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Summary
1. Flying foxes Pteropus spp. play a key role in forest regeneration as seed dispersers and are
also the reservoir of many viruses, including Nipah virus in Bangladesh. Little is known
about their habitat requirements, particularly in South Asia. Identifying Pteropus habitat
preferences could assist in understanding the risk of zoonotic disease transmission broadly
and, in Bangladesh, could help explain the spatial distribution of human Nipah virus cases.
2. We analysed characteristics of Pteropus giganteus roosts and constructed an ecological
niche model to identify suitable habitat in Bangladesh. We also assessed the distribution of
suitable habitat in relation to the location of human Nipah virus cases.
3. Compared to non-roost trees, P. giganteus roost trees are taller with larger diameters and
are more frequently canopy trees. Colony size was larger in densely forested regions and
smaller in flood-affected areas. Roosts were located in areas with lower annual precipitation
and higher human population density than non-roost sites.
4. We predicted that 2–17% of Bangladesh’s land area is suitable roosting habitat. Nipah
virus outbreak villages were 26 times more likely to be located in areas predicted as highly
suitable habitat for P. giganteus compared to non-outbreak villages.
5. Synthesis and applications. Habitat suitability modelling may help identify previously
undocumented Nipah outbreak locations and improve our understanding of Nipah virus ecology by highlighting regions where there is suitable bat habitat but no reported human Nipah
virus. Conservation and public health education is a key component of P. giganteus management in Bangladesh due to the general misunderstanding and fear of bats that are a reservoir
of Nipah virus. Affiliation between Old World fruit bats (Pteropodidae) and people is common throughout their range, and in order to conserve these keystone bat species and prevent
emergence of zoonotic viruses, it is imperative that we continue to improve our understanding
of Pteropus resource requirements and routes of virus transmission from bats to people.
Results presented here can be utilized to develop land management strategies and conservation policies that simultaneously protect fruit bats and public health.
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Flying foxes (genus Pteropus) are declining world-wide
(Mildenstein et al. 2005; Stier & Mildenstein 2005) due
to growing human populations and consequent demands
for food and housing that cause destruction of bat
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habitat (Fujita 1991; Mickleburgh, Hutson & Racey
2002). Nearly 300 plant species rely on flying foxes for
seed dispersal, and in turn, these plants produce almost
500 different products such as food, medicine and timber
(Fujita 1991). Additionally, flying foxes play a key role
in forest regeneration because of their ability to retain
viable seeds in their gut for several hours (Shilton et al.
1999), their long-distance foraging movements (Tidemann
& Nelson 2004; Epstein et al. 2009) and their flight
paths over forest clearings that are generally avoided by
other forest animals (Fujita 1991). Bats are also increasingly recognized as reservoir hosts for viruses that can
cause serious human and animal disease (Calisher et al.
2006; Halpin et al. 2007). In Bangladesh, Pteropus giganteus fruit bats have been implicated as the primary reservoir of Nipah virus (Luby, Gurley & Hossain 2009a), a
disease that was recognized in the country in 2001 and
has caused human outbreaks almost every year since
(Luby et al. 2009b).
Despite the ecological, economic and public health significance of flying foxes, little is known about their habitat requirements, particularly in South Asia (Mildenstein
et al. 2005). Understanding their habitat selection can
provide information for the design of forest management
strategies that preserve roosting and foraging landscapes
(Crampton & Barclay 1998; Mildenstein et al. 2005). Furthermore, preventing viral spillover from bats to humans
requires an understanding of the ecological narrative linking bat habitat with human and livestock activity to
explain when, where and why a virus emerges (Halpin
et al. 2007).
In this study, we describe the characteristics and landscape context of P. giganteus roost sites across Bangladesh. Our study objectives were: (1) to understand
P. giganteus roost habitat preferences at the tree level and
in relation to human settlements and the broader landscape, (2) to assess P. giganteus roosting behaviour across
environmental gradients and (3) to evaluate the use of
maximum entropy modelling to identify suitable roosting
habitat in unstudied areas throughout Bangladesh and
relate these findings to our understanding of Nipah virus
ecology.
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SAMPLE SELECTION AND LOCATING ROOSTS

This was a countrywide study conducted in Bangladesh from
December 2011 to February 2012. Study sites were randomly
selected among villages that have experienced a Nipah virus
spillover event (where the virus was apparently introduced from
a non-human source), known as ‘spillover villages’ and among
those that had not (control sites). Control sites were selected
by creating a geographically random sample of points throughout Bangladesh (excluding areas within 5 km of spillover villages) that were linked to the nearest village by the field teams
in situ using Garmin eTrex GPS devices and GoogleEarth
(Fig. 1).
Field teams identified the location of P. giganteus roosts (arboreal sites where P. giganteus sleep, mate or otherwise remain during the day) in a village and within 5 km of the village boundary
(defined by collecting coordinates along the boundary with direction from community members) through interviews with community members. Data were collected for roost sites occupied for
any amount of time within the past 5 years. The field teams took
GPS coordinates at each roost and noted whether the roost was
active (currently inhabited by bats) or inactive, as well as the
number of bats if present.
MEASURING ROOSTING BEHAVIOUR AND STRUCTURAL
CHARACTERISTICS OF ROOST SITES

Interviews were conducted with residents in the household nearest
each roost about the duration and seasonality of bat activity at
the roost (Hahn 2013; Appendix B). An environmental assessment was conducted at the two largest, active roosts closest to
the village centre or at all roosts in the village if only 1–2 roosts
were located (Hahn 2013, Appendix C). Field teams used transect
lines to delineate a 20 9 20 m plot around the central roost tree,
which was visually selected as the tree with the largest number of
bats. Within each plot, they recorded tree species, diameter at
breast height (DBH), tree height (using a clinometer) and canopy
versus subcanopy designation for each tree with DBH >4 cm.
Trees with bats present were marked as ‘roost’ trees and empty
trees as ‘non-roosts’. Canopy cover was measured using densitometer readings every metre along the transect lines. Field teams
recorded information about human activities within 50 m of the
roost plot boundary.

DERIVATION OF REMOTELY SENSED ROOST SITE
CHARACTERISTICS

Materials and methods
STUDY AREA

Bangladesh is located in the world’s largest delta (the Ganges)
and is home to some of the most fertile agricultural land in the
world; however, the low-lying plains that make up 80% of the
country’s landmass are subject to frequent flooding, particularly
during monsoon season. Within Bangladesh, remnant tracts of
native forest are rapidly being replaced by cropland to meet the
needs of one of the densest populations in the world (FAO 2000;
Lepers et al. 2005). Forest cover has declined from 14% of Bangladesh’s land area in 1989 (Giri & Shrestha 1996) to just over
7% in 2006 (SPARRSO 2007).

Three random locations for each observed roost were selected
from within the Bangladesh country boundary but excluding the
20 9 20 m area around an identified roost using Geospatial
Modeling Environment (Beyer 2012) to characterize the habitat
available to P. giganteus within the study area (henceforth called
‘available sites’, Fig. 1).
We used ArcGIS 9.3, FRAGSTATS (McGarigal, Cushman & Ene
2012) and Geospatial Modeling Environment (Beyer 2012) to calculate the distance to the nearest river/perennial water body and
to derive measures of land cover and forest fragmentation, climate patterns and human disturbance within 1 km of each roost
and available site (Table S1, Supporting Information). Information on these data sets can be found in Appendix S1 (Supporting
Information).
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Fig. 1. Location of study villages (circles),
roosts (triangles) with active roosts
denoted in dark red and inactive roosts in
pink and available sites (squares). Available sites are locations randomly selected
from within the Bangladesh country
boundary to characterize the habitat available for P. giganteus within the study area.
Three available sites were selected for each
observed roost site.

STATISTICAL ANALYSIS

Roost tree selection
We compared the attributes of roost trees with non-roost trees
within the roost plots where we conducted environmental assessments to evaluate P. giganteus roost tree selection. We used independent-samples t-tests to compare DBH and tree height, and a
chi-square test to compare the percentage of roost and non-roost
trees that were identified as canopy trees. We used a binomial
exact test to compare the abundance of tree species that comprise
roost trees and non-roost trees to identify ‘selected’ and ‘avoided’
species (Sedgeley & Donnell 2004).

seasonal occupancy (seasonally occupied versus year-round), as
reported by key informants. We used Spearman’s rank correlation coefficients to test for associations between the number of
bats in an active roost and roost characteristics. We considered
P ≤ 005 significant.
We used nonparametric ordination methods and PC-ORD software (McCune & Mefford 2010) to group roosts into clusters
based on the basal area of the tree species present, calculated
using our DBH measurements (see Appendix S2, Supporting
Information). We used chi-square and Fisher’s exact tests to
examine the associations between the cluster to which a roost
was assigned and seasonality and years of roost activity, and
analysis of variance (ANOVA) to test for associations with size of
roost colony.

Assessing roosting behaviour in relation to
environmental characteristics of roosts

Roost site selection: maximum entropy modelling

We used independent-samples t-tests to test for significant differences in environmental characteristics of roosts grouped by roosting duration (<10 years versus longer-term roosts) and by

We used independent-samples t-tests to test for significant differences in environmental characteristics of roosts versus available
sites. Then, we used maximum entropy modelling to identify
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areas of suitable P. giganteus habitat across Bangladesh based on
locations of roost sites from our field study.
We used MAXENT software, version 3.3.3 (Phillips, Anderson &
Schapire 2006), to build our ecological niche model. Maximum
entropy modelling is a machine learning method (Phillips, Anderson & Schapire 2006) that requires only occurrence data (Phillips,
Anderson & Schapire 2006), is not very sensitive to small sample
sizes (Wisz et al. 2008) and has been shown to consistently outperform more traditional approaches in terms of predictive power
and ability to handle noisy data (Elith et al. 2006). To prevent
collinearity in our model, which can affect the interpretation of
variable influence from the MaxEnt output (Phillips, Anderson &
Schapire 2006), we selected 10 000 random points across Bangladesh and calculated the pairwise Pearson’s correlation coefficient
for all potential predictors. We only included variables where
r < 075 in the same model (Dormann et al. 2012). To validate
our model, we withheld 25% of our roost locations for cross-validation. See Appendix S3 (Supporting Information) for additional
modelling methodology.
In order to assess possible bias in the model results related
to sampling effort (i.e. different sample selection bias in the
occurrence records compared to the background sample used by
Maxent) (Elith et al. 2011), we ran the Maxent model three more
times, restricting the study area first to 10 km around study
villages, then to 25 and 50 km. We compared these results to
identify areas where the model output was not consistent and to
improve our predictions of suitable P. giganteus roosting habitat
throughout Bangladesh.

Results
We located 215 roosts (Fig. 1) and completed key informant interviews at each of these sites. Of these, 68%
(n = 147) were active roosts where at least one bat was
present at the time of the assessment. We conducted an
environmental assessment at 143 of identified roosts (see
above for selection methodology), and of these, 81%
(n = 115) were located outside the village boundary but
within the 5-km search buffer.
ROOST TREE SELECTION

Within the roost sites, 3782 trees were surveyed representing 78 tree species and 34 families. Roost trees were taller
(199 m  74 vs. 122 m  65), had larger diameters
(531 cm  566 vs. 223 cm  383) and were more frequently canopy trees than non-roost trees (886 vs.
208%) (Table 1). Roost tree selection was non-random
with respect to tree species (v2 = 67212, d.f. = 34,
P < 00001, Table 2). For example, bamboo, Albzia spp.,
eucalyptus and Shorea robusta accounted for only 23% of
all trees (and grasses, in the case of bamboo) surveyed
but 53% of roost trees.
ROOST PLOT CHARACTERISTICS

Of the 143 roosts where we completed an environmental
assessment, 87% of roost sites were located within 50 m
of homestead activities which include the primary
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residence or buildings associated with the home (kitchen,
bathroom and animal house were generally separate
structures) or the household’s water pump. Fifty-nine per
cent of roosts were located near a standing water source
such as a large pond, and 55% were within 50 m of agricultural land. Although the majority of roosts were
located outside the village boundary, there were no roosts
without human activities within 50 m including the homestead activities listed above, other buildings such as
schools or mosques, agriculture, a man-made water
source or a road.
The mean stand basal area of the roost plots was
1402 m2 ha 1  1867 (Table 1). The average canopy
cover was 61%  186, with sites ranging from 21 to
100% canopy cover. Roost plots contained as few as one
tree species and as many as 17, and the mean species
richness was 64  35.
ROOSTING BEHAVIOUR

Key informants reported that 65% of the roosts had been
occupied intermittently for 10 or more years. The mean
DBH of trees in roosts that had been occupied for less
than 10 years was smaller than that of trees in long-standing roosts (308 cm  152 vs. 431 cm  354, P = 001).
Respondents described over 87% of the roosts as ‘yearround’, meaning that bats were present throughout the
year rather than seasonally. Of the 28 roosts that were
identified as ‘seasonal’ by respondents, 18 roosts (64%)
were occupied in only one of the four seasons (rainy,
post-monsoon, winter and summer). The mean diurnal
temperature range was lower in seasonal roosts compared
to year-round roosts (93 °C  07 vs. 97 °C  06,
P = 0002). Also, the elevation above sea level in seasonal
roosts was higher than year-round roosts (216 m  136
vs. 141 m  128, P = 003).
The mean number of bats in the active roosts was
387  543, and the largest roost had over 2700 bats. The
number of bats in a roost increased with the percentage
canopy cover (q = 024, P = 001), the percentage of the
1-km buffer area around a roost covered by forest
(q = 031, P = 000), the amount of contiguous forest
around the roost (q = 037, P < 00001) and distance to
the nearest river (q = 019, P = 003). The size of the
roosting colony decreased with the amount of floodaffected area around a roost (q = 023, P = 001) and
forest patch density (q = 024, P = 001).
The ordination analysis grouped the roosts into 5 significant clusters, containing between 2 and 74 roosts
(Table S2, Appendix S4, Supporting Information). There
was no significant association between roost tree species
cluster and duration or seasonality of roost activity. The
mean number of bats in a roost colony was related to tree
species composition (ANOVA = 254, P = 004). Raintree/
mahogany roosts were more likely to support larger roosting colonies than bamboo roosts (623 bats  708 vs. 312
bats  440).
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Table 1. Characteristics of Pteropus giganteus roost trees versus non-roost trees and roost sites versus random comparison sites
Variable*

Roost features

Comparison features

Roost tree characteristics
Diameter at breast height (cm)
Height (m)
Percentage canopy trees

Roost trees
531  566
199  74
886

Non-roost trees
223  383
122  65
208

Roost plot characteristics‡
Species richness
Percentage canopy cover
Percentage roosts with <50% canopy cover
Mean stand basal area (m2 ha 1)

Roost plots
64  35
610  186
293
1402  1867

Roost site characteristics (1-km buffer)

Roost sites (n = 215)

Land cover
Distance to river (km)
Percentage forest/rural settlement cover
Forest patch density (patches per km)
Forest edge density edge length (m km 2)
Largest patch index (%)
Percentage flooded area
Average vegetation condition index (%)
Percentage drought area
Climate
Annual mean temperature (°C)
Mean diurnal range (°C)
Mean temperature of warmest quarter (°C)
Mean temperature of coldest quarter (°C)
Temperature annual range (°C)
Annual precipitation (mm)
Precipitation of warmest quarter (mm)
Precipitation of coldest quarter (mm)
Elevation (m)
Latitude
Human disturbance
Human population density (people per km)
Road density (km km 2)

19
305
085
215
224
378
730
145










18
160
042
71
179
232
222
207

255
98
287
196
225
20855
8950
319
174
243












04
06
04
07
16
4321
2772
64
97
11

1746  3334
90  36

Random comparison
sites (n = 645)

P-value†

<0001
<0001
<0001

P-value†

22
313
073
162
249
530
675
185










24
292
049
100
286
308
243
251

006
060
0001
<00001
015
<00001
0004
002

255
96
286
199
218
22684
9365
344
260
238












05
08
06
08
21
5811
3005
72
424
12

062
00002
0001
<00001
<00001
<00001
007
<00001
<00001
<00001

959  992
65  43

0001
<00001

*Data presented as means  1 SD unless otherwise noted
†
Based on two-tailed, independent groups t-test or chi-square test results.
‡
Roost plots were defined as the 20 9 20 m area around the central roost tree; No comparison plots were evaluated in the field for this study.
ROOST SITE SELECTION: MAXIMUM ENTROPY
MODELLING

Pteropus giganteus tended to roost in areas of the country
with less annual precipitation (20855 mm  4321 vs.
22684 mm  5811, Table 1) and that experience a greater
range in annual temperatures (225 °C  16 vs.
218 °C  21) when compared with non-roost locations.
P. giganteus also tended to roost in areas with less flooding
(378%  232 vs. 530%  308) and drought (145% 
207 vs. 185%  251). Human population and road density estimates were higher in roost sites compared to available sites (1746 people km 2  3334 vs. 959 people km 2 
992; 90 km of road km 2  36 vs. 65 km of road
km 2  43). Roosts were found in more fragmented forests
than were the available sites (patch density = 085 patches
km 2  042 vs. 073 patches km 2  049).
A total of 135 unique roost sites were used to construct
the ecological niche model and 45 were withheld for

testing. Our initial Maxent model that utilized all land
cover, climate and human disturbance variables had a
high predictive value (AUC = 0884). After dropping the
correlated variables, the AUC was 0882. Models with
and without ‘annual mean temperature’ were similar, so
our final model that included 10 predictor variables
(Table S3, Supporting Information) had an AUC = 0882.
The model output produced an estimated probability of
occurrence of a P. giganteus roosting site for each pixel
across Bangladesh. Our final model predicted the most suitable P. giganteus roosting habitat (P >06) in a north–south
band running from central Rangpur Division to the Faridpur region, south of where the Padma and Jamuna rivers
join and extending south-west towards the Sundarbans
(Fig. 2). There was also a small patch of suitable habitat
north-east of the city of Sylhet. Relatively suitable habitat
(probability = >04–06) was predicted primarily in the
central part of the country with small suitable areas on the
western coast of Chittagong Division and distributed
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Table 2. Pteropus giganteus roost tree selection (preferred and avoided species) based on use of a species as a roost tree versus prevalence
of the species in surveyed roosts

Common name

Scientific name

Bangla name

Family

Proportion
of all trees

Proportion
of roost trees

Bamboo
Raintree/Koroi

Bambusoideae‡
Albizia‡

Poaceae
Fabaceae

0099
0054

0201
0145

<00001
<00001

Selected
Selected

Eucalyptus
Gajari
Mehogani
Indian mast tree
Teak
Mango
Banyan
Kadam
Jackfruit
Cotton silk
Mabolo/Ebony
Beechwood
Mulberry
Pithraj
Rough bush
Tamarind
Dumur
Blackboard tree
Pitali
Indian ash tree
Ipil Ipil
Indian rosewood
Betel nut
Neem
Palmyra palm
Bishop wood
Monkey Jack
Hijol
Date palm
Banana
Coconut palm
Sacred fig
Custard apple

Myrtaceae§
Shorea robusta
Swietenia mahagoni
Polyalthia longifolia‡§
Tectona grandis‡
Mangifera indica‡§
Ficus bengalensis‡§
Neolamarckia cadamba
Artocarpus heterophyllus
Ceiba pentandra‡§
Diospyros peregrina§
Gmelina arborea
Morus
Aphanamixis polystachya
Streblus asper
Tamarindus indica‡§
Ficus carica§
Alstonia scholaris‡
Trewia nudiflora‡
Lannea coromandelica§
Intsia bijuga
Dalbergia sissoo‡
Areca catechu§
Azadirachta indica§
Borassus flabellifer‡§
Bischofia javanica
Artocarpus lacucha
Barringtonia Acutangula
Phoenix sylvestris
Musa paradisiaca§
Cocos nucifera‡
Ficus religiosa‡§
Annona reticulata§

Bash
Raintree/koroi/
’acacia’
Eucalyptus/akashi
Gajari/shal
Mehogani
Debdaru
Shegun
Amm
Bot/pakore
Kadam
Kathal/chambol
Shimul
Gaab
Gamari/pitagora
Jam
Pit raj/royna
Sheora
Tatul
Dumur
Chatim
Pitali/pithkhuli
Jigha
Ipil ipil
Shishu
Shupari
Neem
Tal
Uriam/puia
Dewa
Hijol
Khejur
Kala
Narikel
Peepal
Ata

Myrtaceae
Dipterocarpaceae
Meliaceae
Annonaceae
Lamiaceae
Anacardiaceae
Moraceae
Rubiaceae
Moraceae
Malvaceae
Ebenaceae
Lamiaceae
Moraceae
Meliaceae
Moraceae
Fabaceae
Moraceae
Apocynaceae
Euphorbiaceae
Anacardiaceae
Fabaceae
Fabaceae
Arecaceae
Meliaceae
Arecaceae
Phyllanthaceae
Moraceae
Lecythidaceae
Arecaceae
Musaceae
Arecaceae
Moraceae
Annonaceae

0038
0038
0134
0055
0030
0066
0009
0010
0040
0011
0041
0006
0014
0036
0014
0004
0011
0004
0004
0009
0007
0005
0104
0009
0006
0004
0003
0003
0003
0021
0012
0005
0004

0101
0087
0071
0049
0042
0035
0033
0028
0023
0023
0020
0015
0010
0006
0006
0006
0004
0004
0004
0003
0003
0003
0001
0001
0001
0001
0001
0001
0001
0000
0000
0000
0000

<00001
<00001
<00001
052
006
0001
<00001
<00001
002
0001
001
0005
042
<00001
007
046
009
096
078
010
017
047
<00001
004
012
026
038
048
048
–
–
–
–

Selected
Selected
Avoided
Random
Random
Avoided
Selected
Selected
Avoided
Selected
Avoided
Selected
Random
Avoided
Random
Random
Random
Random
Random
Random
Random
Random
Avoided
Avoided
Random
Random
Random
Random
Random
Not used
Not used
Not used
Not used

P-value*

Preference†

*Based on binomial exact test.
†
If the abundance of a tree species within the roost trees was significantly greater than expected based on its abundance within the plots,
we considered it a preferred, or ‘selected’ species. Alternatively, if use of the tree species as a roost tree was less than expected based on
its general abundance, then we labelled it as an ‘avoided’ species. If there was no significant difference between use as a roost and availability in the plots, then the species was considered ‘used at random.’
‡
Tree species has been documented in the literature as a Pteropus giganteus roosting site.
§
Tree species has been documented in the literature as a Pteropus giganteus food source.

throughout Sylhet Division. Areas shown as unpredictable
are outside the regions where we searched for bat roosts,
and therefore, the habitat suitability predictions are uncertain in these areas based on the results of this study.
Our final model predicted approximately 21 500 km2 of
suitable P. giganteus roosting habitat, about 17% of Bangladesh’s land area (P >05, Fig. 3; ‘unpredictable area’ is
included in the land area denominator). The amount of
suitable habitat was cut by more than half (10 000 km2,
~8% total area of Bangladesh) when the probability
threshold was increased to 06 and dropped to just over
3000 km2, ~2% of Bangladesh at a threshold of 07.
Our results from modelling habitat suitability within
restricted geographical areas around study villages

demonstrate overall consistency with the model produced
using the Bangladesh country boundary (Fig. 4). Compared to the full country model, the model within 10 km
of study villages shows higher P. giganteus suitability in
villages in the lower third of the country near the eastern
and western coasts. The models within 25 and 50 km of
study villages show the areas of suitable habitat in a more
focused area in the western part of the country compared
to the full country model that shows suitable areas dispersed throughout eastern Bangladesh. These restricted
models also extend the area of suitable habitat along the
north-west and western boundaries.
The variables that contributed the most information to
the models were human population density, distance to
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Fig. 2. Predicted probability of suitable conditions for Pteropus giganteus roosts in Bangladesh with location of human Nipah virus spillover cases from 2001 to 2011 and the Nipah Belt. The probability of suitable habitat in blue regions is unpredictable based on the results
of this study. See Fig. 4 for an indication of model certainty across the country and areas where future research is needed to refine the
model. Bangladesh’s administrative divisions are labelled for geographical reference.

roads, annual precipitation and elevation, together
accounting for 65–81% of the information in the geographically restricted and full country models (Table S3).
Villages where there were Nipah virus spillovers between

2001 and 2011 were more likely (OR = 26, 95% 12–58)
to be located in areas identified as most suitable for
P. giganteus compared to villages where there have been
no reported outbreaks (Fig. 2).
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Fig. 3. The graph shows the amount of habitat predicted as suitable at probability thresholds from 0 to 10 (bar graph) and the percentage of Bangladesh’s land area represented by these habitat areas (right vertical axis). The maps show areas of suitable habitat conditions
for Pteropus giganteus in Bangladesh based on maximum entropy modelling results at increasingly strict probability thresholds. The most
suitable conditions are shown in the threshold >07 map (far right).

Discussion
Pteropus roost selection is likely to be strongly influenced
by food availability and food proximity (Palmer & Woinarski 1999). One explanation for P. giganteus roosting
preference in forests near areas of high human density is
that homestead gardens provide a diversity of food
resources that may not be present in natural forests. More
than 20 million households in Bangladesh maintain a
home garden, and a survey of over 400 homesteads in
south-western Bangladesh found an average of 34 plant
species per garden (Kabir & Webb 2008). We also found
that roosts were located in highly fragmented forests.
Gorresen and Willig (2004) observed that the abundance
of generalist frugivorous bats was positively associated
with fragmentation of the landscape and proposed that
their ability to feed on a variety of plant species allowed
them to utilize heterogeneous landscapes. In a review of
the genus Pteropus, Pierson and Rainey (1992) found that
P. giganteus was a species that has been documented in
forest remnants in populated areas as opposed to only in

undisturbed natural forests. We also found that roosts
were often near large ponds, which may be used as a
drinking source and are common in Bangladeshi villages.
Pteropid species are unusual within the Yinpterochiroptera in their propensity to roost within trees in large
aggregations that range from tens to thousands (Marshall
1983; Pierson & Rainey 1992). Our finding that taller, larger, canopy trees were preferred as roosting sites may be
because they provide more space for these large colonies
(Gumal 2004). We found that the size of the bat colony
was associated with tree species composition in the roost
site, likely due to architectural differences between raintrees and bamboo that allow a larger number of bats to
congregate in the numerous branches of the former. Others have suggested that these large bats roost in tall trees
because they need room to free-fall during take-off (Pierson & Rainey 1992). We found that P. giganteus tended
to roost in bamboo, Albzia spp., Eucalyptus spp. and
Shorea robusta, among others. Other studies have also
found that Pteropus tend to roost in only a subset of the
available tree species (Pierson & Rainey 1992; Vardon
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Probability of suitable
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>0·25 - 0·40
>0·40 - 0·60
>0·60 - 1·0
Water

et al. 2001; Gumal 2004). The reason for this is unknown,
but it has been suggested that Pteropus prefer to roost in
thick foliage for sun or rain protection (Vardon et al.
2001). Several of the tree species that were found within
20 m of the primary roost trees but were not frequently
used for roosting have been documented elsewhere as
food resources for Pteropus (Chakravarthy & Girish 2003;
Stier & Mildenstein 2005). One possibility is that in
addition to selecting roost sites based on the roost tree,
P. giganteus also choose sites near food resources but
keep their roosting and feeding sites separate, a behaviour
that has been noted for other Pteropus bats (Pierson &
Rainey 1992).
The majority of roosts identified in our study had been
occupied for more than 10 years. This finding is consistent with observations that colonial megabats tend to
have high roost fidelity (Marshall 1983; Pierson & Rainey
1992), although some have observed Pteropus fidelity to a
home range rather than a single roost (Gumal 2004). The

Probability of suitable
habitat modeled within
Bangladesh
(no geographic restriction)

Fig. 4. Predicted probability of suitable
conditions for Pteropus giganteus roosts in
Bangladesh using variable buffer sizes
around study villages. Comparison of the
maximum entropy model output across
these restricted geographies can help identify areas where sample selection bias
likely affects the results and predict what
P. giganteus suitability would look like if
the search for roosts was extended into the
outlying regions of Bangladesh where
model predictions are uncertain (shown in
blue).

only environmental characteristic of roost sites that was
associated with duration of roost occupancy was the mean
diameter at breast height (DBH) of trees in the roost plot.
The trees in more recently occupied roosts were smaller,
which could be because they are simply younger trees that
only became viable roosts within the previous 10 years.
We also found that bats inhabited most roosts year-round
according to key informants. The elevation was higher
and there was less variation in the day to night temperatures (diurnal range) in the small percentage of seasonal
roosts we identified. Lower-lying areas tend to be more
humid and experience less daily variation in temperatures,
which may affect the consistency of food resources for
P. giganteus. Most seasonal movements of pteropid bats
tend to be related to birthing season (Pierson & Rainey
1992) or changes in food abundance (Nelson 1965).
Pteropid bats are threatened throughout their range primarily due to hunting and habitat loss (Fujita 1991;
Epstein et al. 2009). Rapid human population growth
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(Streatfield & Karar 2008) and deforestation (SPARRSO
2007) in Bangladesh will continue to threaten P. giganteus
unless comprehensive protection policies and land management practices are established. Additionally, the reputation of P. giganteus as an agricultural pest and reservoir
of a deadly virus highlights the perceived conflict between
public health and conservation (Breed et al. 2006). While
our findings highlight the affiliation between pteropid bats
and villages that have experienced Nipah virus outbreaks,
it is important to note that the presence of bats in and of
itself is not considered a risk factor for Nipah virus infection. Rather, epidemiological studies have consistently
identified the consumption of date palm sap as a significant route of transmission (Luby, Gurley & Hossain
2009a; Luby et al. 2009a). Infrared camera studies have
documented P. giganteus licking the flow of date palm
sap from the tree to the collection pot as well as urinating
and defecating in proximity of the pot, allowing for Nipah virus to be shed into the sap hours prior to human
consumption (Khan et al. 2010). Therefore, it is primarily
a human agricultural practice that facilitates spillover,
rather than direct exposure to bat excreta at the roost site.
This was also the case in Malaysia, where Nipah virus
first emerged on a large-scale pig farms that had fruit
orchards planted next to animal enclosures (Pulliam et al.
2012). The human hand in promoting spillover of viruses
from bats and other wildlife via environmental change,
and the often simple solutions that can reduce risk (e.g.
bamboo skirts over sap pots), is a message which must be
conveyed to avoid attempts at displacement or extermination of bats. In fact, conservation education directed
towards local and national government agencies and the
public has been a key component of P. giganteus conservation (Morton 1992). Organizations like the Group for
Conservation and Research on Bats (GCRB) in Bangladesh are working to develop educational materials to raise
awareness of practices that harm bats such as the use of
fishing nets to protect orchards that bats get tangled in as
well the importance of P. giganteus for pollination and
seed dispersal (Islam 2013). Our group in collaboration
with the Government of Bangladesh has incorporated
both public health and conservation messages into efforts
to control Nipah virus spillover at the village level. Working with communities to understand transmission routes
of Nipah virus and steps they can take to prevent spillover of the virus such as the use of bamboo skirts to protect their date palm sap containers (Nahar et al. 2010)
can dispel fear of flying foxes that might otherwise lead to
hunting bats or cutting down roost sites.
In addition to garnering information for conservation of
this ecologically important species, a dual purpose of these
habitat-modelling efforts is to improve our understanding
of Nipah virus ecology in Bangladesh. The location of
suitable habitat for the viral reservoir will likely influence
the geographical distribution of risk of viral spillover from
bats to humans (Halpin et al. 2007). An overlay of Nipah
virus spillover locations on our habitat suitability
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modelling results shows that the majority of spillover
events have occurred in regions predicted as highly suitable for P. giganteus roosting. The overlap is more pronounced in the models within restricted geographical areas
around the study villages (discussed below). Interestingly,
our model also identified highly suitable roosting habitat
in areas where human Nipah virus cases have not been
reported, such as the area north-east of Sylhet, near Chittagong and south-west of Khulna. Our current understanding of the ‘high-risk’ Nipah virus spillover region is
based on the location of previous spillover events; this
region is known colloquially as the Nipah Belt (Fig. 2).
Our habitat suitability map raises the question as to why
there have not been human Nipah cases in the areas identified as highly suitable roosting habitat outside of the
Nipah Belt. A possible explanation is surveillance bias.
Citizens and medical staff inside the Nipah Belt are more
familiar with the disease, symptoms and testing protocol
than people living outside the Nipah Belt, so perhaps there
are undocumented human Nipah cases in these roosting
hotspots. The lack of human Nipah virus cases in these
areas may also be attributed to differences in the intensity
or method of harvesting date palm sap, a hypothesis that
is currently being tested in the larger Nipah virus disease
ecology study underway in Bangladesh by icddr,b and
EcoHealth Alliance. Finally, a recent study pointed to differences in tree species composition and configuration of
the forest inside and outside the Nipah Belt that could
affect the likelihood of interactions between P. giganteus,
humans and shared food resources (Hahn et al. 2013).
Further investigation of these roosting hotspots outside
the Nipah Belt could be the key to preventing future Nipah virus spillovers if we can identify characteristics of
these ecosystems where P. giganteus and humans coexist
without disease transmission. Landscape management or
date palm sap collection practices that buffer disease spillover in these regions could be implemented throughout
Bangladesh and other regions with high risk of zoonotic
disease spread. For example, preserving or replanting tree
species preferred by P. giganteus for roosting outside village areas could be one strategy for simultaneously protecting bats and public health.
Although we searched for roosts up to 5 km away from
village boundaries, not one identified roost site was
located more than 50 m from areas of human activity.
This finding underscores the overlap in P. giganteus habitat and human settlements in the densely populated country. Refining and improving our knowledge of
P. giganteus roosting and foraging habitat may provide
further insight into the conditions that lead to spillover of
Nipah virus into humans in Bangladesh. Building on the
findings of this study, future assessments could utilize
dynamic land cover maps to predict P. giganteus roosting,
foraging and migration that could aid in prediction of
annual human Nipah virus outbreaks as well as help
define suitable habitat not just in Bangladesh, but
throughout its range. Our findings on the current
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distribution and habitat preferences of P. giganteus could
also be used to aid large-scale predictions of Pteropus habitat under future climate change scenarios, which would
alter the risk of disease emergence from these bats (Daszak et al. 2013). All of these techniques could be applied
to other pteropid species through Asia and Australia.
Our field work was focused in and around villages in
Bangladesh while our available comparison sites (and
Maxent background sites) were random locations across
the country. Consequently, it is possible that the identified
roost sites were more likely to be located near human
populations than the available sites. Similarly, there are
potential biases in occurrence-only data including spatial
autocorrelation and correlation with roads, which make
occurrence locations easier to find (Phillips, Anderson &
Schapire 2006; Elith et al. 2011). We looked for roosts up
to 5 km from the village boundary, which ensured that
there was opportunity to identify roosts away from
human populations. And although human population and
road density were significant predictors in the ecological
niche model, it is clear that these variables were not independently driving the habitat suitability map because
there are densely populated areas that were predicted as
low suitability such as near the large cities of Dhaka and
Chittagong. Sample selection bias can also manifest if the
background locations used by Maxent are sampled from
a different area than the presence locations (Elith et al.
2011). Our results from the Maxent models in restricted
geographical areas around study villages demonstrate the
effect of using presence records from in and around study
villages to predict suitable habitat for a much larger area
in Bangladesh. Although the predicted habitat suitability
results are fairly consistent across these models, there are
some areas of inconsistency, particularly near the edges of
our field work extent. Based on these results, if we continued our search for P. giganteus roosts in north-western
Bangladesh in Rangpur and Rajshahi divisions and in the
Sundarban mangrove forests, the areas of high suitability
predicted by our model would be likely to extend into
these regions, which are currently unpredictable based on
our model, and our estimates of available P. giganteus
habitat would be larger. It is, however, reassuring that all
the maximum entropy models based on occurrence-only
data and the univariate comparisons of used and available
roosts yield similar results. Future studies that extend the
search for P. giganteus roosts into these unexplored
regions are important for refining the habitat suitability
model. In addition, this study was limited to the winter
months. Investigation of roosting locations in other times
of year would also add to the accuracy of our model.
In summary, we found that P. giganteus shows roost
habitat selection preferences at the subforest level and at
scales of several kilometres. These bats appear to show
preferences in terms of tree species and characteristics,
degree of forest fragmentation, rainfall and temperature
gradients and level of human disturbance. We predicted
that 2–17% of Bangladesh’s land area is currently suitable

roosting habitat for P. giganteus, although this is likely to
be a conservative estimate. Within these areas, humans
and bats share significant natural resources. This is also
the case with other Old World fruit bats throughout their
range (Pierson & Rainey 1992; Mickleburgh, Hutson &
Racey 2002). In order to conserve this keystone group of
bats and prevent spillover or emergence of zoonotic
viruses, it is imperative that we continue to improve our
understanding of Pteropus resource requirements and
characteristics of the bat–human interface.
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