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Social network analysis and the study of sociality in bats
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Many bat species are known for being gregarious, forming mixed- or single-sex social groups commonly referred to as colonies.
The number of studies investigating sociality in bats is rapidly increasing, with studies ranging from basic descriptions of the number
of males and females within social groups to studies using social network analysis. Studies of sociality in bats are taking increasingly
diverse approaches to data collection, analysis and interpretation, leaving researchers with an array of perspectives on how to
conduct future research. These perspectives are difficult to synthesize, but an integrated understanding of pioneering works in this
field should help researchers build upon what is already known about sociality in bats and formulate new hypotheses. Herein we
provide a review of methodologies used to measure social interactions, relationships, and structure in bats. We review assumptions,
sources of bias, strengths, and limitations of these methods. We emphasize that while all of the reviewed methods are well suited for
assessing social interactions and relationships, each method will impact analyses of social structure and should be considered
carefully. We encourage further use of social network analysis as a framework for conceptualizing, designing, and analyzing studies
of bat sociality. We do not advocate any single network analysis methodology, as network analysis is continually evolving and no
one technique is well suited for all research questions. Instead, we recommend several specific network measures we believe are
appropriate for different types of research questions and datasets and discuss the strengths and limitations of popular analyses.
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INTRODUCTION

Researchers have sought to understand social 
organization in animals for decades (Hinde, 1976).
Recently, implementation of social network analysis
methodologies and concepts has inspired many 
researchers to approach the study of animal sociali-
ty with new perspectives (Krause et al., 2007; Croft 
et al., 2008; Wey et al., 2008; Whitehead, 2008;
Krau se et al., 2009). Social network analysis is de-
fined by Scott (2000) as the expression of relation-
ships through linkages between individuals. Social
network analysis provides many powerful tools for
studying and understanding animal social patterns
and has been used to describe social organization in
numerous taxa, including bats, a mammalian order
notable for the number of species exhibiting com-
plex social behaviors (Kerth, 2008). The popular-
ity of social network analysis in bat research is 
likely to increase as research questions transition
from quantifying nonrandom associations between
bats (Wilkinson, 1985; Kerth and König, 1999;
O’Donnell, 2000; Vonhof et al., 2004; Willis and

Brigham, 2004; Garroway and Broders, 2007;
Rhodes, 2007; Metheny et al., 2008), to unraveling
the patterning behind those associations and what it
reveals about social structure (Chaverri et al., 2010;
Patriquin et al., 2010; Johnson et al., 2012). 

This transition can be facilitated by understand-
ing how studies investigating social behaviors in
bats fall into a framework for understanding social-
ity. To provide such an understanding, we review
these studies in three sections corresponding to the
framework Hinde (1976) developed for understand-
ing animal sociality: interactions, relationships and
structure. Our review focuses on methodologies, not
results, as a recent review of sociality in bats already
exists (Kerth, 2008). We review assumptions, sour-
c es of bias, strengths, and limitations of methods 
assessing sociality in bats, highlighting the potential
of social network analysis. We illustrate how studies
ex amining social structure rely not only on the
strength of these methods, but are also influenced by
methods used to assess interactions and relationships.

This review focuses on methods used to assess
sociality in bats while day-roosting in the wild. We



INTRODUCTION

The Artibeus jamaicensis complex (Chiroptera:
Phyllostomidae) has been widely studied because it
is one of the most important bat groups in South,
Central and Middle America. In the most recent tax-
onomical revision of the complex (Hoffman and
Baker, 2001; Larsen et al., 2007), six subspecies
within A. jamaicensis were recognised: A. j. jamai -
censis, A. j. parvipes, A. j. pa ulus, A. j. richardsoni,
A. j. triomylus, and A. j. yuca tanicus. Despite exten-
sive studies of many different ecological and evolu-
tionary questions of these sub species (Tandler et 
al., 1986; Handley et al., 1991a, 1991b; Studier 
and Wilson, 1991; Pumo et al., 1996, 1998; Ortega
and Arita, 1999; Ortega et al., 2008), some disagree-
ment still remains because of the previously uniden-
tified level of morphological variation (Davis, 1970;

Burton et al., 2004; Simmons, 2005; Larsen et al.,
2007; Lim et al., 2008).

Several studies of evolutionary history have test-
ed specific hypotheses about the origin, genetic
structure and population differentiation of some
Artibeus species from the Caribbean area and South
America (Ditchfield, 2000; Carstens et al., 2004;
Larsen et al., 2007; Fleming et al., 2009). For exam-
ple, in the continentally distributed A. lituratus, 14
geographical localities distributed on a distance over
8,000 km show a cyto chrome-b sequence diver-
gence of < 1.5% (Ditchfield, 2000). Therefore, in
this spe cies, little geographical structuring was
found. This is a noteworthy result given the substan-
tial geographical distance covered by the popula-
tion. Carstens et al. (2004) did not find genetic 
differentiation among a set of the A. jamaicensis
populations they sampled along the northern lesser
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The Artibeus jamaicensis complex is an important component of the mammal biological diversity of the New World. Although there
are numerous studies on the taxonomy and phylogeny of the complex, group relationships are still debated. Previous studies
hypothesised that this species originated in South America and later colonised the Antilles Islands either through a northward
migration or an eastward migration via Middle America. However, these studies do not include populations from Middle America
west of the Yucatan Peninsula, making it difficult to obtain a clear description of the role of these populations in the evolutionary
history of the species. In this study, we describe the phylogeography and demographic history of A. jamaicensis populations 
from Middle America west of the Yucatan Peninsula using cytochrome-b (612 bp) and D-loop (391 bp) mtDNA markers. Our
phylogenetic analyses (maximum likelihood and Bayesian inference) did not recover clades corresponding to the previously
recognised Middle American subspecies (A. j. triomylus and A. j. yucatanicus); rather, two haplogroups were observed, which
showed extensive genetic diversity and strong genetic structure akin to that expected for a Middle American origin for the island
populations. Bayesian skyline plots and mismatch distributions revealed that such haplogroups experienced a recent population
expansion, which most likely took place in the late Pleistocene (100,000–216,000 BP). These estimates agree with earlier hypotheses
that suggested a recent evolutionary history for A. jamaicensis, with hypotheses that suggested the existence of two different lineages
migrating northwest from South America to Middle America, and with the possible colonisation of the Antilles Islands derived from
both Yucatan Peninsula and northern South America.
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INTRODUCTION

The serotine bat, Eptesicus serotinus (Schreber,
1774) is a common, synanthropic species of the
Palae arctic Region and is prevalent in western and
central Europe, including Poland (e.g., Dietz et al.,
2007; Racey et al., 2013). Its summer roosts are usu-
ally in buildings, where it forms maternity colonies
composed of approximately 20–60 individuals
(Dietz et al., 2007). In Poland, E. serotinus seems 
to be one of the most commonly and frequently
recorded bat species during the summer months. It is

infrequently found during the winter because, as an
obligatory house-dweller, it is relatively rarely en-
countered in underground hibernacula (e.g., Bogda -
nowicz, 1983; Sachanowicz and Ciechanowski,
2005). Generally, this species is thought to be either
sedentary or only occasionally migratory (e.g., Catto
and Hutson, 1999; Kowalski et al., 2002; Gaisler et
al., 2003; Hutterer et al., 2005). Distances between
summer and winter roosts are often shorter than
40–50 km (Baagøe, 2001). The longest dispersal
event was recorded for a female found alive 330 km
east of its roosting place three years after banding
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The serotine bat, Eptesicus serotinus is the most frequently rabies-infected (European bat lyssavirus 1-type, EBLV-1) bat species in
Europe. To confirm Lyssavirus infection of this bat in Poland, we tested for the presence of rabies virus RNA from oropharyngeal
swabs using RT-PCR. There was a 0.9% (two out of 212 individuals) level of infection within the overall population of serotine bats
studied. However, an appreciation of the potential for pathogen transmission and disease risk requires an understanding of the
dispersal of the primary host, and any large-scale geographic barriers that may impede gene flow. Thus, we also studied the patterns
of bat dispersal via population genetics using nuclear (seven microsatellite loci) and mitochondrial (mtDNA control region) markers,
examined in 12 subpopulations distributed across the country. Molecular analyses of microsatellite loci indicated high genetic
diversity at all sites (heterozygosity observed, HO = 0.53–0.78), and extremely weak genetic structure in the Polish population of the
species. The overall FST was 0.012 (95% confidence interval: 0.006–0.020), and pairwise values ranged from 0.00 to 0.05. Only
22% of individuals were assigned to the subpopulation from which they were sampled. The Bayesian approach implemented in
STRUCTURE also confirmed that all examined subpopulations should be treated as a single group, indicating a high level of 
gene flow. There was some evidence for female philopatry (genetic differentiation was greater in maternally-inherited mtDNA 
than nuclear DNA) and male-biased dispersal, e.g., HO and the variance of mean assignment were significantly higher in males than
in females. Twelve individuals (seven females and five males) were identified as potential first generation migrants. Their migration
routes ranged from 60–283 km in females (0 ± SE = 177.9 ± 29.37) to 27–385 km in males (206.4 ± 58.95); surprisingly, no sexual
differences were observed and this finding suggests that female-mediated gene flow may occur. MtDNA also produced a strong
genetic signal for the demographic expansion (Fu’s FS statistics, FS = -26.30, P < 0.01 and a star-shaped haplotype network), which
took place roughly 33,000 years BP, i.e., before the Last Glacial Maximum. The genetic uniformity of the Polish population implies
that there is no migration barrier to EBLV-1, at least within the country, and the potential threat of rabies virus spreading via
migration of infected animals may be higher than previously thought.

Key words: population genetics, microsatellites, mitochondrial DNA, dispersal, rabies, EBLV-1a, Eptesicus serotinus, Poland



INTRODUCTION

Niche partitioning is one mechanism that ex-
plains how large numbers of species can coexist
(Hutchinson, 1959; Schoener, 1974; Connell, 1980;
Leibold, 1995). Different scales of niche differenti-
ation, corresponding to different scales of species
distributions, must be considered (Kneitel and
Chase, 2004; Ackerly et al., 2006). At larger spatial
scales, species can inhabit different macro-habitats
or climate zones; the resulting distributions will be
largely allopatric, or with marginal geographical
overlap. At the local scale, intra- and inter-specific
interactions determine the realized ecological niche,
and influence coexistence of sympatric species and
community structure. 

Even for related species that are ecologically
similar and in many cases nearly equivalent, coexis-
tence was shown to be derived through the differen-
tiation of the realized ecological niches (Aldridge
and Rautenbach, 1987; Arlettaz, 1999; Aguirre et
al., 2002; Siemers and Schnitzler, 2004; Bastolla et

al., 2005; Siemers and Swift, 2006; Ja cobs and
Barclay, 2009). Coexistence often may occur where
species adapted to ecological diversity in different
ways. These differences are usually the result of
trade-offs in the abilities of species to respond to
various environmental factors (Chesson, 2000;
Leibold and McPeek, 2006). In addition, various
mechanisms like predation (Chase et al., 2002),
chaotic population dynamics (Huisman and Weiss -
ing, 1999), environmental variability (Hutchinson,
1961; Bracco et al., 2000), and incidental disturban -
ces may help to prevent competitive exclusion. These
mechanisms may allow for extensive niche over lap
among species by decreasing the mean abun dances
and the influence of competition, and in creasing the
availability of resources per individual.

How do ‘cryptic’ bat species that are very similar
in morphology occupy different ecological niches?
Eco-morphological studies of bat communities have
often revealed the coexistence of many morphol-
ogically similar species (Aldridge and Rau-
tenbach, 1987; Saunders and Barclay, 1992; Arita,
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Environmental factors affecting the differential use of foraging habitat by 

three sympatric species of Pipistrellus
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We identified several ecological parameters that may promote the foraging habitat differentiation by sympatric bat species. The
exploitation of discrete habitats was shown to facilitate the coexistence of morphologically similar species. Bats represent a model
species group, where many morphologically similar species exploit similar resources, e.g. insects as prey organisms. We studied
three closely related species of bats in a Central European region of sympatric occurrence – the common pipistrelle (Pipistrellus
pipistrellus), Nathusius’ pipistrelle (P. nathusii), and the soprano pipistrelle (P. pygmaeus). We employed point locality data and
niche-based species distribution modelling (maximum entropy modelling, ‘MaxEnt’) to model the habitat use by these species. 
A restricted distribution of P. pygmaeus and P. nathusii compared to P. pipistrellus was observed that may indicate a stronger habitat
specialization of these two species compared to P. pipistrellus. Land cover, as well as several climatic variables influenced the habitat
use of all three species (e.g., the precipitation in spring, and the temperature minimum in late summer). Despite an overlap in
foraging habitat parameters, differences among species concerning their preferred habitat were noted. Responses to isothermality,
mean diurnal range of temperature, temperature seasonality, and land cover differed among species. The data identify microclimatic
factors, besides vegetation and other land cover types, as important effectors for habitat partitioning in these three Pipistrellus
species. 

Key words: ecological niche modelling, habitat, MaxEnt, microclimate, niche partitioning, Pipistrellus



INTRODUCTION

Mutualistic animal-plant interactions such as
seed-dispersal and pollination are affected by the
characteristics of both animals and plants. From 
a zoocentric point of view, factors not related to the
animals are referred to as extrinsic and include fruit
and nectar availability in space and time, their nutri-
tional quality and composition, and physical-chemi-
cal characteristics as odor, taste, color, morphology,
and hardness (Aguirre et al., 2003; Mikich et al.,
2003; Lomáscolo et al., 2010; Medina-Tapia et al.,
2012); while the animal characteristics are referred
to as intrinsic factors and comprise feeding behav-
ior, energy budgets, mouth and gut morphology and
digestive and renal physiology (Dumont, 1999;
Schondube et al., 2001; Vázquez et al., 2009; Ayala-
Berdon and Schondube, 2011). Understanding the
interaction between extrinsic and intrinsic factors
provides a mechanistic framework to understand
mutualistic interactions from the animal perspective
(Vázquez et al., 2009). Recently, several authors

have studied the morphology and physiology of nec-
tarivorous animals (Martínez del Río et al., 2001;
Muchhala and Jarrín-V, 2002), however knowledge
of the role that the digestive capacities of frugivores
have on their dietary preferences and food niche
breadth is limited (Martínez del Río and Restrepo,
1993; Levey and Martínez del Río, 2001).

Within the Neotropics, frugivorous bats are 
a diverse and abundant group that disperse the seeds
of a large number of plant families (Fleming, 1988;
Lobova et al., 2009). While there are close to 25
genera of Neotropical frugivorous bats (Rojas et al.,
2012), they have been categorized into two foraging
groups based on their dietary preferences and fruit
handling strategies: 1) bats that feed on fruits with
high protein and carbohydrate content, mostly in the
genera Sturnira and Carollia (protein: 5–7%; carbo-
hydrate: 36–50% — Dinerstein, 1986; Fleming,
1986; Cas taman-Francener, 2006), and 2) bats that
feed on low quality fruits that are protein poor 
and present mainly carbohydrates, mostly in the ge -
nus Artibeus (protein: 1–5%; carbohydrate: 10–23%
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If nutritional elements of food and the consumer’s ability to use them can determine an animal diet, we can expect that differences
in digestive capacity between animals reflect their dietary breadth. Diet diversity in Neotropical frugivorous bats is based on core
plant taxa that present different nutritional compositions and qualities. Sturnira bats eat fruits with high sugar concentration, while
Artibeus species eat fruits with lower sugar content. In this study we investigated the intake sugar response of Sturnira ludovici and
compare it with the intake response reported for Artibeus jamaicensis. Our results show that S. ludovici was unable to achieve
compensatory feeding, ingesting twice the energy when feeding on the most concentrated solution with respect to the more diluted
one. This finding suggests the existence of a physiological constraint limiting energy intake when this species feeds on low quality
food. Intake response slope value for S. ludovici was lower than the one reported for A. jamaicensis, indicating that S. ludovici is
less suited than A. jamaicensis to feed on food with low nutrient content. The role that a physiological limitation could have on 
the food intake of S. ludovici, and the ecological implications of our findings are discussed.

Key words: Artibeus, compensatory feeding, intake responses, Phyllostomidae, sucrose



INTRODUCTION

Bats of the subfamily Glossophaginae (family
Phyllostomidae) are predominantly nectarivorous
and pollinate hundreds of plant species in the
Neotropics (Vogel, 1969; Fleming et al., 2009).
They have many morphological, physiological, and
behavioral adaptations for the consumption of
pollen and nectar: a protruding rostrum, dental re-
duction, a long and extensible tongue with papillae
at the tip, hovering flight, and the ability of digest-
ing pollen (Howell, 1974b; Freeman, 1995; Herrera
and Del Río, 1998; Tschapka and Dressler, 2002;
Winter and von Helversen, 2003). Similarly, many 
plant species have adaptations to attract pollinating
bats, such as flowers with dull color, strong smell
and nocturnal anthesis, which characterize the 

syndrome of chiropterophily (Faegri and Van Der
Pijl, 1979).

The genus Anoura comprises eight species
(Muchhala et al., 2005; Simmons, 2005; Mantilla-
Meluk and Baker, 2006). Although these species
have different adaptations for nectarivory, they may
also include insects and fruits in their diet (Gardner,
1977; Nowak, 1994; Carstens et al., 2002). Most
studies on the diet of this genus refer to A. geoffroyi,
which is considered a primarily insectivorous 
spe cies that may also eat pollen, nectar and fruits
(Ho well, 1974a; Sazima, 1976; Gardner, 1977; Wil -
lig et al., 1993; Ortega and Alarcón-D., 2008). One-
year studies carried out in Mexico, Ecuador, and
Brazil reported the presence of pollen and in-
sects in the diet of A. geoffroyi, but no fruits (Pedro
and Taddei, 1997; Muchhala and Jarrín-V., 2002;
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Glossophagine bats feed mainly on flower products, but often eat also insects and fruits. The composition of their diet may change
according to climate seasonality. In the present study we analyzed the diet of the bat Anoura caudifer at the southernmost limit of
its geographic distribution, the Atlantic Forest of southern Brazil. We identified food items and plant species consumed by 
A. caudifer and tested the hypothesis that its diet varies seasonally. We collected fecal material monthly from October 2003 to
September 2004 in a day roost of A. caudifer. We obtained a total of 1,166 fecal samples: 1,029 (88%) samples contained pollen,
592 (51%) contained insects, and 196 (17%) contained seeds. The hypothesis that diet varies seasonally was corroborated. There
was high consumption of nectar and pollen in all seasons, especially in spring (98%), high consumption of insects mainly in summer
and autumn (60%), and high consumption of fruits in winter (41%) and summer (24%). Anoura caudifer consumed pollen and nectar
of 10 plant species, mainly of Marcgravia polyantha, and fruits of six species, mainly of Piper gaudichaudianum. Anoura caudifer
has primarily a pollinivorous/insectivorous diet at the southern limit of its distribution, and, in contrast to other studies, it also eats
fruits at some times of the year. Visits to flowers of 10 species, four of which not matching the syndrome of chiropterophily, and
consumption of fruits of six species indicate a generalistic behavior of A. caudifer in the study area. This flexibility may have been
crucial to the maintenance of A. caudifer populations at the southern limit of its distribution, and also for the persistence of bat-
pollinated plants in local ecosystems.

Key words: Atlantic Forest, Brazil, Eucalyptus, foraging, Marcgravia polyantha, nectar-feeding bat



INTRODUCTION

The paucity in acquiring information on the biol-
ogy of species greatly contrasts with the high rates
of habitat destruction and extinction. Basic biologi-
cal questions (e.g., where a species lives? how com-
mon or rare is it? and, what structures it uses as
roosting sites?) remain largely unanswered for the
majority of species in the planet (Wilson, 1999).
Answers to these and other questions will help to fill
the gaps on the biology of species, which may be
used as base line information for further conserva-
tion initiatives (Schipper et al., 2008). 

Members of the genus Artibeus are conspicuous
components of the Neotropical forests, and are fair-
ly well studied (e.g., Handley et al., 1991; Emmons,
1999; Marques-Aguiar, 2008); however, Artibeus
fraterculus (the fraternal fruit-eating bat) is among
the less studied species in the group (Albuja, 1999;
Tirira, 2001, 2007). The published information on
the distribution and roost ecology of A. fraterculus is

general. It is only known that this species is distrib-
uted throughout the Tumbesian ecoregion, primarily
restricted to dry regions of the central and south
coast of Ecuador and northwest Peru from 0 to 1,600
meters (Patterson et al., 1992; Albuja, 1999; Mar -
ques-Aguiar, 2008), but newer information and ap-
proaches have not been implemented to better char-
acterize its distribution. Colonies of A. fraterculus
use hollow trees and hollow river banks as diurnal
refuges (Albuja, 1999) as well as church buildings
in Lima Peru (Ortiz de la Puente, 1951); however,
there are no data on how resilient this species is 
to human impact. Certainly, the current knowledge
about A. fraterculus does not allow a proper under-
standing of its biology necessary to implement a data-
based conservation assessment, and to design need-
ed further research. For instance, this species has
been evaluated three times by IUCN initiatives, be-
ing placed in three disparate categories: vulnerable,
data deficient and least concern respectively (IUCN,
1996; Tirira, 2001; Molinari and Aguirre, 2008). 
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Where does a species live? How common is it? Where does it spend its inactive periods? These are basic questions about the biology
of a species, which bring key information for application in conservation and management. Unfortunately, this information is
available for only a minimum fraction of all animal species. Using 1) ecological niche modeling with maximum entropy (Maxent),
2) relative abundance estimates using museum records, and 3) field surveys of roosting sites, we report the fraternal fruit-eating bat,
Artibeus fraterculus, as having a distribution limited to the Tumbesian ecoregion in Ecuador and west central Peru, being the
relatively most abundant bat species throughout its range, with healthy populations which are primarily sustained by cultivated and
introduced plants, and using human-made constructions as roost sites. Additionally, we described a large congregation of individuals
of this species in a single roost, representing the largest colony reported for the genus Artibeus. These results may indicate resilience
of A. fraterculus to human disturbance. 

Key words: bat roost, ecological niche model, Tumbesian ecoregion 



INTRODUCTION

Diet is fundamental to understanding the interac-
tions between animals and their habitats. In particu-
lar, the diet of nectarivores can reveal the plant taxa
on which the bats rely to maintain their populations,
and also suggests their potential as pollinators of the
plants they visit. Such information is of ecological
and economical importance. Currently, there are in-
creasing global concerns about pollination failure of
food plants (Allen et al., 1998; Kevan and Phillip,
2001). Information about the resource needs of 
native pollinators, such as their diet, can be used to
develop effective strategies for the restoration of
pol-linator populations (Kremen and Ricketts, 2000,
Menz et al., 2010). In tropical forests, nectarivores
play a particularly important role in the maintenance
of forest structure and/ or restoration of disturbed
forest, since almost all flowering plants (98–99%) in
this ecosystem rely on animals as pollinators (Bawa,

1990). Eonycteris spelaea is the largest of three ex-
clusively nectarivorous bat species in mainland
South East Asia, with a forearm length of between
66–78 mm and weighing 40–70 g. Its specialisation
for nectar feeding include a long muzzle, and
sharply pointed tongue, with well-developed fili-
form papillae at the tip (Bates and Harrison, 1997).
Eonycteris spelaea is a cave-dwelling colonial spe -
cies which is common throughout its range and oc-
cupies a variety of habitats including primary forest,
secondary forest and orchards (Lekagul and Mc -
Neely, 1977; Heideman and Heaney, 1989; Kitchen -
er et al., 1990). Previous studies indicated that it
feeds on plants of 31 species in Malaysia and travels
up to 38 km to do so (Start and Marshall, 1976). In
Thailand, stomach content analysis indicated that it
consumed at least 19 plant species (Pakarnseree,
1986). Although they provide useful information,
diet species lists are of little conservation value
since they do not reveal the relative importance of
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The dawn bat, Eonycteris spelaea Dobson (Chiroptera: Pteropodidae) feeds mainly

on pollen of economically important food plants in Thailand
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The diet of E. spelaea was determined for bats captured monthly between June 2002–June 2003 at a cave entrance in Songkhla
Province, Southern Thailand. Faecal analysis and pollen collected from the bats’ fur were used to identify the plant species ingested.
From 1,155 diet records from 506 samples, at least eleven plant taxa were identified. Individual bats feed on flowers of up to six
plant species each night. Parkia spp. (34%) and Musa spp. (28%) have the highest percentage frequency followed by Eugenia spp.
(9.4%), Oroxylum indicum (6.4%), Durio zibethinus (6.2%), Ceiba pentandra (5.5%), Sonneratia spp. (5.2%), while Cocos nucifera
and an unknown plant species, made up a minor proportion (<2.5%). Parkia and Musa were the main dietary items of E. spelaea in
nearly every month, while the remaining components of the diet varied seasonally. Durio spp. is an important contributor to the diet
during March–April (39–42%). The results from pollen collected from fur generally corresponded with those from faecal analysis,
but Musa spp. had a higher percentage frequency on the fur (34%) than Parkia spp. (23%). The dawn return patterns of the bats to
their roosts differ significantly between sexes. Most mature males return early in the night while most females return at dawn. Earlier
returning males were significantly heavier than those returning later. This return pattern is similar to that reported during the
breeding period for those polygynous fruit bats that maintain a harem. Thus, these results suggest that E. spelaea may exhibit 
a resource-defence polygynous mating system.

Key words: Eonycteris, diet, faecal analysis, nectarivorous bat, Parkia, pollen, polygyny, return pattern



INTRODUCTION

Seed dispersal is a key process in plant popula-
tion dynamics (Bazzaz, 1991; Jordano and Go-
doy, 2002). Hence, seed dispersers are responsible
for providing an escape for plants and for taking
seeds to microsites that are suitable for plant recruit-
ment (Howe and Smallwood, 1982; Wenny, 2001).
If the habitat preferences of animals and plants
match each other, animals influence plant popula-
tion dynamics positively. On the other hand, if 
animals disperse seeds to sites that are unsuit-
able for seed germination or seedling establish-
ment, plants may be caught by a ‘natural trap’. The
term ‘natural trap’ was proposed by Brancalion 
et al. (2009) to explain the role of tank bromeliads
in imprisoning seeds dispersed into their rosettes 
by frugivores. Schupp (1995) showed that such 
conflicts of habitat choice occur also among seeds
and seedlings (i.e., suitable microsites for seeds 
may not be suitable for seedlings and vice versa).
However, as far as we know, strong animal-plant
habitat conflicts have been poorly studied (Schupp,
1993). 

Caves are good examples of natural traps for
plants. Several bat species and at least one bird
species prefer caves as roosting sites and disperse
seeds into them (Fleming and Heithaus, 1986;
Bosque et al., 1995; Izhaki et al., 1995; Del Vaglio
et al., 2011). Although seeds may germinate in
caves, establishment and growth cannot go further
(Holland et al., 2009). Therefore, seeds will die un-
less they are rescued by a second seed disperser that
can give them a second chance of survival. The term
‘seed rescue’ has been used by Christianini and
Oliveira (2009) to explain the role of ants as res-
cuers of bird-dispersed seeds that fall under parent
plants in a tropical savanna. Thus, ants give seeds
another chance of dispersal, as they otherwise would
have low probability of recruitment under the parent
plant. In caves that harbor subterranean watercours-
es, seed rescue could be provided by the water that
flows outside them, carrying seeds dispersed by
cave-dwelling, fruit-eating animals. This potential
role of subterranean watercourses has never been
considered. Seeds entering caves through animal-
mediated seed dispersal and falling into subter -
ranean watercourses may endure several days of 
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Subterranean watercourses may ‘rescue’ seeds dispersed by fruit-eating bats in caves
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Seeds of several plant species are frequently wasted, if dispersed to unsuitable microsites. Some microsites, such as the interior of
large caves, are unsafe for animal-dispersed seeds. However, sometimes a second dispersal agent may give these seeds a second
chance of survival, thus playing the role of ‘seed rescuer’. We tested this hypothesis by investigating the seed fate of plant species
dispersed by fruit-eating bats in an Amazonian cave and by evaluating whether those seeds could be rescued by a subterranean
watercourse. We measured seed arrival at the ground and the watercourse. We also collected seeds coming out of the cave through
the watercourse. Banara sp. was the most abundant morphospecies, followed by Cecropia sp., Solanum sp. and Vismia sp. We
collected 1,751 seeds of seven morphospecies in water. Cecropia sp. was the most abundant species. Experimental data showed 
that on average 37% of the seeds of Banara, Vismia, and Cecropia leaving the cave were viable. A second experiment detected
differences in the germinability of Cecropia seeds soaked in cave water for one, 10, and 20 days, but the same was not true for Piper
seeds. Although caves are unsuitable for plant species dispersed by fruit-eating bats, some seeds may be rescued by nonstandard
means of dispersal and dispersed to river margins, where they may germinate and establish themselves.

Key words: Amazon, diplochory, long-distance dispersal, nonstandard seed dispersal, secondary dispersal



INTRODUCTION

The greater horseshoe bat Rhinolophus ferrume-
quinum (Schreber, 1774) is a Central Asian-Euro -
pean-Mediterranean species. It has been recorded in
all regions of Italy, and typically favours areas be-
low 800 m a.s.l. characterized by habitat mosaics
(Agnelli et al., 2006). This species uses different
roosts during different seasons throughout its range,
and typically these roosts are separated by less than
30 km (Dietz et al., 2009). During winter, these bats
utilize roosts in natural or artificial underground
sites, with an internal temperature of 7–12°C; while
summer roosts are typically in artificial sites, such
as buildings, caves and mines, and rarely in tree
holes. During summer, males have solitary habits,
while females congregate in large maternity colo -
nies (20–200 adult females), often inside buildings
in warm attics (Lanza and Agnelli, 2002).

The diet of the greater horseshoe bat consists pre-
dominantly of moths and beetles, which they hunt
after sunset (Duvergé and Jones, 1994; Dietz et al.,

2009). Insects peak in abundance at sunset (Racey
and Swift, 1985; Rydell et al., 1996), and the visual
acuity of raptors, which may hunt bats, decreases
with brightness (Fox et al., 1976). Therefore, for
most bats, emergence behavior at sunset is a trade-
off between the opportunity to hunt during the peak
in daily activity of their prey and the risk of 
themselves being preyed upon by raptors (Fenton 
et al., 1994; Jones and Rydell, 1994; Rydell and
Speakman, 1995; Speakman, 1995). Nightly emer-
gence in bats is principally regulated by an endoge-
nous circadian rhythm (Erkert, 1982), although cli-
matic and ecologic conditions affect its onset and
duration (Rydell et al., 1996; Shiel and Fairley,
1999; Russo et al., 2007). Kunz and Anthony (1996)
suggest, for example, that a higher temperature at
sunset may favor an early nightly emergence due 
to the reduced intensity of torpor during the day.
Physiologically, pregnancy seems to delay the emer-
gence of females, encumbered by a heavy wing
loading (Duvergé et al., 2000). Some bat species
that roost in large spaces inside buildings like
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Where and at what time? Multiple roost use and emergence time in 

greater horseshoe bats (Rhinolophus ferrumequinum)
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One of the largest nursery colonies of Rhinolophus ferrumequinum in Italy occurs in the Natural Park of Migliarino San Rossore
Massaciuccoli, Tuscany, with the species roosting in several buildings. We identified various roosts used by R. ferrumequinum
within the park and investigated their microclimatic parameters (temperature, relative humidity and daily temperature excursion).
We monitored roost use for one year and found it not only to be influenced by season and the microclimatic conditions of different
roosts, but also by occasional stress conditions such as disturbance by predators. We also studied nightly emergence behavior,
specifically we considered how this is influenced by climatic (temperature, relative humidity and evening light intensity) and
demographic (presence of pups, subadults and colony size) parameters. The colony always performed a pre-emergence behavior and
we found that its onset occurred earlier at higher temperatures, lower evening light intensity, in larger colonies and in the presence
of pups. High temperature and low evening light intensity also resulted in a longer nightly emergence, which was also identified in
larger colonies and when subadults were present. This study highlights the importance of the conservation of multiple roosts within
the distribution range of R. ferrumequinum nurseries. Additionally, we demonstrated how certain climatic and demographic factors
influence both pre-emergence and emergence behavior.

Key words: Rhinolophus ferrumequinum, bats, ecology, emergence time, roost use, light-sampling



INTRODUCTION

Most bats are nocturnal and spend the day-time
in roosts which provide stable microclimates as well
as protection from predators (Speakman, 1991a,
1991b; Rydell and Speakman, 1995), competition
for food from diurnal animals (Jones and Rydell,
1994) and hyperthermia (Speakman et al., 1994;
Voigt et al., 2011). Bats are hunted by a variety of
predators including amphibians, reptiles, mammals,
birds and fish (Speakman, 1991a). Predation events
on bats by birds of prey appear to be opportunistic
(Vernon, 1972; Speakman, 1991a). Nevertheless,
around 11% of the annual mortality of British bats
have been estimated to result from avian predators
(Speakman, 1991a).

Light intensity has been linked to the risk of pre-
dation by visually orienting predators (Lang et al.,
2006). The moon is the main source of light in nat-
ural habitats at night and moon light may be used by
nocturnal predators to locate their prey. Cessation of
activity on moonlit nights to avoid predators is
called lunar phobia and has been reported in several
species of bats (e.g., Reith, 1982; Duvergé et al.,

2000; Lang et al., 2006). However, lunar phobia 
ap pears to be species-specific and is influenced by
ecology (Saldaña-Vázquez and Munguía-Rosas,
2013).

The behavioural responses of bats to moon light
may also be associated with the effect of light on
arthro pod prey (Rydell et al., 1996; Lang et al., 2006).
Moon phase and weather influence insect density
which in turn should mediate bat activity (Lang et
al., 2006). Thus, inter-specific variation in emer-
gence times amongst bat species may be the result of
variation in prey availability (Rydell et al., 1996). 

Emergence might also be directly delayed by un-
favourable weather conditions e.g. high wind speeds
and rainfall which can add additional energetic costs
for thermoregulation when there is decreased food
availability (Erickson and West, 2002). Emergence
times of some bats are directly affected by prevail-
ing weather conditions such as rainfall through con-
straints imposed by raindrops on echolocation and
increased energetic costs of flight (Voigt et al.,
2011), cloud cover (Herreid and Davis, 1966) and
temperature (Anthony et al., 1981). However, some
studies did not find any evidence for variation in
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Factors influencing the emergence times of sympatric insectivorous bat species
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The onset of activity in animals restricted to being active for only part of the day is one of the most fundamental aspects of their
biology because it marks the beginning of activities that they need to do to survive and reproduce. Initiation of activity is subject to
several factors including presence/absence of predators and the vagaries of environmental conditions at the time of emergence. We
tested if the emergence times amongst seven species of sympatric insectivorous bats were explained by predation risk, insect activity
and weather conditions. We measured bat emergence times by recording echolocation calls. Peak emergence was correlated with
body size, time of sunset, foraging strategy and diet, factors associated with risk of predation. Larger, faster flying bat species
emerged earlier than smaller, slower flying species suggesting the former relied on flight speed to avoid predation. Clutter foragers
emerged earlier than clutter-edge and open foragers, suggesting that vegetative cover is important for bats trying to avoid predation.
Bats feeding on Lepidoptera emerged earlier than bats feeding on Diptera. However, insect peak activity was highly variable and
did not differ between orders or time of season. Emergence time was not correlated with any of the weather variables we measured.
These results suggest that predation influences fundamental aspects of the biology and ecology of insectivorous bats by determining
when it is safe to become active.

Key words: diet, insect activity, foraging strategy, peak emergence, predation, weather



INTRODUCTION

Most bats spend the majority of their lives in
roosts, where they may complete such vital func-
tions as forming colonies, mating, rearing young,
grooming, and resting (Kunz, 1982). For many spe -
cies, tree cavities are suitable roosts that provide
protection from the elements and predators (Kunz
and Lumsden, 2003). The roosting environment can
also affect the fitness of individuals through its 
effect on energy expenditure (Speakman and Thom -
as, 2003). Given the important role of tree roosts in
the life history of many bats, it is not surprising that
bats are selective in their roost choices, commonly
choosing large trees under open canopies (Kalco u -
nis-Ruppell et al., 2005). However, the ultimate
mechanisms behind roost selection continue to be
debated. For example, researchers have proposed
that thick-walled cavities provide a more stable mi-
croclimate (Sedgeley, 2001), or that trees with ele-
vated openings may provide protection from preda-
tors (Vonhof and Barclay, 1996). Alternatively, trees
projecting above the canopy may be easier to find
(Brigham et al., 1997) or trees near foraging habitat

may reduce commuting distances (Carter, 2006).
The specific factors affecting roost selection likely
vary among bat species and geographic regions.
Such differences may indicate niche partitioning,
enabling the high diversity of bat species.

The southeastern myotis (Myotis austroriparius)
is a small, insectivorous vespertilionid that roosts in
both caves and trees in the southeastern United
States (Jones and Manning, 1989). Roost trees usu-
ally are located in river floodplains where water-
retaining depressions support baldcypress (Taxo -
dium distichum)-tupelo (Nyssa spp.) swamps and
additional flood-prone lands support bottomland
hardwood forests, consisting of diverse water-toler-
ant deciduous trees including oaks (Quercus spp.),
hickories (Carya spp.), and many other species.
South eastern myotis typically roost in hydrophilic
trees, such as water tupelo (N. aquatica). Roost trees 
generally have been characterized as large (Good-
ing and Langford, 2004; Mirowsky et al., 2004; Ste -
venson, 2008), but also have been reported to have a
smaller mean diameter at breast height (dbh) than
unoccupied hollow trees (Hoffman, 1999; Carv er
and Ashley, 2008). Although previous studies have

Acta Chiropterologica, 15(1): 133–141, 2013
PL ISSN 1508-1109 © Museum and Institute of Zoology PAS

doi: 10.3161/150811013X667939

Southeastern myotis (Myotis austroriparius) roost selection in cypress-gum swamps

MATTHEW J. CLEMENT1, 2, 3 and STEVEN B. CASTLEBERRY1

1Daniel B. Warnell School of Forestry and Natural Resources, University of Georgia, Athens, GA 30602, USA
2Present address: Patuxent Wildlife Research Center, United States Geological Survey, Laurel, Maryland 20708, USA

3Corresponding author: E-mail: mclement@gmail.com

Roost characteristics have been described for most North American bats, but debate continues over the ultimate mechanisms behind
roost selection. Hypotheses include the need for a stable microclimate, protection from predators, proximity to foraging habitat, and
availability of alternative roosts, among others. Our objective was to weigh evidence for hypotheses regarding selection of diurnal
summer roosts using southeastern myotis (Myotis austroriparius) as a model. We used transect searches and radiotelemetry to locate
25 roosts at eight study sites across the Coastal Plain of Georgia, USA. We measured 22 characteristics of trees, at all occupied roosts
and at randomly selected unoccupied trees. We evaluated 10 hypotheses using single-season occupancy models. The best supported
model predicted bat presence based on the variables tree species, solid wood volume, and canopy cover. Because these characters
affect heat retention and insolation, our results are consistent with the hypothesis that bats select roosts that provide a favorable
microclimate. However, data on roost temperature and humidity are needed for a conclusive determination. Occupancy was greatest
at the study area closest to caves occupied by southeastern myotis. Water tupelo trees appear to be an important resource for this
species, although proximity to suitable caves also seems to affect presence and should be considered in conservation planning.

Key words: Coastal Plain, Georgia, Myotis austroriparius, Nyssa aquatica, radiotelemetry, roost selection, southeastern myotis, tree 
cavities, water tupelo



INTRODUCTION

Bats spend as much as half their lives inside
roosting structures (Kunz and Lumsden, 2003), and
cost of maintaining a high core body tempera-
ture while roosting can be extreme (Geiser, 2003;
Speak man and Thomas, 2003). Torpor is used by
bats to minimize energy expenditures inside roosts
and is often associated with food shortages or cold
ambient temperatures, typical of spring and early
summer (Kerth et al., 2001; Chruszcz and Barclay,
2002; Lausen and Barclay, 2003). Most bats have 
a large body surface area relative to body mass 
resulting in high energy requirements for thermo-
regulation, maintenance, and locomotion (Speak -
man and Thomas, 2003). In laboratory settings,
small (< 20 g) bat species have demonstrated ther-
mal neutral zones centered on approximately 30ºC
(Geiser and Brigham, 2000; Willis et al., 2005a).
The cost of maintaining normothermy rises rapidly
as roost temperatures decline from this threshold,

but these energetic costs can be greatly reduced
through the use of torpor (Geiser, 2003; Speak  man
and Thomas, 2003).

Studies of microclimates of bark-roosting bats
remain scarce (Kunz and Lumsden, 2003), as is
knowledge of thermoregulatory strategies of bark-
roosting bat species. Roosts beneath bark of the less-
er long-eared bat (Nyctophilus geoffroyi) were com-
monly found on the north (exposed) side of trees and
these bats typically entered torpor twice a day, re-
maining torpid on days when ambient temperatures
were coolest (Turbill et al., 2003). Several species of
bats roost beneath bark of dead conifer trees in
forests of the Pacific Northwest, USA (Hayes, 2003);
however, no study has examined temperature micro-
climates in roosts beneath bark in this eco-region.
Bats in this eco-region switch roosts frequently,
moving among dead trees, live trees and rock
crevices, and use cavities beneath bark of a variety
of tree species for roosting (Waldien et al., 2000;
Lacki and Baker, 2007; Rancourt et al., 2007; Arnett
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Temperatures beneath bark of dead trees used as roosts by Myotis volans in forests

of the Pacific Northwest, USA
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Few studies have examined temperatures inside bark roosts of tree-roosting bats. We measured temperatures beneath plates of
exfoliating bark of six species of dead trees used for roosting by long-legged myotis (Myotis volans) from June to July 2003−2006
in Idaho and Oregon, USA, and compared these across tree species and with ambient temperature (TA). Temperature profiles beneath
bark oscillated within the range of TA, demonstrating the ability of bark cavities on dead trees to insulate against daily extremes in
maximum and minimum TA. Slope position affected the difference in bark cavity temperature from TA during daytime periods, with
bark cavities on dead trees in upper slope positions being cooler than TA compared to bark cavities on dead trees in lower slope
positions. Differences in bark cavity temperatures from TA varied among dead tree species during nighttime periods, with white fir
(Abies concolor) and ponderosa pine (Pinus ponderosa) warmer than TA compared to other dead tree species. Mean daily maximum
temperatures beneath bark of dead white fir, grand fir (Abies grandis), western white pine (Pinus monticola), and ponderosa pine
met or exceeded the theoretical lower critical temperature (TLC) of long-legged myotis (range = 29.7–30.5ºC) within several hours
of sunset, but were substantially colder for much of the day. These data indicate long-legged myotis roosting beneath bark of dead
conifer trees likely experience temperatures conducive to use of torpor during early morning hours, with potential for passive 
re-warming in late afternoon facilitated by increases in daily temperatures beneath bark prior to evening emergence.

Key words: coniferous forests, Idaho, long-legged myotis, Myotis volans, Oregon, roost microclimate, torpor



INTRODUCTION

Bats exhibit great variation from family to fami-
ly with regard to anatomy and life history. Different
groups possess sensory adaptations for flight,
though less is known about adaptations for roosting
and foraging. Tactile sensory hairs help mammals
navigate their surroundings. Vibrissal hairs are pres-
ent on the face in many mammals (Ebara et al.,
2002) and are also found post-facially in some ro-
dents (Hyvarinen et al., 1977; Sokolov and Kuli-
kov, 1987). Rock hyraxes have vibrissal hairs dis-
tributed over the body, allowing them to negotiate
dark, irregular rocky outcroppings (Sale, 1970).
Naked mole rats possess vibrissae-like hairs, which
are thought to help them navigate through their fos-
sorial habitats (Park et al., 2003). Manatees also
possess vibrissae post-facially that appear to detect
hydrodynamic stimuli and may help them navigate
in murky waters (Reep et al., 2002). These post-
facial tactile adaptations are especially important 
for spatial orientation in nocturnal and crepuscular
animals, and thus may occur in bats as well (Soko -
lov and Kulikov, 1987). 

Some anatomical adaptations such as wing and
body shapes and sizes allow bats to effectively fly

and forage within their habitats (Fenton and Bogda -
nowicz, 2002). These morphological traits vary
within families, with some species more specialized
than others, even within the same genus (Norberg
and Rayner, 1987). Different wing shapes also lend
themselves to specific prey (slow versus faster fly-
ing) and hunting styles (gleaning versus aerial)
(Norberg and Rayner, 1987; Fenton and Bogdano -
wicz, 2002). Additionally, cutaneous ‘dome’ recep-
tors on bat wings provide feedback regarding wing
lift and placement, making flight and foraging more
efficient (Zook, 2007).

Bats roost in various locations including in man-
made roosts in foliage, under bark, in hollowed out
trees, in rock crevices, and in caves (Pierson, 1998;
O’Shea and Bogan, 2003). Bats may spend the ma-
jority of their lives in their roosts and it is vital they
are able to navigate them easily, regardless of the
conditions (Kunz, 1982b; Kunz and Lumsden,
2003). Many species roost in several different types
of roosts and may also roost in numbers ranging
from one to tens of thousands. The variance in roost-
ing conditions and the darkness in roosts that limits
vision suggest that bats may require some tactile
sensory structures to help them navigate roosts. Bats
roosting in more irregular or cramped roosts such as
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Post-cranial hairs in four families of bats
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This study identifies the presence of specialized post-cranial hairs on 66 species of bats, and speculates on their significance. While
examining museum bat specimens, three main suspected sensory types of hair were discovered: toe hairs, rump hairs, and
uropatagial hairs. Life history traits such as day roost type, size of roosting group, and diet were compared with the presence or
absence of these hairs using Spearman’s Rho tests. The presence of post-cranial hairs was extremely variable across families and
genera, making their function difficult to infer. Nevertheless, our tests revealed statistically significant correlations between the
presence of uropatagial hairs and using small roosts and the presence of rump hairs and using hollow tree roosts. We suggest that
rump hairs may play an important role in roost navigation, while uropatagial hairs may contribute to landing or foraging abilities,
especially when found on tailless bats. Toe hairs are suspected to aid in grooming. Histological analysis and further behavioral data
are needed to ascertain the functional role of these post-cranial hairs.

Key words: Chiroptera, rump hairs, tactile hairs, toe hairs, uropatagial hairs



INTRODUCTION

One of the most conspicuous characteristics of
mammals is variation in size. Mammalian body size
spans eight orders of magnitude (Smith et al., 2004)
from the bumblebee bat (Craseonycteris thong-
longyai) to the blue whale (Balaenoptera musculus).
Such variation is demonstrably adaptive and can be
related to a number of selective forces such as 
ability to thermoregulate (Bergmann, 1847), metab-
olize (McNab, 1970), compete (Bowers and Brown,
1992), evade predators (Brooks and Dodson, 1965)
and disperse (Etienne and Olff, 2004) to name just 
a few. Intraspecific secondary-size dimorphism is 
a common epiphenomenon among mammals
(Blank enhorn, 2005) that results from a number of
different forms of sexual selection primarily in
males (Andersson, 1994) and fecundity selection
primarily in females (Preziosi et al., 1996). In bats,
the primary form of secondary-sexual size dimor-
phism involves larger females than males (Ralls,
1977) although the family Molossidae tends to be an
exception to the rule (Ralls, 1976). Differences typ-
ically are slight to only moderate, although dimor-
phism can be so extreme that in some cases such as
Pygoderma bilabiatum (Peters, 1864; Myers, 1981)

and Ametrida centurio (Peterson, 1965) males and
females of the same species have been initially de-
scribed as distinct taxa. 

A number of hypotheses have been proposed to
explain such consistent directional size dimorphism
in bats in which females are larger than males.
Sexual dimorphism may allow males and females to
specialize on different resources, thereby diminish-
ing effects of intraspecific competition (Selander,
1966; Schoener, 1967). Although a conceptually ap-
pealing hypothesis to explain differences between
males and females, such an explanation does not
clarify why in bats females are so consistently the
larger sex. A second hypothesis is more subtle and
suggests that greater competition among females 
for resources, in particular associated with raising of
young, causes increases in female size fairly inde-
pendently of male size (Ralls, 1976). Finally, 
a related hypothesis is that larger females can either
birth larger offspring or allocate a greater absolute
amount of resources to rearing offspring. To this
end, larger mothers may have greater reproductive
success because they can invest more energy into 
reproduction (Ralls, 1976). This hypothesis is re-
ferred to as the ‘Big Mother’ hypothesis and is the
focus here.
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Absolute and relative secondary-sexual dimorphism in wing morphology:

a multivariate test of the ‘Big Mother’ hypothesis

RICHARD D. STEVENS1, 2, MARY E. JOHNSON1, and EVE S. MCCULLOCH1

1Department of Biological Sciences, Louisiana State University, Baton Rouge, LA 70803, USA
2Corresponding author: rstevens@lsu.edu

In many bat species, average body size of females is larger than males. One common explanation is that larger females exhibit
greater reproductive success. One avenue whereby increased size could positively affect fitness is by improving aerodynamic
performance. We examined secondary sexual size dimorphism in wing elements of Artibeus lituratus. In particular we examined
absolute differences, relative differences after controlling for disparities in body size, and differences in the degree of morphological
integration of wing elements. Females were absolutely and relatively larger than males in many wing elements and exhibited no
difference in morphological integration. Absolute and relative differences in size of wing elements are likely related to enhanced
aerodynamic performance in females, especially related to weight gain during reproduction. Future studies should examine patterns
of dimorphism across the geographic distribution of this species to better understand the particular ecological and environmental
context in which such size differences manifest.

Key words: Artibeus lituratus, Big Mother hypothesis, morphological integration, secondary-sexual dimorphism, wing morphology



INTRODUCTION

Bats are thought to maintain positive wing 
camber across their entire speed range, at least 
during the wing down stroke (e.g., Norberg et al., 
1993; Ray ner, 1993; Pennycuick, 2008; Swartz et
al., 2012). During anatomical investigations for 
power and velocity relationships in Western Aus -
tralian bats, we noted that some species could entire-
ly flatten their fifth digit, the digit primarily deter-
mining wing camber, even though the unloaded 
fifth me t a carpal (M5) was positively cambered in all 
cases. 

By dissecting preserved specimens, we sought 
an anatomical mechanism whereby certain species
could straighten M5 as well as extend the phalanges
collinearly. The implications of such a mechan-
ism for the flight speed-metabolic power polar in 
these bats are particularly significant at high flight
speeds because a flattened wing-section minimises
profile drag at low local lift coefficients (Schmitz,
1942: 81–91, and tables 2 and 3; Simons, 1999: 81).

These bats might fly much faster than current 
power models (e.g., Pennycuick, 2008) would indi-
cate, or fly much more efficiently at similar flight
speeds.

MATERIALS AND METHODS

The 22 species of Australian bats assessed in this study are
listed in Table 1, along with taxonomic authorities and syn-
onyms used in cited references. This table also presents species
usual foraging microhabitat, usual foraging strategy, climatic
range, phylogenetic relationship, mass, flight-muscle mass class
(Bullen and McKenzie, 2004) and mode flight speed (the speed
most often measured in free flight, see below). These species
represent all seven families that occur in tropical and temperate
regions of Western Australia, both zoophagic and phytophagic.
They include bats from a wide range of environments and with
very different foraging strategies and phylogenetic affiliations.

Flight speeds were measured from passing bats, either at
dusk as they foraged around vegetation or departed their roosts
in caves or abandoned mines, or at night if they were partial-
ly illuminated using a 12-V neon floodlight (‘Versa-Light’ by
Burn-Brite Lights, Australia). In such situations they were sub -
sequently identified from their ultrasound sequences. The speeds
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Can some Australian bats take advantage of flat-plate aerodynamics?

ROBERT D. BULLEN1, 4, NORMAN L. MCKENZIE2, and GERARD SPOELSTRA3

143 Murray Drive Hillarys 6025, Australia
2Department of Environment and Conservation, PO Box 51, Wanneroo 6946, Australia

3Department of Histology, School of Veterinary and Life Sciences, Murdoch University, Murdoch 6150, Australia
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The fifth digits (D5) of 22 species of Australian bats were compared. Unloaded, all species had positive wing camber values between
6.5 and 11.4%. During the measurements on live individuals two species were observed to entirely straighten D5, including the
inherently cambered metacarpal-5 (M5) (1.5 to 5.6%). To explain this capability, preserved specimens of all species were assessed
in terms of the metacarpal’s unloaded camber, tendon alignments, cross-sectional aspect ratio, various length ratios, bending
stiffness, bone density and tendon insertions onto the metacarpo-phalangeal joint. The four species that migrate or commute long
distances at high speeds have anatomical mechanisms that could eliminate the camber of their fifth digit, including its metacarpal,
thereby optimising their high flight speed performance (Mormopterus beccarii, M. loriae, M. planiceps and Tadarida australis).
They were distinctive among the 22 species assessed because: (1) their extensor tendon was aligned directly above the M5’s elastic
axis over the full length of the bone, (2) this tendon had additional insertions in the metacarpo-phalangeal joint that were correctly
positioned to straighten the positive camber inherent in the M5, (3) the metacarpo-phalangeal joint capsule was appropriately
reinforced to support the additional insertions, (4) their M5 showed a distinctive pattern of bending stiffness values in the sagittal
plane appropriately graded for straightening the bone and (5) when exposed and tensioned manually, the extensor tendon did
straighten the shaft of M5.

Key words: bats, flight, metacarpal, camber, speed



INTRODUCTION

Wildlife collisions with aircraft (hereafter inci-
dents) pose a risk to human safety and result in sub-
stantial economic loss. Wildlife incidents with air-
craft cost the United States (U.S.) civil aviation in-
dustry an estimated > US$ 1.4 billion in damages
and loss of revenue from 1990 to 2009 (Biondi et
al., 2011). Over 100,000 wildlife incidents were re-
ported using the Federal Aviation Administration’s
(FAA) National Wildlife Strike Database from
1990–2010 (Dolbeer et al., 2012). These incidents
included primarily birds (97.2%), followed by mam-
mals (2.7%), and reptiles (0.1%) (Dolbeer et al.,
2012). Although overall reported incidents have in-
creased five-fold from 1990 to 2010, the total num-
ber of annual reported damaging incidents has de-
clined (Dolbeer, 2011; Dolbeer et al., 2012).

Most research on wildlife incidents with aircraft
has emphasized birds; however, a greater proportion
of mammal incidents cause damage to aircraft
(Wright et al., 1998; Dolbeer et al., 2000; Biondi et
al., 2011). Although comparatively few (< 1%)
wildlife incidents with U.S. civil aircraft involve
bats (Dolbeer et al., 2012), no detailed summary of
timing and frequency of bat incidents or damage to
U.S. civil aircraft from bat incidents has been report-
ed. Parsons et al. (2008) used the Australian Trans -
port Safety Bureau database of bat incidents with
aircraft to examine flying altitudes of the flying-
fox (Pteropodidae), which demonstrates that infor-
mation from wildlife strike databases could be used
to help determine bat behavior and provide more 
insight to bat incidents with aircraft. Damage oc-
curred in 19% of bat incidents with Australian air-
craft from 1996–2006; however, the bats involved
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Bat incidents with U.S. civil aircraft
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Wildlife collisions with aircraft (hereafter incidents) threaten human safety and cause substantial economic loss. Although more than
97% of wildlife incidents with U.S. civil aircraft involve birds, damage is more than 4.5 times more likely to occur during a mammal
incident (e.g., deer, canids). Bats are the only mammals with the potential to be struck by aircraft outside the airport environment
(at least 152.4 m above ground). We examined the Federal Aviation Administration’s (FAA) National Wildlife Strike Database from
1990 to 2010 to estimate the frequency of bat incidents with aircraft within the U.S. and the risk relative to other wildlife incidents.
We summarized 417 bat incidents with U.S. civil aircraft. There were 10 bat species or species groups involved in these incidents;
however, 68.9% were not identified to species. Most (85.7%) bat incidents occurred at Part 139 certificated airports that receive
regularly-scheduled passenger flights with more than nine seats or unscheduled flights with more than 30 seats. More incidents
occurred during August (28.3%) than any other month. Most bat incidents occurred at night (81.7%), but the greatest incident rate
occurred at dusk (57.3%). More incidents occurred during aircraft landing (85.0%) than take-off (11.2%) or other phases of flight
(3.7%). ‘Minor’ damage to aircraft occurred on only two occasions but no damage costs were reported. Incidents coincided with bat
behavior, including diel activity, migration, hibernation, and juvenile recruitment. We conclude bat incidents are low risk to U.S.
civil aircraft and have minimal economic effect on the U.S. civil aviation industry.

Key words: airport, airport management, aviation hazard, bats, United States, wildlife-aircraft incident, wildlife strike



INTRODUCTION

Lao PDR is bordered by China (Yunnan Prov -
ince), Vietnam, Cambodia, Thailand and Myanmar
and forms part of the Indo-Burma biodiversity hot -
spot as designated by Conservation International
(Myers et al., 2000). This paper forms part of a se-
ries of regional reviews of the bat fauna of South-
East Asia by staff of the Harrison Institute and 
colleagues in the region. These include Kingsada et
al. (2011) for Cambodia; Bumrungsri et al. (2006)
for Thailand; Hendrichsen et al. (2001a, 2001b) for
Cambodia and Vietnam; and Bates et al. (2000) for
Myanmar.

In the early 20th century, collections were made
in Lao PDR by a number of naturalists well-known 
in the region: R. W. Hendee (FMNH and USNM col -
lec tions; Osgood, 1932); J. Delacour (Thomas, 1927,
1929, summarised in Osgood, 1932; USNM, MNHN,
BMNH, FMNH, MCZ collections); A. David-

Beaulieu (Bourret, 1944, 1951; Duckworth and
Pons, 2011) and J. L. Gressitt and N. Wilson (Phil -
ips, 1967), with all specimens from these expedi-
tions being deposited in museum collections out-
side the country, such as in the USA, Europe and
Viet nam. Similarly, a small collection from around
the Nam Ngum 1 reservoir in 1982–1983 was sent 
to Zoologisch Museum, Universiteit van Amster -
dam, Netherlands; these records were detailed by
Berg mans (1995). Bergmans (1995) also discussed 
a number of market specimens he collected in vari-
ous parts of Lao PDR in 1994; the capture localities
assigned apparently based on vendors’ statements
must not be considered definitive (Duckworth,
1997) and are thus here square-bracketed.

Between 1995 and 1998 a series of intensive
field surveys was carried out by Charles M. Fran cis,
Antonio Guillén-Servent and colleagues. These sur-
veys took place mainly in and around declared or
proposed National Biodiversity Conservation Areas
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A checklist of bats (Mammalia: Chiroptera) from Lao PDR
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This paper provides the first comprehensive review and detailed documentation of available information on the distribution and
occurrence of bats in Lao PDR. Information was gathered from literature records, survey data, and museum collections. Detailed
locality information, by province (with co-ordinates where available) and maps, along with details on specimens or published
references are provided for each species. Based on these records, the bat checklist for Lao PDR comprises 90 species of seven
families: Pteropodidae (nine species), Emballonuridae (three species), Megadermatidae (two species), Rhinolophidae (16 species),
Hipposideridae (11 species), Vespertilionidae (47 species) and Molossidae (two species). Many of these records have not been
previously published and several corrections are provided to previously published records, based on revised identifications as well
as new taxonomic information. Nevertheless, many gaps remain in the information available on the bats of Lao PDR. No records
were available from two provinces, and many species known from adjacent countries have not yet been documented in Lao PDR;
thus, it is anticipated that the species list will increase with further field research.

Key words: biodiversity hotspot, Southeast Asia, distribution, conservation status, locality records, specimen holdings
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The 16th International Bat Research Conference
and the 43rd North American Symposium on Bat
Research in San Jose (11–15 August 2013) are ap-
proaching ☺.

This is the largest meeting of bat researchers in
the world but this time it will probably break the
record as more than 600 participants are expected
and we have a marvelous opportunity to meet many
of our colleagues from Latin America. There are 16
scientific symposia planned: 1) Advances in bat
phylogeography and population genomics; 2) Bats
and environmental change; 3) Bats and wind ener-
gy: innovative solutions to monitor and minimize
bat impacts at wind energy facilities; 4) Bats flying
along — flight path reconstruction methods and
their research applications; 5) Behavioral ecology of
bats; 6) Biology and evolution of the earliest bats:
new insights from the fossil record; 7) Build ing 
a global network for bat conservation; 8) Envi -
ronmental education and communication: what have
you done that works? 9) Evolutionary-developmen-
tal biology of Chiroptera; 10) Ecoimmunology of
bats; 11) Frontiers of bat assemblage ecology: nov-
el perspectives from the Old and New World; 12)
Phylogeny, evolution, and the origin of biological
diversity in noctilionoid bats; 13) Present and future
of bat conservation in Latin America and the Carib -
bean; 14) The ecology and evolution of the mutual-
ism between nectar bats and bat-pollinated flowers;
15) Two curious explorers: the work of Elisabeth
Kalko and Björn Siemers; 16) White-nose syn-
drome, a disease of hibernating bats. More at http://
www.ibrc2013.com/. 

From my own experience I know that Costa Rica
is full of surprises. First, you will not see any sol-
diers on the streets or anywhere else. Costa Rica dis-
banded its army in 1949 to avert a civil war and to
invest more in education and medicine. It has 
a strong democratic tradition, and it is the only Latin
American country in the list of the world’s 22 older
democracies. It is also the first Latin American co

untry, which in 2012 passed a hunting-ban legisla-
tion. It is also one of the most biodiverse countries
in the world — currently, about 1/4 of Costa Rica’s
land is protected as national parks or reserves.
…and it was a purpose of my visit — to see the
unique nature of the ‘rich coast’ (meaning of ‘Costa
Rica’). For the past two decades tourism has
emerged as a new and growing activity in the local
economy, something you will not see in any other
country of Latin America. Prices are similar to those
of Poland or slightly higher.

A few place I visited during a few, very active
days at the beginning of 2013:

1. Tirimbina Rainforest Center “... where 
education, research and beauty combine to offer an 
unforgettable experience with nature”: http://www.
tirimbina.org/ecotourism.html.

There are several adventure trips from which you
can choose including a bird tour (this is a must —
Costa Rica has one of the highest concentrations 
of birds in the world, and ….toucans are beautiful),
a frog tour (Costa Rica is one of the countries with
the most species of amphibians in the world … and
Den drobates are beautiful) and a bat program (bats
represent almost 50% of the mammals in Costa
Rica) and Ectophylla alba is only one of the beau-
ties you may meet there. Do not forget about the
most tasty part of the program — the chocolate tour.
Here you will be able to see the entire process of ca-
cao transformation into chocolate (harvest, fermen-
tation, drying). The tour is ended with a chocolate
drink and different types of chocolate, made with
organic cacao. 

2. Monteverde Cloud Forest Reserve and Bat

Jungle: http://www.reservamonteverde.com/cct-
english.html and http://www.monteverdeinfo.com/
bat-jungle/

There are scenic pictures from both the
Caribbean and Pacific coasts — no time for swim-
ming but I heard that currents there are swift and
may be dangerous. Travelling from San Jose to

THE 16TH INTERNATIONAL BAT RESEARCH CONFERENCE AND THE 43RD NORTH AMERICAN

SYMPOSIUM ON BAT RESEARCH, SAN JOSE, COSTA RICA (11–15 AUGUST 2013)
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