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Spatial partitioning between neighboring colonies is considered a widespread
phenomenon in colonial species, reported mainly in marine birds. Partitioning is
suspected to emerge due to various processes, such as competition, diet specialization,
memory, information transfer, or even “foraging cultures.” Yet, empirical evidence from
other taxa, and studies that tease apart the relative contribution of the processes
underlying partitioning, remain scarce, mostly due to insufficiently detailed movement
data. Here, we used high-resolution movement tracks (at 0.125 Hz) of 107 individuals
belonging to two neighboring colonies of the Egyptian fruit bat (Rousettus aegyptiacus),
a highly gregarious central-place forager, using the ATLAS reverse-GPS system in the
Hula Valley, Israel. Based on comparisons between agent-based mechanistic models
and observed spatial partitioning patterns, we found high levels of partitioning of
both area and tree resources (<11% overlap) that were stable across different fruiting
seasons. Importantly, partitioning could not have emerged if the bats’ movement was
only limited by food availability and travel distances, as most commonly hypothesized.
Rather than density-dependent or between-colony competition, memory, and, to a
lesser extent, conformity in tree-use explain how partitioning develops. Elucidating the
mechanisms that shape spatial partitioning among neighboring colonies in the wild
under variable resource conditions is important for understanding the ecology and
evolution of inter-group coexistence, space use patterns and sociality.

Keywords: partitioning, memory, conformity, competition, Rousettus aegyptiacus, animal movement, coloniality

INTRODUCTION

Foragers that congregate at a central place in large numbers (e.g., in roosts) face several conflicting
demands. On the one hand, as the colony grows, direct and indirect competition forces individuals
to spend energy exploring resources farther away from the colony (Ashmole, 1963; Gaston et al.,
2007; Hinsch and Komdeur, 2010). On the other hand, congregations in roosts and around food
patches offer ample opportunities to gather and transfer information about the location and
status of unfamiliar resources (Dall et al., 2005; Van Moorter et al., 2009; Evans et al., 2016;
Trapanese et al., 2019).
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The tension between the risk of competition and information
gain is even more acute when individuals from several conspecific
colonies forage within the same landscape. In such cases,
colonies often divide their territories to minimize conflict while
sustaining intra-colony information flow (Adler and Gordon,
2003; Bolton et al., 2019). When resources and roosts are
abundant, colonies are typically located far from each other,
passively creating minimal resource mixing and competition risk
(Wakefield et al., 2013; Aarts et al., 2021), a division termed the
Hinterland Model (Cairns, 1989). Yet, accumulating evidence
shows that spatial partitioning also occurs between neighboring
colonies separated by a distance smaller than the individuals’
typical foraging distance. For example, Wakefield et al. (2013)
showed that 12 colonies of northern gannets (Morus bassanus),
distributed around the British shoreline, forage in mutually
exclusive areas, including six colonies located very close to
each other. Other studies reported spatial partitioning between
neighboring colonies in a wide range of systems, most commonly
in breeding colonies of marine birds (Ainley et al., 2004; Ceia
et al., 2015; Corman et al., 2016; Mott et al., 2016; Sánchez et al.,
2018; Bolton et al., 2019; Ito et al., 2020; Jessopp et al., 2020), but
also in other birds (Cecere et al., 2018), ants (Gordon and Kulig,
1996; Adler and Gordon, 2003; Richardson et al., 2017) and a few
other taxa (Ellis et al., 2009; Papastamatiou et al., 2018).

Although this line of evidence implies that spatial partitioning
between neighboring colonies is widespread, three key elements
are missing for understanding how and by which cognitive and
social mechanisms partitioning is sustained. First, studies are
biased toward marine birds while breeding, which cannot be
readily generalized to other species that live within the same
home range year-round or have different types of diet, such
as non-mobile food (Bolton et al., 2019; Riotte-Lambert and
Matthiopoulos, 2020). The degree of resource unpredictability,
in particular, has been suggested as the key evolutionary driver
of animal congregations, increasing information transfer and
therefore reducing resource uncertainty (Ward and Zahavi,
1973; Egert-Berg et al., 2018; Gager, 2019; Riotte-Lambert and
Matthiopoulos, 2020). Yet, most studies focus on a single season
or average spatial partitioning across seasons and resource
conditions, thereby neglecting the dynamic nature of resource
availability (Grémillet et al., 2004; Aarts et al., 2021). Second,
spatial partitioning is often reported based on the observation
that colonies maintain minimal overlap between their foraging
areas. However, to confirm that partitioning does not emerge
through a random process or is the consequence of travel distance
limitations alone, the observed overlap must be compared against
those emerging from appropriate reference models that can
isolate effects associated with these processes (Cecere et al.,
2018; Bolton et al., 2019; Ito et al., 2020). Third, most studies
did not systematically examine the mechanisms contributing
to partitioning, namely competition, memory of resources,
and information transfer within the colony (Grémillet et al.,
2004; Corman et al., 2016; Bolton et al., 2019; Aarts et al.,
2021). Furthermore, studies that investigated these mechanisms
used population or agent-based simulations that were only
partially derived from observed movement distributions, without
comparing the results to the observed between-colony overlap

(e.g., Barta and Szép, 1995; Adler and Gordon, 2003; Wakefield
et al., 2013; Dallas et al., 2019; Aarts et al., 2021). Therefore, it
remains unknown which mechanism, if any, explains observed
spatial partitioning patterns under natural conditions. A major
limitation in making these inferences has been the lack of
movement data at a temporal resolution high enough to measure
(and model) local spatial overlap. The emergence of new
technologies, namely high-throughput reverse-GPS systems such
as ATLAS (Toledo et al., 2020) and some acoustic telemetry
systems (Baktoft et al., 2015), can now collect long-term, high-
resolution movement data that can bridge these gaps.

The most hypothesized driver of spatial partitioning between
neighboring colonies is density-dependent competition and its
tradeoff with travel costs (Grémillet et al., 2004; Wakefield et al.,
2013; Corman et al., 2016; Sheppard et al., 2018). According to
this idea, coined the Density Dependent Hinterland Model by
Wakefield et al. (2013), individuals of one colony expand their
home range into areas overlapping an adjacent colony’s patches
following local food depletion. As the number of individuals
within the overlapping area increases, both colonies are pushed
back to exploit more available resources in non-overlapping
areas until an equilibrium is reached and the two colonies hold
mutually exclusive ranges. However, this hypothesis assumes
that density-dependent competition exists, despite little and very
system-specific evidence (Lewis et al., 2001). Another possibility
that has been given less attention is that individuals compete
only with members of the other colony, that is, a between-
colony competitive response that might affect spatial partitioning
more directly than density-dependent competition. Yet, this
idea assumes that conspecifics can differentiate between foreign
and self-colony members and attribute the level of perceived
competition accordingly. Some taxonomic groups, especially
eusocial insect such as ants and bees, and highly social mammals
such as mongoose, are known to recognize individuals from a
rival group by processing chemical “signature mixtures.” Yet,
chemical or similar recognition mechanisms are less likely to
emerge in other groups, such as birds and less social mammals
(Wyatt, 2005, 2010).

Information about resources may operate on top (or
independent) of competition to sustain spatial partitioning
between colonies (Wakefield et al., 2013; Riotte-Lambert and
Matthiopoulos, 2019). Different levels of home-range familiarity
and the ability to memorize previous visits to resource patches
have been shown to drive home-range formation for many
species (Moorcroft, 2012; Fagan et al., 2013; Merkle et al., 2014;
Bartumeus et al., 2016). In fact, memory on its own was shown
to create non-overlapping individual home ranges in simulated
free-ranging foragers, even when resources deplete relatively fast
due to intense competition (Riotte-Lambert et al., 2015). At
the colony level, theoretical simulations incorporating individual
memory without competition were sufficient to form spatial
partitioning in central-place gregarious foragers that show high
fidelity to their colony roosts (Aarts et al., 2021). A practical
challenge in modeling the effect of memory on resource and
spatial partitioning is evaluating the true, or realistic, memory
coefficient, such as the mean probability of the return to
previously visited sites (Aarts et al., 2021). This is because
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metrics of revisits are highly dependent on the tracking and
resource data resolution (Bracis et al., 2018). For example,
low temporal resolution may cause short area-restricted-search
events to be overlooked and therefore revisits to these areas might
be underestimated. From a spatial perspective, low resolution
may attribute false revisits if the selected grid size of the study
area is too large, compared to the real size of foraging patches
(Fagan et al., 2013).

When resources are temporally predictable (e.g., mobile
prey, carcasses, or fruits of different plant species), group-
living animals often share information to reduce uncertainty
about resources (Ward and Zahavi, 1973; Kerth et al., 2001;
Weimerskirch et al., 2010; Evans et al., 2016; Harel et al., 2017).
One potential outcome of repeated exposure to information
within a group, whether gained intentionally or inadvertently,
is that individuals may conform to the same behavior (Herbert-
Read et al., 2013; Somveille et al., 2018). Accumulating evidence
shows that some species conform to the most abundant behavior,
even without personal experience, regarding food preferences
(Van De Waal et al., 2013), strategies for problem-solving (Dindo
et al., 2009; Aplin et al., 2015), and group movement speeds
and habitat use (Herbert-Read et al., 2013; Wilson et al., 2019).
Although theoretical models show that information sharing
minimizes overlap between neighboring colonies (most evidently
in Wakefield et al., 2013), this mechanism has not yet been
explicitly examined using empirical data (Aarts et al., 2021).

In this study, we used high-resolution movement data
(collected at 0.125 Hz) of 107 Egyptian fruit bats (Rousettus
aegyptiacus; hereafter abbreviated as EFB) from two large
neighboring colonies in the Hula Valley, north Israel, along with
a complete dataset of all fruit trees they visited within the study
area. Preliminary exploration of these data revealed considerable
spatial partitioning between bats from two large colonies, which
motivated the investigation of three main hypotheses on the
mechanisms that might be responsible for the observed resource
and spatial partitioning between neighboring colonies. We first
hypothesized that such partitioning could not have emerged
due to travel distance limitation only, nor by chance. Second,
we hypothesized that partitioning could have emerged due to
one or more of three mechanisms commonly suggested in the
literature, namely density-dependent competition, memory of
resources, and information sharing within each colony. Third, we
hypothesized that the observed partitioning could have occurred
at some theoretical memory or conformity coefficients, which
do not necessarily match the observed ones. To examine the
first two hypotheses, we built competitive agent-based models
derived from real bat tracks to simulate the tree-use patterns
formed when using each of the abovementioned mechanisms,
separately and in conjunction. We then compared the simulated
partitioning indices of each model—representing the overlap of
trees and home ranges between colonies—against the observed
ones. Due to the ambiguity about how competition operates
between colonies, we examined the empirical evidence for
density-dependent and between-colony competition separately
before including competition in our models. To address the
third hypothesis, we repeated the same simulation models but
replaced the observed memory and conformity coefficients with

theoretical values and examined the thresholds above which
partitioning develops.

MATERIALS AND METHODS

Study Species and Area
The Egyptian fruit bat (Rousettus aegyptiacus) is a long-lived,
widely distributed Old World fruit bat (Pteropodidae, Kwiecinski
and Griffith, 1999). In Israel, EFBs are generalist foragers
consuming a wide variety of fruits, most of which have a
predictable seasonal fruiting phenology (Tsoar et al., 2011).
However, some fruit trees, especially of the non-native Ficus
genus (Moraceae), fruit in unpredictable cycles, ranging from 1
to 8 cycles a year (e.g., Galil et al., 1977). The study area in the
Hula Valley, north Israel (Figure 1), covers a 19,000-ha area and is
an agriculturally dominated landscape inhabited by ∼2,500 EFB
fruit bats that roost mainly in two large caves—Gershom with
∼1,400 and Zemer with ∼500 individuals. Three other caves are
occasionally inhabited for varying periods, from days to months
(pers. obs.). The two main cave-roosts are located 3.5 km apart, a
distance much shorter than the average 10.3 km an EFB covers
a night, based on our long-term (4 years) tracking data. Two
lines of evidence and observations guided our reasoning in testing
the effect of memory and conformity on resource-use patterns
in this species. First, similar to other fruit bats, individual EFBs
tend to feed on a small subset of available trees and repeatedly
revisit them for weeks and even months (Egert-Berg et al., 2018;
Toledo et al., 2020), which affirms that EFBs rely heavily on
individual memory. Additionally, we have recently shown that
EFBs obtain a “cognitive map,” which encompasses information
about a large number of tree locations, suggesting that memory
expands beyond the trees used at a given time (Toledo et al.,
2020). Second, EFBs are highly gregarious central place foragers,
found in the hundreds in cave-roosts and dozens around fruit
trees during foraging. High roost fidelity (Figure 1), together
with repeated visits to the same trees, creates opportunities
to exchange information on fruit locality and status, driving
individuals to conform to the use of the same resources.

Captures and Tracking
EFBs were captured using mist nets, either around trees or at
cave-exits. Bats were tracked by ATLAS (Advanced Tracking
and Localization of Animals in real-life Systems), a reverse-GPS
system that utilizes extremely lightweight, low-cost tags at a high
temporal frequency with a 5 m mean localization error (Toledo
et al., 2016; Weiser et al., 2016). ATLAS tags were either mounted
using a shrink-coated cable-tie collar to allow tracking for up to
9 months or glued on their upper-backs with surgical cement
(Perma- Type, Plainville, CT, United States) for bats that had not
yet reached full adult size. Tag units weigh 7.4 g (5.2% of mean
adult body mass) for collars or 3 g without. Captures and tagging
procedures have been approved by the Ethics Committee of the
Hebrew University (permit NS-15-14-14660-2) and the Israeli
Nature & Parks Authority (permit NS-2020/42577).

This study analyzed data of 107 bats that regularly roosted in
one of the two main caves during 2018–2020. Bats were tracked
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FIGURE 1 | Tracks of Egyptian fruit bats of two neighboring colonies, Zemer in yellow and Gershom in purple, showing resource (trees) and spatial (area) partitioning
of foraging areas within the Hula Valley, Israel. Bats of both colonies show high fidelity to their cave-roosts (red spheres), expressed by the proportion of nights
individual bats roosted in each focal cave (pie-charts per colony on the left panel). Gray portions of the pie-chart are the percent of cave switching nights from the
focal cave to other caves. Black spheres are individual fruit trees visited by bats. Each map shows foraging movements within the (A) lean-fruit months of
November-December (147 bat-nights of Gershom and 155 from Zemer, left map), and (B) during peaks of fleshy fruits in June-July (82 bat-nights Gershom and 108
Zemer, right map), accumulated across 2018–2020.

at a 0.125 Hz sampling rate for an average tracking period of 23.7
nights and up to 131 nights. We also mapped nearly all fruit trees
in the study area (14,314 trees and 18,111 orchard trees), which
enabled us to identify specific tree visits.

Observed Metrics of Resource and
Spatial Partitioning
To estimate resource and spatial partitioning between colonies,
we first filtered raw EFB tracks for localization errors based on
the covariance matrices attributed to each ATLAS fix (Gupte
et al., 2021) and localization that exceeded the highest realistic
speed threshold for this species of 20 m/s. Then, we defined
visits to trees (location, tree ID, and duration) based on track
segmentation utilizing the first-passage algorithm to determine
the center of a “cloud of fixes” where the animal has spent
a specified number of observations within a certain radius
(source code and details at https://github.com/ATLAS-HUJI/
R/tree/master/AdpFixedPoint). We then related the median
coordinates of each cloud to the closest tree in the dataset.
Colony membership was assigned based on the cave-roost a bat
exited from each night. For this analysis, we took out foraging
nights that followed cave switching events between the two main
colonies because we could not choose the colony membership
for those particular cases and since they were relatively rare
(< 11% of bat-nights, Figure 1). Resource partitioning was

measured as the percent of tree overlap (shared trees/all trees
used, Table 1). Spatial partitioning was estimated by drawing the
75% Kernel utility density (KUD) contours for all bats of each
colony and calculating the percent of area overlap (overlapping
KUDs area/total area used, Table 1). We chose KUDs with the
most common “href” bandwidth and selected the 75% contours
to represent a compromise between falsely enlarging the area
due to single events of longer bouts and underestimating the
area due to the exclusion of short, but sometimes repetitive,
visits to trees. For simplicity, we did not consider variation in
tree quality when calculating overlap, for instance, by using
the duration in time spent on a tree as a proxy of tree value.
Both types of overlap are expected to vary according to fruit
availability. For instance, some periods are characterized by a
dense concentration of fruits around the line of equidistance
between caves (e.g., Morus nigra and Ficus carica trees in May–
July), while in other periods, bats rely on the emergence of less
predictable fruits, e.g., invasive species of the Ficus genus (family
Moraceae) in November-December. We, therefore, corrected for
changes in fruit availability by estimating trees and area overlap
for each month separately, including only months that contained
at least five bats from each cave (range 20–33 total bats),
aggregated across 2018–2020. Finally, the overlap estimation
between tracked bats is more accurate for months in which we
had more data. Hence, we weighted the percentage of overlap by
the number of bat-nights in each month to create the weighted
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TABLE 1 | Observed movement parameters used in the agent-based models and indices of observed resource (trees) and spatial (areas) partitioning, for two
neighboring Egyptian fruit bats colonies during 2018–2020.

Feb Mar Jun Jul Nov Dec

Movement parameter

Number of foraging nights per
tracked bat

1018,15] 6 [6,6] 6 [3,10] 6 [3,10] 9 [6,12] 14 [3,24]

Total Number of tracked bats
(Gershom/Zemer)

13/10 15/5 18/18 12/10 18/15 14/16

Number of trees visited per
bat-night

9 [5,18] 12 [7,23] 14 [11,21] 16 [9,22] 25 [14,42] 26 [15,47]

Roost-to-first-tree travel
distance (m)

2400 [2200,4300] 3500 [2200,5200] 2600 [2300,3900] 2900 [2400,3900] 2900 [1900,4000] 3700 [2200,4000]

Tree-to-tree travel distance (m)

51 [27,109] 52 [30,101] 64 [25,205] 67 [32,409] 65 [32,209] 79 [38,262]

Memory coefficients (µ)-

The probability of an individual to
return to the same tree on

0.87 [0.8, 1] 0.85 [0.7,1] 0.75 [0.7,0.9] 0.95 [0.8,1] 0.8 [0.7,0.8] 0.8 [0.75, 0.85]

Consecutive nights (proportion of
trees already-used each night)

Conformity coefficients (β)-

The probability to visit trees used
by other members of the same
colony (maximal proportion of
shared trees for Gershom/Zemer)

0.2/0.4 0.2/0.6 0.1/0.2 0.2/0.2 0.2/0.2 0.2/0.4

Partitioning indices

Tree Overlap (%):

The percent of trees shared
between colonies

10 2 6 7 2 5 WTO = 5.4%

Area Overlap (%):

The percent of the 75% KUD
home-ranges’ overlap between
colonies

3 7 10 15 14 14 WAO = 10%

All parameters are summarized per month to account for differences in resource conditions. For movement parameters, medians are presented [25–75% interquartile
range] unless stated otherwise. Partitioning indices represent the proportions of overlap per month, and the derived weighted tree overlap (WTO), and weighted area
overlap (WAO), both weighted by the proportion of bats tracked each month.

mean tree overlap (WTO) and the weighted mean area overlap
(WAO) indices (Table 1).

Agent-Based Simulations
The purpose of the agent-based models was to tease apart
the contribution of memory, conformity, and competition
on the observed resource and spatial partitioning patterns.
To this end, we simulated the movement of bats with and
without these different mechanisms and compared the emergent
simulated partitioning indices against the ones observed in
real EFBs (WTO and WAO, see section “Observed Metrics
of Resource and Spatial Partitioning”). The first set of models
uses movement data derived from observed bat tracks to
identify the mechanism contributing to partitioning in our
system. The second builds upon the same structure but uses
theoretical values for memory and conformity to identify the
value beyond which partitioning can (theoretically) develop.
Here, we begin by detailing the empirical parameters used
in the simulations (see Table 1 for a summary), and then
we outline the principle simulation workflow (Figure 2). See
supporting information for a more detailed model description,

following the ODD (Overview, Design concepts, Details)
protocol (Grimm et al., 2006, 2020).

Observed Parameters
Observed movement parameters were based on the tree-visit
patterns from real bat tracks, the trees they visited, and the
location of each colonys’ roost (Table 1). Movement parameters
and the available tree dataset were collected separately for
each month to account for seasonality (for reasoning, see
section “Observed Metrics of Resource and Spatial Partitioning”).
Movement parameters can be divided into three categories: (1)
variables used to simulate the number of bats, nights tracked,
and trees used per bat-night (steps). (2) Parameters to account
for distance constraints—the distributions of flight distances
undertaken by bats between the cave-roost and the first tree,
as well as between consecutive trees (i.e., tree-to-tree distance).
(3) Memory and conformity coefficients. Memory coefficients
are the probabilities of visiting a tree used in previous nights
(number of already-used trees/total trees, per bat-night). Since
simulations have a time interval of 1 month, we assume that bats
can remember all trees they used during this period, following our
previous finding that EFBs memorize trees for at least 158 nights
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FIGURE 2 | Flowchart showing the decision-making process of a simulated bat at each step (tree visit) of the agent-based models. A step begins by sampling a
bat-agent and ends with a tree selection. Colored frames represent the null model (gray) or the implementation of the different mechanisms that are hypothesized to
affect resource and spatial partitioning—memory (red), conformity (blue) and competition (green). At the end of the simulation, each colony is attributed a set of trees
from which the between-colony partitioning indices (WTO and WAO) are calculated.

(Toledo et al., 2020). Conformity coefficients are the maximum
proportion of shared trees among colony members (maximum
number of shared trees/total trees, per colony). Conformity
reflects information transfer indirectly because it assumes that
if the information is shared (unrelated to how it is shared), it
will push bats to conform and use the same trees. We used the
maximum value of shared trees because the real proportion of
trees shared (including non-tracked bats) is likely higher since
EFBs almost always congregate around fruit trees (Kwiecinski
and Griffith, 1999). Before incorporating competition into the
model, we evaluated whether there is evidence for it in our data.
Two types of competition were tested—density-dependent (bats
are negatively affected by the presence of other bats on trees)
and between-colony competition (bats are negatively affected by
bats from the other colony). For density-dependent competition,
we first estimated if the density of tracked bats increases around
trees used by both colonies (i.e., “shared”) against trees used by a
single colony. Then, we measured the probability to visit and the
duration of time spent on trees that hosted increasing numbers
of tracked bats to see if individuals changed their behavior
in response to higher densities. Similarly, whether between-
colony competition occurs was estimated based on the same
dependent variables, but as a function of the number of bats
from the other colony only. According to the competition results
(Supplementary Figures 2–5), we implemented a simple and
weak competition rule without considering different competition
strengths in our models.

Simulations Workflow
All simulations (illustrated in Figure 2) followed the same
temporal hierarchy: First, the list of trees and the observed
movement parameters were collected for each month (section

“Observed Parameters” and Table 1). Then, the maximal number
of observed tracked nights was sampled, and tree visits were
simulated for each night separately. Since any of the studied
mechanisms probably affected bats before our tracking began,
we forced agents to select only trees originally attributed to their
colony on the first night. Lastly, we derived the number of steps
for each month and night to be twice the number of tracked
bats and all the trees they visited (2 × n bats × n trees) as a
compromise between sample size and computational load.

Each step began by randomly sampling a bat and ended with
a tree visit (Figure 2). Bats were randomly sampled so that they
could simultaneously forage and affect each other’s tree choices.
The first time a bat was sampled, it was given a colony ID
based on the observed probability of belonging to each colony
(proportions of tracked bats from each roost). We assumed bats
do not switch between colonies, owing to the high levels of roost-
fidelity we observed (Figure 1). Additionally, although colony
size changes seasonally (pers. obs.), there is no data to date on the
duration, or even existence, of group cohesion of any size in this
species. The selection of trees for the first night was initialized
the same way in all models: for the first tree, a distance was
randomly sampled from the observed distances from the roosts
to the first tree that real bats visited (Table 1). Then the tree that
was positioned the closest to that distance (± 100 m) was selected.
The rest of the trees in the first night were selected in the same
way, only based on a distance sampled from the observed tree-to-
tree travel distance distribution (Table 1). The above first-night
initiation resulted in a baseline of trees that bats of the given
colony originally visited.

In the null model, bat-agents could choose among all
seasonally available trees (of both colonies) and selected a
tree based only on the tree-to-tree travel distances, as in the
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initiation phase (Figure 2). Simulating memory and conformity
from observed coefficients (Table 1) followed the same decision
sequence. For the memory model, a memory coefficient µ was
randomly sampled from the probability distribution of visiting
already-used trees. We then randomly sampled a probability
r1, taken from a uniform distribution [0,1]. If µ > r1, the bat
proceeded to select among known trees, i.e., made a memory
step. The specific (known) tree was selected based on the relative
proportion of the focal individual’s previous visits to each tree (a
linear tendency to select highly used trees). For the conformity
model, bats would select among unknown (new) trees that
they did not memorize. Then, a conformity coefficient β was
selected for each colony (a single value, see section “Observed
Parameters”). We sampled another random number r2, and a
conformity step was made if β > r2. The specific tree was
then selected based on its “attractiveness,” i.e., the proportion
of the same-colony members that used a tree. When neither
the memory nor conformity models were applied, or when
µ < r1 and β < r2, a tree was selected based on the tree-to-tree
travel distance distribution, as in the null model. Competition in
the simulation operated in retrospect after a tree was selected.
When applied, a step was deleted if a probability θ that grows
logarithmically with the density of simulated bats that used that
tree was higher than a randomly sampled number r3 (Figure 2).
Because removing visits results in an overall smaller number of
steps, corresponding to a mean of 7 (± 3) percent of steps lost,
we added 10% more steps when running the competition models.

In addition to the observed movement parameters (Table 1),
the procedure above was repeated using theoretical and constant
memory and conformity coefficients (range 0.2–0.97) to identify
thresholds above which resource and spatial partitioning emerge.
These resulted in one set of agent-based models derived from
observed memory and conformity coefficients and additional sets
for each theoretical memory and conformity coefficient, with and
without their interaction with competition.

All models executed 100 iterations per month. Then WTO
and WAO were calculated based on the trees and area overlap
and the total number of simulated bat-nights per month (as for
the observed indices, see section “Observed Metrics of Resource
and Spatial Partitioning”). All models were constructed in R
version 4.0.4 (R Core Team, 2021), with the rgeos package (Bivand
and Rundel, 2020) for spatial object manipulations and amt
package (Signer and Fieberg, 2019) for home range estimations
and area overlap. Code will be made available upon request.
p-values for testing the difference between each model against
the observed tree or area overlap (WTO and WAO, respectively)
were determined as the proportion of 100 simulated indices
smaller than the observed index.

RESULTS

Colonies Characteristics and Observed
Partitioning
We analyzed 107 bats that were tracked for a total of 1,271
foraging nights. Out of which, 764 bat-nights originated from
Gershom roost and 507 from Zemer. Bats visited < 10% of

fruit trees in the study area (1,874 trees overall, mean per
bat-night = 7.1). The data includes only tracks of months for
which we had a sufficient number of bats from each roost
simultaneously (>5 bats, 6 months in total), pooled across 2018–
2020, and representing varying levels of fruit availability (see
section “Observed Metrics of Resource and Spatial Partitioning”).
The age and sex structures of tracked bats from each colony
were similar: from Gershom, 51% were adults and 66% from
Zemer, with the remaining individuals being < 1-year-old
juveniles. Sex structure was also similar between colonies, with
62% males in Gershom and 54% in Zemer. The movement
parameters of individual bats per colony were statistically the
same (e.g., maximal distance, time spent foraging, mean duration
foraging on a tree, p > 0.05, ArtAnova, Wobbrock et al.,
2011) but differed in the total area covered, showing varying
differences between colonies depending on the month (Table 1),
and slightly in the number of trees used per bat (mean trees
difference = 6 trees per bat-month, Table 1). Regardless of the
relative fruit tree distribution, bats of both colonies showed
markedly different foraging ranges, with very little overlap
between them (Figure 1). As represented by the WTO index,
resource partitioning was substantial, with only 5.4% of trees
used by both colonies (ranging from 2 to 10% between months,
Table 1). Similarly, spatial partitioning, represented by the WAO
index, showed that 10% of the total area was shared between
colonies (ranging from 3 to 19%), which is 11.8 km2. High
levels of colony fidelity further reinforce observed partitioning
as bats of both caves continued to roost in the same cave
between 62 and 73% of foraging nights. For the remainder
of the nights, bats mostly switched to temporary and smaller
caves, spending only 8–10% of the nights at the other main
cave (Figure 1).

Testing Mechanisms That Explain
Resource and Spatial Partitioning
We found support for the first hypothesis postulating that
partitioning between EFB colonies is not the outcome of
distance limitations nor chance, based on significantly lower
observed WTO and WAO relative to the null model (null
models indices = 48 and 25%, respectively, p < 0.01, Figure 3).
Among the three drivers of partitioning in EFB, outlined
in our second hypothesis, the memory model created the
strongest effect with WTO < 20% and WAO < 5% (Figure 3).
The observed conformity model had a smaller effect, with
WTO < 35% and WAO < 15% and the competition model
did not result in WTO or WAO distributions that were
meaningfully different than those of the null model (Figure 3).
Additionally, the combined effect of memory with conformity
and competition did not reduce WTO or WAO substantially
more than each mechanism in isolation (Figure 3). These results
are directly linked to the observed memory and conformity
coefficients (Table 1): memory was high, with > 83% of
trees already visited in previous nights. The mean of the
maximal conformity coefficient for each month was 25% (range
10–60%, Table 1), suggesting that only a small proportion
of trees are shared between same colony members. We did
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FIGURE 3 | Resource and spatial partitioning between two neighboring Egyptian fruit bat colonies. Violin plots represent the frequency distribution of (A) the
weighted tree overlap (WTO, range: 9–51%) and (B) weighted area overlap (WAO, 75% KUDs, range: 0–31%) after 100 iterations of agent-based models for
observed coefficients of memory and conformity, density-dependent competition, and their interactions. The dashed line represents the observed values of tree and
area overlap. ∗p-value ≥ 0.05 comparing simulated and observed.

not find evidence for competition because higher densities
did not affect the duration bats spent on trees nor their
revisit probabilities. This held both in the case of density-
dependent competition (i.e., when considering total bat density,
Supplementary Figures 2, 3) and between-colony competition
(i.e., when considering only the densities of bats from the
other colony, Supplementary Figures 4, 5). In the simulations,

we nevertheless included competition, using only the density-
dependent form, since it is more commonly considered the
main driver of partitioning in the literature, to reference
the effects of the two other tested mechanisms and all
possible interactions between them. The effect of memory and
conformity was stronger for WAO than WTO (Figure 3).
Importantly, none of the models for resource partitioning derived
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from real tracks, and none of their interactions, significantly
reached the observed level of WTO (Figure 3A). For area
partitioning, however, all models incorporating memory (alone
or associated interactions) showed a lower level of WAO
compared to the observed ones, while those incorporating
conformity (alone or with competition) nearly matched the
observed level (Figure 3B).

To address the third hypothesis and identify the thresholds
above which resource and area partitioning can theoretically
be reached, we used controlled and constant coefficients of
memory, conformity, and the interaction between them and
with density-dependent competition (Figure 4). We found that
relatively high values of memory (= 0.97) and conformity
(= 0.8), without any interactions, result in the observed WTO.

FIGURE 4 | Resource and spatial partitioning between two neighboring Egyptian fruit bat colonies. Each violin plot (A–D) represents the frequency distribution of the
weighted tree overlap (WTO, A,C) and weighted area (75% KUDs) overlap (WAO, B,D) after 100 iterations of the agent-based models. (A–B) represent increasing
values of theoretical memory coefficients on the x-axis in red (range 3–42% for WTO and 2–23% for WAO), and memory with competition in dark red (range 3–42%
for WTO and 2–23% for WAO). (C,D) Represent increasing values of theoretical conformity coefficients on the x-axis in blue (range 3–39% for WTO and 0–19% for
WAO), and conformity with competition in dark blue (range 3–40% for WTO and 0–23% for WAO). All dashed lines represent the observed WTO or WAO. Heatmaps
(E,F) show the combined effect conformity and memory coefficients on the WTO (E) and WAO (F) indices, with darker red colors indicating smaller overlap.
∗p-value ≥ 0.05 comparing simulated and observed.
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These results suggest that if memory is the only mechanism
and more than 97% of trees are repeatedly visited night after
night, the observed resource partitioning is achieved. Similarly,
the WTO is reached for conformity when 80% of the trees
are shared among colony-members. Unlike partitioning of
trees, the observed WAO was achieved at smaller coefficients
(memory = 0.6, conformity = 0.4). Furthermore, the threshold
values did not change meaningfully for both resource and
area overlaps when each mechanism interacts with density-
dependent competition. Surprisingly, the combined effect of
conformity with memory at lower values (< 0.6 for WTO
and < 0.4 for WAO) did not reach partitioning (heatmaps on
Figure 4). A lack of interaction effects highlights that partitioning
of both types is achieved by one of these mechanisms (at
relatively high values), suggesting they act in a non-additive,
independent manner.

DISCUSSION

Spatial partitioning between neighboring colonies is considered
a widespread phenomenon in colonial species, especially
marine birds (Bolton et al., 2019). Although several plausible
mechanisms have been proposed to explain what drives wild
populations to segregate, they have rarely been systematically
examined using competing models. Comparisons based on real
movement data collected under varying resource availabilities
are even more scarce (but see Wakefield et al., 2013; Cecere
et al., 2018; Ito et al., 2020). Here, we analyzed high-throughput
movement tracks from two neighboring colonies of Egyptian
fruit bats, tracked during different fruit seasons. We found
that the partitioning of both resources and areas was high,
with < 11% of fruit trees and area being shared between
colonies (Figures 3, 4). Importantly, these values could not
have emerged if colonies’ foraging ranges were limited strictly
by food availability and travel distances, as represented in our
null-model (Figure 3) and hypothesized by the Hinterland
model (Cairns, 1989). As such, this forms the first account
of strong within-species spatial partitioning in a terrestrial
mammal. We also found that memory was the strongest and
most significant driver of resource and spatial partitioning
(Figure 3). The role of memory suggests that individually
acquired information, with or without information-sharing and
competition, most likely sustains segregation between the two
neighboring EFB colonies. This result is consistent with the
high memory probabilities observed in this study (Table 1)
and with known tendencies of these bats revisiting and thus
memorizing the state of particular trees (Tsoar et al., 2011;
Toledo et al., 2020).

However, when replacing the observed memory and
conformity coefficients with theoretical ones, both memory
and conformity resulted in the observed partitioning in
isolation, at relatively high values (Figure 4). It is thus evident
that information sharing can also drive resource and spatial
partitioning (as suggested by, e.g., Wakefield et al., 2013; Corman
et al., 2016). But conformity was less important in our study
system characterized by animals that are highly familiar with

their home-range and use mostly spatially predictable food
resources (Gager, 2019; Harten et al., 2020; Toledo et al.,
2020). Although the mechanisms that we tested explain the
observed partitioning of colony areas, the weighted overlap
of trees was statistically smaller than the one that emerged
from all the models (Figures 3, 4). This may be due to tree
characteristics, other than the fruiting season, which may
have biased the bats’ tree selection more than we considered,
resulting in fewer trees revisited overall and less of them shared
between colonies.

The Roles of Competition and
Information in Shaping Partitioning
Competition
The most commonly proposed mechanism for explaining inter-
colony spatial partitioning is density-dependent competition
(Grémillet et al., 2004; Wakefield et al., 2013; Bolton et al.,
2019). However, competition is typically inferred based
solely on the indirect measure of a positive relationship
between colony size and foraging distances (Ashmole,
1963; Corman et al., 2016; Lamb et al., 2017). Here, we
measured competition directly by examining changes to
bat behavior as the local density on a tree increases. Based
on this analysis, we did not find evidence for density-
dependent competition (Supplementary Figures 2, 3) nor
between-colony competition (Supplementary Figures 4, 5).
Congruently, competition had no apparent effect on
partitioning (Figure 4).

However, we cannot fully dismiss density effects, given that
the number of tracked bats might not represent the true
bat densities. Importantly, we assume that the relationship
between the number of tracked and true bat densities is
the same for both colonies. To resolve the ambiguity about
the role of competition in spatial and resource partitioning,
we hypothesize that density dependence might have driven
foraging site selection strongly, following the Density Dependent
Hinterland model (see section “Introduction” and Wakefield
et al., 2013), but only during the initial stages of the
colonies’ establishment. After the colonies formed, memory
maintained partitioning by channeling individuals to use
the same (non-overlapping) resources, and competition was
reduced to act only as a “ceiling effect” by negatively
influencing the experience of individuals that seldom invaded
the neighboring colony’s range. In addition to memory,
information transfer between same-colony members reinforce
partitioning further because newly detected resources are
more likely to be discovered within the colonys’ range,
making exploration into the neighboring colonys’ territory
less profitable unless the colony reached its carrying capacity
(Grémillet et al., 2004; Wakefield et al., 2013). Because our
models did not simulate the long-term dynamics of colony
establishment across generations, this hypothesis could not be
tested. Future studies aiming to untangle the links between
density-dependence and inter-group partitioning could benefit
from incorporating data on in situ aggressive interactions,
for instance, recording social calls to estimate the intensity
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of agonistic interactions at sites with different densities
(Prat et al., 2016).

Memory
The tendency of individuals to repeatedly visit the same locations
is typical in many species and was given many synonyms,
e.g., foraging site fidelity, recursive movement, memory-
based, and reinforcement-learning movements (Grémillet et al.,
2004; Fagan et al., 2013; Merkle et al., 2014; Berger-Tal
and Bar-David, 2015; Wakefield et al., 2015; Bracis et al.,
2018; Riotte-Lambert and Matthiopoulos, 2019; Goldshtein
et al., 2020). While environmental cues could potentially
trigger these behaviors, two characteristics of EFB movement
imply that their recurrent visits to trees are driven by
individual memory, following Fagan et al. (2013)’s classification.
First, EFBs revisit specific trees, not patches with multiple
foraging options, which must be beyond the individual’s
perceptual range. Second, EFBs fly in very straight routes
without using landmarks or beacons (Harten et al., 2020;
Toledo et al., 2020), suggesting prior knowledge of their
target location.

Several studies, mostly based on data-inspired simulations,
point to the possibility that memory-based movement drives
individual spatial and resource partitioning (Van Moorter et al.,
2009; Merkle et al., 2014; Riotte-Lambert et al., 2015). For
example, Goldshtein et al. (2020) tracked the movements of
lactating females of the lesser long-nosed bat (Leptonycteris
yerbabuenae), which travel immense distances to forage on
isolated patches of flowering cacti each night. Once at the
location, individuals partition into consistent foraging “cores,”
with little overlap between them. Based on competitive agent-
based models, the authors found that the best explanation
for this division into cores was reinforcement-learning, a
similar algorithm to the one used in our memory model.
Recently, Aarts et al. (2021) showed that similar memory-
based rules that create partitioning between individuals also
drive between-colony segregation of central-place foragers. In
their simulations, inspired by tracked movements of harbor
seals (Phoca vitulina), they show that for species with spatial
cognitive abilities and high levels of colony fidelity, memorizing
a sub-set of available resources is sufficient to minimize
overlap and conflict. Our results lend empirical support to
these findings, showing that spatial partitioning in wild bats’
is primarily maintained by high memory levels (Figure 3
and Table 1).

Information Transfer
Whether, how, and where information is shared in congregating
species is species-specific and a matter of continuous debate
(Barta and Giraldeau, 2001; Danchin et al., 2004; Evans
et al., 2016; Jones et al., 2017). However, it appears plausible
that fruit bats, which roost and forage in groups, use social
information, irrespective of whether it was gained inadvertently
or intentionally. For example, controlled captive experiments
on Peter’s tent-making bats (Uroderma bilobatum) show that
individuals prefer to interact with an unknown conspecific
carrying a novel and palatable food item over an interaction

with a familiar roost-mate carrying no food (Ramakers
et al., 2016). Moreover, interactions were stronger if the
odor originated from the information givers’ mouth than if
it was only present on the surface of its fur, suggesting
that bats also evaluate the quality of social information
(O’Mara et al., 2014). Specifically for EFBs, it has been
shown that roost-mates form long-lasting bonds, fitting to the
producer-scrounger game where a sub-set of individuals actively
collect food while others scrounge for it from their mouths
(Harten et al., 2018).

However, the specific way information on food resources
is used remains unknown in this species. For example, EFBs
were not observed foraging in pairs or groups (Harten et al.,
2020; Toledo et al., 2020), rendering following behavior—
a prerequisite for the information center hypothesis—highly
unlikely (Barta and Giraldeau, 2001; Harel et al., 2017; Egert-
Berg et al., 2018). Some bat species, mainly echolocating
insectivores, gather local information by foraging in groups
and eavesdropping on each other’s feeding buzzes (Fenton,
2003). Yet this pathway of local enhancement is less likely
for EFBs (and fruit bats in general) because they rarely use
echolocation or are found foraging in groups, and other
types of local enhancement were not yet verified (Prat et al.,
2016; Gager, 2019). Given this level of inquiry, we did not
attempt to model complex information pathways. Rather, we
used the term “conformity” and assumed that if information
about fruit trees is shared and used by colony members,
it will result in individuals conforming to use similar trees.
We found that the observed conformity level of this EFB
population was low (Table 1). Yet, conformity could, on its
own, reach the observed resource and area partitioning at
high (theoretical) coefficient values (Figure 4). The discrepancy
between observed and theoretical conformity values (Figure 3
vs. Figure 4), as well as the independent effects of memory and
conformity (Figure 4), point to a potential trade-off between
the use of personal and social information, which is likely
affected by the level of resource predictability, as elaborated in
the next section.

The Effect of Resource Predictability and
Resolution
The level of resource predictability in space and time determines
whether individuals rely more on self-acquired (memory) or
socially transferred information (Janmaat et al., 2016; Egert-
Berg et al., 2018; Riotte-Lambert and Matthiopoulos, 2020). For
example, when resources are spatially predictable, as are fruit
trees, personal memory would be advantageous, as knowledge
about the location of trees is not expected to vary. However, some
introduced tree species, mainly of tropical origin, are temporally
unpredictable in their fruiting phenology, producing abrupt and
large fruit crops that are especially important in times of fruit
scarcity (Galil et al., 1977; Marshall, 1983; Bleher et al., 2003; Fahr
et al., 2015; Crestani et al., 2019). Accordingly, foragers highly
familiar with their home range may adjust the frequency of using
memory or information transfer based on the reliability of the
information. At the group-level, one would expect an advantage
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of confining information transfer to the limits of a single colony.
This is because separation into smaller units ensures naïve
individuals are more rapidly exposed to the resources (e.g., in
the roost). Moreover, density-dependent competition over the
newly discovered resources is guaranteed to be limited to a single
colony, at least until exploratory individuals of the other colony
discover the same site.

While information affects movement decisions, individual
space use patterns themselves alter resource predictability
(Spiegel and Crofoot, 2016). For example, memory affects
partitioning, which minimizes competition, reduces uncertainty
about the accessibility to food resources, and feeds back to
promote even higher reliance on memory (Lee et al., 2016;
Riotte-Lambert and Matthiopoulos, 2020). More research is
needed to understand how animals maneuver between using
personal and social information under different predictability
scenarios and how their behaviors affect the same considerations
of conspecifics. Such endeavors might be achieved by field
experiments that manipulate resource predictability, such as
preventing access to highly used (memorized) resources or
creating completely novel feeding opportunities in conjunction
with long-term movement data.

Our simulations revealed differences in the level of
partitioning depending on the resolution of the resources
examined. Specifically, the simulations based on observed
coefficients of memory and, to a lesser extent, conformity,
were able to reconstruct the observed values for partitioning
of areas (colony range) but not of the finer-grained level of
trees (Figure 3). Technically, this discrepancy is unavoidable
as multiple areas can be estimated between the same set of
visited trees, similar to the “clique problem” for the distribution
of suitable resources (Donovan et al., 2012). Thus, whereas
estimating overlap among trees visited by members of each
colony is straightforward and has a single solution, estimating
area overlap requires subjective decisions on how to measure
area coverage (e.g., choosing different kernel bandwidths or
home range calculation methods) and has multiple solutions,
implying a higher level of uncertainty. Furthermore, careful
step-by-step observations of how tree and area overlap measures
changed when simulated bats visited more trees revealed
that the vast majority of newly visited trees were placed
within the colony area at some relatively high number of
steps. This finding implies that sufficiently long simulations
lead to a higher level of tree overlap without increasing area
overlap. Therefore, area and tree overlap estimates are likely
to be under- and over-estimated, respectively, as reflected in
our results.

Conceptually, this discrepancy raises the question of whether
partitioning should be estimated at the finest grain of a single
discrete resource, the larger grain of a resource patch, or perhaps
the whole foraging range. In the case of EFBs, mounting
evidence suggests high familiarity and fidelity to specific fruit
trees (Tsoar et al., 2011; Harten et al., 2020; Toledo et al.,
2020), indicating that a single tree is an appropriate resolution
for this species. However, resources available to seabirds and
probably many other animal species are unlikely to be fine-
tuned to particular point locations. The relevant resolution is

presumably at least as large as the typical size of a foraging
patch (Vilk et al., 2021). Looking forward, the expansion of
high-throughput tracking systems provide the means to examine
further if, how, and why patterns of partitioning vary across
spatial resolutions.

CONCLUSION

This study assessed the role of different mechanisms which
underly resource and spatial portioning, one of the most
fundamental processes enabling inter-colony coexistence.
Methodologically, our study highlights the merits of high-
throughput tracking systems like ATLAS that generate large
high-resolution movement datasets. These datasets provide
the means to reliably estimate the observed patterns and
construct highly realistic models to unravel alternative
underlying mechanisms, namely memory, information
sharing, and competition, in free-ranging animals under
various environmental conditions. Major questions for
further research highlighted in this study are the lack of
support for the role of the density-dependent competition in
sustaining partitioning patterns continuously, the possibility for
independent roles of personal memory or socially transferred
information, and their potential association with variation in
resource predictability.
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