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ARTICLE INFO ABSTRACT

Keywords: High Pathogenicity Avian Influenza (HPAI) H5N1 outbreaks continue to wreak havoc on the global poultry
Immunization industry and threaten the health of wild bird populations, with sporadic spillover in humans and other mammals,
Bir_d ﬂu‘ resulting in widespread calls to vaccinate poultry. Bangladesh has been vaccinating poultry since 2012, pre-
}Egﬁf:;uomgy senting a prime opportunity to study the effects of vaccination on HPAI H5N1circulation in both poultry and wild
Chicken birds. We investigated the efficacy of vaccinating commercial poultry against HPAI H5N1 along with climatic

and socio-economic factors considered potential drivers of HPAI H5N1 outbreak risk in Bangladesh. Using a
multivariate modeling approach, we estimated that the rate of outbreaks was 18 times higher before compared to
after vaccination, with winter months having a three times higher chance of outbreaks than summer months.
Variables resulting in small but significant increases in outbreak rate were relatively low ambient temperatures
for the time of year, literacy rate, chicken and duck density, crop density, and presence of highways; this may be
attributable to low temperatures supporting viral survival outside the host, higher literacy driving reporting rate,
density of the host reservoir, and spread of the virus through increased connectivity. Despite the substantial
impact of vaccination on outbreaks, we note that HPAI H5N1 is still enzootic in Bangladesh; vaccinated poultry
flocks have high rates of HSN1 prevalence, and spillover to wild birds has increased. Vaccination in Bangladesh
thus bears the risk of supporting “silent spread,” where the vaccine only provides protection against disease and
not also infection. Our findings underscore that poultry vaccination can be part of holistic HPAI mitigation
strategies when accompanied by monitoring to avoid silent spread.

Climate drivers
Socio-economic factors

1. Introduction

Until 1995, the avian influenza virus (AIV) mostly occurred in a low
pathogenic form with only occasional emergences of high pathogenicity
avian influenza (HPAI) [1]. From 1996 to the present, we have wit-
nessed a progressively more rapid and wider spreading of HPAI caused
by virus from the H5N1 A/goose/Guangdong/1996 lineage evolving
into several distinct and diverse clades [2,3]. Notably, viruses belonging
to H5Nx Clade 2 have caused significant socio-economic damage and
health concerns for livestock, wildlife, and humans. Since October 2021,
viruses belonging to Clade 2.3.4.4b have caused a panzootic of un-
precedented magnitude, spreading to all continents except Australia and
Antarctica, thus far leading to the loss of more than half a billion poultry

and high mortality across a great variety of species of wild birds [4-6].
Furthermore, HPAI HS5N1, including the present panzootic clade
2.3.4.4b H5NI1 viruses, have demonstrated the ability to cross the bar-
rier between birds and mammals, resulting in infections in humans and
other mammalian species [6-8], including a range of marine mammal
species (such as south American sea lions, harbor seals, porpoises and
dolphins) [9,10]. Since its emergence, the virus has led to at least 878
laboratory-confirmed human cases in 23 different countries [8,11]. This
event has increased calls to implement poultry vaccination against HPAI
more widely [5,12]. While vaccination against some HPAI lineages has
proven successful in significantly reducing casualties amongst poultry
[13,14], vaccination alone has thus far not resulted in eradication of
those lineages [15].
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Moreover, when vaccination merely reduces disease symptoms and
does not adequately prevent infection, as is currently the case, it may
result in “silent spread” and promote further virus evolution [16].
Therefore, improved vaccination practices alone may not be sufficient to
contain the current panzootic, and it is of crucial importance to learn
about additional factors that may drive the spread of HPAI, including
climatic, socio-economic, ecological, and biosecurity factors. In
Bangladesh, vaccination of the national poultry stock against HPAI
H5N1 commenced in 2012 [17,18]. Detailed accounts of Bangladesh’s
outbreak history, specifically preceding and following this intervention
from 2007 to 2018, offer a valuable opportunity to identify factors that
influence outbreaks in poultry in both the presence and the absence of a
large-scale vaccination program. Such analysis is an opportunity to yield
insights that may be crucial in developing adequate mitigation strategies
for current and future epizootics.

It is well known that meteorological factors may affect disease
emergence, including cross-species viral spillover risk [19,20], and that
an improved understanding of climate implications on viral ecology is
crucial in developing mitigation strategies to reduce adverse health
impacts on humans and animals [21]. For instance, in humans, weather
conditions such as low temperature, high relative humidity, and high
frequency of rainfall were found to contribute to the transmission of
Influenza A [22-24]. Low temperatures and high wind speed were also
associated with seasonal influenza A outbreaks in China [25]. Table 1
summarizes the effects of weather and climate on both HPAI and low
pathogenicity avian influenza (LPAI) prevalence and outbreaks globally.

Socio-economic factors may also significantly influence avian influ-
enza outbreaks [26,27]. Sufficiently large populations of poultry farms
may become maintenance reservoirs for HPAI [28]. Previous studies
have also demonstrated that higher human population density increased
the risks of avian influenza outbreaks in Hong Kong and Thailand
[29,30]. Other socioeconomic components, such as literacy and poverty
rates, were also related to avian influenza outbreak risk [31]. Addi-
tionally, several studies have identified a number of ecological factors,
such as the presence of migratory bird staging areas and wetland habi-
tats for key reservoir species such as waterfowl and shorebirds [32], that
may significantly increase the likelihood of HPAI-H5N1 outbreaks in
poultry [33,34]. Thus, we further collated socio-economic and ecolog-
ical variables from the literature for inclusion in Table 1, as well as the
suggested pathways through which they might act. Many of the vari-
ables associated with AIV outbreaks and prevalence vary seasonally.
This is true for a number of the meteorological and ecological variables
highlighted in Table 1, e.g., wildlife host abundance, like waterfowl.
Likewise, many influenza studies, be it in humans [35,36], poultry
[37,38], or wild birds [32,39], have found clear seasonality in AIV
prevalence/outbreaks. Thus, when analyzing time series of outbreaks,
seasonality must be accounted for to isolate the true effects of other
explanatory variables.

Bangladesh is a low-income developing country with one of the
highest population densities worldwide, estimated at 1115 humans,/km?
[40]. Since 2007, Bangladesh has been badly impacted by HPAI H5N1
outbreaks in commercial poultry, specifically those belonging to clade
2.2 and descendant lineages commercial poultry [41]. The poultry in-
dustry is an important part of the economy of Bangladesh, generating
4.12 billion USD annually (1.17% of the GDP) and creating employment
for >6.0 million people, primarily females and young people [42,43]. As
a result, HPAI has been a source of significant economic losses for the
industry and, in turn, the country. In the 2008 HPAI H5N1 wave of
outbreaks, about 50% of poultry farms were closed, and >1.8 million
chickens were culled at an economic cost of around 40 million USD, with
2.5 million people made jobless [44,45]. In response, in 2012, two
vaccines against H5 were authorized for importation from China and
USA for use in Bangladesh [46]. Here, we provide a detailed analysis of
how this vaccination campaign has impacted the rate of HPAI H5N1
outbreaks in Bangladesh, in combination with a range of climatic, socio-
economic, and ecological factors hypothesized to be of importance in
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Table 1
Factors observed to have an effect on HPAI H5N1 outbreaks in poultry and the
suggested underlying mechanisms.

Category Variables Observed Suggested Supporting
effect on mechanism literature
HPAI
H5N1
outbreaks
Meteorological Relative + Virus survival ~ Lowen,
humidity (%) outside host Mubareka
[471, Peci,
Winter [48]
Maximum - Virus survival Lowen,
temperature outside host Mubareka
[{®)] [47], Peci,
Winter [48]
Minimum - Virus survival Lowen,
temperature outside host Mubareka
[§O)] [471, Peci,
Winter [48]
Wind speed + Promoting Ssematimba,
(knots) virus Hagenaars
dispersal [49], Lau,
while outside Wang [50]
host
Cloud cover —+ Virus survival Guo, Xue [51],
(octa) outside host Biswas, Islam
[52]

Socio- Adult literacy  + Reporting Mahendri,
economic rate (%) bias Saptati [53],
and Roy, Singh
ecological [54]

Chicken + Host reservoir Gilbert,
density size and Chaitaweesub
(number km increased [55]1, Henning,
? connectivity Pfeiffer [56]
promoting
dispersal
Domestic + Host reservoir Gilbert,
duck density size and Chaitaweesub
(number km increased [55], Gilbert,
2) connectivity Newman [57]
promoting
dispersal
Crop density + Driver of host  Loth, Gilbert
(acres per reservoir size [41], Paul,
km?) Tavornpanich
[58]
Number of + Increased Indriani,
markets connectivity Samaan [59]
(number per promoting
district dispersal
Presence of + Driver of host Yupiana, de
wetland (no/ reservoir size Vlas [60],
yes) Martin, Pfeiffer
[61]
Presence of + Increased Loth, Gilbert
national connectivity [41], Paul,
highway (no/ promoting Tavornpanich
yes) dispersal [58]
Presence of + Driver of host ~ Ward, Maftei
migratory Teservoir size [62], Ward,
birds staging Maftei [63]
areas (no/
yes)

driving AIV outbreak risk, to inform future mitigation strategies against
the ongoing HPAI threat.

2. Methodology
2.1. HPAI H5N1 outbreak data

We used all HPAI H5N1 outbreaks in Bangladesh collated in the
Global Animal Disease Information System (EMPRES-i) database
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available at the Food and Agriculture Organization between January
2007 and December 2018 [64]. For a total of 585 outbreaks, we
extracted information on the date of the outbreak, the species affected,
and the latitude and longitude of the outbreak epicenter. With these
data, we compiled one data set containing the monthly outbreak counts
for the country and another data set containing the total outbreak counts
from March 2007 to December 2018 for each of the 64 districts in
Bangladesh. The national data set containing the monthly counts was
used to investigate the role of vaccination and climatic factors. The
district data set containing the overall outbreak counts between 2007
and 2018 was used to investigate the role of socio-economic and
ecological factors as drivers of HPAI outbreaks.

2.2. Meteorological data

We accessed meteorological data from the Bangladesh Meteorolog-
ical Department (BMD) (https://www.bmd.gov.bd/) [65]. BMD keeps
daily records of maximum temperature (°C), minimum temperature
(°C), relative humidity (%), wind speed (knot), and cloud cover (octa) at
35 meteorological observatories across the nation. Any occasional
missing data points were linearly interpolated. We calculated the
monthly mean of each meteorological variable for each station and then
took the average across all 35 stations to obtain a national monthly
average for that variable. Lastly, we calculated the monthly anomaly for
each variable (i.e., the difference between the monthly average and the
mean of the monthly average across all years) for inclusion in our
analyses.

2.3. Socio-economic and ecological data

We used district-level adult literacy rate (%) from the Bangladesh
Population and Housing Census 2011 [66]. We extracted chicken den-
sity (number km~2), duck density (number km~2), and crop density
(acres km2) for each district from the Bangladesh Agriculture Census
2008 conducted by the Bangladesh Bureau of Statistics [67]. We also
collected data on migratory bird staging areas that were classified as of
“international importance” in the literature [31,68], as well as data on
the presence of wetlands in that district from the FAO GeoNetwork [69].
For each district, we recorded the presence of national highways facil-
itating connectivity and the number of live bird markets from the Local
Government Engineering Department Bangladesh [70].

2.4. Statistical analyses

Using the national level monthly outbreak data, we investigated the
effect of season, weather, and vaccination on monthly outbreak numbers
using generalized linear models in R version 4.2.0 within Rstudio
version 2022.02.2. We calculated the Pearson’s correlation coefficients
between all-weather anomalies to assess multicollinearity (Figure SM1),
after which we decided to remove the monthly anomalies for cloud
cover and minimum temperature, yielding a maximum absolute corre-
lation coefficient of 0.543 between any of the weather anomalies
retained. To test the effect of season, we included month as a categorical
variable. Vaccination was entered as a binary variable and set to “no”
prior to 2012 and “yes” thereafter. The anomalies for maximum tem-
perature, relative humidity, and windspeed were included as covariates
to estimate the effects of weather conditions adjusted for the season.

Using the district data set with the overall outbreak counts, we
investigated the effects of literacy rate, chicken density, duck density,
crop density, number of live bird markets, presence of highways (yes/
no), presence of migratory bird staging areas (yes/no), and presence of
wetlands (yes/no) through generalized linear models. One of the 64
districts, Mymensingh, contained extreme outliers, notably an extraor-
dinarily high number of live-bird markets (829), and was omitted from
analyses. In the reduced data set, Pearson’s correlation coefficients and
Cramer Vs were used to examine relationships between the explanatory
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variables prior to analysis. We identified a very high correlation between
chicken and duck density of 0.804 (Fig. SM2); therefore, duck density
was removed from the data set.

We fitted generalized linear models (GLM) to the monthly number of
outbreaks that assumed Poisson, negative binomial, zero-inflated Pois-
son, zero-inflated Poisson with regression zero-inflation correction,
zero-inflated negative binomial, zero-inflated negative-binomial with
regression zero-inflation correction and a quasi-Poisson distribution.
The best-fitted model was determined to be the negative binomial model
based on the dispersion statistic and Akaike information criteria (AIC),
aiming for a dispersion statistic value as close to 1 as possible [71,72].
All models were run twice: once with all continuous explanatory vari-
ables untransformed and once with all continuous explanatory variables
scaled. The latter was done to allow a better comparison of effect sizes
across explanatory variables. For month, the only categorical variable in
the analyses with more than two levels, we conducted post-hoc pairwise
comparisons using the emmeans package [73].

3. Results

HPAI H5N1 outbreaks were recorded exclusively in commercial and
backyard chickens and wild, free-roaming house crows (Corvus splen-
dens). The number of outbreaks in Bangladesh between March 2007 and
December 2018 showed considerable temporal variation with peaks in
early 2008 and 2011 (Fig. 1A). There was a distinct decline in poultry
outbreaks after the national vaccination campaign began in 2012, with
only occasional outbreaks reported afterward. Conversely, there was an
increase in outbreaks detected in house crows post-vaccination. The
total number of outbreaks detected from 2007 to 2018 was non-
uniformly distributed across the 64 districts, with some strong spatial
clustering in the center of the country (Fig. 1B).

As expected, the meteorological parameters represented in the study
demonstrated a distinct seasonality, be it with a low amplitude (Fig. 2).
Maximum and minimum monthly average temperature, relative hu-
midity, cloud cover, and wind speed all follow a unimodal distribution,
with high values prevailing in summer and low values prevailing in
winter.

When modeling the number of monthly HPAI H5N1 outbreaks across
Bangladesh, we found that the incidence was significantly lower be-
tween the months of May-November, after vaccination and during
relatively high maximum temperatures. (Fig. 3, Table Supplementary
(SM1).

To illustrate these effects in more detail, marginal means for these
three explanatory variables are plotted in Fig. 4. Of the significant
variables, vaccination had the strongest effect on monthly outbreak
incidence, where the estimated incident rate of outbreaks for unvacci-
nated months (prior to national vaccination) was 18 times the rate of
outbreaks for vaccinated months (post vaccination) (IRR = 0.055;
Fig. 3). On average, the warmer months of the year, notably May-No-
vember, had a lower rate of outbreaks compared to the colder months,
specifically January-March (Fig. 3, Fig. 4A; pairwise post-hoc testing
identified significant, differences in outbreak frequency between
February and July, and March and May through to November). The
maximum temperature anomaly had a slightly negative, yet significant,
effect on the rate of outbreaks (Fig. 3, Fig. 4 C), further illustrating the
effect of temperate on outbreak incidence.

The GLM for the total number of outbreaks by district from 2007 to
2018 showed that adult literacy rate, chicken density, crop density, and
the presence of national highways significantly increased the rate of
HPAI H5N1 outbreaks (Fig. 5, Table SM2). To illustrate these effects in
more detail, marginal means for these three significant explanatory
variables are also plotted in Fig. 6. The presence of highways had the
strongest effect of the three explanatory variables, resulting in a 3-fold
increase in the number of outbreaks (Fig. 5, Fig. 6D). Following high-
way presence, an increase in adult literacy is expected to correspond to
an increase in district outbreak incidence, such that a single unit
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Fig. 1. Temporal (A) and spatial (B) patterns in HPAI H5N1 outbreaks in poultry and wild birds. In panel A, the monthly number of HPAIV outbreaks summed across
all 64 districts in Bangladesh is depicted as a function of time, and the start of the national AIV vaccination campaign is indicated with an arrow. In panel B, the
cumulative number of outbreaks per district over the period of 2007-2018 is depicted with a colour gradient corresponding to the number of outbreaks.
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Fig. 3. Incidence Rate Ratios (+ 95% confidence interval) of HPAI H5N1 outbreaks as a function of the month (m [1]-m [12]), vaccination (Vax), and the (scaled)
anomalies of relative humidity (dRelHum), maximum temperature (dTmax) and wind speed (dWind). January (i.e. m [1]), no vaccination and zero anomalies form
the reference (red vertical line), indicating that vaccination, the months May—-November, and relatively high maximum temperatures were significantly associated
with (* P < 0.05, **P < 0.01, ***P < 0.001) lower numbers of monthly outbreaks. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

increase in literacy (1%) at the district level is expected to increase the
outbreak rate ratio by a factor of 1.53 (Fig. 5, Fig. 6A).

While more limited than the previous effects, increases in chicken
and crop densities are expected to result in an increase in outbreak
incidence at the district level (Fig. 5, Fig. 6B, Fig. 6C)). Given the effect
of chicken density, it should be noted that domestic duck density, which
was not used as an explanatory variable in the analysis, was strongly
correlated with chicken density (r = 0.799).

4. Discussion
4.1. The impact of vaccination

We conducted a comprehensive study on the role of vaccination,
climatic, socio-economic, and ecological factors on H5N1 outbreaks in

poultry and wild birds using a 12-year dataset representing all 64 dis-
tricts in Bangladesh. We demonstrated that poultry vaccination resulted
in a substantial reduction in the rate of H5SN1 outbreaks, by a factor of
18, which was higher than any other variables included in our study.
While poultry vaccination against some HPAI lineages has proven suc-
cessful in reducing morbidity and mortality amongst poultry [13,14],
there are, to the best of our knowledge, no studies that have quantified
this effect, let alone in combination with other environmental factors.
Furthermore, adult literacy rate, chicken density, crop density, and
presence of national highways were all associated with small but sig-
nificant increases in outbreak incidence.

Our study, in addition to others, has demonstrated the significant
protective effect of poultry vaccination against HPAI H5N1 outbreaks
[14,74-76]. Although the vaccination campaign in Bangladesh has
successfully reduced the recorded number of outbreaks, it has not
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Fig. 5. Incidence Rate Ratios (+ 95% CI) of HPAI H5N1 outbreaks as a function
of four scaled co-variates (literacy rate, chicken density, crop density number of
markets) and three binary, categorical explanatory variables (presence of
highway, presence of migratory bird staging area and presence of significant
wetland). The reference for the estimated probabilities is formed by the absence
of the last three features and the averages of the four covariates (i.e., red ver-
tical line). Literacy rate, chicken density, crop density, and the presence of
highways are significantly associated with an increase in outbreaks at the dis-
trict level (* < 0.05, ** < 0.01, *** < 0.001). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

sufficiently controlled the circulation of H5N1, considering that year-
round detection of the virus is still observed in both poultry and wild
birds around the country [77,78]. Even in farms with adequate bio-
security practices, vaccinated commercial poultry are still frequently
shown to be shedding HPAI H5N1 virus [77]. Similar circumstances
have been observed in Egypt and Mexico, where the H5N1 virus has
developed into multiple antigenically distinct subclades and has become
enzootic following the rollout of vaccination against HPAI H5N1

[79,80]. These unintended effects of vaccination are due to the vaccine
providing inadequate protection against infection, in such cases when
the vaccination leads to a reduction in disease symptoms only. This
phenomenon may result in “silent spread” and promote further virus
evolution [16]. Unvaccinated birds, notably wild birds, may become the
victims of such a process, which may explain the observed increase in
outbreaks amongst house crows in Bangladesh after 2012 (Fig. 1A)
[81,82].

Despite the risk of silent spread, vaccination of poultry can still be a
very important component of comprehensive HPAI mitigation strate-
gies, provided it is accompanied by monitoring to verify that vaccination
results in sufficient protection against infection and not only protection
against disease. In case flocks are found infected, the virus should be
stamped out to stop the spread. This means that vaccination should also
be accompanied by improved farm and LBM biosecurity practices to
reduce the chance of infection, even in vaccinated populations [8,83].
Additionally, vaccination against HSN1 in Bangladesh is currently
focused on commercial chicken farms, while 9.7% of HPAI outbreaks are
reported in backyard chickens [8]. Furthermore, domestic ducks appear
to be an important host reservoir and may play a central role in the
maintenance, amplification, and spread of HPAI viruses in Bangladesh
[84,85]. Extending the vaccination campaign to domestic ducks and
backyard chickens may therefore be essential for controlling AIV in
Bangladesh.

Spillover from poultry into wild mammals, which has been observed
in the current H5N1 clade 2.3.4.4b outbreaks in the United States, is of
particular concern as it may facilitate viral adaptation to mammalian
hosts — a necessary step towards causing a human epidemic [86,87].
Although the urgency for action to fight the current HPAI panzootic and
limit the risks of spillovers into humans is high, the associated risk of
silent spread explains why vaccination of chickens against HPAT H5N1 is
the subject of global controversy. This is also one of the key reasons why
the EU, while increasingly being open to adequate and safe vaccination
of poultry as a complementary intervention by its member states, is only
allowing for doing so in combination with biosecurity measures and
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Fig. 6. Marginal means for explanatory variables that significantly explain variation in the number of HPAI H5N1 outbreaks in each of the districts across
Bangladesh. In panels A, B, and C, the regression line (in black) and its 95% confidence interval (grey shading) are plotted for the literacy rate (bottom axis in % and
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all other effects are plotted for reference (grey dots). In panel D, the average marginal means (black dots) and their 95% confidence intervals (black bars) are plotted
for the presence of highways, respectively, with the original data corrected for all other effects are plotted for reference (pink dots). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

appropriate monitoring of the vaccinated poultry flocks [88], which will
avoid silent spread.

4.2. Meteorological and seasonal effects

Of the environmental factors investigated, the season had the
strongest significant effect on outbreak risk, with the summer months
(May-November) having a lower rate of outbreaks than most winter
months. This may be partly explained by the purported role of tem-
perature in influenza transmission. Although studies on environmental
drivers of HPAI outbreak risk have been conducted in Bangladesh pre-
viously, these were limited in longitudinal scope, representing two to
five years of data, and were conducted prior to the start of the vacci-
nation campaign [31,52]. Consistent with findings from the literature
[89,90], we detected a protective effect of temperature on outbreak risk,
where a higher maximum temperature anomaly was associated with a
reduction in outbreak incidence. We identified a distinct yearly seasonal
trend, with a single peak of H5N1 occurring from November to March.
Similar annual peaks in HPAI outbreaks have been observed in other
tropical and subtropical regions of Asia, like Indonesia, Egypt, and

Vietnam [38,91]. However, biannual influenza prevalence peaks have
also been reported in countries such as India [92] and Thailand [23].
Our finding of summer months having a 2-3 times lower incidence rate
than most winter months supports the finding that spillover of HPAI
H5N1 into humans is more than three times higher during the winter
and spring months than during the autumn and summer months [93].
In Bangladesh, the months between November and March coincide
with the lowest ambient temperatures, relative humidity, cloud cover,
and wind speed (Fig. 2). While all these factors have previously been
considered to have an impact on HPAI prevalence (Table 1), only lower
temperatures were thought to promote HPAI prevalence, while the in-
verse has been predicted for relative humidity, cloud cover, and wind
speed. By demonstrating that the maximum temperature anomaly had a
protective effect on HPAI H5N1 outbreak rate (i.e., relatively low tem-
peratures for the time of year had a positive effect on outbreak risk), our
findings suggests that the seasonal effect on HPAI outbreaks in
Bangladesh may indeed be causally linked to temperature. Many studies
have similarly shown that lower temperatures increase the probability
of outbreak occurrence [94-98]. The mechanisms behind this effect may
include higher replication rates [99] and survival [35,99,100] of ALV at
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lower ambient temperatures. The seasonal patterns that we detected in
HPAI H5N1 outbreak risk did not correspond to the effects of relative
humidity, cloud cover, and wind speed that we collated from the liter-
ature. The anomalies for relative humidity (which itself was highly
correlated with cloud cover) and wind speed had no significant effect on
outbreak risk (Fig. 3). The discrepancy between our findings and those
in other studies that did find an effect of humidity [101,102] and wind
speed [103] may be due to the strong effects of vaccination and tem-
perature within our data set. However, it should also be noted that
previous studies occasionally found contrasting effects on AIV preva-
lence for both humidity [47,48] and wind speed [103], suggesting that
these effects may either vary in interaction with other drivers or are due
to spurious correlations (see for Fig. SM1 for examples of high correla-
tions between various weather factors).

4.3. Socio-economic and ecological effects

As many as four of the seven socio-economic and ecological factors
tested for significantly explained the variation in HPAI H5N1 outbreak
rate across the districts in Bangladesh. To our surprise, we noted that
districts with a higher literacy rate had a significantly higher rate of
outbreaks. The veterinary authority in Bangladesh primarily relies on
farmers to report high morbidity and mortality in their flocks. What
might serve as an explanation for this finding is that increased literacy
may be associated with public awareness of the disease and facilitate the
reporting of suspected outbreaks.

Our study also revealed that an increase in chicken density was
associated with an increase in the rate of HPAI H5N1 outbreaks at the
district level, which aligns with findings in Vietnam [104]. However, we
should note that we observed a high correlation (r = 0.799) between
chicken and domestic duck densities across the districts (Fig. SM2),
meaning that this effect may be due to either chicken density, duck
density, or both. Given that domestic ducks may act as an important
reservoir for HPAI H5N1 [105,106], it is conceivable that high duck
densities are associated with an increased outbreak rate. As an alter-
native explanation for the effect of chicken density on outbreak risk,
Table 1 indicates that greater densities of poultry increase the risk of
contact with potentially infected poultry due to a more elaborate
network of trading and other farming-related activities. In this, it should
be considered that the spread of disease is not only due to the movement
of sick birds but also contaminated chicken products and equipment
[107]. It would be valuable to investigate these variables further to
isolate the true relationship, considering that these two drivers would
inform different control strategies.

Road infrastructure may also promote the spread of HPAI H5N1 by
facilitating the movement of infected birds or contaminated equipment
and feed between farms within a district. We found that the presence of
major highways was significantly associated with the rate of HPAI H5N1
outbreaks at the district level. Importantly, these highways also promote
traffic to distant farms (in other districts) and trading facilities, boosting
the size of the network and increasing connectivity. Previous studies also
confirmed the role that road infrastructure might play in HPAI H5N1
dispersal, both in Bangladesh ([41] and elsewhere in Southeast Asia
[58,62]. Connectivity, coupled with poor biosecurity and disease sur-
veillance, would plausibly account for within-district and between-
district spread of H5N1.

Finally, we found crop density to significantly correlate with HPAI
H5N1 outbreak risk. The production of backyard poultry in rural areas,
whether chicken or free-ranging ducks, is closely associated with rice
cultivation in Bangladesh and other parts of Southeast Asia [31,108].
Crop density may thus be considered a proxy for densities of backyard
poultry, which are typically not vaccinated. Previous studies in
Thailand, Vietnam, and Taiwan [33,108,109] acknowledged the po-
tential significance of free-ranging ducks and rice agriculture in
contributing to HPAI epidemiology. The number of live bird markets in a
district and the presence/absence of wetlands and migratory bird
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staging areas all had a non-significant effect on the rate of outbreaks
within districts. These findings are seemingly in contrast with the
literature. For instance, it has been confirmed in many studies that live
bird markets are of profound significance in the maintenance and spread
of HPAI [110-112]. However, LBMs are omnipresent in all districts, and
it is only the variation in the number of markets and not their presence/
absence that we investigated here. Similarly, in many previous studies,
wild waterbirds, and migratory bird staging areas in particular, have
been assigned an important role in the maintenance and dissemination
of HPAI [63]. Our results do not necessarily refute that the proximity of
wild bird habitats and the birds themselves play a role in the epidemi-
ology of HPAL Rather, our results may suggest that if wild birds have a
role, that role is likely relatively limited compared to the other factors
we investigated. One of the limitations of this study is the dependence on
passive surveillance in Bangladesh, wherein the identification of po-
tential outbreaks of HPAI HSN1 mostly relies on the reporting of chicken
mortality by poultry farmers to the local veterinary hospital [113]. The
potential for underreporting of clinical cases cannot be ruled out due to
concerns regarding culling and the absence or insufficiency of
compensating measures for poultry farmers.

5. Conclusions

Here we presented a comprehensive analysis of the role of vaccina-
tion and a set of meteorological, socio-economic, and ecological factors
on the incidence of HPAI H5N1 outbreaks in Bangladesh. The study
revealed significant and strong impacts of vaccination and season on
outbreak incidence, with slightly lesser but still significant effects of
temperature and a range of socioeconomic factors. These factors are
important in developing and implementing HPAI mitigation strategies in
Bangladesh and possibly other regional countries. For instance, our
study highlights the importance of designing surveillance strategies for
HPAI H5N1 outbreaks as a climate-sensitive disease and increasing
biosecurity awareness during winter. The role of highway networks as a
contributing factor to the spread of HPAI justifies the significance of
tracking poultry transports and setting transportation limits to curb the
spread, as earlier suggested by Rivas, Chowell [114]. Although not
explicitly researched here, our findings suggest that supporting
increased literacy, public education, and awareness campaigns aimed at
farmers might also improve early detection and shorten response times
to contain HPAI-H5N1 outbreaks. While vaccination resulted in a dra-
matic decrease in HPAI H5N1 outbreaks in poultry, we highlighted that
the virus might continue to circulate in vaccinated flocks with few signs
of sickness [115], resulting in further evolution, increased spillover risk
into wild birds and mammals, and ultimately, endemicity [116]. This
considerable threat as a result of inadequate vaccination warrants a
reassessment of the vaccination policy in Bangladesh and calls for great
scrutiny when planning on implementing it elsewhere in the world. It is
imperative that any implementation of vaccination should, at a mini-
mum, be accompanied by careful monitoring to guarantee that vacci-
nation results in a decrease in infection rate and not (only) a decrease in
disease symptoms.

Funding

There was no specific grant for this research from any funding or-
ganization in the public, private, or nonprofit sectors.

Ethical approval

No ethical consideration was required as the study uses open-source
datasets.

CRediT authorship contribution statement

Ariful Islam: Conceptualization, Methodology, Data curation,



A. Islam et al.

Formal analysis, Visualization, Validation, Software, Writing — original
draft. Sarah Munro: Methodology, Validation, Writing — review &
editing. Mohammad Mahmudul Hassan: Methodology, Writing — re-
view & editing, Supervision. Jonathan H. Epstein: Methodology, Re-
sources, Funding acquisition, Supervision, Project administration,
Writing - review & editing. Marcel Klaassen: Conceptualization,
Formal analysis, Visualization, Resources, Supervision, Writing — review
& editing.

Declaration of Competing Interest

The authors assert that they have no commercial or financial con-
nections that could be seen as a conflict of interest with the research.

Data availability
Data will be made available on request.
Acknowledgments

We would like to acknowledge the Institute of Epidemiology, Disease
Control and Research (IEDCR), EcoHealth Alliance, Chattogram Veter-
inary and Animal Sciences University in Bangladesh,Conservation, Food
and Health Foundation (CFHF), and the Centre for Integrative Ecology at
Deakin University, Australia for their assistance with this study. We
express gratitude to the Global Animal Disease Information System
(EMPRES-i) of the Food and Agriculture Organization (FAO), the World
Organization for Animal Health (WOAH), and the Department of Live-
stock Services (DLS), Bangladesh for providing open access to the data
on the H5N1 outbreaks on their websites.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.onehlt.2023.100655.

References

[1] D.J. Alexander, I.H. Brown, History of highly pathogenic avian influenza, Rev.
Sci. Tech. 28 (1) (2009) 19-38.

[2] S. Sonnberg, R.J. Webby, R.G. Webster, Natural history of highly pathogenic
avian influenza H5N1, Virus Res. 178 (1) (2013) 63-77.

[3] S.J.Lycett, F. Duchatel, P. Digard, A brief history of bird flu, Philos. Trans. R. Soc.
B 374 (1775) (2019) 20180257.

[4] M. Wille, M. Klaassen, No evidence for HPAI H5N1 2.3.4.4b incursion into
Australia in 2022, Influenza Other Respir. Viruses 17 (3) (2023), e13118.

[5] M. Wille, I.G. Barr, Resurgence of avian influenza virus, Science 376 (6592)
(2022) 459-460.

[6] R. Xie, et al., The episodic resurgence of highly pathogenic avian influenza H5
virus, Nature (2023) 1-8.

[7] WHO, Assessment of Risk Associated with Recent Influenza A(H5N1) Clade

2.3.4.4b Viruses, Available at: https://cdn.who.int/media/docs/default-source

/influenza/avian-and-other-zoonotic-influenza/h5-risk-assessment-dec-2022.pd

f2sfvrsn=a496333a_1&download=true. [accessed on April 12, 2023], 2022.

A. Islam, et al., Epidemiology and evolutionary dynamics of high pathogenicity

avian influenza (HPAI) H5N1 in Bangladesh, Transbound. Emerg. Dis. 2023

(2023).

[9] Avian influenza spillover into mammals, Lancet Microbe 4 (7) (2023 July) E492.

[10] M. Leguia, et al., Highly pathogenic avian influenza A (H5N1) in marine
mammals and seabirds in Peru, Nat. Commun. 14 (1) (2023) 5489.

[11] WHO, Cumulative Number of Confirmed Human Cases for Avian Influenza A
(H5N1) Reported to WHO, 2003-2023, Available at: https://www.who.int/
publications/m/item/cumulative-number-of-confirmed-human-cases-for-avian-
influenza-a(h5n1)-reported-to-who-2003-2023-14-july-2023.[ Accessed on
November 4, 2023], 2023.

[12] C. Vinci, Highly Pathogenic Avian Influenza, European Parliamentary Research
Service, 2023.

[13] T.M. Ellis, et al., Vaccination of chickens against HSN1 avian influenza in the face
of an outbreak interrupts virus transmission, Avian Pathol. 33 (4) (2004)
405-412.

[14] L.D. Sims, Lessons learned from Asian H5N1 outbreak control, Avian Dis. 51 (s1)
(2007) 174-181.

[8

—

[15]

[16]

[17]

[18]
[19]
[20]
[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]
[29]
[30]
[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]
[41]
[42]
[43]
[44]
[45]

[46]

[47]

[48]

[49]

One Health 17 (2023) 100655

E.M. Abdelwhab, et al., Introduction and enzootic of A/H5N1 in Egypt: virus
evolution, pathogenicity and vaccine efficacy ten years on, Infect. Genet. Evol. 40
(2016) 80-90.

N.J. Savill, et al., Silent spread of H5N1 in vaccinated poultry, Nature 442 (7104)
(2006) 757.

J.-H. Kwon, et al., Efficacy of two vaccines against recent emergent antigenic
variants of clade 2.3.2.1a highly pathogenic avian influenza viruses in
Bangladesh, Vaccine 39 (21) (2021) 2824-2832.

N.A. Rimi, et al., A decade of avian influenza in Bangladesh: where are we now?
Trop. Med. Infect. Dise. 4 (3) (2019) 119.

R. Antia, et al., The role of evolution in the emergence of infectious diseases,
Nature 426 (6967) (2003) 658-661.

C.J. Carlson, et al., Climate change increases cross-species viral transmission risk,
Nature 607 (7919) (2022) 555-562.

C.W. Morin, et al., Avian influenza virus ecology and evolution through a climatic
lens, Environ. Int. 119 (2018) 241-249.

R.P. Soebiyanto, F. Adimi, R.K. Kiang, Modeling and predicting seasonal
influenza transmission in warm regions using climatological parameters, PLoS
One 5 (3) (2010), e9450.

N. Suntronwong, et al., Climate factors influence seasonal influenza activity in
Bangkok, Thailand, PLoS One 15 (9) (2020), e0239729.

J.W. Tang, et al., Comparison of the incidence of influenza in relation to climate
factors during 2000-2007 in five countries, J. Med. Virol. 82 (11) (2010)
1958-1965.

P. Ma, et al., Influenza A and B outbreaks differed in their associations with
climate conditions in Shenzhen, China, Int. J. Biometeorol. 66 (1) (2022)
163-173.

K.J. Vandegrift, et al., Ecology of avian influenza viruses in a changing world,
Ann. N. Y. Acad. Sci. 1195 (1) (2010) 113-128.

Y. Chen, Y.-F. Chen, Global distribution patterns of highly pathogenic H5SN1 avian
influenza: environmental vs. socioeconomic factors, C. R. Biol. 337 (7-8) (2014)
459-465.

P.R. Hosseini, et al., Metapopulation dynamics enable persistence of influenza A,
including A/H5N1, in poultry, PLoS One 8 (12) (2013), e80091.

J.S. Tam, Influenza A (H5N1) in Hong Kong: an overview, Vaccine 20 (2002)
S77-S81.

M. Paul, et al., Anthropogenic factors and the risk of highly pathogenic avian
influenza H5N1: prospects from a spatial-based model, Vet. Res. 41 (3) (2010).
S.S. Ahmed, et al., Ecological determinants of highly pathogenic avian influenza
(H5N1) outbreaks in Bangladesh, PLoS One 7 (3) (2012) e33938.

M. Wille, et al., Strong host phylogenetic and ecological effects on host
competency for avian influenza in Australian wild birds, Proc. R. Soc. B 2023
(290) (1991) 20222237.

W.-S. Liang, et al., Ecological factors associated with persistent circulation of
multiple highly pathogenic avian influenza viruses among poultry farms in
Taiwan during 2015-17, PLoS One 15 (8) (2020), e0236581.

T. Tiensin, et al., Ecologic risk factor investigation of clusters of avian influenza A
(H5N1) virus infection in Thailand, J. Infect. Dis. 199 (12) (2009) 1735-1743.
L.O. Durand, et al., Timing of influenza A (H5N1) in poultry and humans and
seasonal influenza activity worldwide, 2004-2013, Emerg. Infect. Dis. 21 (2)
(2015) 202.

S. Lai, et al., Global epidemiology of avian influenza A H5N1 virus infection in
humans, 1997-2015: a systematic review of individual case data, Lancet Infect.
Dis. 16 (7) (2016) e108-e118.

M. Walsh, et al., The landscape epidemiology of seasonal clustering of highly
pathogenic avian influenza (H5N1) in domestic poultry in Africa, Europe and
Asia, Transbound. Emerg. Dis. 64 (5) (2017) 1465-1478.

N. Tuncer, M. Martcheva, Modeling seasonality in avian influenza H5N1, J. Biol.
Syst. 21 (04) (2013) 1340004.

M. Ferenczi, et al., Avian influenza infection dynamics under variable climatic
conditions, viral prevalence is rainfall driven in waterfowl from temperate, south-
East Australia, Vet. Res. 47 (1) (2016) 1-12.

A. Islam, et al., Geospatial dynamics of COVID-19 clusters and hotspots in
Bangladesh, Transbound. Emerg. Dis. 68 (6) (2021) 3643-3657.

L. Loth, et al., Risk factors and clusters of highly pathogenic avian influenza H5SN1
outbreaks in Bangladesh, Prev. Vet. Med. 96 (1-2) (2010) 104-113.

F. Dolberg, A Review of Household Poultry Production as a Tool in Poverty
Reduction with Focus on Bangladesh and India, 2003.

M.A. Saleque, F. Ansarey, A.N. Silvi, Poultry industry and bird flu in Bangladesh-
current state, challenges and solutions, ACI Agribusiness (2020) 245.

M.A. Saleque, F. Ansarey, A.N. Silvi, Poultry industry and bird flu in Bangladesh-
current state, Challenges Solutions, ACI Agribusiness 245 (2020).

J. Alam, et al., Impact of outbreaks of avian influenza in pourtry sector in
Bangladesh, Bangladesh J. Livestock Res. 15 (2008) 13-27.

J.H. Kwon, et al., Genetic evolution and transmission dynamics of clade 2.3.2.1a
highly pathogenic avian influenza A/H5N1 viruses in Bangladesh, Virus Evol. 6
(2) (2020) veaa046.

A.C. Lowen, et al., Influenza virus transmission is dependent on relative humidity
and temperature, PLoS Pathog. 3 (10) (2007), el51.

A. Peci, et al., Effects of absolute humidity, relative humidity, temperature, and
wind speed on influenza activity in Toronto, Ontario, Canada, Appl. Environ.
Microbiol. 85 (6) (2019) p. e02426-18.

A. Ssematimba, T.J. Hagenaars, M.C. De Jong, Modelling the wind-borne spread
of highly pathogenic avian influenza virus between farms, PLoS One 7 (2) (2012)
e31114.


https://doi.org/10.1016/j.onehlt.2023.100655
https://doi.org/10.1016/j.onehlt.2023.100655
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0005
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0005
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0010
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0010
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0015
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0015
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0020
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0020
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0025
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0025
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0030
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0030
https://cdn.who.int/media/docs/default-source/influenza/avian-and-other-zoonotic-influenza/h5-risk-assessment-dec-2022.pdf?sfvrsn=a496333a_1&amp;download=true
https://cdn.who.int/media/docs/default-source/influenza/avian-and-other-zoonotic-influenza/h5-risk-assessment-dec-2022.pdf?sfvrsn=a496333a_1&amp;download=true
https://cdn.who.int/media/docs/default-source/influenza/avian-and-other-zoonotic-influenza/h5-risk-assessment-dec-2022.pdf?sfvrsn=a496333a_1&amp;download=true
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0040
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0040
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0040
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0045
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0050
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0050
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0055
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0055
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0055
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0055
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0055
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0060
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0060
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0065
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0065
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0065
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0070
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0070
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0075
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0075
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0075
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0080
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0080
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0085
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0085
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0085
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0090
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0090
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0095
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0095
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0100
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0100
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0105
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0105
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0110
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0110
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0110
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0115
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0115
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0120
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0120
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0120
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0125
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0125
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0125
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0130
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0130
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0135
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0135
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0135
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0140
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0140
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0145
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0145
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0150
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0150
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0155
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0155
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0160
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0160
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0160
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0165
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0165
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0165
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0170
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0170
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0175
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0175
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0175
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0180
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0180
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0180
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0185
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0185
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0185
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0190
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0190
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0195
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0195
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0195
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0200
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0200
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0205
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0205
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0210
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0210
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0215
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0215
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0220
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0220
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0225
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0225
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0230
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0230
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0230
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0235
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0235
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0240
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0240
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0240
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0245
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0245
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0245

A. Islam et al.

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]
[59]

[60]

[61]

[62]

[63]

[64]
[65]
[66]

[67]

[68]
[69]

[70]

[71]
[72]
[73]
[74]
[75]
[76]

[771

[78]

[79]
[80]
[81]

[82]

[83]

[84]

S.Y.-F. Lau, et al., Identification of meteorological factors associated with human
infection with avian influenza a H7N9 virus in Zhejiang Province, China, Sci.
Total Environ. 644 (2018) 696-709.

J. Guo, et al., Study on the highly pathogenic avian influenza epidemic using land
surface temperature from MODIS data, in: Proceedings. 2005 IEEE International
Geoscience and Remote Sensing Symposium, 2005. IGARSS’05, Ieee, 2005.

P.K. Biswas, et al., Modeling and roles of meteorological factors in outbreaks of
highly pathogenic avian influenza HS5SN1, PLoS One 9 (6) (2014), €98471.

1. Mahendri, et al., The relationship between avian influenza disease vaccination
and chicken mortality in Sukabumi District, West Java Province, Indonesia, in:
IOP Conference Series: Earth and Environmental Science, IOP Publishing, 2021.
U. Roy, et al., To date situation of highly pathogenic avian influenza (HPAI)
H5NT1 in Bangladesh: a review, in: Proceedings of International Conference on
Environmental Aspects of Bangladesh, 2012.

M. Gilbert, et al., Free-grazing ducks and highly pathogenic avian influenza,
Thailand, Emerg. Infect. Dis. 12 (2) (2006) 227.

J. Henning, D.U. Pfeiffer, L.T. Vu, Risk factors and characteristics of H5SN1 highly
pathogenic avian influenza (HPAI) post-vaccination outbreaks, Vet. Res. 40 (3)
(2009).

M. Gilbert, et al., Flying over an infected landscape: distribution of highly
pathogenic avian influenza H5N1 risk in South Asia and satellite tracking of wild
waterfowl, Ecohealth 7 (4) (2010) 448-458.

M. Paul, et al., Anthropogenic factors and the risk of highly pathogenic avian
influenza H5N1: prospects from a spatial-based model, Vet. Res. 41 (3) (2010) 28.
R. Indriani, et al., Environmental sampling for avian influenza virus A (H5N1) in
live-bird markets, Indonesia, Emerg. Infect. Dis. 16 (12) (2010) 1889.

Y. Yupiana, et al., Risk factors of poultry outbreaks and human cases of H5SN1
avian influenza virus infection in West Java Province, Indonesia, Int. J. Infect.
Dis. 14 (9) (2010) e800-e805.

V. Martin, et al., Spatial distribution and risk factors of highly pathogenic avian
influenza (HPAI) H5N1 in China, PLoS Pathog. 7 (3) (2011), e1001308.

M.P. Ward, et al., Environmental and anthropogenic risk factors for highly
pathogenic avian influenza subtype H5N1 outbreaks in Romania, 2005-2006,
Vet. Res. Commun. 32 (8) (2008) 627-634.

M. Ward, et al., Association between outbreaks of highly pathogenic avian
influenza subtype H5SN1 and migratory waterfowl (family Anatidae) populations,
Zoonoses Public Health 56 (1) (2009) 1-9.

FAO, EMPRES Global Animal Disease Information System (EMPRES-i), Available
at: https://empres-i.apps.fao.org/ [accessed on May 20, 2022], 2022.

BMD, Bangladesh Meteorology Department, Available at: http://bmd.gov.bd/.
(accessed on March 15, 2022), 2022.

Statistics, B.B.o, Bangladesh Population and Housing Census 2011, Statistics
Division, Ministry of Planning, 2011.

BBS, Preliminary Report on Agriculture Census 2008: Statistics Division, Ministry
of Planning Dhaka, Available at: http://data.bbs.gov.bd/index.php/catalog/184.
(accessed on March 10, 2022), 2008.

S.B. Muzaffar, et al., Seasonal movements and migration of Pallas’s Gulls Larus
ichthyaetus from Qinghai Lake, China, Forktail 24 (2008) (2008) 100-107.
FAO, Land and Water, GeoNetwork, Available at: https://www.fao.org/land-wate
r/databases-and-software/geonetwork/en/ (accessed on March 20, 2022), 2022.
LGED, Local Government Engineering Department (LGED): Road & Market
Database, Available online: https://oldweb.lged.gov.bd/ViewRoad2.aspx.
(accessed on May 20, 2022), 2022.

B.M. Bolker, et al., Generalized linear mixed models: a practical guide for ecology
and evolution, Trends Ecol. Evol. 24 (3) (2009) 127-135.

A. Chakrabarti, J.K. Ghosh, AIC, BIC and recent advances in model selection,
Philosophy Statistics (2011) 583-605.

R. Lenth, et al., emmeans: Estimated Marginal Means, aka Least-Squares Means,
vl. 8.4-1, R Core Team, Vienna, 2023.

1. Stephenson, et al., Confronting the avian influenza threat: vaccine development
for a potential pandemic, Lancet Infect. Dis. 4 (8) (2004) 499-509.

D. Swayne, et al., Influence of virus strain and antigen mass on efficacy of H5
avian influenza inactivated vaccines, Avian Pathol. 28 (3) (1999) 245-255.
D.E. Swayne, The role of vaccines and vaccination in high pathogenicity avian
influenza control and eradication, Expert Rev. Vaccines 11 (8) (2012) 877-880.
M. Giasuddin, et al., The past and present scenario of avian influenza and its
control strategy in Bangladesh: a review, Bangladesh J. Livestock Res. (2018)
24-28.

A. Islam, et al., Epidemiology and molecular characterization of multiple avian
influenza A/H5 subtypes circulating in house crow (corvus splendens) and
poultry in Bangladesh, Int. J. Infect. Dis. 116 (2022) §92-S93.

E. Abdelwhab, et al., Diversifying evolution of highly pathogenic H5N1 avian
influenza virus in Egypt from 2006 to 2011, Virus Genes 45 (2012) 14-23.
C.-W. Lee, D.A. Senne, D.L. Suarez, Effect of vaccine use in the evolution of
Mexican lineage H5SN2 avian influenza virus, J. Virol. 78 (15) (2004) 8372-8381.
M.S. Flora, et al., Investigation of an unusual crow mortality event in Jessore,
Bangladesh, December 2018, OSIR J. 14 (4) (2021).

M. Rahman, et al., Evaluation of potential risk of transmission of avian influenza
A viruses at live bird markets in response to unusual crow die-offs in Bangladesh,
Influenza Other Respir. Viruses 14 (3) (2020) 349-352.

A. Islam, et al., Determinants for the presence of avian influenza virus in live bird
markets in Bangladesh: towards an easy fix of a looming one health issue, One
Health (2023) 100643.

A. Islam, et al., Epidemiology and phylodynamics of multiple clades of HSN1
circulating in domestic duck farms in different production systems in Bangladesh,
Front. Public Health (2023) 11.

10

[85]

[86]

[87]

[88]

[89]

[901]

[91]

[92]

[93]

[94]

[95]
[96]

[971

[98]

[99]

[100]
[101]
[102]

[103]

[104]

[105]
[106]

[107]

[108]
[109]
[110]

[111]

[112]

[113]

[114]

[115]

[116]

One Health 17 (2023) 100655

S. Barman, et al., Role of domestic ducks in the emergence of a new genotype of
highly pathogenic H5N1 avian influenza A viruses in Bangladesh, Emerg. Microb.
Infect. 6 (1) (2017) 1-13.

E.J. Elsmo, A. Wiinschmann, K.B. Beckmen, L.E. Broughton-Neiswanger, E.

L. Buckles, J Ellis, A.L. Lim, Highly Pathogenic Avian Influenza A(H5N1) Virus
Clade 2.3.4.4b Infections in Wild Terrestrial Mammals, United States, 2022,
Emerg. Infect. Dis. 29 (12) (2023) 2451-2460, https://doi.org/10.3201/
€id2912.230464.

R. Yamaji, et al., Pandemic potential of highly pathogenic avian influenza clade
2.3. 4.4 A (H5) viruses, Rev. Med. Virol. 30 (3) (2020), e2099.

The European Commission, Commission Delegated Regulation (EU) 2023/361 of
28 November 2022 supplementing Regulation (EU) 2016/429 of the European
Parliament and the Council as regards rules for the use of certain veterinary
medicinal products for the purpose of prevention and control of certain listed
diseases (Text with EEA relevance), T.E. Commission, Editor, 2023. EUR-Lex.

Y. Elsobky, et al., Possible ramifications of climate variability on HPAI-H5N1
outbreak occurrence: case study from the Menoufia, Egypt, PLoS One 15 (10)
(2020), e0240442.

Y. Si, W.F. de Boer, P. Gong, Different environmental drivers of highly pathogenic
avian influenza H5N1 outbreaks in poultry and wild birds, PLoS One 8 (1) (2013),
e53362.

1. Berry, et al., Seasonality of influenza and coseasonality with avian influenza in
Bangladesh, 2010-19: a retrospective, time-series analysis, Lancet Glob. Health
10 (8) (2022 August) e1150-e1158.

M.S. Chadha, et al., Dynamics of influenza seasonality at sub-regional levels in
India and implications for vaccination timing, PLoS One 10 (5) (2015),
e0124122.

M.B. Mathur, et al., Seasonal patterns in human A (H5N1) virus infection: analysis
of global cases, PLoS One 9 (9) (2014), e106171.

Y. Li, et al., The association between the seasonality of pediatric pandemic
influenza virus outbreak and ambient meteorological factors in Shanghai,
Environ. Health 19 (1) (2020) 1-10.

Q. Guo, et al., The effects of meteorological factors on influenza among children
in Guangzhou, China, Influenza Other Respir. Viruses 13 (2) (2019) 166-175.
Y.-L. Bai, et al., Effect of meteorological factors on influenza-like illness from
2012 to 2015 in Huludao, a northeastern city in China, PeerJ 7 (2019), e6919.
K.C. Chong, et al., Latitudes mediate the association between influenza activity
and meteorological factors: a nationwide modelling analysis in 45 Japanese
prefectures from 2000 to 2018, Sci. Total Environ. 703 (2020), 134727.

C.-M. Liu, et al., Temperature drops and the onset of severe avian influenza A
H5N1 virus outbreaks, PLoS One 2 (2) (2007), e191.

N. Siboonnan, et al., A serine-to-asparagine mutation at position 314 of H5N1
avian influenza virus NP is a temperature-sensitive mutation that interferes with
nuclear localization of NP, Arch. Virol. 158 (6) (2013) 1151-1157.

M. Paek, et al., Survival rate of H5N1 highly pathogenic avian influenza viruses at
different temperatures, Poult. Sci. 89 (8) (2010) 1647-1650.

M. Urashima, N. Shindo, N. Okabe, A seasonal model to simulate influenza
oscillation in Tokyo, Jpn. J. Infect. Dis. 56 (2) (2003) 43-47.

J. Shaman, et al., Absolute humidity and the seasonal onset of influenza in the
continental United States, PLoS Biol. 8 (2) (2010), e1000316.

W. Chen, et al., Environmental factors and spatiotemporal distribution
characteristics of the global outbreaks of the highly pathogenic avian influenza
H5N1, Environ. Sci. Pollut. Res. 29 (29) (2022) 44175-44185.

D.U. Pfeiffer, et al., An analysis of the spatial and temporal patterns of highly
pathogenic avian influenza occurrence in Vietnam using national surveillance
data, Vet. J. 174 (2) (2007) 302-309.

J.D. Brown, et al., Susceptibility of wood ducks to H5N1 highly pathogenic avian
influenza virus, J. Wildl. Dis. 43 (4) (2007) 660-667.

J.K. Kim, et al., Ducks: the “Trojan horses” of H5N1 influenza, Influenza Other
Respir. Viruses 3 (4) (2009) 121-128.

F.O. Fasina, et al., Identification of risk factors associated with highly pathogenic
avian influenza H5N1 virus infection in poultry farms, in Nigeria during the
epidemic of 2006-2007, Prev. Vet. Med. 98 (2-3) (2011) 204-208.

M. Gilbert, et al., Avian influenza, domestic ducks and rice agriculture in
Thailand, Agric. Ecosyst. Environ. 119 (3-4) (2007) 409-415.

M. Gilbert, et al., Mapping H5N1 highly pathogenic avian influenza risk in
Southeast Asia, Proc. Natl. Acad. Sci. 105 (12) (2008) 4769-4774.

1. EIMasry, et al., Avian influenza H5N1 surveillance and its dynamics in poultry
in live bird markets, Egypt, Transbound. Emerg. Dis. 64 (3) (2017) 805-814.
M. Gilbert, D.U. Pfeiffer, Risk factor modelling of the spatio-temporal patterns of
highly pathogenic avian influenza (HPAIV) H5N1: a review, Spatial Spatio-Temp.
Epidemiol. 3 (3) (2012) 173-183.

M. Paul, et al., Risk factors for highly pathogenic avian influenza (HPAI) H5N1
infection in backyard chicken farms, Thailand, Acta Trop. 118 (3) (2011)
209-216.

S.S. Ahmed, et al., Spatio-temporal magnitude and direction of highly pathogenic
avian influenza (H5N1) outbreaks in Bangladesh, PLoS One 6 (9) (2011) e24324.
A.L. Rivas, et al., Lessons from Nigeria: the role of roads in the geo-temporal
progression of avian influenza (H5N1) virus, Epidemiol. Infect. 138 (2) (2010)
192-198.

A.H. Salaheldin, et al., Isolation of genetically diverse HSN8 avian influenza
viruses in poultry in Egypt, 2019-2021, Viruses 14 (7) (2022) 1431.

A. Islam, et al., Detection and genetic characterization of avian influenza A
(H5N6) virus clade 2.3. 4.4 in isolates from house crow and poultry in
Bangladesh, 2017, Int. J. Infect. Dis. 101 (2020) 339-340.


http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0250
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0250
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0250
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0255
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0255
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0255
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0260
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0260
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0265
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0265
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0265
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0270
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0270
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0270
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0275
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0275
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0280
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0280
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0280
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0285
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0285
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0285
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0290
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0290
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0295
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0295
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0300
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0300
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0300
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0305
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0305
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0310
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0310
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0310
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0315
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0315
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0315
https://empres-i.apps.fao.org/
http://bmd.gov.bd/
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0330
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0330
http://data.bbs.gov.bd/index.php/catalog/184
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0340
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0340
https://www.fao.org/land-water/databases-and-software/geonetwork/en/
https://www.fao.org/land-water/databases-and-software/geonetwork/en/
https://oldweb.lged.gov.bd/ViewRoad2.aspx
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0355
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0355
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0360
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0360
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0365
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0365
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0370
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0370
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0375
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0375
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0380
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0380
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0385
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0385
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0385
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0390
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0390
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0390
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0395
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0395
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0400
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0400
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0405
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0405
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0410
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0410
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0410
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0415
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0415
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0415
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0420
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0420
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0420
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0425
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0425
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0425
https://doi.org/10.3201/eid2912.230464
https://doi.org/10.3201/eid2912.230464
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0435
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0435
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0440
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0440
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0440
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0440
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0440
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0445
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0445
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0445
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0450
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0450
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0450
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0455
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0455
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0455
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0460
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0460
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0460
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0465
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0465
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0470
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0470
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0470
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0475
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0475
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0480
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0480
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0485
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0485
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0485
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0490
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0490
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0495
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0495
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0495
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0500
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0500
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0505
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0505
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0510
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0510
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0515
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0515
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0515
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0520
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0520
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0520
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0525
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0525
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0530
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0530
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0535
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0535
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0535
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0540
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0540
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0545
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0545
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0550
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0550
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0555
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0555
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0555
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0560
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0560
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0560
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0565
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0565
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0570
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0570
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0570
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0575
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0575
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0580
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0580
http://refhub.elsevier.com/S2352-7714(23)00175-1/rf0580

	The role of vaccination and environmental factors on outbreaks of high pathogenicity avian influenza H5N1 in Bangladesh
	1 Introduction
	2 Methodology
	2.1 HPAI H5N1 outbreak data
	2.2 Meteorological data
	2.3 Socio-economic and ecological data
	2.4 Statistical analyses

	3 Results
	4 Discussion
	4.1 The impact of vaccination
	4.2 Meteorological and seasonal effects
	4.3 Socio-economic and ecological effects

	5 Conclusions
	Funding
	Ethical approval
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


