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Abstract: Pteropus bats are the natural reservoir for Nipah virus, and in Bangladesh, it is transmitted to people

through consumption of raw or fermented date palm sap. Our objective was to understand seasonal patterns of

bat feeding on date palm sap at a location where sap is collected year-round. Seven nights each month over

three years, we mounted infrared cameras in four trees to observe bats’ feeding behavior at date palm trees

harvested for fermented sap production. We described the frequency of bat visits, duration of bat visits, and

duration of bat-sap contact by month and by year. We captured 42,873 bat visits during 256 camera-nights of

observation, of which 3% were Pteropus and 94% were non-Pteropus bats. Though the frequency of Pteropus

bat visits to each tree/night was much lower than non-Pteropus bat visits, Pteropus bats stayed in contact with

sap longer than non-Pteropus bats. Frequency of bat visits was higher during winter compared to other seasons,

which may arise as a consequence of limited availability of food sources during this period or may be related to

seasonal characteristics of the sap. Seasonal alignment of sap consumption by humans and bats may have

consequences for viral spillover into humans.

Keywords: Fruit bats, Date palm tree, Infrared camera, Nipah virus, Food contamination, Pteropus bats, Non-

Pteropus bats

INTRODUCTION

Nipah virus spillovers into human populations from

pteropodid fruit bats have repeatedly been identified in

Asia since 1999. The virus was first described during 1998–

1999 as the cause of outbreaks in humans and pigs in

Malaysia and Singapore (CDC 1999a; b). A few of the
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recognized spillovers involved intermediate hosts like pigs

in Malaysia and Singapore and horses in the Philippines

(Mohd Nor et al. 2000; Chan et al. 2002; Ching et al. 2015).

The majority of reported spillovers have occurred in Ban-

gladesh, where transmission occurs directly from bats to

people through consumption of raw or fermented date

palm sap (Luby et al. 2009; Islam et al. 2016), which is likely

contaminated with virus from bat saliva or urine (Khan

et al. 2010). Date palm sap is an agricultural product that

has been harvested in Bangladesh for centuries (Ahmed

1995), providing bats with access to this food source that

would otherwise be unavailable. Prior studies of bat date

palm sap feeding behavior showed that bats can contami-

nate the sap by licking and in rare cases by urinating di-

rectly into sap collection pots (Khan et al. 2010). Nipah

virus RNA has been detected in both saliva and urine of

Pteropus bats (Chua et al. 2002; Wacharapluesadee et al.

2010), and serologic evidence from Bangladesh suggests

that Pteropus medius frequently had IgG antibodies against

Nipah virus, though few bats were shedding virus in saliva

or urine at any given time (Epstein et al. 2020).

Each spillover of Nipah virus into humans provides an

opportunity for the virus to adapt to a human host, or for a

more highly transmissible strain to emerge. Although

promising efforts are underway to develop therapeutics (Lo

et al. 2019) and vaccines (Geisbert et al. 2021) for Nipah

virus, neither is currently available. Interventions to inter-

rupt transmission from bats to people, including through

sap consumption, remain the best public health tool we

have currently available to prevent human infection with

Nipah virus (Khan et al. 2010, 2012; Nahar et al. 2017).

A better understanding of seasonal patterns in bat

feeding behavior around date palm sap consumption could

be valuable for efforts to prevent spillovers in Bangladesh.

While fresh sap consumption by people only occurs during

the cooler winter months (Chowdhury et al. 2008), fer-

mented sap, or ‘‘tari’’ is consumed year-round and has also

been associated with human Nipah infections (Islam et al.

2016). In fact, the only village where spillovers have been

recognized across multiple years was known for fermented

sap production (Islam et al. 2016). To make tari, fresh sap

is left in the tree to ferment in pots with growing yeast, so

the fermented sap is always being mixed with the fresh

(Khan et al. 2012). Despite the potential year-round risk

through consumption of fermented sap, surveillance for

Nipah spillover events has focused on the winter months

when people drink the sap fresh. If bats contaminate fer-

mented sap year-round, these cases could be missed by

surveillance and under-appreciated as part of the spillover

mechanism. A better understanding of the seasonal distri-

bution of risk to humans could inform changes to

surveillance strategies.

Prior studies of bat feeding behavior related to date

palm sap were limited because they only investigated bat

feeding during winter months (Khan et al. 2010, 2012). The

objective of our study, therefore, was to characterize bats’

feeding behavior at date palm trees harvested year-round

for tari production, over multiple years, to identify seasonal

patterns.

METHODS

We conducted this study at Rangpur District, situated in

the northwestern part of Bangladesh, where multiple spil-

lovers of Nipah virus have previously been identified (Islam

et al. 2016). For three years, from March 2013 to February

2016, we mounted motion sensor-tripped infrared cameras

(Reconyx Hyerfire HC500) to capture bat visits to date

palm trees being harvested for sap. The cameras were fo-

cused at the shaved surface, sap stream, and the collection

pot hanging from the tree, and if there was any movement,

took one picture per second for the next five seconds;

continued movement extended the photography sequence

until the subject exited the frame. The cameras also had an

built-in temperature sensor that logged the ambient tem-

perature every time a photograph was taken. The cameras

were set from 5:00 PM in the evening until the team re-

turned at 6:00 AM the next morning to download the

photographs.

Every month, our target was to collect data on bat

visits at four separate trees where sap was being collected

for seven consecutive nights. As part of their regular har-

vesting practice, trees are allowed a resting period from sap

collection, at regular intervals. Therefore, the specific trees

that we observed changed from month to month. In total,

we used 91 date palm trees for our study, and each was

marked with a metal sticker with a unique number to link

the tree to data about the tree’s height, approximate age,

and the area of the shaved surface, as these could be related

to the number of bat visits each tree received. To estimate

the approximate age of each tree, we assumed that the tree

was approximately five years old the first time it was shaved

to collect sap (Rana et al. 2009) and then added one year

for each additional shaved mark we observed since trees are
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shaved once per year. We measured the length and width of

the shaved area to calculate the area of this surface.

A trained field research officer at icddr,b (formerly

named the International Centre for Diarrhoeal Disease

Research, Bangladesh) reviewed the images from the cam-

eras and extracted the data into a spreadsheet, including the

total number of bat visits, the number of bats that stayed,

the duration of each visit, the duration of bat-sap contact,

and ambient temperature. A bat visit was defined as an

instance of a bat flying around or landing on the tree,

regardless of the duration (Khan et al. 2010). Bat stays were

defined as visits where the bat made contact with the tree

and stayed for one second or longer, i.e., more than one

photograph was taken. Bat-sap contact was defined as a bat

touching or licking either the shaved surface of the tree or

the date palm sap collection pot (Khan et al. 2010). All

images (1560 bat visits) with a duration of stay for five

minutes or above were rechecked, and 307 bat visit images

needed correction with duration of stay. All bat visits were

further categorized by species of bat. There are three known

species of fruit bats in Bangladesh, Pteropus medius (pre-

viously Pteropus giganteus) (Mlikovsky 2012), Rousettus

leschenaultii, and Cynopterus sphinx (Ahmed et al. 2009).

We could distinguish between Pteropus and non-Pteropus

bat visits due to the larger body size of Pteropus bats and

their distinct facial appearance; however, we could not

differentiate among the non-Pteropus species due to simi-

larities in morphology (Ahmed et al. 2009). In some pho-

tographs, we were unable to determine the species due to

the presence of heavy fog or blurry images; these observa-

tions were analyzed separately from the other species

groups (Fig. 1) (Khan et al. 2010, 2012).

For the analysis, we divided each year into four sea-

sons: winter (December–February), spring (March–May),

monsoon (June–September), and post-monsoon (October–

November) (Salam et al. 2003). Our analysis focused on the

number of bat stays, i.e., visits with tree contact and a visit

duration of one second or more, since the majority of bats

were identifiable to species group for that variable

(Table S1) and because contact with the tree is more di-

rectly relevant to feeding behavior and sap contamination.

Similar patterns were observed when all bat visits were

analyzed, including those with duration < 1 s. Through-

out the text, bat visits generally refer to the more restrictive

set of bat stays, unless otherwise indicated. Initial inspec-

tion of the data showed that the number of bat visits each

night was heavily skewed, with few nights when many bat

visits were observed (Figure S1). The duration of bat visits

and bat-sap contact was similarly skewed, with durations

ranging from a few seconds to hours. Due to the highly

skewed distributions, we estimated mean and 95% confi-

dence intervals (CI) by month and season using a negative

binomial distribution for bat visits and an inverse Gaussian

distribution for the duration of bat visits and bat-sap

contact. These estimates were produced separately for

Pteropus and non-Pteropus bats. Post hoc pairwise tests for

differences in the mean number of visits, duration of visits,

and duration of bat-sap contact by species group and by

season utilized these same distributions and were calculated

with the emmeans package in R, with Tukey adjustments

for multiple comparisons. Since research effort was kept

constant across months, variation in season length in-

formed the estimation of means (visits, visit duration, sap

contact duration) and associated statistical analyses, but

summaries of the total number of bat visits or the cumu-

lative duration of bat-sap contact across seasons did not

adjust for season length.

For Pteropus and non-Pteropus bats separately, we ap-

plied multiple regression to explore the association between

season, tree height, area of shaved surface, and days since

shaving on the number of bat visits per night per tree. The

relationship between tree height and tree age showed a

strong positive correlation, so we chose to use only tree

height as a covariate to avoid issues of collinearity (Fig-

ure S2). Additionally, due to a strong relationship between

temperature and months and seasons, we did not include

temperature as a covariate in our models in combination

with season to avoid issues of multicollinearity of covariates

(Figure S3). However, we did assess the additive effect of

minimum nightly temperature on bat visits during the

winter season.

A generalized linear model with all candidate covari-

ates was fit assuming a negative binomial distribution for

the number of bat visits. Model selection then proceeded in

two stages. First, the model with all covariates and all

component subsets were ranked according to the Akaike

information criteria adjusted for small sample sizes (AICc).

Based on AICc rank, the top models were then subjected to

leave-one-out and k-fold cross-validation (Molinaro et al.

2005). In leave-one-out cross-validation, the model was fit

to the data minus one data point and the model was used

to predict the remaining point. This process was then re-

peated for all data points to produce prediction errors for

each point, which were summarized as the root mean

square error (RMSE) of the predictions. In k-fold cross-

validation, the data were randomly partitioned into k
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groups of equal size. The model was fit on k-1 folds and

used to predict values of one testing group. This process

was then repeated k times, using each k fold once as the

testing group. For k-fold cross-validation, we divided the

data into ten folds and calculated the RMSE of the pre-

dictions. The models for Pteropus and non-Pteropus bat

visits with low AICc and the lowest RMSE from cross-

validation were selected as the best models for prediction.

To assess the additional effect of minimum nightly tem-

perature on bat visits in winter, we filtered the data to just

those observation nights from winter (December–Febru-

ary) and performed model selection as above, replacing

season as a candidate covariate with minimum tempera-

ture. Thus, the effect of temperature during the winter was

estimated while accounting for the other covariates in the

selected model. Post hoc tests for the effect of season on

Pteropus and non-Pteropus bat visits were performed as

above with the R emmeans package with Tukey adjust-

ments. Data, R code, and outputs are available at https://g

ithub.com/clifmckee/DPS_infrared_camera.

RESULTS

Of the 256 camera-nights of observations over the 36-

month study period, 72% (184/256) of nights had bats

staying at date palm trees for at least one second, 48% (123/

256) of nights had Pteropus bats staying, 66% (170/256) of

nights had non-Pteropus bats staying, and 4% (9/256) of

nights had unidentified bats staying (Table S1). A total of

42,873 bat visits to date palm trees were captured, among

which 33,018 visits lasted � 1 s. A total of 91% (1093/

Figure 1. Feeding pattern of a Pteropus bat A, a non-Pteropus bat B, group feeding of non-Pteropus bats C, a mixed group feeding pattern of a

Pteropus bat and a non-Pteropus bat D, and unidentified bat images due to blurry picture E and presence of fog F. Pictures were captured using

infrared cameras during our study in Rangpur, Bangladesh, between 2013 and 2016.
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1195) of Pteropus bats, 79% (31,909/40,329) of non-

Pteropus bats, and 1% (16/1349) of unidentified bats

stayed � 1 s. A total of 32,648 instances of bat contact with

date palm sap were recorded, of which 3% (962) were

Pteropus bats and 97% (31,683) were non-Pteropus bats. In

99% (951) of Pteropus bats visits, they landed on the

branches first and then climbed down to the shaved part

while almost 100% (31,624) of non-Pteropus bats landed

directly on the shaved part. Sixty-seven percent of all bats

stayed � 1 s on date palm trees during the winter and 13%

during spring. Forty percent of the Pteropus bat visits

lasting � 1 s occurred during winter and 32% during

spring. By contrast, 74% of non-Pteropus bats visited

stayed � 1 s on date palm trees during winter and 13%

during spring (Table S2). Across all nights of the study,

visits by both Pteropus and non-Pteropus bats peaked be-

tween the hours 0:00–4:00 (Fig. 2).

Over the 36 months of the study, there was a mean of

1.1 (CI: 0.9, 1.3) Pteropus bat visits and 31 (CI: 27, 36 visits)

non-Pteropus bat visits per tree observation night (Table 1).

Pteropus bats stayed longer at the trees on average com-

pared to non-Pteropus bats: 15.6 min (CI: 3.9, 27.3) versus

31 s (CI: 30, 32). Similarly, Pteropus bats stayed in contact

with sap longer than non-Pteropus bats: 2.5 min (CI: 1.7,

3.3) compared to 31 s (CI: 30, 32 s). Pteropus bat visits

varied widely across months, with a greater number of total

visits across all nights in January and April (> 200) than

other months (< 150) (Figure S4). Pteropus bat visits were

more frequent in winter compared to spring, monsoon,

and post-monsoon, although the difference between winter

and spring was not statistically significant (P > 0.05)

(Table 1; Fig. 3). Non-Pteropus bat visits also varied by

month, with greater visits in February compared to other

months (Figure S4). Non-Pteropus bat visits were signifi-

cantly more frequent during winter compared to all other

seasons (Table 1; Fig. 3). There was less variation in the

duration of visits and bat-sap contact across months and

seasons for both groups of bats (Table 1; Figures S5–S8), so

the cumulative duration of bat-sap contact was still highest

in winter due to the higher number of visits for both

groups of bats during winter (Fig. 4). In all cases, Pteropus

bats were solitary foragers, while out of the 1017 tree

observation nights, 180 nights (18%) had at least one

example of non-Pteropus bats feeding on sap at the same

Figure 2. Timing of bat visits during the night aggregated over 256 camera-nights during the three years of the study (2013–2016) in Rangpur,

Bangladesh. Bat visits were captured using infrared cameras. The single points show the arithmetic mean proportion of bat visits per hour over

all seasons.
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time as Pteropus and 424 nights (42%) had examples of

non-Pteropus bats feeding together. The field team recorded

the minimum nightly temperature (mean 21�C, range 8–

40�C), tree height (mean 614 cm, range 267–1250 cm),

shaved area (mean 1124 square centimeters, range 495–

1715 square centimeters), and age (mean 20 years, range

11–35 years) of the trees. Bat visits to shaved trees were

recorded from between zero to six days after shaving. Trees

that had been shaved previously were left to rest, so were

not enrolled again in the study.

The best model for Pteropus visits included season, tree

height, and shaved area as covariates, showing a higher

frequency of visits in winter, to taller trees, and to trees with

greater shaved area (Fig. 5; Table S3). For example, trees in

winter received 3.7 Pteropus visits on average if they were

704 cm tall but only 1.4 visits if they were 457 cm tall. The

effect of shaved area was smaller (and not statistically sig-

nificant, P > 0.05), with average visits increasing from 2.1

to 2.7 for shaved areas of 960 and 1320 cm2, respectively. In

this model with additional variables, the difference between

the mean number of Pteropus visits in winter was signifi-

cantly greater than in spring and the other seasons.

Inspection of the covariates across seasons showed that the

trees studied in winter months were shorter on average

than trees studied in the other seasons (Figure S9), result-

ing in an in upward adjustment of the estimated mean

Pteropus visits in winter when tree height is included. After

accounting for tree height in the best model of winter

Pteropus visits, bat visits were more frequent on colder

nights, with an average of 2.1 visits on nights with a min-

imum temperature of 8�C and 0.6 visits on nights with a

minimum of 30�C (Figure S10). However, this effect was

not statistically significant (Table S4).

The best model for non-Pteropus visits included sea-

son, days since shaving, and shaved area, with more visits in

winter, to trees with greater shaved area, and to recently

shaved trees, although the effects of shaved area and days

since shaving were both not statistically significant (Fig. 5;

Table S3). Trees with 960 cm2 of shaved area received 67.4

visits in winter versus 87.6 visits to trees with 1320 cm2 of

shaved area. Trees received an average of 123.8 non-

Pteropus visits in winter on the day they were first shaved,

but this decreased to 47 visits after six days from initial

shaving. After accounting for days since shaving in the best

model of winter non-Pteropus visits, there were significantly

more non-Pteropus visits on colder winter nights

(P = 0.025; Table S4). Trees received an average of 87.4

non-Pteropus visits on nights with a minimum temperature

of 8�C and 16.7 visits on nights with a minimum of 30�C
(Figure S10).

Table 1. Comparison of the Frequency of Bat Visits and Duration of Bat-Sap Contact/Visit by Season Collected Using Infrared Cameras

over 256 Camera-Nights In Rangpur, Bangladesh, Between 2013 and 2016. Mean Values, 95% Confidence Intervals (CI), and Statistical

Significance of Comparisons Between Different Parameters are Derived from Generalized Linear Models, with Bats Staying Per Night

Modeled as a Negative Binomial Variable and the Duration of Bat-Sap Contact Modeled as an Inverse Gaussian Variable. Comparison of

Pteropus vs. Non-Pteropus Bats Across all Seasons is Shown in the Last Column.

Seasons Winter

(mean, CI)

Spring

(mean, CI)

Monsoon

(mean, CI)

Post-monsoon

(mean, CI)

Species comparison for all seasons

(mean, CI)

Bats staying (bats/night)

Pteropus 1.7 (1.3, 2.4) 1.4 (1, 1.9) 0.51 (0.35, 0.75) 0.73 (0.46, 1.18) 1.1 (0.9, 1.3)

P value Reference P = 0.32 P = 1.1 9 10–6 P = 0.0029 Reference

Non-Pteropus 94 (61, 144) 16 (10, 25) 1.8 (1.1, 2.9) 21 (12, 35) 31 (27, 36)

P value Reference P = 2.4 9 10–8 P = 1.6 9 10–32 P = 1.6 9 10–5 P = 6.9 9 10–158

Duration of bat-sap contact/visit (seconds)

Pteropus 129 (107, 152) 147 (116, 178) 184 (121, 247) 200 (113, 287) 151 (102, 199)

P value Reference P = 0.36 P = 0.11 P = 0.12 Reference

Non-Pteropus 29 (28, 30) 44 (41, 48) 27 (22, 32) 31 (28, 33) 31 (30, 32)

P value Reference P = 5.0 9 10–14 P = 0.43 P = 0.25 P = 1.3 9 10–6

364 A. Islam et al.



DISCUSSION

All detected spillovers of Nipah virus in humans in Ban-

gladesh resulting from consumption of date palm sap have

been detected during December–April (Luby et al. 2006;

Luby 2013). Findings from our study show that even when

date palm sap is available to bats year-round, Pteropus bats

still visited these trees more frequently during the months

when spillovers are most likely to occur, suggesting that the

risk of spillover to humans from fermented sap con-

sumption is concentrated during winter and spring, similar

to when fresh sap is consumed. Nevertheless, most reported

human Nipah spillover events occur through consumption

of fresh sap, which is harvested primarily between mid-

October and early April (Annett et al. 1913; Khan et al.

2010). The major ecological driver of spillovers therefore

appears to be the convergence of bat and human con-

sumption of fresh sap in winter months. The seasonal

patterns of bat feeding on date palm sap, even when the sap

is available year-round, deserve further investigation and

many biological or ecological factors that modify bat

feeding behavior could contribute.

For example, bats may visit the trees more often during

the cooler winter months because the sap flows more freely

during those months. Previous investigations have shown

that date palm sap yields from individual trees peak during

the coldest month of January (Annett et al. 1913). There is

also some evidence that sap flow is higher on cooler nights

during the winter (Annett et al. 1913), patterns that are

corroborated by anecdotal reports from sap collectors

(Nahar et al. 2010; Islam et al. 2016). The mechanisms that

cause sap flow at night and seasonal variation in sap flow

are unknown for date palm (Phoenix sylvestris) and poorly

understood for plants in general (Schenk et al. 2021).

Figure 3. Total observed bat visits by season and species group. Bat visits were captured using infrared cameras over 256 camera-nights during

the three years of the study (2013–2016) in Rangpur, Bangladesh. Values show the total visits per season aggregated over all years, not adjusted

for the varying length of seasons (winter and spring are three months, monsoon is four months, post-monsoon is two months).
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Positive xylem pressures associated with sap flow in plant

tissues have been observed in many plant species, including

palms (Davis 1961), but the exact combination of meta-

bolic, physical, and environmental factors that explain

positive xylem pressure is not fully characterized, even for

well-studied species such as sugar maple (Acer saccharum),

and appear to be largely dependent on plant anatomy and

phenology (Schenk et al. 2021). A plausible hypothesis for

positive xylem pressure in palms comes from bamboo, both

being pseudo-woody monocots (Schenk et al. 2021).

Bamboo species experience diurnal cycles of xylem pres-

sure, with negative pressure during the day and positive

pressure overnight (Wang et al. 2011). Positive pressure in

roots could serve as a mechanism for bamboos and palms

to refill embolisms that form in xylem tissue during high

daytime evapotranspiration, with pressures potentially high

enough to refill the stem to the top of the plant (Davis

1961; Yang et al. 2012). Embolism formation, and the

subsequent need for refilling from the roots, may be

exacerbated during winter months in Bangladesh when

precipitation is very low (Cortes et al. 2018). Therefore,

high evaporative demand during sunny, low-humidity days

in winter followed by clear, cool nights could result in

higher xylem pressure that fills up the palm tree, resulting

Figure 4. Cumulative duration of bat-sap contact by season and species group. Bat visits were captured using infrared cameras over 256

camera-nights during the three years of the study (2013–2016) in Rangpur, Bangladesh. Values show the sum duration of bat-sap contact over

all bat visits in each season aggregated over all years. Values show the total visits per season aggregated over all years, not adjusted for the varying

length of seasons (winter and spring are three months, monsoon is four months, post-monsoon is two months).
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in greater sap volume. The inverse relationship between

yield and sugar content in collected sap might be seen as a

direct consequence of daily variation in xylem pressure

related to weather conditions and evapotranspiration

(Annett et al. 1913). However, additional measurements of

sap flow and date palm physiology across seasons are

needed to understand the seasonality of sap consumption

behavior by bats and humans. Interestingly, more human

spillovers of Nipah virus occur following cooler winters

(Cortes et al. 2018; McKee et al. 2021), suggesting that

weather patterns affecting date palm physiology and sap

yield could help to explain annual variation in sap con-

sumption by humans and bats, and thereby the risk of

Nipah virus spillover.

It is also possible that bats visit date palm trees more

often during these months because the number of other

available foods is more limited during winter. Among 49

fruits available in Bangladesh, 35 are available during

monsoon, 26 during post-monsoon, 24 during summer,

and only 12 during winter, when more than two-thirds of

all bat visits to date palm trees were recorded (Rahman and

Rahman 2014). Fruit bats are generalists in that they exploit

different food sources, feeding on nectar, pollen, or fruit in

one night (Sudhakaran and Doss 2012) and have been

identified as opportunistic feeders in different studies

(Sudhakaran and Doss 2012; Prasad et al. 2014). As date

palm sap is not available for bats in natural settings, we

assume that these bats are drinking date palm sap due to its

availability, easy access, and high sugar content (Walton

and Trowbridge 1983; Rahman and Rahman 2014). Date

palm sap is similar in caloric density and macronutrients to

other fruit species in the diet of P. medius, with high levels

of some vitamins and minerals (Barh and Mazumdar 2008;

Salvi and Katewa 2012). Thus, date palm sap may act as a

key food resource or supplement during a season with re-

duced availability of other fruits. In Australia, winter sea-

sons when Pteropus bats experienced food shortages were

associated with a greater risk of Hendra virus spillover in

horses, at least in part due to reduced immunological

function in bats caused by nutritional stress (Plowright

Figure 5. Model estimated mean visits for Pteropus and non-Pteropus bats during the three years of the study (2013–2016) in Rangpur,

Bangladesh. The selected generalized linear model for Pteropus visits assumed a negative binomial distribution of visits with season, tree height,

and shaved surface on the tree as covariates. Estimated means and 95% confidence intervals of the mean are shown for each season and across

three percentiles of the distribution of tree height (457, 592, and 704 cm) and across three percentiles of the distribution of shaved area (960,

1131, 1320 cm2). For estimates in the top Pteropus panel, shaved area was fixed at the 50th percentile (1131 cm2); tree height was fixed at the

50th percentile (592 cm) for the bottom panel. The model for non-Pteropus visits included season, area of shaved surface on the tree, and days

since shaving as covariates. Estimated means and 95% confidence intervals are shown for each season and across three percentiles of the

distribution of shaved area (960, 1131, 1320 cm2) and across the minimum, median, and maximum days since shaving. For estimates in the top

non-Pteropus panel, days since shaving was fixed at three; shaved area was fixed at the 50th percentile (1131 cm2) for the bottom panel.
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et al. 2008; Martin et al. 2018). Whether Pteropus bats are

experiencing similar food shortages and associated

immunological stress in winter in Bangladesh has not yet

been determined, but will be important to distinguish from

other influences on bat visits to date palm trees, such as

seasonal differences in sap availability or quantity.

Despite strong seasonal fluctuations in the number of

bat visits, Pteropus bats visited date palm trees all year

round when the sap was available and consumed sap for

similar durations across seasons. The sap collected outside

of winter is consumed as tari, and is partially fermented.

Tari has been associated with human infections (Islam et al.

2016), further highlighting the year-round risk for Nipah

infections associated with tari consumption, although the

highest risk is during the winter and spring when con-

sumption of fresh sap is more common. Patterns of shed-

ding of Hendra, Ebola, and Marburg viruses from bats

appear to be highly seasonal (Pourrut et al. 2007; Amman

et al. 2012; Plowright et al. 2015). In contrast with these

other diseases, our group found that Nipah virus shedding

from Pteropus bats is rarely detected in Bangladesh and has

no apparent seasonal pattern (Epstein et al. 2020), sug-

gesting that the seasonality of human Nipah spillover

events is driven more by overlapping sap consumption by

bats and humans during the peak season when trees are

tapped for fresh sap than any predictable seasonal trans-

mission dynamics occurring in bats.

Multiple fruit bat species drink date palm sap in

Bangladesh, and we observed the same in this study (Khan

et al. 2010, 2012). Pteropus bats are the known reservoir of

Nipah virus in Bangladesh, but serological evidence of

Nipah virus was detected among Rousettus and Cynopterus

from other countries (Chua et al. 2002; Wacharapluesadee

et al. 2005; Li et al. 2008; Epstein et al. 2016). It is possible

that date palm trees serve as points for cross-species

transmission of Nipah virus and other pathogens between

bat species. The seasonal distribution of visits from non-

Pteropus bats mirrored the distribution of Pteropus species,

suggesting that the drivers of these visits are shared across

species. Date palm sap contamination is the primary route

of Nipah virus spillover from Pteropus bats to humans, and

may also contribute to infections among livestock in Ban-

gladesh (Luby et al. 2006, 2009; Chowdhury et al. 2014).

This may also be a route of spillover for other bat viruses to

humans, including viruses carried by non-Pteropus fruit bat

species. Evidence from encephalitis surveillance in Ban-

gladesh shows that patients who reported recent con-

sumption of date palm sap, but who did not have Nipah

infection, were more likely to die than other patients with

encephalitis who did not report sap consumption, sug-

gesting possible zoonotic infection from other viruses (Das

et al. 2019).

Pteropus bats spent a longer duration on average dur-

ing each visit feeding on sap compared to non-Pteropus

bats, which is consistent with other studies. Studies con-

ducted in Bangladesh and India reported that the average

duration of stay for Pteropus bats was several times longer

than that of non-Pteropus bats (Singaravelan and Mar-

imuthu 2004; Khan et al. 2010), likely due to the large

differences in their body size and resulting caloric

requirements (Storz and Kunz 1999; Perveen and Faiz-ur-

Rahman 2014; Kumar et al. 2015). However, there may also

be differences in feeding style between the two bat groups.

Non-Pteropus bats appear to make more visits on average

than Pteropus in a given night (Table 1). If cameras re-

corded multiple visits by the same non-Pteropus bat in a

night, then this might indicate that non-Pteropus bats meet

their caloric requirements via multiple short-duration visits

while Pteropus bats make fewer visits but consume sap over

a longer duration.

In addition to seasonal variation in bat visits, we found

that factors related to individual trees were also associated

with bat visits, but these factors differed between bat spe-

cies. P. medius foraged at the topmost layer of trees in other

studies (Singaravelan and Marimuthu 2004; Sudhakaran

and Doss 2012), which is probably due to their wing

loading ability (body mass relative to wing surface area)

(Elangovan et al. 2004; Hodgkison et al. 2004) and explains

the positive association observed between Pteropus bat

visits and tree height. Prioritizing interventions (e.g.,

bamboo skirts) (Khan et al. 2010) on taller trees could

prevent transmission of pathogens from Pteropus bats to

date palm sap. Increases in non-Pteropus visits were asso-

ciated with fewer days since shaving and increases with the

size of the shaved area. We assume that trees with larger

shaved areas attract more visits and that as days pass from

the initial shaving, the shaved area produces less sap; the

latter has been reported from sap collectors (Chowdhury

et al. 2008). All types of bat visits increased as the minimum

temperature decreased during the winter season, though

the relationship for Pteropus bats was not statistically sig-

nificant. Whether this is due to higher sap production by

trees during colder nights, exacerbated nutritional stress in

bats, or possibly both, will require further study.

Our findings should be interpreted with caution due to

a couple of important limitations. First, the number of bat
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visits we counted should not be interpreted as the number

of unique bats who visited the tree because of how this was

measured. For example, if one bat were to fly repeatedly in

and out of the area where the camera’s lens was focused,

these would be counted as separate visits by our study. We

likely greatly overestimated unique visits by smaller bats

because of their propensity to fly around an area repeat-

edly. However, this problem would not hamper our

interpretation of seasonal trends or patterns. Nevertheless,

additional efforts to mark individual bats so that they can

be identified on camera would help to clarify differences in

feeding visits or duration between bat species groups.

Second, our observations come from one small area in

Bangladesh and cannot be interpreted as representative of

bat feeding behavior across the country. However, the

locality we chose is associated with Nipah virus spillovers,

and the trees we sampled were previously harvested for

fresh sap and molasses; therefore, our observations are

relevant for the dynamics of Nipah infection. Trees used for

tari production may differ from trees used for raw sap

production in ways that are not accounted for in this study,

such as tree height or management practices, which could

have also influenced the bat feeding behavior we observed.

CONCLUSION

Using preventive measures to protect sap from bat con-

tamination, like using bamboo skirts, should be a priority

for public health intervention efforts and could be used

whenever date palm sap is collected (Khan et al. 2012;

Nahar et al. 2017). These interventions could also prevent

transmission of other viruses from other fruit bats to hu-

mans through this route (Khan et al. 2012). Healthcare

professionals should be aware that Nipah virus could be the

cause of encephalitis cases, even outside of the winter sea-

son. Better explaining the seasonal drivers of sap con-

sumption by bats could be important for prevention

efforts, and will require additional knowledge about the

biology of the date palm trees. For example, if increasing

bat access to alternative, high-quality food sources during

the winter, such as banyan trees (Ficus benghalensis, Ficus

religiosa) (Sudhakaran and Doss 2012; Prasad et al. 2014;

Vanlalnghaka 2015; Krishnarathi and Isaac 2016), would

reduce bat visits to date palm sap trees, this could be an-

other way to reduce human risk for Nipah virus. Additional

investigations to better understand bat feeding behavior

across Nipah endemic areas of South Asia would help to

determine if these kinds of ecological solutions could be

useful.
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