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ABSTRACT

The emergence of highly pathogenic avian influenza (HPAI) viruses has raised concerns about the
role of wild birds in the spread and persistence of the disease. In 2005, an outbreak of the highly
pathogenic subtype H5N1 killed more than 6,000 wild waterbirds at Qinghai Lake, China. Outbreaks
have continued to periodically occur in wild birds at Qinghai Lake and elsewhere in Central China
and Mongolia. This region has few poultry but is a major migration and breeding area for waterbirds
in the Central Asian Flyway, although relatively little is known about migratory movements of
different species and connectivity of their wetland habitats. The scientific debate has focused on the
role of waterbirds in the epidemiology, maintenance and spread of HPAI H5N1: to what extent are
they victims affected by the disease, or vectors that have a role in disease transmission? In this review,
we summarise the current knowledge of wild bird involvement in the ecology of HPAI H5N1.
Specifically, we present details on: (1) origin of HPAI H5N1; (2) waterbirds as LPAI reservoirs and
evolution into HPAI; (3) the role of waterbirds in virus spread and persistence; (4) key biogeographic
regions of outbreak; and (5) applying an ecological research perspective to studying AIVs in wild
waterbirds and their ecosystems.
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1. INTRODUCTION

Emerging and re-emerging infectious diseases are
global problems of great concern to human as well
as animal health (Daszak et al., 2000; Chomel, 2007).
In many cases, human activities have been respon-
sible for providing conditions for the emergence of
disease originating from wildlife reservoirs
(Lebarbenchon et al., 2008). Human-mediated
changes include habitat fragmentation, modification
or destruction (Pimm et al., 1995) and globalisation of
the marketplace resulting in the frequent movement of
humans and products of trade across international
boundaries (McMichael et al., 1999). These human
activities, coupled with the increasingly global human
population, growing demand for food, and intensifi-
cation of farming practices have been responsible for
the emergence of Human Immunodeficiency Virus
(HIV-AIDS) in Africa, West Nile Virus and Lyme
Disease in North America (Daszak et al., 2000) and
Avian Influenza Viruses (hereafter AIVs) in Eurasia. Of
these emerging diseases, AIVs have been identified as
a significant threat to humans, poultry and wild birds
due to their global distribution and pandemic poten-
tial (de Jong et al., 1997; Webster et al., 2006; Peiris
et al., 2007).

AIVs are classified as type A influenza viruses and
express one of 16 different hemagglutinin (HA)
proteins (H1-H16) and one of nine different neurami-
nidase (NA) proteins (N1-N9) on their surface
(Webster et al., 1992). All of the 16 HA and nine
NA antigenic subtypes have been documented in
aquatic wild birds (Webster et al., 1992). Waterbird
families, particularly the Anatidae (ducks, swans and
geese) and Charadriidae (shorebirds) and to a lesser
extent the Laridae (gulls) and Sternidae (terns) have
been identified as the major reservoirs for AIVs in
nature (Stallknecht and Shane, 1988). Within their
natural host, AIVs are thought to have evolved into
the perfect host-parasite relationship (Figure 1).
Infections are typically asymptomatic and rarely
prove fatal but are associated with intense viral
shedding in faeces to maximise opportunities for
transmission to susceptible individuals (Webster
et al., 1978, 1992).

Avian influenza viruses are broadly classified into
low pathogenic (LPAI) and highly pathogenic (HPAI)
based on their ability to cause mortality in chickens
(Alexander, 2000). Most naturally occurring forms, for
which wild birds are the reservoir, are LPAI with the
sporadic emergence of HPAI documented in artificial
systems where wild birds and poultry are placed in
close association (Alexander, 2000; Webster and
Govorkova, 2006). HPAI viruses have caused a
substantial number of deaths in domestic and wild

birds, several mammalian species, as well as in
humans (Webster et al., 2006; FAO, 2009). Over the
past decade, HPAI H5N1 in particular, has emerged
as a significant zoonotic pathogen averaging a 60%
case-fatality rate in affected humans and the potential
to cause a global pandemic should human-to-human
transmission capability evolve in this subtype (Li et al.,
2004; Peiris et al., 2007).

The persistence and spread of HPAI H5N1 is
primarily linked with the movement of poultry or
poultry products (Gauthier-Clerc et al., 2007).
However, in 2005 an outbreak of HPAI H5N1
occurred among migratory waterbirds congregating
at Qinghai Lake, in west-central China (Chen et al.,
2005; Liu et al., 2005). The subsequent rapid emer-
gence of HPAI H5N1 in Russia, Western Europe, the
Middle East and northern Africa has implicated migra-
tory waterbirds as vectors (Normile, 2005; Normile,
2006; Olsen et al., 2006; FAO, 2007). While some
evidence suggests migratory waterbirds are involved
in the long-distance movement of HPAI H5N1, the
extent or mechanism of their involvement is not well
understood (Stallknecht and Brown, 2008). At present,
their role in HPAI H5N1 transmission remains contro-
versial, due to questions about the distance infected
birds may migrate (van Gils et al., 2007; Weber and
Stilianakis, 2007; Gaidet et al., in press) and despite
sampling of more than 500,000 healthy individuals,
no wild bird reservoir has been identified (FAO,
2009). Consequently, the role of migratory waterbirds
as hosts for HPAI H5N1 needs to be better understood
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Figure 1 Migration leads to cycling of AIV between breeding
and wintering habitat (Swayne, 2008).



to ensure control strategies target and curb the critical
stages of the virus’ transmission cycle.

In this review, we summarise current knowledge
and identify gaps in understanding of the role of
migratory waterbirds in the ecology and epidemiology
of HPAI H5N1. Specifically, we present details on: (1)
the origin of HPAI H5N1; (2) waterbirds as reservoirs
for LPAI and transition of LPAI to HPAI; (3) the spread
and persistence of HPAI H5N1; (4) key biogeographic
regions involving outbreaks including Poyang Lake
and Qinghai Lake in China; and (5) applying an
ecological research perspective for studying AIVs in
waterbirds and their ecosystems.

2. EMERGENCE OF HPAI H5N1

The precursors to HPAI H5N1 existed in the form of
several LPAI subtypes. LPAI H5N1 was first reported
in domestic geese in Guangdong, China in 1996 (Xu
et al., 1999). LPAI subtypes, including LPAI H5N1,
were subsequently introduced into Hong Kong
through poultry in ‘wet’ or live poultry markets
(Webby and Webster, 2001). Wet market conditions
enabled reassortment of LPAI H5N1 with viruses in
domestic quail (subtype H9N2), a goose-like virus
(H5N1), and virus from domestic ducks (H6N1) that
led to the emergence of HPAI H5N1 in 1997 (Webby
and Webster, 2001; Chen et al., 2004; Webster et al.,
2006). This virus rapidly became widespread in wet
markets and infected humans in Hong Kong, and by
December 2007 had resulted in 18 cases of which six
were fatal (Sims and Brown, 2008). This HPAI H5N1
genotype was eradicated by extensive culling of
poultry in Hong Kong and has not been subsequently
detected (Webster and Govorkova, 2006).

New HPAI H5N1 genotypes have emerged several
times in different countries that maintained active
poultry trade with southern China since 2000 (Chen
et al., 2004; Webster et al., 2006; Duan et al., 2007).
Southern China has been regarded as labelled the
‘epicentre’ of avian influenza (Shortridge and Stuart-
Harris, 1982) and continues to play a role as the
source of HPAI H5N1 (Webby and Webster, 2001;
Smith et al., 2006a). HPAI H5N1 genotype ‘Z’
initiated a new wave of transmission across
Southeast Asia (Li et al., 2004; Smith et al., 2006a).
Wild ducks from southern China are regarded as
crucial for the persistence of genotype Z that is now
endemic in poultry populations (Chen et al., 2004).
Variants of the Z genotype are found in Indonesia,
Cambodia, Laos, Vietnam, China, Thailand and
Malaysia, and genotype ‘V’ has been found in Japan
and Korea (Li et al., 2004).

Recently, variants of the Z genotype have demon-
strated increasing pathogenicity and an expanding

host range beyond poultry and wild birds (Figure 2).
This genotype shows a unique ability to infect
mammals without reassortment in an intermediate
host such as swine (de Jong and Hien, 2006), as
evidenced by cases in humans, pigs and carnivorous
species (Cardona et al., 2008). Despite its success in
colonising a broad range of hosts, HPAI H5N1 is
currently unable to replicate effectively within the
respiratory tract of mammals, precluding transmission
between humans and at present, preventing a global
pandemic (Smith et al., 2006b).

3. WILD BIRDS AS RESERVOIRS FOR LPAI

Over 105 species of wild birds in 26 different families
have yielded infections of LPAI viruses, with most host
species belonging to either the Anatidae (ducks,
swans and geese) or Charadriidae (shorebirds)
(Olsen et al., 2006; Stallknecht and Brown, 2008).
Evidence suggests that these two families act as
optimal hosts for LPAIs in wild systems owing to
their preference for freshwater habitat and ability to
perform long-distance migration (Hinshaw et al.,
1985; Stallknecht and Shane, 1988).

The aquatic habitats of Anatidae and Charadriidae
species may favour efficient faecal–oral transmission
of LPAI, the main route of infection for the pathogen
(Webster et al., 1992). AIVs replicate in the epithelial
cells of the host’s intestinal tract and are shed from the
cloaca in high titre concentrations (Webster et al.,
1978). Moreover, species which adopt surface feeding
strategies, such as dabbling ducks, may be at higher
risk of infection compared with species that forage at
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Figure 2 Emergence of H5N1 influenza virus (after Webster
et al., 2006). A low pathogenic H5 influenza virus is believed to
have spread from waterfowl to domestic ducks and geese, then
to domestic chickens. In chickens, the H5 virus became highly
pathogenic before it was transferred back to domestic ducks

and geese. The resulting lethal virus spread to domestic poultry
farms, humans, and occasionally to pigs. (Solid lines, trans-

mission demonstrated; dotted lines, transmission postulated but
not demonstrated).



deeper depths, such as diving ducks. Field studies
demonstrate that AIV infection occurs with highest
prevalence among waterfowl species such as the
Mallard (Anas platyrhynchos), Common teal (Anas
crecca), Northern pintail (Anas acuta) (Hinshaw
et al., 1980b; Kocan et al., 1980; Hinshaw et al.,
1985; Rundstadler et al., 2007) and the Northern
shoveler (Anas clypeata) (Hill et al., 2010). Non-
foraging attributes may also favour transmission
including flocking or sexual behaviour (Garamszegi
and Moller, 2007) as well as guild and microhabitat
preferences.

Anatidae and Charadriidae act as ideal hosts for
AIVs, because long-distance migration is ubiquitous
in these taxa. Anatidae have received a greater
research focus because surveillance studies show
that they have a higher prevalence than
Charadriidae (Iverson et al., 2008). The annual move-
ment of waterfowl between breeding sites at high
latitudes and wintering sites at low latitudes facilitates
the spread of AIVs over large geographic areas
(Hinshaw et al., 1985; Garamszegi and Moller,
2007), and migratory birds have even been referred
to as ‘‘shuttles’’ for LPAI (Wang et al., 2008).
Migration also involves aggregations at stopover
sites which increases intra- and inter-specific
contact, promoting transmission. Waterfowl congre-
gating at high densities at breeding and stopover sites
feed intensively prior to migration thereby contri-
buting to faecal–oral transmission.

4. EVOLUTION FROM LPAI TO HPAI

Chickens and turkeys are regarded as the recipient
host in which evolution from LPAI to HPAI occurs. It
has been proposed that high pathogenicity arises due
to insertion of amino acids at the HA0 cleavage site, a
process that occurs more readily in chicken and
turkey hosts (Alexander, 2003). This is supported by
the large number of outbreaks that have involved
gallinaceous poultry, with more than 6,500 cases
reported worldwide between 2003 and 2009 (FAO,
2009). HPAI induces mortality in poultry due to
replication of the virus within the host cells, which
damages the vital organs and tissues (Rott, 1992).
Genetic analysis has demonstrated that subtypes H5
and H7 are more prone to changing into highly
pathogenic forms (Shortridge et al., 1998; Spackman
et al., 2003), but other subtypes such as H9 can also
be involved.

Within poultry, the evolution from LPAI to HPAI
takes place via one of two possible genetic processes.
Mutation (or genetic drift) results from insertion, dele-
tion or substitution of single nucleotides during tran-
scription of the genome (Stech et al., 1999) owing to

poor site-fidelity of the RNA polymerase (Holland
et al., 1982). This produces a number of different
viral subtypes each with varying fitness levels for the
host environment. Those with high fitness replicate
and transmit efficiently while those that are mala-
dapted are quickly eliminated from the viral gene
pool (Suarez, 2000). Alternatively, reassortment (or
genetic shift) occurs when a single host is infected
with two viral subtypes, facilitating exchange of
genetic segments between the two viruses. This
process can change the antigenic nature of the virus,
enabling it to ‘sidestep’ the immune system of the host
and spread through populations (Webster et al., 1992;
Webby and Webster, 2001).

Genetic reassortment has been proposed as the
primary mode by which LPAI evolves into HPAI
subtypes within poultry hosts (Hatchette et al., 2004;
Macken et al., 2006; Dugan et al., 2008). The
segmented-nature of the AIV genome, composed of
eight single-stranded RNA fragments, is likely to
favour the exchange of entire segments between
viruses co-infecting the same poultry host.
Reassortment is ubiquitous among waterfowl
(Hinshaw et al., 1980a) and a recent study on the
viral gene pool in wild Anseriformes indicated that
recombinants accounted for 26% of LPAI isolates
(Dugan et al., 2008). The importance of re-assortment
in the evolution of HPAI can be seen by examining
the past three human pandemics that took place in
1918, 1957 and 1968 – all of which were caused by
recombinants of human and avian influenzas
(Webster et al., 1992).

5. SIGNIFICANCE OF WILD BIRD–POULTRY
INTERACTIONS

A key factor integral to the evolution of LPAI into
HPAI is the interaction between wild birds and poultry
(Figure 3). Wet markets have been identified as a
primary source of HPAI H5N1 in China (Liu et al.,
2003; Wang et al., 2006; Yu et al., 2007) and
Thailand (Amonsin et al., 2008) and were the original
site of the 1997 outbreak in Hong Kong (Shortridge
et al., 1998). Wet markets typically house multiple
bird species drawn from populations in different
geographic regions together at high densities, which
coupled with the daily introduction of new birds is
conducive to the exchange of AIV subtypes between
hosts (Webster, 2004; Cardona et al., 2009). Low
hygiene standards and poor biosecurity in wet
markets may promote the faecal–oral transmission
of AIVs, or respiratory transmission in the case of
HPAI H5N1. Over-crowded and inadequate housing
of birds can compromise the immune system, making

54 J.Y. Takekawa, D.J. Prosser, S.H. Newman et al.



domestic and wild birds susceptible to AIV exposure,
resulting in infection.

Domestic ducks and geese are raised in backyard or
free-ranging farms throughout Asia which promotes
contact with wild birds, allowing evolution of HPAI
subtypes (Songserm et al., 2006). Backyard poultry
includes several species of chickens, ducks, guinea
fowl, and geese that are fed on grain but also actively
forage around houses and within rice fields, wetlands
and other water bodies (Figure 3). Backyard poultry
practices are widespread in Asia with an estimated
60–80% of households keeping some form of poultry
(FAO, 2001) and the lack of biosecurity allows wild
and domestic birds to come into contact. In particular,
free-ranging domestic ducks have proven to be a
significant risk factor in the outbreak of HPAI H5N1,
because they may carry the virus asymptomatically
(Hulse-Post et al., 2005). Within Thailand, hot spots of
HPAI H5N1 correspond closely with the density of
free-ranging ducks (Gilbert et al., 2006a; Songserm

et al., 2006; Gilbert et al., 2008). Also, domestication
of ducks and geese that originate from wild popula-
tions (see 9.1 Poyang Lake) may contribute to the
appearance of HPAI subtypes.

Rice fields provide important grazing opportunities
for wild waterbirds inhabiting adjacent wetlands,
potentially introducing LPAIs into domestic poultry
(Muzaffar et al., in press). In Southeast Asia, poultry
production systems are often integrated with rice
agriculture–flocks are brought to post-harvest fields
to feed on waste grains, and faeces from birds are
used as fertiliser (Devendra and Thomas, 2002). With
loss of natural wetlands, many wild waterfowl species
feed in and around rice fields, thereby increasing the
chances of intermixing between domestic and wild
birds (Gilbert et al., 2007) and contact between wild
bird species. This intermixing becomes exacerbated
during the dry season when the inundated paddies
provide important artificial wetlands (Gilbert et al.,
2007) that concentrate waterbirds.
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Figure 3 The wild bird–poultry interface (a) domestic and wild ducks housed together ready for slaughter at a wet market;
(b) transport of ducks for sale at a wet market; (c) farming of domestic ducks on a natural wetland; and (d) ducks foraging in rice paddies.

(Photos courtesy of United Nations System Influenza Coordination, www.flickr.com/photos/unsic/).

(a) (b)

(c) (d)



Finally, ‘bridge species’ or animals that may carry
the virus between waterbirds and poultry in the case
of HPAI H5N1, may have a role in the emergence of
HPAI (Kou et al., 2005; FAO, 2007). These wild birds
live in close proximity to human settlements and may
act as a link between wetlands occupied by water-
birds and poultry at farms, backyard settings and
markets (FAO, 2007). Some wild bird taxa such as
corvids, sparrows, and pigeons tolerate human-modi-
fied environments and show resistance against HPAI
viruses (Perkins and Swayne, 2003). Challenge studies
with HPAI H5N1 revealed that pigeons show few
clinical symptoms of the virus upon infection (Boon
et al., 2007; Yu et al., 2007), and thus, may act as
‘silent carriers’ within human-modified environments.
In rural landscapes, wild birds such as egrets are
ubiquitous along canals and agricultural ponds and
may also serve as a bridge between domestic and wild
birds.

6. WATERBIRDS AS VECTORS

Poultry production practices, migratory bird move-
ments, legal and illegal wildlife and domestic bird

trade, and human travel have all been suggested as
possible mechanisms of AIV spread, however, most
scientific debate has focused on poultry and migra-
tory birds as the likely vectors. The circulation of
HPAI H5N1 was limited to poultry in Southeast Asia
for nearly a decade before the rapid westward
advance of the virus in late 2005. This event was
immediately preceded by the outbreak of HPAI
H5N1 at Qinghai Lake during April 2005 (Chen
et al., 2005; Liu et al., 2005; Lei et al., 2007). The
outbreak killed more than 6,000 waterbirds and
remains the largest mass die-off in wild birds due
to HPAI H5N1 infection. Qinghai Lake is renowned
for migrating and breeding waterbirds, and poultry
are rarely found in this arid steppe region (see 9.2
Qinghai Lake), suggesting that migratory birds may
have introduced the virus (Chen et al., 2005; Lei
et al., 2007; Prosser et al., submitted). Two addi-
tional large scale wild bird mortality events have
been reported in Russia. The first in July 2005 at
Lake Chany, Russia where more than 5,000 wild
birds perished including pochard, mallard, and
common teal. The second event occurred in the
summer of 2006 at Tuva Republic, Russia where
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Figure 4 Species of concern in areas where HPAI H5N1 has been reported: (a) and (b) black-necked cranes congregate in the
Lhasa Valley, the overwintering site for 75% of the global population (Qinghai-Tibetan Plateau: People’s Daily Online -

http://english.people.com.cn/); and (c) and (d) bar-headed geese congregating on Qinghai Lake, China.
(Photos courtesy of J. Takekawa, USGS Western Ecological Research Center).

(a) (b)

(c) (d)



more than 3100 Great crested grebes (Podiceps
cristatus) died (FAO, 2009). These large outbreaks,
combined with the rapid, long-distance movement of
HPAI H5N1 through Eurasia has prompted concern
about the role of migratory birds as vectors (Olsen
et al., 2006). In addition, wild bird outbreaks of
smaller scale have continued to occur along the
Central Asian Flyway (Table 1).

The spread of HPAI H5N1 has also been corre-
lated with the transport of poultry. Poultry origi-
nating from China is traded along the trans-
Siberian railway, with Novosibirsk in Russia acting
as a major hub for transportation in this region
(Gauthier-Clerc et al., 2007). Novosibirsk has been
proposed as the focal point for the virus’s westward
radiation from Russia to Croatia during late 2005
(Wallace et al., 2007), and transportation routes
originating in the city closely correspond with the
trajectory of the virus (Gauthier-Clerc et al., 2007).
Phylogenetic analysis of AIV supports movement of
poultry as the cause for introduction of HPAI H5N1
into the African continent with its first appearance in
Nigeria during February 2006 (Kilpatrick et al.,
2006; Fasina et al., 2009). Inadequate biosecurity,
high density of urban poultry farms and the growth
in live poultry markets have been cited as reasons
for rapid spread of the virus into west African
countries including Niger, Burkino Faso,
Cameroon, Cote D’Ivoire, Ghana and Togo (Sims
and Brown, 2008; Fasina et al., 2009).

Alternatively, there are epidemiological features of
the spread of HPAI H5N1 that argue against human
trade of poultry as the sole disseminator of the virus.
Initial outbreaks in Turkey, Romania and Ukraine
during October 2005 were situated close to wetlands
that act as important wintering grounds for migratory
ducks (Gilbert et al., 2006b). Gilbert et al. (2006b)
demonstrated a significant correlation between the
migratory pathway of ducks originating from Siberia
and spread of the virus from Russia to the Black Sea.
The genetic relatedness of the HPAI H5N1 subtypes
occurring in this region and Qinghai Lake also
supports introduction of the virus by migratory
birds (Lvov et al., 2006). In addition, between
January and May 2006, member states of the
European Union reported the incidence of HPAI
H5N1 in 741 dead wild birds from over 60 species
(Pittman et al., 2007). The majority of birds were
waterfowl including mute and whooper swans and to
a lesser extent ducks (Table 1). The outbreak may
have been prompted by prolonged freezing weather
conditions around the Black Sea which forced resi-
dent and migratory birds to seek refuge in western
Europe (Pittman et al., 2007). Infection of poultry
was restricted to isolated cases in Sweden and

Germany (Alexander, 2007) and occurred after the
outbreak in wild birds, reinforcing that trade of
poultry was not involved (Kilpatrick et al., 2006).

6.1 Can infected birds migrate?

The lack of recorded cases of HPAI viruses persisting
for prolonged periods in wild birds is the main
argument against the involvement of migratory birds
in the spread of HPAI H5N1 over large distances
(Feare, 2007; Weber and Stilianakis, 2007). In wild
birds, the virus has mostly been identified from sick or
dead birds implying that they are physiologically
unable to fly long distance and disseminate HPAI
H5N1. Field studies have also shown that waterfowl
infected with LPAI have diminished body condition
(van Gils et al., 2007) and hampered foraging and
migratory performance (Latorre-Margalef et al., 2008).

However, experimental studies (Table 2) clearly
demonstrate that responses to HPAI H5N1 vary
widely across species of migratory waterfowl (Brown
et al., 2006; Brown et al., 2008; Keawcharoen et al.,
2008). Challenge of six swan and goose species
produced a range of clinical responses to HPAI
H5N1, with the Black swan (Cygnus atratus) dying
2–3 days after infection, compared to the Bar-headed
goose (Anser indicus) that either died up to 8 days
post-infection or survived (Brown et al., 2008). During
this asymptomatic period, bar-headed geese can
potentially fly over 700 km, therefore acting as effec-
tive disseminators of the virus over long distances
(Gaidet et al., in press). Ducks such as the mallard
have earned the moniker – the ‘‘Trojan Horse’’ of
HPAI H5N1 (Hulse-Post et al., 2005) due to their
unique ability to remain asymptomatic while shed-
ding abundant quantities of the virus in laboratory
studies (Keawcharoen et al., 2008).

These experimental findings highlight that species
and individuals may contribute differently to the
spread of HPAI H5N1. However, birds held in a
laboratory benefit from regular food supply and
stable environmental conditions and thus do not
experience the same survival pressures as their wild
counterparts. Whether responses to HPAI H5N1
infection in lab-reared birds accurately reflect
responses in wild birds is a key question (Feare,
2007). Cases of healthy HPAI H5N1-infected mallards
from the field (Chen et al., 2006a; Lvov et al., 2006)
show that wild birds can indeed survive infection.
Other HPAI-infected species in healthy condition
have also been reported, albeit in low numbers
(n ¼ 18) compared to the hundreds of thousands of
wild birds sampled as part of international surveil-
lance efforts (Table 3).
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7. WILD BIRDS AS VICTIMS

The spread of HPAI H5N1 among waterbirds is likely
to have conservation implications because of the high
mortality rate in some species. The virus has proven
fatal for at least 12 of the 27 avian orders (Roberton
et al., 2006). HPAI H5N1 also has an increasing host
range with at least 66 avian species reported to have
naturally-occurring infections in wild habitat and an
additional 33 in captivity (USGS National Wildlife
Health Center, 2009). Four host species are listed
under the International Union for the Conservation
of Nature (IUCN) Red List: the endangered Red-
breasted goose (Branta ruficollis), endangered Swan
goose (Anser cygnoides), vulnerable Houbara bustard
(Chlamydotis undulata macqueenii), and vulnerable
Black-necked crane (Grus nigricollis).

Species that are dependent on wetland habitat in
countries where HPAI H5N1 outbreaks occur may be
adversely impacted by the virus. Qinghai Lake attracts
migratory birds from Asia, Siberia, New Zealand and
Australia and die-offs were observed in at least eight
species including the Bar-headed goose, Brown-
headed gull (Larus brunnicephalus), Great black-
headed or Pallas’s gull (Larus icthyaetus), Great
cormorant (Phalacrocorax carbo), Whooper swan
(Cygnus cygnus), Ruddy shelduck (Tadorna ferru-
ginea), and Pochard (Chen et al., 2006b). The
outbreak is believed to have significantly reduced
the global population of bar-headed geese (Figure 4)
by 10% (Liu et al., 2005), although their total popula-
tion size has not been quantified. For other gregarious
species that are IUCN-listed such as the Black-necked
crane (Figure 4) and Siberian crane (Grus leucoger-
anus), use of wintering or breeding grounds in coun-
tries where HPAI H5N1 is recurring may present a
challenge to conserving their populations (Kirby et al.,
2008). For example, Poyang Lake in central China
supports 95% of the global population of Siberian
cranes during the winter (Li and Mundkur, 2007) and
has also been the site of recurring outbreaks (Chen
et al., 2006b).

The spread of HPAI H5N1 within captive popula-
tions may also have conservation implications, parti-
cularly as these animals increasingly represent
valuable genetic stock for populations diminishing
in the wild. Infection with the virus has been recorded
in a growing number of bird species in open zoos
(Ellis et al., 2004), sanctuaries (Desvaux et al., 2009)
and other captive populations (Khan et al., 2009).
Captive conditions may provide opportunities for
HPAI H5N1 to expand its host range due to the
artificially high concentration and assemblage of
species. This is demonstrated by the large number of
species that died due to contact with the virus at
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Kowloon Park and Penfold Park in Hong Kong in
2002, including 16 species of ducks, five species of
geese, four species of swans and two species of
flamingos (Ellis et al., 2004). Similarly large numbers
of species were infected by HPAI H5N1 at Phom
Tamao Wildlife Rescue Center, Cambodia where a
total of 86 birds died, representing eight taxonomic
orders and 12 families (Desvaux et al., 2009).
Conservation listed species may be the most suscep-
tible to outbreak in captivity, due to the typically low
diversity of the major histocompatibility complex
(MHC), a gene that plays a central role in disease
resistance (Hughes, 1991). Outbreaks in tigers
(Panthera tigris) at a zoo in Thailand highlights that
endangered mammals may suffer diminished popula-
tions due to infection with HPAI H5N1
(Thanawongnuwech et al., 2005).

Outbreaks of HPAI H5N1 reduce the abundance of
birds in both wild and captive environments, but little
is known about the population-level impacts of the
virus. For example, does HPAI H5N1-induced
mortality impact the overall productivity of a popula-
tion? The behaviour of the virus bears similarities to
avian pox (Poxvirus avium) in Hawaiian forest birds
(van Riper et al., 1986) and avian cholera (Pasteurella
multocida) in Lesser snow geese (Chen caerulescens
caerulescens; Samuel et al., 1999) that likely have a
regulatory effect on host populations. Similar to HPAI
H5N1, these pathogens show an annual cycle of
outbreak and follow a density-dependent pattern of
infection. Unlike avian pox and avian cholera that use
wild birds as a primary reservoir, HPAI H5N1 is not
endemic in wild birds. By contrast, HPAI H5N1
appears to be self-limiting in wild bird populations
and requires spillover from poultry, the host in which
reassortment to HPAI subtypes occurs (Webster et al.,
2006).

8. ENVIRONMENTAL PERSISTENCE, IMMUNITY AND
CIRCULATION

8.1 Environmental persistence

Despite evidence that waterbirds may act as vectors
for HPAI H5N1, there is limited data on the circula-
tion and persistence of the virus between waterbirds.
The remarkably low number of healthy, HPAI H5N1-
infected wild birds identified to date indicates a lack
of a proven wild bird reservoir. As a consequence,
waterbird infections most likely result from repeated
spillover from poultry or environmental transmission,
and less likely because the virus is endemic in wild
populations. Three factors are necessary to ensure the
persistence of AIV among wild birds: (1) virus shed at
sufficient titres for an adequate period of time; (2)

stability of the virus in the environment; and (3) titres
sufficient for infection of the next host (Stallknecht and
Brown, 2008).

A possible factor limiting circulation between
waterbirds is the changing viral shedding pattern of
HPAI H5N1. A number of studies (Brown et al., 2006;
Zhou et al., 2006; Ellstrom et al., 2008; Keawcharoen
et al., 2008; Munster et al., 2009) report higher titres
of the virus from the oropharynx compared to the
cloaca, and for a longer duration, evidence that the
primary site of replication for HPAI H5N1 has shifted
to the respiratory tract from the intestinal tract (Sturm-
Ramirez et al., 2005). These modifications in the
replication site are likely to have resulted from adapta-
tion of HPAI H5N1 to poultry inhabiting indoor
environments and selection for air-borne transmission
(Weber and Stilianakis, 2008). Chickens are regarded
as the ‘‘route modulator’’ in which crossover of the
replication sites is likely to have occurred (Mararova
et al., 2003). Viral shedding from the oral cavity may
promote transmission between poultry in a wet market
or in a crowded breeding colony, but is unlikely to be
as efficient as faecal shedding in dispersing viral
particles in the aquatic habitats occupied by water-
fowl.

Experimental studies demonstrate that LPAI viruses
are more environmentally robust than HPAI viruses
(Brown et al., 2007). Two HPAI H5N1 genotypes (one
from Mongolia and another from Anyang, China)
were tested for persistence in water at different
temperatures and salinities (Brown et al., 2007).
These genotypes were estimated to persist for
periods of 82–158 days at 17�C, and for shorter
periods (maximum of 30 days for the Anyang geno-
type) in water. These values were lower than the
persistence estimates for LPAI viruses at the same
temperature (Stallknecht et al., 1990; Brown et al.,
2007). Yet, the duration had marked overlap with
some wild LPAI subtypes, indicating that some of
these HPAI H5N1 genotypes may persist long
enough in nature (Brown et al., 2007) to become
part of the endemic cycles of viruses. To date there
have been no successful attempts to isolate HPAI
H5N1 from environmental samples, suggesting a
low probability that HPAI H5N1 can persist in the
aquatic habitat of wild birds.

Outbreaks of the HPAI H5N1 at Qinghai Lake in
2005–2006 and Poyang Lake in 2006 demonstrate
that dense congregations of birds may counteract
barriers to HPAI H5N1 transmission. Large numbers
of wild bird species gather in waterbodies, particularly
during pre-migration staging (Li and Mundkur, 2007)
with peak infection rates in ducks reported during this
period (Olsen et al., 2006). By contrast, gulls and
geese are densely clustered at breeding sites, and
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prevalence peaks occur at these times (Olsen et al.,
2006). Interactions between different species of birds
at feeding, stopover and wintering sites permits the
constant host-switching by viruses in waterbird
complexes (Webster et al., 1992). This is supported
by genetic studies that show partitioning of AIV
subtypes according to geographic location rather
than host species, suggesting that common feeding
or breeding sites allow the virus to readily infect many
species (Chen and Holmes, 2009). Outbreaks in wild
birds need to be studied in greater detail to establish
the extent to which HPAI H5N1 genotypes have
become entrenched in wild bird cycles.

8.2 Immune status and condition

A number of immunological and condition factors
may be involved in triggering HPAI H5N1 outbreak
in waterbird populations. Cold temperatures increase
the survival of both H5 and H7 subtypes in the
external environment (Brown et al., 2007). The
success of the virus to transmit in low temperatures
is also likely to arise from the effect of cold weather on
the host and associated suppression of the immune
system. Analysis of HPAI H5N1 activity during 2005–
2006 indicated that 27 outbreaks were preceded by a
drop in temperature due to Siberian cold air mass
dominating Eurasia (Liu et al., 2007; Ottaviani et al.,
in revision). Liu et al. (2007) proposed that this
dramatic weather fluctuation may have stressed
birds already physically depleted from performing
migration, making them susceptible to HPAI H5N1
infection. Furthermore, this drop in temperature may
have resulted in crowding of wild birds into remaining
unfrozen habitat, further contributing to stress and
also facilitating density dependent virus transmission
(Ottaviani et al., in revision).

Low precipitation has also been identified as a
predictor of HPAI H5N1 outbreak among wild birds.
In particular, below average rainfall has been corre-
lated with risk of outbreak in mainland China (Fang
et al., 2008). The reduction in available wetland
caused by less precipitation may explain this phenom-
enon. Human activities have also reduced or
degraded wetlands used by wild birds due to the
continuing demand for agricultural lands (Long et al.,
2007). Subsequently, the high concentration of water-
birds in fewer, smaller wetlands is likely to heighten
opportunities for contact with the virus, prompting
HPAI H5N1 outbreaks (Fang et al., 2008). Crowding
of birds in the limited wetlands available may elicit a
stress response, compromising the ability of the
immune system to fight viral infection.

The act of migration is also likely to make water-
birds more vulnerable to HPAI H5N1 infection.

Migration is an energetically costly activity that
reduces the body condition of birds as flight muscle
mass is run down (Weber and Stilianakis, 2007). Due
to the high energy demands of migration, there is a
trade-off against physiological functions including the
immune system (Moller and Erritzoe, 1998).
Waterfowl that undertake migration may therefore
experience immune suppression and have little resis-
tance against invasion of pathogens. This is demon-
strated by a study of hematozoan parasites in which
migratory distance of waterfowl and parasite species
richness were positively correlated (Figuerola and
Green, 2000). Authors have speculated that the poor
condition of birds arriving after long-distance migra-
tion may have been a factor in the outbreak of HPAI
H5N1 at Qinghai during 2005 (Chen et al., 2006a),
but a wind-tunnel experiment showed that immunity
was not diminished by long distance flights in shore-
birds (Hasselquist et al., 2007).

A recent experimental study of mute swans illus-
trates that some individuals of apparently susceptible
species survive infections with HPAI H5N1 genotypes
(Kalthoff et al., 2008). Naı̈ve mute swans died shortly
after infection, but those with prior exposure to AIVs
were able to survive without apparent symptoms
(Kalthoff et al., 2008). Moreover, prior infection with
low pathogenic H5N2 provides homosubtype immu-
nity against HPAI H5N1 in waterfowl (Fereidouni
et al., 2009). This is consistent with studies that have
found young, immunologically-naı̈ve birds to be more
susceptible to fatal HPAI H5N1 infection than adults
that have acquired resistance (Pantin-Jackwood and
Swayne, 2007; Kalthoff et al., 2008). In addition, older
birds may be more resistant against AIVs because
maturation of host cells can impede viral replication
(Pantin-Jackwood and Swayne, 2007). At a later age
(after individuals pass their peak in breeding) this
trend changes and birds show reduced immunity
with increasing age in the wild (Holmes and Austad,
2004).

9. AN ECOLOGICAL RESEARCH PERSPECTIVE

In order to unravel the role of waterbirds in the
epidemiology of the disease, improved understanding
of their migratory movements, geographic range and
habitat use in zones of infection are urgently needed.
Movement data may also provide insights into the
extent to which habitat use of waterfowl and poultry
overlap, and the spatial and temporal correlation
between waterfowl migration and outbreaks in
poultry or humans. Here we briefly describe our
ecological approach in China, widely believed to be
the epicentre of HPAI H5N1 (Webby and Webster,
2001), to better understand mechanisms of disease
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spread potentially involving wild birds. This approach
aimed to improve surveillance of wild birds on the
basis of: (1) focused-studies in areas where HPAI
H5N1 has become entrenched and re-occurs
annually; and (2) broad-scale studies across Asian
flyways to develop better understanding of waterfowl
movements in relation to the spread of the HPAI
H5N1.

9.1 Poyang Lake and HPAI H5N1

Poyang Lake, located 50 km northeast of Nanchang in
Jiangxi Province, is the largest freshwater lake in
China with a total area of about 224 km2 (Shankman
and Liang, 2003). Over 100,000 birds winter in
Poyang Lake, many of which are long-distance
migrants, the most notable being the approximately
3,000 Siberian Cranes, representing almost 95% of
the global population (Kanai et al., 2002). Among the
300 bird species recorded, a significant proportion are
migratory Anatidae including Whooper swan, Greater
white-fronted goose (Anser albifrons), Greylag goose
(Anser anser), Chinese spotbill (Anas poecilorhyncha
zonorhyncha), Eurasian wigeon (Anas penelope), and
Mallard (Li and Mundkur, 2007).

The human population of Poyang Lake is about 10
million and extensive dikes have been built to protect
farmlands from periodic flooding (Shankman and
Liang, 2003). About 14 million domestic poultry,
particularly ducks and geese, form an important
source of protein in the region (Figure 5). Grazing of
poultry within Poyang Lake and in surrounding crop-
land maximises overlap between wild bird and
domestic poultry, thereby increasing chances of trans-
mission of AIVs. In addition, a relatively recent
phenomenon in the Poyang Lake region over the
past decade includes rearing wild waterfowl in
captivity. Migratory swan geese (Anser cygnoides) as
well as nonmigratory Chinese spotbills are raised in
captivity for sale in markets. Many of these farm-
raised waterfowl are allowed to feed or fly in the
wetlands, creating the direct interaction of farmed and
free-ranging wild birds.

The current situation surrounding Poyang Lake and
other regions in southern China, where large numbers
of domestic ducks and geese are raised in areas with
little or no biosafety (FAO, 2001) is conducive to the
emergence of novel HPAI subtypes and spillover into
wild bird populations. The highly crowded conditions
in which ducks and geese are kept and raised also
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Figure 5 Poyang Lake and surroundings: (a) domestic ducks being herded from the lake; (b) wild birds inhabiting the lake
surrounded by dwellings; (c) backyard poultry farming; and (d) domestic ducks foraging in the lake.

(Photos courtesy of J. Takekawa, USGS Western Ecological Research Center).

(a) (b)

(c) (d)



provide ample opportunity for reassortment if more
than one LPAI infection is present in individuals. This
may explain the frequent emergence of different
genotypes of HPAI H5N1 within poultry in China,
especially since 2003 (Chen et al., 2006b; Webster
et al., 2006). Grazing opportunities in adjacent
wetlands and rice fields with wild waterbirds could
help introduce new LPAIs from the wild into domestic
poultry. Introductions of new AIVs from domestic to
wild birds are possible, especially since wild birds are
greatly outnumbered by domestic ducks. Maximum
wild bird counts in Poyang Lake exceeded 270,000
individuals in 2004 (Li and Mundkur, 2007) but were
far fewer than the 14 million domestic poultry.

Chen et al. (2006b) documented the two HPAI
H5N1 genotypes (‘Z’ and ‘V’) from Poyang Lake
between October 2004 and March 2005. Although
they identified the species sampled (Mallard, Falcated
teal, Anas falcata, and Chinese spotbill), they only
reported positive results pooled together into ‘migra-
tory ducks’ which prevented reaching conclusions on
how the different species (with very different ecology
and behaviour) may have been involved in the spread
of the virus. This lack of detail in identifying migratory
waterfowl to species level precludes analyses of

ecological aspects of the disease and has been
noted by others (Muzaffar et al., 2006; Yasue et al.,
2006; Feare, 2007).

9.2 Qinghai Lake and HPAI H5N1

The first evidence of a large HPAI H5N1 epizootic in
wild waterbirds since the emergence of HPAI H5N1
was the outbreak at Qinghai Lake reported in 2005.
Qinghai Lake is located at the northeast of the
Qinghai-Tibet Plateau about 280 km west of Xining
in Qinghai Province, China (Liu et al., 2004). It is
situated at an elevation of 3,193 m above sea level
and is the largest saltwater lake in China with an area
of about 526 km2 (Figure 6). Human activities, parti-
cularly the husbandry of yaks and other livestock in
the region, has degraded the surrounding grasslands
through overgrazing (Liu et al., 2004). Three small
island complexes within the lake constitute breeding
areas for Bar-headed geese, Brown-headed gulls,
Pallas’s gulls and Great cormorants. The largest
breeding area, Egg Island is a peninsula sheltered by
a hill from westerly winds with a freshwater spring that
supports dense colonial nesting populations of both
Bar-headed geese and gulls.
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Figure 6 Qinghai Lake and surroundings: (a) the closed inland basin surrounded by mountains; (b) bar-headed geese that congregate
during the summer; (c) sheep foraging on the shoreline and a flock of northern pintail ducks; (d) characteristic grassland vegetation.

(Photos courtesy of J. Takekawa, USGS Western Ecological Research Center).
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Over 6,000 waterbirds (including 3,282 Bar-headed
geese, 929 Pallas’s gulls, 570 Brown-headed gulls,
1,302 Great cormorants, and 145 Ruddy shelducks)
died between May and June 2005 from HPAI H5N1
infections (Chen et al., 2005, 2006a; Liu et al., 2005;
Olsen et al., 2006). This marked a contrast to all
previous cases of HPAI H5N1 in wild birds in East
Asia, which were likely spillover from poultry
outbreaks (Chen et al., 2005; Gauthier-Clerc et al.,
2007). The outbreak started during early May when
the first Bar-headed geese began breeding and some
individuals were infected and died (Chen et al.,
2006a). A peak in infections occurred within the
next few days leading to more deaths of Bar-headed
geese. Subsequent peaks in deaths occurred diffusely
from mid-May and early June, with records of conco-
mitant infections in other species. The outbreak ended
by 29 June, after which no more dead birds were
recorded (Chen et al., 2006a). The arrival of infected

Bar-headed geese has been questioned as the means
of possible HPAI H5N1 introduction, since many
were already present near the breeding colonies by
mid-March.

The isolates from Qinghai Lake were of the ‘Z’ and
‘V’ genotypes that were genetically very closely
related to those from Poyang Lake (Chen et al.,
2006a), suggesting an indirect link between the two
sites via migratory birds (Chen et al., 2006a; Wallace
et al., 2007). We did not find any direct connectivity
of these wetlands from our movement data synthe-
sised from more than 100 waterbirds captured and
marked with satellite transmitters at Poyang Lake and
Qinghai Lake in 2006–2008 (Figure 7). Our study
species included Bar-headed geese and Ruddy shel-
ducks, both infected by HPAI H5N1 at Qinghai Lake
during 2005, as well as seven duck species at Poyang
Lake. Re-emergence of HPAI H5N1 at Qinghai Lake
in 2006 identified six strains derived from those found
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Figure 7 Proposed outlines for the Central Asian (dashed line) and East Asian (solid line) Flyways for waterfowl
(Mundkur and Miyabayashi, 1998), and movement paths for 4100 waterfowl marked with satellite transmitters.



in 2005, including one most similar to a duck in
Novosibirsk, Russia (Wang et al., 2008). Two
competing hypotheses emerge to explain these
events: the virus may either be re-introduced by
wild birds during their northward spring migration
(Prosser et al., submitted) or result from local circula-
tion of viruses at Qinghai Lake, possibly persisting in
the springs and freshwater wetlands surrounding the
saline lake.

9.3 Migratory flyways and movements of wild
waterbirds

While studies have often concluded that the trajectory
of HPAI H5N1 closely corresponds with poultry
transport routes (Feare, 2007; Gauthier-Clerc et al.,
2007), a paucity of data on the temporal and spatial
movements of waterfowl prevents the same argument
being put forward for wild birds. Compared to shore-
birds, for which information on some flyways exist
(Boere and Stroud, 2006), the migratory movements of
waterfowl have not been well-researched in Asia,
with the exception of recent efforts to better under-
stand wild birds and their potential to spread HPAI
H5N1 (Muzaffar et al., 2008; Newman et al., 2009;
Prosser et al., 2009; Takekawa et al., 2010). In
addition, lack of detailed movement data detracts
from HPAI H5N1 modelling studies that rely on the
limited and coarse-scale wild bird movement data
currently available (Peterson and Williams, 2008;
Kilpatrick et al., 2006; Gilbert et al., 2006b).

Qinghai Lake falls in an area of overlap between the
Central Asian Flyway and the East Asian-Australasian
or East Asian Flyway (Li and Mundkur, 2007). A great
diversity of ducks, geese and shorebirds use these
flyways for migration. Bar-headed geese, for instance,
use both the Central Asian and East Asian Flyways,
with breeding populations occurring from Lhasa, Tibet
to as far northeast as Qinghai Lake and western
Mongolia (Javed et al., 2000; Li and Mundkur,
2007) while wintering in northern India, coastal
Bangladesh, south-central Thailand and southern
China (Miyabayashi and Mundkur, 1999; Javed et al.,
2000). There is evidence to indicate that populations
using each flyway may be distinct keeping them
allopatric during part of the year. Most species of
ducks and geese in the two flyways have different
migratory populations (Boere and Stroud, 2006), and
this could be a reflection of altered migratory routes in
response to environmental conditions such as drier,
cooler temperatures and low food availability (e.g.
Miller et al., 2005).

Our ongoing studies on bird migration based on
satellite telemetry of a number of duck and geese
species show migration routes are separated along the

two flyways with birds in the Central Asian Flyway
distinct from the East Asian Flyway (Figure 7). Bar-
headed geese (Takekawa et al., 2009) and Ruddy
shelducks (author’s unpublished data), marked in
Qinghai Lake spent the non-breeding season in
India, Bangladesh, and Myanmar; whereas duck
species marked at Poyang Lake were located in
northern China, eastern Mongolia and Russia during
the breeding season (Takekawa et al., 2010). The
separation of the two major flyways seems to preclude
a direct migratory link between Poyang Lake and
Qinghai Lake from the perspective of HPAI H5N1
spread. It is possible that other species or populations
migrate directly between areas, or that waterbirds at
other wetlands link these two regions through shared
migratory stopovers.

9.4 Informing surveillance and sampling

Our knowledge of persistence, transmission and
dispersal of AIVs in wild bird populations depends
largely on results from surveillance sampling. Owing
to the low probability of detection, the absence of an
apparent wild bird reservoir according to current
sampling regimes, does not conclusively prove that
it does not exist (Flint, 2007). In addition, surveillance
sampling often does not take into account the ecology
of wild birds (Guberti and Newman, 2007). For
example, the assumption of random sampling is
often undermined in surveillance studies as wild
bird populations are not distributed homogeneously,
either spatially or temporally, due to the cycle of
migration (Figure 1). It is widely-accepted that AIVs
readily infect bird species that share breeding or
feeding grounds (Chen and Holmes, 2009) and there-
fore presence of AIVs may be strongly related to
intermixing of populations along migratory flyways.
In addition, other traits that influence AIV prevalence
such as species, age, flocking and sexual behaviours
(Garamszegi and Moller, 2007) or foraging methods
(Hill et al., in press) differ markedly between host
populations.

Effective research into HPAI H5N1 requires an
interdisciplinary approach with fields such as
virology, epidemiology, pathology, geospatial
science, veterinary science and ecology playing
roles. Experts from these disciplines have been
responsible for genetically characterising and deter-
mining the phylogenetic relationships among HPAI
H5N1 genotypes, investigating the clinical effects of
the virus and creating models to predict the distribu-
tion and spread of HPAI H5N1. Yet further informa-
tion is needed on the avian hosts that carry HPAI
H5N1 – both domestic and wild birds, to gain a
complete understanding of the epidemio-ecology of
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the virus. In particular, the debate over the agent of
HPAI H5N1 dispersal highlights a lack of information
in Asian flyways on species dissimilarities, geographic
variation of species groups and subpopulations, and
seasonal or temporal differences in migratory move-
ments.

For example, phylogeographic studies have applied
analyses of genetic similarities to show intriguing
relationships among areas (Janies et al., 2007;
Wallace et al., 2007). Their results suggest potential
movements of waterbirds – from Qinghai Lake to
Novosibirsk and back toward Mongolia – that has
little support in the ecological literature. Instead,
recent findings connect the migratory pathway of
ruddy shelducks and bar-headed geese from
Qinghai Lake, China to breeding areas in central
Mongolia, corresponding with the northwest spread
of HPAI H5N1 during 2005 (Prosser et al., 2009).
Advances in technology for ecology studies such as
stable isotope mapping and satellite telemetry
tracking of individual birds offer tools to acquire
fine-scale data on the spatial ecology of waterfowl
(Peterson and Williams, 2008). Through the use of
satellite telemetry, a growing number of studies are
defining the detailed movement patterns of waterfowl
that inhabit HPAI H5N1-infected areas such as Asia
and Africa. Recent GPS-tracking studies of Garganey
(Anas querquedula) reveal that the species undertakes
a migratory route encompassing Moscow, the Danube
delta and northern Nigeria, corresponding spatially
with the introduction of the virus from Eurasia into
Africa (Gaidet et al., 2008b).

10. CONCLUDING REMARKS

The role of wild birds in the persistence and
geographic spread of HPAI H5N1 continues to be
debated. At present, HPAI H5N1 is entrenched in
poultry in Indonesia and Egypt, and continues to
periodically re-emerge in Vietnam, China, Thailand,
Bangladesh, and India. Conditions that increase the
interface between poultry and wild birds such as wet
markets and duck-rice agriculture exist throughout
much of Southeast Asia constituting a risk for spill-
over of HPAI H5N1 to wild birds. While domestic
ducks aid in the persistence of HPAI H5N1 in these
regions, wild birds are likely responsible for the north-
ward spread of the virus to Central China, Mongolia
and Russia via the Central Asian Flyway (Gilbert et al.,
in review). Determining transmission routes between
poultry and wild birds is a challenge and techniques
that combine approaches from different disciplines is
key to improving our understanding of this and other
emerging infectious diseases of significance to
human, domestic animal and wildlife health.
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