (Tuttle, 1976).

The conservation of M. capaccinii and other migratory species

requires large-scale, integrated conservation plans with co-

operation between several countries. There is an urgent need

for action, since multi-species assemblages in underground

sites in Europe (e.g., Turkey, Furman and Ozgul, 2004; Greece,

Paragamian et al., 2004) and beyond (e.g., Mexico, Arita, 1996;

China, Niu et al., 2007) are threatened by tourist development.

Note added in proof

A male ringed at Maronia was recently recaptured at Gargina

Doupka cave (near Ivanova Voda, Fig. 1: B. Petrov, pers.

comm.) in Bulgaria and a female from Koufovouno was recap-

tured at Koyunbaba Cave in Turkey (see Furman and Ozgul,

2004; B. Ozkan and S. Paksuz, pers. comm.) emphasising the

complex, trans-national migration patterns.
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