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CHAPTER 1

AVIAN INFLUENZA IN WILD BIRDS: STATUS AS RESERVOIRS, AND 
RISKS TO HUMANS AND AGRICULTURE

L���� C����1 ��� J�		��� H���

United States Department of Agriculture, Animal and Plant Health Inspection Service, Wildlife Services, National 
Wildlife Research Center, 4101 La Porte Avenue, Fort Collins, Colorado 80521, USA

A
����
�.—Infl uenza A viruses are naturally reservoired in wild bird populations, in which 
they generally exist as low-pathogenic subtypes. Historically, concern about avian infl uenza 
virus (AIV) in wild birds is related to its potential eff ects on agriculture and human health, 
and not to health issues of wild bird populations. Several subtypes (primarily H5 and H7) have 
caused severe outbreaks of disease in domestic bird populations. In some cases, genetic and 
spatial temporal analyses suggest that these high-pathogenic subtypes may originate in wild 
bird populations that transmit low-pathogenic forms to domestic birds; a� er passage in domestic 
birds, the low-pathogenic subtypes convert to high-pathogenic subtypes. These observations 
suggest that monitoring AIV activity in wild bird populations, especially waterfowl, may 
improve risk assessment for poultry producers. Other cases, as exemplifi ed by recent outbreaks 
of H5N1, suggest that the highly pathogenic subtypes have spilled over into wild populations 
from domestic production and live-bird markets in Asia. The risk paths (i.e. how the virus 
gets from waterfowl to domestic birds or vice versa) are not well understood and should be 
the subject of further research. The number of outbreaks of high-pathogenic AIV is increasing, 
as is the number of domestic birds that are culled in eff orts to contain the spread of infection. 
These eff orts have enormous economic implications. Surveillance has been focused on domestic 
production of these species. The role of the natural disease ecology of feral swine and quail in 
generation of avian and human reassortants has not been investigated, but is an area of concern. 
Direct transmission from birds to humans or other mammals is also possible, as evidenced by 
human infections caused by H9N2. Because the H5N1 subtype has become endemic to Southeast 
Asia, and because the human population is immunologically naïve, the concern of a pandemic 
is increased. Although there is li� le anyone can do about the natural reservoir of AIV in birds, 
increased information about how the viruses are maintained, transmi� ed, and moved across the 
landscape in nature would provide valuable information about agricultural and human-health 
risk assessment. Received 5 August 2005, accepted 8 January 2006.

R������.—Los virus de la infl uenza A se encuentran de manera natural en las poblaciones 
de aves silvestres, donde por lo general se encuentran como subtipos de baja patogénesis. 
Anteriormente, la preocupación sobre el virus de la infl uenza avícola (VIA) en aves silvestres, 
estaba relacionada con los efectos potenciales en la agricultura y en la salud humana, y no en 
asuntos sobre la salud de las poblaciones de aves silvestres. Algunos subtipos, especialmente 
H5 y H7, han causado severos brotes en poblaciones de aves domésticas. En algunos casos, 
análisis genéticos y de espacio-tiempo han sugerido que estos subtipos altamente patógenos 
pudieron haberse originado en poblaciones de aves silvestres que transmitieron formas de 
baja patogénesis a aves domesticas; y al suceder esto, los subtipos de baja patogénesis se 
convirtieron en subtipos de alta patogénesis. Estas observaciones sugieren que el monitoreo de 
VIA en aves silvestres, especialmente aves acuáticas, podría mejorar las evaluaciones de riesgo 
para los productores de aves de corral. En otros casos, como por ejemplo los recientes brotes de 
H5N1, sugieren que los subtipos altamente patógenos han sido transmitidos a las aves silvestres 
a través de las aves de corral y la comercialización deanes vivas en los mercados de Asia. Las 
vías de contagio (por ejemplo, la forma en que el virus pasa de las aves acuáticas a las aves 
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A���� ��	������ (AI; avian infl uenza virus = 
AIV), formally known as fowl plague in wildlife 
disciplines, has received increasing a� ention 
over the years, not only because it represents 
a serious threat to the welfare of wild bird 
populations, but because it aff ects agriculture 
(i.e. poultry production and trade) and human 
health. To understand the importance of AI, 
one must understand the structure of the agent 
and mechanism of disease within the context of 
the host range and ecological factors aff ecting 
transmission. The present review is intended to 
bridge the various scientifi c disciplines toward 
this end. We review the etiology of infl uenza A 
viruses, their host ranges, and the risk paths 
from wild birds to agriculture to humans, in an 
eff ort to emphasize inter-relationships between 
avian ecology, wildlife disease ecology, agri-
culture and veterinary medicine, and human 
epidemiology.

Avian infl uenza A virus.—Infl uenza viruses 
are members of the family Orthomyxoviridae (the 
Greek root myxo-, mucus, a� ests to the respira-
tory ramifi cations of disease caused by these 
viruses). These viruses are further classifi ed, on 
the basis of antigenic properties of the nucleo-
protein and matrix proteins, as infl uenza A, B, or 
C. Infl uenza A viruses have been isolated from 
various animal species, including birds, pigs, 
horses, and humans, whereas infl uenza B and C 
viruses are primarily human pathogens (Fields 
et al. 1996). Infl uenza A viruses have much 
more variable surface glycoproteins than either 
B or C viruses, yet phylogenetic analyses show 
that infl uenza A and B viruses are more closely 
related to each other than to infl uenza C. 

Only type A infl uenza viruses are known to 
cause natural infection in birds (Webster et al. 

1992). Low-pathogenic forms of AIV (LPAIV) 
are most common in wild birds, in which they 
do not appear to cause disease. When LPAIV 
infects poultry, mild disease may become appar-
ent. Although egg production may be aff ected, 
the disease is not considered severe. There is 
li� le mortality and, from a trade and produc-
tion viewpoint, most low-pathogenic forms of 
AI are not considered reportable diseases by the 
Organization Internationale Epizooties (OIE). 
By contrast, high-pathogenic AIV (HPAIV) 
forms rarely occur in wild birds and are con-
sidered primarily a problem of the poultry 
industry (Suarez 2000). High-pathogenic AIV 
causes high mortality in infected fl ocks (o� en 
100%) and can lead to severe direct and indirect 
economic losses and international trade sanc-
tions. High-pathogenic AI is considered an OIE 
reportable disease.

If wild birds are primarily a reservoir of 
LPAIV, and only HPAIV is of concern to the 
poultry industry, why do agriculture and pub-
lic-health workers care about the extent of AIV 
infection in wild birds? The answer lies in the 
high mutability of the virus and its propensity 
to exchange genetic material between subtypes; 
reassortants are the basis for the formation of 
new subtypes. One consequence of this process 
is that LPAIV can be transformed into HPAIV 
through adaptation and passage in interme-
diate hosts. Genetic analyses of HPAIV have 
supported the notion of a wildlife origin of the 
viruses. As a consequence, there is increasing 
recognition that surveillance of AIV in wild 
bird populations may provide valuable infor-
mation for predicting the probability of future 
outbreaks of infl uenza in poultry fl ocks and 
humans (FAO 2004a). 

domesticas o viceversa) continúan sin entenderse y deben ser sujetas a futuras investigaciones. 
El número de brotes de VIA altamente patógenos ha ido en aumento, al igual que el numero 
de aves domesticas que son seleccionadas con la intención de detectar la infección. Estas 
selecciones tienen grandes consecuencias económicas. La vigilancia se ha enfocado en la 
producción domestica de estas especies de aves. El papel ecológico de enfermedades naturales 
en puercos salvajes y en codornices en generaciones de recombinantes avícolas y humanos no 
ha sido investigado, pero es un tema de importancia. La transmisión directa de aves a humanos 
u otros mamíferos también es posible, como lo demuestran las infecciones humanas causadas 
por H9N2. Debido a que el subtipo H5N1 se ha vuelto endémico del sureste de Asia, y dado 
que la población humana es vulnerable inmunologicamente, la preocupación de una pandemia 
es mayor. Aunque es poco lo que se puede hacer con respecto al hospedero natural de VIA en 
aves, el aumento de la información, en cuanto como los virus son mantenidos, transmitidos 
y desplazados a través de el ambiente natural, proveerá información valiosa sobre las 
evaluaciones de riesgo de la salud humana y de la agricultura.
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Agricultural concerns.—High-pathogenic AI 
was not described in the poultry industry until 
1959 (Alexander 2000). Since then, the number 
of outbreaks has increased exponentially (Fig. 
1), as has the amount of poultry taken out of the 
economy because of disease eff ects and culling 
of infected fl ocks (Fig. 2). The economic and 
sociological consequences of HPAI and LPAI 
outbreaks are enormous (FAO 2004b, Hall 2004, 
Weiss and McMichael 2004). For example, dur-
ing the 1983–1984 AI outbreak in poultry fl ocks 
in Pennsylvania, >17 million birds, valued at $55 
million, were destroyed in eff orts to contain the 
disease. Cleanup cost an additional $8 million. 
Of the total $63 million in losses, $40 million 
was ultimately paid by taxpayers. Additional 
costs were borne by consumers. Because of the 
reduced availability of poultry, retail prices for 
poultry food products increased by $349 mil-
lion over the ensuing six-month period (Hahn 
and Clark 2002). Accounting for infl ation, the 
total losses in 2003 dollars would have been 
$969 million (Clark 2003). Not included in these 
estimates are costs of trade embargoes imposed 
on U.S. exports of poultry products. Recent out-
breaks of subtypes H7N7 in The Netherlands 

and H5N1 in Thailand and Vietnam resulted 
in agricultural losses estimated at $348 million, 
$880 million, and $120 million, respectively 
(Fouchier et al. 2005). Additional examples of 
the economic costs of AI infection have been 
documented in Asia, Australia, Italy, the United 
States, and elsewhere (Poss et al. 1981, Westbury 
1997, Davison et al. 1999, Capua and Alexander 
2004, FOA 2004b, Hall 2004).

Human health concerns.—Human infl uenza 
viruses cause epidemics every year (Snacken 
et al. 1999, Monto 2000). Of particular concern 
are events that led up to the human pandemics 
of 1918, 1957, 1968, and 1972 and the role birds 
may have had in the generation of new viral 
subtypes. The magnitude of these pandemics 
is sobering; the pandemic of 1918 killed 20–50 
million people (Reid et al. 1999). Understanding 
the role of wild birds in the disease’s epidemi-
ology, and how human viral reassortants arise, 
is important for planning and preparation for 
future pandemics (Scholtissek et al. 1978, Reid 
et al. 1999). Avian infl uenza virus surface glyco-
proteins change by antigenic dri� , resulting in 
genetic variants of the same subtype that may 
be able to evade host immune pressure. Genomic 

F��. 1. Number of primary global outbreaks of high-pathogenic avian influenza (HPAI; H5 and H7 sub-
types) in poultry flocks as a function of time (1955–2000). Data adapted from Alexander (2000) and Capua and 
Alexander (2004).
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information from recent human pandemics 
indicates that introduction of avian gene seg-
ments into the human infl uenza virus genome 
has o� en occurred. Evidence suggests that avian 
and human infl uenza viruses co-infecting other 
mammalian hosts (e.g. swine [Sus spp.]) reassort 
within the host to form deadly new human patho-
genic subtypes. If these subtypes also acquire 
the capability of effi  cient transmission between 
humans, the scenario for a pandemic is complete. 
Of concern recently is the origin of a highly viru-
lent form of AIV, H5N1, which is responsible for 
the ongoing outbreaks of AI in Asia, which began 
in 1997 (Shortridge et al. 1998).

Integration of information.—It is now apparent 
that waterfowl are the primary reservoir of AIV, 
and that viruses circulating in wild bird popula-
tions are the source of AIV subtypes of concern 
to the poultry industry and to public health. 
Tracking potential paths for movement of AIV 
genomic material through the agriculture land-
scape to humans is a critical fi rst step in plan-
ning for agricultural biosecurity and human 
health risk-assessment and vaccine develop-
ment (FAO 2004a). 

S���
���� ��� G����� O�����������

Infl uenza viruses are small (80–120 nm in 
diameter), enveloped viruses. The lipid envelope 
is studded with the viral proteins HA, NA, and 
M

2
. Infl uenza A virus genomes comprise eight 

strands of negative polarity, single-stranded 
RNAs that are numbered according to length. 
The specifi c functions of the 10 individual gene 
products are reviewed in depth elsewhere (Lamb 
1989, Webster et al. 1992, Baigent and McCauley 
2003); here, we only briefl y describe the roles of 
the viral proteins. The three largest RNA seg-
ments (RNA 1, 2, 3) code for subunits of the viral 
RNA polymerase (PB2, PB1, and PA, respectively) 
and are responsible for transcription and ampli-
fi cation of the viral genome. A “cap-snatching” 
function of the viral polymerase, where the 5’ 
methylated ends of cellular mRNAs are cleaved 
and used as primers for transcription of viral 
mRNAs, is a unique feature of these viruses.

RNA 4 codes for the hemagglutinin (HA) pro-
tein. An integral membrane protein, HA is the 
major antigenic protein in infl uenza virions. It 
is involved in receptor binding to host cells and 

F��. 2. Number of poultry infected, worldwide, with high- and low-pathogenic avian influenza (HPAI and 
LPAI; H5 and H7 subtypes) as a function of time (1994–2004). Data adapted from Capua and Alexander (2004).
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membrane fusion between the virion and host 
cell. Hemagglutinin requires post-translational 
processing by host-derived proteases before 
becoming functional and enabling virions to 
be infectious. Insertion or substitution of addi-
tional basic residues at the precursor cleavage 
site broadens the tissue tropism of the virus and 
seems to be an important diff erence between 
high- and low-pathogenicity forms of infl uenza 
(Alexander 2000). Hemagglutinin is highly vari-
able and is a major pathogenicity determinant. 
Driven by selection from the host’s immune 
system, HA genes can be >30% divergent in 
the amino acid sequences. Currently, there are 
16 serologically distinct HA subtypes (HA1–
HA16), most of which are avian-specifi c. 

The nucleoprotein (NP) is encoded by RNA 5. 
This protein binds to viral RNA, is abundant in 
the mature virion, and is an important target of 
the immune response. The accumulation of NP is 
involved in switching from transcription to viral 
genome amplifi cation by the viral polymerase.

Neuraminidase (NA), another integral mem-
brane protein encoded by RNA 6, is a major 
pathogenicity determinant. Neuraminidase 
enzymatically cleaves sialic acid residues and is 
involved with virus budding, release, and spread; 
receptor binding; and host-range determination. 
Neuraminidase is another important immuno-
logical target and is also highly variable, with 
nine subtypes (NA1–NA9) circulating in nature.

Both RNA 7 and RNA 8 are bicistronic by 
alternative splicing, yielding two proteins 
each. RNA 7 codes for the matrix protein M1, 
the most abundant protein in the mature infl u-
enza virion. This protein surrounds the viral 
nucleoprotein in the virion and plays a key role 
in virus assembly and transport of viral ribo-
nucleoprotein to and from the nucleus. Matrix 
protein M2, also from RNA7, is a membrane 
protein believed to function as an ion channel. 
It is present in large quantities in infected cells, 
and in much smaller amounts in virions, and 
appears to be involved in pH control during 
viral uncoating and maturation.

Nonstructural proteins NS1 and NS2 are 
derived from RNA 8. The NS1 protein is 
involved in regulation of viral RNA splicing, 
translation, and polymerase activity. It also 
shuts down host-cell mRNA translation and 
some host antiviral responses. The NS2 protein 
appears to be involved in the export of viral 
ribonucleoproteins from the nucleus.

E��������

RNA viruses have the capacity to evolve rap-
idly. Viral RNA polymerases typically have error 
rates in the neighborhood of 1 × 10–4/nt/replication 
(Drake 1993) and—considering the lack of proof-
reading mechanisms, the large population sizes, 
and short generation times—vast arrays of 
mutants are constantly and quickly generated. 
Selection and stochastic events then exert infl u-
ence on the population of mutants, increasing 
or decreasing their frequencies (Domingo and 
Holland 1994, Domingo et al. 1996).

In the case of infl uenza A, host immune sys-
tems exert considerable selective pressure on 
viral genomes to produce variants that can evade 
detection. The genome accumulates point muta-
tions in a stepwise fashion. This is especially evi-
dent with the exposed envelope proteins HA and 
NA, which are the major targets for neutralizing 
antibodies in the virion. This process is called 
antigenic dri�  and, over time, can lead to large 
diff erences in genetic sequences.

If a host becomes infected by more than one 
infl uenza virus, the potential for genetic recom-
bination occurs. This would result in one or more 
hybrid molecules having characteristics poten-
tially very diff erent from those of either parent 
molecule. Apparently, this occurred before 1918, 
precipitating the Spanish fl u pandemic, which 
killed 20–50 million people worldwide. The HA 
gene isolated from fl u victims buried in the per-
mafrost of Alaska contains sequences from both 
human and swine lineages, which indicates that 
a homologous recombination event occurred 
before 1918 (Gibbs et al. 2001, Fanning et al. 2002), 
creating a more virulent virus. “Antigenic shi� ” is 
the term used to describe these potentially drastic 
changes in virus biology, and the generation of 
new pandemic subtypes of infl uenza is a virtual 
certainty.

Antigenic shi�  can also result from sequence 
insertions or deletions that alter the life cycle 
of the virus (e.g. insertion of additional basic 
residues at the cleavage site in HA that alter the 
pathogenicity of the virus). Viruses can be pro-
miscuous and are known to acquire sequences 
from host mRNA pools or from other viruses 
and pathogens. For example, Khatchikian et al. 
(1989) recovered an isolate of infl uenza with an 
insertion of 54 nucleotides from the host’s 28S 
ribosomal RNA into the HA gene. This virus 
showed increased cleavability and pathogenicity. 
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An infl uenza mutant, with defective NA func-
tion resulting from a 24-amino-acid deletion, 
repaired itself and regained complete function 
by inserting portions of PB1, PB2, or NP genes 
into the NA gene (Mitnaul et al. 2000). 

Viruses with multicomponent genomes have 
an additional method for generating genetic 
diversity. If a cell is infected with two diff erent 
infl uenza viruses, the progeny virions may con-
tain a mixture of RNAs from the two parental 
subtypes. This “shuffl  ing of the deck” is called 
reassortment and has occurred frequently over 
the years. This process has been implicated in 
the 1957 and 1968 infl uenza pandemics (Baigent 
and McCauley 2003).

Humans are typically not directly infected 
by avian lineages of infl uenza (Shortridge et al. 
1998). Avian infl uenza genomes are believed to be 
evolutionarily more stable than human infl uenza 
subtypes. However, swine have been implicated 
as genetic “mixing vessels,” because they are 
capable of being infected by both avian and 
human infl uenza subtypes (Castrucci et al. 1993, 
Ito et al. 1998). The fact that swine o� en reside in 
proximity to both domestic birds and humans cre-
ates a scenario ripe for the creation of new, poten-
tially pandemic, hybrid subtypes of infl uenza.

N����
������

Infl uenza viruses are typically categorized on 
the basis of the main pathogenicity genes they 
contain, HA and NA. As mentioned above, there 
are 16 HA subtypes and 9 NA subtypes, and an 
isolate of infl uenza with HA-7 and NA-4 would 
be labeled “H7N4.” All HA and NA subtypes are 
found in birds, but most do not replicate effi  -
ciently in humans, though all HA subtypes can 
replicate to some degree in mammalian model 
systems (Hinshaw et al. 1981). Historically, 
human disease has been associated mainly with 
H1, H2, and H3 subtypes. However, subtypes 
H5, H7, and H9 have recently been implicated in 
human disease. This represents a disturbing shi�  
in AI infectivity for humans. The primary sub-
types of NA in human infl uenza are N1, N2, and 
(recently) N7 (Biagent and McCauley 2003).

P�����������

Symptoms.—Avian infl uenza is usually a mild 
or even inconsequential disease in wild birds, 
with only a few cases of mortality and overt 

disease symptoms reported (Becker 1966, Ellis 
et al. 2004a). In domestic species, signs of AI 
are variable among species and breeds of birds, 
ranging from asymptomatic to respiratory, 
enteric, reproductive, or nervous-system mani-
festations. For LPAI, the fi rst signs of disease 
are decreased food consumption and lowered 
egg production. Other symptoms may include 
coughing, sneezing, ruffl  ed feathers, swollen 
heads, depression, and diarrhea. For some sub-
types of AI, the only evidence of fl ock infection 
may be seroconversion for antibody against AI. 
For HPAI, the incubation period is three to fi ve 
days. Birds experience a rapid onset of fever, 
become lethargic, and lose appetite. Death 
can occur within a few hours a� er symptoms 
appear (Swayne and Suarez 2000).

Molecular mechanisms.—Unlike classic disease 
agents, infl uenza viruses have to alter their 
genetic makeup to change their host range. The 
basic reasons for this involve (a) the specifi city 
of HA binding to the cellular receptor and (b) 
the ability of NA to cleave diff erent linkages of 
sialic acid. In avian infl uenza, HA specifi cally 
binds to sialic acid residues that are α 2,3-linked 
to galactose, and NA specifi cally cleaves sialic 
acid at those residues. The abundance and types 
of these receptors on host cells defi ne whether 
the virus can infect the animal. Sialic acid α 2,3 
residues are mainly located on the surfaces of 
cells in gastrointestinal tracts of birds, which 
explains the tissue tropism of infl uenza in this 
taxon (Slemons and Swayne 1995). However, 
some variation in tissue tropism among avian 
species and AI subtypes exists, with some spe-
cies having an abundance of receptors in the 
respiratory epithelium as well (Liu et al. 2003). 

The HPAI viruses are restricted to the H5 and 
H7 subtypes, though not all viruses of these 
subtypes cause HPAI. The remaining viruses 
are considered to cause LPAI. The HA precur-
sor of the main functional HA glycoprotein 
requires cleavage by host proteases before virus 
particles are infectious. LPAI viruses are limited 
by host proteases (e.g. trypsin and trypsin-like 
enzymes). As a consequence, replication is 
restricted to sites where these enzymes occur 
(i.e. intestinal and respiratory epithelium). 
Virulent viruses are cleavable by ubiquitous 
proteases, which allows the viruses to repli-
cate throughout the animal, damaging vital 
organs and tissues and resulting in disease and 
death (Ro�  1992). Comparison of amino acid 
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sequences of HPAI and LPAI at the HA cleav-
age site show that LPAI viruses have two basic 
amino acids, at positions 1 and 4 for subtype 
H5 and at positions 1 and 3 for subtype H7. 
High-pathogenic AI viruses possess multiple 
basic amino acids adjacent to the cleavage site. 
This results in a motif cleavable by ubiquitous 
proteases (Senne et al. 1996). Several instances 
of conversion from LPAI to HPAI have been 
documented in poultry (Mexico: Perdue et al. 
1997; Chile: Suarez et al. 2004).

Avian infl uenza isolates do not effi  ciently 
replicate in humans and other mammals, and 
they usually need to adapt to mammalian hosts 
before they can become an agent of disease. For 
example, in humans, sialic acid residues in the 
trachea are α 2,6-linked to galactose and, thus, 
are not effi  ciently bound and cleaved by avian 
HA and NA. However, pigs are permissive hosts 
to both avian and human infl uenza viruses. Pigs 
have sialic acid in both linkages and, thus, can be 
productively infected by both avian and human 
infl uenza viruses, which creates the potential 
for co-infection, reassortment, and adaptation 
of avian infl uenza into a human pathogen. 
Interestingly, quail (Coturnix coturnix japonicus) 
also have sialic acid in both linkages and, thus, 
may also be an important host, sustaining mul-
tiple infections and providing opportunity for 
AI reassortment and adaptation into a human 
pathogen (Liu et al. 2003; Perez et al. 2003a, b). 

M���� �	 T�����������

The route of exposure can be direct or indi-
rect. In birds, AIV is spread primarily by fecal–
oral routes. The AIV replicates in intestinal 
epithelial tissue of birds and is shed cloacally 
2–14 days postinfection (Lu and Castro 2004). 
Infected birds shed virus into water in feces, 
and other animals become infected by drink-
ing the contaminated water (Roy et al. 1983, Lai 
and McPhillips 1999). The AI virus is relatively 
stable under normal aquatic environmental con-
ditions, but persists longer and maintains infec-
tivity with cooler temperatures. Viable virus 
was recovered from experimentally contami-
nated water a� er 220 days at 18°C and a� er 90 
days at 26°C. Duration of infectivity decreased 
with increasing salinity and pH (Stallknecht et 
al. 1990a, b, c). Field studies have shown that 
the virus remains viable in ponds even a� er 
freezing over winter and can act as a source of 

re-infection in waterfowl (Ito et al. 1995, Kida 
1997). Because of the persistence of the virus, 
domestic poultry are at risk any time they share 
a common water source with wild waterfowl. 
Contamination of water sources may also occur 
via surface runoff  from contaminated sites (e.g. 
fi elds fertilized with contaminated manure) or 
by intrusion of contaminated surface water into 
groundwater  (Halvorson et al. 1985). Thus, 
any use of contaminated manure from poultry 
operations for fertilizing fi elds and crops can 
act as a source of infections. However, even 
though li� er and other contaminated solids are 
highly infectious, AIV is less stable in li� er and 
compost than in water. In chicken (Gallus domes-
ticus) manure, AIV becomes inactivated a� er a 
week, owing to heat of fermentation, the pH of 
the environment, desiccation, or a combination 
of these factors (Senne et al. 1994, Lu et al. 2003). 
Aerosolized fecal dust also can infect animals 
via oral and respiratory routes, though the la� er 
is a less effi  cient mode of infection in birds. 

H��� R����

Avian infl uenza virus occurs widely in wild 
birds (Fig. 3), having been isolated from >90 spe-
cies distributed among 12 orders (reviewed in 
Stallknecht and Shane 1988, Stallknecht 1998).

Waterfowl.—Among birds, wild waterfowl 
are the largest reservoir of haemagglutinin and 
neuraminidase subtypes of infl uenza A viruses, 
with 16 H and 9 N subtypes having been 
detected in almost all combinations (de Boer et 
al. 1992). However, subtype dominance across 
North American studies suggests some degree 
of AIV stability in waterfowl. The most com-
mon HA subtypes detected in waterfowl are 
H3, H4, and H6, whereas the most common NA 
subtypes detected are N2, N6, and N8 (Sharp 
et al. 1993, Hanson et al. 2003). The most com-
mon combination of HA and NA subtypes iso-
lated from waterfowl are H3N8, H4N6, H4N8, 
H6N2, H6N8, and H9N2 (Hanson et al. 2003, 
Krauss et al. 2004). The H5 and H7 subtypes 
that cause disease in poultry and humans are 
detected less frequently, have lower prevalence 
(1–8%), and apparently do not persist in wild 
waterfowl populations, which suggests that 
waterfowl may not be important reservoirs for 
these subtypes (Kawaoka et al. 1988, Sharp et al. 
1993). However, in later studies, Hanson et al. 
(2003) found a relatively higher prevalence of 
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H5, H7, and H9 subtypes (20%) in a multiyear 
study conducted in Minnesota. Over the past 
30 years, only 30 studies have characterized 
AIV subtype distribution and prevalence in 
North America, and most of these studies were 
conducted between 1970 and 1980. Thus, there 
is li� le basis for objectively evaluating whether 
diff erences in subtype prevalence and distribu-
tion among studies represent local sampling 
eff ects or changes in ecological disease dynam-
ics that have occurred over time (Hanson et al. 
2003). Determining the underlying cause for the 
diff erences is critical for developing an objective 
risk assessment for the role that waterfowl may 
play as a reservoir of AIV subtypes of animal 
and human health concern.

Besides the characterization of common sub-
types, other pa� erns of AIV prevalence exist. 
Prevalence of AIV in wild waterfowl popula-
tions varies as a function of space (Fig. 4), time 
(Fig. 5), and age structure of the host popula-
tion (Hinshaw and Webster 1982). For water-
fowl, the peak AIV transmission occurs during 
premigration staging in late summer, with the 
highest incidence of virus detected in juvenile 

birds (Hinshaw and Webster 1982, Hinshaw 
et al. 1985, Alfonso et al. 1995). Prevalence of 
virus is lower during the winter and on win-
tering grounds. The higher prevalence of AIV 
in waterfowl during late summer is consistent 
with epidemiological susceptible, infected, 
recovery (SIR) models. Recruitment of immuno-
logically naïve animals via reproduction occurs 
throughout spring and summer, and these 
animals aggregate by late summer. These condi-
tions promote effi  cient transmission of the virus. 
Spatial variability in the distribution of infected 
ducks may result from less-than-complete con-
cordance between contaminated water sources 
and gathering points for naïve waterfowl, 
or from the stochastic encounter probability 
between infected and naïve animals. 

Gulls and shorebirds.—Subtypes prevalent 
in waterfowl are rare or absent in shorebirds 
and gulls (Charadriiformes). However, half the 
subtypes common in charadriiforms in spring 
and fall have the potential to infect waterfowl, 
which indicates that charadriiforms are a reser-
voir of AIV for waterfowl, providing opportuni-
ties for reassortment (Kawaoka et al. 1988). In 

F��. 3. Prevalence of avian influenza subtypes found in wild birds. Horizontal lines depict median, boxes 
encompass 25th–75th percentiles, capped bars encompass 10th–90th percentiles, and dots encompass 5th–95th 
percentiles. Number of species (S) and studies (N) represented include Gruiformes (S = 3, N = 5); Anseriformes 
(S = 26, N = 37); Charadriiformes (S = 13, N = 13); Passeriformes (S = 11, N = 3), and Procellariiformes (S = 1, N = 
3). Data adapted from Stallknecht and Shane (1988).
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a 16-year study, Krauss et al. (2004) reported 
that H3 and H11 were the most common HA 
subtypes (33%) detected in shorebirds, whereas 
N2, N4, N8, and N9 were the most commonly 
detected NA subtypes.

Other wild birds.—Li� le emphasis has been 
placed on surveillance for avian infl uenza 
in other groups of birds, though AIV has 
been detected in a wide range of avian hosts 
(Stallknecht and Shane 1988). The prevalence of 
avian infl uenza subtypes in 12 species of loons 
(Gaviidae), grebes (Podicipedidae), cormorants 
(Phalacrocoracidae), ibises (Threskiornithidae), 
petrels (Procellariidae), Galliformes, and 
coots (Rallidae) was between 0.2% and 32.0% 
(Boudreault et al. 1980, I� imovici et al. 1980, 
Mackenzie et al. 1984). Among passerines, the 
reported prevalence for 24 species fell between 
0.4% and 10.0% (Isachenko et al. 1974; Lipkind et 
al. 1979, 1980; Amin et al. 1980; Boudreault et al. 
1980; Romvary et al. 1980). A be� er monitoring 
eff ort to determine the reservoir potentials of the 
diff erent orders of wild birds is clearly needed.

Cats.—Domestic cats (Felis catus) are generally 
considered resistant to infl uenza (Paniker and Nair 
1970, 1972; Hinshaw et al. 1981). However, during 
the 2003 H5N1 poultry outbreak in Thailand, 
two tigers (Panthera tigris) and two leopards (P. 
pardus) became infected with H5N1 and died. The 
AIV isolates had a high degree of homology to 
the avian outbreak subtype (Keawcharoen et al. 
2004). Domestic cats experimentally infected with 
the H5N1 circulating in Asia developed disease, 
excreted virus, and transmi� ed virus to sentinel 
cats, which indicates a virulence shi�  of this 
subtype for mammals (Kuiken et al. 2004). More 
generally, given their association with rodent con-
trol in poultry production and their unrestricted 
access throughout such facilities, cats should be 
considered a biosecurity risk for transmission and 
mechanical carriage of AIV. Cats may also provide 
an opportunity for AIV to adapt to mammals, thus 
increasing risk of successful human infections.

Swine.—As previously discussed, pigs are 
considered important mixing vessels for AIV. 
Having cellular receptors for AIV in common 

F��. 4. Prevalence of avian influenza subtypes in waterfowl surveys as a function of continental sampling 
location. Horizontal line depicts the median, boxes encompass the 25th–75th percentiles, capped lines encom-
pass the 10th–90th percentiles, and dots encompass the 5th–95th percentiles. Numbers in parentheses indicate 
numbers of studies and of species surveyed, respectively. Data adapted from Stallknecht and Shane (1988).
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with birds and mammals, pigs provide opportu-
nities for co-infection with avian and mammalian, 
including human, subtypes of infl uenza (Wright 
et al. 1992, Kida et al. 1994). Reassortment of the 
virus subtypes can then occur, with creation of 
chimeric progeny viruses containing avian and 
mammalian genetic elements (Ito et al. 1998). 

Infl uenza was fi rst found in pigs in 1930. In 
North America, most isolates were “classical 
swine infl uenza” H1N1 until the mid-1990s 
(Olsen 2002); since then, seroprevalence in swine 
of H3N2, H1N2, and (more recently) H4N6 
isolates has dramatically increased (Hinshaw 
et al. 1978, Chambers et al. 1991, Karasin et 
al. 2000, Olsen et al. 2000). Recent serosurveys 
have revealed exposure rates in swine as high 
as 28% for the H1N1 subtype (Olsen et al. 
2000, Webby et al. 2000). The ability of swine to 
become infected with avian-derived infl uenza 
is illustrated by the H4N6, H3N3, and H1N1 
subtypes that originated in ducks (Karasin et 
al. 2000). Evidence of the ability of swine to act 
as reassorting vessels is provided by the H3N2 
isolates circulating in North American pigs that 
are triple reassortants containing HA, NA, and 
PB1 of human-infl uenza origin; M, NP, and NS 

genes of classical swine infl uenza; and PA and 
PB2 genes of AI origin (Zhou et al. 1999). Host 
range shi� s are not unidirectional. Recently, a 
H3N2 variant swine virus has become adapted 
to birds and has infected domestic turkey 
(Meleagris gallopavo domesticus) fl ocks in several 
locations in the United States (Choi et al. 2004).

Pigs in Asia seem to be especially important 
in host range shi� s, perhaps because of hus-
bandry practices whereby pigs, domestic birds, 
and humans have more direct contact than 
elsewhere (Webster et al. 1977). Avian infl uenza 
isolates have o� en become capable of infecting 
pigs or have provided genetic elements for reas-
sortments, some of which have been, and will 
be, capable of pandemic potential. For example, 
transmission to pigs of the avian subtype H9N2 
was detected in 2000 under conditions of co-
circulation of the human H3N2 within pigs. 
Genetic analysis suggested repeated transmis-
sion from birds to pigs. 

Overlooked when considering reassortment 
opportunities in the intensive-agriculture 
environment of Asia is the natural interaction of 
wild birds (migratory waterfowl in particular) 
and feral swine. Although the human interaction 

F��. 5. Prevalence of avian influenza in Mallards in North America as a function of season. Horizontal line 
depicts the median, boxes encompass the 25th–75th percentiles, capped lines encompass the 10th–90th percen-
tiles, and dots encompass the 5th–95th percentiles. Spg/Sum is defined as April–September; Fall/Win is defined 
as October–March. Data encapsulated in the Spg/Sum surveys include a total of 6,023 Mallards sampled (range: 
46–2,899) in nine studies. Data encapsulated in the Fall/Win surveys include a total of 1,171 Mallard samples 
(range: 43–669) in six studies. Data adapted from Stallknecht and Shane (1988).
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with these animals may be limited to hunters 
(Robson et al. 1993), this is still a risk path for 
exposure to novel reassortant subtypes of AIV. 
Moreover, the degree to which feral and domes-
tic swine interact is o� en unexamined (Gipson 
et al. 1999); such interactions would provide a 
direct link between wildlife, peridomestic or 
feral animals, domestic animals in the farm 
environment, and humans. The importance of 
these risk paths has yet to be determined.

Z�����������

Nine major fl yways are recognized for north-
ern migrants: four each in Eurasia and in the 
Americas (Fig. 6). By defi nition, the avian migra-
tory fl yways represent tendencies of birds to 
restrict their movements within broad geographic 
bounds. This restricted movement is refl ected in 
the antigenic structure of AI. North American 
and Eurasian lineages of AIV in migratory birds 
are largely distinct (Donis et al. 1989, Garcia et al. 
1997, Makarova et al. 1999, Banks et al. 2000). 

In the Americas, all four fl yways funnel 
through Central America and the Caribbean, 
presenting an opportunity for latitudinal 
and longitudinal mixing of circulating AIV. 
Although there is a fair amount of information 

on the host range of AIV subtypes circulating 
in waterfowl in North America, li� le is known 
about the distribution of AIV among wild 
birds in South America. A recent outbreak of 
LPAIV H7N3 in poultry in Chile, which appar-
ently converted to an HPAIV form, provided 
a glimpse into the relatedness of this subtype 
with other AIV clades. The LPAIV had an HA0 
cleavage site similar to those of other low-
pathogenic H7 viruses, but the HPAIV form had 
a 30-nucleotide insert, which likely occurred by 
recombination between the HA and nucleopro-
tein genes of the LPAI, resulting in a virulence 
shi� . This pa� ern is diff erent from pa� erns seen 
in other known HPAIV. Sequence comparisons 
showed that the Chilean virus was distinct 
from other AIV and represents a distinct South 
American clade (Suarez et al. 2004).

Between 1959 and 2001, there have been 18 
primary outbreaks of HPAI in poultry (10 H7 
and 8 H5; Alexander 2001). Five outbreaks have 
occurred in the British Isles, fi ve in Australia, 
three in Europe, and one each in Pakistan, Hong 
Kong, Canada, United States, and Mexico. No 
AIV has been isolated in South America. The 
lack of AIV in South America is surprising, 
given the extensive migratory bird exchange 
between North and Central America and parts 

F��. 6. Schematic representation of the nine major avian migratory flyways.
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of South America. The apparent absence of AIV 
may simply refl ect inadequate sampling eff ort.

It is important to reiterate that the primary 
reservoir of AIV is waterfowl. Contact of water-
fowl with other species, directly or through 
environmental contamination, will infl uence the 
dissemination of AIV. For example, waterfowl 
aggregate around staging and feeding areas. 
As a consequence, large numbers of birds are 
concentrated spatially and temporally, off ering 
increased opportunity for infection by exposure 
to a contaminated environment. Complicating 
ma� ers is the fact that, in many parts of the 
world, these areas are used by humans for 
rearing fi sh and poultry. There is evidence that 
this confl uence of events has been responsible 
for the spillover of HPAI H5N1 from poultry 
operations to wild birds (e.g. Mai Po marshes, 
Hong Kong). Movement of infected domestic 
stock, or contaminated shipping containers, 
may further disseminate AIV and eff ectively 
create more opportunities for spillover back to 
wild bird populations, independently of migra-
tory pa� erns. The danger of this scenario is the 
establishment of HPAI in wild birds, thus se� ing 
the stage for further movement of HPAI H5N1 
and reinfection of domestic poultry fl ocks. The 
fact that waterfowl staging and feeding areas 
are used by other aquatic species (e.g. gulls 
[Laridae], shorebirds [Scolopacidae], herons 
[Ardeidae]) increases the opportunities for 
transmission to other potential hosts. These spe-
cies may be more likely to move across fl yways. 

Antigenic studies indicate evidence of limited 
gene fl ow between Eurasia and North America. 
Concentrating on the H2 subtype, which 
caused the 1957 human infl uenza pandemic, 
several investigators conducted surveillance in 
migratory birds. Two H2 isolates derived from 
waterfowl migrating from Siberia to Japan (dk/
Hakkaido/107/01, H2N3; dk/Hakkaido/95/01, 
H2N2) were shown to have antigenic similarity 
with North American lineages for the PB2 and 
PA genes, whereas the remaining gene segments 
were of Eurasian origin (Liu et al. 2004). Of 29 
avian H2 isolates from North America from 
1977 to 1998, most were of the North American 
lineage for the HA gene. However, eight, com-
posed mostly of Charadriiformes sampled from 
the Delaware Bay, were identifi ed as belonging 
to the Eurasian lineage (Makarova et al. 1999). 
This was consistent with a previous fi nding of a 
Herring Gull (Larus argentatus) viral isolate from 

the Delaware Bay belonging to the Eurasian 
lineage (Schafer et al. 1993). Similar pa� erns 
were reported in a phylogenetic analysis of the 
M genes of H13 subtypes (Widjaja et al. 2004). 
Interestingly, emergence and identifi cation of 
the Eurasian-type isolates in North America 
have occurred only since 1988 and have been 
restricted to Charadriiformes, which suggests 
that a limited exchange event has given rise to 
a stable circulation within North America. At 
issue is whether increased monitoring eff orts 
would provide be� er estimates of exchange 
events. Given the known intercontinental move-
ment of various types of birds, this information 
would prove valuable in estimating the risk of 
a non-host-adapted AIV being introduced into 
and potentially colonizing a new continent. 

Recent observations from China are causing 
some concern. Normally, waterfowl are consid-
ered the reservoir of LPAIV, and these subtypes 
are believed to have li� le eff ect on waterfowl. 
In May 2005, >6,000 wild birds, including Bar-
headed Geese (Anser indicus), Great Black-headed 
Gulls (Larus ichthyaetus), Brown-headed Gulls (L. 
brunnicephalus), Ruddy Shelducks (Tadorna fer-
ruginea), and Great Cormorants (Phalacrocorax 
carbo) died of HPAI H5N1 at Qinghai Lake 
Nature Reserve in Gangcha County, Qinghai 
Province (Liu et al. 2005, Normile 2005). This 
outbreak of H5N1 is the fi rst widescale report 
of this HPAIV subtype in wild birds and is sig-
nifi cant because of its distance from the previous 
reported centers of outbreak. The subtype iden-
tifi ed was antigenically related to the Peregrine 
Falcon (Falco peregrinus) isolate from Hong Kong. 
Throughout China, HPAI H5N1 has been iso-
lated from several species of wild birds (Table 
1), indicating widespread virulence of the “Z” 
genotype. It might be argued that widespread 
dissemination of the HPAI H5N1 “Z” genotype 
would be restricted because moribund birds 
would be less likely to move the virus very far. 
However, experimental studies have shown that 
the H5N1 is reverting back to nonpathogenicity 
in Mallards (Anas platyrhynchos) (“A” genotype), 
which raises the possibility that widespread 
transmission will occur (Hulse-Post et al. 2005). 
Other possible reservoirs exist as well. Kou et 
al. (2005) showed that a new subtype of H5N1 
(“A” genotype) is circulating among Eurasian 
Tree Sparrows (Passer montanus) in China. 
Experimental infection studies showed that this 
subtype was highly pathogenic to chickens but 
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not pathogenic to ducks or mice, or Eurasian 
Tree Sparrows. As more surveillance studies are 
done on wild birds, a clearer picture will emerge 
about the nature of the risk the H5N1 subtypes 
pose. Most importantly, these studies represent 
documentation for the occurrence of a virulent 
subtype of H5N1 in migratory populations of 
birds, raising the specter of movement of this 
increasingly lethal subtype across a wide geo-
graphic range. 

The role of migratory birds in outbreaks of 
HPAI H5N1 throughout Asia and Europe is 
unclear. Throughout 2005, there was a pro-
gressive westward expansion of the HPAI 
H5N1 subtype in poultry and wild birds, 
with outbreaks occurring in China, Mongolia, 
Kazakhstan, Russia, Turkey, Ukraine, Croatia, 
and Romania (Fig. 7). Because many of these 
outbreaks were also associated with local 
outbreaks of H5N1 in poultry, it is not clear 
whether the migratory birds acquired the 

T�
�� 1. Isolation of HPAI H5N1 from wild birds. a

 Number of species

 Free-
Order ranging Captive Total

Ciconiiformes 4  4
Phoenicopteriformes  1 1
Podicipediformes 1  1
Anseriformes 4 17 21
Charadriiformes 3 2 3
Falconiformes 2 2 4
Strigiformes  4 4
Pelecaniformes 2  2
Passeriformes 5 3 8
Columbiformes 2  2

a Ellis et al. (2004a), Chen et al. (2005), International Society for Infec-
tious Diseases (2005), Kwon et al. (2005), Liu et al. (2005), Mase et al. 
(2005), Van Borm et al. (2005); Genebank entry DQ190857.

F��. 7. Distribution of HPAI H5N1 poultry outbreaks. Larger symbols indicate numerous outbreaks over 
a small geographic area. Data were derived from FAO (www.fao.org/ag/AGAinfo/programmes/en/empres/
maps.html). Recent FAO reports of outbreaks in Austria, France, Iraq, Italy, Germany, Greece, and Nigeria in 
January 2006 indicate that wild birds moved the virus into Africa via the Black Sea–Mediterranean flyway.
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virus elsewhere and subsequently transmit-
ted it to local poultry, or whether infection of 
local poultry occurred via live-bird markets, 
with subsequent spillover to migratory bird 
populations. For example, the northern and 
western outbreaks closely follow trans-Siberian 
transportation routes. Regardless, the H5N1 
HPAIV subtype is aff ecting large numbers of 
birds across several fl yways in Asia, which 
places the possible dissemination of this sub-
type at the boundary between Asia and Europe. 
The most recent records indicate that migratory 
birds are indeed helping to spread H5N1. At 
this writing, Austria, Egypt, France, Germany, 
Greece, Italy, and Nigeria have reported H5N1 
infections in wild birds, which indicates that 
the Black Sea–Mediterranean fl yway is a viable 
route of dissemination.

High-pathogenic AIV has been found in the 
Australian poultry industry, but the outbreaks 
have been limited and short-lived (Animal 
Health Australia 2003). Moreover, the avail-
able evidence suggests that prevalence of AIV 
in wild birds in Australia is low (Downie and 
Laver 1973; Downie et al. 1977; MacKenzie et al. 
1984, 1985; Nestorowicz et al. 1987; Peroulis and 
O’Riley 2004). Migratory pa� erns of Australian 
birds diff er from those observed in the Northern 
Hemisphere (Tracey et al. 2004). Ducks generally 
stay within the continent, with migratory pat-
terns characterized as “nomadic.” The distance 
and direction of movement are generally in 
response to ecological and climatic conditions. 
Despite the general isolation of this potentially 
important avian reservoir, there is migratory bird 
movement from Asia into Australia. Shorebirds 
and seabirds travel between Australia and the 
Northern Hemisphere. However, given the pat-
terns of genetic exchange between these groups 
and waterfowl in North America, it may reason-
ably be assumed that the risk for genetic move-
ment of AIV from shorebirds to waterfowl is low. 
Other birds commonly move between Asia and 
Australia (summarized in Tracey et al. 2004), 
and these birds travel through areas aff ected by 
recent outbreaks of the HPAIV H5N1 subtype. 
Increased eff orts toward be� er understanding of 
exact migratory routes and prevalence of AIV in 
Austral-Asian migratory birds will lead to a bet-
ter assessment of risk.

There is concern that the natural movement of 
birds will transport novel subtypes of AIV to new 
locations, thus providing opportunities for rapid 

evolution of new viral forms. Although there is 
evidence that this indeed occurs, the stability of 
the continental and taxonomic lineages within 
birds suggests that such events are uncommon. 
Nonetheless, the temporal and spatial dynam-
ics of viral evolution and the risks they pose to 
wildlife, agriculture, and humans remain to be 
determined. Overlooked is the more likely pos-
sibility that human intervention, in the form of 
stowaways, pet trade, or smuggling, may more 
rapidly introduce pathogenic subtypes to new 
locations, as evidenced by the discovery of 
H5N1-infected Crested Hawk-Eagles (Spizaetus 
nipalensis) smuggled from Thailand to Belgium 
(Van Borm et al. 2005).

T����������� 
������ S��
���

Evidence of transmission from wild waterfowl to 
poultry.—Avian infl uenza infection in poultry 
fl ocks may have a variety of origins (Fig. 8). Risk 
of transmission will be a function of prevalence 
of AIV in host–reservoir systems, susceptibility 
of poultry to circulating subtypes, number and 
degree of contacts between the reservoir and 
poultry, and the nature of biosecurity measures. 
For the most part, prevalence and the nature of 
the linkages detailed in Figure 8 are unknown. 
In large commercial poultry operations, many 
of these links are controlled. In free-range 
and poorly secured operations, ample oppor-
tunity for transport and transmission exists. 
Identifying the critical vulnerabilities is impor-
tant in risk management.

At the broadest level, two lines of evidence 
suggest that waterfowl can be a source of AIV 
infection in poultry: temporal associations 
between AIV prevalence in wild waterfowl and 
poultry fl ock outbreaks, and genetic evidence.

In 1979 and 1980, an outbreak of H10N7 was 
observed on three turkey farms in Minnesota. 
This subtype had not previously been docu-
mented in the region, nor detected in turkeys 
within the United States. Antigenic analysis indi-
cated that the AIV was indistinguishable from 
viruses isolated from healthy Mallards living in 
nearby ponds (Karunakaran et al. 1983). These 
coincidental observations led to a surveillance 
study, in which sentinel ducks were placed in 
ponds near turkey operations (Halvorson et al. 
1985). The study also included some monitoring 
of wild Mallards from these ponds. Over the next 
several years, outbreaks of LPAIV were observed 
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in the turkey operations. These outbreaks were 
preceded by outbreaks of AIV in the sentinel 
ducks and wild Mallard populations (Fig. 9). 
Although the distribution of subtypes circulat-
ing in the Mallards diff ered across years (Fig. 
10), there was an association between the com-
mon subtypes found in Mallards and turkeys 
(Halvorson et al. 1983). How the virus was 
transmi� ed from Mallards to turkeys remains 
unknown. That study contrasts with studies con-
ducted during and a� er the 1983–1984 HPAIV 
outbreak in Pennsylvania, Maryland, New 

Jersey, and Virginia. Ne� les et al. (1985) failed to 
fi nd AIV in surveys of birds and rodents within 
quarantined areas. The authors concluded that 
wildlife was not the source of AIV circulating 
in the poultry operations. However, given the 
timing of outbreaks observed in wildlife and 
domestic birds in the Minnesota study, it is plau-
sible that surveillance eff orts in the mid-Atlantic 
studies may have missed the peak of the epide-
miological curve.

Nearly 200 outbreaks of LPAI (H7N1 
subtype) were documented in Italy in 1999. 

F��. 8. Risk paths (transmission, carriage, or transport) of avian influenza virus within a farm setting. Solid 
lines depict higher-risk bidirectional movement. Solid lines with arrows depict migration or regional transport. 
Dashed lines depict unknown or lower-risk bidirectional movement. Dashed lines with arrows depict direc-
tional movement of lower risk or unknown risk.
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During the course of the outbreak, the AIV 
changed from a low-pathogenic form to a 
high-pathogenic form. The HPAIV was associ-
ated with 413 outbreaks during 2000, causing 
loss of >13 million birds, trade sanctions, and 
signifi cant economic losses (Capua et al. 2002). 
The HPAIV (H7N1) was antigenically linked to 
an LPAIV subtype isolated from wild waterfowl 
as much as one year before the LPAIV outbreak 
in poultry (A/teal/Taiwan/98; Banks et al. 2000), 
which suggests that an LPAIV subtype was 
acquired by poultry from wild waterfowl and 
that the LPAIV changed to an HPAIV a� er 
passage in domestic poultry. A similar pa� ern 
was observed a few years later. In 2001, H7N3 
was isolated from a wild duck. This isolate was 
compared with an H7N3 isolate subsequently 
derived from an outbreak in a turkey produc-
tion fl ock in 2002–2003. There was a high degree 

of homology (>99%) for PB2 and NA genes, with 
the exception of a 23-amino-acid deletion in the 
NA stalk (Campitelli et al. 2004). 

The deletion in the NA stalk is characteristic 
of adaptation of LPAIV found in wild waterfowl 
to HPAIV forms found in poultry (Castrucci and 
Kawaoka 1993). A second virulence a� ribute 
centers around the HA cleavability (Horimoto 
and Kawaoka 1994). Introductions of mutations 
by error-prone RNA polymerase, followed by 
selection a� er passage in the adapting host, can 
result in conversion of LPAIV to HPAIV. Ito et 
al. (2001) identifi ed the amino acid sequence 
changes from the LPAI (RETR) to HPAI (RRKKR) 
at the HA cleavage site as critical to development 
of HPAI in chickens. These and other studies 
(Matrosovich et al. 1999) suggest that changes in 
both HA and NA may be required for the adapta-
tion of AIV from wild birds to chickens, and that 

F��. 9. Avian influenza infections in sentinel Mallards (solid lines) and domestic turkey flocks (dashed lines) 
for four years as a function of time of year. Results from the Department of Natural Resources survey of wild 
waterfowl for avian influenza are indicated in the inset (wild duck prevalence, WDP). Data adapted from 
Halvorson et al. (1985). Halvorson et al. (1985) placed sentinel Mallards in marshes, beginning in mid-May, over 
a four-year period. The sentinel Mallards were in the same environmental substrate as wild waterfowl, and 
physical contact  between sentinels and wild waterfowl was permitted. Increased numbers of wild waterfowl 
were observed at the sentinel cages before detection of avian influenza virus (AIV) in sentinel Mallards. During 
the same period, sentinel turkeys and turkey flocks were monitored for AIV.
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chickens may also be an important intermediate 
host in zoonotic transmission. 

Most AIV circulating in wild waterfowl is 
considered to be LPAIV, producing no observ-
able disease in their host populations. Even in 
nonadapted hosts (e.g. chickens), most subtypes 
derived from wild waterfowl are low-virulence 
(Otsuki et al. 1988). Yet the studies by Ito et 
al. (2001), Campitelli et al. (2004), and others 
suggest that surveillance for LPAIV in wild 
waterfowl is an appropriate activity for assess-
ing risk, given the possibility for antigenic shi�  
to HPAIV a� er passage in poultry.

Shi� s in virulence are not unidimensional. 
Multiple subtypes of H3N2 human-infl uenza 
subtypes were isolated from diseased chick-
ens in Italy. Antigenic analysis showed that 
the source was not likely in nearby infected 
pig operations, but rather in Eurasian birds. 
This illustrates that chickens and turkeys can 
circulate multiple subtypes from multiple 
sources and that these subtypes were circulat-
ing in the wild bird population one year before 
outbreaks at poultry facilities (Campitelli et al. 

2002, 2004). Recent characterizations of AIV in 
Hong Kong further illustrate that transmission 
can go from domestic poultry back to wildlife, 
with an accompanying shi�  in virulence. For 
example, H5N1 isolates derived in Hong Kong 
from outbreaks in 1997 and 2001–2003 exhibited 
typical high mortality in domestic gallinaceous 
birds and no apparent eff ect on domestic water-
fowl and other wild birds during 1997 and 
2001. However, beginning in 2002, mortality  
was reported (Ellis et al. 2004a) in waterfowl 
(i.e. Domestic Goose [Anser anser domesticus], 
Canada Goose [Branta canadensis], Black Swan 
[Cygnus atratus], Black-necked Swan [C. mela-
nocoryphus], Wood Duck [Aix sponsa], Brazilian 
Duck [Amonzone� a brasiliensis], White-cheeked 
Pintail [Anas bahamensis], Chestnut Teal [A. 
castanea], Red Shoveler [A. platalea], Chiloe 
Wigeon [A. sibilatrix], Silver Teal [A. versicolor], 
and Bar-headed Goose [A. indicus]) and then in 
other wild birds (Li� le Egret [Egre� a garze� a], 
Gray Heron [Ardea cinerea], Greater Flamingo 
[Phoenicopterus ruber], Black-headed Gull [Larus 
ridibundus], Rock Pigeon [Columba livia], and 

F��. 10. Cumulative probability distribution of HA subtypes for Minnesota waterfowl over three years. 
Distribution of subtypes circulating among waterfowl HA subtype differed among years. Data adapted from 
Hanson et al. (2003).
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Eurasian Tree Sparrow [Passer montanus]), 
which suggests that antigenic shi� s occurred 
for increased virulence across multiple hosts. 
It also appears that domestic ducks played an 
important role in the generation and mainte-
nance of the new virus and that wild birds were 
important to its subsequent spread across Asia 
(Li et al. 2004), which suggests, for the fi rst time, 
that the movement of virus is not always in the 
direction from wildlife to domesticated birds. 
This observation has implications not only for 
the maintenance and dissemination of virulent 
subtypes of virus, but also for the health of wild 
bird populations, as indicated by recent wild 
bird mortalities associated with H5N1 subtypes 
in northwestern China (Liu et al. 2005, Normile 
2005).

Evidence of transmission from non-waterfowl 
birds to poultry.—It is generally assumed that 
the subtypes circulating in wild birds are of low 
consequence to survivorship in their natural 
hosts. However, no studies have prospectively 
and formally addressed this. Nor is it well 
known to what degree circulating virus among 
non-waterfowl wild birds is of agricultural or 
zoonotic concern. There are isolated reports 
implicating European Starlings (Sturnus vul-
garis) and sparrows (Passer domesticus and P. 
montanus) in outbreaks of avian infl uenza in 
poultry (Nestorowicz et al. 1987). The Rock 
Pigeon (Columba livia) is another peridomestic 
species that lives in proximity to humans and 
agricultural operations, making its presence a 
risk factor for transmission of AIV. Surprisingly, 
li� le is known about the Rock Pigeon’s role as 
carriers for this virus. Overall, however, it is 
doubtful that Rock Pigeons are an important or 
viable reservoir for AIV. Several investigators 
have sampled feral and racing Rock Pigeons and 
failed to fi nd any evidence of infection (Kaleta 
and Honicke 2004). Rock Pigeons experimentally 
infected with HPAI (CK/PA H5N2, CK/Australia 
H7N7, A/CK/HK/220/97 H5N1) and LPAI (CK/
PA H5N2, emu/TX H7N1) remained healthy 
and did not shed virus up to 21 days postinfec-
tion (Panigrahy et al. 1996, Perkins et al. 2002). 
However H5N1 subtypes recently circulating in 
Asia indicate a shi�  in pathogenesis. An H5N1 
isolate was detected in a dead feral Rock Pigeon 
during the 2001 Hong Kong outbreak (Ellis et al. 
2004a), which suggests that this emergent sub-
type is a pathogen to at least some wild birds. 
Liu et al. (2003) reported low prevalence (0.5%) 

for Rock Pigeons surveyed in Chinese live-bird 
markets. Recent events aside, in the absence 
of evidence for disease or shedding, the only 
remaining route for transmission is mechanical 
carriage. Thus, the importance of Rock Pigeons 
as disseminators of virus may be limited to redis-
tribution by mechanical means during an active 
outbreak.

Transmission between wild birds and other wild-
life.—Li� le monitoring has been done to deter-
mine the degree to which mammalian wildlife 
are exposed to AIV, what eff ects this might have 
on their health, and how infection aff ects the 
virus (i.e. generation of reassortants). The avian 
H10N4 and H10N7 subtypes were isolated from 
mink in Sweden. Antigenic analysis showed a 
high degree of homology (98%) between mink 
(Mustela vison) and contemporary isolates from 
fowl and a Mallard, which suggests a direct 
invasion of the mink population by an avian 
viral subtype (Berg et al. 1990, Englund 2000). 
An example of adaptation of an avian subtype to 
mammals was reported by Hinshaw et al. (1984). 
The avian subtype H4N5 was isolated from 
dying harbor seals (Phoca vitulina). Antigenic 
analysis suggested that the virus was similar to 
recent avian subtypes. Unlike previous subtypes 
isolated from mammals, this subtype could 
replicate in the intestinal tracts of ducks, a char-
acteristic of avian subtypes. We have observed 
antibody to H6N4 in a raccoon (Procyon lotor) 
near farm sites reporting poultry infection by 
the same subtype. The signifi cance of this obser-
vation is twofold. First, the raccoon was located 
near a farm without reported AIV activity, which 
indicates movement of potential carriers across 
the operational landscape. Second, avian sub-
types adapting to other mammals may increase 
risks for human and livestock disease.

H���� R����

Human risks.—Until recently, the only infl uenza 
circulating in human populations consisted of 
H1 and H3 subtypes. The H2N2 subtype respon-
sible for the 1957 pandemic has not been found 
since 1968; thus, several generations of humans 
have no immunity to this virus. All HA and NA 
subtypes are found in waterfowl and wild bird 
reservoirs and have the potential to provide new 
virulent combinations to the human infl uenza 
arsenal, as was the case in the 1957 and 1968 pan-
demics (Kawaoka et al. 1989). This is also the case 
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with the 1997 outbreak of AI in Hong Kong. This 
highly virulent H5N1 subtype had acquired the 
new ability to be transmi� ed directly from birds 
to humans, with deadly results (6 of 18 infected 
people died). Even more disturbing is that the 
H5N1 isolates from 1999 through 2002 were 
becoming increasingly pathogenic for mammals 
(Chen et al. 2004) and that H5N1 is increasing its 
geographic range. Fortunately, this subtype has 
not become effi  cient at transmission from human 
to human (reviewed in Lipatov et al. 2004). If it 
acquires this ability, a global pandemic is a dis-
tinct possibility.

In 2003, an HPAIV subtype (H7N7) infected 
poultry fl ocks in The Netherlands. Control mea-
sures resulted in workers becoming infected 
and contracting viral conjunctivitis. The virus 
replicated and was able to spread from human 
to human, and there was one fatality (Fouchier 
et al. 2004). Quick intervention by multina-
tional authorities, including the OIE, prevented 
the spread of this subtype and resulted in its 
eradication. 

Another avian-adapted subtype that has 
developed the capacity to infect humans is 
H9N2 in Asia (Lin et al. 2000). Although this 
subtype diff ered in its surface HA and NA 
components, its six internal genes were similar 
to the 1997 H5N1 avian isolates. This subtype is 
now endemic in Eurasia and is clearly of avian 
origin, yet it has adapted to preferentially bind 
to the human sialic acid receptor. Two cases 
of human infection occurred in 1999 in Hong 
Kong, causing mild disease, and the virus 
has also been found in pigs (Peiris et al. 1999, 
2001).

Southeast Asia, particularly Hong Kong, 
seems to be a hotbed for the generation of new 
subtypes of AIV. Livestock husbandry prac-
tices that include housing domestic birds in 
proximity to pigs and humans and the use of 
live-bird markets creates a scenario ripe for the 
recombination of AIV subtypes creating poten-
tial human pathogens. The reservoir of genetic 
diversity present in wild birds worldwide only 
compounds the problem of prevention and 
control of AI. As with pigs, the increased rate 
of novel subtypes and subtypes of human infl u-
enza arising since the mid-1990s is a concern 
and poses an increased risk to human popula-
tions. Whether the next pandemic comes out of 
Asia or elsewhere, the only certainty is that it 
will happen.

B����
�����

Control of AI outbreaks in poultry typically 
involves culling of infected fl ocks, quarantine, 
and implementation of strict biosecurity mea-
sures, including prevention of spread by human 
workers involved in control. The role that wild 
animals have in transmission or environmental 
contamination of farm sites is largely unknown. 
It is assumed that transmission is an uncom-
mon event, as evidenced by the relatively few 
outbreaks. However, despite the low frequency 
of transmission, genetic evidence indicates that 
wildlife, and probably waterfowl in particular, 
are the source of the AIV in many poultry out-
breaks. How and when these contacts occur, and 
whether they are direct or indirect, is simply 
not known (Fig. 11). Be� er monitoring would 
prove useful in assessing the level and nature 
of risk and deciding what precautions need 
to be implemented. In the absence of specifi -
cally identifi ed risk paths, general bio security 
measures should be observed (i.e. minimiz-
ing  wildlife contact with farm stock and their 
resources, including food and water). Even 
indirect links may represent a level of risk. For 
example, workers engaged in activities in and 
around farm sites may inadvertently expose 
themselves to environmental contamination. 
Thus, a bio security program that includes dis-
infection prior to entry should be enforced. In 
the event of a breach of biosecurity, containment 
becomes the operative mode.

 In recent years, vaccination of fl ocks against 
AIV during outbreaks has provided health offi  -
cials and growers with a new weapon in their 
arsenal for prevention and control of AI (Ellis et 
al. 2004b). In Mexico, extensive use of inactivated 
AIV vaccines as well as recombinant fowlpox 
avian infl uenza (H5) vaccines, helped to curtail 
the 1994 outbreak of HPAIV. More than one bil-
lion doses were administered from 1995 to 2001, 
and no cases of HPAIV have been documented 
since (Villarreal-Chavez and Rivera-Cruz 2003). 
Vaccination was also employed to contain the 
outbreaks in Italy and The Netherlands (Capua 
and Marangon 2003). Currently in Asia, vacci-
nation is being used in varying degrees to con-
trol the H5N1 strain. Hong Kong now has made 
vaccination of fl ocks mandatory, and China 
uses vaccines in areas where the virus has been 
found; however, Thailand does not allow use of 
vaccines (Normile 2005).
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Use of vaccines is not without controversy. 
Vaccinating poultry can make monitoring and 
surveillance diffi  cult, and using a single vaccine 
strain of AIV may drive the evolution of AIV into 
new genetic variants (Suarez et al. 2004). These 
issues aside, it seems that use of AI vaccines will 
continue and can help reduce the spread of the 
disease. The future of AI vaccines may reside in 
the new technologies of molecular biology and 
recombinant techniques to make rapid and effi  -
cacious vaccines for specifi c subtypes and threats 
(Hoff mann et al. 2002, Webby et al. 2004). 

S������

Infl uenza A viruses are naturally reservoired 
in wild bird populations and generally exist as 
low-pathogenic subtypes. Historically, concern 
about AIV in wild birds is related to its poten-
tial eff ects on agriculture and human health, 
and not on the health of wild bird populations. 
Several subtypes (primarily H5 and H7) have 
caused severe outbreaks of disease in domestic 
bird populations. Genetic and spatial temporal 

analyses suggest that, in many cases, the origin 
of these high-pathogenic subtypes may be wild 
bird populations that transmit low-pathogenic 
forms to domestic birds; a� er passage in domes-
tic birds, the low-pathogenic subtypes convert to 
high-pathogenic subtypes. These observations 
suggest that monitoring AIV activity in wild bird 
populations, especially waterfowl, may improve 
risk assessment for poultry producers. The risk 
paths (i.e. how the virus gets from waterfowl 
to domestic birds) are not well understood and 
should be the subject of further research. The 
number of outbreaks of high-pathogenic AIV is 
increasing, as are the number of domestic birds 
that are culled in eff orts to contain the spread of 
infection. These eff orts have enormous economic 
implications. More recently, there is evidence 
from Asia that high-pathogenic AIV is being 
transmi� ed from domestic birds back to wild 
birds. Large die-off s have been observed. This 
trend has two implications. First, movement of 
virulent forms of AIV are increasing because of 
the migratory pa� erns of wild birds. This will 
make containment more diffi  cult and hinder 

 F��. 11. Risk paths for transmission of avian influenza from wild bird populations to agriculture and humans. 
Arrows indicate the most common direction of reassortment flow or transmission.
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the global eff ort to control high-pathogenic AIV. 
Second, because these subtypes are pathogenic to 
wild birds, their populations may be negatively 
aff ected, especially in species that are threatened 
or endangered.

During the past century, all infl uenza pan-
demics, except the 1918 pandemic, arose from 
the Eurasian lineage of AIV. Subtypes impli-
cated in human disease include HA (H1, H2, 
H3) and NA (N1, N2). The 1918 pandemic arose 
from the North American lineage. However, 
more recently human disease has been caused 
by additional HA subtypes H5, H7, and H9. 
Moreover, the host range of H5N1 has expanded 
to other mammals, including domestic cats, 
leopards, tigers, pigs, pilot whales (Globicephala 
melaena), and seals. Adaptation to mammalian 
hosts poses human health and conservation 
problems. 

Co-infection of a host with avian and human 
fl u subtypes is believed to provide opportunities 
for reassortment and potential generation of 
subtypes with pandemic potential. Both pigs 
and quail are hosts of concern. Although sur-
veillance has focused on domestic production 
of these species, the role of the natural disease 
ecology of feral swine and quail in relation to 
the generation of avian and human reassor-
tants is an area of concern that has not been 
investigated. Direct transmission from birds 
to humans or other mammals is also possible, 
as evidenced by human infections caused by 
H9N2. Because the H5N1 subtype has become 
endemic to Southeast Asia and the human 
population is immunologically naïve, concern 
about a possible pandemic is increasing.

Although there is li� le anyone can do about 
the natural reservoir of AIV in birds, increased 
information about how the viruses are main-
tained, transmi� ed, and moved across the 
landscape in nature will provide valuable infor-
mation about agricultural and human health 
risk-assessment.
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