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(v) Summary and keywords:

Highly Pathogenic Avian Influenza (HPAI) is of major importance for human and animal
health because of high morbidity and mortality in poultry and the potential for transmission of
this zoonotic pathogen to humans. Knowledge of HPAI epidemiology in avian populations
and practical information on the temporal and spatial spread of the disease after introduction
into a country is important in order to enhance the capacity of predicting and managing
epidemics to minimize the negative impacts on human and animal health. Using data
reported to the World Organisation for Animal Health between 2005 and 2017 by 199
countries for 14,129 outbreaks in poultry, we used a spatial and time-series analysis to
determine that: 1) During the last 12 years, there were two major global peaks in the number
of countries affected by HPAI with 23% and 26% of countries affected in 2006 and 2016. 2)
Based on the seasonality analysis, spread is the lowest in September, begins to rise in
October, and peaks in February. 3) The median distance HPAI outbreaks spread from the
index outbreak was 111 km, while the median apparent rate of spread of outbreaks was 1.9
km/day. 4) In 39% of HPAI events, the disease did not spread beyond the index outbreak
and the median maximum spread from the index outbreak per event was 45 km. 5) The
distance HPAI outbreaks spread from the index outbreak was significantly negatively
correlated with the number of outbreaks during the same time period, indicating that the
spread of HPAI was lower during global panzootics than during periods of low transmission.
These findings are of major importance for veterinary services to design and implement

surveillance measures for improving preparedness to minimize the impacts of this disease.
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(vi)  Main text:

1. Introduction

Highly pathogenic avian influenza (HPAI), caused by influenza A viruses in the family
Orthomyxoviridae, is a major global health challenge due to heavy morbidity and mortality in
poultry, as well as the necessity for implementation of strict disease control measures to
prevent transmission of this potentially zoonotic virus to humans (Katz et al., 2009; Kilpatrick
et al., 2006; Paarlberg et al., 2007). Prevention and control of avian influenza is particularly
challenging due to its complex biology and epidemiology. As a segmented RNA virus, the
genome can undergo rapid and substantial changes that lead to shifts in viral traits such as
transmissibility, virulence, and host range. Additionally, multiple species of waterfowl are the
primary natural reservoir for this pathogen providing wide variation in selection pressure and
spread via long distance migration (Webster et al., 1992). Consequently, the threat of
significant transmission between poultry and humans and the emergence of virulent viral

subtypes that are readily transmissible between humans is ongoing.

Historically, HPAI outbreaks were readily controlled with mass culling. In 1997, the
epidemiology of the virus changed with the emergence in China of the ancestor of the
currently circulating H5N1 subtype (Xu et al., 1999) and interventions failed to control the
disease (Cox and Subbarao, 2000; Subbarao et al., 1998). Since then, the virus has
demonstrated an impressive ability to spread nationally and internationally. During late 2003
and 2004, HPAI spread extensively in Asia. Despite destruction of large numbers of birds
and trade restrictions, the disease spread into Kazakhstan and Russia in the summer of
2005 and into many European and African countries by the autumn and winter of 2005-2006
(Paarlberg et al., 2007). Between 2003 and 2011, HPAI viruses caused outbreaks in over 60
countries distributed across Asia, Europe, and Africa. Additionally, the global burden of HPAI
on public health is significant, with more than 850 human cases and 450 deaths between

2003 and 2016 (World Health Organization, 2016).
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This ongoing global spread of avian influenza in birds and humans indicates current
surveillance and control measures are insufficient. A better understanding of the
epidemiology of HPAI through time will help identify strengths as well as areas for
improvement in the approach of veterinary services to controlling HPAI. Toward this end, the
primary objective of the paper is to contribute to the understanding of the global
epidemiology of HPAI in poultry since 2005, and to provide practical information on the
extent of disease spread after its introduction into a given area, taking as reference the index
outbreak. To accomplish this, we use 12 years of avian influenza data analyzed both globally
and at the country level to determine: 1) changes in the percent of countries affected over
time; 2) changes in the number of outbreaks over time; 3) the seasonality of HPAI outbreaks;
4) the distance and apparent rate of spread of HPAI after introduction into a new area; 5) if
either the distance or apparent rate of spread of HPAI from the index outbreak is higher
during periods of high international spread. The findings are discussed in the context of HPAI

control efforts.

2. Materials and Methods

2.1. Databases used

All data were from the World Organisation for Animal Health (OIE), whose mandate is to
ensure transparency in the global animal disease situation. These data are submitted to the
OIE by the national authorities of 181 Member Countries that have the legal obligation to
report data concerning high impact animal diseases, including HPAI, and more than 20
additional countries and territories that provide information to the OIE on a voluntary basis.
The data used in this study were derived from two related data streams: the OIE monitoring
system and the OIE early warning system. HPAI is notifiable in poultry and wild birds through

both systems, though only data from poultry was included in this study.

This article is protected by copyright. All rights reserved.



The OIE monitoring system includes data sent every six months by each country and
includes absence or presence, changes in the occurrence of all listed diseases, and

information of epidemiological significance to the international community.

The OIE early warning system includes data sent by each country to inform the international
community of introductions or reoccurrences of potentially high impact diseases as they
occur. These disease introductions or reoccurrences are defined by the OIE in terms of
outbreaks and events (World Organisation for Animal Health, 2017). Specifically, an event
includes all epidemiologically connected outbreaks within a country. Each outbreak is defined
as the occurrence of one or more cases of disease in an epidemiological unit, which could
include a farm, village, or backyard. Multiple outbreaks comprise a single event if the
outbreaks are epidemiologically connected, are caused by the same pathogen, and have the
same source of introduction, as assessed by national authorities. Importantly, this data
stream includes weekly updates providing information on the progression of each event. For
example, new epidemiologically linked outbreaks may be detected within an event, while
other outbreaks end, as disease control measures are implemented. Reporting continues

until the disease is eradicated or the situation becomes stable.

2.2, Methods

2.2.1. Percent of countries with HPAI through time

The yearly percentage of countries with HPAI over time was based on information provided
by 199 countries from January 1, 2005 to May 11, 2017 through OIE early warning and
monitoring systems. The dataset used for this analysis contained information about presence
or absence (binary variable) of HPAI in poultry in countries per year. The number of countries
which submitted information on the presence or absence of HPAI to the OIE increased from

170 in 2005 to 186 in 2012 due, in large part, to the increasing number of countries reporting
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to the OIE during the period. The number of countries, which submitted information on HPAI
to the OIE remained stable at 186 between 2012 and 2016. If for any given year, a country
did not provide information, it was excluded from the analysis. Consequently, not all

countries are included in all years.

Among the countries which submitted information on HPAI to the OIE through their reports,
the percent of countries which notified HPAI as present in poultry during each year was

calculated.

2.2.2. Computation of global long-term trend and seasonality of HPAI outbreaks in

poultry

The dataset used for this analysis was derived from OIE’s early warning and monitoring
systems and included information about the numbers of HPAI outbreaks aggregated by
calendar month based on the start date of each outbreak. This dataset includes 14,129
outbreaks and corresponds to all outbreaks identified by countries during epidemics. The
number of outbreaks by calendar month were formatted into time-series and a seasonal-
trend decomposition based on loess (STL) was applied using the “stl” function in the R
software 3.2.1 (Cleveland et al., 1990) (R Core Team, 2015). STL is a filtering procedure for
decomposing a time-series into trend, seasonal, and irregular components. The loess
window for seasonal extraction was assigned to 13, as it is recommended to use the next
odd number following the number of observations in each seasonal cycle (i.e., 12 months,
Cleveland et al., 1990). Raw data were log-transformed to correspond to multiplicative
decomposition, given that, in the raw data, variability increased with increasing incidence.
The decomposition was evaluated utilizing normal quantile plots of the residuals, ensuring its
distribution was well approximated by the normal distribution. Additionally, scale bars were
included in the plots to describe the range of each component of the decomposition. Marginal

remainder plots were investigated to identify any pattern that could be of concern. Next, the
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interquartile range of each component of the decomposition compared to the interquartile
range of the raw data (relative IQR) was used to measure the relative magnitude of the
variability in the data explained by each component, excluding the extreme values, which

means values lower than the first quartile or greater than the third quartile.

2.2.3. Computation of distance and apparent rate of spread of HPAI outbreaks in

poultry

For each outbreak within each event, the distance from the index outbreak and
corresponding apparent rate of spread were calculated using data from the early warning

system for outbreaks occurring between January 1, 2005 and December 31, 2016.

A total of 247 events, corresponding to 6,359 outbreaks, in 64 countries were included in the
analysis (Fig. 1). For each event, the outbreak with the earliest start date was defined as the
index outbreak. The distance between the index outbreak and each subsequent outbreak
within an event was calculated using the Haversine formula (Robusto, 1957), based on
geocoordinates (latitude and longitude) provided by national authorities, with a resolution
between 2 and 6 decimals. This measure was then used to estimate the distance each HPAI
outbreak spread in kilometers (km) from the index outbreak. If the first outbreaks in an event
started on the same date, the location of the index outbreak was calculated as the centroid
among the initial outbreaks. Next, to define the maximum distance each of the 247 events
spread within a country, the maximum distance within each event from the index outbreak to

an associated outbreak within the country was determined.

In addition, the apparent rate of spread from the index outbreak to each subsequent
outbreak, in km per day, was calculated for 156 events, which corresponds to 6,042
outbreaks in 56 countries. The calculation was not applicable to the remaining events

because they were comprised of a single outbreak. The apparent rate of spread of HPAI
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from the index outbreak was determined by dividing the distance (km) from the index
outbreak by the number of days between the start of the index outbreak and the start of the

subsequent outbreak.

2.2.4. Computation of the correlation between number of outbreaks, distance, and

apparent rate of spread of HPAI outbreaks in poultry

Rather than using a calendar year, which inaccurately reflects HPAI seasonal transmission,
the HPAI outbreaks were categorized according to HPAI seasonal spread period as
determined by the seasonal decomposition method on the time series. The identified
transmission season was used to calculate correlations between the number of outbreaks,
distance, and apparent rate of spread. For each outbreak, the distance and the apparent rate
of spread were associated with the outbreak start date. Spearman’s rank correlation test was
used to test the correlations between the global number of HPAI outbreaks during the HPAI

seasonal spread periods and the median distance and rate of spread from index outbreaks.

In addition, two possible biases were tested. First, for the size of countries, the correlation
test mentioned above was repeated, standardizing median distance from index outbreaks by

a proxy for country size.

Second, for the size of events, Spearman’s rank correlation test was used to test the
correlations between the global number of HPAI outbreaks during the HPAI seasonal spread

periods and the median number of outbreaks per event.
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3. Results

3.1.  Percent of countries with HPAI in poultry over time

From 2005 to 2016, of the countries reporting information about HPAI, 14% on average
(range: 7%-26%) were affected each year. Variations were observed in the trend over these
12 years (Fig. 2). Between 2005 and 2006 the percent of affected countries increased from
7% 1o 23%. It declined to 8% in 2009, remained stable until 2013 and then increased again

to 26% in 2016.

3.2. Global long-term trend and seasonality of HPAI outbreaks in poultry

In the STL decomposition applied on HPAI outbreaks, the scale bars included in the plots
show that the remainder component of the decomposition had the highest range (Fig. 3a),
mainly because of marginal remainder plots in 2005 and end of 2016. The range of the

seasonal component and the trend component were comparable.

However, the relative IQR measures, which exclude extreme values, were 50% for the
seasonal component, 49% for the trend component and 42% for the random component. The
quantile plots of the residuals showed that the distribution approximated a normal

distribution.

STL decomposition of HPAI outbreaks show a consistent seasonality pattern over the period
of analysis, increasing from October of a given year to a peak in February and a decrease
until September of the following year. Only very small variations of this seasonal pattern were
observed across the period of analysis (Fig. 3b). Eleven complete HPAI seasonal spread
periods (October to September) were therefore identified within the period of analysis (Fig.
3a). Based on the raw data, the HPAI seasonal spread periods with the highest number of
outbreaks were October 2014 to September 2015 with 2,469 outbreaks, October 2005 to
September 2006 with 2,249 outbreaks, and October 2007 to September 2008 with 2,008

outbreaks.
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The trend component of HPAI outbreaks (Fig. 3a) indicates an increase in HPAI outbreaks
from 2005 to 2006, followed by a period of stability until 2009. The number of HPAI
outbreaks decreased from 2009 to 2012, and then increased again from 2012 to 2016.
Multiple modes are observed in the trend component in 2006, 2008, 2009, 2011, 2013 and

2015.

3.3. Distance and apparent rate of spread of HPAI outbreaks in poultry

The median distance from the index outbreak to each subsequent outbreak was 111 km
across all outbreaks (Table 1). Considering the 247 events within a country, the median
value of the maximum distance events spread from the index was 45 km. The majority of

outbreaks (1,733) spread between 0 and 50 km from the index outbreak (Fig. 4a).

Countries reported that for 39% of the 247 events included in the analysis, there was no
spread beyond the index outbreak (Fig. 4b). Among the 64 countries included in the analysis,

41 reported events that included only 1 outbreak.

Focusing on the events in which HPAI spread beyond the index outbreak, the median
apparent rate of spread from the index outbreak to each subsequent outbreak was 1.9
km/day (Table 1). For 17 outbreaks, HPAI spread from the index outbreak to a contiguous
farm and the rate of spread was considered null. The most frequent rate of spread was

between 0 and 1.0 km/day (2,246 records in this class) (Fig. 5a).

For most events, the maximum apparent rate of spread was less than 13.5 km/day (median).
However, some maximum apparent rates of spread were much higher, particularly in certain

Asian and African countries, up to 756.6 km/day (Fig. 5b).
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3.4. Correlation between number of outbreaks, spread distance and apparent

rate of spread of HPAI outbreaks in poultry

The median spread distance from the index outbreak was significantly negatively correlated
with the number of outbreaks reported for the same HPAI seasonal spread period, as shown

by the Spearman’s rank correlation test (rho = -0.6; p-value=0.05) (Fig.6, Fig. S1).

The standardization of median distance from index outbreaks by a proxy for country size
affected neither the rho coefficient of the correlation nor the significance of the test. The
median number of outbreaks per event was not significantly correlated with the number of
outbreaks reported for the same HPAI seasonal spread period, as shown by the Spearman’s
rank correlation test (rho=0.2; p-value=0.45). Finally, there was no significant correlation
between the median apparent rate of spread and the global number of HPAI outbreaks

reported for the same seasonal spread period (rho=0.3; p-value=0.21) (Fig. S2).

4. Discussion

The spatial dynamics of influenza have been well-studied in humans (e.g., Cliff et al., 1989;
Viboud et al., 2006), but in animals, quantitative information is often lacking (Verhagen et al.,
2015; Gilbert et al., 2006a; Gilbert et al., 2006b). The epidemiology of the disease is complex
and affected by many factors including the composition of animal populations, production
systems, viral diversity, and the capacity of each country to rapidly identify and respond to
outbreaks. Consequently, these factors preclude generalization of the epidemiology of HPAI
between regions and countries. The main objective of this study was to bolster the
foundation of disease control strategies by providing an extensive and practical analysis of
the temporal and spatial behavior of HPAI after its introduction into a new area using data

from over 14,000 HPAI outbreaks worldwide.
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In this context, the main conclusions of this study are: 1) Two major global peaks in the
number of countries affected by HPAI occurred in 2006 and 2016. Between these two peaks,
there was a period of stability. 2) Based on the seasonality analysis, spread in poultry is the
lowest in September, begins to rise in October and peaks in February. 3) The median
distance HPAI outbreaks spread from the index outbreak to subsequent outbreaks was 111
km, while the median apparent rate of spread of outbreaks was 1.9 km/day. 4) In 39% of
HPAI events, the disease did not spread beyond the index outbreak and, within a country,
the median maximum spread within events was 45 km. 5) The distance HPAI outbreaks
spread from the index outbreak to subsequent outbreaks was significantly negatively
correlated with the number of outbreaks during the same time period, indicating that the
spread of HPAI in poultry was lower during global panzootics than during periods of low

transmission.

The data used in this study are based on mandatory reporting to the OIE. Reporting of each
listed disease to the OIE has been evaluated based on comparison with other sources of
information. HPAI was one of the diseases with the highest reporting probability (Awada,
2012; Caceres, 2016; World Organisation for Animal Health, 2016). A high reporting
probability is logical because HPAI causes high mortality in poultry populations, which is
readily recognized through surveillance. Importantly, robust diagnostic tools are available

leading to accurate diagnosis.

Despite these factors, disease data reported from national authorities has limitations due to
the variability among countries in animal disease surveillance systems, which, in general,
can lead to underreporting. Consequently, the percentage of countries affected by HPAI over

time represents the minimum values.

Furthermore, outbreaks are considered included in one event if they are caused by the same
pathogenic agent and have the same source of introduction, as assessed by national

authorities. However, not all countries have sufficient capacities to determine these
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parameters with accuracy, and therefore the identification of the index outbreak may be
inaccurate and detection of all subsequent outbreaks may be incomplete. Misidentification of
the index outbreak could lead to either underestimation or overestimation of the distance and
apparent rate of spread of HPAI. Over 150 events and more than 6,000 outbreaks were used
in these analyses. The large sample size helps to improve estimates of central tendency and,

as discussed below, the outliers may be due to misidentification of index outbreaks.

Due to the well-known seasonality of HPAI spread, we used a seasonal-trend decomposition
analysis to identify October-September as the biologically relevant seasonal spread period.
In the decomposition, the relative IQRs of the seasonal, trend and remainder components
were nearly equal, showing that these three components contribute equally to the variability
in the raw data. The relative IQR allows this evaluation excluding the extreme values. This is
why the relative IQR results are not aligned with the size of the scale bars on the plot (Fig.

3a), which include the extreme values.

Identifying the transmission periods provides useful information for preparedness,
highlighting periods of both high and low risk. The seasonal-trend decomposition method
based on loess was preferred to other methods such as decomposition by moving average,
as the seasonal component might not have been constant through time. Little variation was
expected due to environmental changes and the occurrence of festivals that involve high
poultry consumption, and the method allowed capturing these variations. The results indicate
that these variations were small and did not preclude consistency in the periods of high and
low activity of HPAI in poultry across the years included in the analysis. In addition, the
relative IQR of the seasonal component of the decomposition is high, and this shows that the
seasonal pattern across years is well supported by the data. The February peak is consistent
with findings described in other studies (Park and Glass, 2007; Si et al., 2009; Zhang et al.,
2012), in which peak spread occurs from October to March in the northern hemisphere. In
part, this may be linked to temperature as lower ambient temperatures can lead to decreased

immune function in poultry and increased influenza outbreaks among poultry (Chaichoune et
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al., 2009; Tiensin et al., 2007; Thanawat et al., 2005; Aly et al., 2008; Durand et al., 2015;
Wang et al., 2008; Chen et al., 2012). Additionally, the February spread peak mirrors the
higher number of cases detected in humans at a global level, indicating that monitoring of the
disease in animals during high risk periods is important for risk assessment in public health
(Lai et al., 2016). Finally, festivities taking place in the winter increase the number of avian
influenza outbreaks, due to increased production, marketing and slaughter of local poultry
during this period (Soares Magalhaes et al., 2012; Hanh et al., 2007). The potential role of
wild birds in the global spread of avian influenza has been highlighted for several strains
(The Global Consortium for HSN8 and Related Influenza Viruses, 2016; Tian et al., 2015) but
the ecology of influenza viruses in wild birds still presents significant gaps of knowledge,
including their seasonal patterns of transmission at a global level. The available studies
suggest that the prevalence of avian influenza viruses is higher during the fall migration than
the spring migration (Munster et al., 2007; Verhagen et al., 2017). In our study, the period at
higher risk in poultry begins after the fall migration peak for long-distance migratory birds in
the northern hemisphere (Newton and Brockie, 2008). Verhagen et al. demonstrated a
variable time interval between the isolation of related viruses in wild birds and poultry.
Despite intensive surveillance programs in wild birds, the link between the occurrence of the

viruses in wild birds and poultry requires further investigation (Verhagen et al., 2017).

Periods of low spread are also important from a resource management perspective. The
period of lowest activity in poultry occurs in September, and importantly, this corresponds
with a low disease burden of HPAI in humans (Lai et al., 2016). It is important to highlight
that the seasonality patterns described in this paper are mostly applicable in countries in the
northern hemisphere, with peak of activity of the virus in the cooler months (Forrest and
Webster, 2010; Monto, 2008). A total of 99% of the outbreaks considered in the analysis
were reported in northern hemisphere, while HPAI remained absent from most of the

southern hemisphere during the period of analysis.
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The trend component of HPAI outbreaks is consistent with the trend of countries affected
during each year. The modes observed in the trend component in 2006, 2008, 2009, 2011,
2013 and 2015 correspond to sudden increases in HPAI incidence in certain countries. The
2006, 2011 and 2015 modes are within the peak season. The 2006 mode is due to a very
high increase in HPAI incidence in Egypt, where the disease reoccurred after 51 years of
absence (World Organisation for Animal Health, 2006). Similarly, the 2011 mode is due to a
sudden increase in HPAI incidence in Bangladesh and the 2015 mode corresponds to a
HPAI event in the United States of America. Conversely, the 2008, 2009 and 2011 modes
are outside the peak season. The 2008 and 2009 modes are due to increases in HPAI
incidence in Indonesia, where veterinary services faced significant challenges in disease
control (Food and Agriculture Organization of the United Nations, 2008) and the 2011 mode

is due to an increase in HPAI incidence in Nepal.

In addition, the range of the remainder component is higher than the ranges of the trend and
seasonal components, showing that there is much unexplained variation contained in the
remainder. However, by excluding the extreme values using the relative IQR, the amplitude
of the remainder component is comparable to the seasonal and trend components
amplitudes. The marginal remainder values in the year 2005 may be due to poorer reporting
quality at the beginning of the first HPAI global panzootics. For this period, four countries in
South-East Asia reported HPAI outbreaks to the OIE, and the quality of the information
provided may be sub-optimal. The 2016 marginal remainder values correspond to the HPAI
H5N8 wave in Europe, where wild birds played a role in the introduction of the virus in the
region (Napp et al., 2018), ahead of the usual January/February peak. The high range of the
remainder component in the decomposition shows the importance of unexpected occurrence
of HPAI outbreaks outside the trend and seasonal patterns. This is not surprising, given the
variety of parameters that can influence the occurrence of HPAI outbreaks at the local level

in addition to the global trends.
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Optimal country prepardness for HPAI control requires analysis of the temporal and spatial
spread of the disease after introduction into a country. The estimation of the distance HPAI
spreads from the index outbreak to the subsequent outbreaks allows prediction of the
potentially at risk areas, and therefore the target area for surveillance and control activities
during outbreak response. The estimation of the apparent rate of spread of HPAI outbreaks
informs the time within which control measures must be implemented as well as the
appropriate areas for heightened surveillance to avoid the dissemination of disease. Many
factors, such as trade, movement of poultry and wild birds as well as environmental factors
can all contribute to local spread (Henning et al., 2016; Kilpatrick et al., 2006; Fang et al.,
2008; Tuncer and Martcheva, 2013). Identifying and understanding the contribution of these

factors requires in-depth knowledge of local environments and disease events.

Surveillance and reporting efforts of national animal disease surveillance systems most
commonly target poultry, consequently HPAI in wild birds may go undetected. Therefore, this
study did not include outbreaks in wild birds, which can modify the dynamics of the disease
(Tian et al., 2015; Bahl et al., 2016; Hesterberg et al., 2009) not only at the international
level, which is well recognized (Feare, 2010; The Global Consortium for HSN8 and Related
Influenza Viruses, 2016), but also at the country level (Keawcharoen et al., 2011; Rappole
and Hubalek, 2006). Applying the methods used in this paper for HPAI outbreaks in wild

birds would require preliminary modeling to correct for the effects of significant reporting

gaps.

The results obtained for the spread of HPAI outbreaks from the index outbreak suggest that
in most cases, the implemented control measures limit disease spread within a “risk buffer
zone”, but in some cases the viruses are able to spread several hundred kilometers beyond
the index outbreak (Gilbert et al., 2006b; Kilpatrick et al., 2006; Loth et al., 2010; Henning et
al., 2016). In contrast, the apparent rate of spread of HPAI shows one main peak, indicating
that HPAI dissemination was homogeneous in most affected countries. To the best of our

knowledge, no paper published on HPAI dynamics has taken the rate of spread into account.
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For both the distance and apparent rate of spread, sporadic outliers possibly indicate spread
mechanisms that are rare and difficult to control, but create a significant challenge for control

efforts. Alternatively, it is possible the index outbreaks in these cases were misidentified.

Across the entire time frame of the study, the distance outbreaks spread was negatively
correlated with the number of outbreaks, indicating that HPAI spread over a shorter distance
during panzootics than during periods of low spread. However, the limited number of years
including possible outliers may affect precision. In addition, possible bias due to the size of
events and the size of countries were tested and these two parameters did not influence the
significance of results. One of the possible explanations of these results is that control of
HPAI events is more efficient during periods of global panzootics, likely due to improved
preparedness within countries. This might also indicate that control measures are reactive
rather than proactive (Capua and Catolli, 2013) and a more proactive approach may reduce
or prevent future panzootics. These hypotheses might be further explored by extending the

time frame of the study.

Overall, these results provide information on the global trends in HPAI outbreak control.
Considerable efforts at controlling and preventing HPAI have been implemented at the global
level since the 2005/2006 panzootic, but these efforts have not prevented the re-emergence
of HPAI in recent years, suggesting knowledge gaps in the epidemiology of HPAI remain and
improvements in prevention and control measures are still necessary. Information provided in
this paper will support national veterinary services in improving the design of HPAI

surveillance and control strategies.

(vii) Acknowledgements: The authors would like to thank Patricia Vergara and Scott

Epperson for their valuable advice on HPAI epidemiology.

(viii) Conflict of interest statement: The authors declare that they have no conflict of

interest.

This article is protected by copyright. All rights reserved.



(ix) References:

Aly, M.M., Arafa, A., and Hassan, M.K. (2008). Epidemiological findings of outbreaks of
disease caused by highly pathogenic H5SN1 avian influenza virus in poultry in Egypt

during 2006. Avian diseases, 52, 269—277. doi:10.1637/8166-103007-Reg.1

Awada, L. (2012). Evaluation de I'exhaustivité du systéme d’alerte précoce de I'O.I.E. par la
méthode « capture-recapture »a trois sources. Maisons Alfort : Ecole Nationale

Vétérinaire d'Alfort, 94 p. (Doctor of Veterinary Medicine).

Bahl, J., Pham, T.T., Hill, N.J., Hussein, |.T.M., Ma, E.J., Easterday, B.C., Halpin, R.A.,
Stockwell, T.B., Wentworth, D.E., Kayali, G., Krauss, S., Schultz-Cherry, S., Webster,
R.G., Webby, R.J., Swartz, M.D., Smith, G.J.D., and Runstadler, J.A. (2016).
Ecosystem Interactions Underlie the Spread of Avian Influenza A Viruses with
Pandemic Potential. PLoS Pathog 12(5): €1005620.

https://doi.org/10.1371/journal.ppat. 1005620

Caceres, P. (2016). Tracking activity to improve the sensitivity of the OIE's monitoring and

early warning systems for human and animal diseases. International Journal of

Infectious Diseases, 53, 11

Capua |., & Cattoli G. (2013), Prevention and control of highly pathogenic avian influenza
with particular reference to H5N1. Virus research, 178, 114-120.

doi:10.1016/j.virusres.2013.04.002.

Chaichoune, K., Wiriyarat, W., Thitithanyanont, A., Phonarknguen, R., Sariya, L.,
Suwanpakdee, S., Noimor, T., Chatsurachai, S., Suriyaphol, P., Ungchusak, K.,
Ratanakorn, P., Webster, R.G., Thompson, M., Auewarakul, P., and Puthavathana, P.
(2009). Indigenous sources of 2007-2008 H5N1 avian influenza outbreaks in Thailand.

The Journal of general virology, 90, 216—-222. doi:10.1099/vir.0.005660-0

This article is protected by copyright. All rights reserved.



Chen, X., Jiang, R., and Geng, Z. (2012). Cold stress in broiler: Global gene expression
analyses suggest a major role of CYP genes in cold responses. Molecular biology

reports, 39, 425-429. doi:10.1007/s11033-011-0754-x

Cleveland R. B., Cleveland W. S., McRae J.E., and Terpenning . (1990) STL: A Seasonal-

Trend Decomposition Procedure Based on Loess. Journal of Official Statistics, 6, 3—73.

Cliff, A., Haggett, P., and Ord, J. (1989). Spatial aspects of influenza epidemics. New

Zealand Geographer, 45, 47-47. doi:10.1111/j.1745-7939.1989.tb01500.x

Cox, N.J., and Subbarao, K. (2000). Global epidemiology of influenza: past and present.

Annual review of medicine, 51, 407—21. doi: 10.1146/annurev.med.51.1.407

Durand, L.O., Glew, P., Gross, D., Kasper, M., Trock, S., Kim, |.K., Bresee, J.S., Donis, R.,
Uyeki, T.M., Widdowson, M.A., and Azziz-Baumgartner, E. (2015). Timing of influenza
a(H5n1) in poultry and humans and seasonal influenza activity worldwide, 2004—2013.

Emerging Infectious Diseases, 21, 202—208. https://dx.doi.org/10.3201/eid2102.140877

Fang, L.Q., de Vlas, S.J., Liang, S., Looman, C.W.N., Gong, P., Xu, B., Yan, L., Yang, H.,
Richardus, J.H., and Cao, W.C. (2008). Environmental factors contributing to the spread
of H5N1 avian influenza in mainland China. PloS one [electronic resource], 3(5):e2268.

doi: 10.1371/journal.pone.0002268.

Feare, C.J. (2010). Role of Wild Birds in the Spread of Highly Pathogenic Avian Influenza
Virus H5N1 and Implications for Global Surveillance. Avian diseases, 54, 201-212.

doi:10.1637/8766-033109-ResNote.1

Food and Agriculture Organization of the United Nations (2008). Bird flu situation in
Indonesia critical [Online]. Available at
http://www.fao.org/newsroom/en/news/2008/1000813/index.htmliForrest, H.L., &

Webster, R.G. (2010). Perspectives on influenza evolution and the role of research.

This article is protected by copyright. All rights reserved.



Animal health research reviews / Conference of Research Workers in Animal Diseases,

11, 3—18. doi:10.1017/S1466252310000071

Gilbert, M., Chaitaweesub, P., Parakarnawongsa, T., Premashthira, S., Tiensin, T.,
Kalpravidh, W., Wagner, H., Slingenbergh, J. (2006a). Free-grazing ducks and highly
pathogenic avian influenza, Thailand. Emerging infectious diseases, 12, 227-234.

doi:10.3201/eid1202.050640

Gilbert, M., Xiao, X., Domenech, J., Lubroth, J., Martin, V., and Slingenbergh, J. (2006b).
Anatidae migration in the western Palearctic and spread of highly pathogenic avian
influenza H5NI virus. Emerging infectious diseases, 12, 1650—1656.

doi:10.3201/eid1211.060223

Hanh, P.T.H., Burgos, S., and Roland-Holst, D. (2007). The Poultry Sector in Viet Nam :
Prospects for Smallholder Producers in the Aftermath of the HPAI Crisis [Online].
Available at
http://cdn.aphca.org/dmdocuments/PAP_07_HPAI%20Vietham%20Poultry_FAO%20PP

LPI.pdf (accessed July 12, 2017).

Henning, J., Pfeiffer, D.U., Stevenson, M., Yulianto, D., Priyono, W., and Meers, J. (2016).
Who Is Spreading Avian Influenza in the Moving Duck Flock Farming Network of
Indonesia? PloS one [electronic resource], 11(3):e0152123.

doi:10.1371/journal.pone.0152123. eCollection 2016.

Hesterberg, U., Harris, K., Stroud, D., Guberti, V., Busani, L., Pittman, M., Piazza, V., Cook,
A., Brown, I. (2009). Avian influenza surveillance in wild birds in the European Union in
2006. Influenza and other respiratory viruses, 3, 1—-14. doi:10.1111/j.1750-

2659.2008.00058.x

Tian, H., Zhou S., Dong L., Van Boeckel T. P., Cui Y., Newman S. H., Takekawa J. Y.,

Prosser D. J., Xiao X., Wu Y., Cazelles B., Huang S., Yang R., Grenfell B. T., Xu B.

This article is protected by copyright. All rights reserved.



(2015) H5N1 viral and bird migration networks. Proceedings of the National Academy of

Sciences, 112, 1, 172-177. doi:10.1073/pnas.1405216112

Katz, J.M., Veguilla, V., Belser, J., Maines, T.R., Van Hoeven, N., Pappas, C., Hancock, K.,
and Tumpey, T.M. (2009). The public health impact of avian influenza viruses. Poultry

science, 88, 872—-879. doi:10.3382/ps.2008-00465

Keawcharoen, J., Van den Broek, J., Bouma, A., Tiensin, T., Osterhaus, A.D., and
Heesterbeek, H. (2011). Wild Birds and Increased Transmission of Highly Pathogenic
Avian Influenza (H5N1) among Poultry, Thailand. Emerging infectious diseases, 17(6),

1016-1022. doi: 10.3201/eid/1706.100880.

Kilpatrick, A.M., Chmura, A.A., Gibbons, D.W., Fleischer, R.C., Marra, P.P., and Daszak, P.
(2006). Predicting the global spread of H5SN1 avian influenza. Proceedings of the
National Academy of Sciences of the United States of America, 103, 19368—-19373.

doi:10.1073/pnas.0609227103

Lai, S., Qin, Y., Cowling, B.J., Ren, X., Wardrop, N.A., Gilbert, M., Tsang, T.K., Wu, P., Feng,
L., Jiang, H., Peng, Z., Zheng, J., Liao, Q., Li, S., Horby, P.W., Farrar, J.J., Gao, G.F.,
Tatem, A.J., Yu, H. (2016), Global epidemiology of avian influenza A H5N1 virus
infection in humans, 1997-2015: a systematic review of individual case data. The
Lancet. Infectious diseases, 16(7):e108-e118. doi: 10.1016/S1473-3099(16)00153-5.

Epub 2016 May 17.

Loth, L., Gilbert, M., Osmani, M.G., Kalam, A.M., and Xiao, X. (2010). Risk factors and
clusters of Highly Pathogenic Avian Influenza H5N1 outbreaks in Bangladesh.

Preventive veterinary medicine, 96, 104—113. doi:10.1016/j.prevetmed.2010.05.013

Monto, A.S. (2008). Epidemiology of influenza. Vaccine, 26, Suppl 4:D45-D48.

Munster, V.J., Baas, C., Lexmond, P., Waldenstrém, J., Wallensten, A., Fransson, T.,

This article is protected by copyright. All rights reserved.



Rimmelzwaan, G.F., Beyer, W.E., Schutten, M., Olsen, B. and Osterhaus, A.D.E.
(2007). Spatial, temporal, and species variation in prevalence of influenza A viruses in

wild migratory birds. PLoS pathogens, 3(5), p.e61.

Napp S., Majé N., Sanchez-Goénzalez R. and Vergara-Alert J. (2018). Emergence and
spread of highly pathogenic avian influenza A(H5N8) in Europe in 2016-2017.

Transboundary and Emerging Diseases, doi: 10.1111/tbed.12861. [Epub ahead of print]

Newton, I., & Brockie, K. (2008). The migration ecology of birds. Amsterdam: Academic

Press. doi:10.1016/B978-0-12-517367-4.X5000-1

Paarlberg, P.L., Seitzinger, A.H., and Lee, J.G. (2007). Economic Impacts of Regionalization
of a Highly Pathogenic Avian Influenza Outbreak in the United States. Journal of

Agricultural and Applied Economics, 39(2), 325-333. doi:10.1017/S1074070800023026

Park, AW. & Glass, K. (2007). Dynamic patterns of avian and human influenza in east and
southeast Asia. The Lancet. Infectious diseases, 7, 543-548. doi:10.1016/S1473-

3099(07)70186-X

R Core Team (2015). R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Austria: Available at http://www.R-project.org/

(accessed July 15, 2017).

Rappole, J.H., & Hubalek, Z. (2006). Birds and influenza H5N1 virus movement to and within
North America. Emerging infectious diseases, 12(10), 1486—1492.

doi:10.3201/eid1210.051577

Robusto, C.C. (1957). The Cosine-Haversine Formula. The American Mathematical Monthly,

64, 38—40.

Si, Y., Skidmore, A.K., Wang, T., De Boer, W.F., Debba, P., Toxopeus, A.G., Li, L., and

Prins, H.H.T. (2009). Spatio-temporal dynamics of global H5N1 outbreaks match bird

This article is protected by copyright. All rights reserved.



migration patterns. Geospatial health, 4, 65-78. doi:10.4081/gh.2009.211

Soares Magalhéaes, R.J., Zhou, X., Jia, B., Guo, F., Pfeiffer, D.U., and Martin, V. (2012). Live
Poultry Trade in Southern China Provinces and HPAIV H5N1 Infection in Humans and
Poultry: The Role of Chinese New Year Festivities. PloS one [electronic resource],

7(11): e49712. doi: 10.1371/journal.pone.0049712

Subbarao, K., Klimov, A., Katz, J., Regnery, H., Lim, W., Hall, H., Perdue, M., Swayne, D.,
Bender, C., Huang, J., Hemphill, M., Rowe, T., Shaw, M., Xu, X., Fukuda, K., and Cox,
N. (1998). Characterization of an Avian Influenza A (H5N1) Virus Isolated from a Child
with a Fatal Respiratory lliness. Science, 279, 393-396.

doi:10.1126/science.279.5349.393

Thanawat, T., Prasit, C., Thaweesak, S., Arunee, C., Wirongrong, H., Chantanee, B.,
Tippawon, P., Sith, P., Alongkorn, A., Marius, G., Mirjam, N., and Arjan, S. (2005).
Highly Pathogenic Avian Influenza H5N1, Thailand, 2004. Emerging Infectious

Diseases, 11, 1664-1672. https://dx.doi.org/10.3201/eid1111.050608

The Global Consortium for HSN8 and Related Influenza Viruses (2016). Role for migratory
wild birds in the global spread of avian influenza H5N8. Science, 354, 213-217.

doi:10.1126/science.aaf8852

Tian, H., Zhou, S., Dong, L., Van Boeckel, T.P., Cui, Y., Newman, S.H., Takekawa, J.Y.,
Prosser, D.J., Xiao, X., Wu, Y., Cazelles, B., Huang, S., Yang, R., Grenfell, B.T., and
Xu, B. (2015). Avian influenza H5N1 viral and bird migration networks in Asia.
Proceedings of the National Academy of Sciences of the United States of America, 112,

172-177. doi:10.1073/pnas.1405216112

Tiensin, T., Nielen, M., Songserm, T., Kalpravidh, W., Chaitaweesub, P., Amonsin, A,
Chotiprasatintara, S., Chaisingh, A., Damrongwatanapokin, S., Wongkasemiit, S.,

Antarasena, C., Songkitti, V., Chanachai, K., Thanapongtham, W., and Stegeman, J.A.

This article is protected by copyright. All rights reserved.



(2007). Geographic and temporal distribution of highly pathogenic avian influenza A
virus (H5N1) in Thailand, 2004-2005: an overview. Avian diseases, 51, 182—-188.

doi:10.1637/7635-042806R. 1

Tuncer, N., & Martcheva, M. (2013). Modeling Seasonality in Avian Influenza H5N1. Journal

of Biological Systems, 21, 1340004. doi:10.1142/S0218339013400044

Verhagen, J.H., Hofle, U., Van Amerongen, G., Van de Bildt, M., Majoor, F., Fouchier,
R.A.M., and Kuiken, T. (2015). Long-Term Effect of Serial Infections with H13 and H16
Low-Pathogenic Avian Influenza Viruses in Black-Headed Gulls. Journal of virology, 89,

11507-11522. doi:10.1128/JVI.01765-15

Verhagen, J.H., Lexmond, P., Vuong, O., Schutten, M., Guldemeester, J., Osterhaus, A.D.,
Elbers, A.R., Slaterus, R., Hornman, M., Koch, G. and Fouchier, R.A. (2017). Discordant
detection of avian influenza virus subtypes in time and space between poultry and wild

birds; Towards improvement of surveillance programs. PloS one, 12(3), p.e0173470.

Viboud, C., Bjornstad, O.N., Smith, D.L., Simonsen, L., Miller, M.A., and Grenfell, B.T.
(2006). Synchrony, Waves, and Spatial Hierarchies in the Spread of Influenza. Science,

312, 447-451. doi:10.1126/science.1125237

Wang, J.T., Wang, J.W., and Xu, S.W. (2008). Effects of cold stress on the messenger
ribonucleic acid levels of corticotrophin-releasing hormone and thyrotropin-releasing
hormone in hypothalami of broilers. Poultry science, 87, 973-978. doi:10.3382/ps.2007-

00281

Webster, R.G., Bean, W.J., Gorman, O.T., Chambers, T.M., and Kawaoka, Y. (1992).
Evolution and ecology of influenza A viruses. Microbiological reviews, 56, 152—179.

doi:10.1111/j.1541-0420.2008.01180.x

World Health Organization (2016). Avian and other zoonotic influenza [Online]. Available at

This article is protected by copyright. All rights reserved.



http://www.who.int/mediacentre/factsheets/avian_influenza/en/ (accessed July 12,

2017).

World Organisation for Animal Health (2006). Highly pathogenic avian influenza, Egypt
[Online]. Available at
http://www.oie.int/wahis_2/public/wahid.php/Reviewreport/Review?page_refer=MapFull

EventReport&reportid=4291

World Organisation for Animal Health (2016). Final Report of the 84th General Session,
[Online] Available at
http://www.oie.int/fileadmin/Home/eng/About_us/docs/pdf/Session/2016/A_FR_2016_pu

blic.pdf (accessed October 04, 2017).

World Organisation for Animal Health (2017). Terrestrial Animal Health Code. [Online]
Available at http://www.oie.int/en/international-standard-setting/terrestrial-code/access-

online/ (accessed October 04, 2017).

Xu, X., Subbarao, K., Cox, N.J., and Guo, Y. (1999). Genetic Characterization of the
Pathogenic Influenza A/Goose/Guangdong/1/96 (HS5N1) Virus: Similarity of Its
Hemagglutinin Gene to Those of H5SN1 Viruses from the 1997 Outbreaks in Hong Kong.

Virology, 261, 15-19. doi:10.1006/viro.1999.9820

Zhang, Z., Chen, D., Chen, Y., Davies, T.M., Vaillancourt, J.P., and Liu, W. (2012). Risk
signals of an influenza pandemic caused by highly pathogenic avian influenza subtype
H5N1: Spatio-temporal perspectives. The veterinary journal, 192, 417-421.

doi:10.1016/j.tvjl.2011.08.012

This article is protected by copyright. All rights reserved.



Table 1. Distance (km) and rate of spread (km/day) of HPAI from the index outbreaks to
the subsequent outbreaks in poultry observed worldwide between 2005 and 2016.

Number
of
outbreaks

Minimum

Lower
quartile

Median

Upper
quartile

Maximum

Distance
from
index
outbreak
(km)

6,133

40

111

229

6,875

Rate of
spread
from
index
outbreak
(km/day)

6,042

0.5

1.9

4.7

756.6
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