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Abstract: Bats are among the most ecologically diverse mammalian orders. Most species live in groups for at least a portion
of their life cycle and behavioural evidence suggests that individuals of many species live within complex nonrandomly as-
sorting societies. However, rigorous quantitative characterizations of bat societies have been rare because of the diffi-
culties inherent in studying these highly mobile, small, nocturnal animals. Here we use an automated monitoring
system (PIT tags), telemetry, and recently developed analytical techniques to investigate the social organization (size,
sexual composition, and spatiotemporal cohesion) and social structure (pattern of social interactions and relationships
among individuals) of a colony of free-living northern long-eared bats, Myotis septentrionalis (Trouessart, 1897). Clus-
ter analysis of HWI (half-weight association index) for all pairs and permutation tests indicate that colonies consist of
multiple, nonrandomly assorting subgroups. A plot of the temporal persistence of relationships (standardized lagged as-
sociation rate) showed that roosting groups dissociate over periods of approximately 10 days after which subsets of in-
dividuals remain associated throughout the summer roosting season. A model representing a two-levelled social
structure of long-term (whole summer) and short-term (up to 10 days) acquaintances best fit the lagged association
rate. Subgroups were most cohesive during the lactation period, but we found no evidence for the effects of minimum
nightly temperature on subgroup cohesion.

Résumé : Les chauves-souris constituent l’un des ordres de mammifères les plus diversifiés écologiquement. La plupart
des espèces vivent en groupes au moins pendant une partie de leur cycle biologique et des observations comportementales
laissent croire que plusieurs espèces vivent dans des sociétés complexes à assemblage non aléatoire. Il y a, cependant, peu
de caractérisations rigoureuses et quantitatives des sociétés de chauves-souris à cause des difficultés inhérentes à l’étude
de ces animaux nocturnes, petits et très mobiles. Nous utilisons un système de monitoring automatisé (étiquettes PIT), la
télémétrie et des techniques analytiques récentes pour déterminer l’organisation sociale (taille, composition sexuelle et co-
hésion spatio-temporelle) et la structure sociale (patrons d’interactions sociales et relations entre les individus) chez une
colonie de chauves-souris nordiques, Myotis septentrionalis (Trouessart, 1897), en nature. Une analyse de groupement des
valeurs des coefficients HWI (« half-weight index ») de chaque paire d’individus et des tests de permutation indiquent que
les colonies sont constituées de multiples sous-groupes qui s’associent de manière non aléatoire. Un graphique représentant
la persistance temporelle des relations (taux standardisés d’association avec décalage) montre que les groupes de perchage
se dissocient au cours de périodes d’environ dix jours, après quoi certains sous-groupes restent associés durant toute la sai-
son de perchage d’été. Un modèle qui représente une structure sociale à deux niveaux de connaissances à long (tout l’été)
et à court (jusqu’à dix jours) termes s’ajuste le mieux aux taux d’association avec décalage. Les sous-groupes sont plus co-
hésifs pendant la période d’allaitement. Nous ne trouvons aucune indication d’effets de la température minimale nocturne
sur la cohésion des sous-groupes.

[Traduit par la Rédaction]

Introduction

A society is a cohesive group of individuals with organ-
ized patterns of relationships, the context of which are re-
lated to survival and reproductive success (Robinson et al.
2005). Individuals that are able to vary competitive and co-
operative strategies in response to ecological and environ-
mental variation will be more likely to survive and

reproduce (Chesser 1998). Of those species that live in
groups, social species are differentiated from aggregating
species via the mechanisms through which individual fitness
is enhanced. Social species derive fitness benefits based
upon group composition and interactions with specific indi-
viduals (active benefits; Wilkinson 1985). However, aggre-
gating species form groups at limiting or patchily
distributed resources, possibly gaining by-product fitness
benefits simply by being part of a group, regardless of its
membership (passive benefits; Wilkinson 1985). Kappeler
and van Schaik (2002) suggest that societies can be charac-
terized by three basic elements: social organization, social
structure, and mating system. Social organization is a broad
descriptor of group size, sexual composition, and spatiotem-
poral cohesiveness. Social structure characterizes the pattern
of dyadic social interactions within a society. Finally, the
mating system describes social interactions of mating cou-
ples and the genetic consequences of these interactions.
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Societies from across a wide variety of mammalian taxa
have been described under the umbrella term of fission–
fusion sociality, where groups that vary in size, composi-
tion, and temporal permanence form through fission and
fusion of social units of association (e.g., ungulates, Con-
radt and Roper 2000; primates, Kappeler and van Schaik
2002; chiropterans, Kerth and Konig 1999; cetaceans,
Christal et al. 1998; canids, Owens and Owens 1978; fel-
ids, Packer 1986; marsupials, Kaufmann 1974). In fission–
fusion societies, the social unit of association can be ei-
ther individuals or groups (van Schaik 1999), and at least
three different settings within which groups of these units
of association break apart and reform have been de-
scribed. First, fission and fusion can occur within closed
social groups where individuals from even neighbouring
groups rarely or never interact (e.g., chimpanzees, Pan
troglodytes (Blumenbach, 1775) (Nishida 1968); Bech-
stein’s bats, Myotis bechsteinii (Kuhl, 1817) (Kerth and
Konig 1999). Within these social groups, there are often
subgroups of particularly highly associated individuals.
Second, fission and fusion similar to that described above
can occur in unbounded open populations (e.g., bottlenose
dolphins, Tursiops truncatus (Montagu, 1821), in Shark
Bay, Australia; Connor et al. 2000). Finally, fission and
fusion can occur among multiple hierarchical units of or-
ganization (e.g., African elephants, Loxodonta africana
(Blumenbach, 1797), may have up to five social tiers;
Wittemyer et al. 2005).

Understanding animal societies can provide insights into
population structuring through its influences on mating pat-
terns, the spatial and temporal distribution of individuals,
dispersal, and patterns of resource use. There are also impor-
tant implications for species management and conservation
if degradation of social relationships owing to anthropogenic
environmental alteration results in negative fitness conse-
quences. For example, networks of roost trees used by
white-striped free-tailed bats (Tadarida australis (Gray,
1839)) in Australia are characterized by many trees, a small
number of which function as communal ‘‘hub’’ roosts that
likely facilitate social interactions between individuals
within a colony (Rhodes et al. 2006). Where roost trees are
limiting, the loss of hub roost trees may fragment the roost-
tree network and consequently the social network, likely re-
sulting in negative fitness consequences (Rhodes et al.
2006). Despite evidence that sociality is particularly wide-
spread and diverse among bats (Burland and Worthington
Wilmer 2001; McCracken and Wilkinson 2000), quantitative
studies of the various elements of bat societies have been
rare. Aspects of social systems have been quantitatively in-
vestigated in some other free-ranging forest bat species
(e.g., big brown bats, Eptesicus fuscus (Beauvois, 1796),
Willis and Brigham 2004; New Zealand long-tailed bats,
Chalinolobus tuberculatus (Forster, 1844), O’Donnell 2000;
Bechstein’s bats, Kerth and Konig 1999; and Spix’s disk-
winged bats, Thyroptera tricolor Spix, 1823, Vonhof et al.
2004). These societies seem to generally conform to the
closed-group fission–fusion sociality model. In each case a
colony (sensu Burland and Worthington Wilmer 2001; based
upon level of interaction between individuals potentially at
one or more roosts) was most often spread over multiple
roost trees on a given day. Bats switched roosts often, the

composition of individuals within roosts was variable, and
interactions between individuals from neighbouring colonies
were rare or did not occur.

In most cases the underlying mechanisms for group fis-
sion and fusion are generally not well understood. For bats,
two potential explanations include social thermoregulation
(Willis and Brigham 2007) or cooperative interactions (e.g.,
Kerth and Reckardt 2003; Kerth et al. 2003). If social ther-
moregulation has an important influence on subgroup (indi-
viduals that associate more often than random) formation,
we would predict that subgroup pairs would be more likely
to roost together at colder temperatures. For female bats the
lactation period is the most energetically expensive period of
reproduction (Wilde et al. 1995), so cooperative interactions
may be particularly important during this time period and
we would predict that subgroup pairs might be most likely
to roost together during this time period.

The goal of this study was to investigate the social struc-
ture, social organization, and potential effects of ambient
temperature and reproductive status on subgroup cohesion
in one colony of northern long-eared bats, Myotis septentrio-
nalis (Trouessart, 1897). During the summer, northern long-
eared bats rely on forests for roosting and foraging (Foster
and Kurta 1999; Jung et al. 1999; Lacki and Schwierjohann
2001; Broders and Forbes 2004; Broders et al. 2006). Both
males and females roost under loose bark or in cavities.
Males tend to roost singly, whereas females gather at mater-
nity roosts where they give birth and raise offspring (Foster
and Kurta 1999; Lacki and Schwierjohann 2001; Broders
and Forbes 2004); thus, our analysis is constrained to adult
females at maternity roosts. The northern long-eared bat (5–
8 g) is common throughout northeastern North America and
ranges as far west as Alberta and as far south as Wyoming
(van Zyll de Jong 1985; Caceres and Barclay 2000). Copula-
tion occurs in autumn at hibernacula (Caire et al. 1979) and
sperm is stored overwinter, after which a single egg is re-
leased and implantation occurs in early spring upon arousal
from hibernation (Racey 1982; Uchida and Mori 1987).

Specifically, our objectives were to (i) determine whether
female northern long-eared bat colonies are random aggre-
gations or social in nature (i.e., consisting of individuals
with their preferred associates), (ii) characterize the social
structure and quantify the temporal permanence of pairwise
associations, and (iii) if they are social, determine the influ-
ence of ambient temperature and reproductive status on the
variation in subgroup cohesion on a daily basis.

Materials and methods

Study site
Fieldwork was conducted from 3 June to 31 August 2005

at Dollar Lake Provincial Park (44855’N, 63819’W), Nova
Scotia, Canada. The forest within the park is characterized
by stands of mature eastern hemlock (Tsuga canadensis (L.)
Carr.) interspersed with yellow birch (Betula alleghaniensis
Britt.), red maple (Acer rubrum L.), red spruce (Picea ru-
bens Sarg.), white pine (Pinus strobus L.), and balsam fir
(Abies balsamea (L.) P. Mill.). Within this system, there
was a patchwork of windthrows in the very early stages of
succession, which was caused by a hurricane in 2003. Much
of the area outside of the park and some areas within the
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park have been cut within the last 30 years and are in vari-
ous stages of regeneration.

Capture, marking, and radio-tracking
Bats were trapped along forested trails using harp traps

(Austbat Research Equipment, Lower Plenty, Victoria, Aus-
tralia) and at roost trees using cavity traps (modified harp-
trap design) placed over cavity exits (Kunz and Kurta
1988). Reproductive status of females was classified as
pregnant (based upon gentle stomach palpation), lactating
(bare patches around nipples or presence of milk), or no evi-
dence of reproduction.

Passively integrated transponders (PIT tags; EID-ID 100
implantable transponders, EIDAP Inc., Sherwood Park, Al-
berta, Canada; Gibbons and Andrews 2004) were subcutane-
ously injected into all individuals for permanent
identification. PIT tags have been used successfully to mark
small mammals, including bats, in both field and laboratory
situations (Barnard 1989; Rao and Edmondson 1990; Kerth
and Konig 1996; Horn 1998; Gibbons and Andrews 2004).
In each reported case where PIT tags have been used to
monitor bats, there were no known instances of mortality,
injuries, or infections.

Radio transmitters (0.39 g, model LB-2NT; Holohil Sys-
tems Limited, Carp, Ontario, Canada) were glued (Skin-
bond; Smith and Nephew United Inc., Largo, Florida, USA)
to a subset of captured females to locate roost trees. Roost
trees were located by homing in on the transmitter with a
radio receiver (HR 2000 Osprey VHF receiver; H.A.B.I.T.
Research Limited, Victoria, British Columbia, Canada) and
a three-element Yagi antenna (AF Antronics, Urbana, Illi-
nois, USA). Bats were tracked for the duration of the trans-
mitter battery life or until the transmitter fell off.

At roost trees that were deemed safe to climb, 1 or more
of 8 automated PIT-tag recorders (EIDAP Inc., Sherwood
Park, Alberta, Canada) were placed at cavity exits to record
bats entering and exiting the cavities. Because roost trees
often contained multiple cavities, it was sometimes neces-
sary to simultaneously deploy multiple PIT-tag recorders on
one tree if the cavity exit site had not been previously lo-
cated by emergence counts and because bats often exited
out of multiple cavities. Even with multiple PIT-tag record-
ers deployed on a single tree, there were still occasions
when some bats exited out of cavities that were not moni-
tored, and more often than not we chose the wrong cavity
and did not record any bats.

Association patterns
When the social structure of a group is not random

(Whitehead 1997; Bejder et al. 1998), it can be character-
ized by the pattern of dyadic interactions (Hinde 1976). Be-
cause direct observation of interactions between individuals
was not possible, we assumed because of the likely close
proximity of individuals within roost trees that individuals
roosting together in the same roost tree interacted (White-
head and Dufault 1999). Associations are recorded based
only upon marked individuals and thus so are our infer-
ences.

Association data from both PIT-tag recorders and teleme-
try (on days when three or more individuals were moni-
tored) were used in our analysis. Estimates of the strengths

of associations were calculated using the half-weight associ-
ation index (Cairns and Schwager 1987), which is computa-
tionally the same as Fager’s symmetrical index used by
Wilkinson (1985) while examining vampire bats and by
Kerth and Konig (1999) while examining Bechstein’s bats.
The half-weight association index is calculated as HWI =
x/[0.5�(nA + nB)], where x is the number of times individu-
als A and B were located roosting together and nA and nB
are the total number of times individuals A and B were lo-
cated. The HWI will underestimate the strength of associa-
tions where bats are recorded via telemetry because other
marked individuals will be missed and also because some
proportion of PIT-tagged individuals are also expected to
be missed (e.g., 15% for Bechstien’s bat; Kerth and Konig
1996). In these cases, our results will likely be conserva-
tive estimates of the strength of associations. It is possible
that some pairs with low HWI values are more closely as-
sociated than what our estimates suggest, however, high
HWI values within this analysis represent strong associa-
tions. The recently developed pairwise sharing index
(Willis and Brigham 2004) is inappropriate for this analy-
sis. This index requires that both individuals of a pair be
located on the same day. Because the majority of our data
come from monitoring groups at a single tree on a given
evening, most pairs would have index values close to 1.

Social structure is detectable as nonrandom association
patterns among individuals. When association patterns are
different than random (i.e., preferred and (or) avoided asso-
ciates), the standard deviation of association indices will be
greater than that expected if associations are random (Bejder
et al. 1998). To determine whether the standard deviation of
our observed roosting association matrix (derived from pair-
wise HWI values for each possible pair) was different from
random, the observed association matrix was permuted fol-
lowing Manly (1995) and Bejder et al. (1998), with modifi-
cations introduced in Whitehead (1999) and Whitehead et al.
(2005). This procedure alters the association matrix so that
the number of individuals within each group and the number
of groups identified on a day are the same as in the original
data. The standard deviation is calculated for each permuta-
tion. The pattern of association matrix permutations is se-
quential and begins with the original data set. Thus,
permutations are not independent and so the number of per-
mutations needed to generate accurate p values is higher
than that needed using standard Monte Carlo methods and
is determined by increasing the number of permutations un-
til p values stabilize (Bejder et al. 1998). If the standard de-
viation of the observed association matrix is greater than
that of the permuted data (p > 0.95), the null hypothesis stat-
ing that there are no preferred and (or) avoided associates is
rejected (Bejder et al. 1998). Pairwise association patterns
are presented in an average linkage cluster analysis. We
considered clusters of animals to form distinct subgroups if
they clustered above the mean + SD of the HWI value of
the randomly permuted data sets. Only two previous studies
of bat sociality have used randomization tests to determine
whether association patterns are different than random (Wil-
kinson 1985; Vonhof et al. 2004). Wilkinson (1985) did not
present the details of the algorithm used and Vonhof et al.
(2004) used the same algorithm as used in this study.
Although different than some of the published approaches
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used to examine bat sociality, aspects of this technique have
been incorporated in studies of primates, cetaceans, canids,
ungulates, and domestic animals; thus, we hope that by also
incorporating its use into our study we can facilitate future
synthetic work of bat sociality, as well as sociality across a
wider range of taxa.

Temporal patterning of associations
The standardized lagged association rate (SLAR) was

used to model the temporal nature of associations and is ap-
propriate (relative to the lagged association rate) when not
all associates are recorded on every monitoring occasion
(Whitehead 1995). The SLAR is the average probability
that a pair of individuals recorded together at time zero will
be together again at subsequent time periods. Standard errors
of the SLAR can be estimated by jackknifing. The SLAR
was compared with the null association rate (i.e., that ex-
pected if individuals were associating at random and calcu-
lated as g(�) = 1/(P – 1), where P is the marked population;
Whitehead 1995).

Fitting models that approximate features of various social
structures to the SLAR provides a quantitative means for es-
timating the temporal cohesion of subgroups and the ex-
pected number of associates of an individual (Whitehead
1995). Exponential decay models (of the form a�exp(–b�),
where the units of � are days) representing simulated social
structures were fitted to the lagged association rate and
ranked using Akaike’s information criterion corrected for
small sample size and over dispersion (QAICc, Table 1;
Burnham and Anderson 2002; Whitehead 1995). Our models
corresponded to a society of (i) constant companions (i.e., a
society of closed social units), (ii) casual acquaintances (i.e.,
a society where relationships between individuals within so-
cial units decay over a period of time and are not perma-
nent), (iii) constant companions and casual acquaintances
(i.e., a society where individuals within social units have
both permanent relationships and relationships that decay
over a period of time), and (iv) two levels of casual acquain-
tances (i.e., a society with two classes of relationships that
decay over different time lags, but neither is permanent;
Fig. 1, inset). The association index, permutation test, SLAR,
and model fitting of the SLAR were each calculated using
SOCPROG statistical modules written for MATLAB
(Whitehead 2005). For each model, we calculated the dif-
ference between QAICc and that of the best approximating
model (�i), Akaike weights (wi), the probability that the
ith model is the best approximating model among candi-
date models, and present the sum of Akaike weights of
the ith model and all higher ranking models (�wi; Burn-

ham and Anderson 2002). Akaike weights provide insight
into model selection uncertainty and the strength of evi-
dence in the data for competing models (Burnham and An-
derson 2002).

Effects of reproductive status and ambient temperature
on subgroup associations

We tested whether reproductive period and temperature
affected whether or not subgroup members roosted to-
gether with two bivariate logistic regressions. Independent
variables were reproductive period (lactation period vs.
pre-lactation and post-lactation periods) and temperature
(minimum temperature from the night previous to the
roosting day). Lactation period was defined as the date of
first evidence of lactation until the first volant juvenile
was captured. Not all individuals were known to be repro-
ductive, as we did not recapture all individuals during the
lactation period. The dependant variable was subgroup
pairs (with subgroups delineated from HWI values above
random), coded as 1 if both individuals of the pair were
located together and 0 if both were located, but they are
in different trees on a given roosting day. To test whether
effects of independent variables differed from random, the
dependant variable was randomly permuted for 999 itera-
tions. Mean p values (the proportion of permuted values
greater than the observed value; one-tailed test), the
breadth and position of 95% confidence intervals around
parameter estimates, and odds ratios (antilogarithm of �;
Hosmer and Lemeshow 2000) are interpreted when infer-
ring evidence for biological effects.

Results
We captured and PIT-tagged 43 adult females and tracked

17 of these individuals to 46 roosts via radio telemetry.
Transmitters weighed, on average, 5.5% of the bat’s body
mass. Thirty-six bats were identified at roost trees and those
bats roosted in the trees for 1.6 ± 0.5 (mean ± SD) days. Of
the 36 bats recorded at roost trees, 26 were recorded on two
or more occasions for 9.01 ± 5.14 (mean ± SD) identifica-
tions at roosts per bat (range 2–21). Of the total of 248 re-
cordings of bats at roosts, 127 were with PIT-tag recorders
and 121 with telemetry. Emergence counts of bats exiting
roosts ranged from 1 to 67 (mean of 29, n = 28) and so
64% of the highest number of bats (67) observed were
marked. Known roosts were spread over 2.68 km2. The
mean number of days between first and last identifications
of individuals was 21 days.

There was no evidence of adverse effects of marking indi-
viduals with PIT tags in any of 17 recaptured bats. However,

Table 1. A priori candidate model set of simulated social structures fit to the standardized lagged associa-
tion rate of northern long-eared bats (Myotis septentrionalis) in Nova Scotia, Canada, 2005.

Model description Model structure wi �i K Rank

Constant companions (CC) g(�) = a1 0.00 448.37 0 4
Casual aquaintances (CA) g(�) = a2exp(–a1�) 0.00 316.09 1 3
CA + CC g(�) = a2 + a3exp(–a3�) 0.72 0.00 2 1
Two levels of CA g(�) = a3exp(–a1�) + a4exp(–a2�) 0.28 0.39 3 2

Note: Models are ranked using Akaike’s information criterion corrected for small sample size and over dispersion
(QAICc). We present the probability that a model is the top-ranked model (wi), the distance between each model and
the top-ranked model (�i), the number of estimatable parameters (K), and model rank.
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one female seemed to have lost her PIT tag. It was evident
that she was initially captured early in the study, as pata-
gium sample holes (taken for subsequent genetic analysis)
had healed and fur had been trimmed, but we could neither
see, feel, nor record a PIT tag. This individual was above
the mean mass for captures during this time period with no
obvious injuries.

Preferential associations
The standard deviation of the mean observed HWI value

was significantly higher than that generated from the per-
muted data sets (20 000 iterations, p > 0.999) and so the null
hypothesis that individuals associate at random was rejected
(p values represent the proportion randomly generated data
sets with standard deviations less than the real data; White-
head 2005). The mean (±SD) of all nonzero HWI values
was 0.22 ± 0.15, indicating that individuals which associate
can be expected to be located together on approximately
22% of days. The mean (±SD) maximum HWI value for
each individual was 0.42 ± 0.19, suggesting that some pairs
were more strongly associated and expected to roost together
on approximately 42% of days.

Cluster analysis of HWI values delineated nine subgroups
(HWI values >0.1; cophenetic correlation coefficient (a mea-
sure of fit of the association matrix to the dendrogram) of 0.82;

Fig. 2). Within each subgroup, the HWI values were quite
variable. This could be an artefact of sample size or possi-
bly varying degrees of cohesiveness among members of
the same subgroup. Subgroup members were often sepa-
rated into two or more trees on a given day and almost in-
variably roosted with members of other subgroups. On
some occasions, groups of 2–4 individuals roosted together
on consecutive days in roosts separated by >1 km. These
results suggest that this species lives in a nonrandomly as-
sorting fission–fusion society. Seven bats that were cap-
tured free-flying with harp traps were not recorded, while
10 bats were recorded at roosts only once. We attribute
the low number of recordings of these bats at roosts to
only being able to follow bats with transmitters and there-
fore only recording those bats associates. It seems likely
that these 10 bats were members of other subgroups.

Temporal pattern and community structure
The SLAR falls for approximately 10 days and then sta-

bilizes above the null association rate. This indicates that
the majority of intermixing occurs during the initial 10 days
after group formation (with group formation occurring daily
at roosts), after which a subset of individuals remain associ-
ated throughout the summer (Fig. 1). Model selection indi-
cated that the model representing a two-levelled social
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Fig. 1. Standardized lagged association rate (SLAR) of northern long-eared bats (Myotis septentrionalis) with jackknifed standard error bars,
null association rate, and best fit model (constant companions and casual acquaintances; CC + CA) to the SLAR. (Inset) Examples of the
predicted lag patterns of models in the candidate set. The model representing constant companions predicts a straight line; individuals are
expected to remain associated at all time lags (i). The predicted line for the model representing constant companions and casual acquain-
tances (ii) depicts a decreasing probability of association over some time lag after which the model asymptotes above the null association
rate. The lines representing the model for a society composed of casual acquaintances (CA) and the model for two levels of CA (iii) could
look similar in shape, and depict a decay in the probability of individuals associating after some time lag (CA) or one shorter and one
longer time lag (two levels of CA), but eventually each line reaches the null association rate (iv) and the probability of the initial individuals
associating is no different than random.
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system of casual (short-term) acquaintances and constant
(long-term) companions best fit the data and model set
(Table 1, Fig. 1), with 68% probability of being the best
candidate model given the data (wi = 0.68). A second model,
describing a two-levelled social system of casual acquain-
tances, had a 32% probability of being the best candidate
model (Table 1; wi = 0.32). The fitted lines for these models
were nearly identical and the inferences drawn from their in-
terpretations were similar. Neither fitted line fell below the
line for the null association rate for time lags investigated
during this study and so we interpret the constant
companions and casual acquaintances model, as it had the
highest probability of explaining the variation in these data
and had fewer estimatable parameters (K = 2) than the two-
levelled casual acquaintance model (K = 3).

Because we used the standardized lagged association rate
(instead of the lagged association rate that ranges from 0 to
1), the level at which the line stabilizes relative to the y in-
tercept can be interpreted as the proportion of individuals
within a roost tree that remains associated with a randomly
chosen individual from that roost in the long term (i.e., the
estimated proportion of constant companions). The model
value when the time lag equals zero (y intercept) is 0.343
and the model stabilizes at 0.047. Therefore, approximately
14% (0.047/0.343) of marked individuals within a maternity
roost may be expected to remain associated throughout the
summer.

Effects of reproductive status and ambient temperature
on subgroup associations

The analyses of subgroup cohesion indicated that the odds
of a pair within a subgroup being located together on a day
during the lactation period (n = 32) were 2.35 times greater
than pre-lactation and post-lactation periods (n = 67;
�constant = –0.56 (SE 0.39), �reproductive status = 0.86 (SE 0.42);
odds ratio = 2.35, 95% CI = 1.04–5.38, p = 0.037). The
minimum temperature from the night before a pair was lo-
cated together during the day had little effect on subgroup
cohesion as indicated by the odds ratio and its confidence
interval, the small effect sizes over the range of tempera-
tures that occurred during the study, and the nonsignificant
p value (�constant = –0.93 (SE 0.76), �temperature = 0.074 (SE
0.050); odds ratio = 1.07, 95% CI = 0.98–1.19, p = 0.11).

Discussion

We show that northern long-eared bats at maternity roosts
actively associate in nonrandom fission–fusion societies.
This is demonstrated by (i) the permutation test of HWI val-
ues showing that there were more extreme associations than
would be expected if associations were random, (ii) evi-
dence that subgroup pairs were more likely to roost together
during the lactation period (potentially active association),
and (iii) model selection indicating two levels of association
patterns (short-term and long-term) above the expected null
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Fig. 2. Average linkage cluster analysis diagram of half-weight association index (HWI) values of female northern long-eared bats within
maternity roosts at Dollar Lake Provincial Park, Nova Scotia, Canada, 2005. Permutation tests indicated that clustering was different than
random. Nine subgroups (a–i) were delineated based on individuals with HWI values >0.1.
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association rate. Subgroup roosting areas overlapped exten-
sively, and although we did not observe this directly, it
seems likely that most individuals within the study area
roosted together at some point during the summer season.

The composition of roosting groups on the whole was
largely ephemeral in nature and subgroups most often
roosted in multiple roost trees on a given day. The model
that best fit the SLAR data described a two-levelled society
consisting of constant companions and casual acquaintances.
The rate of decay of the SLAR suggests that the majority of
social intermixing at maternity roosts takes place and decays
over periods of approximately 10 days after the initial for-
mation of a roosting group (casual acquaintances). Subsets
of individuals (14%) within maternity roosts, however, re-
main closely affiliated throughout the season (constant com-
panions; corresponding with between 2 and 9 individuals in
this study based on 14% of minimum through maximum
emergence counts). As new roosting groups are formed
daily, this suggests that at any one time 14% of individuals
roosting together may be expected to remain associated
throughout the entire summer season. Associations with all
other individuals decay over a period of 10 days after which
the likelihood of associations between these individuals is
no different than that expected at random. Because individu-
als from multiple subgroups roosted with members of other
subgroups, it appears that this social system could be consis-
tent with an open-group or closed-group fission–fusion soci-
ety. From our data it is difficult to differentiate between an
open-group and a closed-group, as it is possible that the
scale of our study was not large enough to include multiple
closed-group fission–fusion societies.

As discussed previously (see the Introduction), forms of
fission–fusion sociality have been described within and
across diverse taxa. As of yet it is not clear whether there
are general mechanisms through which fitness is enhanced;
in fact, the diversity of possible pathways is large. For ex-
ample, the subgroup size and composition of chimpanzees
varies with predation pressure (Sakura 1994), the presence
of reproductive females (Hashimoto et al. 2001), the quality
and patchiness of food sources (Matsumoto-Oda et al. 1998),
and the size of the whole social unit (Lehmann and Boesch
2004). Cetaceans may benefit from various group-living sit-
uations through communal care of young when other group
members protect the offspring of a diving mother from pred-
ators while she forages (Arnbom and Whitehead 1989), as
well as coordinated foraging may allow group members to
capture prey that have eluded others in the group (White-
head 1989). Association patterns of adult female spotted hy-
enas (Crocuta crocuta (Erxleben, 1777)) are strongly based
on kinship (Holekamp et al. 1997).

We expected that female choice of roost mates would re-
flect probable reproductive benefits gained by group-living.
We can provide no evidence of mutualistic or cooperative
behaviours, but we show that subgroup pairs were 2.35 times
more likely to be recorded together during the lactation pe-
riod than during the pre-lactation and post-lactation periods,
suggesting that these behaviours may exist. We did not,
however, find that the minimum nighttime temperature af-
fected the probability of subgroup members roosting to-
gether the following day. The positive relationship between
reproductive period and subgroup cohesion suggests that as-

sociations are possibly active and that there are potential re-
productive benefits beyond those expected to occur as a
result of passive clustering for thermoregulatory benefits
that would not likely require specific roost mates. It is pos-
sible that thermoregulatory costs related to reproductive sta-
tus and temperature are mediated primarily through roost
selection similar to Bechstein’s bats (Kerth et al. 2001b) or
possibly whole roost group size rather than to subgroup as-
sociations.

Flexible fission–fusion association patterns quite similar
to that described here for northern long-eared bats have
been described across a diversity of bat species with varying
life histories. In each case group composition was variable,
associations were different than random, and individuals
from subgroups were most often spread over multiple roosts
on a day. Wilkinson (1985) quantitatively demonstrated that
tropical female common vampire bats from multiple harems
actively associated in nonrandom fission–fusion societies
and further showed that female pairs with strong associa-
tions were more likely to share food than randomly chosen
individuals, thus demonstrating unambiguous benefits of so-
ciality. Similarly, O’Donnell (2000) and Vonhof et al.
(2004) demonstrated that temperate New Zealand long-tailed
bats and tropical Spix’s disk-winged bats, respectively, live
in nonrandom multi-male and multi-female fission–fusion
societies. Finally, Kerth and Konig (1999), Willis and Brig-
ham (2004), and Kozhurina (1993) describe what seems, at
least superficially, to be the most similar social system to
that described here for northern long-eared bats among
Bechstein’s bats, big brown bats, and noctule bats (Nyctalus
noctula (Schreber, 1774)), respectively. The life histories of
each of these species are characterized by sexual segregation
at roosts during the summer, with males tending to roost
solitarily and only females congregating at maternity roosts.
Subgroups similar to those described here roost in multiple
roost trees on a given day and the composition of roost
groups vary daily. Particularly, intensive monitoring of
Bechstein’s bat subgroups have provided interesting insights
into possible mechanisms through which this social system
could be maintained among temperate bats. These possible
mechanisms include kin selection (Kerth and Konig 1999;
Kerth et al. 2000), allogrooming (Kerth et al. 2003), infor-
mation transfer about suitable roosts (Kerth and Reckardt
2003), and possible inheritance of foraging sites (Kerth et
al. 2001a). Two functions of information transfer about
roosts were suggested: the first was to generate a communal
knowledge of suitable roosts and the second was to prevent
unwanted colony fission.

The nature of studying free-ranging bats poses difficult to
avoid obstacles of data collection for studies such as ours.
For example, we could not monitor all roost trees that were
found because of safety concerns associated with climbing
‘‘unstable’’ trees; therefore, monitoring roost trees was nec-
essarily opportunistic. Also, although including association
data based on telemetry and PIT-tag recording increased the
sample size for bats monitored on that day, it led to know-
ingly underestimating association strengths with unmoni-
tored bats that were roosting with bats identified via
telemetry alone. Despite these factors and, in line with pre-
vious studies on related species, we were able to demon-
strate nonrandom association patterns among females of this
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species, as well as provide new insight into the temporal na-
ture of summer maternity colony relationships for temperate
bats. It is apparent that the social nature of this species can
be complex, adding behavioural structure to populations. If
there are reproductive consequences for the degradation of
social relationships, as has been previously suggested, then
colonies may be the appropriate management unit for social
bat species (O’Donnell 2000; Vonhof et al. 2004; Willis and
Brigham 2004). Also, the added structure will be important
to consider when interpreting results from other biological
questions pertaining to behaviour, resource use, population
distributions, and population structure.
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