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Abstract

Nipah virus spillovers via consumption of date palm sap in Bangladesh vary substantially
between years and have been associated with lower winter temperatures and precipitation.
However, the mechanisms driving the interannual variation and the influence of weather
remain unexplained. Here we investigated the hypothesis that weather patterns change
human sap consumption and explain interannual variation in observed spillovers. We ana-
lyzed responses from a nationally representative survey conducted in Bangladesh in 2013—
2016 on household date palm sap consumption and weather data for each division of Ban-
gladesh, using logistic regression to examine whether sap consumption is associated with
weather variability. We found significant associations of lower minimum temperatures and
precipitation with increased household sap consumption during the sap harvesting season.
This relationship was largely similar within all months and divisions, and strong associations
of temperature (x? (1, n = 5,027) = 7.74, p< 0.01) and, independently, precipitation (x* =
8.00, p < 0.01) remained strong after accounting for month, location, and annual sap sea-
son. Interannual variation in date palm sap consumption in Bangladesh is likely best
explained by temperature and precipitation patterns, where colder, drier winter days pose a
higher risk for Nipah virus spillover. The knowledge gained in this study may be valuable for
targeting timing of future behavioral interventions against consumption of date palm sap in
Bangladesh.

Introduction

Date palm sap consumption is a longstanding practice in Bangladesh and nearby regions in
South Asia, where date palm trees have been cultivated for centuries for their sap [1]. The
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practice was linked to Nipah virus spillovers after in-depth interviews and case-control analysis
during an outbreak in 2005 [2] and drinking sap has been a consistent risk factor for human
Nipah virus infection through years of case-control risk factor analyses [3, 4]. Nipah virus case
fatality is approximately 70% in South Asia and person-to-person transmission commonly
occurs [5], posing a risk for highly fatal regional outbreaks, or possibly pandemics. Bangladesh
has reported more Nipah spillover events than any other country since its first reported
human Nipah virus infections in 2001 [6]. By better understanding the factors that contribute
to Nipah spillovers we can better identify key targets for intervention that can prevent future
cases of Nipah virus spillovers, and subsequent outbreaks.

Though date palm sap is tapped year-round for various purposes, the sap is only consumed
raw in the winter months between November and April when the temperatures are sufficiently
low to keep the sap fresh, herein referred to as the sap season. Bats are thought to introduce
the virus into the sap through shedding from bodily fluids (saliva and urine) while consuming
the sap during the tapping process [7]. However, current understanding of the nuances of sap
consumption in humans remains limited.

Nipah virus spillovers in Bangladesh have occurred more frequently during years with
colder winter temperatures [8]; furthermore, investigation has shown weekly minimum tem-
peratures to be a strong predictor of spillover [9]. Several hypotheses have been suggested to
explain this correlation. One hypothesis is that the virus may survive longer in colder and drier
conditions. However, examinations of Nipah virus survival in fruit juices with a comparable
pH to date palm sap showed a survival time of several days at temperatures warmer than those
observed in Bangladesh during the November-April sap harvesting season [10].

A second hypothesis is that colder temperatures could be affecting the behavior of the reser-
voir, Pteropus medius. The stress of colder weather may impose increased energy demands on
bats, and the availability of the fruits that compose the majority of their diet is reduced during
the winter months. These conditions may lead bats to turn more frequently to a reliable food
source with a high sugar content such as date palm sap when it is available, especially so during
the coldest days of the sap season [7]. However, though bats did access sap more frequently dur-
ing the cooler winter and springtime months, the frequency of P. medius visits to date palm trees
in winter was not significantly related to temperature on a daily level in a three-year study [11].

A third hypothesis is that human date palm sap consumption changes based on tempera-
ture. A recent study identified significant differences in the frequency of household sap con-
sumption from year to year. One potential explanation is that humans drink more sap during
the coldest days of the winter when sap is more abundant and they report that the sap is sweet-
est [12, 13] (Fig 1). More recently, lower precipitation in the month preceding the spillover
event was also observed to be a predictor of spillover risk, along with El Nifio Southern Oscilla-
tion cycles with a lag of three months [14]. One speculative explanation for this is that rain
during the tapping process may dilute the sap, making it less sweet and less appealing to buy-
ers. Of all the proposed hypotheses for the weather-spillover relationship, these connections
between human date palm sap consumption and weather variables have received the least
attention. In this study, we aim to examine associations between temperature and precipitation
and human date palm sap consumption in Bangladesh during 2013-2016.

Methods
Sap consumption

To investigate changes in date palm sap consumption over time, we used data from a nation-
ally representative household survey of adults in Bangladesh performed between September
2013 and August 2016. Additional details on study design and sampling strategy can be found
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Fig 1. Proposed components of weather-spillover relationship. Proposed relationships between winter
temperatures, precipitation, seasonal sap production, sap consumption, and Nipah virus spillover risk.

https://doi.org/10.1371/journal.pone.0313904.9001

in Shanta et al., 2023 [15]. The study was conducted in 10,002 households in 1,001 communi-
ties representing both urban and rural populations across the 7 administrative divisions of
Bangladesh. Communities were randomized within 16 strata of population size in all adminis-
trative divisions each season of the study period (winter: November-February, summer:
March-June, and rainy: July-October) to ensure comparability in terms of number of commu-
nities enrolled between each season and location for the duration of the study. Households
were identified by a modified random walk method, using the main entrance of the homestead
with the most recent wedding in rural communities, and ward entrance as random starting
points for urban communities. In rural areas, the house to the left of the main homestead was
enrolled first, then every third household was approached in that direction for enrollment
until 10 households had been enrolled. In the case that the household declined study participa-
tion, each successive household was approached. In urban areas, surveyors chose dwellings by
randomly selecting from envelopes containing cardinal directions in each sampled ward.
Teams then followed the direction until reaching an administrative boundary of the ward,
selecting the first dwelling at the boundary, then approaching every fifth dwelling by proximity
for enrollment. Participants were selected from adults within households for their willingness
to discuss select household activities that occurred in the past month relative to the date of the
survey, including the harvesting and drinking of date palm sap by household members. Partic-
ipants without a recorded response and those who responded “Don’t know” were excluded
from analysis.

Weather data

To investigate the association of weather and date palm sap consumption, weather data were
retrieved from 10 weather stations in Bangladesh included in the National Centers for Envi-
ronmental Information’s (NCEI) Past Weather database (https://www.ncei.noaa.gov/past-
weather/), managed by the National Oceanic and Atmospheric Association (NOAA) (S1 Fig)
The administrative division of each weather station was identified from geographic coordi-
nates provided by the NCEI’s Historical Observing Metadata Repository (HOMR) location
information. Further weather data were acquired from the Bangladesh Meteorological
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Department. Weather data included daily summaries of average, minimum, and maximum
temperatures, cumulative precipitation, dew point temperature, surface pressure, and visibility
from July 2013 through December of 2016. When multiple stations were included within a sin-
gle division, daily summary values were averaged across the stations and the resulting mean
daily value within that division was used. Daily values for relative humidity were calculated
using daily values for dew point and temperature from each station across Bangladesh.

Analysis

Monthly averages of daily values of average temperature, minimum temperature, cumulative
precipitation, relative humidity, and visibility were calculated over the entire study period.
Because survey responses were obtained continuously throughout months, we used to alterna-
tive methods to analyze sap consumption over time. Monthly averages were calculated for a
given categorical month (i.e., the average of daily values in the division over the month attrib-
uted to all responses in the division within that calendar month). Alternatively, sap consump-
tion was calculated as a moving average, determined using the daily observations within the
division over the 30 days preceding the response to better cover the time period directly rele-
vant to the survey respondents” household sap consumption (“In the past month...”). When
there were insufficient observations to calculate a moving average for that day and location,
values were imputed with the last observed value carried forward within the division. For each
response, both the calendar monthly averages and 30-day moving averages of weather vari-
ables were examined.

We first investigated the association between sap consumption and weather during the sap
season by summarizing consumption across locations, months, and sap seasons. Monthly sap
consumption was treated categorically outside of regression analysis for purposes of comparabil-
ity with Shanta et al. [5]. All data analysis and visualization was performed using R (v4.3.1) [16].

Date palm sap consumption is highly seasonal and limited to the months of November-
April; we therefore limited our further statistical analysis to responses from those months to
avoid effect size overestimates of the association between sap consumption and weather due to
the seasonality of consumption. For our analysis, we focused on the association between
household sap consumption and minimum temperature rather than average temperature for
purposes of comparability with previous analyses by McKee et al., 2021 [8] and Cortes et al.,
2018 [9], as well as to better reflect the nighttime conditions during which sap is allowed to
flow before harvest in the morning. For each response, we explored both categorical monthly
averages and moving 30-day averages of weather variables.

We used likelihood ratio ¥ tests to compare relative fit between null and extended models
of sap consumption to determine how weather contributed to model fit past the expected
effects of location and month. As significant relationships between division, month, and
household sap consumption were previously identified [3], those two variables were included
in our null model. We also included sap season in the null model to account for the possibility
of year-to-year differences in sap consumption due to previous interventions on sap consump-
tion. Extended models included categorical and moving averages of minimum temperature,
cumulative precipitation, visibility, and relative humidity to determine whether interannual
variance in weather conditions contributed to explaining patterns of seasonal sap consumption
beyond the expected geographic and monthly differences.

To further explore the possibility that variation in sap consumption may be due to seasonal
differences such as changing attitudes towards sap consumption, we used receiver operating
characteristic (ROC) curves of weather and season to determine their ability to classify pre-
dicted probabilities of date palm sap consumption. We performed model selection to
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determine the combination of categorical and weather variables that resulted in the best fit
using Akaike’s information criterion, corrected for the small sample size of the outcome
(AICc).

Ethical considerations

All study participants provided written, informed consent for participation. The original study
protocol was reviewed and approved by the Ethical Review Committee at icddr,b.

Results

Seven percent (361/5024) of respondents reported household sap consumption in the past
month during the sap season (November-April). Data on sap consumption during the sap sea-
son was missing for 3 households.

Reported consumption was highest during the 2013-2014 season, with 12% (193/1675) of
respondents reporting consumption (Table 1). Peak sap consumption occurred in January and
February in each sap season of the study (S2 Fig), with 15% (124/857) and 15% (102/698)
overall.

There was an inverse relationship between sap consumption and minimum temperature
during each sap season, though the strength of the relationship between consumption and
minimum temperature varied by season, from weakest during the 2013-2014 season (slope =
-6.97) to strongest during the 2015-2016 season (slope = -24.08) (Fig 2A). Though consump-
tion is lowest at the margins of the sap season (November and April), there were relatively

Table 1. Geographic and temporal characteristics of date palm sap consumption during the sap consumption sea-
son (Nov.-Apr.) in 10,002 households in 1,001 communities across Bangladesh, 2013-2016.

Response characteristic Households reporting date palm sap consumption in
the past month
% | (n/N)

Season

2013-2014 12 | (193/1675)

2014-2015 6 (91/1670)

2015-2016 5| (77/1679)
Month

November 11 (3/583)

December 5 (50/1075)

January 15 | (124/857)

February 15 | (102/698)

March 7 | (62/881)

April 2| (20/930)
Location

Barisal 51 (38/720)

Chittagong 4| (30/720)

Dhaka 51 (39/718)

Khulna 18 | (126/717)

Rajshahi 13 | (96/720)

Rangpur 3| (21/719)

Sylhet 2| (11/710)
Total: 7 | (361/5024)

https://doi.org/10.1371/journal.pone.0313904.t001
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Fig 2. Sap consumption and minimum temperature by season. (A) Monthly percentages of household sap consumption and monthly average of daily minimum
temperatures by location over sap seasons, Nov.-Apr. (B) Monthly percentages of household sap consumption and monthly average of daily minimum temperatures by
location over a subset of months within the sap season, Dec.-Mar.

https://doi.org/10.1371/journal.pone.0313904.9002

high levels of consumption during the November, March, and April of the 2013-2014 season
as compared to the 2014-2015 and 2015-2016 sap seasons (S2 Fig).

To account for the possibility that the relationship between monthly percentages of house-
hold sap consumption and minimum temperatures by location was impacted by the high late-
fall and spring temperatures in the November and April of the sap season and limited data on
consumption in households during the Novembers of the study (n = 3/583 responses in
Novembers, Table 1), we further examined the relationship after limiting the analysis to
December-March (Fig 2B).

Sap consumption remained negatively correlated with average minimum temperatures
during each sap season of the study period (slopes -1.98, -11.56, and -8.99, respectively), even
after restricting to the coldest months with the most sap consumption.

The relationship between average monthly minimum temperatures and monthly percent-
ages of household sap consumption was largely similar across all administrative divisions
(Fig 3), exhibiting a consistent inverse relationship between sap consumption and monthly
averages of daily minimum temperatures. However, districts with low overall average sap con-
sumption, particularly Rangpur (3%), Chittagong (4%), and Sylhet (2%), did not demonstrate
this association to the extent that districts with greater sap consumption did.

The peak time for sap consumption varied by location over the study period (Fig 3C). The
peak occurred in January for Barisal (13%), Chittagong (8%), and Khulna (41%), while the
peak of the season was in February for Dhaka (16%), Rajshahi (31%), Rangpur (7%), and Syl-
het (9%). We found an inverse relationship between average monthly temperature and
monthly proportion of sap consumption nearly each month of the sap season with the exclu-
sion of April (Fig 3D).

We observed greater household sap consumption in the 2013-2014 sap season (Fig 4A), as
well as colder monthly averages of daily minimum temperatures (Fig 4B) and lower monthly
averages of daily cumulative precipitation (Fig 4C) in the 2013-2014 sap season. Further, mini-
mum temperatures and sap consumption were related by season and location, with not only
colder years throughout the entire country but colder winters within each division being
related with greater sap consumption in that winter within that division. No association was
identified between household sap consumption and relative humidity or visibility (S3 Fig).
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We found that moving averages of minimum temperature contributed significantly to
explaining sap consumption (x> (1, n = 5,027) = 7.74, p < 0.01), though categorical monthly
averages did not (x> = 1.31, p = 0.252). A similar observation was made for cumulative precipi-
tation, though both the moving (x* = 5.15, p < 0.05) and categorical (x* = 14.69, p < 0.001)
averages improved model fit. Further, moving averages of cumulative precipitation contrib-
uted to model fit after accounting for the contributions of minimum temperature (xz =8.00,

p < 0.01), suggesting an independent association of each weather condition with sap con-
sumption after accounting for the contributions of month, location, and sap season. Visibility
or relative humidity was not found to be associated with household date palm sap consump-
tion (S1 Table).

Comparing ROC curves for season and weather variables (54 Fig) using DeLong’s test from
the pROC package in R [17], we found that there was no significant difference between the
AUC when using only season (0.790) or only weather (0.786) as classifiers alongside month
and location (Z = 0.562, p = 0.574, 95% CI for AUC difference: -0.011-0.02). Examining the
covariates of season and weather in model selection using AICc, the categorical variable of sea-
son provided better fit than moving averages of minimum temperature and precipitation, but
the best fit was observed when including both season and weather (S2 Table and S4 Fig).

Discussion

Nipah virus spillovers into humans in Bangladesh have repeatedly been associated with con-
sumption of date palm sap [2-4]; furthermore, those spillovers are higher during years with
colder winters [8, 9]. A study of human sap consumption during 2013-2016 in Bangladesh
reported that consumption decreased across the study period and proposed multiple possible
reasons for this decrease, including regional public health interventions advocating against sap
consumption that were ongoing during the study period [15]. Our study showed that
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household date palm sap consumption was higher during colder, drier winters, and that rela-
tionship was largely generalizable across all months of the sap season and each administrative
division in Bangladesh (Figs 3 and 4). The pattern of decreasing sap consumption during
2013-2016 reported in Shanta et al follows the relative winter temperatures recorded those
years, where sap consumption was highest in the 2013-2014 when the temperatures were low-
est, and decreased as winters were warmer in the subsequent years [15]. In our data, colder
temperatures and less precipitation were associated with greater sap consumption even after
accounting for sap season (S2 Table and S4 Fig). Thus, weather patterns during 2013-2016
might be a more important contributor to changes in date palm sap consumption over time
rather than previous interventions.

Though identifying the association between winter weather patterns and sap consumption is
useful in understanding interannual variability in Nipah virus spillover, the causal mechanisms

PLOS ONE | https://doi.org/10.1371/journal.pone.0313904 November 20, 2024 8/11


https://doi.org/10.1371/journal.pone.0313904.g004
https://doi.org/10.1371/journal.pone.0313904

PLOS ONE

Identifying weather patterns affecting household date palm sap consumption in Bangladesh

of the association are still poorly understood. The effects of temperature and precipitation on
the quantity or quality of sap produced by date palms remains unclear. It is possible that
humans consume more sap during colder winters because the trees produce more sap during
colder days, resulting in more opportunities for human consumption. Qualitative evidence
from observers, historical records, and interviews with sap harvesters suggest that sap quality
and volume may be highest on the coldest nights of the winter sap season [1, 12, 13]. Dilution of
the sap from rain may visually impact the quality of the sap, reducing the likelihood that an indi-
vidual would purchase it for consumption. Future studies into the effects of weather on date
palm sap production quantity and quality could clarify the mechanisms that underlie the associ-
ation between weather and sap consumption, as well as quantify the coefficients of the relation-
ships between sap consumption, temperature, and rainfall, among other possible weather
variables. At present, the ability to make claims on the magnitude of the relationships and the
predictive power of weather on sap consumption is limited by the length of the recall period in
the data, and there is little practical use of the absolute values of the AUCs of the ROC curves
presented here (S4 Fig). Additionally, as we do not have data on attitudes towards date palm sap
consumption during the study period and thus cannot rule out the impact of educational inter-
ventions about sap consumption, future studies should take into account the motivating factors
in the purchase of date palm sap beyond the quality of the sap itself.

Despite these unknowns, however, our synthesis of existing evidence has identified impor-
tant human behavioral patterns that could have an impact on interannual variation in Nipah
virus spillovers in Bangladesh. These findings could be used for targeting prevention efforts to
reduce the risk of Nipah virus spillovers. Messages that educate about the dangers of contami-
nated sap consumption should be increased during colder and drier winter weeks in Bangla-
desh, promoting either abstinence or use of physical barriers to keep bats out of sap [7, 12, 18,
19], which have both been shown to reduce exposure to potentially contaminated sap.

Supporting information

S1 Fig. Coverage of Bangladesh by NOAA weather stations.
(PDF)

S2 Fig. Average percent household sap consumption in all locations by month over the
study period.
(PDF)

S3 Fig. Visibility and relative humidity by location and season. (A) Average of all daily val-
ues of visibility in kilometers over sap seasons by division (B) Average of all daily percentages
of relative humidity over sap seasons by division.

(PDF)

S4 Fig. Receiver operating curves of specified models of weather, season, and sap consump-
tion. (A) Receiver operating curve of logistic regression model of month, location (administra-
tive division), and 30-day rolling averages of minimum temperature and cumulative
precipitation on date palm sap consumption, (B) Receiver operating curve of logistic regres-
sion model of month, location (administrative division), and sap season on date palm sap con-
sumption, (C) Receiver operating curve of logistic regression model of month, location
(administrative division), 30-day rolling averages of minimum temperature and cumulative
precipitation, and sap season on date palm sap consumption.

(PDF)
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S1 Table. % Likelihood ratio tests to determine contribution of extended covariates to
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