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Abstract

Movement is one of the fundamental features of life on earth. Many animals move
regularly to effectively find and consume food and to actively improve the quality and
guantity of their food intake. A foraging animal must acquire information about its
environment to decide where and when to forage, as well as how to move from one
place to another. Plant-frugivore relationships play a key role in the dynamics of
ecological systems and in the evolution of animal and plant traits. These interactions

determine the movement of frugivores and the dispersal of plant seeds.

This thesis comprises three distinct, yet related chapters that deal with the
movement ecology of the Egyptian fruit bat (Rousettus aegyptiacus). Chapter 1
describes the study of the daily foraging movements of individuals in relation to the
distribution of their food resources (fruit trees) using spatial analyses of landscape
features and GPS tracks of the bats. Chapter 2 describes the investigation of the
navigation capacity of bats, based on different sets of homing experiments on GPS-
tracked individuals. Finally, in Chapter 3, the potential role of the bats as long-distance
dispersers of plant seeds is elucidated, from computer simulations of an empirically-
calibrated mechanistic seed dispersal model, and the bats potential as a vector of

invasive species is evaluated.

The movement of bats is the unifying concept of this thesis. | studied the patterns
(Chapter 1), the underlying mechanisms (Chapter 2) and the consequences of the
movements of individual bats (Chapter 3). The conceptual framework of movement
ecology puts these three chapters in a unifying template. This framework asserts that
four basic components are needed to describe any type of movement by any organism:
(1) the internal state from which the individual’s motivation to move is derived; two
constraints — (2) the navigation capacity, and (3) the motion capacity — of the individual
organism that reflect, respectively, the mechanisms used to execute movement and to
decide where and when to move; and (4) the broad set of biotic and abiotic external

factors affecting each of the components above. The interplay between these four



components shapes the movement path, which in turn affects the internal state of the
bats and the external factors governing their movement. Here | explore a variety of links
in the movement ecology framework. In chapter 1, | focus on the relationships between
the daily need to consume food (internal state) and the distribution of food resources
(key external factor). In chapter 2, | focus on how bats return home (internal state) after
translocation to remote sites (navigation capacity). In chapter 3, | employ a nested
design of the movement ecology framework, in which the movement ecology of the
plants is nested within the movement ecology of the bats. Here, the bats are the key
external factor for the movement of the seeds, and the trees and fruits are the main

external factors determining the movement of the bats.

| combined various research methodologies to quantify the movement of the bats, to
explore their navigation capacity and to estimate the consequences for plant dispersal.
These include bio-telemetry techniques, homing field experiments, laboratory
experiments, computer simulations and spatial analyses. The principal methodology
applied in all parts of my work is global positioning system (GPS) telemetry. Recent
miniaturization and power reduction in GPS technology enabled the acquisition of
accurate data on the movements of bats over relatively large scales and with high
spatiotemporal resolution. Using a miniature GPS data logger, | collected 3D location
data of 74 individual bats. Sixty nine bats were recorded at a fix rate of 1Hz and five at a
fix rate of once every 1-3 minutes. Bats were tracked for > 9 hours and up to several
successive nights. An additional 26 bats were tracked using radio telemetry by two to
four tracking teams simultaneously. Bat location was recorded once every 2 minutes for
up to a full night and from one to thirteen nights. Bat location was determined by

triangulation of data from all the tracking teams.

In the first chapter of this thesis, | quantified the bat's foraging movement in regards
to the landscape structure and the way bats optimize their foraging behavior. I first
measured the bat's loyalty to its roost and found bats to show medium-high roost
loyalty. | then described their foraging behavior and found that bats fly long distances
(up to 25 km away from their roost) by a fast (median speed of 9.28 m/s), high (median

height above ground 103.8 meters) and straight flight track (mean straightness index of



0.92). Bats showed loyalty to the visited fruit trees and commuting flight tracks. | have
observed a general foraging pattern by the bats, where they forage by a long distance
commuting flight to specific fruit trees, stay within their vicinity throughout the night and
then return back to the roost before sunrise by a similar commuting flight track.

The landscape structure affected the spatial foraging pattern at the individual, as
well as the population, level. The spatial distribution of the bat foraging population was
similar to the distribution of resources within the landscape, yet the bats selected fruit
trees that were significantly closer to the roost than would be expected purely by
chance. The next stage in the research was to create a spatially explicit attractiveness
model. The model's grain size was 1 km? and its extent was a radius of 25 km around
the roost. Each cell was scored by its tree density divided by its distance from the roost.
Through this simplified model, | found that bats foraged at high-scored cells, at a
significantly higher rate than by random selection or if the bats would have selected the
fruit trees of the same species and ripeness as the trees they eventually did select, but
that were the closest to their roost. By energetic modeling | also found that bats
minimized energetic flight expenditure by applying a commuting flight speed requiring

minimum power.

The long distance foraging flights quantified in Chapter 1, suggest that the bats
possess a keen spatial memory of their foraging area, and are capable of navigating
easily to distant locations. To examine the navigational capacity of the bats and to shed
light on the possible underlying mechanisms, | carried out several homing experiments.
In the first experimental set, the bats were translocated 44 km south of their roost, well
beyond their typical foraging area. By manipulating feeding and release time, | found the
bats oriented to one of two destinations: hungry bats released early during the night
oriented directly to a feeding tree, while well-fed bats released late at night, oriented
directly to their roost. In the second set of homing experiments, | released the bats 84
km south of their roost, within and above a deep natural erosional crater. The bats were
initially disoriented, but eventually left the crater toward the home direction and homed
successfully. Bats released at the crater edge homed directly. These results suggest

navigation guided by distal visual landmarks, providing evidence for large-scale



navigation of a mammal within its visually familiar area. Yet, the fact that all disoriented
bats left the crater in a northerly direction demonstrate their ability to home without
visual cues, thus indicating an additional navigation mechanism, possibly using
geomagnetic and/or olfactory cues as indicated by recent findings of a possible

magnetic sense in insectivorous bats.

As the two previous chapters have shown, bats may carry out long distance foraging
flight commutes and thus have potential as long-distance dispersal (LDD) vectors of
plant seeds. The third chapter of my thesis investigates the role of the fruit bats as seed
dispersal vectors and examines how motion and navigation capacities affect their
potential to disperse seeds of plants in general and invasive plants in particular. Based
on the foraging movements and gut retention time quantified in this thesis, | developed
a simulation model to assess seed dispersal by the bats in a spatially explicit context. |
found that bats generated complex seed shadows and fat-tailed dispersal kernels,
dispersing seeds to distances of up to 20 km with peaks in the vicinity of both fruiting
and non-fruiting trees. | also found that bats strongly prefer to forage near human
settlements. | thus conclude that Egyptian fruit bats are likely to play a key role in
dispersing potentially invasive species as LDD vectors. | also showed that the dispersal
distance kernel is strongly affected by the spatial distribution of the fruiting trees, rather
than by the differences in gut retention times of seeds of the native or alien plant

species examined.

In the third chapter | also quantified, for the first time, the allometric relationships
between the mean and the maximum seed dispersal distances and the body mass of
both flying and non-flying frugivorous vertebrates (birds and mammals) that disperse
fleshy-fruited plants by endozoochory. Both the mean and the maximum distances of
seed dispersal by the Egyptian fruit bats, as estimated in my thesis, are much higher
than the corresponding dispersal distances expected from the allometric relationships,
even though their mean flight speeds and gut retention time are similar to those of birds.
The Egyptian fruit bat is thus exceptional among mammals in its mean seed dispersal

distance, even when compared with flying frugivorous birds.

This study has multiple implications for landscape management and conservation.



For example, the finding that bats forage long distances and are loyal to specific fruiting
trees implies that damage to commercial orchards can be addressed efficiently by
capturing the specific bats visiting that orchard. The findings regarding the bats’
potential as a vector of invasive species should be further investigated for practical

implications of ecosystem management.

There are several traits that make the Egyptian fruit bat a great model animal for
movement and navigation research: it is common, relatively large, easy to rear and
train, it is highly social, flies to long distances and has a strong motivation to return to its

original colony, similar to carrier pigeons.

This thesis has investigated different aspects of movement ecology in the Egyptian
fruit bat, using innovative technology never before used on bats. This is undoubtedly the
start of a fascinating era in movement ecology research of medium and small animals in
general and bats in particular. Future research should address, among other things, the
guestion of what are the additional cues used by the bats for their long distance
navigation and also how the social interaction between individuals affects their foraging

and navigational ability.
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1. GENERAL INTRODUCTION

Movement of organisms is one of the most basic features of life. It is an important
component of almost any ecological and evolutionary process and plays a key role in
determining the fate of individuals, the structure and dynamics of populations,
communities and ecosystems, as well as the evolution and diversity of life itself, habitat
fragmentation, changes in land-use pattern and climate, and the introduction of exotic
species (Nathan et al. 2008a). Therefore, movement research is of crucial importance
for both basic and applied science (Baker 1978; Swingland & Greenwood 1983;
Stenseth & Lidicker 1992; Dingle 1996; Clobert et al. 2001; Isard & Gage 2001; Bullock,
Kenward, & Hails 2002; Levey, Silva, & Galett 2002; Greenberg & Marra 2005).
Movement research is characterized today by a broad range of specialized scientific
approaches, each developed to explore a different type of movement carried out by a
specific group of organisms. The emerging “movement ecology” discipline (Nathan et al.
2008a) catalyzes the integration of movement research by elucidating the principal

components of movement.

The present thesis describes studies of the movement ecology of the Egyptian fruit
bat, divided into three distinct yet related chapters. Chapter one focuses on the
relationships between the bat’s daily need to consume food (internal state) and the
distribution of food resources (key external factor) within the landscape, while being
restricted by its roost location (external factors) and the energetic cost of foraging flights
(internal state). Chapter two focuses on how bats return home (internal state) after
translocation to remote sites (navigation capacity)(Schurr et al. 2010; Tsoar et al.
2011a). In Chapter 3, | examine how the movement of the bats affects the movement of
other organisms. To this end, | developed a nested design of the movement ecology
framework, in which the movement ecology of the plants is nested within the movement
ecology of the bats, and the bats are the key external factor for the movement of the
seeds, while the trees and fruits are the main external factors determining the

movement of the bats (Tsoar et al. 2011a).
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The common theme of all three chapters in this thesis is the movement
ecology of the Egyptian fruit bat, describing its movement pattern and navigation
ability, the factors affecting it and how all these factors are expected to impact

other organisms.

Animal movement and movement ecology

Animal movement, defined as the change in the spatial location of the whole
individual in time, is driven by processes that act across multiple spatial and temporal
scales, which are being studied in multiple research disciplines (Swingland &
Greenwood 1983; Schick et al. 2008). Animals may move during their entire life or
during specific seasons or life stages. They are known to move various distances, from
several centimeters during their entire life to crossing the globe twice a year. Movement
research has been estimated to produce 26,000 papers in the 1997-2006 decade,
increasingly growing in both in number and proportion over this period (Holyoak et al.
2008). This progress parallels a recent boost of technological advancements such as
satellite-tracking using the Argos system, geo-tagging or tracking units based on Global
Positioning Systems (GPS), that have recently revolutionized the quality, quantity and
scale of animal tracking data in the wild (see Bridge et al., (2011) for a recent review.
The development of movement ecology is strongly enhanced by the advances in animal
tracking and bio-logging techniques, making it possible to track multiple individuals in
greater accuracy and for longer times compared with what was feasible only a few
years ago. This, in turn, has also improved the input parameters inserted into models of
animal movement (Jonsen, Myers, & Flemming 2003; Jonsen, Flenming, & Myers 2005;
Hebblewhite & Haydon 2010). Currently, the main restriction in animal tracking is the
need for energy, as well as the maximum mass of a tracking device attached to an
animal. Recent advancements have reduced tag energy consumption as well as the
mass of the tracking devices (Bowlin et al. 2010; Robinson et al. 2010). As illustrated in
this thesis, such technological advancements enable us to address important questions

about animal movement that were out of reach just a few years ago. In particular, in the

12



present study, | have implemented cutting-edge GPS technology capable of recording
movement at a very high spatial and temporal resolution (Steiner et al. 2000; Biro et al.
2002) to track, for the first time, a wild flying mammal, the Egyptian fruit bat (Tsoar et al.
2011a; b).

The recent Movement Ecology framework defines the basic mechanisms of
movement by all organisms within a single unified framework (Nathan et al. 2008a). It
asserts that four basic components are needed to describe any type of movement by
any organism. The first is the internal state (“why move?”) of the individual that affects
its motivation to move. It accounts for the physiological and psychological state of the
individual driving it to move. The second is the navigation capacity (“when and where to
move?”) of the organism that accounts for its ability to orient in time and space. The
organism might be restricted in its movement due to cognitive or sensory limitations of
this component. The motion capacity (“how to move?”) is the ability of the organism to
move in space and time; it includes the mechanisms used to execute movement. The
external factors (“which factors effect movement beyond those directly related to the
individual?”) comprise a broad set of biotic and abiotic factors, external to the organism,
affecting each of the three components above. The aim of the movement ecology
conceptual framework is to articulate and then integrate these four components that

produce the movement of an individual organism.

When accounting for individuals moving with the aid of other organisms, we need to
consider a nested design of the movement ecology framework, in which the movement
ecology of the assisted organism is nested within the movement ecology of the
organism that transports it. Such a nested design will be further elaborated in chapter 3

of this thesis.

The generality of the movement ecology framework facilitates the comparison
between different organisms (Holyoak et al. 2008) and among movement phenomena:
in chapter 1, | apply it to studying the foraging of bats, and in chapter 3 to studying the
dispersal of plants. The framework can also be used to highlight particular components
such as navigation capacity, investigated in chapter 2. It can also guide the

development of mechanistic models exploring how movement of individuals modulates
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the interactions among trophic levels; this is illustrated in chapter 3, focusing on the role

of bats in dispersing plant seeds.

Animal foraging: central-place foraging

Many animals are highly mobile, moving on a daily basis from very local to global
scales in search of food and other resources. Foraging is one of the most basic and
common movement phenomena; it is defined by the Oxford dictionary as to “search
widely for food or provisions”. Foraging research encompasses observations,
experiments, and modeling (Stephens & Krebs 1986), and its theoretical basis is found
in the theories of economics and human behavior. A fundamental tenet in optimal
foraging theory postulates that animals maximize their gain relative to cost while
optimizing their energy balance during foraging (Stephens & Krebs 1986). In general,
optimal foraging theory predicts that animals should select the most energetically rich
fruit trees (gain) in relation to travel distance (cost) while maximizing their net energy
gain (benefit). This simple principle is typically violated by considering predation risk,
competition among conspecifics, alternative drivers of foraging movements (e.g., social
interactions, learning, territorial defense) and alternative gains from food resources
(e.g., certain nutrients or minerals) (Pyke 1984; Pierce & Ollason 1987).
Notwithstanding the importance of such complications, the basic principle of optimal
foraging provides a general context for studying animal foraging behavior. Such studies
are often conducted under controlled conditions(Rosenzweig & Abramsky 1997; Katz et
al. 2010) to rule out potential deviations from this basic principle, or to explicitly
investigate one (or more) of these complications. Yet, the challenge of assessing
whether this basic principle of optimal foraging can explain a large part of the variance

in animal behavior in non-manipulated free-ranging animals is yet to be met.

Central-place foraging (CPF) occurs when the foraging movement of the animal is
constrained by its need to return to a specific location or refuge (i.e., a nest, perch or
roost) (Orians & Pearson 1979; Olsson, Brown, & Helf 2008). This constraint changes
the optimal energetic considerations of the foraging animal, mainly by limiting its search
duration and area (Bovet & Benhamou 1991; Olsson et al. 2008). It poses a major

14



restraint on the foraging animal, restricting its movement and thus altering the costs and
gains of its foraging movement (Rosenberg & McKelvey 1999; Matthiopoulos 2003).
Thus, examining the foraging strategy of a central place forager requires considering
how such restraints affect movement. A CPF animal might not exploit the most
profitable resource patch due to high travel cost from the refuge to that resource
(Rosenberg & McKelvey 1999; Matthiopoulos 2003). For our understanding of the CPF,
we should understand the movement restraints, landscape structure, as well as the
distribution of the resources within the landscape. Such information is hard to obtain

and in most cases a simulating model is used instead (Matthiopoulos 2003).

The Ideal free distribution (IFD) theory predicts optimal foraging animals to be
distributed in a spatial pattern that will enable each of individuals to acquire the same
food intake, thus, on the population scale, it is predicted that distribution of individual
foragers will reflect the distribution of the key resources. The theory assumes that
foraging animals have full knowledge (thus, “ideal”) of the resources surrounding it and
have no limitations or costs (thus, “free”) when moving between food patches (Fretwell
& Lucas 1969; Fretwell 1972). Empirical work has shown that often these assumptions
are violated and additional considerations cause the individual forager to behave
differently than as predicted by theory (Kennedy & Gray 1993; Tregenza 1995; Krivan,
Cressman, & Schneider 2008).

Most fruit bats are known to be generalists and to show plasticity in their food
preference (Mcdonald-Madden et al. 2005), they are known to fly long distances in
extremely patchy habitats (Cosson, Pons, & Masson 1999; Henry, Pons, & Cosson
2007); in some cases, bats were even found to forage between islands in the Pacific
Ocean (McConkey & Drake 2007). While in recent years several studies have been
carried out to quantify their flight (Riskin et al. 2010), none of these studies have
examined optimal foraging of bats in natural conditions. To be able to forage between
such remote locations, the bats must have a profound navigational system. To date, no

research has been done on the navigational movement of bats (Holland 2007).
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Animal navigation

Foraging animals need to find their food resources, and CPFs need to navigate
between the foraging site and the central place/site. Navigation is defined as the ability
to move non-randomly in space to reach desired goal locations using environmental
cues or based on spatial memory (Wallraff 2005). The ability to navigate is critical to a
plethora of animal activities including searching for food and mates, escaping predators
and avoiding other risks, defending territories, and migrating long distances. It has been
extensively studied in animals, mostly in non-mammalian species including bees, ants,
fish, birds, and some marine vertebrates and invertebrates (Srinivasan et al. 2000;
Cochran, Mouritsen, & Wikelski 2004; Lohmann et al. 2004; Menzel et al. 2005; Wallraff
2005). These studies revealed that animals use a wide range of cognitive strategies and
environmental cues for navigation. For example, pigeons were shown to use magnetic
cues in addition to celestial and visual cues for both short- and long-range navigation
(Wallraff 2005). However, we are still far from assessing the navigational performance
and elucidating the underlying mechanisms in other taxonomic groups, especially in

mammals.

Griffin (1964) has defined three types of navigation abilities. The most advanced
type includes a “navigational map”, that is, the ability to travel directly to a certain
destination from any starting point within the environment, regardless of its direction and
without relying on familiar cues or routes. The map and compass theory asserts that
such a superb navigation ability requires a two-stage process during which the animal
first places its current location in a “global” spatial context, and then uses environmental
cues to return to its destination (Wiltschko & Wiltschko 2003; Wallraff 2005) although
see Bingman & Cheng (2005) for an updated perspective on global navigation.
Evidence for the existence of such a navigational map (Perdeck 1953) comes from field
and laboratory experiments. In the field, homing experiments in translocated lobsters
(Boles & Lohmann 2003), and pigeons (Baldaccini, Benvenuti, & Fiaschi 1976; Wallraff
2004), showed an ability to navigate from an unfamiliar site to one or more goal
locations. Typically, inferences from such homing experiments were based either on

animals’ vanishing bearing at the release site, or animals’ reappearance at the goal
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location. Only recently were translocated pigeons and honey bees tracked continuously
(Lipp et al. 2004; Menzel et al. 2005). Yet, to date, no high-resolution movement tracks
have been collected from free-ranging mammals homing from translocation distances
greater than a few kilometers, and the lack of such data severely limits our
understanding of mammalian navigation mechanisms. In the laboratory, studies
implementing various experimental approaches suggested the existence of a mental
representation of space, or a “cognitive map,” in rodents (Tolman 1948; Morris et al.
1982; Gallistel 1990). However, our ability to infer map-like navigation from laboratory
experiments on such a small spatial scale (in meters) has been questioned (Bennett
1996; Ulanovsky & Moss 2008). Thus, there is a gap in our knowledge about
mammalian navigation: most of our knowledge of large-scale navigation comes from
studies of non-mammalian species, whereas detailed data on mammals’ navigation in
the field is scarce, certainly as compared with data on birds. In chapter 2, | have shown
bats to successfully orient themselves from locations far from their familiar area. Such
long distance navigation implies that these bats can easily orient within their familiar
area enabling their long distance foraging flights as described in chapter 1. The bats’
long distance foraging movement has important implications regarding their ability to
forage within a fragmented habitat as well as their effect on the organisms they carry
with them, such as seeds digested within their gut (Shilton et al. 1999; McConkey &
Drake 2007).

The role of bats as seed dispersers

The two preceding sections, focusing on how bats forage and navigate, provide the
background for studying the potential of the bat as long distance dispersal (LDD) vector

of plant seeds in general, and invasive plant species in particular.

Seed dispersal is a key process in the dynamics and structure of populations,
communities and ecosystems around the world (Nathan & Muller-landau 2000; Levin,
Muller-landau, & Nathan 2003). Because plants are sessile, their dispersal is typically

aided by an external vector (Howe & Smallwood 1982; van der Pijl 1982). Plant-
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frugivore relations cross trophic levels and are found to be extremely complicated
(Marshall 1983; Shanahan et al. 2001; Levin et al. 2003; Bolmgren & Eriksson 2005). Its
evolutionary importance is seen by the many dispersal traits plants have, and by the
morphological traits many frugivores possess (Herrera 1985; Bascompte et al. 2003;
Nathan et al. 2008a). The traditional focus of seed dispersal research on plant dispersal
traits has recently shifted towards an emphasis on the crucial importance of vector traits
(Jordano et al. 2007; Nathan et al. 2008a; Schurr, Steinitz, & Nathan 2008; Will &
Tackenberg 2008). There are three mechanistic phases in passive dispersal of seeds
by an animal: the vector seed load, displacement velocity and seed passage time
(Nathan et al. 2008a; Schurr et al. 2010). Generalist frugivores are expected, by
definition, to feed from a wider range of plant species (Nathan et al. 2008b);
consequently, they have a higher potential than specialists to feed on and disperse
invasive plant species (Buckley et al. 2006; Hulme et al. 2008).

Approximately 250 species of bats worldwide from the paleo-tropical family,
Pteropodidae, and the neo-tropical family, Phyllostomidae, regularly visit plants for
either fruit or floral resources and depend heavily on plant resources throughout the
year (Heithaus et al., 1975; Marshall, 1983; Fleming, 1988; Cosson et al., 1999;
Shanahan et al., 2001; Muscarella and Fleming, 2007). Fruit bats have been found to
forage at distances ranging from a few hundred meters and up to 40 km per night, to
migrate over long distances (Tidemann & Nelson 2004; Richter & Cumming 2005;
McConkey & Drake 2007; Smith et al. 2011) and are known to be important pollinators
and dispersers of seeds mainly within the tropical region (Fleming & Heithaus 1981;
Marshall 1983; Fleming 1988; Fujita & Tuttle 1991; Mickleburgh, Huston, & Racey 1992;
Kalko, Herre, & Handley 1996; Shilton et al. 1999; Tan, Zubaid, & Kunz 2000;
Shanahan & Compton 2001; Hodgkison, Balding, & Kunz 2003; Ingle 2003; Henry et al.
2007; Muscarella & Fleming 2007; Kunz et al. 2011). Yet, little is known about the seed
dispersal potential of bats outside the tropics. Foraging of the Egyptian fruit bat, the only
fruit bat of the Palearctic region (section 1.5), has been studied in Israel (Makin 1990;
Izhaki, Korine, & Arad 1995; Korine, Izhaki, & Arad 1998, 1999). Yet, the basic
descriptors of the seed dispersal process, the seed dispersal kernel generated by the

bats, and the potential of the bats to disperse viable seeds across the landscape, have
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not yet been quantified. In chapter 3, | used movement data collected from free-ranging
foraging bats, and conducted laboratory experiments on gut passage time (Sun et al.
1997; Loiselle & Blake 1999; Holbrook & Smith 2000), to assess the seed dispersal
kernel and the spatial seed deposition patterns generated by the Egyptian fruit bat.

The study of allometric relationships between body size (or mass) and factors such
as metabolic rate and cost of movement has advanced many fields of ecology and
evolutionary biology (Calder 1984; Schmidt-Nielsen 1984; Robbins 1993). Yet,
allometric principles have not been applied to predict the basic metrics of seed dispersal
by animals. Such allometric relationships can be assessed from known relationships
between body mass and relevant animal traits and characteristics affecting seed
dispersal (Calder 1984; Schmidt-Nielsen 1984; Robbins 1993). Animals with larger body
mass are predicted to have larger home range, higher travel velocities and longer seed
retention times, compared with smaller animals within the same taxonomic group
(Calder 1984; Schmidt-Nielsen 1984; Robbins 1993). Larger animals are therefore
expected, by allometric relations alone, to disperse seeds to greater distances.
Moreover, large animals often take up seeds of a wide variety of plant species,
irrespective of their dispersal morphology (e.g. Westcott et al., 2005). My contribution to
the publication of Schurr et al. (2010) was a meta-analysis of endozoochorous dispersal
by birds, showing that seed dispersal distance increases with the body mass of avian
dispersers as predicted by allometric relationships. Furthermore, | developed a simple
general model that relates the body mass of animals to the mean dispersal distance of
the seeds they disperse by endozoochory. Such a model can be used to approximate
mean dispersal distances from body mass alone, or serve as a generic model for the
expected dispersal distances of species differing in their body mass. The model, further
extended with additional data in chapter 3, will enable us to examine the potential

contribution of the fruit bats to the general seed dispersal community of vertebrates.

The Egyptian fruit bat (Rousettus aegyptiacus) as a case study

The Egyptian fruit bat is one of the most common fruit bats within the Pteropodidae

family. It is a medium sized bat (100-200 gram) with a wide distribution range from
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South Africa to southern Turkey (excluding the Sahara) and as far as India in the east
(Kwiecinski & Griffiths 1999). It is the only fruit bat species in the Palearctic region, and
is a very common species in Israel, mainly in the Mediterranean region (Mendelssohn &
Yom-Tov 1999). It has been suggested that, although common within its distribution
range, the bats’ population is mainly limited by the availability of suitable refuges. Lewis
(1995) has shown that roost fidelity is inversely related to roost availability, and that bats
roosting on tree branches, such as most species of the Pteropodidae family, are
expected to switch roosts more often than cave-dwelling fruit bats of the Phyllostomidae
family. The Egyptian fruit bat, unlike most members of its family, constrains itself to
caves or artificial structures for day roosting (Kwiecinski & Griffiths 1999). The level of
roost fidelity has never been quantified, but it is speculated to be a central place forager
(Korine, Izhaki, & Makin 1994).

The Egyptian fruit bat is considered a generalist forager, feeding on almost all fleshy
fruit trees within its range, including both invasive and natural plant species (Makin
1990; Izhaki et al. 1995; Korine et al. 1998, 1999; Kwiecinski & Griffiths 1999). As in
most of its family members, its main senses are vision and smell (Raghuram et al.
2009), although unlike most of its family members, it does emit echolocation calls, but
these calls are for very short range detection (Yovel et al. 2010). As with most bats, its
natural enemies are mainly owls, raptors, and snakes (Fenton et al. 1994b). Although it
is one of the most common fruit bats world-wide, little is known about its nightly foraging
movements or its potential as a long-distance seed disperser. Jacobsen et al. (1986)
documented foraging flights of up to 24 km, while Makin (1990) and Barclay & Jacobs
(2011) found the bats repeatedly visit specific fruit trees. The Egyptian fruit bat is
considered a non-migrant species across its range and in Israel in particular. Until the
late 1980s, it was eradicated on the pretence of it being an agricultural pest causing
damage to commercial orchards. Bats were killed in their thousands, and entire colonies
were wiped out (Makin & Mendelssohn 1985, 1987). The bat culling was conducted in
caves by pesticide fumigation. This act was the main cause leading to the reduction of
insectivorous bats in Israel (Makin 1977, 1988). Since the 1990s the fumigation has
stopped and Rousettus populations are increasing in many parts of the country. Today,

there are hardly any complaints from farmers, although by law this species is still
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considered a pest in Israel, and has no legal conservation status (Korine et al. 1999).

Research objectives and outline of the dissertation

Bat movement is the unifying theme of my thesis: its patterns, the underlying
mechanism and the consequences for plants. Here | define the objectives and the

research questions for each of the three Results chapters:

In the first chapter (section 3.1), my goal was to examine whether the foraging
movements of the bats fit the basic predictions of optimal foraging of central place
foragers at the individual level and of IFD theory at the population level (see section

1.2). More specifically, my objectives were:

(1) To measure the nightly foraging movements of individuals in high spatial and
temporal resolution and to assess the level of fidelity of the bats to their roosts

and to specific food resources.

(2) To map the distribution of the food resources (fruit trees) at the individual tree

level across the entire relevant area.

(3) To test whether the spatial distribution of foraging bats matches the spatial
distribution of the resources within the landscape as predicted by the IFD
theory.

(4) Assuming that (3) will provide evidence for CPF, to use the data obtained in (2)
to assess the spatially explicit variation in resource attractiveness in terms of

gain (food) versus costs (distance from the roost).

(5) To compare several features of bat foraging movements including foraging
flights, stops and fruit trees they visited (available from (1)), against the

corresponding expectations derived from the attractiveness maps (from (4)).

| predicted the Egyptian fruit bat would act as a central place forager, showing high
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roost fidelity, as expected for cave-roosting bats (Lewis 1995). Because fruit is spatially
and temporally predictable within the Eastern Mediterranean landscape, | predicted that
similar to other places in the world, the bats would show high fidelity also to specific
foraging areas, as long as the trees have sufficient fruit on them (Fleming 1988). | thus
predicted the bats would fly by a direct and repeated flight path to specific fruit trees and
repeated on consecutive foraging events, as been found to happen in other bats
(Morrison 1978a; Fleming 1988; Andrianaivoarivelo et al. 2011). | expected the bats to
forage at sites where the resource attractiveness is the higher that average, based on
optimal foraging theory. At the population level, | predicted that foraging bats would be
distributed in a pattern similar to the density of fruit trees in the landscape, based on the
IDF theory.

In the second chapter (section 3.2), | proceeded to investigate the navigation
capacity of bats, based on different sets of homing experiments on GPS-tracked
individuals. My goal here was to assess the navigational performance of fruit bats, and
a possible environmental cue they use for orientation. More specifically, | set two

objectives to carry out homing experiments of free-ranging wild bats designed:

1) To distinguish between the following navigational strategies: beaconing, route-

following, directional orientation or map-like memory.
2) To assess the use of distal visual cues for long-distance navigation.

My predictions were that due to their long foraging flights, fruit bats possess a map-
like memory. Owing to the bats’ high altitude commuting flight, | predicted that the bats

use visual cues for orientation.

In the third chapter (section 3.3), my goal was to examine the potential role of the
bats as LDD vectors of plant seeds, particularly of potentially invasive species. | set the

following research objectives for this chapter:

1) To quantify gut passage time of seeds of native and invasive plant species

consumed by bats.

2)  To merge data from objective (1) of chapter 3.1 and objective ( 2) of this
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chapter to develop a spatially explicit mechanistic model of bat-mediated seed

dispersal of native and alien plant species.

3) To use the model developed in (2) to quantify seed dispersal kernels and seed

deposition patterns generated by bats.

4)  To develop a general model for the allometric relations of seed dispersal and

to test this model against empirical data.

5)  To use the model developed in (4) to assess the performance of Egyptian fruit
bats as LDD vectors compared with other frugivorous mammals and birds.

| predicted the bats to be important seed dispersers and to disperse seeds over long
distances as found by fruit bats around the world. Because it is a generalist forager, |
expected it to be a potential vector for invasive plant species. Because of their active
flight ability, fruit bats are expected to disperse seeds over long distances comparable

to flying birds and much farther than non-flying mammals and birds.
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2. GENERAL METHODOLOGY

Movement of small animals has been measured to date mainly by low resolution
sampling in time and space or by indirect measures (Bridge et al. 2011). Recent
miniaturization and power reduction in GPS technology enabled me, for the first time, to
monitor bat movement over relatively large spatial scales in a very high spatiotemporal
resolution, and, consequently, to quantify the bats’ flight parameters as well as their
foraging pattern and navigational skills within a heterogeneous landscape. In addition,
the high spatiotemporal resolution enabled modeling and predicting the potential of the
bats as seed dispersers, and assessing how the distance from the roost and different

landscape elements shape the seed shadow the bats generate.
Study sites:

Egyptian fruit bats (Rousettus aegyptiacus) were captured by mist nets at Sgafim
cave (31° 40" N; 34° 54' E; Altitude 250 meters above sea level), upon exiting the cave
after sunset. Captured bats were removed from the mist net and put in cloth bags until
treatment. Each bat was checked for sex and measured for mass, forearm length,
approximate age and external parasites. Bats were attached to either a radio telemetry
device (models: BD-2, PD-2, PD-2C, Holohil Ltd. Canada) in the case of 26 individuals
(8 males, 18 females; 8 juveniles and 18 adults; mass 129.4 + 28 g; forearm length 90 +
5.2 mm; mean = s.d.) or GPS devices with Datalogger attached to 74 individuals of both
sexes (48 males, 26 females). For GPS attachment, | used only adult bats with body
mass >130 g (mass 142 + 21g; forearm length 93 + 4 mm). Experiments were carried
out between November 2005 and December 2009; they spanned all seasons, a variety

of weather conditions and moon phases.

GPS tracking device and sampling rate:

Bats (N=74) were equipped with a tracking device that included a lightweight GPS
data-logger (GiPSy2, TechnoSmArt, Rome, Italy) plus a radio-telemetry unit (BD-2,
Holohil Systems, Canada). The average weight of the GPS/telemetry combined pack
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was 10.8 £ 1.5 g (range 6.9-13.0 g), including batteries, protective casing and
attachment to the bat. This weight constituted 7.3% * 1.2% of the bats' body mass
(range 4.0% to 9.6%). The mass limit to add to the bat was selected as 10%, as bats
with body mass larger than 70 g do not need to follow the 5% rule of mass (Aldridge &
Brigham 1988a). Transmitter load bias was tested by comparing the bats’ flight
parameters between the first night and later nights, and between flight distances and
recovery rate of heavy load (radio transmitters with GPS and light load transmitters (i.e.,
radio transmitters only).

The dimensions of the GPS/telemetry pack were 48 mm (length) x 23 mm (width) x
11 mm (height). The miniature GPS trackers consisted of a GPS receiver module (U-
blox, Thalwil, Switzerland) plus data-logger (Flash memory) and a quarter-wavelength
antenna (47.6 mm length). The GPS devices were modified for tracking bats:
Specifically, | modified the devices to allow flexible on/off activation schedules, such that
the GPS was active only at night and inactive during the day (when bats were inside the
cave). Additionally, in some cases, the GPS was activated for only part of the night; this
saved battery power, and allowed GPS-recording of bats' movements for up to 4
consecutive nights. All the bats were also tracked manually by standard radio-telemetry

triangulation.

Radio telemetry tracking device and sampling rate:

Bats (N=26) were equipped with a radio telemetry tracking device that included a
lightweight radio-telemetry unit (BD-2, PD-2 and PD-2C, Holohil Systems, Canada)
attached to either their back between the shoulders (near centre of mass) or as a collar
around their neck (model PD-2C). Bats were tracked by 2—4 teams simultaneously, and
bat location was determined by triangulation of all tracking teams. Bat location was
recorded once every 2 minutes for durations of 2hrs a night to full nights and from 1 to
13 nights.
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Device attachment and marking of individual bats:

Prior to attachment, fur was removed by scissors and a shaving razor. Medical skin
adhesive (Torbot Liquid Bonding Cement, Torbot Group, RI, USA) was used to attach
the Radio telemetry or GPS device to the bat's skin, directly above the center-of-mass
of the animal's body at its back. The bat was also marked with a subcutaneous
identification tag (UNO Mini-Transponder, Zevenaar, Netherlands) in order to verify that

all tracked bats were indeed distinct individuals.

GPS sampling rate and time-extent of data collection:

The mass and size of the GPS battery limited the device's lifetime, and therefore |
modified the GPS sampling-rate and activation schedule according to experimental
needs, to enable collection of more data. Total time-extent of data collection ranged
from full sampling over one night, to collecting 3 hours of data per night over several
consecutive nights (up to 4 nights). Sampling rate within GPS sampling ranged from 1

fix a second up to 1 fix every 3 minutes.

Release of the bats:

Prior to release, bats were given a few centiliters of fruit juice, to reduce stress of
capture and handling. To eliminate group-navigation by our experimental bats, | (i)
released the bats only after all other bats left the cave (for bats released near the cave),
and (ii) if several bats were tagged at the same night, | released them individually at >
20 min intervals. Prior to release, bats were rotated multiple times and released to a

random direction.

Cave released bats were captured and released at Sgafim cave (31° 40' N; 34° 54'
E; altitude, 250 meters above sea level). For homing experiments, | used the same
capture and attachment protocol as with cave-release bats. | carried out three sets of
homing releases in the Negev Desert, releasing the bats at the following locations: (i)
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Gva'ot Goral (aerial distance of 44 km from capture site, 31° 17' N; 34° 49' E; altitude,
419 meters above sea level); (ii) inside HaMakhtesh HaGadol natural erosional crater
(aerial distance of 84.5 km from capture site, 30° 55' N; 34° 58' E; altitude, 400 meters
above sea level); and (iii) outside of HaMakhtesh HaGadol (aerial distance of 79 km
from capture site, 30° 58' N; 34° 58' E; altitude, 638 meters above sea level).
Translocation was done by car, driving the bats a total ground-distance of 58, 111 and

105 km, respectively. During the entire transport, bats were held inside cloth bags.

For the release in Gva'ot Goral, upon arrival to the release location, bats were
randomly assigned to one of two treatment groups: (i) N=11 bats were released
immediately; (i) N=10 bats were kept in a closed cage for at least 3 hours, given fruit
and water ad lib, as well as being fed by hand, and only then released (~3 hours before
sunrise). For the inside- and outside-crater releases, bats were held in cloth bags during
the drive to the release site, with ad lib food provided; upon arrival to the site, the bats

were released using the same protocol.

GPS recovery and data download:

GPS tags with telemetry transmitters were retrieved after they had fallen from the
bat to the ground (usual time frame, approximately one to five weeks). Retrieval of the
GPS unit was done using the radio-telemetry signal. Data download was possible only
by physically retrieving the device. Retrieval rate of GPS devices was 89% and 62% for
bats released at the cave and at homing experiments, respectively. In total, | retrieved
54 of the 74 deployed GPS devices (73%).

Movement of bats:

I included only data-points that had high accuracy, by including only individual points
that were based on at least 4 satellites and Positional Dilution of Precision (PDOP) < 12.

Preliminary testing has shown that such criteria enable optimal data to accuracy ratio
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(Mills, Patterson, & Murray 2006) and give a horizontal and vertical accuracy of 3.88 m
and 8.74 m for 95% of the locations, respectively. Subcutaneous identification tags

verified that all bats were indeed distinct individuals.

Preliminary tests showed that 99% of all locations of non-moving GPS devices
showed a speed of below 2.78 m/s, this is due to background noise of satellite reception
(Kaplan & Hegarty 2005).

All GPS tracks were allocated to ‘flight' or 'quiescent’ behavior (where quiescent is
defined as resting or sauntering behavior). A ‘flight’ segment was defined as
consecutive locations of over 20 seconds where ground speed was greater than 2.78
m/s; all other segments were designated as ‘quiescent’. Despite the high spatial
resolution used, it was impossible to distinguish between the ‘quiescent’ behavior of
resting bats and bats feeding while moving very short distances. | set a 5 km cut-off
point for all flight segments, to distinguish between 'local’ and 'commuting flight', where
commuting flight segments were defined as a flight segment with a cumulative distance
of equal or greater than 5 km, and local flights as a flight segment with an cumulative

distance of less than 5 km.

For all flight segments, | computed the following trajectory data: (I) median altitude
above ground level (m); (i) median ground speed (m/s); (iii) total distance traveled (m);
(iv) Displacement (m); (v) total duration (minutes) and (vi) straightness index (defined as
D/L, where D is the distance of the straight line from the starting point to the goal

(beeline distance) and L is the total length of the segment flown).

Flight tracks were considered similar between different nights if the measured
perpendicular of one track towards the other was less than one kilometer during the

entire track.
Fruit trees:

Trees visited by marked bats were mapped using a handheld GPS (Garmin 12XL,
Garmin Inc. USA); the trees were identified to the species level and recorded for fruit

fecundity as well as ripeness. For each bat, a 'first tree stop' was defined as the first
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stop made by the bat at a fruit tree that lasted more than ten minutes. In addition, |
surveyed the area from the roost site to the selected tree to find fruit trees of the same
species with similar fecundity and ripeness. The tree found closest to the roost of the
same species and of similar fecundity to the 'first tree stop' was defined as the ‘nearest
tree’. Of all 22 GPS tagged bats, only once was the ‘nearest tree’ the same as the ffirst
tree stop’ (4.5% of all cases). In addition, | inspected all quiescent locations of all
tracked bats by physically visiting the location and identifying the tree species as well as

evaluating its fruiting status.

Of the 22 GPS tagged bats, ten contained movement data for the entire night. For
each of those bats, | also calculated the distance from the roost to the tree in which the
bat stayed for the longest duration (‘longest visit’), and the distance from the roost to all

quiescent stops weighted by the stop duration (‘weighted average distance’).

| created a large dataset of fruit tree distribution, comprising all known locations of
the individual fruit trees of all species visited by the bats during the first tree stop’
(defined earlier in this section). In total, the dataset includes 6,386,938 individual trees
of 12 different species, most of them common to this region (Tous & Ferguson 1996).
This extensive database was comprised from the following sources: (a) GIS data of all
fruit plantations in the relevant area (received from the Israeli Fruit Council in Bet
Dagan, Ministry of Agriculture 2007); (b) BioGIS—the national database of the flora and
fauna of Israel that includes databases such as the Israeli Nature and Parks Authority,
Danin flora Database, SPNI-flora database and the Hebrew University Herbarium
database; (c) ROTEM-Israel Plant Information Center; (d) KKL-JNF database and (e)
my own surveys of fruit trees totaling 32 days in January 2007—-December 2009
designated to fill up gaps in the database. A polygon of plantations was converted into
point localities by randomly adding point locations within the plantation polygon at an
average density of one tree every 16 m?. For data analysis, | focused only on trees
located within a radius of 25 km from the Sgafim roost.

Using the fruit tree database, | estimated a kernel smoothing density, and calculated
a one-dimensional cumulative distribution function (CDF) as well as a one-dimensional

probability distribution function (PDF). | then calculated for each of the 22 GPS-marked
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bats, the relative location of the ‘first tree stop’ within the one-dimensional CDF. For the
10 bats with full night sampling data, | also calculated the location of the ‘longest visit’
tree and of the ‘weighted average distance’ for each of the quiescent stops, as

explained above.
The attractiveness map:

The fruit tree distribution database was used to construct a raster map of an 50 km
by 50 km divided into 2,500 grid cells of 1 km? with the Sgafim roost in its center. For
each of the grid cells, | calculated two parameters: The number of fruit trees within the
cell (to estimate potential gain), and the distance between the center of the cell and the
center of the map (to estimate potential cost). | then calculated for each cell an
‘attractiveness score’ by dividing the potential gain by the potential cost (Matthiopoulos
2003). To normalize the attractiveness score, | used the following function: [X;-min(X)] /

[max(X)-min(X)], so the relative scores range between zero and one.

In a landscape with variable attractiveness, simple optimal foraging theory principles
(section 1.2) predict that individual bats will prefer cells of higher-than-average
attractiveness than would be expected from a random selection of cells. To test this
prediction, | first contrasted the overall distribution of attractiveness scores in the entire
landscape with the distribution of attractiveness scores of cells selected by individual

bats (see section 3.1 for more details).

| then compared the distribution of each of the simulation results with the result of six
different datasets: (a) all quiescent and local flights of the 10 bats with full night tracking,
(b) all quiescent data of the 10 bats with full night tracking data, (c) The fruit trees the 10
bats visited, (d), (e) and (f) are the same as (a), (b) and (c), respectively, for all the 22
bats | tracked. For reference, | also tested the mean attractiveness of 22 fruit trees
located closest to the roost which are of the same species and ripeness state as the 22

fruit trees of the 'first tree stop' selected by the bats.

For these two analyses, | used only grid cells whose center is within a 25 km radius

around the Sgafim cave roost, the longest documented foraging movement of an
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Egyptian fruit bat in my study (Tsoar et al. 2011b) and in other studies as well
(Jacobsen & Du Plessis 1976; Makin 1990).

Second, to estimate the statistical significance of the departure of the observed
cases from random selection, | performed a Monte-Carlo simulation, in which virtual
bats randomly select a grid cells with at least one fruit tree (bats are not expected to
forage for food in locations having no fruit trees) and otherwise irrespective of its
attractiveness score. This random simulation was carried out 15,000 times for each of
the 7 datasets mentioned above, to estimate the probability distribution of the particular

number of bats to obtain a certain average attractiveness score.
Gut retention time:

The gut retention time (GRT) of seeds eaten by Egyptian fruit bats was estimated
from a set of standard laboratory experiments (Sun et al. 1997; Loiselle & Blake 1999;
Holbrook & Smith 2000) on 13 individual bats, all taken from a captive colony that was
recently captured from the wild and held during this experiment in individual cages. Bats
were offered two different fruits, selected to represent common plants dispersed by bat
endozoochory (Izhaki et al. 1995): The native Common Fig (Ficus carica) and the
naturalized White Mulberry (Morus alba), which is considered invasive in other parts of
the world (Global Invasive Species Team, The Nature Conservancy, URL:
www.nature.org). Following a previous empirically-based generalization for frugivores
(Murray 1988; Wahaj et al. 1998). | fitted a gamma function to the observed distribution
of GRT for each of the two fruit species separately, and for all data pooled together.

Dispersal distance kernel:

Bat-generated dispersal distance kernels were calculated by multiplying the
probability that the bat was located at a certain distance from the source tree at a
certain time after feeding (based on the tracking data) and the defecation probability of
a seed at that time (estimated from the fitted GRT gamma function). | separated the
movement data of the tracked bats into two groups, according to the fruit trees they
visited, and calculated 4 dispersal distance kernels from the different GRT distributions:
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(a) alien, naturalized and invasive tree species with the pooled GRT distribution; (b)
native tree species with the pooled GRT distribution; (c) all trees with the GRT
distribution for F. carica alone; and (d) all trees with the GRT distribution for M. alba

alone.
Data analysis:

All data analyses were carried out using Matlab (Matlab 2008a, Mathworks Inc.,
USA); Tree locations were mapped using a Garmin 12XL GPS (Garmin Ltd. USA) and
digitized into ArcMap (ArcMap 9.2, ESRI Inc., USA); Ground elevation was extracted
from a digital terrain model (DTM) layer with a cell size of 25 m? (Hall, J.K., Geological
Survey of Israel, Israel). Statistical tests were undertaken using the SPSS statistical
software (SPSS 15, SPSS Inc., USA). All tests were considered significant if P < 0.05. If
multiple tests were conducted, | used the Dunn-Sidak correction for significance (Abdi
2007).
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3. RESULTS
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CHAPTER 1

The importance of accurate and detailed quantification of
resource distribution and forager movements for
understanding animal foraging patterns in heterogeneous

landscapes, illustrated by the Egyptian fruit bat

This chapter has not yet been submitted to a peer

reviewed journal
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Abstract

The distribution of resources plays a key role in determining the movement and
distribution of foraging animals in heterogeneous landscapes. Optimal foragers are
expected to maximize their food intake in relation to the cost and risk of movement.
Central-place foragers should also account for an additional constraint imposed by the
need to return to the central place at the end of the foraging bout. We studied the
foraging movements of the Egyptian fruit bat (Rousettus aegyptiacus) in relation to the
spatially explicit distribution of its food resources in a heterogeneous landscape. More
specifically, we examined the level of fidelity of the bats to their central place, the factors
affecting their flight tracks, and the extent to which the foraging movement correspond
to simple predictions of optimal foraging and ideal free distribution theories. By using a
spatially explicit empirical model, we also examined the mechanisms by which bats

optimize their foraging movement.

Egyptian fruit bats captured when exiting their roosting cave after sunset were
equipped with a radio telemetry (N=26) or a GPS (N=22) tracking device. The bats were
released near their roost and tracked for up to 11 weeks. The GPS tags provided flight
tracks of free-ranging wild bats in an unprecedentedly high spatial and temporal
resolution. This has provided the means to compare the spatial foraging patterns of the
bats to the corresponding distribution of over 6.3 million fruit trees mapped in the entire

foraging landscape.

We found that bats exhibit a distinct foraging pattern of a long, fast, high and straight
flight path directly to a specific fruit tree, followed by local foraging nearby, and
repeatedly returning to the same tree night after night. Such a foraging pattern was
counterintuitive due to the presence of numerous alternative fruit trees with similar ripe
fruit closer to the roost. To address this puzzle, we compared several features of the
foraging movements of the bats to the spatial variation of site attractiveness, a measure
combining the basic gains (fruit trees) and costs (distance from the roost) of foraging at
each 1 km? cell in the landscape. We found a strong tendency of the bats to select

highly attractive sites compared to a random selection of sites. Interestingly, the sites
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selected by the bats were significantly more attractive than sites containing the closest
fruit trees of the same species and ripeness, illustrating the importance of accounting for
movement and resource distribution in a fine-detailed manner. Furthermore, we found
that spatial distribution of foraging sites was similar to the distribution of fruit trees in the
landscape, in accordance to the simple “null model” predictions of the ideal free
distribution theory. We conclude that accurate and detailed quantification of resource
distribution can explain seemingly counterintuitive foraging patterns, which are similar to
foraging patterns found in other studies of fruit bats, suggesting that fruit bats follow

simple optimal foraging principles.
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Introduction

A major challenge in ecology is to elucidate the mechanism governing the diversity
and distribution of organisms at different spatial and temporal scales (Hooper et al.
2005). Foraging is one of the basic and most common daily activities for many, if not
most, animals, defined as the act of searching and processing of food or provisions
(Stephens & Krebs 1986). Optimal foraging theories such as the marginal value
theorem—at the individual level—and the ideal free distribution (IFD)—at the population
level—were developed to better understand the foraging patterns of animals and to
explain their movements and spatial distribution (MacArthur & Pianka 1966; Fretwell &
Lucas 1969; Fretwell 1972; Charnov 1976; Pyke 1984; Stephens & Krebs 1986;
Tregenza 1995). These theories basically assert that a forager should maximize the
gains (e.g., food intake and mate finding) in relation to the costs (e.g., locomotion cost
and predation risk) of foraging in a heterogeneous landscape. Perhaps the simplest
formulation of these principles implies that animals should forage at sites that are
attractive in terms of the food abundance (potential gain) in relation to travel distance
(cost in terms of energetic as well as predation risk) (Stephens & Krebs 1986;
Rosenberg & McKelvey 1999; Matthiopoulos 2003).

The movement of a foraging animal might be constrained by external or behavioral
restraints such as physical barriers, or the need of the forager to return to its refuge at
specific intervals (Rosenberg & McKelvey 1999; Matthiopoulos 2003). A Central place
foraging (CPF) strategy is where a forager returns to a specific location, such as a nest
or a safe site of reduced exposure to predators (Orians & Pearson 1979; Sih, Petranka,
& Kats 1988; Abramsky et al. 1990). Central place foragers might differ in their fidelity to
the central place (Hamilton et al. 1967; Hamilton, Watt, & Annual 1970; Lewis 1995),
and the duration and area of their foraging are often limited (Rosenberg & McKelvey
1999; Olsson et al. 2008; Rosenberg et al. 2011). Thus, all else being equal, site
attractiveness generally declines with increasing distance from the central place
(Matthiopoulos 2003).
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At the population level, the most basic principles of optimal foraging theory have
been implemented in the context of the ‘Ideal Free Distribution’ (IFD) theory (Fretwell &
Lucas 1969; Fretwell 1972). Assuming that foraging animals have full knowledge of the
available resources, make perfect decisions in terms of their net gain (thus, ‘ideal’) and
have no travel limitations or costs (thus, ‘free’), IFD theory predicts that foragers will be
distributed in a way that equalizes the net gain among individuals, so that the
distribution of the foragers would match the distribution of their resources. Although
many empirical studies have shown that these assumptions are often violated (see
Kennedy & Gray (1993) for a critical review; (Tregenza 1995; Krivan et al. 2008), the
IDF theory provides a useful starting point or a null model to assess optimality of
foraging patterns. The spatial distribution and the temporal availability of fruits vary
considerably among plant species in time and space (Condit et al. 2000; Hampe 2003).
Fruit bats have been found to change their foraging behavior due to changes in the
landscape and distance from roost (Cosson et al. 1999; Mcdonald-Madden et al. 2005;
Rainho & Palmeirim 2011; Nakamoto et al. 2011).

A challenging basic question in ecology is whether such simple optimal foraging
principles can explain observed foraging patterns of free-ranging wild animals in
heterogeneous landscapes? This challenge appears insurmountable, given the extreme
difficulty of measuring relevant potentially influential factors such as energy income and
expenditure, predation risk, cognitive abilities, spatial memory, physiological state and
personality, as well as the need to control for intra- and inter-specific competition and for
the effects of many other external factors that can impact foragers in a given landscape
(Pyke 1984, Olsson et al. 2008). We can, however, rephrase the question to ask
whether a very simple measure of site attractiveness — food abundance divided by
travel distance — can help elucidate optimality of movements and distribution of free-
ranging foragers, assuming that other potentially influential factors either correspond to

this simple measure or have a minor effect.

Assessing this simple measure of site attractiveness is now feasible for many
species due to rapid advances in two complementary methodologies. First, recent

miniaturization of Global Positioning System (GPS) tracking devices (Hebblewhite &
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Haydon 2010; Robinson et al. 2010; Bridge et al. 2011) enables accurate quantification
of foraging movements of free-ranging animals. Particularly useful are GPS data-
loggers that can sample animal movement in high spatial and temporal resolution. This
high sampling resolution — still not feasible via radio or satellite telemetry — is often
necessary to distinguish the specific resource (e.g. a fruit tree) approached by the
foraging animal. Second, tools of Geographical Information Systems (GIS) and the
existence of large-scale spatial databases, enable fine detailed mapping of the spatial
distribution of environmental features such as food resources. These two components
set the stage for elucidating the mechanisms driving the movement of individual free-

ranging wild animals (Nathan et al. 2008)

In this study, we used cutting-edge GPS technology and GIS tools to quantify
foraging movements of Egyptian fruit bats (Rousettus aegyptiacus) and the spatially
explicit distribution of their food resources in a typical heterogeneous Mediterranean
landscape. Frugivorous bats are common in most continents of the world and are
known to be important dispersers of plant seeds (Kalko et al. 1996; Shilton et al. 1999;
Shanahan & Compton 2001; Muscarella & Fleming 2007; Jones et al. 2009; Tsoar et al.
2011b; Kunz et al. 2011). Most bats exhibit high roost fidelity explained by the relative
rarity of their roosts (Lewis 1995). Lewis (see also Kunz & Lumsden (2003)) defined
roost fidelity as a change in roost location less than once every 10 days, or occupancy

of a primary roost more than 70% of the time (Lewis 1995).

Previous studies of foraging patterns of fruit bats found a tendency of individual bats
to return not only to the same roost but also to the same fruit tree and in some cases by
the same flight route. Short-tailed fruit bats (Carollia perspicillata) studied in Costa Rica
were found to disregard new as well as nearby food patches while commuting to a
specific foraging tree night after night (Fleming, Heithaus, & Sawyer 1977; Heithaus et
al. 1978; Fleming & Heithaus 1986). High fidelity to specific fruit trees, despite
availability of similar trees closer to the roost, were documented also for the fruit bats
Artibeus jamaicensis (Morrison 1978a). A similar pattern was found in some of the Old
World fruit bats of the Pteropodidae family; Eidolon helvum was found to "fly well

beyond the most immediate food sources when foraging” (Richter & Cumming 2005, p.
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35). Andrianaivoarivelo et al. (2011) found Rousettus madagascariensis to fly
repeatedly and in straight routes of at least 8 km from roost to foraging site. A repeated

flight track was also found in Rousettus leschenaultia (Tang et al. 2010).

The high fidelity of fruit bats to specific trees necessitates high fruiting predictability
and long ripeness duration of fruit trees as prerequisites (Chapman et al. 1999). In the
Eastern Mediterranean region, fruit trees bloom on consistent dates, have predictable
fecundity, and ripe fruit can be found on the tree for relatively long durations. Carobs
(Ceratonia siliqua), for example, can be found ripe on the tree all year round (A.T.
personal observations; Izhaki et al., 1995; Korine et al., 1998). Potential qualitative
evidence for tree fidelity in Egyptian fruit bats is provided by Makin (1990), reporting a

tendency of bats to be recaptured near the fruit tree where first caught.

As in all flying animals, bats can minimize their flight energy expenditure per
distance (maximal range speed, V) or per time (minimal power speed, Vmp) (Norberg &
Rayner 1987; Pennycuick 1989; Rayner 1999). Optimal flight theory predicts that
foraging animals will fly at their Vi, (Minimizing the energy per time) while commuting
animals are predicted to fly at Vp, (minimizing the flight cost per distance traveled). Such
modeling predictions do not take into consideration other factors, and in fact bats have
been shown to change their flight speed according to environmental conditions, aerial
feeding, and even due to perceived predation risk (Winter 1999; Holderied & Jones
2009; Grodzinski et al. 2009). The optimal flight model predicts Egyptian fruit bats to fly
at optimal flight speeds of Vi = 9.2 m/s; Vi, = 15.8 m/s (calculated by the software
‘Flight’ version 1.23; (Pennycuick 2008)). While the optimal flight model created by
Norberg & Rayner (1987) predicted flight speeds of Vi, = 4.59 m/s; Vi, = 6.91 m/s
(calculated as explained in Grodzinski et al. 2009). Previous flight measurements on
free ranging Egyptian fruit bats estimated lower flight speeds of commuting flight speed
at 15-25 km/h (Jacobsen et al. 1986). Any deviation from the optimal flight theory
predictions is expected to be due to additional considerations (Holderied & Jones 2009).

My goal is to examine whether the Egyptian fruit bat optimizes its foraging behavior.
Is the bat's movement pattern within the landscape optimized in some way? Do bats

optimize their foraging flight or site? More specifically, my objectives are:
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1)  To measure the nightly foraging movements of individuals in high spatial and
temporal resolution and to assess the level of fidelity of the bats to their roosts

and to specific food resources.

2)  To map the distribution of the food resources (fruit trees) at the individual tree

level across the entire relevant area.

3) Totestif the spatial distribution of foraging bats matches the spatial
distribution of the resources within the landscape as predicted by the IFD

theory.

4)  Assuming that (1) will provide evidence for CPF, to use the data obtained in
(2) to assess the spatially explicit variation in resource attractiveness in terms

of gain (food) versus costs (distance from the roost).

5)  To compare several features of bat foraging movements including foraging
flights, stops and fruit trees they visited (available from (1)), against the

corresponding expectations derived from the attractiveness maps (from (4)).

We predict the Egyptian fruit bat to act as a central place forager, showing high roost
fidelity, as expected of cave-roosting bats (Lewis 1995). Because fruit is spatially and
temporally predictable within the Eastern Mediterranean landscape, we predict the bats
will show high fidelity also to specific foraging areas, as long as the trees have sufficient
fruit on them (Morrison 1978a; Fleming 1988; Eby 1991; Parry-Jones & Augee 2001,
Vardon et al. 2001). We thus predict the bats to fly directly to specific fruit trees. We
expect, like other study cases, a direct flight path that will be repeated on consecutive
foraging events (Morrison 1978a; Fleming 1988; Andrianaivoarivelo et al. 2008) and by
flight speed as predicted by optimal flight model at V.. We expect, based on optimal
foraging theory, the bats to forage at sites where the resource attractiveness is higher
than average. At the population level, we predict that foraging bats will be distributed in

a pattern similar to the density of fruit trees in the landscape, based on the IDF theory.
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Materials and Methods

Movement of small animals has been measured to date mainly by low resolution
sampling in time and space or by indirect measures (Bridge et al. 2011). Recent
miniaturization and power reduction in GPS technology enabled me, for the first time, to
monitor bat movement over relatively large spatial scales in very high spatiotemporal
resolution, and consequently, to quantify bat flight parameters as well as their foraging
pattern and navigational skills within a heterogeneous landscape. In addition, the high
spatiotemporal resolution enables modeling and predicting the potential of the bats as
seed dispersers, and the assessment of how the distance from the roost and different

landscape elements shape the seed shadow the bats generate.

Bat capture and study site:

Egyptian fruit bats (Rousettus aegyptiacus) were captured by mist nets at Sgafim
cave (31° 40' N; 34° 54' E; Altitude 250 meters above sea level; see figure 1), upon
exiting the cave after sunset. Captured bats were removed from the mist net and put in
cloth bags until treatment. Each bat was checked for sex and measured for, mass,
forearm length, approximate age and external parasites. Altogether, 52 bats were
marked for this research, 30 males and 22 females. Bats were attached with either a
radio telemetry device (models: BD-2, PD-2, PD-2C, Holohil Ltd. Canada), attached to
24 bats, or GPS devices with Datalogger, attached to 28 individuals. Experiments were
carried out between November 2005 and May 2009; they spanned all seasons, a variety

of weather conditions and moon phases.

GPS tracking device and sampling rate:

Bats (N=28) were equipped with a tracking device that included a lightweight GPS
data-logger (GiPSy2, TechnoSmArt, Rome, Italy) plus a radio-telemetry unit (BD-2,
Holohil Systems, Canada). With the GPS attachment, we used only adult bats with body
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mass >130 g (mass 142 + 21 g; forearm length 93 £ 4 mm). The average weight of the
GPS/telemetry combined pack was 10.8 + 1.5 g (range 6.9-13.0 g), including batteries,
protective casing and attachment to the bat. This weight constituted 7.3% * 1.2% of the
bats' body mass (range 4.0% to 9.6%). The mass limit to add to the bat was selected as
10%, as bats with body mass larger than 70 g do not need to follow the 5% rule of mass
limit (Aldridge & Brigham 1988b). Transmitter load bias was tested by comparing flight
distances and recovery rate of heavy load (radio transmitters with GPS) and light load
(radio transmitters only) transmitters.

The dimensions of the GPS/telemetry pack were 48 mm (length) x 23 mm (width) x
11 mm (height). The miniature GPS trackers consisted of a GPS receiver module (U-
blox, Thalwil, Switzerland) plus data-logger (Flash memory) and a quarter-wavelength
antenna (47.6 mm length). The GPS devices were modified for tracking bats:
Specifically, we modified the devices to allow flexible on/off activation schedules, such
that the GPS was active only at night and inactive during the day (when bats were
inside the cave). Additionally, in some cases, the GPS was activated for only part of the
night; that saved battery power, and allowed GPS-recording of bats' movements for up
to 4 consecutive nights. All the bats were also tracked manually by standard radio-

telemetry triangulation.

Radio telemetry tracking device and sampling rate:

Bats (N=24) were equipped with a radio telemetry tracking device that included a
lightweight radio-telemetry unit (BD-2, PD-2 and PD-2C, Holohil Systems, Canada) Bats
were tracked by 2—4 teams simultaneously, and bat location was determined by
triangulation of all tracking teams. Bat location was recorded once every 2 minutes for

durations of from 2 hrs a night to full nights and from 1 to 13 nights.
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Device attachment and marking of individual bats:

Prior to attachment, fur was removed by scissors and a shaving razor. Medical skin
adhesive (Torbot Liquid Bonding Cement, Torbot Group, RI, USA) was used to attach
the radio telemetry or GPS device to the bat's skin, either on their back between the
shoulders (near center of mass) or as a collar around their neck (model PD-2C). The
bat was also marked with a subcutaneous identification tag (UNO Mini-Transponder,
Zevenaar, Netherlands) in order to verify that all tracked bats were indeed distinct

individuals.

GPS sampling rate and time-extent of data collection:

The mass and size of the GPS battery limited the device's lifetime, and therefore we
modified the GPS sampling-rate and activation schedule according to experimental
needs, to enable the collection of more data. Total time-extent of data collection ranged
from full sampling over one night, to collecting 3 hours of data per night over several
consecutive nights (up to 4 nights). Sampling rate within GPS sampling ranged from 1
fix a second up to 1 fix every 3 minutes.

Bat release:

Bats were released 20 meters from the Sgafim cave entrance. Prior to release, bats
were given a few centiliters of fruit juice, to reduce stress of capture and handling. To
eliminate group-navigation by our experimental bats, we (i) released the bats only after
all other bats left the cave, and (ii) if several bats were tagged on the same night, we
released them individually at > 20-min intervals. Prior to release, bats were rotated

multiple times and released to a random direction.
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GPS recovery and data download:

GPS tags with telemetry transmitters were retrieved after they had fallen from the
bat to the ground (fallen from the bat, one to five weeks). Retrieval of the GPS unit was
carried out using the radio-telemetry signal. Data download was possible only by
physically retrieving the device. Retrieval rate of GPS devices was 89%.

Movement of bats:

Of the GPS data downloaded from the relocated devices, we included only data-
points that had high accuracy by including only individual points that were based on at
least 4 satellites and Positional Dilution of Precision (PDOP) < 12. Preliminary testing
has shown that such criteria enable optimal data to accuracy ratio (Mills et al. 2006) and
give a horizontal and vertical accuracy of 3.88 m and 8.74 m for 95% of the locations,

respectively.

Preliminary tests showed that 99% of all locations of non-moving GPS devices
showed a speed of below 2.78 m/s, this is due to background noise of satellite reception
(Kaplan & Hegarty 2005).

All GPS tracks were allocated to 'flight' or 'quiescent’ behavior (where quiescent is
defined as non-moving or sauntering behavior). A flight’ segment was defined as
consecutive locations of over 20 seconds where ground speed was greater than 10
km/hr; all other segments were designated as ‘quiescent’. Despite the high spatial
resolution used, it was impossible to distinguish within the ‘quiescent’ behavior between

resting bats and bats feeding while moving very short distances.

We set a 5 km cutoff point for all flight segments, to distinguish between 'local’ and
‘commuting flight', where commuting flight segments were defined as a flight segment
with a cumulative distance of equal or greater than 5 km, and local flights as a flight

segment with an cumulative distance of less than 5 km.

For all flight segments, we computed the following trajectory data: (i) median altitude
above ground level (m); (i) median ground speed (km/hr); (iii) total distance traveled
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(m); (iv) displacement (m); (v) total duration (minutes) and (vi) straightness index
(defined as D/L, where D is the distance of the straight line from the starting point to the

goal (beeline distance) and L is the total length of the segment flown).

Flight tracks were considered similar between different nights if the measured
perpendicular of one track towards the other was less than one kilometer during the

entire track.
Fruit trees:

Trees visited by marked bats were mapped using a handheld GPS (Garmin 12XL,
Garmin Inc. USA); the trees were identified to the species level and recorded for fruit
fecundity as well as ripeness. For each bat, a 'first tree stop' was defined as the first
stop made by the bat at a fruit tree that lasted more than ten minutes. In addition, we
surveyed the area from the roost site to the selected tree to find fruit trees of the same
species with similar fecundity and ripeness. The tree found closest to the roost of the
same species and of similar fecundity to the 'first tree stop' was defined as the ‘nearest
tree’. Of all 22 GPS tagged bats, only once was the ‘nearest tree’ the same as the first
tree stop’ (4.5% of all cases). In addition, we inspected all quiescent locations of all
tracked bats by physically visiting the location and identifying the tree species as well as

evaluating its fruiting status.

Of the 22 GPS tagged bats, ten contained movement data for the entire night. For
each of those bats, we also calculated the distance from the roost to the tree in which
the bat stayed for the longest duration (‘longest visit’), and the distance from the roost to

all quiescent stops weighted by the stop duration (‘weighted average distance’).

We created a large dataset of fruit tree distribution, comprising all known locations of
individual fruit trees of all species visited by the bats during the ‘first tree stop’ (defined
earlier in this section). In total, the dataset includes 6,386,938 individual trees of 12
different species, most of them common to the region (Danin A. personal
communication). This extensive database was comprised from the following sources:

(a) GIS data of all fruit plantations in the relevant area (received from the Israeli Fruit
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Council in Bet Dagan, Ministry of Agriculture 2007); (b) BioGIS—the national database of
the flora and fauna of Israel that includes databases such as the Israeli Nature and
Parks Authority, Danin flora Database, SPNI-flora database and the Hebrew University
Herbarium database; (c) ROTEM-Israel Plant Information Center; (d) KKL-JNF
database and (e) my own surveys of fruit trees totaling 32 days in January 2007 —
December 2009 designed to fill gaps in the database. A polygon of plantations was
converted into point localities by randomly adding point locations within the plantation
polygon at an average density of one tree every 16 m?. For data analysis, we focused

only on trees located within a radius of 25 km from the Sgafim roost.

Using the fruit tree database, we estimated a kernel smoothing density, and
calculated a one-dimensional cumulative distribution function (CDF) as well as a one-
dimensional probability distribution function (PDF). We then calculated for each of the
22 GPS-marked bats, the relative location of the ‘first tree stop’ within the one-
dimensional CDF. For the 10 bats with full night sampling data, we also calculated the
location of the ‘longest visit’ tree and the ‘weighted average distance’ for each of the

guiescent stops, as explained above.
The attractiveness map:

The fruit tree distribution database was used to construct a raster map of 50 km by 50
km divided into 2,500 grid cells of 1 km? with “Sgafim” roost in its center. For each of the
grid cells, we calculated two parameters: The number of fruit trees within the cell (to
estimate potential gain), and the distance between the center of the cell and the center
of the map (to estimate potential cost). We then calculated for each cell an
‘attractiveness score’ by dividing the potential gain by the potential cost (Matthiopoulos

2003). To normalize the attractiveness score, we used the following function:
Normalized score = [Xi-min(X)] / [max(X)-min(X)],
so the relative scores range between zero and one.

Optimal foragers are expected to prefer cells of higher-than-average attractiveness

than would be expected from a random selection of cells. To test this prediction, we
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contrasted the random selection of cells with the distribution of attractiveness scores of
cells containing bat selected locations. We compared the distribution of the overall
distribution of attractiveness scores in the entire landscape with the result of six different
datasets of bat selected locations: (a) all quiescent and local flights of the 10 bats with
full night tracking, (b) all quiescent data of the 10 bats with full night tracking data, (c)
the fruit trees the 10 bats visited, (d), (e) and (f) are the same as (a), (b) and (c),
respectively, carried out for all of the 22 bats we tracked. For reference, we also tested
the mean attractiveness of 22 fruit trees located closest to the roost which are of the
same species and ripeness state as the 22 fruit trees of the 'first tree stop' selected by
the bats.

For these two analyses, we used only grid cells whose center is within a 25 km
radius of the Sgafim cave roost, the longest documented foraging movement of an
Egyptian fruit bat reported in this study (Tsoar et al. 2011b) and in other studies as well
(Jacobsen & Du Plessis 1976; Makin 1990).

Second, to estimate the statistical significance of the departure of the observed
cases from random selection, we performed a Monte-Carlo simulation, in which virtual
bats randomly select grid cells with at least one fruit tree (bats are not expected to
forage for food in locations having no fruit trees) and otherwise irrespective of its
attractiveness score. This random simulation was carried out 15,000 times; for each of
the runs, the mean attractiveness score was calculated. We then compared the mean of
each of the 7 datasets mentioned above to the distribution of the random simulation, to
estimate the probability distribution of the particular number of bats to obtain a certain

average attractiveness score.
Data analysis:

All data analysis were done using Matlab (Matlab 2008a, Mathworks Inc., USA);
Tree locations were mapped using a Garmin 12XL GPS (Garmin Ltd. USA) and
digitized into ArcMap (ArcMap 9.2, ESRI Inc., USA); Ground elevation was extracted
from a digital terrain model (DTM) layer with a cell size of 25 m? (Hall, J.K., Geological

Survey of Israel, Israel). Statistical tests were done using the SPSS statistical software
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(SPSS 15, SPSS Inc., USA). All tests were considered significant if P < 0.05. If multiple

tests were conducted, we used the Dunn-Sidak correction for significance (Abdi 2007).
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Results

Tag recovery and roost fidelity:

We retrieved the vast majority (95%) of GPS tags within 35 days of release. Roost
fidelity, calculated by the normal approximation of the binomial distribution for the
probability of a marked bat to be found at a random visit to the roost within 35 days of
marking, was 0.58 ( with a 95% confidence interval of 0.55—-0.62). Roost switching,
calculated as the probability of a change in the absence or presence of a bat between
consecutive visits to the roost, was 0.13 (a 95% confidence interval of 0.1-0.16). On

average, bats switched between the Sgafim and other roosts once every 7 days.

Bat foraging tracks and tree fidelity:

All bat tracks were divided into segments relating to one of three behavioral phases:
quiescent, local flight or commuting flight. After the removal of partial segments, we got
533 complete segments, comprising 235 ‘local flight’, 24 ‘commuting flight’, and 274
segments defined as ‘quiescent’ (table 1; figure 2). The total analysis consisted of over
126 hours of high resolution tracking of bats and over 313,000 GPS location points of
high accuracy (after filtering out low accuracy data). Neither night enumeration, sex nor
area of foraging was significantly different for any of the flight parameters (Kruskal-

Wallis test). Similar results were found by Barclay and Jacobs (2011).

Bat tracks were found to have a repeatable pattern in which a bat typically leaves
the cave and makes a long, high, and straight flight to distant fruit trees (table 1; figure
2). Once arriving at the selected tree, bats typically foraged on adjacent trees during the
entire night. Towards the end of the night, they returned to the cave in a similar long,
high, and straight flight (figure 2 and 4(a), blue line). The median distance between fruit
trees on which bats stopped was 420 meters. The median convex hull of the foraging
sites per bat was 0.052 km? (Tsoar et al. 2011b).
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Repeated commuting flight tracks were collected for six individual bats, of which five
showed a repeated flight track between nights (see examples in figure 4). These bats
returned to the same fruit-tree up to four consecutive nights. Of the 38 bats for which we
collected foraging data, 33 bats were monitored for more than one night. Thirty-two
(97%) of them returned to the same tree for at least two nights within the first three
nights from release. Moreover, radio-telemetry tracking of 16 additional fruit bats from
the same colony showed that bats foraged on the same tree for up to four months
(Tsoar et al. 2011a).

Most of our GPS tracked bats (90%) started and ended their nightly foraging session
with a commuting phase (defined here as a continuous flight for more than 5 km) of fast
(median speed, 9.28 m/s), high (median height above the ground, 103.8 meters),
straight (median straightness index, 0.92) and long (mean displacement distance of
13,019 meters) flight (Table 2).

The fast flight speed of the bats’ commuting flight was found to be similar to the
predicted speed for minimum energy by the flight energetic model for Egyptian fruit bats
(the model predicted a minimum energy flight speed of 9.2 m/s; calculated by the
software ‘Flight’ version 1.23; (Pennycuick 2008). A different flight model constructed by
Norberg and Rayner (1987) predicted a minimum energy flight of 4.59 m/s).

Fruit tree distribution within the landscape:

As expected, bats foraged on natural and cultivated plants as well as on invasive
species, feeding on a wide range of fruits, confirming that the Egyptian fruit bat is
indeed a generalist frugivore (Izhaki et al. 1995; Korine et al. 1998, 1999; Kwiecinski &
Griffiths 1999; Tsoar et al. 2011b).

The spatial distribution of fruit trees within the landscape clearly showed a patchy
distribution in which most trees were concentrated north to north-west of the roost
(Figure 5), with two distinct concentrations of trees relative to the roost. One was close

to the roost (1.5-10 km from roost) and the other further away (11-25 km from roost);
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the majority of fruit trees are located 11 km and further from the roost (figure 6).

Fruit trees selected by the foraging bats:

All different measures of the location of trees visited by the bats (‘first tree stop’,
‘longest visit’ and ‘weighted average distance’) were significantly closer to the roost
compared with the mean location of all 6,386,938 trees in the relevant area (table 2). In
all but one case, the ‘first tree stop’, was farther from the roost compared with the

‘nearest tree’ of the same species and ripeness for each of the fruit species (figure 3).
Attractiveness map:

All six Monte-Carlo simulation tests carried out on different selections of the bats’
foraging sites, showed bats select cells of high attractiveness (figure 7) more frequently
than would be expected by chance (table 3 and figures 8 & 9). Interestingly, the 22
‘nearest trees’ located at the shortest distance from the roost were on average located
in sites of a significantly lower mean attractiveness score than that of the trees selected
by the bats. Furthermore, the mean attractiveness score of these ‘nearest trees’ was not
significantly different from the mean score of a randomly selected set of cells of the

same sample size (Table 3).

Figure 1: A map of the
study area (Google Earth™
background imagery). The red
rectangle marks the foraging
area of the GPS tracked bats.

53



Table 1. Summary statistics (mean * standard error) of different characteristics of
the GPS flight tracks of bats for each of the three behavioral phases (quiescent, local
flight and commuting flight) for all sampled nights. The 95% confidence interval is given
in parentheses. A multiple post-hoc test (Mann-Whitney U-test) with the Dunn-Sidak
correction was conducted on the data (a < 0.017), where average was calculated for
each parameter per individual bat. All groups were significantly different except two:
altitude and total travel distance between local and quiescent flights.

Parameter Quiescent Local Commuting

. 0.81+0.07 6.86+ 0.11 9.28 + 0.26
Median Speed (m/s) 067-092) (667 -7.08) 8.72-9.81)

. . 185409 197408 1038+ 116
Median altitude a.g.l. (m) (168-202) (181-213)  (798-1277)
Straightness index 0.20 + 0.02 0.71+ 0.02 0.92+0.04

d 0.17-024)  (0.67 -0.74) (0.83 - 1.00)
Durat 4 978 + 90 60 %5 1,530 + 102

uration (seconds) (804 - 1,152) (54— 72) (1,314 - 1740)
Total travel dist 779170 454 + 38 13,792 £ 911

otal travel distance (m) (642 -917) (379 -527) (11,907 - 15,677)
Disol t 369+ 3.1 3617+ 338 13,019 + 1,003

isplacement (m) (307 -43.1) (2952-4282) (10944 - 15,094)
Number of flight segments 274 233 24
Number of individual bats 22 19 17
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Figure 2: Flight tracks of bats divided by behavioral phases. (a) Flight tracks of all
22 foraging bats. Behavioral phases are distinguished by colors: Commuting flight
(red), Local flight (green) and Quiescent (black). The green triangle represents the
Sgafim roost. (b) The relationship between duration and displacement for flight
segments for the three behavioral phases of all 22 foraging bats
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Bat 1d

Figure 3: A paired comparison of distance from the roost to the First Tree Stop and
to the Nearest Fruit Tree of the same species and ripeness for each of the 22 tracked
bats.
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Figure 4: Bat flight tracks superimposed on Google Earth™ background imagery.
Lines of different colors represent the flight track of the same bat in different nights (blue,
red, green and white stand for the first, second, third and fourth night, respectively). The
green triangle portrays the location of Sgafim roost. (a) Bat #243 flying at a similar route
on two consecutive nights. (b) Bat #145 flying at two different flight routes to the same
foraging site. (c) Foraging site of bat #213 visiting similar fruit trees by a similar route on
four consecutive nights. (d) Foraging site of bat #214 visiting the same fruit trees by the

same route on three consecutive nights.
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Figure 5: The distribution of fruit trees in relation to the main roost (green
triangle) and assessment of site attractiveness. (a) A map location of all fruit
trees (black dots). The circle marks a radius of 25km around the roost. (b) The
probability density function of the distance of each fruit tree from the roost. Most
trees are located 11-25 km from the roost, with small peaks at approximately 3-4
km and 7-8 km. (c) A normalized tree density map in grid cells of 1 km? based on
(a). (d) The normalized attractiveness (tree density divided by the distance from
the roost) map. Note the relative high attractiveness of cells close to the roost
despite relatively low tree density.
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Table 2: Statistics of distance to roost of bat selected fruit trees from several datasets

with probability calculated by Monte Carlo simulations. Mean distance to roost was

calculated for each of the sample sets (Longest visit trees, weighted average distance, first
tree stop for 10 full night bats and first tree stop for all 22 foraging bats). Each sample set
was then contrasted to the distribution of the means of a simulation runs for virtual bats of
the same group size as the sample set. Simulations were conducted on four data sets:
Longest visited tree, weighted average distance, first tree stop of all 22 bats and first tree
stop of 10 full night tracked bats. Probability was calculated from the simulation runs of the
virtual bat groups for each of the relevant groups. For comparison the bottom row presents
the mean distance of all fruit trees in the database.

Sample Mean distance Number of

Sample set size to roost (m) simulations P value
Longest visit trees 10 13,589 108 0.009
Weighted average distance 10 13,026 108 0.004
First tree stop 10 10,919 1068 =(.001
First tree stop 22 11,721 5108 <0.001
Fruit tree database 5,386 938 17379

(reference)
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Figure 6: A truncated probability density function (PDF) of the distance of a fruit
tree of up to 25 km from the main roost. The gray shadow line is the PDF for all fruit
trees in the database. Also shown are the corresponding smoothed PFDs of the First
Tree Stop (red), the Weighted Average Distance (cyan) and Longest Visit (green)
calculated for the ten bats with full night tracking.
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Figure 7: The locations selected by the bats (yellow dots) plotted on the
attractiveness map. The three columns represent the whole non-commuting foraging
track (quiescent and local flight, left), all stops (quiescent, middle) and the stops only in
fruit trees (right). The two rows represent the ten bats with full night tracking (top), or the
twenty two bats for which foraging data by GPS tracking is available (bottom). The green
triangle represents the main roost.
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Ten full night bats

All 22 tracked bats

Figure 8: Histograms of attractiveness scores for different datasets of bat locations (red bars),
contrasted against the histogram of all cells of the attractiveness map that are within 25 km from
the roost and have non-zero attractiveness score (gray bars). For the upper two rows, the three
columns represent the whole non-commuting foraging track (quiescent and local flight, left), all
stops (quiescent, middle) and the stops only in fruit trees (right). The two upper rows represent
the ten bats with full night tracking (top), or the twenty two bats for which foraging data by GPS
tracking is available (middle). Panel (g) shows the histogram of the attractiveness score of the
nearest fruit trees along the flight tracks of the 22 bats, only one of them visited by the bat. Note
that nearly all nearest trees ignored by the bats have low attractiveness score.
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Ten full night bats
Number of trials

All 22 tracked bats

Figure 9: The mean attractiveness score of sites (Lkm? grid cell) visited by bats (black
arrow) compared to the distribution of the mean attractiveness score in simulations of randomly
foraging virtual bats, repeated 15,000 times for each dataset (blue). The three columns
represent the whole non-commuting foraging track (quiescent and local flight, left), all stops
(quiescent, middle) and the stops only in fruit trees (right). The two rows represent the ten bats
with full night tracking (top), or the twenty two bats for which foraging data by GPS tracking is
available (bottom). The red arrow represents the attractiveness score of the 22 nearest tree of
the same species and ripeness as that selected by the bats. Note that these nearest fruit trees
have a relatively low mean attractiveness score.
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Table 3: Mean attractiveness score of sites (Lkm? grid cell) visited by bats compared to
randomly selected sites that correspond to seven different datasets, assessed by Monte Carlo
simulations. The three basic datasets were (a) quiescent locations (where bats were resting or
sauntering) and local flights (20 s track with ground speed > 2.78 m/s and at a cumulative distance
of less than 5 km), (b) only quiescent locations, and (c) the locations of all fruit trees selected by the
bats. Three datasets were created for 10 full night tracks and three other datasets were created for
all 22 foraging bats. A seventh reference dataset included the 22 nearest trees to the roost of the
same species and ripeness as the fruit trees selected by the bats. For each dataset, the mean
attractiveness score of the real foraging track of all bats is calculated, and compared to the mean
attractiveness scores of the same number of virtual bats moving in the landscape in a random
manner. The number of cells for each dataset is reported in the Sample size column. Simulations of
randomly foraging virtual bats were repeated 15,000 times for each dataset to calculate the
probability, reported in the P value column, of obtaining a mean attractiveness score equal or
greater than the observed score. The bottom row provides the mean attractiveness score of all 1365
sites within a radius of 25 km from roost that include at least one fruit tree.

Data set Data Mean attraction score P value Sample
source size
Tracked bats Rand_omly foraging
virtual bats
Quiescent & local flight 10 bats 0.1303 0.0489 <0.001 267
22 bats 0.1384 0.0470 <0.001 378
Quiescent flight only 10 bats 0.1275 0.04567 <0.001 135
22 bats 0.1365 0.0469 <0.001 203
Trees 10 bats 0.1507 0.0472 <0.001 50
First stop tree 22 bats 0.1358 0.0470 0.011 22
Nearest tree 22 trees 0.0371 0.0489 0.565 22
All tree-including sites Tree 0.0467 1365

database
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Table 4: Variety of fruit trees observed to be visited by the bats.

English name

Species name

Status of species in
research area

Remarks

Apricot

Prunus armeniaca L.

Cultivate

Black mulberry

Morus alba L.

Garden / Invasive

California Fan
Palm

Washingtonia filifera
(Linden ex André)
H.Wendl. ex de Bary /
Washingtonia robusta
H.Wendl.

Garden/ Invasive

Two common garden trees,
hard to differentiate
between the species.

Carob

Ceratonia siliqua L.

Native/ Cultivate

Common also in gardens

Chinese Banyan

Ficus microcarpa L.f.

Garden

Common Almond

Amygdalus communis L.

Native / Cultivate

Fruit bats were observed
feeding from green unripe
fruit

Common fig

Ficus carica L.

Native / Cultivate

Common also in gardens

European pear

Pyrus communis L.

Cultivate

Personal observations of

Grey Elm Ulmus canescens Melville | Garden / Invasive fruit bats feeding on buds.
Japanese Diospyros kaki Thunb. Cultivate

Persimmon

Loquat Eriobotrya japonica Cultivate / Garden

(Thunb.) Lindl

Mediterranean

Cupressus sempervirens

Garden / Invasive

A fruit bat was observed

Cypress L. feeding from its fruit
Olive tree Olea europaea L. Native / Cultivate /
Garden
Palm date Phoenix dactylifera L. Cultivated
Passion fruit Passiflora edulis Sims Garden
Prunus persica (L.) .
Peach Stokes Cultivate
Persian lilac Melia azedarach L. Garden / Invasive
. Ficus rubiginosa Desf. ex

Rusty fig vent. Garden
Stiff Bottlebrush Callistemon rigidus R.Br. Garden
Svcamore fi Ficus Svcomorus L Introduced / Common also in gardens.

y g y ' Garden Cultivated in the past

Tangerine

Citrus reticulata Blanco

Cultivate / garden

White mulberry

Morus alba L. var. alba

Garden / Invasive
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Discussion and conclusions

We found that Egyptian fruit bats act as central place foragers, showing a medium-
high fidelity to their focal roost. This result is in agreement with previous qualitative
knowledge on the species in Israel (Makin 1990). Yet, our estimated probability of 0.58
for a tagged bat to occur in the focal roost during a random visit is relatively low
compared with other obligatory cave-dwelling bats elsewhere in the world (Lewis 1995;
Kunz & Lumsden 2003). This might be attributed to the relatively short duration of our
monitoring scheme (35 days), and the fact that five bats that were lost just after release
were included in this analysis. It might also reflect roost avoidance due to capture
trauma (Kunz, Hodgkison, & Weise 2009). Individual bats showed high fidelity to
specific fruit trees. In fact, direct field observations by A.T. found some of the individual
bats on the same tree branch night after night. High tree fidelity of fruit bats was also
found by Makin (1990) and in other parts of the world (see the review by Marshall
(1983)).

The median altitude above ground level and mean straightness index of the
commuting flight trajectories suggest that bats do not search for new food items during
the commuting phase (Benhamou 2007; Miller, Christman, & Estevez 2011) in
accordance with previous findings on other fruit bats (Fleming et al. 1977; Heithaus et
al. 1978; Morrison 1978a; Fleming & Heithaus 1986; Richter & Cumming 2005;
Andrianaivoarivelo et al. 2011). The high altitude flight of the bats during their
commuting flight can be explained as either an anti-predator avoidance strategy (Fenton
et al. 1994a; Baxter et al. 2006) flying above the typical altitude of owls, although such
an avoidance mechanism has not yet been rigorously tested. Alternatively, high altitude
flights might reflect a navigational requirement for visual orientation (Tsoar et al. 2011a).
Insectivorous bats are known to forage for insects at high altitudes (Fenton & Griffin
1997; McCracken et al. 2008), and recently, there is evidence that fruit bats also fly at
high altitudes (Parsons et al. 2008) but the reason is yet unclear. Because this is the
first time fruit bats have been tracked by GPS, we do not know the extent to which high

altitude flights are common among fruit bats.
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Bats flew at lower flight speeds than were predicted by the energetic flight model
(Pennycuick 2008). The bat median foraging and commuting speed was 6.86 m/s and
9.28 m/s, respectively, while the model predicted foraging and commuting speeds of 9.2
m/s and 15.8 m/s, respectively. Our empirical results of the bats flight speed (table 1)
have a relatively low variance and seem to correctly sample the flight speeds of the
bats. Our results do not agree with the predicted flight speeds of both models. We found
our bats fly at Vi instead of Vi as predicted by the Pennycuick model. While the
Norberg & Rayner (1987) model predicts much slower flight speeds, this coincide to the
results Grodzinski et al. (2009) found in their research on the flight speed of Pipistrellus
kuhlii. Carpenter (1986) estimates Vn, for Rousettus by wind tunnel experiments to be
around 5 m/s. This result may well indicate that other factors influence the bats’ flight
speed behavior due to social interaction or predation risk (Holderied & Jones 2009;
Grodzinski et al. 2009).

When examining the distribution of foraging bats in relation to the distribution of its
resources within the landscape, we found the foraging bats to show a similar spatial
distribution relative to distance from the roost as the distribution of the resource. This
pattern suggests that bats forage according to the ideal free distribution theory. This
conclusion was strengthened by the fact that the mean angle from the roost to the
foraging site is as would be expected by a random selection of trees within the
landscape. Interestingly, when examining the mean distance of all foraging sites to the
roost, we find the bats forage significantly closer to the roost than would be expected by
chance (table 2). This result is strengthened by the fact that bats foraged within the 10%

of the tree distribution closest to the roost.

We assume that tree density is an approximation to patch richness and that bats will
prefer to forage at higher tree densities (Morrison 1978a; Fleming & Heithaus 1986;
Cosson et al. 1999; McConkey & Drake 2007). On the other hand, distance from roost
has been a good predictor of bat densities (Heithaus et al. 1978; Mcdonald-Madden et
al. 2005; Rainho & Palmeirim 2011; Nakamoto et al. 2011) as predicted by the CPF
theory (Olsson et al. 2008). Because of our nearly complete knowledge of the fruit tree

location within the landscape, we were able to create an attractiveness model of the
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landscape. The attractiveness score was defined as the tree density (gain) within the
cell divided by the cell's distance to the roost (cost of locomotion and predation risk).
When examining the cells selected by the bats, we see that bats clearly select cells with
high attractiveness scores. The mean attractiveness score was significantly different
than would have been expected by a random selection. We found the bats’ foraging
movement to be affected by fruit tree density relative to their distance from the roost.
We used the attractiveness map to examine if selecting the closest fruit trees is an
optimal solution for the bats. The mean attractiveness score for the 'nearest trees' was
significantly lower than that of the trees the bats actually selected. In the specific case
we present here, the bats foraging farther away from the roost are showing an optimal
foraging behavior, greater than if they would have been foraging on the same fruit tree
species with similar ripeness but as close to the roost as possible.

Examining the bats behavior in accordance to Fleming'’s ‘three decisions a fruit bat
must make’ (Fleming 1988) shows the bats fly straight, high and fast commuting flights
for an average distance of 11 km. During their commuting flight, bats do not seem to be
alert for food and move along regular flight paths. A similar foraging pattern was found
by Morrison (1978), while tracking the Jamaican fruit bat (Artibeus jamaicensis) in
Panama and by Heithaus & Fleming (1978) while tracking the short-tailed fruit bat
(Carollia perspicillata). Morrison was puzzled by his findings (1978), and wrote, ‘Radio-
tagged bats flew night after night to distant fig trees, apparently ignorant of other
suitably ripe fig trees several times closer to their daytime refuge. The fact that the bats
commuted to the same distant tree for several successive nights of feeding made it
even more perplexing as to why more importance was not given to minimizing this
commuting distance’. In attempt to explain his observations, Morrison (1978) created a
model for optimal foraging movement for a refuging predator. In his model, he assumed
a trade-off between search time and commuting time. He predicted that the additional
time needed to commute to a more distant prey patch is balanced by the reduction in
search time that would have been needed to find a closer patch. His simulations were
later critically criticized by Bovet and Benhamou (1991), claiming that the measured
overlap was only for consecutive steps and not calculated for the entire flight path.

Regrettably, this work was discontinued. Morrison’s model uses oversimplified
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assumptions that make it unrealistic (for example, a predator with very limited
movement, and overlap only between consecutive moves and not by tracks). We
assume bats have good knowledge of the landscape because of their longevity, high
maneuverability and because their food is relatively predictable in space and time. We
show in this research an alternative and simpler explanation regarding the

attractiveness of patches within the landscape.

Tracking of foraging animals has been revolutionized by the technological
advancement of the miniaturized GPS, and by the improvement of digitized GIS data
(Nathan et al. 2008; Bridge et al. 2011). The present research has benefited from these
two improvements, Cutting-edge GPS technology enabled tracking the movement of a
relatively small animal with unprecedented accuracy, detail and duration. Where GIS
tools enabled high resolution mapping of the food resources over the entire area. Such
detailed information on movements and food resources has recently enabled new
insights into foraging of free-ranging wild animals (Matthiopoulos 2003; Richter &
Cumming 2005; Wakefield, Phillips, & Matthiopoulos 2009; Owen-Smith, Fryxell, &
Merrill 2010; Rainho & Palmeirim 2011).

In future work, the quantification of food resources might be further improved by
conducting an even more comprehensive survey of species diversity and seasonality of
fruit trees. Yet, the main additional information we need is on bat density across the
landscape, and the movements of bats from other roosts. Furthermore, in the present
research, we assumed a simple linear relationship between site attractiveness and tree
density and a simple hyperbolic relationship (1/x) with the distance from the roost.
Other, mechanistically derived, relationships are desired, as well as a sensitivity
analysis to examine the robustness of our results with respect to alternative functional

forms of these relationships

As already noted, the study of animal movement is being revolutionized by new
technology and theory; yet, our ability to analyze and model such data has lagged
behind (Jonsen et al. 2003). There is a growing need for new analytical as well as
conceptual tools for analyzing such data. Although GPS devices can be very accurate, it
was still impossible to differentiate between a resting bat on a tree and bats feeding and
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moving small distances within a tree. Acceleration measurements could differentiate
between such behavior (Holland et al. 2009). Applying GPS plus acceleration device to
Egyptian fruit bats was technically not possible for this study due to limitation on the
mass of the tracking device, yet sufficiently light devices are currently under
development. Other desired improvements in power supply would enable longer
tracking durations in order to get more rigorously examining how the animals switch
between foraging sites. Finally the continuing reduction in the cost of tracking
equipment, will make ti possible to attach a larger number of devices and answer
guestions regarding the social interactions between members of the same colony, as

well as between colonies.

Two interesting questions that we have as yet been unable to answer are: 'How do
the bats select a foraging site?” And: ‘To what extent do social interactions affect the
bats’ site selection?’ These questions can be partially answered by sampling the most
attractive areas (as predicted by the attractiveness map created in the present

research) and monitoring bat behavior within these sites.

One of the major methodological limitations in the present research was the need to
retrieve the GPS tag in order to download the data collected within it. This drastically
limited our sample size and our ability to monitor the foraging bats in real time in the
field. We hope that, in the near future, it will be possible to work with GPS devices that
can transmit the location data in real time as well as to recharge the battery by remote
control. By enabling these two possibilities, we will be able to monitor the reaction of
bats to different stimuli in the field. For example, by creating an artificial tree and
examining which, when, and how do the bats reach the new fruit tree, and how did they

change their flight path and parameters to reach the target.
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AUTHOR SUMMARY

Navigation is critical for the
survival of animals and has been
extensively studied, mostly in
nonmammalian species (1-4).
The most advanced type of
navigation is the ability to travel
directly to a certain destination
from any starting point in the
environment, regardless of its
direction and without relying on
familiar routes. Evidence for the
existence of such navigational
map comes from field and labo-
ratory experiments. In the field,
homing experiments in trans-
located lobsters (3) and pigeons
(1, 4), for example, showed an
ability to navigate from an un-
familiar site to one or more goal
locations. Typically, inferences
from such homing experiments
were based either on animals’
vanishing bearing at the release
site—that is, the direction in
which the animal vanished after
release—or based on animals’
reappearance at the goal loca-
tion. Only recently were trans-
located pigeons and honeybees
tracked continuously (2, 4); yet,
to date, no high-resolution

Fig. P1. (A) GPS device placed on the back of an Egyptian fruit bats.
Photo credit: A. Tsoar. (B) Flight trajectory of a bat leaving the cave,
flying locally (light gray line), then taking a long commuting flight to
the feeding tree (black line) and then back to the cave (dark gray). Bats
flew at very straight trajectories, and returned to the same favorite
feeding-trees night after night. (C) Bat that was released in the Negev
desert in Israel, inside a deep erosional crater that is surrounded by
cliffs approximately 300-m high. Note the tortuous disoriented flight
(green): this bat flew almost 34 km before it eventually left the crater
and turned toward the familiar area. (D) Bats that were released from
a high mountain at the crater edge have homed straight (blue line), in
contrast to the disoriented flights of bats released inside the crater
(green), suggesting an important role for vision in Egyptian fruit bat
navigation. C, view from northeast; D, view from north-northeast.

their cave when translocated
outside their visually fam-
iliar environment.

When bats were released at
their cave, they undertook high,
fast, and very straight commut-
ing flights from their cave to
remote fruit trees (Fig. P1B).
Bats returned to the same in-
dividual trees night after night,
from distances of tens of kilo-
meters, demonstrating superb
navigational abilities. When
translocated 44 km south of
their cave, bats homed directly
to one of two goal locations—
familiar fruit tree or cave—rul-
ing out beaconing, route-fol-
lowing, or path-integration
mechanisms. Bats released 84
km south of their cave, within
a deep natural crater, were ini-
tially disoriented (Fig. P1 C and
D, green line), but eventually
left the crater and flew in the
direction of their home; in con-
trast, bats released at the crater-
edge top homed directly (Fig.
P1D, blue line). Although it is
possible that celestial, magnetic,
or olfactory cues contribute to

movement tracks have been
collected from free-ranging
mammals homing from translocation distances larger than a few
kilometers—and the lack of such data severely limits our un-
derstanding of mammalian navigation mechanisms. In the lab-
oratory, various experimental approaches have suggested the
existence of a mental representation of space, or a “cognitive
map” in rodents (5); yet, the inference of map-like navigation
from laboratory experiments on such small spatial scale (i.e.,
meters) has been questioned. Thus, there is a gap in knowledge
about mammalian navigation: most of our knowledge about
large-scale navigation comes from studies in nonmammalian
species, whereas detailed data on mammals’ navigation in the
field is scarce, certainly compared with data obtained from birds.
Here, we have set out to close this gap by examining whether
a free-ranging mammal performs map-like navigation on large
scales (~100 km). To this end, we developed a highly miniatur-
ized global positioning system (GPS) datalogger device (Fig.
P1A4). We equipped cave-dwelling Egyptian fruit bats (Rousettus
aegyptiacus) with these devices, which enabled high-resolution
measurements of the bats’ flight trajectories over several con-
secutive nights. We asked whether bats possess a cognitive map
of their visually familiar environment, which would be man-
ifested by their ability to perform novel short-cuts within this
environment, and whether they are capable of homing back to

www.pnas.org/cgi/doi/10.1073/pnas.1107365108

long-range navigation in bats,
the most parsimonious explana-
tion for the dramatic behavioral differences between release at
the crater edge (i.e., straight homing) and release inside the
crater (i.e., disorientation) is visual, reflecting the availability of
distal visual landmarks at the crater edge and the lack of familiar
distal visual landmarks deep inside the crater. Thus, these data in
Egyptian fruit bats suggest that navigation is primarily guided by
self-triangulation based on distal visual landmarks.

Taken together, experimental releases at the roost as
well as translocation studies suggest that (i) bats are capable
of visual-based navigation within a familiar environment and
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(ii) bats can home from outside their visually familiar environ-
ment. Further, these data provide evidence for two kinds of
navigational capacities in bats. The first is a cognitive map of
their visually familiar environment, similar to the map-based
mechanism proposed previously for rodent navigation in a water
maze (1) but studied here in a free-ranging mammal at five
orders of magnitude larger spatial scale. Second, these data
demonstrate the ability of bats to home from outside their
visually familiar environment. Our findings provide unique
evidence for either of these navigational capacities in bats, as

15032 | www.pnas.org/cgi/doi/10.1073/pnas.1107365108

well as evidence for large-scale navigation in a free-ranging
wild mammal.
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Navigation, the ability to reach desired goal locations, is critical for
animals and humans. Animal navigation has been studied exten-
sively in birds, insects, and some marine vertebrates and inverte-
brates, yet we are still far from elucidating the underlying
mechanisms in other taxonomic groups, especially mammals. Here
we report a systematic study of the mechanisms of long-range
mammalian navigation. High-resolution global positioning system
tracking of bats was conducted here, which revealed high, fast, and
very straight commuting flights of Egyptian fruit bats (Rousettus
aegyptiacus) from their cave to remote fruit trees. Bats returned
to the same individual trees night after night. When displaced
44 km south, bats homed directly to one of two goal locations—
familiar fruit tree or cave—ruling out beaconing, route-following,
or path-integration mechanisms. Bats released 84 km south, within
a deep natural crater, were initially disoriented (but eventually left
the crater toward the home direction and homed successfully),
whereas bats released at the crater-edge top homed directly, sug-
gesting navigation guided primarily by distal visual landmarks.
Taken together, these results provide evidence for a large-scale
"cognitive map” that enables navigation of a mammal within its
visually familiar area, and they also demonstrate the ability to
home back when translocated outside the visually familiar area.

cognitive map | spatial memory | true navigation | movement ecology |
global positioning system

N avigation is critical for the survival of animals, and has been
extensively studied in animals, mostly in nonmammalian
species (1-10). The most advanced type of navigation is the
ability to travel directly to a certain destination from any starting
point in the environment, regardless of its direction and without
relying on familiar routes. Evidence for the existence of such
navigational map (11, 12) comes from field and laboratory
experiments. In the field, homing experiments in translocated
lobsters (13), newts (14) and pigeons (1, 15, 16), for example,
showed an ability to navigate from an unfamiliar site to one or
more goal locations. Typically, inferences from such homing
experiments were based either on animals’ vanishing bearing at
the release site, or animals’ reappearance at the goal location.
Only recently were translocated pigeons and honey bees tracked
continuously (3, 17); yet, to date, no high-resolution movement
tracks have been collected from free-ranging mammals homing
from translocation distances larger than a few kilometers—and
the lack of such data severely limits our understanding of
mammalian navigation mechanisms. In the laboratory, studies
implementing various experimental approaches suggested the
existence of a mental representation of space, or a “cognitive
map,” in rodents (2, 18-20); yet, our ability to infer map-like
navigation from laboratory experiments on such small spatial
scale (in meters) has been questioned (21, 22). Thus, there is
a gap in knowledge about mammalian navigation: most of our
knowledge about large-scale navigation comes from studies in
nonmammalian species, whereas detailed data on mammals’
navigation in the field is scarce, certainly compared with data
on birds.

Here, we have set out to close this gap, by examining whether
a free-ranging mammal performs map-like navigation on large

E718-E724 | PNAS | September 13,2011 | vol. 108 | no.37

scales (~100 km). We equipped cave-dwelling Egyptian fruit
bats (Rousettus aegyptiacus) with miniature global positioning sys-
tem (GPS) dataloggers (Fig. S1), which enabled high-resolution
measurements of their flight trajectories over several consecutive
nights (Methods). We asked whether bats possess a cognitive map
of their visually familiar environment (2), which would be man-
ifested by the ability to perform novel short-cuts within this en-
vironment—and whether they are capable of homing back to
their cave when translocated outside their visually familiar en-
vironment. Our results, combining releases at the roost as well as
translocation experiments, suggest that bats are capable of vi-
sual-based navigation within the familiar environment, and that
they can also home from outside their visually familiar envi-
ronment. These data thus provide evidence for both kinds of
navigational capacities in bats—and evidence for large-scale
navigation in a mammal.

Results

When released near their cave, individual bats commuted to
distant fruit trees (Fig. 1 4 and B, Fig. S2, and Movie S1) in long,
fast, high, and very straight flights (N = 15 bats; mean straight-
ness index + SD, 0.97 + 0.02; Fig. 1 B and D, Table 1, and Fig.
S3). Commuting flight speeds were typically between 35 and 55
km/h (Fig. 1B, Top), and flight heights were typically at a few
hundred meters above ground level (Fig. 1B, Bottom). All but
one bat flew straight to a feeding tree without following land-
scape elements. Bats typically did not fly to the fruit tree nearest
to their cave; instead, they flew to remote fruit trees, passing
many similar fruiting trees on the way (Fig. S4). When they had
arrived at the favored tree, bats typically foraged at this tree and
at adjacent trees for the entire night (Movie S1). Moreover, the
bats returned to the same fruit tree over several consecutive
nights (Fig. 1E, Inset, arrow), often following the same trajectory
every night (Fig. 1F, “flyway”). Of the 15 bats for which we
collected foraging data, 14 bats had GPS and/or radiotelemetry
data from consecutive nights, and 13 of these 14 bats (93%)
returned to the same tree in at least two nights within the first
three nights from release. Moreover, radiotelemetry tracking of
16 additional fruit bats from the same colony showed that bats
foraged on the same tree for as long as 4 mo.

The fast and very straight repetitive flights to the same fruit
tree, night after night, might be explained by navigation toward
a specific sensory cue [“beaconing” (2)], or navigation via a se-
quence of landmarks or along a learned vector. Olfactory bea-
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Fig. 1. GPS tracking of Egyptian fruit bats navigating from their cave. (4) Example of bat 125 leaving the cave, flying locally (light gray line), then taking
a long commuting flight to the feeding tree (black line) and back to the cave (dark gray). (B) Speed and altitude above ground level for the same bat as in A as
function of its cumulative flight distance during the night. Black, commuting flight from cave; dark gray, back to cave. (C) All commuting flights that started
or ended directly at the cave (n = 14); colors as in A; note the very straight flights of all these bats. An additional seven flights were composed of a local flight
and then a commuting flight (e.g., the bat in A); their commuting flights were as straight as those depicted here. (D) Flight parameters for the commuting
flights of all bats released at the cave (n = 15): shown are straightness index, median speed, median altitude above ground level, and total flight distance to
the first feeding tree. (E and F) Bats returned to the same individual tree night after night. Bottom: Full flight path; Top (Inset): Zoom-in view of the feeding
trees; colors represent different consecutive nights. (E) Bat 213 returned over four consecutive nights to the same Prunus armeniaca tree (arrow). (F) Bat 243
returned over two nights to the same two trees; note the commuting flyway; black and gray lines represent flight to and from the foraging area on night one.

coning toward the tree itself is unlikely caused by the presence of
numerous fruit trees of the same species and of similar fruit
ripeness along the flyway and in the surroundings (Fig. S4). Vi-
sual beaconing to the tree is unlikely because most of the favored
trees were not located near any light source to which the bat
might beacon; similarly, when flying back to the cave, visual
beaconing was unlikely because no light sources are found within

1 km from the cave. Nevertheless, the bats might have beaconed
toward the odors of the sea, or toward a distant visual cue in line
with the direction of the feeding tree. Such navigation, performed
from different starting positions (eg, cave, trees), requires knowl-
edge about the relative geometric locations of multiple goals of
interest and multiple distant cues—consistent with map-based
navigation (1, 2).

Table 1. Summary statistics of data from bats released at the cave and at the 3 translocation points (release sites R1, R2 and R3)
Characteristic Cave R1 R2 (crater in) R3 (crater out)
No. of bats 15 10 7 4

Speed, km/h 33.5 + 5.5 (26.8-49.3) 35.3 + 8.2 (26.2-51.7) 31.3 + 2.0 (27.6-34.3) 48.1 + 2.2 (45.9-50.8)

84.0 + 27.4 (31.3-122.0)
15.0 + 3.2 (7.1-20.6)
0.97 + 0.02 (0.93-0.98)

Altitude above ground level, m
Flight distance, km
Straightness index

427 1

55.1 + 30.3 (13.7-102.2)

0.85 + 0.08 (0.7-0.94)

51.4 + 12.9 (27.6-64.7)
50.5 + 32.4 (5.5-98.5)
0.4 + 0.18 (0.2-0.7)

76.1 + 20.6 (59.1-103.1)
51.8 + 47.0 (5.3-96.0)
0.88 + 0.05 (0.82-0.93)

5.8 (10.4-62.2)

Data for each bat is from the first night only. For each bat, the “speed” was taken as the bat's median speed over the entire commuting flight, and the
“altitude” as the median altitude above ground level (maximum speed and altitude were much higher). Numbers represent mean + SD, computed over the n

bats in each column, as well as (in parentheses) the overall range of the median
36 bats used for analysis (Methods).

Tsoar et al.

speeds and altitudes for all the n bats. The sample size shown here includes all
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Two other types of navigational strategies should also be
considered for interpreting these data: (i) route-based navigation
and (if) path integration [“dead-reckoning” (2)]. To disentangle
these possibilities, we carried out homing experiments in which
bats were captured in the cave and released in several remote
locations outside their familiar area (Methods).

In the first set of homing experiments, we captured 21 bats in
the same cave, equipped them with GPS dataloggers, and re-
leased them in the Negev Desert, 44 km south of the cave (Fig.
24, release site R1). This location was well beyond the bats’
familiar area: although the history of each individual bat before
capture is unknown, it is unlikely that bats were familiar with this
release site, located well outside the foraging area of all bats
tracked previously from this colony (N = 38; Fig. 24, gray
polygon; Methods). Furthermore, fruit trees and fruit bats are
scarce in this desert area (23). Sixteen of the 21 bats (76%) were
found via the radiotelemetry signal in their familiar area in the
same night and as long as 1 wk after release; there were no
significant differences in probability of returning home as func-
tion of sex, body size, body mass, body condition, or GPS data-
logger size relative to the bat (Methods). Analysis of full return

tracks from all the retrieved GPS dataloggers (n = 10) showed
that bats flew directly and rapidly from the release point to a
specific familiar goal location (Fig. 2B and Table 1; straightness
index, 0.85 + 0.08). We were able to control for the particular
goal location of individual bats by providing two different
treatments before release (Methods). Six bats released late at
night, after being fed ad libitum, were expected to fly to a cave;
five of them did as expected (Fig. 24). Four bats released early at
night, without being fed, were expected to fly to their favored
tree; all of them did as expected (Fig. 2 C and D show two of
those bats), and also returned to the same tree night after night
(Fig. 2 C and D and Fig. S5). These observations significantly
match our expectations from the two treatments (Barnard exact
test, P = 0.013).

These homing experiments further argue against olfactory
beaconing to a specific tree as a potential navigational mecha-
nism, because bats bypassed numerous similar trees (Fig. 2 E-G,
black dots). They also argue against route-following and path-
integration mechanisms, because such mechanisms would lead to
disorientation at the unfamiliar release site R1. Our findings
suggest that, similar to honeybees and pigeons (3, 15, 16), bats
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Fig. 2. Translocation experiments indicate strong homing capacity of Egyptian fruit bats. (A) Homing flights of all bats that homed from release site R1
directly to the cave or to a nearby alternate cave. (B) Flight parameters of all bats (both bats that homed to the cave as in A and bats that flew to trees as in C—
G; n = 10); same notation as in Fig. 1D. (C and D) Examples of bats that flew from release site R1 to a tree, and then returned to the same individual tree night
after night; colors represent different nights. (C) Bat 230 flew to a Morus alba tree (Inset, arrow) for three consecutive nights. (D) Bat 160 flew to a Diospyros
kaki tree (arrow) for three consecutive nights. (E-G) Bats flew to a particular tree (and subsequently returned to the same tree night after night) while
ignoring many other trees of the same species on the way (black dots). (E) Bat 230 flew to a M. alba tree. (F) Bat 191 flew to a Ceratonia siliqua tree. (G) Bat

232 flew to a Eriobotrya japonica tree.
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are able to home to one of two goal locations—trees or caves—
indicating flexible navigational abilities. However, these results
cannot help distinguish between map-based navigation guided by
large-scale odor gradients (24) or magnetic gradients (25), versus
navigation using cognitive-map mechanisms relying on self-
triangulation based on distal visual landmarks (26).

To further elucidate the existence of a navigational map, and
to examine the role of self-triangulation based on distal visual
landmarks (26), we conducted a second set of homing experi-
ments from a larger distance. This was needed because, in the
first set of homing experiments, there was considerable overlap
between the visually familiar area (Fig. 34, large black polygon)
that can be visible by bats at the maximum flight altitude
recorded within their home range (643 m above ground level)
and the area visible from the highest point (115 m above ground)
that was reached by a bat within 0.5 km from release point R1
(Fig. 34, red dots show the line-of-sight overlap between these
two locations). To test if the presence of familiar visual land-
marks is necessary for large-scale navigation of bats, we repeated
the same procedures but released 10 bats at point R2, 84 km
from the cave, deep within a large natural erosional crater in
southern Israel (Fig. 3B), from which familiar distal landmarks
are not visible (Fig. 34, no small green dots, i.e., no overlap in

A B

Familiar area

Visually familiar area
Release site, R1 [}
Crater in, R2 @
Crater out, R3 [ ]
LOS overlap from -
familiar area & from R1

LOS overlap from

familiar area & from R2

LOS overlap from
familiar area & from R3

line of sight between point R2 and the familiar area). Nine of the
10 bats (90%) were detected in their familiar area in the same
night and as long as 1 wk after release, based on radiotelemetry
tracking; seven of these nine GPS devices were subsequently
found (Table 1; examples in Fig. 3 B and C, green lines). As
a control group, we also released 11 bats from point R3—the
highest mountain at the northwestern rim of the crater, 79 km
from the cave—from which familiar distal landmarks are visible
(Fig. 34, small blue dots denote overlap in line of sight between
point R3 and the familiar area). Eight of the 11 bats (72%) were
found in their familiar area in the same night and as long as 1 wk
after release, based on radiotelemetry tracking; six of these eight
GPS devices were subsequently retrieved, and four of them had
valid data (Methods; examples in Fig. 3C, blue lines). No dif-
ference was found in the return-rate probability between bats
released within the crater and control bats release on the rim
(Barnard exact test, P = 0.49).

Bats released within the crater were fully surrounded by high
cliffs, blocking the view of any familiar visual landmark; these
bats typically exhibited substantial initial disorientation inside
the crater (Fig. 3B, green), but eventually left the crater at the
home direction and continued to fly north toward their cave (Fig.
3C, green lines). In contrast, bats released at the high crater rim,
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Fig. 3.

Bat navigation relies primarily but not exclusively on distal visual landmarks. (A) Line-of-sight calculations: large black polygon represents the visually

familiar area, as seen from the highest recorded altitude of bats’ flights (643 m above ground level); small gray polygon represents the familiar area physically
visited by foraging bats (Methods). Red squares mark locations seen both from the familiar area (near cave) and from release site R1 (at the highest recorded
flight altitude of 115 m). Blue squares represent the same for release site R3 (at the highest flight altitude of 74 m). Note absence of green squares, indicating
that bats released within the crater (R2), flying at the highest recorded altitude of 101 m, could not see any familiar visual landmarks. (B) Example of bat 259,
released inside the crater; note the tortuous disoriented flight: this bat flew 33.9 km before it left the crater and turned northeast, then northwest toward the
familiar area. View from the northeast. (C) Homing flight of two bats (bats 259 and 274, green lines) released inside the crater and two bats (bats 317 and 318,
blue lines) released high on the crater rim; light-gray polygon represents the familiar area of the bats. Note that bats released at the crater rim flew north
much straighter than bats released inside the crater. (D) Population data showing cumulative straightness index as function of distance from the release site;
the four colors represent bats released at the four different release locations (cave, R1, R2, and R3); dotted lines represent median + SE of the median; shown
are only the distances with data from at least three bats. Note the substantially lower cumulative straightness index for within-crater releases (green), in-
dicating strong disorientation when distal landmarks are not visible. (E) Polar display of bats’ vanishing bearings (green circles) and the direction of the bats’
exit points from the crater (triangles) after release at point R2 (inside crater). Green solid and dotted lines represent average directions of the circles and
triangles, respectively; black line represents homeward direction (to cave).
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only 5.6 km from the within-crater release point, flew straight
north (Fig. 3C, blue lines). Analysis of cumulative straightness
index (Fig. 3D) showed that bats released within the crater (Fig.
3D, green) flew along a considerably more torturous path com-
pared with all other experimental bat groups. The tortuosity of
their path was especially prominent at a 12-km distance (Fig. 3D,
arrow; large decrease in straightness index), which corresponds
approximately to the length scale of this crater, the size of which
is 14 x 6 km, indicating that bats exhibited initial strong disori-
entation within the crater, and then, after they exited the crater,
undertook consistent directional flight toward their familiar area.
Thus, the crater release experiments clearly suggest that distal
visual landmarks, such as hills or town lights, are important for
large-scale homing in Egyptian fruit bats. Notably, however, all
bats released at point R2 eventually left the crater at their
homeward (northern) direction relative to the release point, as
indicated by radiotelemetry-based vanishing bearings (Fig. 3E,
green circles; n = 10 bats; mean angle, 341°; Rayleigh test, P <
0.001) and by GPS data of bats’ exit points outside the crater
walls (Fig. 3E, green triangles; n = 7; mean angle, 351°; Rayleigh
test, P = 0.011). This suggests that visual landmarks are impor-
tant but not necessary for long-range navigation by these bats.
We thus propose that their long-distance homing capacity
depends primarily on their ability to extrapolate their position
from the geometric configuration of distal visual landmarks,
coupled with at least one additional navigational mechanism—
magnetic (27, 28), celestial, or olfactory-based navigation—being
used when distal landmarks are not visible.

Discussion

Here we studied the navigational capacity of a flying mammal,
the Egyptian fruit bat. When GPS-tagged bats were released at
their cave, they exhibited high, fast, and very straight commuting
flights from their cave to remote fruit trees, and returned to
the same tree night after night. Bats displaced 44 km south
homed directly to one of two goal locations—familiar fruit tree
or cave—ruling out beaconing, route-following, or path-integration
mechanisms, and providing evidence for map-like navigation in
these mammals.

Previous studies of homing in bats have (i) demonstrated
homing after several days or weeks, rather than straight rapid
homing flights (29); (i) demonstrated a clear beaconing strategy
in bat navigation, rather than a map-like navigational strategy
(30, 31); or (iii) released bats too close to their roost to be able to
judge which navigational strategy the bats used (27). Here, we
were able to overcome these shortcomings of previous studies by
using GPS to precisely measure the straightness and speed of
bats’ flights, by releasing bats very far from their familiar area,
and by performing manipulations that indicated that Egyptian
fruit bats do rely on map-like navigation.

What are the sensory mechanisms used by these bats for long-
range navigation? We hypothesized that the bats may use
a combination of visual, magnetic, and olfactory-based naviga-
tion. To test this, we released bats inside a deep erosional crater
or just outside it. Bats released within the crater were initially
disoriented, but eventually left the crater toward the home di-
rection and homed successfully, whereas bats released at the
crater-edge top homed directly. The crater-release experiments
indicate that visual-based navigation may be of particular im-
portance to these bats. The differences in bats’ behavior between
the two release points at the crater (disorientation at release
point R2 within the crater, vs. straight homing from crater-rim
release point R3) are likely a result of differences in availability
of visual landmarks—not to differences in celestial cues, mag-
netic cues, or olfactory cues. Although all these sensory mech-
anisms were likely used by bats to eventually exit the crater in the
homeward direction (Fig. 3E), these mechanisms are unlikely to
underlie the clear behavioral differences between the within-
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crater and crater-rim releases (Fig. 3D, green vs. blue), because
of the small differences in magnetic, celestial, or olfactory in-
formation between release points R2 and R3. The behavioral
differences between points R2 and R3 are unlikely to be caused
by differences in exposure to celestial cues, because R2 and R3
releases were done at the same night, and no systematic differ-
ences in cloudiness were observed. The dramatic behavioral
differences between points R2 and R3 are unlikely to be caused
by differences in magnetic-field parameters, because of the very
small distance between points R2 and R3 (5.6-km aerial dis-
tance) and the relatively small differences in magnetic parame-
ters between the two nearby release points, R2 and R3 (magnetic
maps shown in Fig. S6 and ref. 32). Finally, the dramatic be-
havioral differences between points R2 and R3 are not very
likely to be caused by differences in olfactory cues in those two
locations. Olfactory navigation, possibly cued by wind-trans-
ported odorants originating from abundant orchards at the bats’
familiar area, might be plausible, in principle, as a navigational
mechanism, as the typical afternoon breeze from the Mediter-
ranean Sea reaches the study area in the Negev Desert a few
hours later (33). However, we consider this mechanism unlikely
to explain any behavioral differences between bats released at
points R2 and R3 because all bats were in fact released on nights
with no winds or very weak winds, indicating that, although the
nocturnal breeze could potentially carry odorants from the for-
aging area, it was not likely to be very effective at the time of
release. Nevertheless, further research is needed to examine the
roles of these three possible mechanisms in detail. For example,
it has been suggested that visual celestial cues near the horizon
are important for bird navigation (5, 34), and it might be possible
that the lower portion of the sky was occluded by surrounding
cliffs for those bats that were released inside the crater. Fur-
thermore, the effects of the crater’s complex terrain on wind-
mediated odor transport above and within the crater warrants
further investigation. However, although it is possible that there
was some contribution of magnetic, celestial, and olfactory
navigation, the most parsimonious explanation for the dramatic
behavioral differences between release point R3 (straight hom-
ing) and point R2 (disorientation) is the visual explanation: the
availability of distal visual landmarks from point R3 and the lack
of familiar distal visual landmarks at point R2. The importance
of vision for bat homing has been suggested in several previous
studies (e.g., refs. 30, 31). Notably, Egyptian fruit bats are known
to have outstanding visual acuity, much better than that of al-
most all insectivorous bat species (35); therefore, visual-based
navigation is certainly plausible in these bats—and although we
cannot determine from our experiments which precise landmarks
the bats used, our results suggest that the bats used some set of
distal visual landmarks for long-range navigation.

In summary, we propose that Egyptian fruit bats use self-tri-
angulation based on multiple distal visual landmarks (26) as their
primary large-scale navigational mechanism. This map-based
mechanism, proposed previously for rodent navigation in a water
maze (20), was studied here in a free-ranging mammal at a spatial
scale five orders of magnitude larger. Our study demonstrates the
importance of considering all components of the new movement
ecology framework (36) for understanding movement phenom-
ena: the internal state determining the strong motivation to
move to a specific destination; the motion capacity enabling bats
to execute nonstop flapping flights from distant locations; their
high navigation capacity—the core component investigated in
this study; and the critical role of some specific external factors
such as particular fruit trees and distant visual landmarks used
for navigation. More specifically, our results also suggest that
Egyptian fruit bats use additional navigational mechanisms—
possibly based on olfactory, celestial, and/or magnetic cues—
when distal landmarks are not visible. These results suggest the
ability of bats to navigate within their visually familiar area based
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on sets of distal visual landmarks—a capacity that could be
termed a form of a visually based cognitive map (2, 19). They also
demonstrate bats’ ability to eventually home when translocated
well outside their visually familiar area—a capacity often called
“true navigation” in birds and other animals (13, 14, 24, 25). To
our knowledge, this is the first evidence for either of these nav-
igational capacities in bats, and the first evidence for large-scale
navigation in a free-ranging wild mammal.

Methods

Research Site and Species. We studied the navigational strategies of wild
Egyptian fruit bats (R. aegyptiacus) from a relatively large colony at the
Sgafim cave (location, 31° 40’ N; 34° 54’ E; altitude, 250 m above sea level),
located at the Judean lowlands of central Israel; the number of bats in this
cave was counted yearround, and was between 400 and 800 individuals. Bats
were captured by mist nets upon exiting the cave after sunset, and were
kept in a cloth bag until handling. Each bat was sexed and measured for
mass and forearm length, a measure of body size. For the GPS tracking
experiments, we used a total of 70 adult individuals of both sexes (46 male,
24 female). We used only relatively large bats with body mass of more than
130 g (mean mass + SD, 150.3 + 13.8 g; forearm length, 94.6 + 2.1 mm).
Although there was a significant difference in body mass between sexes, no
significant difference in any of the flight parameters was found between the
sexes; hence, we pooled data from both sexes. In each night, we GPS-tagged
and released between one and five individual bats. Experiments were
carried out between January 2008 and December 2009; they spanned all
seasons, a variety of weather conditions, and all possible moon phases. Ex-
perimental procedures were approved by the Israel Nature and Parks Au-
thority and by the institutional animal care and use committees of the
Hebrew University of Jerusalem and the Weizmann Institute of Science.

GPS Tracking Device. Adult Egyptian fruit bats (N = 70) were equipped with
a tracking device that included a lightweight GPS datalogger (GiPSy2;
Technosmart) plus a radiotelemetry unit (BD-2; Holohil Systems). The aver-
age weight of the GPS/radiotelemetry combined pack was 109 + 13 g
(range, 6.9-13.0 g), including batteries and protective casing. This weight
constituted 7.3 + 1.0% of the bats’ body mass (range, 4.0-9.6%). The
dimensions of the GPS/radiotelemetry pack were 48 mm (length) x 23 mm
(width) x 11 mm (height).

Device Attachment and Marking of Individual Bats. Medical skin adhesive
(Liquid Bonding Cement; Torbot Group) was used to attach the GPS device to
the bat's back, directly above the center of mass of the animal’s body. The
bat was implanted with a s.c. radiofrequency identification tag for individual
identification (Mini-Transponder; UNO Roestvastaal) to verify that all
tracked bats were indeed distinct individuals.

GPS Sampling Rate and Time Extent of Data Collection. The mass and size of
the GPS battery limited the device’s lifetime, and therefore we modified the
GPS sampling rate and activation schedule according to experimental needs,
to collect more data. For 66 of the 70 bats, data were collected at high
sampling rates (0.1-1 Hz), with most of these data (63 of 66 bats; 95.5%)
collected at 1 Hz. The GPS devices were programmed to be active all night
and inactive during the day (when bats were inside the cave). Additionally,
in some cases, the GPS was activated for only the first part of the night; this
saved battery power and allowed GPS recording of bats’ movements for as
many as four consecutive nights. Total time extent of data collection ranged
from full sampling over one night to 3 h of data per night over as many as
four consecutive nights. All bats were also tracked manually by standard
radiotelemetry triangulation for purposes of GPS retrieval (typically this
tracking was conducted for the first one or two nights after release, and
then was intermittently conducted over the following several weeks).

Bat Release. Before release, bats were given a few milliliters of fruit juice to
prevent dehydration and stress related to capture. To prevent group navi-
gation of our experimental bats, we released the bats only after all other bats
left the cave (for bats released near the cave), and if several bats were tagged
and released on the same night, we released them individually at intervals of
more than 20 min. Before release, bats were rotated several times and re-
leased from the hand at a random direction.

Homing Experiments. For homing experiments, we used the same capture and
attachment protocol as with cave-released bats. We carried out three sets of
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homing releases in the Negev Desert, releasing the bats at the following
locations: (/) release site R1, Gva'ot Goral (aerial distance of 44 km from
capture site; 31° 17' N; 34° 49’ E; altitude 419 m above sea level); (ii) release
site R2, inside HaMakhtesh HaGadol natural erosional crater (aerial distance
of 84.5 km from capture site; 30° 55’ N; 34° 58 E; altitude 400 m above sea
level); and (iii) release site R3, outside of HaMakhtesh HaGadol crater (aerial
distance of 79 km from capture site; 30° 58' N; 34° 58’ E; altitude 638 m
above sea level). Translocation was done by car, driving the bats total
ground distances of 58, 111, and 105 km, respectively. During the entire
transport, bats were held inside a cloth bag.

For the release in Gva'ot Goral (site R1), upon arrival to the release lo-
cation, bats were randomly assigned to one of two treatment groups: (i) 11
bats were released immediately and 10 bats were kept in a closed cage for at
least 3 h, given fruits and water ad libitum as well as fed by hand, and only
then released (~3 h before sunrise). For the inside- and outside-crater
releases (sites R2 and R3), bats were held in a cloth bag during the drive to
the release site, with ad libitum food provided; upon arrival to the site, the
bats were released by using the same protocol.

GPS Recovery and Data Download. GPS/radiotelemetry packs were retrieved
after the pack had fallen to the ground (usually after a few weeks). Retrieval
of the GPS unit was done by using the radiotelemetry signal. Data download
was possible only by physically retrieving the device. In total, we retrieved 51
of the 70 GPS devices (73%) that we deployed. Retrieval rates were 89.3%,
61.9%, 70.0%, and 54.5% for bats released at the cave and sites R1, R2, and
R3, respectively. GPS tags of translocated bats (released at R1, R2, or R3) had
significantly lower retrieval rates than those of nontranslocated bats released
at the cave (x* = 6.37, df = 1, P = 0.012). However, there was no significant
difference in retrieval success among the three groups of translocated bats
(X2 = 0.531, df = 2, P = 0.767). Therefore, we expect no bias related to tag
retrieval success among the three experimental treatments.

Inclusion Criteria for Analysis. Of the 51 bats whose GPS/radiotelemetry packs
were retrieved, we excluded four (three released at the cave and one at R1)
that had corrupted data, and two tags (released at R3) that had partial data
collected during only a portion of their track as a result of technical failure.
Because statistical properties estimated for the same movement path might
differ if data points are collected at different sampling rates (37), we nar-
rowed the range of sampling rates by excluding four additional bats, all
released at the cave, whose GPS locations were recorded at low sampling
rates of approximately 0.017 Hz. Data from five additional bats, three re-
leased at the cave and two at R1, were excluded because those bats flew to
a fruit tree near (<5 km) the release point and stayed there several hours.
We note that the two bats from R1 must have eventually commenced long-
distance (unrecorded) homing flights, because their radio signal was
detected at the cave on the following morning. The remaining 36 bats
formed the basic dataset for all analyses (Table 1). Subcutaneous identifi-
cation tags verified that all bats were distinct individuals. Of those 36 bats,
21 bats had single-night data, whereas six, seven, and two bats had two,
three, and four nights of data, respectively, resulting in a total of 62 nights
from 36 bats.

Considering all lost tags and exclusions, the proportion of individuals
contributing data to the analyses was not significantly different between
translocated and nontranslocated bats ()(2 = 0.008, df = 1, P = 0.931) or
among the three groups of translocated bats (y* = 2.377, df = 2, P = 0.305).
The latter comparison means that there were no differences in data exclu-
sion or tag retrieval success between the three groups of translocated bats,
released at sites R1, R2, and R3; this is important because a key comparison
in the current study is among the bat groups released at sites R1, R2, and R3:
hence, we expect no bias among these three treatments in relation to data
exclusion or tag retrieval success.

Data Analysis. For each bat, we included only data points that had high ac-
curacy, by including only individual points that were based on (i) at least four
satellites and (ii) positional dilution of precision less than 12 (this is a stan-
dard parameter that quantifies how well the GPS satellites span the sky,
which influences the reliability of the GPS reading; see ref. 38).

GPS tracks were segmented into “flight” and “nonflight” portions. A
flight segment was defined as a segment in which the bat flew with a
ground speed of more than 10 km/h for more than 20 s; all other segments
were defined as nonflight. If two flight segments were separated with a
nonflight segment whose duration was shorter than 10 min, the two flight
segments were merged together.

For all the individual commuting flights, we computed the following
trajectory data: (i) altitude above ground level; (ii) flight speed; (iii) total
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flight distance; (iv) straightness index [defined as D/L, where D is the length
of the straight line from the starting-point to the goal and L is the actual
total length of the segment flown (39)]; and (v) “first tree stop,” defined as
the first stop by the bat at a tree that lasted longer than 10 min; we also
physically inspected all the stop locations to identify the tree species and
evaluate their fruiting status.

All data analyses of bat trajectories were done by using Matlab (Math-
works). Ground elevation was extracted from a digital terrain model layer
with cell size of 25 m? (created by J. K. Hall, Geological Survey of Israel,
Jerusalem, lIsrael). Statistical tests were done by using the SPSS statistical
software (version 17; SPSS); all test results were considered significant if
P < 0.05.

The familiar area of the bats (Figs. 2A and 3 A and C, gray polygon) was
computed as the 95% convex hull encompassing the positional data from all
GPS releases at the cave (n = 19 bats; we included for this particular analysis
also GPS data with low sampling rate < 0.1 Hz), as well as positional data
from additional foraging bats that were tracked with only radiotelemetry
(n = 19)—a total of 38 individual bats, recorded over all seasons.

For line-of-sight calculations, in addition to the familiar area, we computed
the visually familiar area, which is based on the notion that, when flying very
high up, bats could see visual landmarks from very long distances, and thus
may learn the layout of landmarks over a much larger area than the area they
physically visited (26). We calculated the visually familiar area (Fig. 3A, large
black polygon) by conducting line-of-sight calculation from 100 randomly
selected points within the familiar area, at an altitude of 643 m above
ground level, which is the highest altitude recorded for foraging bats. The
line-of-sight calculation was done by using a digital terrain map with a cell
size of 1 km? (digital terrain map raster file; created by J. K. Hall, Geological
Survey of Israel, Jerusalem, Israel), resulting in the large visually familiar area
shown by the black polygon in Fig. 3A. A line-of-sight calculation was also
done for the translocation release site R1 in the Negev Desert (at an altitude
of 115 m above ground level, which is the highest altitude recorded for
a translocated bat within 0.5 km distance from release site R1). Red squares
in Fig. 3A show the overlap between these two line-of-sight calculations:

. Wallraff HG (2005) Avian Navigation: Pigeon Homing as a Paradigm (Springer, New
York).

. Gallistel CR (1990) The Organization of Learning (MIT Press, Cambridge, MA).

. Menzel R, et al. (2005) Honey bees navigate according to a map-like spatial memory.
Proc Natl Acad Sci USA 102:3040-3045.

4. Lohmann KJ, Lohmann CM, Ehrhart LM, Bagley DA, Swing T (2004) Animal behaviour:
geomagnetic map used in sea-turtle navigation. Nature 428:909-910.

. Cochran WW, Mouritsen H, Wikelski M (2004) Migrating songbirds recalibrate their
magnetic compass daily from twilight cues. Science 304:405-408.

. Ritz T, Thalau P, Phillips JB, Wiltschko R, Wiltschko W (2004) Resonance effects
indicate a radical-pair mechanism for avian magnetic compass. Nature 429:177-180.

. Srinivasan MV, Zhang S, Altwein M, Tautz J (2000) Honeybee navigation: Nature and
calibration of the “odometer”. Science 287:851-853.

. Biro D, Freeman R, Meade J, Roberts S, Guilford T (2007) Pigeons combine compass
and landmark guidance in familiar route navigation. Proc Nat/ Acad Sci USA 104:
7471-7476.

. Thorup K, et al. (2007) Evidence for a navigational map stretching across the
continental U.S. in a migratory songbird. Proc Nat/ Acad Sci USA 104:18115-18119.
10. Graham P, Cheng K (2009) Ants use the panoramic skyline as a visual cue during

navigation. Curr Biol 19:R935-R937.

11. Kramer G (1953) Die sonnenorientierung der vogel. Verh Dtsch Zool Ges 1:77-84.

12. Perdeck AC (1958) Two types of orientation in migrating starlings, Sturnus vulgaris
and chaffinches, Fringilla coelebs, as revealed by displacement experiments. Ardea
46:1-37.

13. Boles LC, Lohmann KJ (2003) True navigation and magnetic maps in spiny lobsters.
Nature 421:60-63.

14. Phillips JB, Adler K, Borland SC (1995) True navigation by an amphibian. Anim Behav
50:855-858.

15. Lipp H-P (1996) “Columba militaris helvetica”: Biologie und Verhaltensleistungen der
Schweizerischen Armeebrieftauben [Biology and spatial behavior of homing pigeons
in the Swiss army]. Acta Biol Benrodis, 3(Suppl):85-103 (in German).

16. Baldaccini NE, Benvenuti S, Fiaschi V (1976) Homing behaviour of pigeons confined
to a new loft distant from their home. Monitore Zool Ital 10:461-467.

17. Lipp H-P, et al. (2004) Pigeon homing along highways and exits. Curr Biol 14:
1239-1249.

18. Tolman EC (1948) Cognitive maps in rats and men. Psychol Rev 55:189-208.

19. O'Keefe J, Nadel L (1978) The Hippocampus as a Cognitive Map (Oxford Univ Press,
Oxford).

20. Morris RG, Garrud P, Rawlins JN, O’Keefe J (1982) Place navigation impaired in rats

with hippocampal lesions. Nature 297:681-683.

w N

v

o

~

0o

©

E724 | www.pnas.org/cgi/doi/10.1073/pnas.1107365108

that is, the locations that could be seen by bats both from their familiar area
and from release site R1. This calculation confirmed that many visual land-
marks could indeed be seen from both locations, despite the large trans-
location distance (aerial distance of 44 km). Similar calculations were done
for release sites R2 and R3 (at altitudes of 101 m and 74 m above ground
level, respectively, the highest altitude recorded for translocated bats within
0.5 km distance from release sites R2 and R3, respectively). The blue squares
in Fig. 3A show the locations that could be seen by bats from both their
familiar area and release site R3, showing that bats released at site R3 (a
high mountain on the crater edge) could potentially use visual landmarks to
navigate. Note that, in contrast, there are no green squares in Fig. 34, that
is, there are no locations that could be seen both from the familiar area and
from release site R2, which means that bats released at site R2 (within the
crater) could not see any familiar visual landmarks.

Cumulative straightness index (Fig. 3D) was calculated for all tracks as
follows. For each radial distance / from the release point, we computed the
straightness index (as detailed earlier) by using the flight segment that starts
at the release location and ends at the first point on the bat'’s trajectory at
which the distance from the release location exceeded /. The cumulative
straightness index was computed in 100-m intervals (i.e., / was set to 100,
200, 300 m. .. up to 50 km; / is shown on the x axis of Fig. 3D).
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Fig. S1. GPS/radiotelemetry pack placed on the back of an Egyptian fruit bat (R. aegyptiacus). Photo taken at the moment of release. Photo credit: A. Tsoar.
Inset: GPS datalogger without the radiotelemetry unit and the protective casing.

A cCave Bat 125
O Feeding trees

=== Flight from cave

=== Flight back to cave

Fig. S2. Very straight commuting flights by the same bat shown in Fig. 1A (bat 125). The bat left the cave, flew locally (light gray line), then took a long
commuting flight (black line) to the feeding trees and then commuted back to the cave (dark gray line). Superimposed on an aerial photo of the area, taken
from Google Earth.

A Cave
== Flights from cave

=== Flights back to cave

Fig. S3. Population data shows commuting flights that started or ended directly at the cave. Colors represent the long commuting flight to the feeding tree
(black) or back to the cave (dark gray). Superimposed on an aerial photo of the area, taken from Google Earth. Same data as in Fig. 1C. Note the very straight
commuting flights from the cave and back to the cave.
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A Cave Bat 102

O Motrus alba trees
=== Flight from cave to feeding tree

Bat 136

A Cave
O  Ficus microcarpa trees
=mm  Flight from cave to feeding tree

Fig. S4. Flight path to the foraging area of bat 102 (A) and bat 136 (B): these bats ignored all the plantations and individual trees of the same species on their
way (M. alba and Ficus microcarpa trees, respectively). Conspecific trees and plantations are denoted here by yellow dots; note that these yellow dots cor-
respond to the conspecific trees we were able to locate, and hence they represent a conservative estimate of all these trees in the area—the complete set of
conspecific trees is certainly larger than this. Black line indicates flight trajectory superimposed on an aerial photo of the area, taken from Google Earth. These
examples suggest that the bats did not use olfactory beaconing toward a specific tree to find their favored trees.
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Bat 230

A Cave
@ Release site R1

Bat 160

A Cave
@ Release site R1

Fig. S5. Bats released at site R1 early in the night and not fed by the experimenters flew to feed at a favored tree, and then returned to the same individual
tree night after night. Shown is a close-up of the foraging of a translocated bat returning to the same foraging tree on three consecutive nights (A, bat 230; B,
bat 160). These are the same bats as in Fig. 2 C and D. Superimposed on an aerial photo of the area from Google Earth; different colors represent different

consecutive nights.
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AF(R2,R3) = -4.16 uT AH(R2,R3) =-35.14 uT AD(R2,R3) = 0.0048° AI(R2,R3) = 0.0521°
A Cave
@ Release site R1
© Release site R2 (within crater)
@ Release site R3 (outside crater)

Fig. 6. Maps of four magnetic parameters show very small differences in the magnetic field between release sites R2 and R3. F, magnetic field vector; H,
horizontal projection of F; D, declination; /, inclination. All four release sites that were used in our experiments (cave, R1, R2, and R3) are marked as well. Black
contour represents national borders. Data courtesy of B. Shirman (1).

1. Shirman B (2000) Three component magnetic anomaly maps of Israel. Isr J Earth Sci 49:1-7.

Movie S1. Foraging flight of bat #146 from the cave to the first feeding tree. Note the very straight flight to the feeding-tree, and then the long bout of
foraging at the tree.

Movie S1
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104 The nuts and bolts of invasion ecology

9.1 BIOLOGICAL INVASIONS AND
DISPERSAL PROCESSES

Biological invasions — the entry, establishment and
spread of non-native species — are a major cause
of human-induced environmental change (Vitousek
et al. 1997; Ricciardi 2007). Beyond their substantial
economic impact and human health hazards (Vitousek
et al. 1997; Pimentel et al. 2001), biological invasions
threaten global biodiversity by altering the structure
and function of ecosystems and disrupting key bio-
logical interactions (Levine et al. 2003; Traveset &
Richardson 2006). Consequently, they also constitute
a major cause of recent extinctions (Clavero & Garcia-
Berthou 2005; but see Didham et al. 2005).

Dispersal, or the unidirectional movement of an
organism away from its home or place of birth, is a key
process in an organism'’s life cycle, operating at multi-
ple scales and levels of organization from the single
organism through population, metapopulation and
community dynamics (Harper 1977; Clobert et al.
2001; Bullock et al. 2002; Cousens et al. 2008; Nathan
et al. 2009). For many plants seed dispersal is the
primary mobile stage, typically mediated by vectors
that disperse seeds over short distances, affecting local-
scale plant population and community persistence,
structure and dynamics (for recent reviews, see
Cousenset al. 2008, Nathan et al. 2009 and references
therein). Relatively few seeds are dispersed over long
distances (long-distance dispersal (LDD)), affecting
large, landscape-scale dynamics of plant populations
and communities (Nathan 2006). Defining which dis-
persal events account for LDD typically involves setting
arbitrary or system-specific thresholds, taking either a
proportional approach (e.g. all the seeds that travelled
the upper 1% of the distance distribution) or an abso-
lute approach (e.g. all the seeds that travelled more
than 1000 m, as adopted in section 9.4 of this chapter);
the latter is generally preferable, mostly for practical
reasons (see Nathan et al. 2008Db for discussion).

The vector-mediated seed dispersal process consists
of three main phases, each characterized by a basic,
key parameter (Nathan et al. 2008b; Table 9.1): (i) the
initiation phase, in which seeds are picked up by the
vector, characterized by the vector’s ‘seed load’ param-
eter, or the number of seeds taken per time unit; (ii) the
transport phase, in which the vector transports the
seeds away from the source, characterized by the vec-
tor's ‘displacement velocity’ parameter after seed
uptake; and (iii) the termination phase, in which the

seeds are deposited, characterized by the vector’s ‘seed
passage time’ parameter, or the duration of seed trans-
port by the vector. The contribution of different vectors
to local dispersal versus LDD depends mostly on the
two former parameters (Nathan et al. 2008b). LDD
vectors, for example, should at least occasionally have
high displacement velocity, and are especially efficient
when combined with long seed passage time (Nathan
et al. 2008b; Schurr et al. 2009). Human transporta-
tion is presumably the only mechanism which has a
high relative effect on all three parameters, making
mankind the most important LDD vector nowadays.

In 1958 Charles Elton launched the systematic sci-
entific study of biological invasions with the publica-
tion of his book The Ecology of Invasions by Animals and
Plants (Elton 1958; reviewed in Richardson & PySek
2008). Though Elton argued that the major cause for
spread of species was the increased extent of human
travel around the globe, he noted that even without
human intervention, ‘exceptionally good powers of
dispersal’ (Elton 1958, p. 33) have enabled many
species to spread and achieve a wide distribution,
hence acknowledging the importance of LDD for the
dynamics of population spread. It is the arrival of
humans, Elton wrote, that has made ‘this process of
dispersal so much easier and faster’ (Elton 1958, p.
79). Dispersal is now recognized as a major and essen-
tial component in the dynamics of invasions (see also
Hui et al., this volume). However, although dispersal is
necessary it is insufficient to generate continuing
spatial spread: dispersed seeds must germinate, survive
and grow to become reproductive plants that produce
and disperse seeds, and so forth. Thus plant dispersal
occurs within one generation (usually lasting a very
short time), whereas continuing spread is a multi-
generation process.

The process of biological invasion can generally be
divided into three dynamic stages — entry, establish-
ment and spread — with barriers, or filters, hindering
or preventing transition from one stage to the next
(Richardson et al. 2000b; Colautti & Maclsaac 2004).
Although dispersal is not the only filter plants must
pass through, it is an important one that has key
impacts on the survival and success of the invading
plant. The entry stage often results from human-
mediated extreme LDD (Mack & Lonsdale 2001;
Ricciardi 2007; Hulme et al. 2008), but might also
result from other LDD mechanisms if the invading
species is already present as an alien in a neighbouring
region (Hulme et al. 2008). Natural dispersal by man-



made infrastructures connecting otherwise unlinked
biogeographical regions (e.g. Lessepsian migration
through the Suez Canal (Por 1978; Ben-Eliahu & ten
Hove 1992)) may also bring about the initial introduc-
tion of alien species (Hulme et al. 2008). The establish-
ment stage involves mainly local dispersal, whereas
the spread stage involves rapid expansion that is
mostly dominated by LDD (Kot et al. 1996; Clark
1998). In these two post-entry stages, humans play an
increasingly important role (see, for example, Von der
Lippe & Kowarik 2007), yet natural vectors are prob-
ably still the key dispersers (Debussche & Isenmann
1990; Richardson et al. 2000a; Murphy et al. 2008;
Westcott et al. 2008). Dispersal at the post-entry stage
is crucially important to the extent that successful dis-
persal away from the initial point of introduction
marks the transition from ‘alien’ through ‘naturalized’
to ‘invasive’ (sensu Richardson et al. 2000Db). Therefore,
dispersal is a necessary step at several stages of the
plant’s invasion; understanding dispersal processes
not only to, but also within, the invaded region is
therefore crucial for understanding and predicting
invasion success (Richardson et al. 2000a; Higgins et
al. 2003a; Buckley et al. 2006).

The aims of this chapter are to review the progress
in seed dispersal research especially in the context of
plant invasion (section 9.2), and to introduce (section
9.3) and illustrate (section 9.4) a general framework
for elucidating the role of dispersal mechanisms as a
major driving force in invasion processes.

9.2 OVERVIEW OF THE CONCEPTS
AND METHODS APPLIED TO QUANTIFY
SEED DISPERSAL PATTERNS AND
UNDERSTAND THEIR UNDERLYING
MECHANISMS

Advances in understanding dispersal

Research during the past 50 years has yielded innova-
tive insights into the ecological and evolutionary proc-
esses underlying dispersal in general (Bullock et al.
2006; Nathan et al. 2009) with recent advances in
LDD in particular (Cain et al. 2000; Nathan 2006;
Nathan et al. 2008Db). Seed dispersal research has seen
an important shift in focus in recent years, from the
traditional ‘seed-centred’ approach focusing on seed
attributes and asking by which mechanisms and over
which distances these seeds are dispersed, to a ‘vector-
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centred’ approach now focusing on a dispersal vector
and asking how many seeds this vector disperses over
which distances (Nathan et al. 2008b; Schurr et al.
2009).

Studies have shown that ‘standard’ vectors, those
inferred directly from seed morphology, have low
impact on LDD and spread rate, compared with other,
‘non-standard’ vectors (Higgins et al. 2003b; see
examples in Nathan et al. 2008b). Nevertheless, and
despite the common consensus that LDD events are
rare and largely unpredictable under most circum-
stances, LDD is strongly associated with a limited and
identifiable set of environmental conditions and disper-
sal vectors (Nathan et al. 2008b). Six major generali-
zations of mechanisms that likely promote plant LDD
have been identified (Nathan et al. 2008b), such as
open terrestrial landscapes that are free of obstacles to
seed and vector movement and thus have a relatively
long seed passage time; migratory animals that move
in a fast and directional manner and thus have a rela-
tively high displacement velocity; extreme meteoro-
logical events that can result in exceptionally high
displacement velocity and seed load; and human trans-
portation, presumably the mechanism most likely to
move seeds the longest possible distances (Nathan
et al. 2008b).

A parallel, highly relevant shift in seed dispersal
research has been the relatively recent recognition
that animal seed dispersers tend to be generalists
rather than specialists (Richardson et al. 2000a;
Herrera 2002) and that the coevolutionary vector—
seed interactions are not as tight and common as was
previously thought (Richardson et al. 2000a;
Bascompte et al. 2006). Overall, dispersal systems are
complex assemblages of multiple dispersers operating
at various scales to generate jointly the ‘total dispersal
kernel’ (Nathan et al. 2008b). Therefore, taking the
vector-based approach of seed dispersal in investigat-
ing invasion processes requires identifying the key
players facilitating passage through the dispersal-
related invasion filters, such as in the initial introduc-
tion stage (Hulme et al. 2008).

Advances in data collection

Tracking seed movement away from the source
plant has always been a challenging, and often limit-
ing, part of studying seed dispersal patterns and mech-
anisms (Wheelwright & Orians 1982; Nathan &
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Muller-Landau 2000; Wang & Smith 2002). This has
been especially true when attempting to quantify and
identify LDD processes in the field (Cain et al. 2000;
Nathan 2006). Seed traps have made an important
contribution to dispersal research (see, for example,
Clark et al. 1998, Bullock & Clarke 2000) and are still
being used today, despite several inherent problems
given the difficulty in identifying the source of the seeds
(Nathan & Muller-Landau 2000), though this can be
resolved using genetic methods (see, for example, Jones
et al. 2005). Artificially marking seeds at the source
and finding their deposition sites (Levey & Sargent
2000; Xiao et al. 2006) has become increasingly used,
and novel methods are still being developed (Carlo et
al. 2009; Lemke et al. 2009). Controlled manual seed
release is also advancing current wind dispersal
research (Tackenberg 2003; Soons et al. 2004).

Research on animal-dispersed plants has progressed
from directly observing animal movement, to tracking
the animals with radio-telemetry (see, for example,
Murray 1988; Westcott & Graham 2000; Spiegel &
Nathan 2007). Recent technological advancements
such as satellite-tracking using the Argos system or
tracking units based on global positioning systems
(GPS) have revolutionized the quality, quantity and
scale of animal tracking data in the wild; this, in turn,
also improved the input parameters inserted into
models predicting the animal’s seed dispersal ability
(Campos-Arceiz et al. 2008). However, two main
drawbacks — high costs and heavy power supply — cur-
rently limit their use and make most small-sized
animals unapproachable by such technologies. Future
miniaturization will enable tracking of many addi-
tional animal vectors and even seeds at large scales
with the high spatio-temporal resolution required to
revolutionize this field of research.

The study of genetic variation and molecular ecology
has seen tremendous technological and analytical
advancements in the past few decades (Ouborg et al.
1999; Cain et al. 2000; Jones & Ardren 2003). This
has provided extremely useful data collection and
novel analysis methods, that have enabled us to track
relatedness of individual seeds and their dispersing
plant (Godoy & Jordano 2001; Jones et al. 2005;
Jordano et al. 2007; Robledo-Arnuncio & Garcia
2007) or relatedness of individual plants and their dis-
persing parent (i.e. effective seed dispersal) (Meagher &
Thompson 1987; Burczyk et al. 2006; Gonzalez-
Martinez et al. 2006; Hardesty et al. 2006). Valuable
inferences on historical gene flow can also be gained

by using molecular methods, revealing important eco-
logical and evolutionary consequences of dispersal
(Cain et al. 2000; Broquet & Petit 2009).

Advances in modelling and
statistical analysis

Models of seed dispersal have played a fundamental
role in representing patterns, investigating processes,
elucidating the consequences of dispersal, and explain-
ing dispersal evolution for populations and communi-
ties (Levin et al. 2003). In addition, modelling is often
applied to predict dispersal rates, directions and inten-
sity, which is of prime importance in assessing inva-
sion dynamics (Higgins & Richardson 1999; Neubert
& Caswell 2000; Higgins et al. 2003a; Skarpaas & Shea
2007; Jongejans et al. 2008; Soons & Bullock 2008).
Modelling studies elucidating the potential role of
spatial heterogeneity in determining invasion speed
(With 2002) facilitated the development of models pre-
dicting dispersal in a spatially explicit and realistic
environment (Russo et al. 2006; Levey et al. 2008;
Schurr et al. 2008).

A common goal in modelling seed dispersal is esti-
mating the dispersal kernel, the probability density
function describing the number (or density) of disper-
sal units as a function of the distance from the source.
In general, we can distinguish between two types of
models for seed dispersal: phenomenological and
mechanistic (Nathan & Muller-Landau 2000).
Phenomenological models have been frequently used
to estimate dispersal kernels for plant species (Kot et al.
1996; Clark 1998; Higgins & Richardson 1999;
Bullock & Clarke 2000). These models use some func-
tional forms, calibrated against observed data, to
describe the distribution of distances of progeny from
the seed source. Because model parameters are fitted
from observed data, the identity of the dispersal agents
is unimportant, thus relaxing the need to identify and
quantify the role of different dispersal vectors.
Phenomenological models enable us to deduce the
spread potential of the plant simply by analysing the
kernel tail ‘fatness’, which largely determines the speed
and pattern of colonization (Kot et al. 1996; Clark
1998; Clark et al. 1998; Higgins & Richardson 1999;
Higgins et al. 2003a; reviewed in Klein et al. 2006).
However, this approach entails several disadvantages,
including the high sensitivity of the fitted functions to
variation not only in dispersal data but also in data
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Table 9.1 Specific parameters of the three key components of a general model for passive dispersal (Nathan et al. 2008b)

for four major dispersal systems.

Anemochory Hydrochory Endozoochory Epizoochory
Vector seed load Seed abscission Seed abscission Seed intake Seed adhesion
(seeds time™) rate (potentially rate (potentially rate rate

wind-induced)

Displacement velocity
(distance time™)

Seed passage time
(time)

Flow speed

Seed release height
divided by seed
terminal velocity

Seed buoyancy time

wind- or
water-induced)

Animal movement speed

Gut retention Adhesion time

time

collection procedures (Hastings et al. 2005). The vari-
ation in dispersal processes between species, sites and
times implies that this modelling approach is best used
for a posteriori analysis of invasions (Higgins &
Richardson 1999), which can also be achieved by
models that correlate the observed patterns of spatial
spread of invasive species with climatic, edaphic or
other environmental variables (Peterson & Vieglais
2001; Foxcroft et al. 2004).

Compared with phenomenological models that cali-
brate dispersal kernels, mechanistic models use data
on factors influencing dispersal processes to predict
dispersal kernels. The general model for vector-
mediated dispersal (Table 9.1) disentangles three basic
components, from which further modelling can be
carried out on specific cases of vectors and systems. A
great deal of work in mechanistic modelling of seed
dispersal by wind has been done since the publication
of Elton’s book, especially in recent years (Okubo &
Levin 1989; Nathan et al. 2002; Tackenberg 2003;
Soons et al. 2004; Bohrer et al. 2008; Wright et al.
2008; reviewed in Kuparinen 2006). An important
advance has been made in fitting mechanistic models
to LDD by wind, which earlier models often underesti-
mated and could not explain (Nathan et al. 2002;
Tackenberg 2003). Recent studies have shown that
wind-speed-induced non-random seed release pro-
motes LDD and increases spread rates (Soons & Bullock
2008), and that canopy structure height affects verti-
cal winds and turbulence structure which in turn
affect LDD (Bohrer et al. 2008). Mechanistic models of
seed dispersal by animals, in their simplest form, calcu-
late dispersal distances as the product of the vector seed
load, displacement velocity and seed passage time
(Table 9.1; Murray 1988; Sun et al. 1997; Holbrook &

Smith 2000; Westcott & Graham 2000; Vellend et al.
2003; Wehncke et al. 2003). These models are ame-
nable for incorporating the effects of dispersal by mul-
tiple vectors (Dennis & Westcott 2007; Spiegel &
Nathan 2007), including ‘non-standard’ vectors such
as cassowaries dispersing the invasive ‘water-dispersed’
pond apple (Westcott et al. 2008).

9.3 SEED DISPERSAL
AND MOVEMENT ECOLOGY
OF INVASIVE SPECIES

Seed dispersal research can have important contribu-
tions to the field of plant invasion. By applying meth-
odologies developed for seed dispersal research,
researchers may improve their understanding of the
relationships between invasive plants and their vectors,
and better understand the dynamics of species spread
within the landscape. Seed dispersal can be generalized
within the movement ecology framework, enabling
researchers from different disciplines to standardize the
study of seed dispersal processes, and to identify the key
life history traits, behaviours and external factors
determining seed movement (Nathan et al. 2008a).
Movement ecology mechanistically defines the
movement of organisms by four basic components and
their interaction: internal state (why move?), motion
capacity (how to move?), navigation capacity (where
and when to move?) and external factors influencing
all of the above (Nathan et al. 2008a). Although plants
differ considerably from animals in their movement
ability, their spatial movement can be conveniently
implemented within the movement ecology frame-
work. The external factors of the plant movement
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ecology framework are proximate extrinsic drivers
determined at ecological time spans (Damschen et al.
2008; Nathan et al. 2008a), including environmental
characteristics in general and the dispersal vectors in
particular. The internal state, motion capacity and
navigation capacity are plant attributes selected by
ultimate drivers operating mostly at evolutionary time
spans (Damschen et al. 2008; Nathan et al. 2008a).
In the evolutionary sense, the internal drivers of dis-
persal, as identified in basic dispersal theory, include
bet-hedging in unpredictable ecological conditions,
avoiding kin competition and distance- or density-
dependent mortality, and promoting outbreeding
(Howe & Smallwood 1982; Levin et al. 2003; Nathan
et al. 2009). Motion capacity, defined as the traits ena-
bling seed movement, includes plant, fruit and seed
characteristics that facilitate transport by external
vectors such as plant height, fruit colour and scent,
seed size and shape, and fruit and seed structural and
chemical composition (Jordano 2000; Herrera 2002).
The navigation capacity of plants primarily refers to
the traits that synchronize the timing of fruiting and
seed release with favourable dispersal conditions
(Wright et al. 2008).

Mechanistic models for seed dispersal by wind effec-
tively fit into this conceptual framework, incorporating
atmospheric conditions (external factors) and plant
traits such as wings and hairs enabling transport by
wind (motion capacity) and seed abscission tissue
determining timing of seed release (navigation capac-
ity) as input parameters, outputting seed dispersal tra-
jectories (movement); these, in turn, enable predictions
of post-dispersal patterns to assess potential conse-
quences for fitness (internal state), such as the proba-
bility of hitting a non-occupied establishment site
away from sibling seeds (Wright et al. 2008).

Applying the movement ecology framework to the
movement of animal-dispersed plants necessitates a
twofold nested design (Fig. 9.1). In the inner loop, the
dispersed seed is the focal individual and the vector is
a major external factor affecting its movement. In the
outer loop, the animal serving as the dispersal vector
is the focal individual. In other words, modelling seed
dispersal by animals requires considering not only the
movement ecology of the plant but also the movement
ecology of its vectors. The interplay between the two
will ultimately determine the movement path of the
plant. From the animal disperser’s point of view, the
internal state includes the need to obtain food (the
properties of which are determined by the plant), to

avoid predators, to seek shelter, etc. The motion capac-
ity relates to the internal machineries enabling animals
to fly, walk, swim, climb, etc. The navigation capacity
comprises the animal’s ability to sense and respond to
environmental cues related to movement by using, for
example, the visual, olfactory or auditory systems,
echolocation and magnetic field detection. Among the
many biotic and abiotic external factors affecting these
three internal components of animal movement are
landscape structure, atmospheric or meteorological
conditions, movement of predators and location or
movement of food sources (Nathan et al. 2008a).

Identifying the relevant crossroads of interactions
between the plant and the vector is where the move-
ment ecology framework can greatly assist in identify-
ing traits and mechanisms that could, at least partly,
explain and predict plant dispersal processes. Fruit and
seed characteristics interact with the set of frugivores
the plant attracts, which in turn may differ in their
navigation and motion capacities resulting in different
movement paths of the seeds. For example, synchroni-
zation of fruiting with the passage of long-distance
migrating animals could favour LDD and population
spread, whereas attracting dispersers that consume
fruit and rest on the source plant would favour disper-
sal over shorter distances. This also depends on the
seed passage time and for some animals on the timing
of fruiting (e.g. during the breeding season animals
may carry seeds back to their offspring or mate).

In the following part we will apply movement
ecology to examine the potential of a flying frugivore
to disperse seeds of native and potentially invasive
species. Studies of plant—vector interactions of an inva-
sive species need not wait until empirical data on the
invasion process itself becomes available, but can rea-
sonably assume that, at least in early stages of inva-
sions, animal movements are not significantly affected
by the presence and distribution of the invading plant
itself (Richardson et al. 2000a). This can be explained
by the fact that at early stages the invading plant
species is relatively rare and unfamiliar to the foraging
animal. Thus, a priori predictions of the spread of
potentially invasive animal-dispersed plants can be
based on existing data on the foraging movements of
local animal species capable of serving as dispersal
vectors. Furthermore, comparing the properties of the
different framework components between sympatric
native and alien plants, or a potentially invasive plant
in its native versus invaded range, could facilitate
understanding of invasion dynamics and success, and
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External factors affecting

animal movement
(e.g. landscape structure)

Animal movement is the
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affecting seed movement
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Fig. 9.1 A general conceptual framework for movement ecology of animal-dispersed plants. The framework has a twofold
nested design (see main text). In the inner loop, the dispersed seed is the focal individual and the animal (the dispersal vector)
is the major external factor affecting its movement. In the outer loop, the dispersal vector is the focal individual.

could assist in identifying invasion filters and pointing
out candidate elements for management plans (Buckley
et al. 2006).

9.4 FRUIT BATS AS LONG-DISTANCE
SEED DISPERSERS OF BOTH NATIVE
AND ALIEN SPECIES

Our illustration of the movement ecology approach
focuses on seed dispersal of native and alien (including

naturalized and potentially invasive) plant species
(sensu Richardson et al. 2000a) by a common general-
ist dispersal vector, the Egyptian fruit bat (Rousettus
aegyptiacus). We apply the twofold nested design of
movement ecology (Fig. 9.1) to predict bat-mediated
dispersal of the two groups of species, combining vector
movement, foraging behaviour and seed passage time.
In addition to this specific case study, we will show how
simple allometric relationships can predict the seed dis-
persal distance for frugivorous birds and mammals
(Box 9.1).
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Box 9.1 Allometric relationships as a generic model for animal seed dispersal
Allometric relationships between body mass and mass are predicted to have a larger home range, higher

various other characteristics of organisms have been travel velocity and longer seed retention time, com-
well studied (Calder 1996). Animals with a larger body  pared with smaller animals within the same taxonomic
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group (Calder 1996). Larger animals are therefore
expected, by allometric relations alone, to disperse
seeds to greater distances (Westcott & Graham 2000).
Moreover, large animals often take up seeds of a wide
variety of plant species, irrespective of the plant’s dis-
persal morphology (see, for example, Westcott et al.
2005). Schurr et al. (2009) presented a meta-analysis
of endozoochorous dispersal by birds, showing that
seed dispersal distance increases with the body mass
of avian dispersers as predicted from allometric rela-
tionships. They presented a simple general model that
relates the body mass of animals to the mean dispersal
distance of the seeds they disperse endozoochorously.
Here we tested Schurr’s et al. (2009) prediction with
additional data, as well as with our own data of the
Egyptian fruit bat (see section 9.4), and compared it
with allometric predictions for flying birds, mammals
and non-flying birds (see Rowell & Mitchell 1991; Mack
1995; Zhang & Wang 1995; Julliot 1996; Sun &
Moermond 1997; Sun et al. 1997; Holbrook & Smith
2000; Stevenson 2000; Westcott & Graham 2000; Mack
& Druliner 2003; Vellend et al. 2003; Wehncke et al.
2003; Westcott et al. 2005; Russo et al. 2006; Pons &
Pausas 2007; Spiegel & Nathan 2007; Ward & Paton
2007; Weir & Corlett 2007; Campos-Arceiz et al. 2008).

Mean gut retention time (GRT) and mean speed of
movement (SM) can both be expressed allometrically
as a function of animal body mass (BM) (Robbins 1993;
Calder 1996). For birds, these relationships were esti-
mated as

GRT(h)=1.6BM}}} (Robbins 1993) (1)
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and
SM(m/s)=15.7BM{,/ (Calder 1996) (2)

For the Egyptian fruit bat’s mean body mass measured
in our study (147.5 £ 11.1g), mean GRT from equation
(1) is 51.1 minutes, very close to our measured value
(52.82 + 26.5 minutes). The mean SM from equation (2)
is 11.34m/s, higher than our measured value
(9.1 £ 0.86m/s). Indeed, owing to their general wing
shape and flight mode, bats are expected to fly more
slowly than birds of similar mass (Hedenstrom et al.
2009). Theoretical modelling of Egyptian fruit bat power
flight (Flight 1.21 software (Pennycuick 2008)) predicts
a minimum power speed of 9.3 m/s, in agreement with
our empirical results.

We fitted a power curve to literature data of mean
and maximum dispersal distances against mean dis-
perser body mass, and compared it with our own pre-
dictions of the Egyptian fruit bat’s dispersal kernel (Box
Fig. 1). The mean and maximum seed dispersal dis-
tances by the Egyptian fruit bat are obviously much
larger than expected for non-flying birds and mammals,
and fairly similar to those of flying birds, though higher
than expected, implying the large contribution fruit bats
may have for LDD. In general, this multi-species analy-
sis provides the means to approximate the dispersal
potential of different vectors from body mass alone, or
serve as a generic model for the expected dispersal
distances of species differing in their body mass.

Box Fig. 1 The allometric relationships between body mass and the mean (a) and maximum (b) dispersal distances,
divided into flying birds (Onychognathus tristramii, Pycnonotus xanthopygos, Mionectes oleagineus, Ceratogymna atrata,
Ceratogymna cylindricus, Dicaeum hirundinaceum, Garrulus glandarius, Pycnonotus jocosus, Corythaeola cristata, Tauraco
schuetti and Ruwenzorornis johnstoni) and non-flying birds and mammals (Casuarius bennetti, Casuarius casuarius,
Odocoileus virginianus, Cebus capucinus, Ateles paniscus, Lagothrix lagotricha, Alouatta seniculus, Cebus apella and Elephas
maximus). The figure includes data presented in this chapter for Rousettus aegyptiacus.

Most fruit bats of the Pteropodidae family are gener-
alist consumers of a high variety of fruit species
(Marshall 1983; Muscarella & Fleming 2007). They
are common within the Old World tropical region and
are claimed to be one of the major seed dispersers of
tropical ecosystems (Mickleburgh et al. 1992), yet
have been studied mainly for the type of fruit they
consume and their qualitative potential contribution

to dispersal (see, for example, Shilton et al. 1999;
Muscarella & Fleming 2007; Nakamoto et al. 2009).
One of the most widely distributed bats within the
Pteropodidae family is the Egyptian fruit bat (Rousettus
aegyptiacus), a medium sized bat (100-200g) that is
considered a generalist forager, feeding on almost all
fleshy fruited trees within its range including native,
alien, naturalized and invasive species (Izhaki et al.
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1995; Korine et al. 1999; Kwiecinski & Griffiths 1999).
The Egyptian fruit bat exhibits commensalism with
humans, commonly foraging in rural and urban habi-
tats (Korine et al. 1999). Thus, as a human commensal
and generalist feeder, the species has a large potential
to disperse alien plants at the post-entry stage and in
areas neighbouring human-dominated environments,
where it has a higher probability of encountering a rich
assortment of alien plants (Reichard & White 2001;
Smith et al. 2006).

We captured fruit bats as they exited the roost cave
in the Judean lowlands of central Israel (31° 40" 58”
N 34° 54’ 34” E), and equipped them with a tracking
device combining a radiotelemetry unit (BD-2, Holohil
Systems, Canada) and a lightweight GPS datalogger
(GiPSy2, TechnoSmArt, Italy), together weighing
9.66 £ 2.3 g (mean * SD; range 6.9-12.8 g) including
batteries, protective casing and glue used to attach the
device to the bat’s back, approximately 4% to 9% of the
tracked bat’s total body mass (147.5 + 11.1g). From
preliminary experiments, GPS accuracy was estimated
to be lower than 5 metres 95% of the time, enabling us
to track the exact route of the bat to a specific tree. All
bat captures and tracking were approved by the
Hebrew University of Jerusalem ethics committee and
the Israel Nature and National Parks Protection
Authority (licence 33060 given to A.T.). Ten bats were
tracked throughout the entire nightly foraging excur-
sion in a high spatiotemporal resolution of 0.1-1 Hz
(n=9) or once every 3 minutes (n = 1). The tracking
device fell off the bats within 1-5 weeks from the time
of attachment and was collected for data retrieval.

Tracked fruit bats exhibited long (14,491+4,160m),
straight (straightness index: 0.95 #+ 0.04) and fast
(33.4 £ 3.1km/h) continuous commuting flight in
relatively high altitudes above ground level
(130.7 £ 50.3 m) upon departing from their roost after
sunset and while flying back from the foraging site to
the roost before sunrise, and showed a consistent for-
aging pattern where they feed mainly during the start
and end of the night.

The bats’ foraging site was found to constitute a rela-
tively small area with a median convex hull of 0.052
km? per bat. The fruit bats showed a strong preference
for foraging near human settlements (Monte-Carlo,
P < 0.001. The test was conducted by averaging the
distances of a set of random points from their nearest
settlement centre within the potential foraging area of
the bats (a circle of 21km radius around the roost),
repeating this 10° times and comparing the distribu-

tion created by the simulations with the measured
mean distance from the bats’ foraging sites to their
nearest settlement centre (795 £ 490m)). Each tree
visited by the tracked bats was identified to the species
level and was assessed for fruit fecundity and ripening
(see text of Fig. 9.2 for a list of fruit tree species visited
by the bats). A foraging event was defined only if the
bat had landed for longer than 1 minute on a tree with
ripe fruits. The fruit bats were generalist feeders,
showing no preference for native or alien species (t-
test; t = 0.686, P = 0.515). Gut retention time (GRT)
was tested in a set of standard laboratory experiments
(Sun et al. 1997; Holbrook & Smith 2000) on 13 indi-
vidual wild bats from a recently established captive
colony. They were offered two different fruits, selected
to represent common plants endozoochorously dis-
persed by bats (Izhaki et al. 1995): the native common
fig (Ficus carica) and the naturalized white mulberry
(Morus alba), which is considered invasive in other
parts of the world (Global Invasive Species Team, The
Nature Conservancy: www.nature.org). We assumed
both fruit species are consumed similarly by the bats,
as indicated by field observations. GRT, representing
all swallowed and defaecated seeds, was calculated and
a gamma function was fitted for each of the two fruit
species separately and for all data pooled together.
Mean GRT was 55 minutes (range 16—-414 minutes)
for E carica and 47 minutes (range 18—-105 minutes)
for M. alba. The fitted GRT gamma distributions were
significantly different between the two species
(Kolmogorov—Smirnov two-sample test; Z = 3.902,
P < 0.001). Mean GRT for all data pooled together
was 53 minutes.

Bat-generated dispersal distance kernels were calcu-
lated by multiplying the probability that the bat is
located at a certain distance from the source tree at a
certain time after feeding (based on the tracking data)
and the defecation probability of a seed at that time
(estimated from the fitted GRT gamma function). We
separated the movement data of the tracked bats into
two groups, according to the fruit trees they visited,
and calculated four dispersal distance kernels from the
different GRT distributions (Fig. 9.2): (i) alien, natural-
ized and invasive tree species with the pooled (FE carica
and M. alba) GRT distribution; (ii) native tree species
with the pooled GRT distribution; (iii) all trees with the
GRT distribution for E carica alone; and (iv) all trees
with the GRT distribution for M. alba alone. Although
the fitted GRT functions differed between the natural-
ized M. alba and the native E carica, the dispersal dis-
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tance kernels representing groups (iii) and (iv) were
almost identical (Fig. 9.2, dotted grey and black lines),
indicating that, controlling for the spatial movement
of the vector, the difference in GRT had very little effect
on the dispersal kernel. This result indicates that, in
this case, seed dispersal distance is not as sensitive to
the measured variation in GRT as was expected. In
contrast, differences in the spatial distribution of the
trees between group (i) and (ii) had a considerable
effect on the kernels (Fig. 9.2, solid grey and black
lines), which differed significantly (Kolmogorov—
Smirnov two-sample test; Z = 5.233, P < 0.001). A
spatially explicit simulation of bat-dispersed seeds
revealed that what might be conceived as a simple seed
shadow (the spatial distribution of seeds originated
from a single source) around each tree is actually a
complex mixture of overlapping seed shadows gener-
ated by the foraging bat. That is, the seed rain around
a fruiting tree commonly encompasses seeds taken
from other trees in the neighbourhood, and multiple-
source ‘seed shadows’ are generated even in the vicin-
ity of roosts and non-fruiting resting trees (Fig. 9.3).
Although bats are predicted to disperse many (43.9%)
seeds near (0-100 metres) the source plant, a high
portion (17.2%) of seeds are dispersed long (more than
1 km) distances of up to 20 km (Fig. 9.2), owing to their
fast and long commuting flights.

distribution of M. alba and E carica,
respectively.

In summary, the Egyptian fruit bats act as both local
and LDD vectors of both native and alien seed species.
The local dispersal generates seed aggregations around
source trees, whereas LDD tends to generate remote
seed aggregations elsewhere. The surprising prediction
that bats generate aggregations of long-distance dis-
persed seeds, rather than isolated individual events,
can be attributed to the substantial proportion of LDD
events. This is facilitated by several characteristics of
the fruit bat, such as its fast and straight commuting
flights to foraging sites far away from the main roost
and its tendency to rest for a long time on non-fruiting
trees and outside its main roost, providing new estab-
lishment opportunities for dispersed seeds away from
the source plant. The landscape structure, or more spe-
cifically the spatial distribution of the fruit trees, rather
than gut retention time, had the strongest effect on the
dispersal kernel. Fruit bats exhibited a generalist habit
to eat fruits from a wide range of plant species, readily
feeding on alien plants. Their role as dispersers of
potentially invasive species is further emphasized by
their tendency to forage near human settlements
where the initial introduction of invasive species is
most expected. Altogether, our findings illustrate that
understanding the movement ecology of the dispersal
vector is mandatory for understanding and predicting
the spatial dynamics of invasive, or potentially
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Fig. 9.3 An example of overlapping seed shadows (black dots) predicted for a full nightly path of a foraging bat (grey lines).
The pie charts portray the proportions of seeds deposited in a radius of 10m around a tree that have originated from this tree
(dark grey) or from other trees (light grey). The number within the pie chart represents the total number of trees that
contributed to the seed rain around each tree. White squares and circles represent fruit and non-fruit trees, respectively.
Notice the upper tree is not a fruit tree but has a seed shadow similar to that of the fruit trees.

invasive, plant species (see also Murphy et al. 2008;
Westcott et al. 2008). We note, however, that these
findings might be specific to our study system and gen-
eralizations about the role of fruit bats in driving inva-
sive spread should await data from different plant
species and other systems as well. We emphasize again
that invasion success strongly depends on post-
dispersal processes that determine the survival and
establishment of dispersed seeds, an important phase
in a plant life cycle (Nathan & Muller-Landau 2000;
Wang & Smith 2002), not elaborated in this chapter.

9.5 CONCLUSIONS

Five decades since the publication of Elton’s book have
witnessed new tools and concepts developed to study
seed dispersal. Elton has identified humans’ overriding
role as the most pronounced dispersal vector responsi-
ble for the entry stage of current invasions; yet disper-
sal is also critically important in the establishment and
spread stages of successful invasions, being a major
factor in determining the spatial dynamics of plant
populations. The dispersal ability of plant species



strongly relies on the movement properties of the dis-
persal vector. Thus, to advance our understanding of
the factors and mechanisms influencing seed dispersal
and invasion processes, a vector-based approach
should be promoted. Here we illustrate the application
of a twofold nested design of the movement ecology
framework to study dispersal of native and alien fleshy-
fruited plant species dispersed by a generalist frugivore,
the Egyptian fruit bat. We found that bats fly long dis-
tances to restricted foraging sites, generate complex
seed shadows with peaks at the vicinity of both fruiting
and non-fruiting trees, and are likely to play a key role
in dispersing potentially invasive species as LDD vectors
exhibiting strong preference to forage near human set-
tlements. We have also shown in this case that the
dispersal distance kernel is more strongly affected by
the spatial distribution of the fruiting trees, than by the
differences in gut retention times among the native or
alien plant species examined. The mean and maximum
distances of seed dispersal by the fruit bats are much
higher than the corresponding dispersal distances
expected from allometric relationships, even though
their flight speed and gut retention time are relatively
similar; the Egyptian fruit bat (presumably like many
other fruit bats) is thus exceptional among mammals
in its mean seed dispersal distance, even compared
with flying frugivorous birds.

Our take-home message emphasizes the need to elu-
cidate the movement ecology of any potentially inva-
sive organism for understanding invasion processes
and reducing associated hazards. Understanding the
interactions between the plant and its vector should
improve our ability to manage and prevent the estab-
lishment and spread of invasive species. In our case
study, the habit of fruit bats to aggregate in large roosts
opens opportunities for monitoring invasion processes
by identifying new alien species of seeds in the bat
guano dropped within the roosts, while reducing fruit
bat activity within settlements could reduce their
ability to disperse seeds of plants that have just passed
the preliminary entry stage.
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4. GENERAL DISCUSSION AND CONCLUSIONS

Summary and integration of results

This dissertation explores various aspects of the movement ecology of a flying
frugivore, the Egyptian fruit bat (Rousettus aegyptiacus). To summarize and discuss the
results, | will deal first with the daily foraging flight pattern and how it is affected by the
distribution of food resources (fruit trees). | will then examine the capacity and
mechanism of the bats’ long distance navigation, and then tackle the potential role of
bats as long-distance dispersers of plant seeds and of invasive plant species in
particular. For each of these subjects, the underlying processes and their consequences
will be discussed, addressing the objectives set forth in the Introduction (section 1.6). |
will then integrate the results by employing the movement ecology framework. In the
next section (section 4.2), methodological issues, practical implications, and directions
for future research will be addressed.

Bats’ daily foraging movements:

Bats fly from the roost to a selected fruit tree by means of long, high and straight
commuting flights (figure 2). Long distance foraging flights has been shown previously
in fruit bats (Morrison 1978a; Fleming 1988; Andrianaivoarivelo et al. 2008), although
not with the great precision carried out in the present research. The bats' flight altitude
was found to be much higher than that of any of the surrounding landscape features of
the terrain (mean of 103.8 m above ground level; table 1) that might be explained by
predation avoidance (flying above the flight altitude of owls) or the need for visual
navigational cues, as reported in this thesis (Tsoar et al. 2011a). Recently there have
been indirect observations of fruit bats flying at such high altitudes (Parsons et al.
2008). The bat’s direct flight and its repeated flights to the foraging site, indicates its
intention to fly to that site before it started its flight. Interestingly, its commuting flight
speed is much below that expected from theoretical modeling (Norberg & Rayner 1987;
Pennycuick 2008). | was surprised to find that the bats commuting flight speed was at
the speed of the predicted minimum power speed (Vmp) by the Pennycuick (2008)
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model and not by the maximal range speed (V). This can be explained by either the
bats considering other factors while optimizing (Grodzinski et al. 2009) their flight speed.

Bats showed high tree and route fidelity during consecutive nights (figure 4), Homing
experiments showed the degree of fidelity the bats have to their roost and foraging tree,
returning to the same specific location for far away distances.

Commuting bats often ignoring nearby fruit trees with the same ripeness of fruit a
behavior previously observed in other fruit-bats in different parts of the world (Fleming et
al. 1977; Heithaus et al. 1978; Morrison 1978a; Lemke 1984; Fleming & Heithaus 1986;
Tang et al. 2010). The bats foraging pattern showed a clear interaction with the
resource distribution within the landscape. The next stage was to examine the resource

distribution in relation to the bats’ foraging movements.

Bats as optimal foragers:

We used the tree distribution map created especially for the present research to
study the effect of tree distribution within the landscape with respect to the distribution of
the bats. There has been a need for some time for full detailed maps of locations of all
consumed species (Matthiopoulos 2003; Nathan et al. 2008a; Wakefield et al. 2009;
Owen-Smith et al. 2010; Bridge et al. 2011). Most mapping of landscape resources use
either habitat type maps or transect sampling that do not map the actual distribution of
the resource (Heithaus et al. 1978; Fleming & Heithaus 1986; Fleming 1988; Cosson et
al. 1999; Mcconkey & Drake 2007; Richter & Cumming 2008) or like Morrison (1978b)
mapped only a single resource species. The high resolution map constructed for the
present research enabled creating a simplified model of the attractiveness (figure 5) of
the landscape to the bats by taking into consideration the benefit (tree density) in
relation to the cost (distance from the roost). This attractiveness map enabled a better
understanding of the spatial distribution of the bats. For example, the bats did not select
the closest fruit trees with ripe fruit but preferred to forage further away from the roost
(figure 3).Examining the mean attractiveness score of the closest fruit trees to the roost

showed them to be as expected by a random selection, while the actual foraging
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locations the bats selected were on average much higher than would be expected by a
random selection of sites. The result showed that bats optimized their energy
expenditure by selecting fruit trees that were relatively close to the roost, and by
selecting attractive locations in terms of food abundance versus travel distance.
Although bat movement has been studied, little is known about the mechanisms of their

navigation at long distances (Holland 2007).

Bat navigation:

The work on the second chapter was in fact motivated by the principal finding of the
first chapter—that bats fly in such a directed long flight to a specific target, triggered the
need to explore their navigation capacity. In this second chapter, the bats were shown
to be well familiar with their surroundings and capable of long distance navigation over
unfamiliar territory while showing a remarkable ability to home back to their roost or
familiar fruit tree over distances of up to 100 km—returned in a very straight and direct
flight back to their familiar area. It is clearly demonstrated that bats use visual cues for
long range navigation, along with other cues. This emerged due to the fact that all in-
crater released bats left the crater in a general northerly direction, indicating that the
bats possess a cognitive map of their surroundings (O’Keefe & Nadel 1978) but still use
visual cues to assist in their long distance navigation. It has been suggested that
microbats use the earth's magnetic field for long range navigation (Holland et al. 2006,
2008; Holland, Borissov, & Siemers 2010; Tian et al. 2010), it is yet to be discovered
whether fruit bats have a similar mechanism. Moreover, the fact that the bats do not
relay on a single input for their orientation is not surprising as other organisms also
show a multiple sensory input for orientation (Baldaccini et al. 1976; Lipp et al. 2004;
Wallraff 2005).

Bats as dispersers of invasive plant species:

The third chapter of this dissertation also has its roots in the findings of the first
chapter. The long distance flights of the bats imply they can make an important

contribution to the seed dispersal of the plants on which they feed (Marshall 1983; Fujita
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& Tuttle 1991; Muscarella & Fleming 2007; Jones et al. 2009). Modeling the potential
seed dispersal (Sun et al. 1997; Loiselle & Blake 1999; Holbrook & Smith 2000),
established that the bats flew long distances to restricted foraging sites, generated
complex seed shadows (dispersing seeds to distances of up to 20 km) with peaks at the
vicinity of fruiting and non fruiting trees. It was also found that the dispersal distance
kernel is strongly affected by the spatial distribution of the fruiting trees, rather than by
the differences in gut retention times among the native or alien plant species examined.
The mean and maximum distances of seed dispersal by the fruit bats are much higher
than the corresponding dispersal distances expected from allometric relationships, even

though their flight speeds and gut retention times are relatively similar.

Thus, due to their long and fast flight, the bats are important seed dispersers,

dispersing seeds to very long distances.

A recent work found the Tambaqui fish (Anderson et al. 2011) to be an extremely
long distance seed disperser mainly due to its long gut retention time and relative long
movements during annual floods. The present research showed the Egyptian fruit bat to
potentially disperse seeds to mean and maximum distances of 1,215 m and 20,671 m
respectively. These are much longer than the predicted 337 m and 5,495 m found by
Anderson et al. (2011). In contrast to his findings, no difference was found in the gut
retention time between different plant species that were consumed by the bat.

To date, the Egyptian fruit bat shows one of the longest mean dispersal distances,
coming after the Black-casqued Hornbill (1,521 m), White-thighed Hornbill (1,537 m),
(Holbrook & Smith 2000) and the Asian Elephant (1,988 m) (Campos-Arceiz et al.
2008). To my knowledge, the maximum dispersal distance estimated in this study is the
longest documented to date (20,671 m). When comparing between the studies, it
seems that the bats longer dispersal distance is mainly due to its foraging pattern of
long fast commuting flights, enabling the bat to disperse seeds to long distances even
when its gut retention time is relatively short. The Egyptian fruit bat is exceptional
among mammals in its mean seed dispersal distance, even when compared with flying

frugivorous birds.
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Some of the traits also make the Egyptian fruit bat a potential hazard for distributing
invasive plants, traits such as: its generalist feeding habit, preference for foraging near
settlements and its long return flight to the roost, which is often over natural habitats.
We have shown such traits in the Egyptian fruit bat but these are probably common in
fruit bats (Muscarella & Fleming 2007).

Movement ecology - the unifying framework:

The movement ecology paradigm enabled working within a comprehensible
framework and relating different aspects of the animal's movement. It has especially
helped in articulating the complicated animal-seed relations of endozoochory, as

explained in detail in chapter three of this work.

By using the movement ecology framework | have been able to put these three
chapters in a unifying template of the movement of bats. As mentioned in the
introduction (section 1.1) this framework asserts that four basic components are needed
to describe any type of movement by any organisms: (1) the internal state from which
the individual’s motivation to move is derived; two constraints — (2) the navigation
capacity, and (3) the motion capacity of the individual organism that reflect, respectively,
the mechanisms used to execute movement and to decide where and when to move;
and (4) the broad set of biotic and abiotic external factors affecting each of the three

components above.

In chapter one, | focused on the foraging movement to and from the fruit tree
(internal state and motion capacity) in relation to the distribution of food resources
(external factors and navigation capacity) within the landscape. In chapter two, |
focused on how bats return home (internal state) after translocation to remote sites
(navigation capacity and external factors) and the underlying mechanism for that. In
chapter three, | employ a nested design of the movement ecology framework, in which
the movement ecology of the plants is nested within the movement ecology of the bats.
Here, the bats are the key external factor for the movement of the seeds, and the trees

and fruits are the main external factors determining the movement of the bats.
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The common theme of all three chapters in this thesis is the movement
ecology of the Egyptian fruit bat, describing its movement pattern and navigation
ability, the factors affecting it and how all these factors are expected to impact

other organisms.

Methodological issues, practical implications and directions

for future research:

This thesis introduces four novel methodologies developed for this research.

This was the first time GPS technology was used in tracking bat movements; the
ultra high resolution capacity enabled determination of complete (full) night movement
of bats in high accuracy in time and place. Such a detailed tracking methodology has
never previously been carried out in the wild and at such a large spatial scale. Although
the high sampling rate reduced the tracking duration per bat, that was compensated by
supplementing data collection by manually tracking with radio telemetry and by a
relatively large sample size of the marked GPS bats (in total 74). The high resolution
detailed tracking enabled extracting accurate information regarding the exact foraging

location, flight routes, as well as flight parameters, for each of the tracked bats.

The second novel methodology employed was the creation and use of an
attractiveness map for testing optimal foraging by testing the site location selected by
the bats compared to other possible options. Such a map was enabled due to the high
resolution movement of the bats, and the high resolution mapping of fruit trees within a
large scale of the familiar area of the bats. The attractiveness map seems to better
explain previous observations on the foraging behavior of some of the fruit bats
worldwide(Fleming et al. 1977; Heithaus et al. 1978; Morrison 1978b; Fleming &
Heithaus 1986). Its strength is in its simplicity, although sensitivity analysis is still

needed for testing the model's robustness and for extracting case specific parameters.
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The third novel methodology was the design of the homing experiments, of a large-
scale geological formation, a natural erosional crater ("HaMakhtesh HaGadol"), to
manipulate the visual cues of the homing bat. | also manipulated the goal location by
two treatments, hungry bats aim to fly to their foraging sites while well-fed bats released
towards the end of the night aim their return flight to their roost. This is the first time
such navigational abilities have been demonstrated in a mammal. The present finding
received some attention within the scientific community due to its originality and the
important implications to additional fields of research such as neuroscience (Moser
2011).

The fourth novel methodology was the development of an allometric function to
define the potential distance of a vector to disperse seeds by endozoochory.-The
allometric model developed in this research has great potential for use as a kind of a
null model for the probability of seed dispersal within a given community of species.
This model enables to (a) predicting within an ecological community the seed dispersal
of each vector and calculating the overall potential distribution of distances of the
dispersed seeds (Nathan et al. 2008b). That, in turn, enables to evaluate the potential
seed dispersal within an entire ecological community and is expected to be an important
tool for meta-community analysis. In addition, the model can be used to (b) compare
any quantitative result of a vector with a "null model" of that vector's potential to
disperse seeds. The use of the model in the present research showed that bats are a
kind of a "super” LDD vector.

Analyzing the movement ecology of the Egyptian fruit bat is an important
contribution to wildlife management. Until recently in Israel, under the pretence that the
bat caused damage to agriculture, it was common practice to eradicate fruit bats by
fumigating the bats’ roost (Makin 1990; Korine, Izhaki, & Arad 1999). Causing the
unnecessary death of all organisms within the fumigated cave (Makin & Mendelssohn
1987). The present research showed that bats feed from specific pre-selected fruit trees
and stay loyal to those trees for some time. Moreover, that the foraging bats do not
necessarily come from the closest roost to feed from that specific tree. The bats’ long

commuting flight, as found in this research, makes the roost location almost irrelevant in
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regards to the origin of the bats causing the agricultural damage. Thus, we may
conclude that fumigation of the entire roost is impractical, as fruit bats do not
necessarily fly to the orchard from the closest roost. Because bats show high fidelity to
specific fruit trees and may be visiting a specific orchard from a distant roost, the
recommended practice should be to capture the particular bats coming to the damaged

orchard.

To correctly eradicate fruit bats from an orchard, the following steps should be

employed:

a) Carrying out a survey of the alleged damaged orchard by a bat specialist to
ensure the damage is indeed caused by fruit bats, and to evaluate the damaged

caused.

b) If possible, covering the fruit trees with nets to prevent the fruit bats access to the
fruit. Also, it is recommended to surround the orchard with small moving obstacles, such

as old CD disks, and motion-activated lighting, that might repel the bats.

c) If the previous suggestions do not solve the immediate problem, then deploying
mist nets to capture the visiting fruit bats, and removing them from the area. Bats may
return even if released far away, as shown in chapter 2. Thus, it might be necessary to
hold the captured bats in captivity until the fruit is picked and only then release them
back to the wild.

It is important to emphasis that roost fumigation had, in the past, severe ecological
implications for Israeli cave fauna and is presently considered to be one of the major
causes for the reduction and extinction of some of the insectivorous bat populations in

Israel.

I have shown that the Egyptian fruit bat can be a long distance dispersal vector of
seeds, this emphasizes its importance for the well being of the natural habitat especially
in a crowded country such as Israel. But such a seed dispersal service does not come
for free as the bat has been shown to potentially disperse invasive species as well. Due
to these findings | suggest to begin a monitoring program of dropped seeds by bats.
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The best method might be to monitor the floor of a bat roost to examine if seeds that

originate from invasive species have been dropped to the roost floor by the resting bats.

This research has shown that the Egyptian fruit bat is an exceptional model for
studying animal navigation due to its relatively high motivation to return to its original
roost and its ability to do so from relatively long distances, a motivation similar and

some times even stronger than that of homing pigeons.

We have found the bats to fly long distances to specific trees (3.1), presumably
guided by distal visual cues (3.2). The finding that they favor attractive sites (3.1)
implies they are well familiar with the variation in resource attractiveness in the
landscape. The bats may collect the information on their own or by information transfer
between individuals within the colony or at the feeding sites. Interesting research
guestion will be to monitor the bat activity at these meeting places (roost to foraging

tree) that are most likely information transfer sites.

We are presently entering a new technological era of miniaturized GPS devices
enabling recording of high quality data at a high tempo-spatial resolution. With this
technological advance, there is a need for new tools for data analysis. For example, one
of the current limitations is the GPS not being able to accurately record locations when
the GPS is not moving or moving very slowly. That limits our ability to differentiate
between a non moving/resting behavior and a limited moving feeding behavior within
the tree. In future, creation of new statistical and mathematical tools is needed to enable

differentiating between these behaviors.

Another methodological issue is the lack of ability to carry out remote downloading of
data from the GPS. Our GPS model did not have simple and energetically cheap
download possibilities, A limitation that has recently been solved. In this work we had to
physically hold the GPS device in order to retrieve the data. If a GPS device was not
recovered, we could not obtain the data, even if the telemetry device attached to the
GPS could be heard in the roost. This caused loss of data in some cases, because
although the bat was heard in the roost, but the GPS could not be found. This issue will

be solved once battery efficiency will be sufficient to support such an energy-consuming
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apparatus.

Thanks to the new technological innovation of the miniaturized GPS devices, there
are unlimited research questions that can be tested. For example, one of the most
interesting topics aspects of animal movement is the social aspect while foraging, and
how does the social aspect affect the individuals navigational ability (Simons 2004,
Dell'Ariccia et al. 2008) Our findings raise new questions regarding the bats navigational
and foraging ability, for example, do they use group navigation? Does information pass
between individuals about newly found resources? Do the bats forage by predefined
subgroups and, if so, are they genetically related? What are the additional
environmental cues used by the bats for their orientation and long-range navigation?
How does the social structure and rank affect their movement pattern? Do the bats

show the "many-wrongs" principle?

The present thesis has opened new horizons for bat research showing the huge
advantage there is in the use of GPS technology for the study of the different aspects of
bat’'s movement ecology. Newer and better GPS models are constantly being
developed and undoubtedly newer and better models will be available to ecologists for
the research of medium and small animals in general and for bat research in particular.
Yet, it is important to remember that whereas good technology is not a substitute for
good science (Hebblewhite & Haydon 2010), good theory is a crucial part of good

science.
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