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Abstract.

 

—Highly pathogenic avian influenza (HPAI) type A of the subtype H5N1 has recently spread widely
and rapidly across Eurasia, and even to Africa, with deaths of both wild and domestic birds recorded. There are fears
that it may soon spread to the Americas. Media accounts, communications from international bodies and national
governments, and even some of the professional research literature attributes the spread, in part, to movements of
HP strains by migratory birds. The origin of highly pathogenic strains is attributed to mutations, or to reassortment
of virus genes from different host species. In this paper we review these hypotheses in light of knowledge about the
ecology and evolution of avian influenza, looked at from the viewpoint of its natural reservoir - waterbirds. Our pur-
pose here is to alert waterbird biologists that they have much to contribute to the science of this globally-important
issue. New technologies have revealed that the genome of avian influenza contains much variation beyond that rec-
ognizable by classical antibody techniques, and have established avian influenza as a rapidly evolving and diversify-
ing lineage. The extensive genetic variability in the viral genome and extensive reassortment within host species
suggests that high pathogenicity could repeatedly and independently evolve from low pathogenic ancestors under
appropriate selection pressures, such as those in poultry production systems. This makes infection of wild birds by
HPAI lineages evolved in poultry a more likely occurrence than the reverse. The available evidence largely fits this
model. We make recommendations that will help reduce the incursion of domestically-evolved avian influenza
strains into wild populations of birds. 
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Governments, international bodies, and
the public around the world are gravely con-
cerned about the potential impact of the avi-
an influenza viruses on human health and
on the global economy (Li 

 

et al.

 

 2004; Chen

 

et al

 

. 2005; Ferguson 

 

et al

 

. 2005). The recent
rapid spread of avian influenza viruses, re-
peated outbreaks of highly pathogenic
strains in domestic poultry with accompany-
ing economic costs, cases of direct transfer of
the virus from birds to humans, and the ap-
parent high death rate among infected hu-
mans have combined to make ‘avian influen-
za’, ‘highly pathogenic’ and ‘H5N1’ house-
hold words, and the subject of much prepa-
ratory organization by agencies such as The
World Health Organization (WHO) and the

Food and Agriculture Organization (FAO).
Governments are busily developing surveil-
lance schemes and contingency plans to be
able to deal with a pandemic that many claim
to be imminent and inevitable. Fauci (2006)
provides a current overview.

Migratory birds and waterbirds in gener-
al play central roles in this critical issue. It is
widely asserted in the press, on websites of
governments and international agencies
(e.g., WHO), and even in the scientific liter-
ature, that highly pathogenic genotypes of
H5N1 virus are spread to domestic poultry
through contact with wild birds (Li 

 

et al

 

.
2004; Chen 

 

et al

 

. 2005). Relatively fewer stud-
ies highlight the dearth of evidence linking
avian influenza outbreaks to migratory birds
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(e.g., Olsen 

 

et al

 

. 2006). To help in evaluat-
ing the role that waterbirds play in the epide-
miology of this disease it is essential to inves-
tigate these and other claims critically, and
to gather more data. Our purpose here is to
alert waterbird biologists that they have
much to contribute to the science of this glo-
bally-important issue. We briefly review the
available information on the ecology and
evolution of avian influenza. We provide a
primer on the structure and function of in-
fluenza viruses aimed at giving ornithologists
a quick entrée into a rather technical litera-
ture, outline what is known of the ecology
and evolutionary biology of the virus, and re-
view management practices that could be
useful in preventing outbreaks in poultry,
wild birds and humans. Our focus is on
waterbirds, rather than domestic poultry, hu-
mans, or human health.

I

 

NFLUENZA

 

 V

 

IRUS

 

 S

 

TRUCTURE

AND

 

 N

 

OMENCLATURE

 

Much of what we present here is based on
the reviews by Horimoto and Kawaoka
(2001) and Earn 

 

et al

 

. (2002). Influenza vi-
ruses belong to the Orthomyxoviridae family
of RNA viruses. It occurs naturally in many
species of wild aquatic birds, and is main-
tained in wild populations.

Avian influenza viruses infect the gas-
trointestinal tract in its natural avian host
species, but can infect the respiratory tract
and other organ systems. Viral particles are
shed in the feces for a time shortly after in-
fection after which viral replication stops,
presumably because the immune system has
cleared the infection. The virus is transmit-
ted very efficiently via bird-to-bird contact
transmission and fecal shedding into the wa-
ter supply (Webster 

 

et al

 

. 1992).
The influenza virus has a very small ge-

nome with only 8 RNA segments. Six of these
code for the proteins HA, NA, NP, PB1, PB2,
and PA. The remaining two RNA segments
are transcribed to mRNAs and translated in
different reading frames to yield two pro-
teins each, M1 and M2, and NS1 respectively.
Based on variants of the M1 and NP proteins,
influenza viruses are classified into three ma-

jor ‘types’: A, B and C (Webster 

 

et al

 

. 1992,
Murphy and Webster 1996, Earn 

 

et al

 

. 2002).
Type A influenza virus occurs in a wide range
of birds and mammals, is geographically
widespread, and is epidemiologically the
most important. It is commonly referred to
as avian or bird flu. Type B is restricted to
and is an important cause of illness in hu-
mans. Type C is not known to cause illness
and very little is known about it. Neither
Type B nor Type C have ever been isolated
from waterbirds or poultry and are not dis-
cussed further.

Two proteins (HA, or hemagglutinin;
and NA, or neuraminidase) are arrayed on
the envelope of influenza A virions, and in-
teract with receptor sites on the exterior of
host cell membranes, and play important
roles in gaining the virion access to the inte-
rior of cells. The complexity of the molecu-
lar interactions on the cell membrane re-
stricts the types of cells that a virion can in-
vade successfully, and usually confines a spe-
cific viral genotype to one host species, or at
least to specific types of receptor sites. (Earn

 

et al

 

. 2002)
Prior to the development of sequencing

technologies, virologists relied on serology
(i.e., identification of the presence of anti-
bodies in blood serum of the host, produced
in response to viral surface proteins,) to clas-
sify viruses. Sixteen forms of HA and nine
forms of NA were eventually described, and
their combinations form the basis for the
classification of influenza A viruses by ‘sub-
types’. Hence the H5N1 ‘subtype’ of avian in-
fluenza contains the fifth described form of
HA and the first described form of NA.
(Note that notation format HxNy abbrevi-
ates hemagglutinin as ‘H’ and neuramini-
dase as ‘N’.) Most but not all of the 144 pos-
sible pairwise HA-NA combinations have
been observed in wild birds. The nomencla-
ture of avian influenza viruses further uses a
system that identifies the type (A, B or C),
the host species from which it was isolated,
the location, the isolate number, and the
year. For example, ‘A/mallard/Alberta/
211/98 (H1N1)’ is isolate number 211, a
type A, subtype H1N1 virus, from a mallard
in Alberta caught in 1998. This isolate (with
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34 others) was used by Hatchette 

 

et al

 

. (2004)
in their analysis of avian influenza viruses in
wild ducks in Canada.

Sequence data have revealed much vari-
ability within each subtype (Li 

 

et al

 

. 2004;
WHO 2005). This variability is genetic, and is
found in the RNA sequences coding for all of
the virus proteins. This discovery helps ex-
plain the phenomenon of ‘antigenic drift’
(i.e., progressive accumulation of individual
mutations resulting in the gradual decline in
the intensity of the antibody response), which
requires the regular replacement of vaccine
strains (e.g., Earn 

 

et al

 

. 2002), as details of the
structure of the HA and NA molecules
change and so reduce the ability of the host’s
immune system to recognize variant subtypes
of the virus. Horimoto and Kawaoka (2001)
attribute antigenic drift to point mutations
and ‘immunological pressure’. Influenza vi-
ruses commonly change by antigenic drift
which means there are small changes that oc-
cur all the time to the HA and NA proteins
(Webster 

 

et al

 

. 1992; Earn 

 

et al

 

. 2002). Type A
influenza viruses also can undergo antigenic
shifts which are sudden major changes that
can create a new viral subtype through genet-
ic reassortment, the exchange of viral seg-
ments when one host is infected by two differ-
ent viral subtypes. How these processes occur
in wild birds is not well known, and clarifying
the underlying evolutionary processes would
help a great deal in understanding the virus
and its epidemiology (Webster 

 

et al

 

. 1992;
Murphy and Webster 1996; Earn 

 

et al

 

. 2002).
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NFLUENZA

 

Most knowledge of avian influenza has
come from virology, veterinary science, and
medicine, and most is written from the per-
spectives of either domestic animal or hu-
man health. The available information is ex-
tensive and detailed, but little is known
about the ecology of avian influenza viruses
in natural populations. A similar state of af-
fairs is demonstrated by the recently pub-
lished ‘Birds of Two Worlds’ (Greenberg and
Marra 2005), among whose 33 chapters ex-
ploring the biology of migratory birds only
one (Ricklefs 

 

et al

 

. 2005) is devoted to the

study of avian disease. Integration of these
disparate bodies of knowledge is essential,
and waterbird biologists have much to learn
if they are to inform policy-making on the
treatment, prevention and response to avian
influenza outbreaks in poultry, or to the ex-
pected human pandemic.

All known influenza A virus subtypes have
been documented in waterbirds (reviewed by
Webster 

 

et al

 

. 1992; Murphy and Webster
1996; Ito and Kawaoka 1998; Alexander 2000;
Webby and Webster 2001; Fouchier 

 

et al

 

.
2005) and many of these form long-term
host-virus associations in the wild (Webby and
Webster 2001; Webster and Hulse 2004). The
virus has also been isolated from a wide range
of wildlife (birds of many species, American
mink 

 

Mustela vison

 

, harbor seals 

 

Phoca vituli-
na

 

, whales (Cetacea) and domestic (pigs 

 

Sus
scropha

 

, chickens 

 

Gallus gallus

 

, turkeys 

 

Melea-
gris gallopavo

 

, ducks (Anatidae), domestic
horses 

 

Equus caballus

 

, humans 

 

Homo sapiens

 

)
avian and mammalian hosts (Webster 

 

et al

 

.
1992; Webby and Webster 2001; Webster 

 

et al

 

.
2006). The earliest documentation of wild in-
fections of influenza A viruses dates to the
1960s, with infections in ducks and seabirds
(Slemons 

 

et al

 

. 1974; Webster 

 

et al

 

. 1992; Web-
by and Webster 2001; Slemons 

 

et al

 

. 2003; La-
ver 2004), but there can be little doubt that
wild aquatic birds have a long evolutionary as-
sociation with the virus. Its widespread occur-
rence in gulls, shearwaters, other seabirds,
shorebirds and ducks has led to the recogni-
tion of waterbirds, in general, as the primary
natural reservoir of the virus (Hinshaw 1980;
Webster 

 

et al

 

. 1992; Webby and Webster 2001;
Hatchette 

 

et al

 

. 2004). Not all subtypes are
equally successful in establishing stable asso-
ciations, because hosts vary in susceptibility
and in the efficiency of transmission (Sturm-
Ramirez 

 

et al

 

. 2004).
Studies published on the ecology of avian

influenza in wild birds in North America
(e.g., Slemons 

 

et al

 

. 1974; Stallknecht and
Shane 1988; Webster 

 

et al

 

.1992; Stallknecht
1997; Webby and Webster 2003; Krause 

 

et al

 

.
2004; Webster and Hulse 2005) have made
attempts to bridge this interdisciplinary gap.
Since 1974 thousands of swab samples col-
lected from migratory waterfowl and shore-
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birds in Alberta and (since 1985) in Dela-
ware Bay, provide the first and most exten-
sive insight into patterns of occurrence of
avian influenza viruses in nature.

Influenza A viruses are common in south-
ward migrating waterfowl (~25%) and much
less prevalent in northward migrants (0.3%).
Post-breeding pre-migratory staging areas
are thought to be important locations for dis-
ease transmission (Hinshaw 

 

et al

 

. 1980; Ito 

 

et
al

 

. 1995; Hanson 

 

et al

 

. 2002), because there is
a high prevalence of infection in juvenile
ducks, evident from heavy fecal shedding of
the virus and increased abundance and den-
sities of a variety of wild bird species co-min-
gling. The prevalence of Influenza A viruses
declines in the course of southward migra-
tion, and individuals on southern wintering
areas have much lower prevalence of the vi-
rus, indicating a loss of viral infection during
migration. Influenza A viruses isolated from
wintering and resident waterfowl in Texas
(southern North America) include greater
diversity and rarer subtypes, indicating long-
term changes in viral lineages in the wild
(e.g., Hanson 

 

et al

 

. 2005). Ducks returning
northward in spring have much lower viral ti-
ters than southward migrants, but in high
enough titers to re-establish the virus in their
northern breeding grounds (Webster 

 

et al

 

.
1992; Ito 

 

et al

 

. 1995; Kraus 

 

et al

 

. 2004). It is
possible that avian influenza viruses could
survive the winter and re-infect birds arriving
on breeding areas (Webster 

 

et al

 

. 1992). Per-
sistence of the virus in the environment (e.g.,
in water) depends on factors such as pH, tem-
perature, salinity and other physicochemical
variables (Stallknecht 

 

et al

 

. 1990). The virus is
hardy, and can remain infective outside an
avian host for up to 35 days in fecal matter in
cold, moist conditions (at 4°C), though less
long in warmer conditions (at 20°C).

Certain subtypes seemingly dominate in
particular migratory flyways and their preva-
lence varies from year to year (Hinshaw 

 

et al

 

.
1985; Ito 

 

et al

 

. 1995; Hanson 

 

et al

 

. 2002;
Hatchette 

 

et al

 

. 2004; Krauss 

 

et al

 

. 2004; Han-
son 

 

et al

 

. 2005).
The role of avian species other than wa-

terfowl in perpetuating avian influenza re-
mains unclear (Alexander 2000). Shorebirds

(Charadriidae and Scolopacidae) are
thought to be important in the dissemina-
tion and maintenance of influenza A viruses
in the wild (Webster 

 

et al. 1992; Webster et al.
2006), although data are as yet limited. The
prevalence of infection in northward mi-
grant shorebirds is higher than in waterfowl
(14.2% vs. 0.3%), but the significance of this
is not yet known. Studies of viral ecology in
migratory waterbirds in Eurasia indicate sim-
ilar patterns of viral infection relative to
North American studies, with interannual
variation in the diversity and seasonality of
the viral shedding in relation to migration
(Otsuki et al. 1987; Okazaki et al. 2000; Mun-
ster et al. 2005). The pattern of occurrence of
avian influenza in seabirds is less known, al-
though gulls tend to have higher prevalence
of influenza in late summer and early fall
(Olsen et al. 2006). These patterns are likely
related to aggregations in breeding colonies
and garbage dumps or other feeding areas.

EVOLUTIONARY BIOLOGY OF AVIAN INFLUENZA

The availability of avian influenza RNA
sequence data has made phylogenetic analy-
ses possible. These have proven very infor-
mative, and have introduced a stronger evo-
lutionary perspective into avian influenza
studies. As expected of an RNA virus, avian
influenza viruses represent a rapidly evolving
and diversifying lineage; aquatic birds are in-
deed the ancestral hosts of avian influenza
and shorebirds, ducks and gulls share ances-
tral genes of several avian influenza subtypes
(Widjaja et al. 2004).

Influenza A genes are evolving, but phy-
logenetic trees are often not fully congruent
with each other, because the viral genes that
mingle in new hosts may contain diverse re-
assortants from different host species. For
example, in the 1990s a reassortant influen-
za A (H3N2) virus lineage established itself
in USA swine, with genes whose closest and
most recent known ancestors were from hu-
man, bird and swine hosts (Zhou et al. 1999).
Such reassortant viruses are often referred to
as combinations of e.g., ‘swine flu’, ‘human
flu’, or ‘bird flu’. In this context ‘swine’, ‘hu-
man’ or ‘bird’ refer to the host of the most
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recent known ancestor of at least one of the
genes in the reassortant descendant virus.
The viruses that caused the 1957 and 1968
human influenza pandemics were reassor-
tants of human and bird flus, while all the
genes in the virus that caused the 1918 pan-
demic were descended directly from birds
(i.e., the virus was not ‘reassortant’; Tauben-
berger et al. 2005). By more distant ancestry,
all influenza genes are ‘bird flu’ genes.

In the 1990s USA swine-flu epidemic, the
newly-evolved virus co-existed in the domes-
tic pig population with ‘classical’ H1N1
swine virus (which itself derived from an ear-
lier reassortment). Subsequently, further re-
assortments generated other novel strains of
influenza A (see Hachette et al. 2004). Virol-
ogists have documented a detailed database
of such histories in a variety of domestic spe-
cies. Extensive reassortment also occurs with-
in host species (Hatchette et al. 2004). Never-
theless, the trees reveal that viral lineages in
different hosts maintain phylogenetic dis-
tinctiveness, likely because shifts to new
hosts are comparatively rare.

The trees also reveal parallel evolutionary
events. For example, ‘swine flu’ independently
evolved in Eurasia and America. Trees reveal
distinct American and Eurasian lineages for
several influenza virus A genes. A low patho-
genic strain of H5N1 has been detected in
healthy wild birds in both Eurasia and in
North America (CFIA 2005), and is very differ-
ent from the highly pathogenic Asian strain.
These lineages are evolving independently,
and while the Eurasian form is highly patho-
genic (causing severe disease in chickens, re-
ferred to as Highly Pathogenic Avian Influen-
za, HPAI), the North American form is low
pathogenic (not causing any clinical signs of
illness in chickens, referred to as Low Patho-
genic Avian Influenza, LPAI). The clear sepa-
ration of the trees is remarkable, because it
seems inevitable that there must be some con-
tact on Arctic breeding grounds between mi-
grants of Old and New World origin. Geo-
graphical segregation is evident even within
the recent phylogeny of H5N1 in China (Chen
et al. 2006). Comparison of a large number of
samples from both wild and domestic birds re-
veals that the current Eurasian H5N1 avian in-

fluenza virus originated in China at least a de-
cade ago, and that it has evolved into distinct
lineages associated with particular geographic
regions. The mechanisms maintaining the
separation (Kraus et al. 2004) are obviously of
great current interest with the potential spread
of Eurasian H5N1 to America.

EVOLUTION OF HIGH

AND LOW PATHOGENICITY

Many infections are defeated by a host’s
immune system before they can establish,
but those that manage to defeat or evade the
host’s immune defenses vary greatly in the
intensity of illness subsequently induced in
the host—i.e., their ‘virulence’. They may
cause few or no symptoms, may make the
host very ill, or may even kill it. Avian influ-
enza shows a particularly wide range of viru-
lence. The terms ‘low pathogenic’ (LP) and
‘highly pathogenic’ (HP) originated in poul-
try science to describe forms of the virus that
have mild and lethal effects on commercial
poultry flocks (Webster et al. 1992; Webster et
al. 1978; Webster et al. 2006).

Why does virulence vary so widely? There
is much literature to suggest that low viru-
lence is the natural state of affairs between
diseases and their hosts. Statements such as
‘Influenza viruses in aquatic birds appear to
be approaching or have reached an optimal
state of adaptation . . .’ (Horimoto and
Kawaoka 2001), or ‘viral genes have achieved
maximal fitness in their natural avian host as
compared with other species’ (Hatchette et
al. 2004) are evidently based on the low
pathogenicity of avian influenza in wild
birds. Modern evolutionary biology, in con-
trast, views disease virulence as an evolved
trait that changes according to circum-
stance. Some circumstances (discussed be-
low) select for high virulence, others for low
virulence. This work shows that selection can
even favor pathogens that kill their hosts, so
long as by doing so the pathogen gains a fit-
ness advantage over less-virulent forms. In
fact, the life, health or death of the host is of
evolutionary interest to the disease agent
only in so far as its own fitness is affected
(Ewald 1994; Ewald and De Leo 2002).
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A complete understanding of the viru-
lence level of a disease requires knowledge
of both the mechanisms that give a pathogen
its virulence (‘proximate’ explanations) as
well as the selective factors favoring high or
low virulence (‘ultimate’ explanations).
Sherman (1988) details how these ‘levels of
explanation’ should never be confused, and
resolves a number of controversies in the bi-
ological literature by showing that the alter-
native hypotheses are not true competitors,
because one concerns mechanisms while the
other concerns selective factors. It is essen-
tial to distinguish carefully between explana-
tions for virulence based on mechanisms,
and those based on selective factors. The lit-
erature on influenza is abundant for the
former, and sparse for the latter.

Many details are known about some of
the mechanisms that give influenza A its vir-
ulence. Attention has focused on HA, be-
cause it is intimately involved with gaining ac-
cess to the cell, and because historically it was
(along with NA) visible to virologists, who
prior to the development of sequencing
technologies had to rely on serology. Howev-
er, it seems improbable that virulence de-
pends on HA alone: all of the virus’s genes
are likely to be involved in its ability to infect
a cell, elude the host’s defenses, and pirate
systems and materials for replication (i.e., its
virulence). Finlay and McFadden (2006)
provide an overview of the diversity and com-
plexity of these processes. Nevertheless HA is
very important, and a key factor determining
whether a particular form of HA can invade
a cell is the detailed structure of the ‘cleavage
site’, the area of the HA molecule at which
enzymes of the host cell (proteases) cut it in-
to HA1 and HA2. This is the first step of the
process whereby the envelope of the virus
fuses with the cell membrane so that the viri-
on’s contents can be launched into the cell’s
interior (see Webster and Husle 2004). Small
differences in the RNA sequence coding for
HA affect the three-dimensional structure of
HA and so affect this process, which is being
actively studied (e.g., Noda et al. 2006).
Horimoto and Kawaoka (2001) provide a
summary accessible to non-specialists (such
as most readers of Waterbirds).

In contrast with the extensive knowledge
of mechanisms, hardly any work in the med-
ical or virological literature on influenza A
virus has considered ‘ultimate’ explanations
for virulence—i.e., the factors that give selec-
tive advantage to variants with different lev-
els of pathogenicity. Much literature seems
to suggest that all that prevents highly patho-
genic forms of the virus from emerging is the
acquisition of the necessary mutations or re-
assortments to defeat host defenses. This is
certainly the view promulgated in the popu-
lar media and even some of the scientific lit-
erature. While it is undoubtedly true that the
necessary variation must be present before
high virulence can evolve, this would on its
own not be sufficient for highly virulent
forms to spread: the circumstances favoring
high virulence must also be present. As there
appears to be tremendous variation in the
subtypes of avian influenza present in a host
population at any time (Hatchette et al.
2004), as well as extensive genetic variation
within each subtype, it would seem that a vi-
ral population could rapidly evolve higher or
lower virulence as the ecological conditions
selecting for the level of virulence change.

The most important of these conditions
is the ease of transmission to new hosts
(Ewald 1994; Ewald and De Leo 2002).
There is a fundamental trade-off between
virulence (making the host sick) and trans-
mission (infecting new hosts). Ewald (1994)
outlines how both the mode of transmission
and the availability of potential new hosts af-
fect the evolved level of virulence. For exam-
ple, vector-borne diseases (transmitted by
mosquitoes, ticks etc.) or diseases transmit-
ted by fomites (physical objects such as in-
struments, clothing etc.) generally evolve
higher virulence than non-vector borne dis-
eases, because the pathogen travels to new
hosts without being reliant on the host to
contact potential new hosts. Hence, extreme
illness (‘prostration’) of the host does not
necessarily impair and may even aid vector-
borne or fomite-borne transmission. In-
creased virulence is also favoured by easy ac-
cess to new hosts, especially if they are immu-
nologically naïve, and by the frequent intro-
duction of new, naïve hosts.
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These considerations lead to a number of
predictions. First, the level of virulence of avi-
an influenza in wild and domestic birds
should differ greatly. Wild birds, especially if
migratory, must be able to move great distanc-
es, and as described above, wild populations
have repeated exposure to a great many sub-
types of the virus. Consequently, avian influ-
enza viruses should evolve and maintain low
virulence in wild birds, as is indeed seen (Web-
ster et al. 1992). In contrast, many domestic
poultry are housed in high-density, commer-
cially mass-produced situations, and are all
similarly immunologically naïve. Moreover,
the disease may be borne from farm to farm
by fomites or ‘cultural’ vectors (Ewald 1994)
such as garbage trucks, farm workers, or in
poultry trade. High pathogenicity is thus se-
lected for (or possibly not selected against) by
the conditions prevailing in some commercial
poultry production situations, namely dense
clusters of immunologically naïve hosts, with
the potential for ‘cultural’ vectors such as ve-
hicles, cages and farm workers transporting
the virus between such clusters. Indeed, one
could hardly imagine a better-designed envi-
ronment for the evolution of high virulence
in a pathogen than the current worldwide net-
work of industrial poultry farms.

ORIGINS OF OTHER LETHAL HP VIRUSES

An alternative route to high pathogenici-
ty is associated with the transfer of the dis-
ease to new species. A pathogen that is well-
adapted to an ancestral host species may be
maladapted to a new host species, behaving
far more lethally than in its ancestral species
(Rossiter 2001; Gordon et al. 2005). Well-
documented examples include the transfer
in the 1890s of rinderpest from cattle to Afri-
can ungulates (Rossiter 2001), the transfer
of Parvovirus in 1977 from cats (harmless) to
dogs (lethal) (Barker and Parrish 2001), and
the transfer of Simian Immunodeficiency Vi-
rus (SIV) from primates (low virulence) to
humans in the 1950s, where it has evolved in-
to Human Immunodeficiency Virus (HIV)
(deadly) (Gordon et al. 2005).

 Such cross-species transfers with associat-
ed changes in virulence have been recorded

for avian influenza. Influenza A in harbor
seals (Phoca vitulina) was first documented in
1979 and killed about 25% of a wintering ag-
gregation in Cape Cod, Massachusetts (Van
Campen and Early 2001). The likely source
of the virus was shorebirds, since all isolates
were genetically similar to avian isolates.
Currently, most infections within seal popu-
lations are not fatal, suggesting the subse-
quent evolution of lower virulence in this
host. In marine mammals, the ability of in-
fluenza A viruses to kill is often attributed to
the cumulative effects of additional stressors,
such as concurrent bacterial infections (Van
Campen and Early 2001).

Influenza viruses were first recorded in
domestic pigs during the 1918 influenza pan-
demic (Webster et al. 1992). H1N1, H1N2
and H3N2 subtypes persist in pig populations
in North America (Karasin et al. 2000) today,
but are not associated with mortality at this
time. The European pig populations primari-
ly had the variants of the H1N1 subtype until
H3N2 was introduced in the 1980s (Webster
et al. 1992). Transmission back and forth
from humans to pigs has occurred on an in-
frequent basis and the potential for pigs to
serve as reservoirs that could generate pan-
demic human influenza is also recognized
(Webster et al. 1992; Karasin et al. 2000).

PROCESSES SPREADING VIRULENT

AVIAN INFLUENZA A

Together, these considerations identify
three main possibilities for the local origin
and geographic spread of HPAI in poultry:
(1) An existing HPAI infection might be
spread from one farm to another by fomites/
environmental conditions/cultural vectors
such as inspectors, veterinarians, workers, ve-
hicles, trade in eggs, birds, or feathers, or
even by wind or water if the farms are in close
proximity; (2) Wild bird viruses mixing with
domestic bird viruses could transfer infec-
tions to poultry flocks. The virus could cause
asymptomatic or mild disease or it could
prove highly lethal. (3) LPAI could evolve in-
to HPAI in domestic poultry in response to
one of more of the conditions identified
above. The LPAI ancestor virus may be
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present in the flock, or may have been depos-
ited there by wild birds. Fauci (2006; see his
Figure 2) theorized that HPAI genotypes of
the virus are derived from LPAI spread by
wild water birds, and become highly patho-
genic by ‘progressive mutation following pas-
sage from one susceptible [chicken] to the
next.’. We include his model in this category
even though he did not explicitly identify the
process as an evolutionary one, because the
‘successive passages’ of the virus through
hosts must exert selection on viruses. Note
that these are not mutually exclusive, and
more than one or indeed even all three pro-
cesses could in theory be involved.

What is the evidence for each of these pro-
cesses? Without question, local and perhaps
even long-distance spread by ‘cultural’ vectors
is implicated in transporting HPAI viruses. Ex-
amples of cultural vectors are vehicles, imple-
ments and workers that spread the virus from
farm to farm locally, as in the 2004 LPAI
H7N3 outbreak in British Columbia. Longer
distance spread of the virus is possible in local
and international trade. The virus could be
carried on crating, on eggs, on feathers, or by
birds. It seems to us that the rapid spread of
H5N1 across Eurasia can be easily explained
by the cultural vector hypothesis.

It seems less likely that migratory water-
birds are involved in maintaining and
spreading HPAI. Horimoto and Kawaoka
(2001) state that ‘Virulent strains of influen-
za A have never been collected from appar-
ently healthy waterfowl, with the exception
of pathogenic isolates that were collected
from ducks and geese near a chicken influ-
enza outbreak’. Recently, a rare occurrence
of HPAI in wild birds was documented. In
summer 2005, some 1,500 bar-headed geese
(Anser indicus) and other waterbirds breed-
ing at Qinghai Lake in central China died of
an HPAI. The strain proved lethal to experi-
mentally infected chickens and mice. In
their report, Liu et al. (2005) speculated that
the lethal viruses might be emerging from re-
assortment of genomes in domestic fowl
whose LPAI ancestors originated in wild
birds overwintering in Southeast Asia. Subse-
quent work (Chen et al. 2005) showed that
the virus was most closely related to a form

isolated from poultry in southern China. The
high mortality of the bar-headed geese sup-
ports the hypothesis that ecological condi-
tions in the wild select against highly patho-
genic forms of the virus, in accord with the
‘virulence-transmission trade-off’ hypothesis.

Chen et al. (2006) reported the presence
of HPAI H5N1 in two apparently healthy mi-
gratory ducks from Poyang Lake in Jiangxi,
China. Isolates from Poyang Lake were also
most closely related to the Qinghai Lake iso-
lates, suggesting that the virus has been car-
ried a distance of ~1700 km by migratory
birds. The Poyang lake isolates also retained
high pathogenicity in chickens, which may
implicate migratory birds in spreading the vi-
rus. The isolation of HPAI H5N1 from Mon-
golia, Siberian Russia, Romania, and Turkey
without any clear link to poultry operations
have led some to suggest that migratory birds
are involved in the spread of the virus. This
idea has been vigorously debated in the sci-
entific literature (reviewed by Olsen et al.
2006) and even if migratory birds are associ-
ated with certain outbreaks, they are unlikely
to be major factors spreading the virus Asia
and Europe and into Africa, particularly
since there are no data on whether infected
birds could survive the long flights and shed
the virus (Chen et al. 2006, Olsen et al. 2006).
Recently, the discovery of a facility to breed
bar-headed geese near Qinghai Lake has fur-
ther weakened the notion that migratory
birds may be important contributors to the
spread of the virus (Butler 2006). Chen et al.
(2006) conclude that “the establishment of
regional virus sublineages suggests that
H5N1 virus is perpetuated in poultry largely
through the movement of poultry and poul-
try products rather than by continued rein-
troduction of viruses by migrating birds”.
Further work is required to test whether the
virus in wild birds originated in domestic
birds or vice versa and to clarify how that in-
formation could apply to the current spread
of the disease across Eurasia. In contrast with
wild birds, derivation of HPAI genotypes
from LPAI predecessors in poultry has been
described several times in the literature.
Kawaoka et al. (1987) and Röhm et al. (1996)
describe outbreaks of highly pathogenic avi-
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an influenza in poultry. The putative LPAI
avian ancestors were non-pathogenic to their
original wild bird hosts (e.g., tern and swan
in Röhm et al. 1996), and while circulating in
poultry subsequently acquired the extra ami-
no acids at specific cleavage sites that gave
rise to a highly pathogenic variant in poultry.

As with wild birds, diverse subtypes of in-
fluenza A have been reported from the poul-
try industry and live bird markets (Panigrahy
et al. 2002; Webster 2004). Prior to the out-
break of HPAI H5N2 in poultry in several of
the United States in 1983 (which caused
great economic losses), the virus had been
present for a considerable period (as much
as 8 years) as a LPAI strain before manifest-
ing as HPAI. In the outbreak of HPAI H7N3
in poultry in British Columbia (February
2004), the virus had been detected a few days
earlier in LPAI and had rapidly mutated into
the HPAI form. The subsequent ‘shift’ to
HPAI resulted in the depopulation of mil-
lions of chickens, turkeys and other domes-
tic poultry to limit the spread of the virus
(CFIA 2004; Kermode-Scott 2004). Repeated
outbreaks of HPAI H5N1 in Asia during
1997-present have wreaked havoc in the
poultry industries of China, Thailand, Cam-
bodia, Laos, Vietnam, Malaysia, Indonesia,
Korea and Japan. Phylogenetic work reveals
that the virus has been present and evolving
for at least ten years, first in the LPAI form,
and now in the HPAI form.

The Asian context of poultry farms may
be significant in the evolution of HPAI H5N1
(Webster 2004). Live-animal markets or wet
markets occur throughout Asia, where a di-
versity of live domestic and wild geese, chick-
ens, quail, passerine birds, mammals, rep-
tiles and live fish are sold. Poultry are gener-
ally kept separated from, but certainly not
far from, a wide range of other animals, mak-
ing these markets ideal places for cross-infec-
tion, and the exchange, acquisition and evo-
lution of viral genes (Li et al. 2004; Chen et al.
2004; Webster 2004; Webster et al. 2006).
HPAI H5N1 was first detected in Hong Kong
in 1997 and was widespread in poultry mar-
kets because of co-housing of a diversity of
live animals (Webster et al. 2006). The pre-
cursors of this HPAI H5N1 were detected in

geese in live poultry markets in Guangdong,
China (1996) where they caused a small
number of deaths (Webster et al. 2002). This
virus however, spread through poultry ac-
quiring gene segments from quail and ducks
before becoming a widespread goose virus in
the outbreak of 1997 (Webby and Webster
2001). Subsequent to depopulation of all do-
mestic poultry during this outbreak, reas-
sorted subtypes of H5N1 continued to arise
from goose and duck reservoirs (Webster et
al. 2002; Li et al. 2004). The virus spread to
exotic felids, domestic cats, ferrets and mice
(Webster et al. 2006). One form, referred to
as the Z genotype (Li et al. 2004) became
dominant and swept through poultry farms
in the region resulting in the culling of mil-
lions of domestic birds. Experimental evi-
dence shows that ducks and other poultry
may harbor HPAI H5N1 and can be asymp-
tomatic (Chen et al. 2005; Hulse-Post et al.
2005; Li et al. 2005), suggesting that they are
involved in silently amplifying the virus in
poultry populations. Clearly, poultry have
played and continue to play a central role in
the emergence of HPAI H5N1.

In our view, the weight of evidence sup-
ports the model that the widely-dispersed oc-
currences of HPAI recorded over recent de-
cades in commercial poultry (see Horimoto
and Kawaoka 2001) represent multiple inde-
pendent evolutionary events leading to high
virulence within commercial flocks, likely with
local spreading by cultural vectors. Phyloge-
netic comparisons (e.g., Chen et al. 2005) will
be especially valuable in testing this model.
Additionally, serological surveys of healthy do-
mestic terrestrial and aquatic poultry through-
out Asia would help reveal the status of HPAI
H5N1 in wild populations and the role of do-
mestic ducks in the spread and persistence of
H5N1 viruses (Hulse-Post et al. 2005).

MANAGEMENT OF HPAI OUTBREAKS:
THE HUMAN-DOMESTIC ANIMAL-WILDLIFE

INTERFACE

The emergence of globally-significant in-
fectious diseases is contingent upon the ex-
posure and mixture of diseases of domestic
and wild origin (Daszak et al. 2000), and the
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spread of HPAI viruses appears closely asso-
ciated with human activity (Li et al. 2004).
Most management needs to therefore take
place at human-domestic animal-wildlife in-
terfaces (Daszak et al. 2000). Containment of
HPAI outbreaks has so far involved culling of
infected poultry and disinfection of enclo-
sures (e.g., Chen et al. 2004; Webster and
Hulse 2005). Here, we propose management
intervention in three major areas: i) diseases
within poultry; ii) disease overlap between
poultry and wild birds; iii) disease within the
international wildlife trade.

Diseases Within Poultry

Global trade in poultry is enormous, rep-
resenting an estimated global consumption
of 81.8 million tons in 2006 (FAO 2006).
Worldwide, many large industrial operations
produce and ship hundreds of thousands of
birds per year, and HP avian influenza repre-
sents an enormous economic hazard. For
owners of small flocks in developing nations,
an HPAI epidemic can wipe out a livelihood.
A good understanding of the four routes
(vectors, spread by wild birds, evolution
from LP ancestors, zoonosis) whereby HPAI
strains originate and spread is therefore of
great importance.

The role played by vectors is addressed by
improving biosecurity. The recent isolation
of H7N3 from poultry farms in British Co-
lumbia resulted in the development of new
guidelines and the better enforcement of ex-
isting guidelines to help eliminate the virus
from poultry farms in Canada (CFIA 2004).
(British Columbia poultry growers insist on
voluntary compliance with these stricter reg-
ulations, even though the elimination of this
epidemic took almost four months, required
the destruction of millions of chicken, tur-
keys and other poultry, and was very costly.)
The Canadian Health of Animals Act and the
Health of Animals Regulations establish the
protocol for isolation, disinfection and de-
struction of animals at the event of a disease
outbreak (CFIA 2004). Other Canadian reg-
ulations such as the Feeds Act Regulations and
Meat Inspection Act and Regulations ensure
that meat and other materials in poultry are

free of disease agents, and govern the proper
disposal and disinfection of wastes and offal.
Compensation for Destroyed Animals Regu-
lations allows the owners to claim losses in-
curred as a result of an outbreak. Similar
programs and regulations exist in the US
and in Europe to help ensure biosecurity in
the poultry industry. Along with monitoring
and surveillance, these regulations will help
to reduce the circulation of viruses within
and between poultry farms, and thus limit-
ing the opportunity such mixing of viruses
creates for moving from LPAI to HPAI.

Better regulations are also needed for
the global trade in poultry, to remove the op-
portunity for infected (but asymptomatic)
poultry to spread the disease (Panigrahy et
al. 2002). The idea that highly pathogenic
strains are spread to poultry by wild birds un-
derlies additional regulations in some Euro-
pean countries requiring poultry to be
housed indoors. We have argued that wild
birds pose less risk than other methods of vi-
rus introduction. In spite of these and other
regulations, we feel that occasional out-
breaks of influenza in poultry will continue,
indicating that there are gaps in disease pre-
vention measures that need to be investigat-
ed. No regulations anywhere in the world
that we are aware of address the allowable
density of poultry, or address any of the oth-
er factors discussed above from the point of
view of selection for high pathogenicity.

Disease Transfer Between Poultry
and Wild Birds

It is widely supposed that wild and migra-
tory birds spread HP strains of avian influen-
za to poultry, but there is ample opportunity
and published evidence for the reverse pro-
cess. Domestic poultry in Asia are still largely
reared in backyards or in outdoor enclosures
allowing exposure to wildlife and their virus-
es (Chen et al. 2004; Li et al. 2004). Wild birds
often feed in close proximity to or in mixed
flocks with domestic birds (e.g., co-feeding
of domestic ducks and waterfowl in wetland
complexes, Chen et al. 2005; Liu et al. 2005).
Contact between wild birds and poultry is
limited at most large-scale poultry farms in



AVIAN INFLUENZA AND WATERBIRDS 253

North America and Europe, where manage-
ment at this interface is probably the most
important action for preventing and control-
ling outbreaks of Avian Influenza in both
poultry and humans (Tracey et al. 2004;
Chen et al. 2004; Normile 2005).

Limiting such contact is important to
shield wild birds from HPAI evolved in do-
mestic poultry and to shield poultry from
wild birds, since wild bird LPAI can evolve in-
to HPAI in poultry. Most such transfers are
likely to be pathogenic for wild bird popula-
tions, and will quickly extinguish themselves,
but they may be highly damaging in the pro-
cess of doing so (e.g., Olsen et al. 2006). The
1500 bar-headed geese killed by HPAI at
Qinghai Lake in China in 2005 represented
approximately 3% of the entire world popu-
lation of this threatened species (Miyaba-
yashi and Mundkur 1999).

There are several ways for domestic virus-
es to find their way into wild birds. Small-
scale farms may discard their dead animals
by feeding them to wild birds (raptors and
crows) and since dead birds may harbor
(and thereby transmit) viable viruses to a
range of wildlife (van Borm et al. 2005;
Enserink and Kaiser 2005), this activity ur-
gently needs careful evaluation as a potential
source of outbreaks. We recommend an im-
mediate cessation of the unprotected dispos-
al from poultry operations of any carcasses,
offal and fecal matter that might be exposed
to wild birds.

The active feeding of wildlife to entertain
aesthetic and conservation needs is wide-
spread and highly controversial (Orams
2002), yet very few empirical studies have
evaluated the impacts of such activities on
wildlife populations. Whereas positive im-
pacts, such as increase in populations are
noted, negative impacts, such as depen-
dence on artificial food sources, habituation
to human contact and the spread of diseases
are rarely discussed (Smith et al. 1999; Orams
2002). The feeding of dead chickens to Bald
Eagles at Sheffield Mills in King’s County
(Nova Scotia) serves as a good example
(Flemming 1998). Wintering Bald Eagles
congregate here to scavenge on dead chick-
ens provided from local farms. This has

served to mend hard feelings between farm-
ers and eagles (traditionally regarded as
harmful to livestock) and has become an in-
come-generating venture. Chickens that have
died of unknown causes (perhaps including
avian pathogens) are fed to the eagles. This
is cause for concern, because raptors (and
other generalist wild birds such as gulls) are
evidently able to carry avian influenza viruses
but are capable of remaining asymptomatic
(e.g., Manvell et al. 2000; van Borm et al.
2005) during which time transmission to
other species may occur. Further evaluation
and management intervention is needed in
this area. There will never be a real consen-
sus on the benefits of feeding wildlife
(Orams 2002) and the crucial management
objective will be monitoring and regulating
the practices to ensure that the dissemina-
tion of diseases is minimized.

Diseases Within the International
Wildlife Trade

The pet trade has become a billion dollar
industry and both the legal and illegal move-
ment of birds and other wildlife pose a signifi-
cant threat with regard to exotic disease
spread (van Borm 2005). That exotic diseases
can spread rapidly once introduced by the pet
trade was illustrated vividly by the entry and
spread of West Nile Virus into the Americas
(Campbell et al. 2002), which caused human
mortality as well as extensive mortality and
morbidity in many wild bird species. Avian in-
fluenza A viruses have been isolated from cage
birds of different kinds in the international
pet trade, and subtypes such as H9N2 and
highly pathogenic H5N1 have been recorded
(Masaji et al. 2001; van Borm et al. 2005).

Caged birds and their ability to amplify
the virus have not been studied. It is known
that infected birds may remain asymptomatic
as was documented in two crested hawk ea-
gles, Spizaetus nipalensis smuggled for the fal-
conry trade (van Borm et al. 2005). Cage bird
markets, both legal and illegal, potentially as-
sist the spread of HP avian influenza viruses.
The isolation of H5N1 from exotic birds in
quarantine or confiscated by customs officials
in Europe has resulted in a temporary ban on
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the importation of exotic birds into the Euro-
pean Union. The European Union Wild Bird
Declaration (2005), signed by 226 non-gov-
ernment organizations, further urged the EU
to ban permanently the import of exotic
birds into the EU. The US and Canada have
both banned the import of birds from Asia.

CONCLUSIONS

Understanding the evolution of LPAI to
HPAI viruses, as well as the origin and spread
of HPAI has become urgently important.
Models for HPAI origin and spread most fre-
quently promulgated in the media and offi-
cial publications appear incomplete, or
flawed. These shortcomings in our knowl-
edge of this serious disease could have disas-
trous consequences for the protection of hu-
man health, the global economy, and for do-
mestic poultry operations, in both developed
and developing nations, and—the point of
this paper—for populations of wild birds.

Much of the current discussion on the or-
igin of HPAI appears devoid of evolutionary
thinking. Often the origin of HPAI geno-
types is attributed to the acquisition of ‘mu-
tations’, while the role of ecological condi-
tions that select for high or low virulence is
ignored. Conditions in modern large-scale
poultry production seem ideal for the evolu-
tion of high virulence, while those faced by
free-living migratory birds favor low viru-
lence. Consequently, the global poultry pro-
duction system with its extensive trade in
poultry and poultry products appears the
most likely source for the repeated evolution
of highly pathogenic strains from LPAI an-
cestors. HPAI outbreaks seem attributable to
this process, and to local and even distant
spread of these strains by trade and vectors.
It appears unlikely to us that HPAI originates
in wild birds, or even that wild birds can
spread HPAI very rapidly.

One of our main conclusions is that wild
birds need protection from these HP strains.
We recommend more research on, and sur-
veillance of, disease evolution and transmis-
sion in domestic poultry. Measures aimed at
improving on-farm biosecurity are also essen-
tial. In particular, the proper disposal and dis-

infection of wastes and offal seems para-
mount in preventing spread of viruses within
the poultry industry. The global trade, legal
and illegal, in exotic birds and poultry needs
careful surveillance and better enforcement
of existing laws. Finally, the unprotected dis-
posal from poultry operations of any carcass-
es, offal and fecal matter to which wild birds
might be exposed should be halted.
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