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Nipah virus (NiV) is an emerging bat-borne zoonotic virus that
causes near-annual outbreaks of fatal encephalitis in South Asia—
one of the most populous regions on Earth. In Bangladesh, infection occurs when people drink date-palm sap contaminated with
bat excreta. Outbreaks are sporadic, and the influence of viral dynamics in bats on their temporal and spatial distribution is poorly
understood. We analyzed data on host ecology, molecular epidemiology, serological dynamics, and viral genetics to characterize
spatiotemporal patterns of NiV dynamics in its wildlife reservoir,
Pteropus medius bats, in Bangladesh. We found that NiV transmission occurred throughout the country and throughout the year.
Model results indicated that local transmission dynamics were
modulated by density-dependent transmission, acquired immunity
that is lost over time, and recrudescence. Increased transmission
followed multiyear periods of declining seroprevalence due to batpopulation turnover and individual loss of humoral immunity. Individual bats had smaller host ranges than other Pteropus species
(spp.), although movement data and the discovery of a Malaysiaclade NiV strain in eastern Bangladesh suggest connectivity with
bats east of Bangladesh. These data suggest that discrete multiannual local epizootics in bat populations contribute to the sporadic nature of NiV outbreaks in South Asia. At the same time, the
broad spatial and temporal extent of NiV transmission, including
the recent outbreak in Kerala, India, highlights the continued risk
of spillover to humans wherever they may interact with pteropid
bats and the importance of limiting opportunities for spillover
throughout Pteropus’s range.
bats

Significance
Nipah virus (NiV) is a zoonotic virus and World Health Organization (WHO) priority pathogen that causes near-annual
outbreaks in Bangladesh and India with >75% mortality. This
work advances our understanding of transmission of NiV in its
natural bat reservoir by analyzing data from a 6-y multidisciplinary study of serology, viral phylogenetics, bat ecology, and
immunology. We show that outbreaks in Pteropus bats are
driven by increased population density, loss of immunity over
time, and viral recrudescence, resulting in multiyear interepizootic periods. Incidence is low, but bats carry NiV across
Bangladesh and can shed virus at any time of year, highlighting
the importance of routes of transmission to the timing and
location of human NiV outbreaks.
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in people and livestock with high case-fatality rates across a
broad geographic range. To date, human NiV infections have
been identified in India, Bangladesh, Malaysia, Singapore, and
the Philippines (14–18). It has caused repeated outbreaks in
Bangladesh and India, with a mean case-fatality rate greater than
70% (14, 19, 20). A single genus of frugivorous bats (Pteropus)
appears to be the main reservoir for henipaviruses throughout
Asia and Australia (21–25). This includes Pteropus medius [formerly Pteropus giganteus (26)], the only pteropid bat present in
Bangladesh and India (16, 27–30). NiV has several characteristics that make it a significant threat to human and animal health:
1) Its bat reservoir hosts are widely distributed throughout Asia

utbreaks of zoonotic diseases are often sporadic, rare events
that are difficult to predict, but can have devastating consequences (1). Emerging viral zoonoses of wildlife that have become
pandemic include HIV/AIDS, 1918 H1N1 influenza virus, severe
acute respiratory syndrome (SARS) coronavirus, and the current
COVID-19 pandemic caused by SARS-CoV-2 (2–5). Bats are important hosts for many zoonotic viruses, including Ebola virus,
SARS-CoV, SARS-CoV-2, and Nipah virus (NiV); the ecological
drivers and transmission dynamics of these viruses in their reservoir
hosts are poorly understood (6–12). A better understanding of the
transmission dynamics of zoonotic pathogens in their natural reservoirs may help anticipate and prevent outbreaks (10, 13).
NiV is an emerging zoonotic paramyxovirus (genus Henipavirus) that has repeatedly spilled over from bats to cause outbreaks
www.pnas.org/cgi/doi/10.1073/pnas.2000429117
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and occur within dense human and livestock populations, leading
to widespread frequent spillover events and outbreaks; 2) it can
be transmitted directly to humans by bats or via domestic animals; 3) it can be transmitted from person to person; 4) spillover
has repeatedly occurred in highly populous and internationally
connected regions; 5) it is associated with high mortality rates in
people; and 6) there are currently no commercially available
vaccines to prevent infection or drugs to mitigate disease
(31–33). As a result, the World Health Organization has listed
NiV in its R&D Blueprint as one of the 10 highest-priority
pathogens for the development of medical countermeasures
due to its potential to cause significant outbreaks (34). In May
2018, an outbreak of NiV encephalitis with a 91% mortality rate
occurred in a new location—Kerala, India—more than 1,200 km
southwest of previous Indian and Bangladeshi outbreaks (35). A

single case was subsequently reported in Kerala in 2019, and
while local P. medius populations have been implicated as the
local source of infection, the route of spillover in both instances
remains unknown (35, 36).
In Malaysia and Bangladesh, consumption of cultivated food
resources contaminated with bat excreta, such as mangoes in
Malaysia and date palm sap in Bangladesh and northeastern
India, have been identified as the predominant cause of spillover
to pigs and people, respectively (37). Human outbreaks occur
almost annually in Bangladesh, and the seasonal timing (November to April) and spatial distribution of outbreaks coincide
with patterns of raw date-palm-sap consumption in a region
termed the “Nipah belt” (38). However, there is variability in the
geographic locations and number of spillover events, as well as
the number and magnitude of human outbreaks that occur

Fig. 1. Map showing age-stratified seroprevalence in P. medius colonies, Bangladesh. Bats from eight colonies were sampled and tested for anti-NiV IgG
antibodies: four within the “Nipah belt” (orange shaded) and four outside. Seroprevalence of adults (A), juveniles (J), and total seroprevalence (T) are shown
with 95% CI error bars. The shaded region represents the “Nipah belt,” where previous human NiV outbreaks have been reported.
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Comparative Nipah Seroprevalence and Virus Infection Study in Bats
Inside and Outside the Nipah Belt and Concurrent Longitudinal Bat
Study Inside the Nipah Belt. In a cross-sectional spatial study

conducted between January 2006 and July 2012, we caught and
tested 883 P. medius (∼100 per district) from eight colonies in
different districts across Bangladesh. We detected anti-Nipah
Epstein et al.

immunoglobulin G (IgG) antibodies in all colonies (Fig. 1). Seroprevalence varied by location (χ2 = 55.61, P < 0.001). In most locations, adult seroprevalence exceeded juvenile seroprevalence; in
Tangail and Rajbari, seroprevalence was similar across ages. Viral
detection in individuals was rare; overall, we detected NiV RNA in 11
of 2,088 individuals and in three pooled oropharyngeal samples
(representing five bats, but which could not be resolved to an individual) (Table 1). We detected viral RNA in individual bats in Faridpur and Rajbari and from pooled samples from Thakurgaon and
roost urine samples from Cumilla. Of the 11 PCR-positive individuals, three had IgG antibodies (SI Appendix, Table S1). We also
detected virus in pooled urine collected from tarps placed below bats
at roosts associated with human outbreaks in Bhanga and Joypurhat.
The viral prevalence in Rajbari in January 2006 was 3.8% (95% CI:
0 to 11%; n = 78). In Faridpur, which is adjacent to Rajbari and
where we conducted an intensive longitudinal study (see below), viral
prevalence estimates ranged from 0 to 3% (95% CI: 0 to 10%; n =
100 at each of 18 sampling times) (Table 1). NiV RNA was detected
in bats from inside (Rajbari, Thakurgaon, and Faridpur) and outside
(Cumilla) the Nipah Belt. There was no significant difference between NiV detection rates from individual bats by the two main
sample types: urine/urogenital swabs, 0.37% (n = 2,126) and oropharyngeal swabs, 0.15% (n = 1973) (χ2= 1.92 P = 0.17). The estimated detection rate from pooled urine samples, collected from tarps
placed underneath roosts) across the entire study was 2.5% (n = 829),
which was significantly higher than either sample type collected from
individual bats (χ2 = 55.6, P < 0.001).
Factors Associated with NiV IgG Serostatus in P. medius. There was
no statistical difference between seroprevalence in bats inside
the Nipah Belt and outside (95% odds ratio [OR] 1.2, highest
posterior density interval [HDPI] 0.47 to 3.1). Adults had higher
seropositivity than juveniles (OR 2.4, 1.7 to 3.6 HDPI), and
males greater than females (OR 1.6, 1.0 to 2.4 HDPI) (Fig. 2).
There was weak evidence that seroprevalence was higher in pupcarrying (OR 4.0, HDPI 0.6 to 34) and pregnant (1.5 times,
HDPI 0.85 to 2.8) individuals than other females. Neither mass,
forearm length, nor the mass:forearm ratio (a proxy for age)
consistently correlated with seropositivity. However, bats with
poor body condition (an assessment of pectoral muscle mass by
palpation) were less likely to be seropositive (poor/fair body
condition OR = 0.69, HDPI 0.49 to 0.96). Finally, serostatus was
strongly correlated in mother–pup pairs; 39 of 41 pups with seropositive mothers were seropositive, and 32 of 39 pups with
seronegative mothers were seronegative.
Longitudinal NiV Serodynamics in P. medius, Faridpur District (2006 to
2012). We sampled bats quarterly from a single population in the

Faridpur district between 2007 and 2012 (total bats sampled =
2,789). We also microchipped a total of 2,345 bats. We used
generalized additive models (GAMs) to characterize changes in
NiV seroprevalence over time. There were significant fluctuations in adult (>24 mo) and juvenile (6 to 24 mo) seroprevalence
over the 6-y study period (Fig. 3A). Juvenile seroprevalence
ranged from 0 to 44% (95% CI: 37 to 51%), and decreased over
the first year of life for bats born in each year (“yearlings”),
consistent with loss of maternal antibodies in juveniles. A more
pronounced decrease occurred from mid-October to midDecember than other parts of the year. However, the GAM indicating this had only slightly better fit (ΔAIC [ΔAkaike information criterion] < 1) than one with a linear decrease over the
whole year (Fig. 3B).
Adult seroprevalence ranged from 31% (95% CI: 20 to 46%)
to 82% (95% CI: 77 to 87%) with three cycles of clear variability
over the course of the study (Fig. 3A). We found no evidence of
regular seasonal fluctuations; a GAM with annual cyclic terms fit
worse than one without (ΔAIC > 10). Viral RNA was detected
during periods of increasing, decreasing, and stable seroprevalence.
PNAS Latest Articles | 3 of 12
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each year (39, 40). Spillover has also occurred outside the predominant season and region of date-palm-sap consumption (41).
Whereas no human outbreaks have been reported in eastern
Bangladesh, despite date-palm-sap harvesting and consumption,
human outbreaks have been reported in Kerala, India, where
date-palm sap is not cultivated (38). These observations suggest
an alternate route of spillover in certain locations and a critical
need to understand the mechanisms of underlying viral infection
dynamics in bats and the extent of genetic diversity within the
virus—each of which may influence the timing, location, and
epidemiology of human outbreaks (38).
Previous research on the transmission dynamics of NiV and
Hendra virus in Pteropus species (spp.) has produced mixed, and
sometimes contradictory, findings. NiV, like Ebola, Marburg,
Hendra, and some bat coronaviruses, is associated with seasonal
spikes in infection that coincide with annual or semiannual
synchronous birth pulses (21, 42–48). Seasonal periods of NiV
shedding were observed in Pteropus lylei in Thailand, and seasonal spikes in NiV (or a related henipavirus) seroprevalence
coinciding with pregnancy periods were observed in Eidolon
dupreanum in Madagascar (49, 50), but not in Pteropus vampyrus
or Pteropus hypomelanus in Peninsular Malaysia (25). Hendra
virus prevalence in Australian pteropid bats has shown multiyear
interepizootic periods, during which little virus can be detected,
followed by periods of markedly increased viral shedding
(51–53). It has been hypothesized that multiyear periodicity in
the incidence of henipavirus infections could arise from a
buildup and waning of herd immunity in the reservoir host, with
reintroduction of virus via immigration, recrudescence, or viral
persistence (11, 54–56).
There is a paucity of data related to henipavirus-associated
immune dynamics in free-ranging pteropid bats, including the
duration of immunity in adults and juveniles, which limits our
understanding of population-level viral dynamics. Experimental
infections of Pteropus bats with Hendra virus and NiV show that
bats mount an antibody response following infection with Hendra virus and NiV (57–59). Waning of anti-NiV antibodies was
observed in recaptured wild Eidolon helvum, a bat related to
Pteropus spp., in Madagascar (60). Passive transfer and waning of
maternal antibodies also occurred in captive Pteropus species,
and, along with loss of immunity in adults, could contribute to
the loss of herd immunity in wild populations (61). Some pteropid bat species are migratory, and interconnected colonies form
a metapopulation, which could allow for viral reintroductions
into susceptible colonies (10, 25, 62, 63). In addition, NiV recrudescence has been observed in wild-caught P. vampyrus and
possibly also in E. helvum (64–66). Either of these phenomena
could allow NiV to persist regionally during periods of high local
immunity. However, no study has yet shown evidence in open,
free-ranging bat populations that examines the influence of these
factors on NiV transmission dynamics.
Here, we examine the distribution, dynamics, genetic diversity,
and underlying drivers of NiV infection in P. medius in Bangladesh to improve our understanding of human outbreak patterns.
Specifically, we analyze the spatial, temporal, and demographic
variation in serological dynamics and viral shedding in bats over
a 6-y period to determine the spatiotemporal drivers and dynamics of virus transmission. We also analyze the movement
patterns of individual bats and analyze NiV phylogenetics to
understand patterns of spatial mixing and virus strain diversity.

Table 1. PCR detection of NiV RNA in P. medius 2006 to 2012
Location

Date

Bats
tested

Throat swabs
tested

Spatial study
Rajbari
Jan-06
99
Thakurgaon Mar-07
118
Kushtia
Aug-07
101
Tangail
Jun-08
100
Chattogram Aug-06
115
Cumilla
May-08
100
Sylhet
Sep-08
100
Khulna
Jan-09
100
Cumilla
Mar-11
50
Longitudinal study
Faridpur
Jul-07
102
Faridpur
Dec-07
101
Faridpur
Apr-08
100
Faridpur
Jul-08
100
Faridpur
Jul-08
100
Faridpur
Feb-09
100
Faridpur
May-09
101
Faridpur
Aug-09
100
Faridpur
Nov-09
100
Faridpur
Feb-10
100
Faridpur
Jun-10
100
Faridpur
Sep-10
100
Faridpur
Jan-11
100
Faridpur
May-11
102
Faridpur
Aug-11
100
Faridpur
Dec-11
100
Apr-12
100
Faridpur
Faridpur
Jul-12
100
Faridpur
Nov-12
100
Total
2,789
Outbreak investigation
Pooled roost urine samples n = no.
Bangha
Feb-10
Joypurhat
Jan-12
Rajbari
Dec-09
West Algi
Jan-10

Throat swabs
positive

Urine
tested

Urine
positive

Rectal swabs
tested

Rectal swabs
positive

Bats
positive

Prevalence

±95% CI

79
115
100
61
19
0
100
50
50

3
3*
0
0
0
0
0
0
0

78
72
99
77
—
50
49
80
50

0
0
0
0
—
0
0
0
0

79
—
—
—
—
—
—
—
—

1
—
—
—
—
—
—
—
—

3
unk.
0
0
0
0
0
0
0

0.04
0.00
0.00
0.00
—
—
0.00
0.00
0.00

0.11
—
—
—
—
—
—
—
—

64
N/A
64
58
98
50
100
100
100
100
100
100
100
102
100
100
78
100
100
2,088

0
N/A
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
6

50
N/A
88
74
99
100
99
99
82
100
100
100
100
102
100
100
78
100
100
2,126

0
—
0
0
0
1
2
0
1
0
3
0
0
1
0
0
0
0
0
8

—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
79

—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
1

0
0
0
0
0
1
2
0
1
0
3
0
0
1
0
0
0
0
0
11

0.00

pos.
19
19
35
31

3
16†
0
0

0.00
0.00
0.00
0.01
0.02
0.00
0.01
0.00
0.03
—
0.00
0.01
—
—
—
—
0.005

0.10
0.10
0.11
0.10

0.10

0.02
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Unk., unknown.
*NiV RNA was detected in three pooled oropharyngeal samples, confirmed by sequencing, although confirmation from individual samples could not be
made. These data are not used in prevalence estimates.
†
Detection by qPCR, Ct ranges 20 to 38.

We fitted a series of age-stratified compartmental susceptible–
infected–recovered models to examine different biological processes
influencing serodynamics, including density- vs. frequency-dependent
transmission, recrudescence vs. immigration of infected individuals,
and seroreversion (loss of antibodies) in both juveniles and adults
(Methods and Fig. 4). Density-dependent models were a far better fit
to the data than frequency-dependent models (difference in loglikelihood 10.0; ΔAIC = 20.0), suggesting that movements of bats
and fluctuations in colony size alter spatiotemporal variation in the
risk of NiV infection in bats. In Faridpur (“Domrakhandi/Khaderdi”
in SI Appendix, Fig. S1) during the period of sampling, the roost
population declined from ∼300 bats to 185, which decreased transmission potential in the fitted model: R0 in adult bats was estimated
to decrease from 3.5 to 2.1 as the number of bats in the colony decreased. As a result, over the 6-y study period, the fitted model
predicted that the threshold for herd immunity (i.e., the seroprevalence below which the reproductive ratio Rt > 1) for adults fell from
72% (when bat counts were highest—in 2006) to 52% (when bat
counts were lowest).
4 of 12 | www.pnas.org/cgi/doi/10.1073/pnas.2000429117

The fitted model suggests that serodynamics in juveniles were
strongly driven by inheritance and loss of maternal antibodies.
The estimated duration of maternal antibodies was 17.6 wk (95%
CI: 13.7 to 25.0), which was much quicker than the loss of antibodies in adults (290.8 wk, 95% CI: 245.0 to 476.4) (SI Appendix, Table S2). Finally, models with recrudescence fit the data
better than models without recrudescence (SI Appendix, Table
S2; difference in log-likelihood 32.6; ΔAIC = 65.1), and models
with recrudescence fit the data better than models with immigration (ΔAIC = 3.76).
Mark–Recapture and Seroconversion/Seroreversion. There were 56
recapture events over the study period (SI Appendix, Table S3).
Thirty-one bats were recaptured at a nearby roost other than the
original capture location. This network of roosts, or “roost
complex,” formed a polygon covering ∼80 km2 and included 15
roosts sampled during the longitudinal study (SI Appendix, Fig.
S2 A and B). Ten instances of seroconversion (change from IgGnegative to IgG-positive) and nine instances of seroreversion
(positive to negative) were observed (SI Appendix, Table S3).
Epstein et al.

Fig. 2. Results of Bayesian generalized linear model of factors affecting
Nipah serostatus in bats in cross-sectional study. Bars indicate ORs and 50%
(inner) and 95% (outer) credible intervals for model parameters. Factors with asterisks (*) have 95% CIs that do not overlap one. Model intercept (predicted
probability of seropositivity for a juvenile, female bat outside the Nipah belt of
mean size and good body condition) was 0.26 (95% CI 0.12 to 0.56).

The mean time between positive and negative tests in adults
(excluding juveniles with maternal antibodies) was 588 d (n = 6)
(range: 124 to 1,082 d).
Home Range and Intercolony Connectivity Analysis. Home-range
analysis of satellite telemetry data from 14 bats (mean duration
of collar data transmission = 6.25 mo; range = 1 to 25 mo; SI Appendix, Table S4) showed that the majority of bats roosted within
10 km of where the bats were originally collared, in the Faridpur
(Nipah belt) colony, and within 7 km from where the bats in the Cox’s
Bazaar colony were originally collared (315 km east of Faridpur). The
average foraging radius was 18.7 km (SD 21.5 km) for the Faridpur
bats and 10.8 km (SD 11.9 km) for the Cox’s Bazaar bats (SI Appendix, Fig. S2). Home range analysis suggests that bats in Faridpur
and Cox’s Bazar (separated by approx. 310 km) would have a <5%
probability of intermingling (Fig. 5). Home-range size was larger
during the wet season than the dry season (2,746 km2 vs. 618 km2) (SI
Appendix, Figs. S3 and S4).
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NiV Phylogenetic Analysis. Phylogenetic analysis of NiV sequences

from a 224-nt section of the N gene (nt position 12,90 to 1,509
[position ref gb|FJ513078.1| India]) suggests that strains from
both India and Malaysia clades are present in bats in Bangladesh
(Fig. 6). This finding was supported by an additional analysis of
near-whole N gene sequences (∼1,720 nt) from bats, pigs, and
humans, including those from a subset of P. medius from this and
a more recent study by our group (SI Appendix, Fig. S5) (67).
Eleven 224-nt N gene sequences obtained from bats between
2006 and 2012 (all from the Faridpur population) were identical.
Overall, the N gene sequences identified from the Faridpur,
Rajbari and Bhanga colonies between 2006 and 2011 had 98.21
to 100% shared nucleotide identity. Sequences from Rajbari
district obtained 5 y apart (January 2006 and January 2011) had
only a single nucleotide difference, resulting in a synonymous
substitution (G to A) at position 1,304, which was found in four
other bat NiV sequences from this study, as well as in the NiV
isolate from P. vampyrus in Malaysia. Five human NiV N gene
sequences from various locations within the Nipah belt over the
same time period as our bat study show more nucleotide diversity
than those from the Faridpur P. medius population. Human sequences throughout Bangladesh and from Kerala, India, all
nested within the diversity found in P. medius (Fig. 6). By contrast, the sequences found in P. medius from Cumilla, a location
150 km to the east of Faridpur, showed 80.8 to 82.59% shared nucleotide identity with sequences from P. medius in Faridpur and
Epstein et al.

Discussion
Our findings suggest that NiV circulation occurs in bat populations throughout the country. We observed that virus can be
shed by bats at any time of year and that viral dynamics are
cyclical, but not annual or seasonal. Our models fit to serological
data suggest that these cycles may be driven by demographic and
immunological factors; the waning of herd immunity through
turnover or individual waning in bat populations allows heightened viral transmission when seroprevalence passes below a
critical threshold. Previous studies from Bangladesh suggested
that human NiV outbreaks occur primarily within a defined region in western Bangladesh, termed the “Nipah belt,” during a
defined season (November through April) (41, 68). These observations raised the question of whether the timing and location
of human infections are due solely to differences in the frequency and intensity of date-palm-sap consumption, or whether
ecological factors such as the distribution and timing of bat viral
infection also play a role (19, 38, 69). Our extensive survey of P.
medius, which is common across Bangladesh and throughout the
Indian subcontinent, demonstrates that viral circulation within
their populations is not limited to the Nipah belt (16, 27, 30).
A number of mechanisms have been proposed for the maintenance of acute viral infections in bat populations, which are
often formed of interconnected colonies, including synchronous
birthing and subsequent loss of maternal antibodies (11, 43, 45);
lowered immunity within pregnant females due to stress; nutritional stress and other factors (47); immigration of infected individuals from other colonies (62, 70, 71); and recrudescence
within previously infected individuals (11, 64, 72). However, little
is known about how henipaviruses are transmitted among wild
bats. Pteropus species are typically gregarious and their roosts,
often comprising multiple hardwood trees, and are highly socially
structured, with individuals segregated by age, sex, and social
dominance (69, 73, 74). Interactions among individuals are often
dependent on their grouping, and the intensity of social interactions varies with specific behaviors such as mother–pup interactions, play (juveniles), territorial fighting (adult males), and
mating (adults) (74). Our data and previous experiments show
that henipaviruses can be shed orally, urogenitally, in feces, and
in birthing fluids (59, 75). This suggests that multiple mechanisms for transmission are possible, including mutual grooming,
fighting, mating, exposure to excreta or birthing fluids, and ingestion of food contaminated by saliva. Roost size also increases
seasonally during mating and birthing periods, which the fitted
models suggest would increase transmission, if seroprevalence is
below the herd-immunity threshold (30, 73). While P. medius
does not roost with other bat species, it does feed with other
frugivorous bats, and it’s possible that interspecies viral transmission occurs during feeding (76, 77). In Madagascar, henipavirus antibodies have been detected in multiple species of
frugivorous bats, though it is unknown whether the same virus or
antigenically related viruses was shared among them (60). While
serological evidence suggests that it is possible henipaviruses
circulate in other frugivorous bat species, our findings, as well as
those of others (16, 59), suggest that in Bangladesh, P. medius is
the main natural reservoir for NiV. Henipaviruses other than
Nipah may be circulating in P. medius (28). We assumed that the
anti-IgG antibodies detected by the serological assays used in
this study were specific to NiV, but it is possible that the enzymelinked immunosorbent assay (ELISA) used in the cross-sectional
study may have detected antibodies against unknown henipaviruses, which could elevate NiV seroprevalence estimates. An
advantage of the Luminex assay used in the longitudinal study is that
we could compare median fluorescent intensity (MFI) values to
PNAS Latest Articles | 5 of 12

POPULATION
BIOLOGY

clustered within the Malaysia group of NiV sequences. The two
Cumilla sequences were identical to each other and had up to 87.95%
shared nucleotide identity to sequences from P. lylei in Thailand.
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Fig. 3. Serodynamics of the Faridpur bat population, measured and fit to a GAM. (A) Adult seroprevalence over time, with measured values and 95% CI in
blue and mean GAM prediction and 95% shown with line and surrounding shaded areas. Point from February 2006 (purple) is shown separately due to ELISA
vs. Luminex measure. Periods of significant change (where GAM derivative 95% does not overlap zero) are shown in red (increasing) and green (decreasing).
Periods of increase indicate viral-circulation events in the adult population; these do not occur with consistent periodicity or seasonality. Counts of primary
human cases from local district (dark gray) and bat viral detections (orange; Table 1) are shown on bottom for comparison. (B) Juvenile seroprevalence during
the first year of life (“yearlings”). All years’ measurements are collapsed onto the scale of a single year overlain to show yearling dynamics. Measured values
and 95% CIs are shown in blue, and mean and 95% CIs for the GAM model pooled across cohorts are shown with line and surrounded shaded areas. GAM
realizations for individual years are in gray and overall effect in black. The period of significant decline in the GAM is shown in red. Juvenile seroprevalence
decreases over the course of the year and is not distinguishable from a simple linear decrease (ΔAIC < 1, dotted line).

multiple specific henipaviruses (Nipah, Hendra, and Cedar) and
differentiate between specific reactions to NiV and reactions to the
other viruses, which could indicate antibodies against an unknown
henipavirus. Hendra and Cedar viruses are enzootic in Australian
Pteropus spp. and are not known to occur in Bangladesh, so we
considered reactions to these viruses NiV-negative results.
Our modeling indicates that NiV is primarily driven by immunity and density-dependent transmission dynamics among
bats, with cycles of higher seroprevalence dampening intracolony
transmission followed by waning of antibody titers within individuals and death of seropositive individuals. Waning humoral
immunity against NiV has been consistently shown in henipavirus studies of African pteropodid bats (56, 60). Our recapture
data provided reported evidence of the loss of detectable NiV
IgG antibodies in individual free-ranging bats, which supports
the fitted model suggesting limited duration individual immunity
and the importance of population-level waning immunity. The
consistently decreasing seroprevalence that we observed in juveniles suggests that they lose maternal antibodies over their first year
(the fitted model estimates after 3 to 5 mo), consistent with other
studies of maternal antibodies against henipaviruses in pteropodid
6 of 12 | www.pnas.org/cgi/doi/10.1073/pnas.2000429117

bats (47, 56, 61, 65). Our analysis do not support the hypothesis (45)
that seasonal pulses of these new seronegative individuals are sufficient to drive new outbreaks because high seroprevalence in adults
limited transmission in several years (Fig. 4).
NiV reintroduction into a colony may occur from a persistently infected individual (e.g., via recrudescence) or immigration of an infected individual. Our analyses suggested that
recrudescence was a more important driver of transmission dynamics than immigration. Recrudescence of henipavirus infection has been observed for NiV in captive P. vampyrus (64), for
henipavirus in captive E. helvum (56, 66), and humans infected
by NiV (78) and Hendra virus (79). It is difficult to know from
serology alone whether wild-caught seronegative bats had been
previously infected. Experimental infections comparing naïve to
previously infected P. medius that have sero-reverted would
provide a better understanding of how humoral immunity influences individual susceptibility to infection and inform dynamics models attempting to explain viral maintenance within
bat populations (60).
Our longitudinal study was limited to a single population of
interacting subcolonies and bat populations across Bangladesh
Epstein et al.
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likely represent a dynamic metapopulation. Our roost count data
and recapture data from microchipped bats showed how roost
sizes can fluctuate and that bats shift among local roosts. The
fitted model strongly suggested that decreases in local roost
counts substantially reduced local transmission potential of NiV.
However, a larger study across multiple regional populations
would be needed to understand how local shifts in bat colonies
impact broader fluctuations in regional populations and spatial
patterns of NiV transmission.
Understanding how bat populations connect across landscapes
is important for understanding viral maintenance, and studying
local and migratory bat movements can provide important ecological information related to viral transmission, including how
bats move between different colonies (62, 80). Our satellite telemetry data suggest that P. medius exists as a metapopulation,
like other pteropid species (11, 71). The numbers of individuals
we collared represents a small sample size; however, they are
comparable to other bat satellite telemetry studies of related
species, and our data suggest that bat dispersal in Bangladesh
may currently be more localized than other species elsewhere. P.
medius appear to travel shorter distances and remain within a
smaller home range (321.46 and 2,865.27 km2 for two groups)
than P. vampyrus in Malaysia (64,000 and 128,000 km2) and
Acerodon jubatus in the Philippines, both of which are similarly
sized fruit bats (62, 81). Pteropodid bat migration is primarily
driven by seasonal food-resource availability (63, 82–84). In
Bangladesh, P. medius prefer to roost in human-dominated environments in highly fragmented forests, as opposed to lesspopulated, intact forested areas, such as in national parks (85).
The conversion of land to villages and farmland over recent
human history has likely led to increased food availability for P.
medius and may have reduced the impetus for long-distance
migration (37). This may reflect a similar adaptation to anthropogenic food resources, as observed over the last few decades in
Australian Pteropus species (71). Home ranges were significantly
smaller during the dry season, which corresponds to winter
months and the time when most female bats are pregnant, likely

Fig. 5. Satellite telemetry and home-range analysis. Location data from satellite
collars (n = 14) placed on 11 bats from Faridpur and 3 bats from Cox’s Bazaar,
Chattogram, collected between 2009 and 2011 were used to calculate local and
long-range movement patterns and home range for these two groups.

Epstein et al.
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Fig. 4. Longitudinal data and fitted model for NiV serological dynamics in
adult and juvenile bats. Red and black points show observed data (±1 SE),
and solid lines show the fitted model (thick lines show the trajectory for the
model with maximum-likelihood parameter estimates; thin lines show realizations for parameter estimates drawn from the estimated distributions) for
the fraction of adults and juveniles seropositive for NiV (left axis), and the
model-estimated number of infected adult and juvenile bats (bottom and
right axes). See Methods for details of model structure.

resulting in them flying shorter distances to conserve energy.
Genetic analysis of P. medius across Bangladesh has shown that,
historically, there has been extensive gene flow and intermixing
among populations, and we did observe a few instances of
longer-distance flights; however, the movement data indicated
that, overall, these bats had much smaller home ranges (80). Less
connectivity among bat populations across Bangladesh may influence NiV transmission by creating longer interepizootic periods and larger amplitude fluctuations in population-level
immunity in P. medius compared to more migratory species (71).
Bat movement and population connectivity may also influence
the genetic diversity of NiV found in different locations.
The potential existence of a more transmissible or pathogenic
strain of NiV already circulating in bats further underscores the
need to strengthen efforts to prevent spillover. While the overall
strain diversity among NiV has not been well characterized due
to a dearth of isolates, two distinct NiV clades have been described: a Bangladesh clade, that includes sequences identified in
India and Bangladesh; and a Malaysian clade, that comprises
sequences from Malaysia, Cambodia, The Philippines, and
Thailand (18, 67, 86). Our findings of substantially different NiV
sequences in Faridpur and Cumilla suggest that viruses from
both clades are circulating in Bangladesh. Strains of NiV from
these two clades are associated with differences in pathogenesis,
epidemiological and clinical profiles in humans and animal
models, and observed shedding patterns in bats (49, 87–91).
Phenotypic variation in NiV could influence human outbreak
patterns by altering transmission to, or pathogenesis in, humans
and the likelihood of smaller outbreaks being identified or
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Fig. 6. NiV partial N-gene phylogeny (224 nt). Phylogenetic neighbor-joining tree created in Geneious Prime 2019 using a Tamura-Nei model with 1,000 bootstrap
replicates and Hendra virus as an outgroup is shown. Branch lengths are shown as the number of substitutions per site. Sample collection date, location, and GenBank
accession numbers are included in the label for each sequence, except P. medius sequences we collected (GenBank accession nos. MK995284–MK995302). Blue labels
indicate bat sequences from Faridpur and Bhanga (an outbreak response in Faridpur). Purple sequences are from P. medius from other roosts sampled during the longitudinal study. Red sequences are from P. medius in Cumilla. Green sequences are human NiV sequences from Bangladesh and India.

reported (92). Human-to-human NiV transmission via contact
with respiratory and other secretions has been regularly observed
in Bangladesh and India, including the recent 2018 outbreak in
Kerala (14, 68, 93), whereas transmission among people was not
a common feature of the Malaysia outbreak, despite close contact between cases and health care providers (94, 95). NiV cases
in Bangladesh have shown more strain diversity than in the
Malaysia outbreak, which could be due to greater virus diversity
in P. medius (96).
Until now, there have been very few Nipah sequences obtained
from P. medius. We found that Nipah N-gene sequences from bats
from the Faridpur population were nearly identical over time,
compared to variation in N-gene sequences from bats and humans
from other locations observed over the same time period (2006 to
2010). This suggests that there may be locally prevalent and stable
NiV genotypes that persist within bat colonies. Human NiV genotype diversity is likely a reflection of the diversity of the NiV
strains in the local bats that seed outbreaks (10). This is also
supported by viral sequences obtained from humans and bats associated with the 2018 NiV outbreak in Kerala, India, where human NiV sequences were most closely related to local P. medius
sequences (97).
8 of 12 | www.pnas.org/cgi/doi/10.1073/pnas.2000429117

Connectivity of pteropid bats in Bangladesh with those in
Southeast Asia could explain the observed strain diversity in our
study. Historical interbreeding of P. medius with pteropid species
found in Myanmar, Thailand, and Malaysia and our telemetry
findings showing bats are capable of flying hundreds of kilometers could explain the presence of a Malaysia clade NiV sequence in bats from Cumilla (80). NiV Bangladesh strains have
also been found in P. lylei in Thailand (98). The N gene of the
Cumilla NiV strain differs from those reported from bats in the
Nipah belt by 20%, whereas NiV Malaysia and NiV Bangladesh
differ by only 6 to 9% and are associated with different clinical
profiles. Whole-genome sequence would have allowed for better
characterization of the Cumilla strain; however, this was not
obtained. Despite the short sequences used in our analysis, the N
gene is generally conserved relative to other genes and is representative of the diversity across henipavirus genomes (86). We
would expect the rest of the Cumilla viral genome to also be
highly divergent, potentially even qualifying it as a different
henipavirus species. It is, therefore, plausible that the clinical
profile of a 20% divergent Nipah-related virus differs significantly from known strains. Sequence information from an isolated human NiV case in Cumilla has not been reported, so
comparison to the sequence we found in bats was not possible
Epstein et al.
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target interventions that reduce spillover, substantially improving
our ability to reduce the risk of a more transmissible strain of
NiV emerging and causing a large-scale epidemic with significant
human and animal mortality.
Methods
The study period was between January 2006 and November 2012. The study
was conducted under Tufts University Institutional Animal Care and Use
Committee protocol G929-07 and International Centre for Diarrhoeal Diseases Research, Bangladesh (ICDDR,B) Animal Experimentation Ethical
Committee Protocol 2006-012 with permission from the Forest Department,
Government of Bangladesh. Locations were selected based on whether the
district had any previously recorded human NiV encephalitis clusters at the
time of this study and was therefore inside the Nipah Belt (e.g., Rajbari,
Tangail, Thakurgaon, and Kushtia) or whether they had not and were outside the Nipah Belt (e.g., Cumilla, Khulna, Sylhet, and Chattogram). The
Thakurgaon study was conducted as part of an NiV outbreak investigation
and coincided with ongoing human transmission (102). Between 2006 and
2012, three different studies of P. medius with similar bat-sampling protocols were performed: 1) a cross-sectional spatial study with a single sampling
event in each of the eight locations listed above; 2) a longitudinal study of a
Faripur bat colony with repeated sampling approximately every 3 mo from
July 2007 to November 2012; and 3) a longitudinal study of the Rajbari
colony with repeated sampling at a monthly interval between 12 mo period
between April 2010 and May 2011. Opportunistic sampling of P. medius was
also performed during this time period during NiV outbreak investigations
(Bangha, Faridpur [February 2010], Joypurhat [January 2012], Rajbari [December 2009], and West Algi, Faridpur [January 2010]). Bats were captured
using mist nets at locations within eight different districts across Bangladesh
between January 2006 and December 2012 (Fig. 1).
Capture and Sample Collection. For the country-wide cross-sectional and
Faridpur longitudinal study, ∼100 bats were sampled at each sampling
event, which lasted 7 to 10 d. This sample size allowed us to detect at least
one exposed bat (IgG antibody-positive) given a seroprevalence of 10% with
95% confidence. Bats were captured using a custom-made mist net of
∼10 m × 15 m suspended between bamboo poles, which were mounted atop
trees close to the target bat roost. Catching occurred between 11 PM and 5
AM as bats returned from foraging. To minimize bat stress and chance of
injury, nets were continuously monitored, and each bat was extracted from
the net immediately after entanglement. Personal protective equipment
was worn during capture and sampling, which included dedicated longsleeve outerwear or Tyvek suits, P100 respirators (3M), safety glasses, nitrile gloves, and leather welding gloves for bat restraint. Bats were placed
into cotton pillowcases and held for a maximum of 6 h before being released at the site of capture. Bats were sampled at the site of capture using a
field laboratory setup. Bats were anesthetized by using isoflurane gas (103),
and blood, urine, oropharyngeal swabs, and wing-membrane biopsies (for
genetic studies) were collected. For some sampling periods, rectal swabs
were collected, but due to resource constraints, these samples were deemed
to likely be lower-yield than saliva and urine for NiV and were discontinued
during the study. For each bat sampled, we recorded age, weight, sex,
physiologic and reproductive status, and morphometric measurements, as
described (27). Bats were classified as either juveniles (approximately 4 to 6
mo—the age by which most pups are weaned) to 2 y old (the age when most
Pteropus species reach sexual maturity) or adults (sexually mature) based on
body size and the presence of secondary sexual characteristics, pregnancy, or
lactation—indicating reproductive maturity (27, 104).
Up to 3.0 mL of blood was collected from the brachial vein and placed into
serum tubes with serum clot activator (Vaccutainer). Blood tubes were stored
vertically on ice packs in a cold box, and serum was allowed to separate
overnight. Serum was drawn from the tube after 24 h, placed in a screw-top
cryovial (Corning), and stored in a liquid nitrogen dewar (Princeton Cryogenics).
Sterile pediatric swabs with polyester tips and aluminum shafts were used to collect
urogenital and rectal samples, and larger polyester swabs with plastic shafts (Fisher)
were used to collect oropharyngeal samples. All swabs were collected in duplicate,
with one set being placed individually in cryotubes containing lysis buffer (either
trireagent or NucliSENS Lysis buffer; BIOMERIEUX) and the second set in viral
transport medium (VTM). All tubes were stored in liquid nitrogen in the field and
then transferred to a −80 °C freezer.
During each sampling event, pooled urine samples were collected beneath
bat roosts using polyethylene sheets (2′ × 3′) distributed evenly under the
colony between 3 AM and 6 AM. Urine was collected from each sheet either
by using a sterile swab to soak up droplets or a sterile disposable pipette.
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(41). Studies linking viral genotype to clinical outcomes in people would provide additional insight into the effect of strain diversity in bats on the potential for larger-scale human outbreaks.
Our study sheds light on the sporadic nature of human NiV
outbreaks, with multiyear interepizootic periods in South Asia.
PCR results show that overall NiV incidence in P. medius is low,
consistent with previous studies of Hendra virus and NiV (25, 47,
52). The fitted model suggests that transmission increases when
bat populations have become susceptible through waning immunity (11). In the current study, observed seroprevalence patterns
and the fitted model suggest that three periods of transmission
occurred over the 6 y of sampling, each of which followed periods
of low adult and juvenile seroprevalence. Viral detection in bats
has coincided with some human outbreaks, supporting the hypothesis that spillover is a sporadic event (67, 97). In our study
periods, low seroprevalence in bats was not always followed by
outbreaks in humans. We detected NiV RNA during periods of both
increasing and high seroprevalence, consistent with recrudescence,
which was strongly supported by the fitted model and has been
demonstrated in captive animals (64–66). This likely contributes to
the sporadic variation in human outbreaks (e.g., spillover events)
from year to year in Bangladesh.
Overall, our results suggest that NiV outbreaks in humans
stem from an interaction of four factors: 1) multiyear fluctuations in transmission intensity among bats driven by immunity
and colony size/density-dependent transmission; 2) relatively
localized bat movements creating spatially variable transmission
dynamics; 3) occasional shedding by previously infected bats due
to recrudescence; and 4) highly seasonal contact between bats and
humans via consumption of raw date-palm sap. The timing of
multiple factors involved in driving transmission dynamics needs
to align for intracolony NiV transmission events and further align
with human behavior and availability of a route of spillover for
human outbreaks to occur, as previously hypothesized (99). We
further conclude that NiV dynamics in bats combined with the
seasonality and specific geography of date-palm-sap consumption
in Bangladesh likely explains the sporadic nature of human outbreaks in the region (38).
These findings suggest that human NiV outbreaks in other
regions of Bangladesh (and Asia) where Pteropus bats occur are
also likely to be sporadic and rare, leading to underreporting or a
lack of reporting. This is probably exacerbated by the fact that
the clinical syndrome is similar to that of other common infections, such as Japanese encephalitis, malaria, and measles (100).
Understanding whether some NiV strains are capable of causing
mild or asymptomatic cases will provide important insights about
why outbreaks have not been detected in areas such as eastern
Bangladesh or other parts of Asia, where host, virus, and potential routes of spillover exist. One reason is that mild or
asymptomatic cases would be unlikely to be detected by current
surveillance systems. About half of all Nipah outbreaks in Bangladesh between 2007 and 2014 were unreported, suggesting that
many cryptic spillover events have occurred (101). The 2018 and
2019 spillover events in Kerala, India, which were linked to local
P. medius colonies and which occurred in an area that does not
cultivate date-palm sap, further emphasize the point, but raise
questions about the mechanism of spillover.
In the last two decades, the world has experienced large epidemics of bat-associated viruses, including Ebola in West Africa
and Democratic Republic of the Congo, SARS coronavirus, and
SARS-CoV-2. The World Health Organization has listed NiV
and other henipaviruses as priority pathogens for vaccine and
therapeutic research and development, along with Ebola viruses
and coronaviruses. Surveillance for henipaviruses and antibodies
in bats and people where they are in close contact will help determine spillover risk; characterize henipavirus genetic diversity;
and understand the genetic determinants of NiV transmissibility
and pathogenicity among humans. These measures may help

Swabs or syringed urine from a single sheet were combined to represent a
pooled sample. Each urine sample was divided in half and aliquoted into
lysis buffer or VTM at an approximate ratio of one part sample to two parts
preservative.
Serological and Molecular Assays. Sera from the cross-sectional survey were
heat-inactivated at 56 °C for 30 min, as described (105), prior to shipment to
the Center for Infection and Immunity at Columbia University for analysis.
Samples were screened for anti-NiV IgG antibodies using an ELISA, as described in ref. 27. Sera from the longitudinal studies were sent to the Australian Animal Health Laboratory and were gamma-irradiated upon receipt.
Because of the large sample size and development of a high-throughput
multiplex assay of comparable specificity and sensitivity, for these samples,
we used a Luminex-based microsphere binding assay to detect anti-Nipah G
IgG antibodies reactive to a purified NiV-soluble G-protein reagent, as described (106, 107). Samples resulting in an MFI value of 250 and below are
considered negative for other bat species, and previous studies have
reported using a threshold of at least three times the mean MFI of negative
sera to determine the cutoff (47, 108–110). For this study, MFI values of over
1,000 were considered positive for NiV antibodies, an approach considered
appropriate for research purposes for bats.
Total nucleic acids from swabs and urine samples were extracted and
complementary DNA was synthesized by using SuperScript III (Invitrogen)
according to manufacturer’s instructions. A nested RT-PCR and a real-time
assay targeting the N gene were used to detect NiV RNA in samples (111). An
RT-qPCR designed to detect the nucleocapsid gene of all known NiV isolates
was also utilized (112). Oligonucleotide primers and probe were as described
(112). Assays were performed by using AgPath-ID One-StepRT-PCR Reagents
(Thermofisher) with 250 nM probe, 50 nM forward, and 900 nM reverse
primers. Thermal cycling was 45 °C for 10 min, followed by 45 cycles of 95 °C
for 15 s and 60 °C for 45 s. Cutoff values were cycle threshold (CT) ≤ 40 for
positive and CT ≥ 45 for negative. Results with CT values between 40 and 45
were deemed indeterminate, i.e., not conclusively positive or negative.
Samples with NiV RNA detected by real-time PCR were confirmed by gel
electrophoresis and product sequencing.
A subset of NiV-positive samples was processed by high-throughput sequencing (HTS) on the Ion Torrent PGM platform in order to obtain additional NiV genomic sequence. Libraries were prepared according to the
manufacturer’s instructions, and 1 million reads were allocated per sample.
HTS reads were aligned against host reference databases to remove host
background by using the bowtie2 mapper, and host-subtracted reads were
primer-trimmed and filtered based on quality, GC content, and sequence
complexity. The remaining reads were de novo assembled by using Newbler
(Version 2.6) and mapped to the full-length NiV genome. Contigs and
unique singletons were also subjected to homology search by using MegaBlast against the GenBank nucleotide database, in case variance in parts of
the genome precluded efficient mapping. From these data, N-gene consensus sequences were constructed by using Geneious (Version 7.1) and were
used for phylogenetic analyses.
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Phylogenetic Analysis. All P. medius NiV sequences have been submitted to
GenBank, and accession numbers are included in Fig. 6. Sequence alignments were constructed by using ClustalW in Geneious Prime software
(Geneious Prime 2019.0.3; https://www.geneious.com) (113). Phylogenetic
trees of NiV N-gene sequences were constructed by using neighbor-joining
algorithms, and figures were constructed in FigTree (Version 1.4.2).
Satellite Telemetry and Home-Range Analysis. We developed a collar system to
attach 12g solar-powered Platform Terminal Transmitters (PTTs) (Microwave
Telemetry) to adult bats using commercial nylon feline collars with the
buckle removed and 0-gauge nylon suture to attach the PTT to the collar
and to fasten the collar around the bat’s neck. Collars were fitted to the bat
such that there was enough space to allow for normal neck movement and
swallowing, but so that the collar would not slip over the head of the animal
(SI Appendix, Fig. S6). PTTs were programmed with a duty cycle of 10 h on
and 48 h off. Data were accessed via the Argos online data service (argossystem.org). A total of 14 collars were deployed as follows: February 2009:
three males and three females from a colony in Shuvarampur, Faridpur
district; February 2011: three males and two females from the same colony;
and April 2011 Cox’s Bazaar, three bats from a colony in Cox’s Bazaar,
Chattogram district. Bats were selected based on size, such that the total
weight of the collar (∼21 g) was less than 3% of the bat’s body mass (SI
Appendix, Table S3).
The individual telemetry dataset was combined for each region, and its
aggregate utilization distributions (UDs) were computed in R by using
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package “adehabitatHR” (114). Population-specific home range is represented by the *95% area enclosure of its UD’s volume. The volume of intersection between the colonies quantifies the extent of home-range
overlap. To evaluate the potential for contact with the Cox’s Bazaar colony,
we calculated the most likely distance moved (“mldm”) for each sampled bat
at Faridpur, where the population was more intensively monitored. Movement distance was measured in kilometers with respect to a center location
(w) shared by the whole colony. This information was used to predict how
likely an animal was to use the landscape.
Statistical Approach–Cross-Sectional Study. We fit a Bayesian generalized
linear model with a logit link and a Bernoulli outcome to identify potential
predictors which influenced a bat’s serostatus. We included age, sex, ageand sex-normalized mass and forearm length, mass:forearm ratio, body
condition, and whether the bat was pregnant, lactating, or carrying a pup,
using weak zero-centered normal priors for all coefficients. We included
location of sampling as a group effect (similar to a random effect in a frequentist context) nested within Nipah Belt or non-Nipah Belt regions. We fit
the models and performed posterior predictive checks in R 3.4.3, using the
rstanarm and rstan packages.
Statistical Approach–Longitudinal Study. We fit binomial GAMs (115) to the
time series of adult and juvenile seroprevalence in the longitudinal study.
We included annual, synchronous birthing that occurred between March
and April. We assumed that pups weaned from their dams at 3 mo and
became independent flyers, and that maternal antibodies waned after 6 mo,
at which point pups transitioned into the “juvenile” class (30, 61). We assumed that juveniles became sexually mature at 24 mo and entered the
“adult” class based on other pteropid species (30, 47, 116). For juveniles, we
modeled the birth cohort of bats as separate random effects in a pooled
model of juvenile seroprevalence starting from June of their birth year, June
being the earliest month we sampled free-flying juveniles in any cohort. We
determined the cohort year of juveniles by using cluster analysis to group
individuals by weight, assuming that those in the smallest group were born
in the current year and those in the larger group were born the previous
year. Of juveniles captured, 92% were yearlings. For adults, we analyzed
seroprevalence of adults as a single pool over the entire course of the study.
We tested models with and without annual cyclic effects.
Where time series had significant temporal autocorrelation (adults only),
we aggregated data by week. We determined periods of significant increase
or decrease as those where the 95% CI of the GAM prediction’s derivative did
not overlap zero. We fit the models and performed checks in R (Version
3.4.3), using the mgcv package.
To examine the importance of different biological mechanisms in transmission, we fit an age-structured (adult and juvenile) maternally immune
(M)–susceptible (S)–infected (I)–recovered (R) model with recrudescence (R
to I) and loss of immunity (R to S) to the seroprevalence data on a weekly
timescale:
dSJ
SA
SJ
52
= −SJ (βJJ IJ + βAJ IA ) − μJ SJ + bNA (t − 5)
− bNA (t − 52) (1 − μJ ) + λMJ
dt
NA
NJ
dIJ
IJ
52
= SJ (βJJ IJ + βAJ IA ) − γIJ − bNA (t − 52) (1 − μJ )
dt
NJ
dRJ
RJ
52
= γIJ − μJ SJ − μJ RJ − bNA (t − 52) (1 − μJ )
dt
NJ
dMJ
RA
RA
52
= bA(t − 5)
− λMJ − μJ MJ − bNA (t − 52) (1 − μJ ) λ52
dt
NA
NA
dSA
SJ
52
= −SA (βAA IA + βJA IJ ) − μA SA + τRA + bNA (t − 52) (1 − μJ )
dt
NJ
dIA
IJ
52
= SA (βAA IA + βJA IJ ) − γIJ − μA IA + bNA (t − 52) (1 − μJ ) + ΔRA
dt
NJ
dRA
RJ
52
= γIA − μA RA + bNA (t − 52) (1 − μJ ) − τRA − ΔRA
dt
NJ
.
We included a class M for the density of juvenile bats with maternal antibodies to allow for the biological possibility that maternal antibodies are
lost at a much higher rate than antibodies acquired following infection. The
subscripts J refer to juveniles and A to adults; β is the transmission rate; γ is
the recovery rate; μ is the mortality rate; τ is the rate of loss of adult immunity; λ is the rate of loss of maternal antibodies (61); Δ is the adult recrudescence rate (R to I); and b is the birth rate (pups join the juvenile
population after 5 wk). Juveniles transition to adults after 52 wk. We
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