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The highly pathogenic avian influenza (HPAI) H5N1 virus that
emerged in southern China in the mid-1990s has in recent years
evolved into the first HPAI panzootic. In many countries where the
virus was detected, the virus was successfully controlled, whereas
other countries face periodic reoccurrence despite significant con-
trol efforts. A central question is to understand the factors favoring
the continuing reoccurrence of the virus. The abundance of do-
mestic ducks, in particular free-grazing ducks feeding in intensive
rice cropping areas, has been identified as one such risk factor
based on separate studies carried out in Thailand and Vietnam. In
addition, recent extensive progress was made in the spatial pre-
diction of rice cropping intensity obtained through satellite imag-
ery processing. This article analyses the statistical association
between the recorded HPAI H5N1 virus presence and a set of five
key environmental variables comprising elevation, human popu-
lation, chicken numbers, duck numbers, and rice cropping intensity
for three synchronous epidemic waves in Thailand and Vietnam. A
consistent pattern emerges suggesting risk to be associated with
duck abundance, human population, and rice cropping intensity in
contrast to a relatively low association with chicken numbers. A
statistical risk model based on the second epidemic wave data in
Thailand is found to maintain its predictive power when extrap-
olated to Vietnam, which supports its application to other coun-
tries with similar agro-ecological conditions such as Laos or Cam-
bodia. The model’s potential application to mapping HPAI H5N1
disease risk in Indonesia is discussed.

animal husbandry " epidemiology " remote sensing " spatial modeling

H ighly pathogenic avian influenza (HPAI) H5N1 virus
emerged in Southern China in the mid-1990s (1), but the

first large-scale epizootic took place in the winter of 2003/2004
in East and Southeast Asia (2). The virus persisted in the region
until the winter of 2005/2006 when it spread westward across the
Palearctic zoogeographical region (as of August 6, 2007, 60
countries have reported the virus; ref. 3). The impact in the
affected countries comprises human disease and death (194
people of 321 cases as of August 16, 2007; ref. 4 and www.who.int/
csr/disease/avian!inf luenza/country/en), mortality in poultry
and birds culled to halt the spread of disease, and the loss of local
and international trade of poultry and poultry products. In
Southeast Asia alone, it has been estimated that HPAI H5N1
virus outbreaks caused the death of 140 million domestic birds
with economic losses at !$10 billion (5). Importantly, reducing
virus circulation in the poultry sector is the best way to prevent
human infections and a possible mutation in a form that could
pass between humans (6).

The rapid spread of HPAI H5N1 virus results from its ability
to transmit through both human and bird host contact systems
(7). However, even if HPAI H5N1 virus has been introduced,
local development vary greatly as the virus does not become

established, spread, and persist everywhere equally. Virus es-
tablishment is influenced by the extent of surveillance and early
detection, and therefore it is subject to an unknown degree of
underreporting bias. Once established, HPAI H5N1 virus spread
is believed to be influenced primarily by local trade patterns,
density of wet markets, poultry production structure, and disease
control and preventive efforts. Persistence is thought to be
mediated by domestic ducks because of their potential role as
virus reservoir (8–10), but the large live poultry markets also
probably contribute (11). However, even when the main risk
factors associated with local introduction, spread, and persis-
tence are broadly known, it remains challenging to quantify their
relative importance and contribution and to define HPAI H5N1
virus outbreak risk in space and time (location-sensitive ‘‘hot
spots’’ and time-sensitive ‘‘hot times’’).

With the panzootic originating and persisting in East and South-
east Asia, it is of interest to concentrate on this region to quantify
how established risk factors are associated with disease patterns.
Vietnam and Thailand are interesting in that regard because they
were both subject to several epidemic waves, applied differential
control strategies, succeeded in temporarily controlling the virus,
and were faced with periodic reoccurrences (Fig. 1). Vietnam
undertook massive repeated vaccination campaigns in combination
with other control measures. Thailand has not implemented vac-
cination and placed emphasis on early detection, prevention of
movements in high-risk areas, including premovement testing, and
transformation of the free-ranging duck production sector (12). It
is difficult to assess whether the reoccurrences resulted from local
persistence of the virus or new introductions, but recent results
suggest that Southeast Asia may constitute a regional ‘‘evolutionary
sink’’ for HPAI H5N1 virus (13), supporting the idea that the region
faces periodic reintroductions.

In previous work, it was demonstrated that the risk of HPAI
H5N1 virus presence was associated with free-ranging duck num-
bers in Thailand (10) and the local abundance of both duck and
geese in Vietnam (14), in addition to other risk factors such as
chicken numbers, human population, and topographical features.
Both studies also found evidences of a relationship between HPAI
H5N1 virus presence and rice production. Free-ranging duck
production in Thailand is largely confined within areas with double
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Abstract

Highly pathogenic avian influenza (HPAI) H5N1 was first encountered in 1996 in Guangdong province (China) and started
spreading throughout Asia and the western Palearctic in 2004–2006. Compared to several other countries where the HPAI
H5N1 distribution has been studied in some detail, little is known about the environmental correlates of the HPAI H5N1
distribution in China. HPAI H5N1 clinical disease outbreaks, and HPAI virus (HPAIV) H5N1 isolated from active risk-based
surveillance sampling of domestic poultry (referred to as HPAIV H5N1 surveillance positives in this manuscript) were
modeled separately using seven risk variables: chicken, domestic waterfowl population density, proportion of land covered
by rice or surface water, cropping intensity, elevation, and human population density. We used bootstrapped logistic
regression and boosted regression trees (BRT) with cross-validation to identify the weight of each variable, to assess the
predictive power of the models, and to map the distribution of HPAI H5N1 risk. HPAI H5N1 clinical disease outbreak
occurrence in domestic poultry was mainly associated with chicken density, human population density, and elevation. In
contrast, HPAIV H5N1 infection identified by risk-based surveillance was associated with domestic waterfowl density, human
population density, and the proportion of land covered by surface water. Both models had a high explanatory power (mean
AUC ranging from 0.864 to 0.967). The map of HPAIV H5N1 risk distribution based on active surveillance data emphasized
areas south of the Yangtze River, while the distribution of reported outbreak risk extended further North, where the density
of poultry and humans is higher. We quantified the statistical association between HPAI H5N1 outbreak, HPAIV distribution
and post-vaccination levels of seropositivity (percentage of effective post-vaccination seroconversion in vaccinated birds)
and found that provinces with either outbreaks or HPAIV H5N1 surveillance positives in 2007–2009 appeared to have had
lower antibody response to vaccination. The distribution of HPAI H5N1 risk in China appears more limited geographically
than previously assessed, offering prospects for better targeted surveillance and control interventions.
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Introduction

HPAI H5N1 virus infection was first encountered in China in
1996 in the southern part of the country with the discovery of a
virus that killed geese in Guangdong province (Goose/GD/96)
[1]. In 1997, Hong-Kong experienced the first major outbreak of
HPAI H5N1 associated with several human deaths, alerting the
international community to the potential threat caused by this new
strain of HPAI virus (HPAIV). Between 1999 and 2003, the virus
underwent a series of evolutionary changes and multiple genotypes
of HPAIV H5N1 detected through routine live bird market
surveillance in southern China emerged, indicating that the virus
was still active and widely circulating [2]. However, the first major
outbreak of HPAI H5N1 in mainland China started in January
2004 in Guangxi autonomous region, in southern China,

bordering Vietnam. As the outbreak unfolded, the disease was
detected widely throughout the country, causing over 110
outbreaks in 23 provinces since the onset of the epidemic and
leading to the culling of more than 35 million poultry to curb the
spread of the disease.

To answer the challenge of controlling HPAI H5N1 across such
a vast territory characterized by a diversity of agricultural
production systems and economic development, China has taken
several important steps to confront and control outbreaks and deal
with the occurrence of human cases. These steps include measures
such as stamping out, movement controls, cleaning and disinfec-
tion of infected premises, and the adoption of a nationwide
massive vaccination campaign combined with intensive post-
vaccination surveillance efforts. Effective vaccines have been
developed and disease outbreaks have been responded to in a
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