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Abstract
Highly pathogenic avian influenza (HPAI), caused by infection with H5N1 virus, is a
transboundary disease which has had a significant socio-economic impact on the
poultry production systems of Eurasia, and spillover events with mortality in humans
and wild birds. In northern Australia, prior to the current study there was poor
understanding of the ecology of avian influenza viruses (AIV) and the risks of H5N1
transmission by wild birds. In this study, the biological pathways of risk for HPAI H5N1
by migratory birds were estimated as a negligible to very low risk to the wild birds of
northern Australia. Following stochastic modelling the highest mean frequency of
outbreaks was 1 year in 36 years (range 1 in 25-53 years; annual incidence of 0.028) for
the Little Curlew (Numenius minutus), followed by the Sharp-tailed Sandpiper (Calidris
acuminata) (1 in 56 years, range 36 to 91 years).
Three species of wild birds were challenged with a H6N2 low pathogenicity AIV (LPAIV).
There was poor viral replication in the Ruddy Turnstones (Arenaria interpres) and Silver
Gulls (Chroicocephalus novaehollandiae) with mostly low titre oropharyngeal (OP)
excretion [median titre at 4 days post inoculation (DPI) of 101.43 and 102.09 50% embryo
infectious dose (EID50)/0.1 mL respectively], with the exception of an OP sample from
one Silver Gull (104.26 EID50/0.1 mL at 2 DPI), and one cloacal sample from a Ruddy
Turnstone (103.14 EID50/0.1 mL at 10 DPI). In the Wandering Whistling Ducks
(Dendrocygna arcuata), there was gastro-intestinal tropism with moderately high titre
viral excretion to 6 DPI (highest median titre of 104.58 EID50/0.1 mL in cloacal swabs at 4
DPI). The anti-haemagglutinin (HA) antibody response was poor in the ducks and
III

declined from 19-56 DPI [highest haemagglutination inhibition (HI) test reciprocal
geometric mean titre (GMT) of 16.1 at 19 DPI to a GMT of 3.7 at 56 DPI]. In the ducks
after 42 DPI, nucleoprotein (NP) c-ELISA antibodies waned slowly from a median of 81%
inhibition, and were long-lived to at least 8 months with a 57% median inhibition value.
The evaluation of a commercial NP c-ELISA, HI test, Taqman Type A RRT-PCR and
embryonating chicken egg (ECE) virus isolation methods suggests high validity of these
tests in wild birds, comparable to that reported in poultry. The NP c-ELISA in high AIV
prevalence situations had a 100% diagnostic sensitivity (95% CI 81.5, 100) and in
controls had 91% diagnostic specificity (95% CI 70.8, 98.9). In low AIV prevalence
situations using a ≥60% inhibition threshold for positivity relative to the HI test, c-ELISA
performed with 90.5% diagnostic sensitivity (95% CI 86.2, 93.8) and 41.2% diagnostic
specificity (95% CI 38.1, 44.5). Assessment of the HI test suggests that a titre of ≥8 is a
significant result in wild birds, and using this titre the HI test had 83.3% diagnostic
sensitivity (95% CI 58.6, 96.4) in the challenged birds. The Type A RRT-PCR test
performance for cloacal swabs had high diagnostic sensitivity that varied between 83.3100% and diagnostic specificity that varied between 94.1-100% over 2-6 DPI when
evaluated against ECE virus isolation, with substantial to outstanding agreement (Kappa
statistic=0.8) and significant positive correlation (rs=0.82). The recommended
thresholds for the Type A RRT-PCR at the Australian Animal Health Laboratory (AAHL) in
poultry of CT <37 for positivity with an intermediate threshold (CT 37-40) were found to
be valid in wild birds. The ECE virus isolation method performed well with 89% of virus
positive birds positive on the first passage.
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The virological surveillance of 7,830 wild birds supports Australia’s current claim of
freedom from HPAI H5N1 virus. The AIV prevalence was negligible in Charadriiformes
(apparent or test prevalence, AP=0%; 95% CI 0, 0.09), and very low in Anseriformes
(AP=0.03%; 95% CI 0, 0.16), with only one virus (H6N1) isolated from a Plumed
Whistling Duck (Dendrocygna eytoni). Overall the NP c-ELISA seroprevalence was 3.5
times higher (Odds Ratio=4.7; 95% CI 4.1, 5.3) in Anseriformes (AP=31%; 95% CI 29.5,
32.6) compared to Charadriiformes (AP=8.8%; 95% CI 8, 9.7) indicating marked
differences in the ecology of AIV. Moreover, analysis of NP seroprevalence data
showed a higher AIV risk exposure profile in the Plumed Whistling Duck and eight
species of migratory shorebirds, and spatiotemporal variations, with a two year cyclical
periodicity in the waterfowl at Kununurra. The role of shorebirds in AIV ecology is more
likely to be as spillover hosts in shared ecosystems with potential for sporadic global
transmission of AIV, rather than being conventional reservoir hosts.
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CHAPTER 1: INTRODUCTION AND REVIEW OF THE LITERATURE
1.1 Introduction
There has been heightened interest in the ecology and epidemiology of avian influenza
virus (AIV) in wild bird populations since 1996 when the highly pathogenic avian influenza
(HPAI) H5N1 virus emerged from its epicentre in southern China. The epidemiology of
HPAI H5N1 has featured rapid viral evolution since 1996, a protracted, globally
widespread, devastating panzootic in domestic gallinaceous poultry since 2003, sporadic
lethal infections in humans and other mammalian hosts, and changed ecology with lethal
infection in wild birds. Mortality figures (to October 2011) include 332 people (with a
58.6% case fatality rate) and more than 220 million poultry across more than 60 countries,
estimated to have cost the Asian poultry industry at least $US10 billion, and thousands of
wild birds across almost 100 avian species and 15 avian orders have been infected
(Melville and Shortridge 2006; Swayne 2008b; FAOAIDE 2011; USGS 2011b; WHO 2011a).
Wild waterbirds, mainly from the avian orders Anseriformes and Charadriiformes, are
considered the natural reservoir hosts for a diverse range of low pathogenicity avian
influenza (LPAI) viruses through processes of co-evolution and adaptation and there is
compelling evidence that all mammalian influenza viruses have an avian origin (Gorman et
al. 1990a; Gorman et al. 1990b; Gorman et al. 1992; Webster et al. 1992). The LPAI viruses
are widely distributed globally and have been isolated from more than 105 wild bird
species belonging to over 26 avian families (Olsen et al. 2006; Stallknecht and Brown
2008). The ecology of this relationship, where wild aquatic birds are frequently challenged
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but remain asymptomatic, suggests evolutionary stasis (Webster et al. 2007). However,
there is limited understanding of the ecology of AIV in wild birds with evidence of
extensive genetic diversity and genome reassortment and sporadic host switching that
indicates a dynamic and complex evolutionary interplay (Chen and Holmes 2006; Dugan et
al. 2008).
Moreover, the unprecedented nature of sporadic outbreaks of HPAI H5N1 in wild birds,
that were previously considered naturally resistant to infection with AIV, challenges
conventional dogma of evolutionary equilibrium between AIV and waterbird hosts. Wild
bird mortality events increased in frequency and severity following cases in Hong Kong in
late 2002 (Ellis et al. 2004), culminating in an historically unparalleled mortality incident
affecting more than 6,000 wild waterbirds at Qinghai Lake, Western China in 2005 (Chen
et al. 2006b). These events have led to extensive global surveillance of wild birds since
2003 to provide greater insight into the ecology and epidemiology of AIV.
However, uncertainty still exists about specific roles in the spread and transmission of
H5N1 with evidence that supports a role for migratory Anseriformes (Gilbert et al. 2006b;
Keawcharoen et al. 2008) and possibly gulls (Feare 2010). Although shorebirds have the
potential to globally transmit AIV given their wide distribution and long distance transhemispherical migratory behaviour, there is no current evidence to suggest that they have
a role in HPAI H5N1 ecology (Vandegrift et al. 2010). Moreover, there is still limited
information and understanding of the ecology of AIV in shorebirds with contemporary
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studies having the potential to elucidate alternate hypotheses, such as challenging the
paradigm that shorebirds are natural reservoir hosts for AIV (Hanson et al. 2008).
The primary purpose of this thesis was to assess the risks of HPAI H5N1 introduction and
transmission through a wild bird pathway to the wild birds of northern Australia and
provide advice on an optimal wild bird HPAI early warning surveillance strategy (Chapters
7 and 8). Preceding these chapters are the findings from an experimental LPAIV challenge
in three wild bird species, a duck, a wader and a gull (Chapter 3), the evaluation of a suite
of AIV diagnostic tests (Chapter 4), that provides validity to the assessment of the test
results and findings from the surveillance for AIV in Charadriiformes (Chapter 5) and
Anseriformes (Chapter 6).

1.2 Avian influenza virus
1.2.1 Taxonomy and morphology
Influenza A viruses belong to the family Orthomyxoviridae and are the cause of influenza
in a diverse range of vertebrate hosts, most notably humans, pigs, birds and horses
(Webster et al. 1992). Two other genera, Types B and C cause disease in humans, although
they have also been sporadically isolated from seals and pigs respectively (Guo et al. 1983;
Osterhaus et al. 2000). Type A influenza viruses (referred to as AIV in this thesis) are
antigenically distinguished from Types B and C by the structure of their major internal
proteins, the nucleoprotein (NP) and matrix (M1) proteins, and all three types have no
shared antigens (Fenner et al. 1993). The classification of AIV is based on antigenic
subtypes according to two surface antigens found in various combinations, namely,
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sixteen haemagglutinin (HA) subtypes (H1 to H16) that differ by 30% in their HA
nucleotide homology, and nine neuraminidase (NA) subtypes (N1 to N9) (Fouchier et al.
2005; Webster et al. 2006). All known subtypes have been found in birds and in more
combinations of all possible HA and NA subtypes compared to the limited range of
subtypes found in other mammals (Alexander 2000).
The virus particle (Figure 1.1) is about 100 nm in diameter, pleomorphic but mostly
spherical with some longer filamentous forms and consists of: a lipid bilayer envelope
embedded with two surface glycoprotein spikes, rod–shaped trimers of HA and
mushroom-shaped tetramers of NA in a ratio of about 4:1; a small number of pores or ion
channels composed of M2 protein; matrix proteins on the inner surface that enclose the
virion core; and internally, the NS2 protein (or nuclear export protein) and the central
helical nucleocapsids of the viral genome. The NS1 protein is not a structural component
of the virus and is only found in infected cells. The minus sense RNA genome consists of
eight unique segments of single-stranded RNA that encode for at least 10 proteins and is
encapsidated by multiple NP molecules with complexes of three viral polymerase
proteins, PB1, PB2 and PA found at the ends of each nucleocapsid (Webster et al. 1992;
Fenner et al. 1993; Bouvier and Palese 2008; Lamb et al. 2008).

4

Figure 1.1 Morphology and protein structure of AIV (NS2, found in small amounts in
purified virions is not shown) (Lee and Saif 2009)
1.2.2 Viral replication
The first two stages of viral replication are attachment of the HA antigen to glycoprotein
receptors followed by entry into the host cell. The HA receptors have preferential
specificity for either α2,3-galactose (GAL) or α2,6 GAL linkages on the sialic acid (SA)
moiety found at the terminus of glycoconjugates on host cell surfaces. In the respiratory
epithelium of humans, SAα-2,6 GAL linkages predominate whereas in duck gut epithelium,
SAα2,3 GAL linkages predominate and in pigs, both linkages are found in respiratory
epithelium (Suarez 2008). Following attachment, the virus is endocytosed where the
acidity of the endosome triggers exposure of the fusion peptide and transport of acid via
the M2 channel into the virus breaking down protein bonds. Therefore for infection to
occur, it is crucial that endocytosis of the precursor form of HA (HA0) by endogenous
trypsin-like proteases cleaves HA0 into HA1 and HA2. Subunit HA1 (globular head shaped)
has the receptor binding function and contains most of the antigenic sites, and subunit
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HA2 (stalk) has a cell fusion role to the vesicular endothelium when the fusion peptide is
exposed by this process. Nucleocapsids then enter the cytoplasm and migrate to the cell
nucleus allowing polymerase proteins to start messenger RNA (mRNA) transcription
(Bouvier and Palese 2008).
The next two stages involve synthesis of viral RNA in the nucleus and structural viral
proteins (HA, NA, M2) in the cytoplasm. The RNA synthesis genes, PB1, PB2, PA on each
genome segment transcribe mRNA by using host nuclear RNA by a “cap snatching”
process to form a positive sense primer (Bouvier and Palese 2008). Two classes of positive
sense RNA are formed: one moves to the cytoplasm as mRNA for protein synthesis
involving endosomes, endoplasmic reticulum and the Golgi apparatus; the other remains
in the nucleus as complementary RNA (cRNA) to synthesize minus sense RNA progeny for
the new viral genomes (Bouvier and Palese 2008). Most of the new proteins stay in the
cytoplasm or become associated with the cell membranes, but NP proteins migrate back
into the nucleus where they associate with new viral RNA to form nucleocapsids. These
then move back into the cytoplasm towards the cell membrane mediated by M1 and the
nuclear export protein (Suarez 2008). It is considered that the amount of free NP regulates
mRNA or cRNA production, and is therefore important in determining the switch in the
replication cycle between expression and assembly (Webster et al. 1992).
The final stages involve a selective process of viral genome packaging and assembly
followed by virus budding and release. About 4 hours after infection, M1 proteins form on
the cell membrane and incorporate HA and NA molecules on the outside, and
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nucleocapsids are incorporated into the particles as they bud through the membrane. The
final step in replication involves budding of the virion from the host cell receptors and
release of viral progeny. This is a catalytic process by the NA antigen that removes sialic
acid from the surface glycoproteins and prevents formation of virus aggregates at the cell
surface (Suarez 2008). The NS1 has a regulatory function on mRNA splicing and translation
and also competes against host defences affecting host gene expression and interferon
synthesis (Bouvier and Palese 2008; Lee and Saif 2009). A diagrammatic overview of the
viral replication process is shown in Figure 1.2.

Figure 1.2 The replication of influenza virus in the host cell sourced from:
http://www.microbiologybytes.com/virology/Orthomyxoviruses.html
1.2.3 Pathogenicity and determinants of virulence
The OIE Terrestrial Manual describes detailed criteria for classifying viruses as highly
pathogenic notifiable AIV (HPNAI) or low pathogenicity notifiable AIV (LPNAI), based on
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75% lethality or an intravenous pathogenicity index (IVPI) >1.2 in chickens, or for all H5
and H7 viruses that are not pathogenic in chickens, whether the amino acid motif at the
HA0 cleavage site is consistent with other HPAIV. All other isolates non-pathogenic in
chickens are classified as LPAIV (OIE 2009a).
In wild birds, LPAIV generally cause asymptomatic infection or mild respiratory disease
since infection is limited to the respiratory or enteric mucosa. With HPAIV, systemic
infection can be acute and fatal in birds with a range of clinical disease and pathology
associated with: virus replication in cells, tissues and organs; the indirect effects from the
production of cellular mediators including cytokines; and ischaemia from vascular
thrombosis, as outlined in detail elsewhere (Swayne and Pantin-Jackwood 2008). Only
subtypes H5 and H7 are considered HPAIV, though most H5 and H7 subtypes found in wild
birds are LPAIV. It is generally accepted that HPAIV infection in wild birds is a spillover
event and is not associated with the normal reservoir ecology of wild birds (Webster et al.
2007). Conventional dogma also contends that HP viruses do not constitute a separate
phylogenetic lineage but mutate from LP viruses over extended periods of circulation in
poultry (Webster et al. 2007; Suarez 2008), as shown experimentally (Ito et al. 2001) and
as concluded from a number of disease outbreaks (Garcia et al. 1996; Capua et al. 2000).
The HA protein is the key determinant of virulence, though this is a polygenic trait and
other genes (polymerase, NS1 and NA) have been identified with important roles (Hulse et
al. 2004; Hulse-Post et al. 2007; Lamb et al. 2008; Perdue 2008; Neumann et al. 2010). The
important structural features of the HA protein involved in virulence include the receptor
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binding site, at least four antigenic areas that help evade host immunity, and for
infectivity, the proteolytic cleavage site (PCS) (Perdue and Suarez 2000). The PCS is
situated at the carboxy terminus between HA1 and HA2 and is considered the primary
determinant of virulence. Alteration of this site by mutation or insertion of multiple basic
amino acids increases HA cleavability with capacity for replication in a broader range of
tissues, thereby enhancing virulence (Perdue and Suarez 2000). Both the receptor binding
site and PCS are considered the primary determinants of host and cellular specificity
(Weber and Stilianakis 2008).
In wild birds there is limited tissue distribution of trypsin-like proteases to cleave LPAIV
strains that generally only have a single arginine at the PCS, hence cleavage is restricted to
the extracellular cells of the intestinal or respiratory tracts thereby limiting infectivity. In
contrast, HPAIV strains with insertion of multiple basic amino acids at the PCS permit
intracellular proteases such as ubiquitous furin and PC6 to cleave HA in multiple tissues
causing systemic infection in poultry and wild birds (Rott 1992; Horimoto and Kawaoka
1994; Brown et al. 2006; Perdue 2008). Furthermore, post-translational cleavage in the
Golgi apparatus allows the release of viral progeny with infectious HA primed to infect
multiple tissues.
As a primary target of the host immune system, selective pressure on the HA molecule
causes the virus to continually evolve into novel strains to avoid host recognition and
perpetuate by adapting to new environments and hosts. Change occurs through
acquisition of basic amino acids at the PCS that is linked to a lack of proof reading by the
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polymerase complex causing errors during transcription (there are no inhibiting
mismatches of base pairs). Mutation of the HA gene occurs through a mostly gradual
process described as antigenic drift, and may involve site mutation, accumulated
nucleotide insertions, tandem duplication and insertion of purines or recombination
(Perdue 2008). Mutational changes in the HA and NA molecule are more likely to occur in
poultry with currently limited evidence of antigenic drift in wild birds (Webster et al.
2007).
Although a primary determinant, the presence or absence of multiple basic amino acids at
the PCS in H5 or H7 subtypes does not always correlate with pathogenicity. Other HA
variations may also increase pathogenicity in poultry adapted viruses, such as additional
glycosylation at the receptor binding site or removal of carbohydrates at the PCS
(Kawaoka and Webster 1989; Perdue and Suarez 2000; Banks and Plowright 2003;
Webster et al. 2007; Perdue 2008). Any loss of NA activity reduces infectivity, and NA stalk
deletions also feature in some poultry adapted viruses.
The NS1 protein has the most variability of the internal genes and may influence virulence
through its interferon antagonist ability (Lamb et al. 2008). Furthermore, it has been
suggested that the higher pathogenicity of the current H5N1 panzootic compared to the
1957 and 1968 pandemics relates to the introduction of avian NS1 genes into human cells
(Obenauer et al. 2006). The NS1 protein has also been found to induce high levels of proinflammatory cytokines that contribute to the severe pathogenicity of HPAIV including the
current H5N1 panzootic (Neumann and Kawaoka 2006). Differences in the structure of
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NS1 that enabled evasion of innate immune responses were considered to be responsible
for the virulence of A/mink/Sweden/3900/1984/H10N4 (Zohari et al. 2010). Substitutions
of amino acids in the polymerase complex have also been implicated with increased
virulence due to optimal host interaction and greater replication efficiency (Gabriel et al.
2005).
1.2.4 Evolutionary phylogeny of AIV in wild birds
The evolution of LPAIV in wild birds has been described as a complex interplay between
host and virus under the influence of many genetic and biological factors including species
specificity, cell tropism and host immunity. Generally, the internal viral genes of isolates
from natural wild bird hosts show conservatism and slow evolutionary change due to lack
of selection pressure. In contrast, higher rates of amino acid change are found in poultry
and other aberrant mammalian hosts as the virus adapts across its host range (Suarez
2000). However, in isolates from wild birds there is evidence of nucleotide divergence in
NS subtype A, matrix and H6 HA1 genes (Spackman et al. 2005) and rates of substitution
higher than expected, suggesting AIV in wild birds undergoes evolutionary change (Chen
and Holmes 2009).
Compared to poultry and other aberrant hosts, there is less known about the factors that
determine the genetic phylogeny of AIV in wild birds. Wild bird host-virus ecology mostly
features LPAIV strains with the absence of a HP lineage, existence of all known HA and NA
subtypes and sporadic switches to novel hosts such as gallinaceous poultry, horses, pigs
and humans with adaptive stability (Webster et al. 2007; Dugan et al. 2008).
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In wild birds, the phylogeny of AIV isolates shows that viral evolution is more related to
allopatric isolation and divergence with less selective pressure to mutate by antigenic drift
as occurs in poultry. Allopatric separation of host populations has resulted in distinct virus
populations such as the gull lineage viruses and the Eurasian and American virus lineages
in wild birds (Gorman et al. 1990a; Munster and Fouchier 2009).
In wild waterfowl there is evidence that extensive reassortment of whole gene segments
occurs between influenza viruses with major antigenic changes and emergent
immunologically distinct HA and/or NA molecules, a process described as antigenic shift
(Wallensten et al. 2005; Dugan et al. 2008; Wahlgren et al. 2008). This phenomenon has
also been associated historically with the human pandemics of influenza.
Extensive phylogenetic analysis of the complete viral genomes from wild waterfowl and
other wild birds in North America supports other studies (Hatchette et al. 2004; Campitelli
et al. 2008) that indicate a high rate of genome reassortment (Dugan et al. 2008). It was
hypothesised that AIV in wild birds exists as transient genome constellations that evolve
continually through random reassortment to provide high genetic diversity and emergent
variants that perpetuate the virus in a broader range of potential hosts (Dugan et al.
2008). Furthermore, analysis of the HA, NA and NS genes showed extensive genetic
diversity, whereas the other five internal genes featured high conservatism (Dugan et al.
2008). Moreover, analysis of the HA gene showed high inter-subtype diversity and low
intra-subtype diversity with less diversity between H4 and H14, H7 and H15, H13 and H16,
and H2 and H5 suggesting that these subtypes separated recently. The level of genetic
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divergence in NA subtypes was described as being more uniform than HA, manifest in the
absence of no new NA subtype detections in recent times. Analysis of the NS gene showed
divergence into two distinct alleles with both alleles present in all HA and NA subtypes
(Dugan et al. 2008), although allele B is less common and primarily found in avian hosts
(Spackman et al. 2005).
In several extensive phylogenetic studies of complete genomes from North American and
Eurasian wild bird AI viruses, there was only a low rate of gene transfer from hemispheric
mixing with no evidence of whole genome transfer between lineages, indicating only
limited reassortment occurs between the two lineages (Krauss et al. 2007; Dugan et al.
2008). In one study of North American isolates, the Eurasian genomes were closest to
viruses from poultry in China, turkeys in Europe and Red-necked Stints (Calidris ruficollis)
in Australia, with the flow of genes mostly from Eurasia to North America (Dugan et al.
2008). Evidence of viral genome reassortment between lineages was also found in
shorebirds and gulls from North America that had HA and M genes of Eurasian lineage
(Widjaja et al. 2004), and in Italian poultry that had HA and M genes from North American
shorebirds (Fusaro et al. 2010). From terns in Australia the M gene of H2N5 isolates were
of American origin and the other genes had highest homology to Eurasian lineage viruses
and only two genes had shared origins (Kishida et al. 2008). Moreover, these findings
further indicate that multiple genome reassortment within the same phylogenetic clade
occurs more frequently than between lineages. For migratory shorebirds, intermingling at
important flyway cross-over locations, such as the Wadden Sea (Van de Kam et al. 2004),
could provide the opportunity for transfer of viral genes between flyways. Hence at
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locations where migratory birds mix it is not surprising that multiple lineages can be found
circulating in the population concurrently (Spackman et al. 2005).
1.2.4 Evolution of HPAI H5N1 virus
The evolution and epidemiology of HPAI H5N1 have been comprehensively reviewed by
other authors and is only briefly discussed in this thesis (Sims et al. 2005; WHO 2005;
Webster et al. 2006; Mukhtar et al. 2007; Vijaykrishna et al. 2008; Wang et al. 2008; Yee et
al. 2008; Neumann et al. 2010).
The history of HPAI H5N1 virus began with the isolation of A/Goose/Guangdong/1/96
(H5N1) (Gs/Gd/96/H5N1) from a sick farmed goose in Southern China (Xu et al. 1999). A
chronology of events since the emergence of this virus are detailed elsewhere and
updated regularly by WHO based on official OIE reports (WHO 2011b). The
Gs/Gd/96/H5N1 is considered the progenitor virus for all H5N1 viruses isolated in Eurasia
since 1996, although this virus had an allele B NS gene whereas A/duck/Guangxi/07/99
and most contemporary H5N1 viruses have allele A NS gene (Neumann et al. 2010). The
origin of Gs/Gd/96/H5N1 has not been fully determined but may have been derived from
LPAI H5N1 viruses in migratory waterfowl, or from ducks in Hokkaido, Japan (Duan et al.
2007). Other analyses suggest derivation from other extant viruses at the time in wild and
domestic waterfowl in Hokkaido and Nanchang province of China including H1N1, H3N8,
H5N3 and H7N1 (Mukhtar et al. 2007).
In 1997 a HPAI H5N1 virus emerged in Hong Kong affecting chickens and humans that had
high HA homology with Gs/Gd/96/H5N1 (Xu et al. 1999). However their internal genes
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were not closely related suggesting that other avian viruses circulating at the time were
the progenitors of the NA and internal genes (Xu et al. 1999). For the HK/97/H5N1 viruses
a number of closely related viruses, a quail H9N2 (Guan et al. 1999) and its descendant, a
teal H6N1 virus, were considered the donors of the NA and internal genes (Hoffmann et
al. 2000). The HK/97/H5N1 viruses represented the first record of H5N1 infection in
humans and transmission of a whole avian virus genome to humans resulting in fatality
(Claas et al. 1998). The pandemic potential of this virus was restricted by the absence of
reassortment with a human influenza virus that would facilitate the acquisition of human
virus-like HA receptor specificity (Claas et al. 1998).
From 1997 until February 2003 when human H5N1 fatalities were reported again (WHO
2011b), a number of findings continued to heighten concerns about the risk of new
pandemic strains to emerge through reassortment from south-eastern China. In addition
to cases of human H5N1 infection, findings included: high homology between the internal
genes of the progenitor viruses for the HK/97 viruses (Hoffmann et al. 2000); transmission
of avian H9N2 to humans (Lin et al. 2000); continued circulation of avian H9N2 in poultry
(Guan et al. 2000) and pigs from southern China (Peiris et al. 2001) and of Gs/Gd/96/H5N1
in Guangdong geese (Webster et al. 2002); evidence of reassortment and changed HA
receptor specificity for human cells (Matrosovich et al. 2001; Peiris et al. 2001); detection
of multiple genotypes of H5N1 in the poultry markets of Hong Kong (Guan et al. 2002);
expanded host range from geese to ducks with H5N1 isolated from healthy domestic
ducks in southern China hence increasing the risk to terrestrial poultry (Chen et al. 2004);
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and detection of novel reassortant H9N2 viruses in southern China that indicated two-way
gene flow between terrestrial and aquatic domestic poultry (Li et al. 2003).
Since 1996/97 the phylogenetic evolution of H5N1 has been characterised by frequent
reassortment of the internal genes with concurrent antigenic drift of the HA gene that has
led to the current dominance of three main clades (Neumann et al. 2010). By 2001, six
H5N1 reassortants (genotypes A, B, C, D, E and X0) were recognised in the poultry markets
of Hong Kong which were related to reassortment with four other subtypes (Guan et al.
2002; Li et al. 2004). From 2002, another eight genotypes emerged (V, W, X1, X2, X3, Y, Z
and Z+), that, in contrast, had most of their donor genes for reassortment from existing
H5N1 viruses (Li et al. 2004; Neumann et al. 2010). Some genotypes (A-E, X and Y)
disappeared leaving genotype Z (with NA and NS1 deletions) as the dominant genotype
since January 2002 (Li et al. 2004). The switch in genome reassortment to only involve
H5N1 viruses and not other subtypes suggested these genotypes were reaching a
biological fitness.
The phylogenetic tree for the genotypes of H5N1 viruses was mainly determined by
molecular changes in the internal proteins, primarily the polymerase and NS1 genes
(Neumann et al. 2010). From late 2003 to early 2004, H5N1 disease outbreaks in poultry
and other birds were reported from nine Asian countries with V genotype viruses in Japan
and South Korea, and Z genotype viruses affecting Vietnam, Hong Kong, Thailand,
Cambodia, Laos PDR, Indonesia and China (Peiris et al. 2007; WHO 2011b). During 2005,
there was further divergence of the Z genotypes into three sub-genotypes Z.1-Z.3.
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Although the HA gene persisted as a single lineage, frequent mutations led to a numeric
classification system into distinct clades (clades 0-9), with Clade 2 divided further into ten
sub-clades, based on the nucleotide sequences of the HA gene (WHO 2008). There are
three dominant clades: HA Clade 2.2 (Z.1 sub-genotype), responsible for the Qinghai Lake
outbreak in April 2005 with its descendants that rapidly moved westward into Europe,
Mongolia, the Middle East and Africa; HA Clade 1 (Z.2 sub-genotype) mostly found in
2002-03 in Hong Kong, China, Thailand, Vietnam, Laos, Cambodia and Malaysia; and HA
Clade 2.3.4 (Z.3 sub-genotype) that from 2005 replaced many Clade 1 viruses, and is found
in China, Northern Vietnam, Thailand, Laos, Hong Kong and Malaysia (Nguyen et al. 2008;
WHO 2008; Smith et al. 2009a; Neumann et al. 2010). Sub-genotype Z.3 was also
represented by the Indonesian viruses (Clade 2.1) which were descended from Hunan,
China (Wang et al. 2008).

1.3 Epidemiology of AIV
1.3.1 Transmission and environmental ecology
The ecology of AIV is inextricably linked to an aquatic environment where virus is
transmitted between wild waterbirds through the faecal-oral route in contaminated
water. Ducks are integral to this process being renowned for excreting voluminous faeces
with high viral concentrations into aquatic ecosystems, possibly as high as 1010 EID50 over
one day (Webster et al. 1978). The capacity of aquatic ecosystems to support viral survival
is important to identifying transmission pathways and risk assessment. Although AIV’s
have been isolated from a number of waterways (Hinshaw et al. 1979; Hinshaw et al.
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1980; Ito et al. 1995), there are considerable gaps in knowledge about the factors that
determine persistence in the natural environment (Stallknecht and Brown 2009).
There have been a number of experimental studies that have investigated the
determinants of AIV persistence in water and faeces including the chemical, biological,
physical attributes, and likely complex interactions under a diverse range of conditions,
however it is evident that the relevance of these experimental data to actual field ecology
requires further validation (Stallknecht et al. 2010). One experimental study showed that
some LPAI viruses can remain infective in water and faeces for at least 32 days at 40C and
for 4-8 days at 220C (Webster et al. 1978), however few studies have investigated
persistence under natural settings with fluctuating temperature. One field ecological study
monitored sentinel ducks and turkeys in the Minnesota wetlands, USA, where wild
waterfowl nest, and found that 9 of 10 water samples that were positive by ECE virus
isolation were collected when water temperatures were <170C (Halvorson et al. 1983;
Halvorson et al. 1985).
Most studies have shown that viral persistence is highly variable between subtypes
(Stallknecht et al. 1990a; Stallknecht et al. 1990b; Brown et al. 2009a), and using linear
regression, that some wild LPAIV can potentially persist in water for up to 102 and 207
days at 280C and 170C respectively (Stallknecht et al. 1990b). Most studies have concluded
that viral persistence in water is dependent upon the combined effects of temperature,
salinity and pH (Stallknecht et al. 1990a; Brown et al. 2009a). Moreover, AIV are most
stable at low temperatures (<170C), in fresh to brackish water (0-20,000 ppm) and in
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slightly basic conditions (pH 7.4-8.2), and have least persistence under acidic (pH <6.6),
warm (>320C) and saline conditions (>25,000 ppm) (Brown et al. 2009a).
Considering these findings it is probable that viral maintenance and transmission will be
significantly restricted under the warm, saline, aquatic conditions experienced by many
migratory Charadriiformes that have preference for coastal environs during their nonbreeding months in tropical northern Australia. Moreover, in exposed coastal areas of
northern Australia consistently high levels of radiation are also likely to contribute
adversely to viral survival times. Furthermore, UV radiation is a natural virucidal agent,
and conversely, reduced solar radiation could be an important contributor to the
persistence of AIV in temperate waterways (Sagripanti and Lytle 2007). However few, if
any studies, have investigated the impact of solar radiation on AIV under field conditions.
Few virus persistence studies have been undertaken with HP viruses, though one study
suggested that HP subtypes have less persistence in the environment compared to wild LP
viruses. In that study two Asian HPAI H5N1 viruses were compared to four LP H5 subtypes
at salinities of 0, 15,000 and 30,000 ppm (seawater) and at two temperature levels. The
90% reduction times in viral titre by one log10 TCID50 for the HP viruses were up to 26, 30
and 19 days at 170C and up to 5, 5 and 3 days at 280C, with respective values for the LP
viruses up to 71, 63 and 19 days and 20, 10 and 7 days (Brown et al. 2007b).
The maintenance of AIV in nature is considered to rely on a combination of bird-bird
transmission and environmental persistence (Stallknecht and Brown 2008). A number of
AIV’s have been isolated from natural waterways (Stallknecht et al. 2010), with
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contaminated water sources incriminated as a transmission pathway to poultry (Swayne
2008a). However, it is unclear temporally to what extent natural aquatic ecosystems serve
as viral reservoirs for wild birds and also whether progressive dilution of the faecal viral
load in water affects the interaction between AIV and wild bird host. The isolation of AI
viruses that have survived winter in the absence of ducks in Alaskan lakes (Ito et al. 1995)
suggests there is scope for abiotic reservoirs of infection to exist for maintenance of a
transmission cycle over time. These findings provide some support to modelling that
suggests virus survival to 207 days at 170C is possible (Stallknecht et al. 1990b). The
significance of aquatic, abiotic reservoirs in the survival ecology of AIV is unclear (Worobey
2008) and requires further study.
The excretion of AIV from infected birds may also occur in respiratory and conjunctival
secretions. Experimental HPAI H5N1 challenge data in ducks shows significantly higher
viral titres from respiratory excretions compared to cloacal excretions and a similar shift in
excretion routes between pre and post 2001 H5N1 viruses (Sturm-Ramirez et al. 2005).
Hence wild birds may become infected with H5N1 by oral-oral and/or aerosol
transmission, as occurs during explosive outbreaks of disease in intensively reared poultry.
The impact of this change in shedding pattern for HPAI H5N1 virus on environmental
contamination, persistence in aquatic habitats, and transmission between birds (both wild
and domestic) is unknown. Interspecies viral transmission from wild birds to poultry and
other aberrant hosts may also occur through either direct or indirect contact with faeces
and respiratory secretions, contaminated water or fomites (Swayne 2008a).
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Recent research suggests another possible mechanism for AIV transmission associated
with the adsorption of AIV from the external environment or from faecal contamination,
into preen oil secreted from the uropygial glands of birds (Delogu et al. 2010). Although
infective doses of virus were found in the feathers of wild ducks it is unclear how long
infective levels could be maintained under various environmental conditions. The
importance of this finding in the epidemiology of H5N1 is unclear and merits further
investigation.
For humans, HP and LP AIV infection is primarily from infected poultry via direct contact
with faecal or respiratory aerosols (Cox and Uyeki 2008). Viral transmission to meat eating
mammals may also occur via the ingestion of infected avian carcasses, as evident in the
detection of HPAI H5N1 in felids, dogs and raptors (Keawcharoen et al. 2004; Songserm et
al. 2006a; Songserm et al. 2006b; Starick et al. 2008; USGS 2011b).
1.3.3 Epidemiology of AIV in Anseriformes
Many ecological traits of waterfowl (ducks, geese and swans) that belong to the order
Anseriformes favour the epidemiology of AI viruses that have adapted to their aquatic
hosts over hundreds of years in a relationship described as co-evolutionary equilibrium
(Webster et al. 1992). The attributes of this ecological paradigm include asymptomatic,
dispersive waterfowl, host to viral replication via intestinal tropism with excretion of
prodigious amounts of virus laden faeces into relatively stable freshwater ecosystems that
favour viral dispersion and transmission to other hosts (Webster et al. 1978; Stallknecht et
al. 2010). However the recent emergence and spread of the HPAI H5N1 panzootic through
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Eurasia since 2003, has challenged the scientific community’s fundamental knowledge and
understanding of the epidemiology of AIV in relation to the ecology of waterfowl hosts.
The biological attributes of the waterfowl host-AIV paradigm are supported by molecular
features of the influenza genome that show high conservatism and a well recognised avian
origin of influenza A virus (Gorman et al. 1990a). Other molecular and physiological
attributes may also contribute to the natural resistance of waterfowl to infection with AIV,
the perpetuation of the virus in waterfowl hosts, and the variability in responses to HPAI
H5N1 infection. These could include features such as, the unusual characteristics of duck
antibodies that relate to weak antibody responses to LPAIV infection (Magor 2011), the
presence of RIG-I helicase in waterfowl (absent in chickens), a cytoplasmic influenza virus
sensor of epithelial cells that stimulates early antiviral interferon responses (Barber et al.
2010), and a deficiency of ubiquitous proteases that restricts viral infection (Capua and
Mutinelli 2001). Moreover, the RIG-I sensor is considered to have a critical role in the
innate immune response of ducks by initiating antiviral responses that decrease viral
replication and viral titres, a feature that may explain the different responses to AIV
challenge between ducks and chickens (Magor 2011).
There is overwhelming scientific evidence that waterfowl are the natural reservoir hosts
for AIV with the detection of numerous viruses across a broad range of HA and NA
subtypes (Hinshaw et al. 1980; Hinshaw et al. 1985; Stallknecht and Shane 1988; Sharp et
al. 1993; Olsen et al. 2006; Munster et al. 2007; Wallensten et al. 2007; Stallknecht and
Brown 2008). A review of the results of global surveillance from approximately 44,000
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waterfowl showed overall a prevalence of AIV of 7.7% with the highest prevalence (10.1%)
in dabbling ducks (tribe Anatini) compared to other Anatidae sub-families (Olsen et al.
2006).
In northern Europe, a prevalence of 6.1% was found in 13,297 dabbling ducks using a Type
A RRT-PCR test (Munster et al. 2007), whereas in North American dabbling ducks,
although the prevalence by virus isolation was only 0.2% of 84,897 samples, 91% of 555
H5 subtype specific RRT-PCR positive results were from dabbling ducks (Pedersen et al.
2010). From Alaska, the virus prevalence in dabbling ducks varied according to the
sampling location from 0.08% to 4.6% (Winker et al. 2007; Ip et al. 2008). In Australia from
2005-2008, approximately 90% of LPAI subtypes detected in Anseriformes were from
dabbling ducks (Hansbro et al. 2010).
Historically the prevalences reported for dabbling ducks are distorted by one species, the
Mallard (Anas platyrhynchos), that has been consistently targeted since the earlier viral
detections of the 1970’s (Bahl et al. 1975; Hinshaw et al. 1980; Stallknecht and Shane
1988). Moreover, recent quantitative methods provide statistical evidence that dabbling
ducks comprise the reservoir community for influenza viruses and that the Mallard
represents a unique reservoir species capable of sustaining infection without other
maintenance hosts (Nishiura et al. 2009).
In North America, surveillance of waterfowl over 32 years has resulted in the consistent
isolation of AIV with annual prevalences ranging from 5.1 to 45.5%, with an overall mean
prevalence of 21.7% (Krauss and Webster 2010). At some sampling locations very high
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virus prevalence levels of 60-65% were found in juvenile ducks (Hinshaw et al. 1980;
Hinshaw et al. 1985; Stallknecht and Shane 1988). Another feature of the epidemiology of
AIV in these populations was periodicity in prevalence, both seasonally and cyclically at 23 year intervals, that was hypothesised to be related to an influx of juveniles and a high
attrition rate in adults (Krauss et al. 2004). Other biological factors may also account for
the cyclical virus prevalence in North America such as host immunity which has been
poorly studied in waterfowl.
The genetic phylogeny of AIV in waterfowl (and wild birds generally) shows compelling
evidence of evolution into Eurasian and North American lineages due to geographical
separation (Webster et al. 2007). Of the known 16 HA and 9 NA subtypes, all subtypes,
with the exception of H13-H16, have been detected in waterfowl from North America
(Krauss and Webster 2010). Similarly all subtypes have been detected from Northern
Europe waterfowl, with the exception of H14-H16 (Munster et al. 2007). The most
prominent subtypes reported to be cycling in North American waterfowl have been H3, H4
and H6 (Hinshaw et al. 1985; Sharp et al. 1993; Krauss et al. 2004).
More recently, LPAI H5 subtype was identified as a prominent subtype in North America
(Dusek et al. 2009; Pasick et al. 2010; Pedersen et al. 2010), and H5, H7 and H9 comprised
21.5% of isolates from one survey location, suggesting spatial differences exist in North
America (Hanson et al. 2003). In ducks from Northern Europe, H4, H6 and H7 were the
most prominent subtypes with periodic isolations of LPAI H5 subtype (Munster et al. 2007;
Wallensten et al. 2007). Subtype LPAI H5 was also detected in 0.2% of 48,166
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Anseriformes sampled from the European Union in 2007, where overall Type A RRT-PCR
test prevalence was 2.7% (Breed et al. 2010).
In Asia, limited surveillance has shown that the prevalence of AIV in wild birds is markedly
lower than that from North America and Northern Europe. A longitudinal study of 20,812
wild ducks over 10 years in Taiwan using faecal environmental sampling detected a virus
prevalence of 1.1%, with virus only detected in autumn when birds had arrived after
migration from further north (Cheng et al. 2010). Almost half of the isolates were H4 with
the Eurasian lineage predominant, and all HA and NA subtypes were identified with the
exception of H13, H15 and H16. These findings suggest that AIV infection rates are too low
to be maintained in the resident wild bird population of Taiwan.
Few surveillance studies of waterfowl have been done in the southern hemisphere, and in
contrast to North America and Europe, virus prevalence levels in Australia are reported as
being considerably lower. From 2005 to 2008, surveillance of 10,231 Australian waterfowl
detected only 0.9% positive for AIV by RRT-PCR subtype sequencing and 2.4% prevalence
by Type A RRT-PCR (Hansbro et al. 2010). From earlier surveys of Australian waterfowl
with smaller sample sizes, higher virus prevalences were reported, such as 2.4% in WA
(Mackenzie et al. 1984; Mackenzie et al. 1985) and 1.4% in Victoria (Peroulis and O'Riley
2004). It is unclear why virus prevalence has been lower in recent studies, but this may be
related to greater use of faecal environmental sampling or a less targeted sampling
approach.

25

All HA and NA subtypes, with the exception of H14 and H16, have been detected in
Australian waterfowl (Mackenzie et al. 1985; Röhm et al. 1996; Peroulis and O'Riley 2004;
Haynes et al. 2009; Hansbro et al. 2010; OCVO 2010). Prominent subtypes have included
H3, H6, H9 and more recently H5, with the genetic phylogeny of H5, H7 and H9 subtypes
suggesting a distinct Australian lineage (Hansbro et al. 2010). There has never been any
detection of HPAIV in Australian wild waterfowl and molecular analysis of recent H5 and
H7 isolates show an absence of multiple basic cleavage sites (Hansbro et al. 2010).
Extensive long term global surveillance of waterfowl has provided a wealth of knowledge
on the epidemiology of AIV that has demonstrated significant variation in the virus
prevalence which is influenced by population, biological and ecological factors that
manifest as species, spatial and temporal differences (Stallknecht and Shane 1988;
Munster et al. 2007). Population factors include flock size and density at feeding, roost
and staging sites, and flock age structure. In North America and Northern Europe, the
influx of immunologically naïve juvenile ducks into flocks at pre-migration staging sites
accounts for marked seasonal differences in AIV prevalence. This manifests as a
significantly higher virus prevalence in autumn (for example 22.2% in North America) prior
to southern migration, compared to a low prevalence (for example 0.3% in North America)
prior to northern migration from further south in the spring (Sharp et al. 1993; Krauss et
al. 2004; Munster et al. 2007; Wallensten et al. 2007). However in North European
waterfowl the virus prevalence in spring was not always low (mean virus prevalence=4%,
highest level 9.5%) and similarly in Alaskan waterfowl (2.5% RRT-PCR positive prevalence),
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suggesting that AIV is maintained in reservoir hosts throughout the year (Wallensten et al.
2007; Ip et al. 2008).
The hypothesis of juvenile susceptibility to infection is supported by the finding of
consistently higher prevalence of AIV in juveniles compared to adults (Hinshaw et al. 1980;
Hinshaw et al. 1985; Stallknecht and Shane 1988; Sharp et al. 1993; Wallensten et al.
2007). Other factors may also contribute to this phenomenon, such as population build-up
and congregation of ducks that were more dispersed during the breeding season creating
ideal conditions for mixing, amplification and spread of a diverse range of AIV’s (Sharp et
al. 1993).
The biological and ecological determinants of AIV infection in waterfowl also include
feeding, behaviour and movement patterns. Dabbling ducks, particularly the Mallard, are
universally recognised as hosts with a higher prevalence for AIV and this is most likely
associated with their morphology and feeding habits reflected in extensive periods of
filter feeding in aquatic ecosystems. Within the dabbling ducks, other species, such as the
Northern Shoveler (Anas clypeata), are often under-represented in surveillance sampling
and in several studies had a higher prevalence compared to other dabbling ducks (Hill et
al. 2010; Siembieda et al. 2010). It was hypothesised that this is correlated with the
density of lamellae inside the bill, since this morphology relates to higher water filtration
rates with more likely exposure to AIV. Moreover, the Northern Shoveler spends more
time submersed than other dabbling or diving ducks, which could also increase exposure
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risk. Further research is needed on the importance of avian morphology and feeding
behaviour compared to other determinants of exposure risk to viral infection.
Biological factors also include the highly dispersive behaviour of waterfowl that are
responsive to the critical survival demands of feeding and breeding. In the northern
hemisphere, many waterfowl are truly migratory, travelling along flyways that bridge
continents and regions with potential dissemination of AIV into new regions. Another not
uncommon movement behaviour of European dabbling ducks is abmigration, whereby
ducks are recruited into a different flyway by the opposite sex (Guillemain et al. 2005).
Australian waterfowl are also nomadic and highly dispersive, however their biology
includes limited vagrancy into southern PNG and nearby areas, and unlike northern
hemisphere waterfowl, do not migrate on intercontinental flyways (Tracey et al. 2004).
The presence of related subspecies with Australian affinities in Wallacea also suggests
they have evolved as separate populations not linked by a well defined migration pathway
(Coates and Bishop 1997). These biological features serve to mitigate the risk of AIV
mixing between spatially separate populations as discussed further under risk assessment
in Chapter 7. Of the Palearctic migrants, three species, the Northern Shoveler, Garganey
(Anas querquedula) and Northern Pintail (Anas acuta) are known as rare vagrant visitors
to Australia (Tracey 2010).
1.3.4 Epidemiology of AIV in Charadriiformes
The Charadriiformes are a biologically heterogeneous group of waterbirds that include
waders (shorebirds), gulls and terns adapted to living in a diverse array of terrestrial and
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aquatic ecosystems. Many waders are renowned for their remarkable biology relating to
annual trans-hemispherical migration between boreal and arctic breeding areas and
southern hemisphere wetlands via global migration routes or flyways (Van de Kam et al.
2004). The Charadriiformes are considered natural reservoir hosts for LPAIV (Webster et
al. 1992; Webster et al. 2007).
Compared to Anseriformes, there is a paucity of extensive global data and thorough
research to fully understand the role of Charadriiformes in AIV ecology. A formative
review of historical global AIV data prior to 2006 indicates that <20,000 waders, gulls and
terns across 28 species had been sampled compared to approximately 45,000 waterfowl
across 47 species (Olsen et al. 2006). Given their broad global distribution and
considerably higher diversity (350 species of Charadriiformes compared to 150 species of
Anseriformes), these figures highlight significant gaps in Charadriiform surveillance data
and bias towards sampling waterfowl.
Although limited global data exists, overall results suggest that the prevalence of AIV is
markedly lower in Charadriiformes compared to Anseriformes. Moreover when reviewed,
the global virus prevalence was 0.8% in 10 species of shorebirds (n=2,637), 0.9% in nine
species of terns (n=2,521) and 1.4% in nine species of gulls (n=14,505), with an overall
estimated prevalence in Charadriiformes of 1.2%. By contrast, the same review found a
prevalence of 9.5% in ducks (n=34,503) and overall, a virus prevalence of 7.7% in
Anseriformes (n=44,318) (Olsen et al. 2006).
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Nonetheless, surveillance findings show that spatiotemporal variations in the virus
prevalence exist in Charadriiformes, with Delaware Bay USA returning consistently higher
virus prevalences between 3.1% and 6.1%. In one Delaware study, faecal sampling
detected a virus prevalence of 4.4% in 497 shorebirds and a prevalence of 1.4% in 949
gulls (Kawaoka et al. 1988), and another study over 16 years detected a virus prevalence
of 6.1% (adjusted for pooling of faecal samples) in 4,266 shorebirds and gulls (Krauss et al.
2004). A more recent study at Delaware Bay over seven years detected a 4.4% virus
prevalence in 6,340 shorebirds and gulls (Hanson et al. 2008). Whether similar focal areas
of high AIV activity in Charadriiformes are extant in other regions would require more
extensive global shorebird surveillance to be undertaken.
Outside of Delaware Bay there have only been sporadic isolations of AIV with lower virus
prevalence levels reported in shorebirds and gulls from Northern Europe (0.3%, n=3,061)
(Fouchier et al. 2003), Alaska (0.22%, n=3,633; 0.06%, n=1,820 respectively) (Ip et al. 2008;
Winker et al. 2008), America (0.3%, n=3,076) (Hanson et al. 2008) and Taiwan (0.07%,
n=7,052) (Cheng et al. 2010). Another study in Europe tested 3,154 shorebirds across 47
species by Type A RRT-PCR without detecting any virus excretion, although virus excretion
was detected in 0.54% of 4,099 gulls and terns mostly sampled from Northern Europe
(Munster et al. 2007). A low prevalence was also found in Eurasian waders (0.9%, n=688)
(Gaidet et al. 2007) and shorebirds from the Pacific coast of North America (0.5%,
n=2,773) (Iverson et al. 2008) using the RTT-PCR. More recent surveillance of 9,880
Charadriiformes from the European Union found two confirmed cases of H5N1 in dead
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gulls, and 1.5% of birds positive by Type A RRT-PCR screen testing, however the
proportion of these confirmed positive by sequencing was unclear (Breed et al. 2010).
In several studies at Delaware Bay, the prevalence of AIV was shown to be directly
attributable to one migratory wader species, the Ruddy Turnstone (Arenaria interpres),
accounting for 40% (Kawaoka et al. 1988) and 87% (Hanson et al. 2008) of all isolates.
There was no conclusive evidence to explain the high AIV infection profile of Ruddy
Turnstones, but it was hypothesised that this phenomenon could be a result of either: 1)
higher risk of exposure from unusual feeding habits that could increase exposure to
pathogens; 2) exposure to viruses in pools of water at evening roost sites; 3) arrival on
migration as immune naïve adult birds; or 4) high density crowding of birds (Hanson et al.
2008).
Any one or a combination of these factors could be responsible for the AIV profile of
Ruddy Turnstones at Delaware Bay, and similarly, they could be the determinants of
infection in other shorebirds. At Delaware Bay, population density is a likely important
factor in virus transmission given that over a million shorebirds stopover to refuel,
however other shorebird species, such as Red Knot (Calidris canutus) and Sanderling
(Calidris alba), also occur in high density at this location (Minton 2011, pers. com.).
Moreover, the marked difference in virus prevalence reported between Ruddy Turnstones
(11.1%) and seven other sympatric shorebird species (cumulative total, 0.75%) suggests
that the risk of AIV infection is primarily species specific at Delaware Bay, and not readily
circulating through the shorebird population (Hanson et al. 2008).
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At Delaware Bay other findings have included, all HA subtypes except H14 and H15, all NA
subtypes, and a wider spectrum of subtypes in shorebirds and gulls compared to ducks.
Hence it was hypothesised that shorebirds are natural reservoir hosts for most subtypes,
and that a higher prevalence in spring on northward migration compared to autumn, is a
mechanism for virus transmission to wild ducks in their northern breeding grounds (Krauss
et al. 2004). In that study, subtypes H3, H11, H9 and H12 were predominant, with H5, H7
and H9 more prevalent in shorebirds than ducks. Other findings included an overall virus
prevalence that varied with cyclical periodicity similar to ducks that was less apparent for
individual subtypes (Krauss et al. 2004). Another study found higher frequency of H9 in
shorebirds and H13 in gulls at Delaware Bay, however the subtypes detected were not
species specific indicating co-circulation in shorebirds (Kawaoka et al. 1988). Moreover,
further analysis of reported data (Krauss et al. 2004), indicates that the presence of a
subtype in shorebirds was more likely to result in the same subtype being carried in
waterfowl, and vice versa, further suggesting that there is spillover of subtypes between
these two groups (Vandegrift et al. 2010).
In a further study of the shorebirds at Delaware Bay, H10 was most frequently detected,
with H2, H9 and H11 also prevalent, and there was evidence of annual subtype diversity
rather than circulation of species specific subtypes (Hanson et al. 2008). An alternate
hypothesis was suggested that shorebirds are not natural reservoirs for AIV, given that
global prevalence of AIV in shorebirds is so low and that most subtypes found in American
ducks and gulls are also eventually found in the shorebirds at Delaware Bay. The
uncertainty about the role of shorebirds in the ecology of AIV requires further global
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surveillance and research focus, including detailed phylogenetic analysis of AIV isolates
from shorebirds and waterfowl at key locations such as Delaware Bay.
Gulls and terns of the Laridae and Sternidae family may have an important role in the
ecology of AIV, given that population density is a probable determinant of the risk of
infection in birds. These birds are terrestrial breeders in densely packed colonies with high
propensity for any introduced pathogen to move rapidly through the flock. This biology
would have manifestly led to the severity of the first reported epornitic of HPAI detected
in a colony of Common Terns (Sterna hirundo) in South Africa during 1961 (Becker 1966),
and other reports such as a high mortality event of suspected H13 aetiology in Ring-billed
Gulls (Larus delawarensis) in Canada in 1999 (Velarde et al. 2010).
Moreover, AIV phylogeny recognises a distinct gull lineage and two contemporary
subtypes, H13 and H16 that are almost exclusively found in members of the Laridae family
(Hinshaw et al. 1982; Fouchier et al. 2005). Features of the H13 and H16 viruses include
closely related internal genes except for the NS gene, similar amino acid residues at the
HA receptor binding site that could determine host preferences, and poor replication in
ducks and poultry (Hinshaw et al. 1982; Kawaoka et al. 1988; Fouchier et al. 2005).
However, the phylogeny of gull viruses are unpredictable based on analysis of the matrix
gene, with some H13 viruses in other avian lineages and some non-H13 viruses in the gull
lineage (Widjaja et al. 2004). The presence of a gull lineage and species specific subtypes
would have required isolation in these hosts for sufficient time to allow genetic
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differentiation, further indicating a role for gulls in the ecology of AIV (Hinshaw et al.
1982; Munster et al. 2007; Fouchier and Munster 2009).
These studies show that there are species, spatial and temporal variations in the
prevalence of AIV as hypothesised by others (Munster et al. 2007), highlighting the
complexity of the viral ecology and need for greater research effort to better understand
the role of Charadriiformes. Species variability in AIV prevalence and virus specificity as
evident in the Ruddy Turnstones at Delaware Bay and distinct gull subtypes reflect the
heterogeneity of Charadriiformes that have diverse feeding, breeding and movement
behaviours. The spatial disparity in the prevalence of AIV between shorebirds from North
America and Northern Europe could also indicate different global roles for shorebirds in
the viral ecology (Olsen et al. 2006; Munster et al. 2007; Fouchier and Munster 2009),
although this hypothesis is less convincing when the Delaware Bay data are excluded.
When shorebirds are compared with waterfowl and gulls, there is no conclusive evidence
that AI viruses have evolved separately to form a stable shorebird lineage or into species
specific subtypes as found in gulls, and molecular studies have not shown genetic
differences between shorebird and duck viruses (Stallknecht and Brown 2008). Hence
there is no compelling evidence that AI viruses have co-evolved in shorebirds as evident in
waterfowl. Thus far, the role of shorebirds in the epidemiology of HPAI H5N1 also appears
minimal or inconsequential with only sporadic isolations and no known significant
spillover (Stallknecht and Brown 2008; Vandegrift et al. 2010). Shorebirds also have a
unique biology that includes incredible feats of migration and survival and there is
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insufficient scientific understanding of the complex interplay of this biology with host
immunity and exposure to AIV. The determinants of AIV infection are likely to be multifactorial and complex in this heterogeneous group of birds and highlight the need for
comprehensive long term research across a broader geographical area and across multiple
species to further explore the role of shorebirds in the ecology of AIV.
In Australia, there have been only sporadic isolations of HA subtypes H2 to H13 (except H8
and H10), and NA subtypes, N2, N5 to N9 from the surveillance of almost 17,000
Charadriiformes (10,474 waders, 2,760 gulls and terns and 3,748 mixed) (Laver and
Webster 1972; Downie et al. 1977; Mackenzie et al. 1985; Hurt et al. 2006; Kishida et al.
2008; Haynes et al. 2009; Hansbro et al. 2010). From these reports, AIV (from VI and RRTPCR sequenced samples) has been detected in only 43 birds (number of isolations in terns
not provided in Downie et al. 1977, notionally assumed as one), that suggests an
approximate viral prevalence of 0.25%, a comparable level to that reported outside of
Delaware Bay.
The most frequent HA subtype detection from Charadriiformes in Australia has been H4,
with all 12 detections from Red-necked Stints, of which 10 were in H4N8 subtype
combination (Mackenzie et al. 1985; Hurt et al. 2006; OCVO 2010). The phylogeny of H4N8
suggests Eurasian origin but there was only 87% nucleotide similarity with the nearest
match, suggesting this subtype has evolved in isolation from Asian subtypes over time
(Hurt et al. 2006). Moreover, molecular analysis of recent H9 subtypes sequenced from
shorebirds and waterfowl suggest that AI viruses have diverged from the Eurasian lineage
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into a separate Australian lineage (Hansbro et al. 2010). Analysis of recent H5 and H7
subtypes isolates from Australian waterfowl also suggests clustering into a separate
lineage (Hansbro et al. 2010). These findings imply a hypothesis that migratory shorebirds
are not introducing viruses of Eurasian origin to Australia and are more likely to be
exposed to AI viruses in aquatic systems shared with Australian waterfowl.
However, Eurasian strains have been isolated from wild birds in Australia, such as subtype
H2N5 isolated from six terns (species details not provided) from an offshore QLD island
that had genes from American (M gene) and Eurasian (NP gene) clades. This finding
suggests transfer of genes occurs between shorebirds on northern breeding grounds
(Kishida et al. 2008), consistent with other phylogenetic analyses that conclude shorebirds
are a source of gene reassortment between American and Eurasian lineage viruses
(Widjaja et al. 2004). Moreover in Northern Europe, virus was detected in Guillemots (Uria
aalge) with North American and Eurasian genes (Wallensten et al. 2005). Also in Italy, the
matrix gene of isolates from domestic Mallards had high homology with isolates from
Ruddy Turnstones at Delaware Bay, suggesting this migratory species may have an
important role in gene exchange between two continents (Fusaro et al. 2010). These
findings highlight the importance of genomic studies that can identify different avian
reservoirs that may occupy very diverse ecological niches and suggest a different role for
shorebirds in the ecology of AIV as an important spillover host in shared ecosystems with
potential for broad global transmission of AIV.
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Detections of AIV from other Charadriiformes in Australia have included H11 in Sharptailed Sandpipers (Calidris acuminata), H9 in Eastern Curlew (Numenius madagascariensis)
and Bar-tailed Godwit (Limosa lapponica), H5 in Red Knot, and H7, H11 and H13 in several
gull and tern species (Downie et al. 1973; Mackenzie et al. 1985; Hurt et al. 2006; Haynes
et al. 2009; Hansbro et al. 2010; OCVO 2010).
1.3.5 Epidemiology of AIV in other hosts
Although well adapted to wild birds, AI viruses have the ability to switch to a wide range
of mammalian hosts and although generally transitory, new stable phylogenetic lineages
occasionally emerge that are species specific, such as the equine, swine and human
lineages (Webster et al. 1992). Reassortment with emergence of new lineages from the
avian pool has been identified on several occasions, often with dramatic consequences.
For example in 1989, horses from Northeast China had severe respiratory disease from a
distinctly new H3N8 subtype with six genes closely related to avian viruses (Guo et al.
1992). The human influenza pandemics of Asian flu in 1957 (H2N2) and Hong Kong flu in
1968 (H3N2) were associated with reassortment events involving HA, NA and PB1, and HA
and PB1 avian-origin genes respectively into a human virus genetic background (Smith et
al. 2009b). In these epidemics, avian HA most likely increased its affinity under selective
pressure for human GAL receptors in the nasal epithelium early after transmission to
humans, enabling higher levels of replication and transmission (Matrosovich et al. 2000).
This shift in HA receptor binding specificity that requires only one or two amino acid
changes is considered a prerequisite of the emergence of a human pandemic virus. Since
switching to a human host in 1968 the HA gene has subsequently evolved as a single
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lineage with a steady nucleotide mutation rate (Lamb et al. 2008). The 1977 Russian
pandemic was associated with the re-emergence of an earlier H1N1 and this virus still cocirculates with H3N2. Although highly virulent, the current HPAI H5N1 viruses are not
readily adapted to humans, and for infection to occur close physical contact with birds is
required for the virus to gain host entry via avian SAα2,3 GAL receptors, that are in
humans only found in the lower respiratory tract (Pappaioanou 2009).
Pigs have an important role in the ecology of AIV and are recognised as efficient
replicating hosts or mixing vessels for reassortment of avian and human influenza viruses
with potential for a pandemic virus to emerge. This is due to the presence of GAL receptor
cells for both virus lineages in pig trachea (Ito et al. 1998), and with further replication the
receptor specificity of avian viruses undergo an adaptive shift to human GAL linkages (Ito
and Kawaoka 2000). Overall the swine viruses have a selective advantage for avian-like
genes (Webby et al. 2000).
Pigs are reservoir hosts for primarily two subtypes, H1N1 and H3N2. There are three
known lineages of swine H1 influenza viruses, a Classical Swine H1N1 lineage that
circulates in North America, an avian-like Eurasian H1N1 lineage that has gradually
replaced the Classical Swine viruses in Europe, and a triple reassortant H1N2 lineage
(Smith et al. 2009c; Vijaykrishna et al. 2010). The swine H3N2 lineage includes human and
avian-like viruses, and in Europe, human-like strains have adopted avian genes with
respiratory disease evident (Webster et al. 1992). Moreover, in 1998 a triple reassortant
H3N2 virus emerged in North America with genes from Classical Swine H1N1, North
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American avian, and human H3N2 influenza (Smith et al. 2009c). This virus also had NP
and PA genes closely related to Gs/Gd/96/H5N1 (Xu et al. 1999). In Asia, the Classical
Swine H5N1 lineage circulates with other viruses including avian-like Eurasian H1N1,
human H3N2 and the North American triple reassortant H3N2 (Smith et al. 2009c). The
H1N1 and H3N2 swine lineages continue to circulate and show change through
reassortment with other viruses (Smith et al. 2009c). Other subtypes have also been
detected in pigs such as whole genomes of avian H4N6 (Karasin et al. 2000).
The ecological role of the pig was apparent in the Swine Flu pandemic of 2009 that began
in Mexico and rapidly spread worldwide via human to human transmission. The genomes
for the swine-origin influenza A (H1N1) virus had a multiple genetic origin and had been
circulating undetected in swine for at least 10 years. The new H1N1 emerged as a possible
single introduction event to humans after multiple reassortment events in North
American swine. The NA and M genes originated from the Eurasian avian-like swine H1N1
lineage, whereas the polymerase genes, HA, NP and NS genes were from the triple
reassortant lineage circulating in North American swine. The genes for the triple
reassortant virus were sourced from avian, human (H3N2) and Classical Swine lineages, as
described in detail elsewhere (Garten et al. 2009; Smith et al. 2009c). The pandemic was a
major concern for public health given the swine-origin virus featured HA with antigenic
and genetic divergence, genetic composition that was previously unrecognised, and was
readily transmitted between humans. Interestingly, the predicted molecular markers
characteristic of pandemic viruses and adaptation to humans were not detected in this
virus (Garten et al. 2009; Smith et al. 2009c), hence this virus was less virulent than the
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1918 H1N1 virus. Furthermore, in south-eastern China, avian H9N2 and human-like H3N2
have been found co-circulating in pigs (Peiris et al. 2001), and more recently a reassortant
of the pandemic H1N1/2009 virus was identified in Hong Kong pigs highlighting the
potential for novel viruses to emerge via reassortment in pigs (Vijaykrishna et al. 2010).
The Classic Swine Lineage (H1N1) has been closely studied due to its contemporaneous
avian origin with the extant human HIN1 lineage prior to 1918 and subsequent emergence
of the H1N1 Spanish Flu virus that resulted in more than 25 million human deaths
(Webster et al. 1992; Lamb et al. 2008). It was suggested that the H1N1 Spanish flu virus
emerged as a novel virus due to recombination between the HA genes of these two
lineages (Gibbs et al. 2001). Moreover, the PCS motif for virulence in the HA sequence was
absent in this virus, and it is suggested that the molecular determinants for such high
virulence were related to an atypical innate host immune response (Watanabe and
Kawaoka 2011).
The molecular basis for adaptation to new hosts is poorly understood and may involve
multiple mutations and possible gene reassortment after co-infection with another virus,
as evident in most of the historical pandemics (Gabriel et al. 2007). The HA protein plays a
critical role in determining host specificity and virulence depending on the species of sialic
acid and type of host cell linkages, as described in this chapter. The presence of abundant
human GAL receptors in the epithelial cells of the trachea and colon in Japanese Quail
(Coturnix japonica), that are farmed extensively in SE Asia, could provide quail with an
important role in interspecies transmission or as an intermediate host for generation of
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reassortant viruses that could have pandemic potential (Wan and Perez 2006). In poultry,
some viruses feature molecular changes associated with adaptation such as reduced
affinity for avian linkages, additional glycosylations near the globular head and NA stalk
deletions (Neumann and Kawaoka 2006).
Mutations of the polymerase complex may be involved in the reversal of host restriction,
allowing adaptation to new mammalian hosts and increased virulence (Gabriel et al. 2005;
Gabriel et al. 2007; Matrosovich et al. 2009). Substitution of glutamic acid with lysine at
position 627 of the PB2 gene has been linked to loss of host restriction and may have been
important in the molecular epidemiology of the 1957 and 1968 pandemics (Subbarao et
al. 1993), and increased virulence of the Hong Kong H5N1 1997 virus (Hatta et al. 2001).
Other positional substitutions in PB2 have also been implicated in virulence such as the
ability of contemporary H1N1 and H5N1 viruses to replicate efficiently in other
mammalian hosts (Li et al. 2005; Yamada et al. 2010). Other internal proteins may also
influence host range but the effect of individual proteins is often more variable (Neumann
and Kawaoka 2006).
1.3.6 Epidemiology of HPAI H5N1 virus in wild birds
The epidemiology of HPAI H5N1 virus in wild birds has changed markedly since 1996 and is
closely associated with the rapid antigenic and genetic viral evolution that has primarily
occurred in domestic poultry. Between 1997 and 2002 there were no reports of H5N1
infection in wild birds even though H5N1 viruses continued to circulate in the region.
Although experimental inoculation with HPAI H5N1 viruses was highly pathogenic in
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poultry, in contrast, ducks and gulls were asymptomatic and had evidence of only limited
replication (Perkins and Swayne 2002a; Perkins and Swayne 2002b; Perkins and Swayne
2003a; Kishida et al. 2005). These findings supported the hypotheses of natural resistance
in ducks, and poor replication of poultry adapted strains in wild birds.
However in late 2002, concurrent to H5N1 disease outbreaks in Hong Kong poultry, clinical
disease was reported in captive and wild birds for the first time since 1961. A variety of
wild birds were affected including ducks, geese, swans, flamingos and egrets with a range
of clinico-pathological signs and high mortality (Ellis et al. 2004). These new viruses were
antigenically distinct from previous H5N1 viruses, were pathogenic and neurotropic in
ducks and showed broad tissue replication (Sturm-Ramirez et al. 2004).
Furthermore after 2002, H5N1 viruses experimentally showed preferential replication in
the respiratory tract with pathogenicity positively correlated with tracheal replication and
variable pathogenicity from lethality, to asymptomatic infections with viral shedding
(Sturm-Ramirez et al. 2005; Keawcharoen et al. 2008). Human HK/97/H5N1 also replicated
in ducks without clinical disease which raised further concerns about the potential role of
ducks in future pandemics (Sturm-Ramirez et al. 2004). These findings were supported by
other experimental studies using H5N1 viruses from 2003-04 that showed ducks were
asymptomatic and excreted virus for up to 17 days, and that some of these viruses
trended to non-pathogenicity (Hulse-Post et al. 2005). From 2005 to 2007, surveillance of
dead wild birds in Hong Kong identified 47 viruses, mostly from passerines, that had
genetic diversity indicating multiple H5N1 introductions. The lack of any H5N1 detections
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in poultry at Hong Kong from 2004 until June 2008 also supported a role for wild birds to
transmit H5N1 viruses (Smith et al. 2009a).
The most significant HPAI wild bird mortality event ever recorded occurred at Qinghai
Lake in western China in May 2005 (Chen et al. 2005; Liu et al. 2005). Of more than 6,000
wild birds that died most were Bar-headed Goose (Anser indicus), as well as Great
Cormorant (Phalacrocorax carbo), Great black-headed Gull (Larus ichthyaetus), Brownheaded Gull (Larus brunnicephalus) and Ruddy Shelduck (Tadorna ferruginea). A limited
number of Whooper Swan (Cygnus cygnus), Black-headed Crane (Grus nigricollis) and
Pochard (Aythya ferina) also died during the outbreak (Chen et al. 2006b). All viruses that
were analysed had the multiple basic amino acid motif for virulence at the PCS, a 20
amino acid deletion in the NA stalk, and some had insertion of lysine at position 627 of the
PB2 gene. All viruses tested had an IVPI of 3.0, the highest possible score (Chen et al.
2006b).
Phylogenetic analysis showed that the genetic origin of the Qinghai Lake viruses was most
likely from domestic poultry in southern China. The HA, NA and NP genes of all viruses
isolated at Qinghai Lake were closely related to each other and resembled the H5N1
viruses from earlier poultry outbreaks in southern China. The other internal genes had
high homology between viruses and were also closely related to poultry isolates from
southern China and Japan (Chen et al. 2005; Chen et al. 2006b). Furthermore, all eight
gene segments of the Qinghai Lake isolates were traced to several viruses isolated from
healthy migratory ducks (species not identified) at Poyang Lake, about 1,700 km away in
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south-eastern China several months before the outbreak at Qinghai Lake (Chen et al.
2006a). Further detailed information on the Qinghai outbreak and the phylogeny of the
H5N1 viruses are described elsewhere (Chen et al. 2006b; Zhou et al. 2006).
More evidence implicated the role of migratory ducks with the rapid spread of H5N1 into
Mongolia and Russia causing mortality in wild birds and genotype identity that was linked
to one of the four genotypes responsible for the Qinghai outbreak (Chen et al. 2006b).
Wild birds were further implicated in the long distance spread of HPAI H5N1 from Qinghai
Lake into H5N1-free Europe due to the speed of transmission and timing of outbreaks that
coincided with annual waterbird migration. In late 2005-06, Qinghai-like H5N1 viruses
were found in wild birds in Europe before outbreaks occurred in poultry (WHO 2011b).
Wild bird species affected included dead Mute Swan (Cygnus olor) and apparently healthy
Black-headed Gull (Larus ridibundus) in Croatia, (Savic et al. 2010) and at least 300 dead
wild birds in Germany (Starick et al. 2008). In both countries, several variant strains were
identified that suggested multiple introductions of H5N1 linked to the movements of
migratory birds. In the Middle East and north African countries, H5N1 viruses related to
Russian and Qinghai viruses (Salzberg et al. 2007) were mostly reported firstly in poultry
with some exceptions, such as a dead flamingo (Phoenicopterus sp.) in Kuwait and dead
swans in Iran (WHO 2011b). Furthermore, the testing of more than 5,000 wild birds across
14 countries during 2006 found no conclusive evidence to further implicate wild birds with
the incursion of H5N1 into the Middle East or African region (Gaidet et al. 2007).
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Biologically, the Mallard was considered the primary vector for HPAI H5N1 due to its
abundance, its utilisation of widespread habitat types that are often proximal to human
habitation and migration pattern northeast to southwest across Eurasia (Keawcharoen et
al. 2008). This hypothesis was supported by experimental evidence of viral excretion in
Mallards to 7 DPI in the absence of clinical signs, whereas all geese died following
inoculation with a Bar-headed Goose H5N1 virus (Chen et al. 2006a). Other trials also
showed that compared to other ducks, Mallards were more likely to transmit HPAI H5N1
viruses with viral excretion to 5 DPI in the absence of clinical signs (Keawcharoen et al.
2008). These findings probably explain the absence of dead Mallards from the H5N1
outbreaks in wild birds across Eurasia during 2005/06 (Keawcharoen et al. 2008).
To better elucidate the role of wild birds in HPAI H5N1 epidemiology, various studies have
focused on the genetic phylogeny of H5N1, the survival and viral excretion response to
experimental H5N1 challenge, and the mapping of the migration behaviour of important
wild bird species. The use of Global Positioning System satellite telemetry technology has
been used to map migration behaviour in relation to H5N1 outbreaks and risk factors in
waterfowl. Two studies have found evidence that the Qinghai Lake outbreaks were not
associated with migration of waterfowl from Poyang Lake. In one study, satellite tracking
could not find any wild bird connectivity between Poyang and Qinghai Lakes and also
found that waterfowl movements followed the coastal areas of China along the East
Asian-Australasian Flyway (EAAF) and were unrelated to the timing of outbreaks of H5N1
in poultry (Takekawa et al. 2010). In another study, the tracking of Bar-headed Geese
showed that the source of the Qinghai outbreak was more likely to be from Lhasa in Tibet,
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and was probably related to earlier outbreaks in poultry at Lhasa in February 2004
(Prosser et al. 2011). At Lhasa there were also high risk factors for intermixing between
wild and domestic birds and there was spatiotemporal association between the migration
corridor of geese and reported outbreaks of H5N1 in poultry. Hence it was hypothesised
that Bar-headed Geese had transmitted H5N1 virus from Lhasa to Qinghai either directly
or by multiple (or relay) movements on migration (Prosser et al. 2011). Furthermore,
telemetry also established a waterfowl migratory link and possible pathway for H5N1
spread between Qinghai Lake and the summer breeding grounds of central Mongolia
(Prosser et al. 2009).
Other satellite telemetry studies have shown that some migratory birds can travel over
long distances without stopping. In one study, a Garganey flew 2,000 km in two days
(Gaidet et al. 2008b), and in a related study of 228 birds from 19 species of waterfowl, the
average distance travelled over a four day period was between 300-1,700 km, with much
higher values in some individuals (Gaidet et al. 2010). Assuming a 3-4 day mean duration
of viral shedding in asymptomatic waterfowl (Gaidet et al. 2010), these findings suggest
that sub-clinical birds could potentially disperse AIV over vast distances in a short period
of time. Limited telemetry studies have also shown that shorebirds travel considerably
longer distances that are extreme feats of endurance that would seem improbable to
complete in a H5N1 infected asymptomatic bird. The tracking of nine Bar-tailed Godwits
demonstrated that these birds could fly non-stop for 7,008-11,680 km over 5-9.4 days
from Alaska to New Zealand and other Pacific islands (Gill et al. 2009). Another study using
extremely lightweight geolocators that are attached to conventional leg flags and require
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recapture of the bird to download data, found that four Ruddy Turnstones flew non-stop
for 7,600 km over 6 days between Victoria, Australia and Taiwan (Minton et al. 2010).
Experimental challenge with HPAI H5N1 in geese and swans showed that Bar-headed
Geese were susceptible to infection but with lower mortality compared to swans, and that
in-contact geese could remain asymptomatic and shed virus up to 6.5 days (Brown et al.
2008). The susceptibility of swans was evident in the field mortalities of Mute and
Whooper swans reported from Germany (Teifke et al. 2007). However, when swans with
NP antibodies from pre-exposure to AIV were experimentally challenged with HPAI H5N1
there was asymptomatic viral shedding, though this was for shorter duration and at lower
titres compared to AIV naïve swans (Kalthoff et al. 2008).
A number of reviews have debated the relative roles of wild birds and poultry in HPAI
H5N1 epidemiology, challenging circumstantial evidence that tends to overrate the role of
wild birds and is difficult to prove (Feare and Yasué 2006; Yasué et al. 2006; Feare 2007;
Gauthier-Clerc et al. 2007; Feare 2010). A number of reviews have acknowledged the
significant role of the trade in poultry and other birds, live bird markets and domestic
ducks in H5N1 epidemiology, as outlined elsewhere (Webster et al. 1992; Alexander 2007;
Sims and Brown 2008; Van den Berg 2009). In contrast, there is limited knowledge of the
ecology of wild birds in relation to migration behaviour and the likely physiological
impacts of H5N1 infection under natural conditions. Furthermore, inadequate attention to
collection of biological data during outbreak investigations has stymied the validity of
generalisations about the role of wild birds (Yasué et al. 2006). Also adding to the
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uncertainty, the rapid evolution of H5N1 has generated multiple genotypes and clades
that, although consistently pathogenic in poultry, have experimentally shown
heterogeneous pathogenicity in different wild bird species.
Several authors have contested that many H5N1 outbreaks did not follow the timing or
route of known migration routes with the exception of the spread from southern Siberia
southwest into Eastern Europe (Gilbert et al. 2006b; Gauthier-Clerc et al. 2007; Feare
2010). It is also uncertain if HPAI H5N1 infected asymptomatic wild birds would have the
fitness to migrate and transmit virus, given the virulence of the virus. However there is
limited opportunity to explore these interactions given the complex issues related to the
hypothetical monitoring of HPAI infected birds under natural conditions. The findings from
several limited studies are conflicting, with one study suggesting that HPAI H5N2 infection
in two waterfowl species did not affect migration (Gaidet et al. 2008a), and another study
in swans suggesting that LPAI infection can hamper feeding and delay migration (Van Gils
et al. 2007). A further study in juvenile Mallards found that LPAI infected birds spent more
time at staging sites presumably to forage but also potentially spreading virus to other
sympatric hosts, however overall there was no noticeable affect on migration (LatorreMargalef et al. 2009).
Although waterbirds are widely recognised as the natural reservoir hosts for LPAIV,
extensive global surveillance has found very few HPAI viruses in healthy wild birds (Sims
and Brown 2008). Globally, the surveillance testing of approximately 750,000 healthy wild
birds for the HPAI H5N1 virus since 2005 has detected only 35 positive samples (Newman
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et al. 2010). Other anthropogenic sources of viral spread are more likely in Asia given the
magnitude of poultry production and trade, general poor farm biosecurity and hygiene
practices, and severity of the panzootic in poultry. A number of risk studies have assessed
the association between outbreaks of HPAI H5N1 and a range of variables. For example, in
Thailand, a strong association was found between disease outbreaks in poultry and freegrazing duck rice production systems (Gilbert et al. 2006a; Paul et al. 2010), and similarly
in Vietnam, HPAI outbreaks were associated with rice-cropping intensity (Gilbert et al.
2008). In Thailand and Vietnam these findings show there is a high risk of H5N1 virus
persistence in wetland agro-ecosystems. In China, HPAI outbreaks in poultry and wild
birds along the EAAF were found to be more correlated with poultry density than other
variable, such as core flyway corridors of wild birds and wetlands favoured by waterfowl
(Takekawa et al. 2010). Moreover, outbreaks in poultry occurred before the southward
migration arrival of waterfowl in the southern latitudes of China (Takekawa et al. 2010).
Another study in China found that outbreaks in poultry were mainly associated with
chicken density, human population density and elevation, and that H5N1 infection (from
surveillance data), was associated with domestic waterfowl density, human population
density and the proportion of land area covered by surface water (Martin et al. 2011). In
Indonesia, HPAI H5N1 in village chickens was associated with risk factors such as
elevation, human population density and rice cropping, however domestic ducks were not
an important factor (Loth et al. 2011).
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Since 2002, HPAI H5N1 virus, mainly associated with mortality, has been found in
approximately 96 species of wild birds across 15 avian orders with greater numbers of
waterfowl affected than any other group of wild birds (USGS 2011b). Of the migratory
waterfowl species, only the Northern Pintail, a northern hemisphere Palearctic migrant,
has been recorded as a rare vagrant visitor to Australia. Of the Charadriiformes, the few
reports of HPAI H5N1 include six Laridae species, two of which were affected in the
Qinghai outbreak, and two Scolopacidae (USGS 2011b). The two shorebirds, a Green
Sandpiper (Tringa ochropus) (USGS 2011b) of the African-Eurasian Flyway and an Eurasian
Curlew (Numenius arquata) of the EAAF (Kou et al. 2009), were apparently healthy,
although sample details are unclear. Other species found with H5N1 virus include
incidental terrestrial hosts that are often commensal to human habitation such as tree
sparrows, crows and magpies (order Passeriformes) and goshawks, falcons and eagles
(order Falconiformes) (USGS 2011b).
Both Qinghai and Poyang Lakes are important wetlands for breeding and staging of
migratory waterbirds, and Bohai Bay in the Yellow Sea, is an important intersection site for
migratory ducks and non-breeding shorebirds (Bamford et al. 2008; Takekawa et al. 2010).
The Qinghai wetland is at the cross-roads between two flyways, the Central Asian Flyway
and EAAF, and Poyang is on the EAAF. Migratory shorebirds are reported to use these
wetlands to stopover on migration, however ornithological information is scarce, and
there have been no reports of H5N1 in Charadriiformes from these locations. Although
phylogenetic studies have linked H5N1 outbreaks from Qinghai Lake in China and beyond
to Mongolia, from Russia into Europe, Middle East and northern Africa, there is
50

insufficient knowledge on avian migration ecology to determine the precise transmission
role of wild birds in H5N1 epidemiology.
It is likely that both wild birds and poultry production systems have played a role in the
H5N1 panzootic, however the virus is well established with long-term endemicity in the
poultry production systems of eastern Asia. Conversely there is no conclusive evidence to
suggest that H5N1 has established in wild birds, with few healthy wild birds found with
the virus (Boyce et al. 2009; Newman et al. 2010). Given that most of the reported wild
bird outbreaks in Eastern Asia were on grassland habitats and not proximal to poultry
dense areas, it was hypothesised that wild ducks, infected as a consequence of spillover
from poultry, undertake short distance migration as asymptomatic carriers, transmitting
H5N1 to other wild birds such as Whooper Swans during stopover (Newman et al. 2009).
Furthermore, there have been few, if any, studies that have assessed the risks of H5N1 to
migratory shorebirds that travel on global flyways through H5N1 panzootic areas of Asia.
Little is known about shorebirds and the risk of exposure from contact with infected
waterfowl migrating or congregating at important wetlands such as Poyang Lake and
Bohai Bay, their susceptibility to H5N1 infection, or physiological ability to migrate as
asymptomatic carriers following viral exposure.
Moreover, other terrestrial wild birds may also act as potential bridging species for H5N1
transmission between waterfowl and poultry. There is evidence that passerine and
psittacine species can transmit AIV including HPAI strains. Although virulent strains of H7
subtype were found to be highly lethal to European Starlings (Sturnus vulgaris) and
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conversely less pathogenic to sparrows (Passer domesticus) (Nestorowicz et al. 1987),
when these species were challenged with HPAI H5N1 virus the responses were different.
In sparrows, there was transient morbidity with poor viral replication, and starlings were
resistant to infection (Perkins and Swayne 2003b; Perkins and Swayne 2003a). Overall,
wild passerine birds are likely to have a minor role in the transmission of H5N1 HPAI
viruses.
1.3.7 The role of wild birds in HPAI outbreaks in Australian poultry
There have been five reports of HPAI in Australian poultry since 1975 with all outbreaks
caused by the H7 subtype, as reviewed in detail elsewhere (Sims and Turner 2008). Wild
birds may have been the source of infection in these outbreaks since there was direct or
indirect contact with waterfowl through either poor farm biosecurity or access to
untreated surface water. Wild bird surveillance efforts were limited at the time of these
outbreaks with no detections of AI antibodies and the isolation of only one H7 virus from a
European Starling (Morgan and Kelly 1990; Westbury 1997). The absence in Australia of
HPAI infection since 1997 reflects the success of risk mitigation measures through
improved farm biosecurity in the domestic poultry industry.
1.3.8 Public health impact of HP and LPAI viruses
A pandemic is likely if the following epidemiological features occur: a novel influenza A
virus emerges in a human population with naïve immunity, there is severe illness with
rapid spread, and there is high human to human transmissibility with geographical spread
(Claas et al. 1998). There have been five pandemics (1918, 1957, 1968, 1977 and 2009)
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over the last century and all pandemic viruses have had an avian virus ancestor (Webster
et al. 1992). The genetic background and epidemiology of human infection in the
pandemics and HPAI H5N1 panzootic, have been briefly outlined and are reviewed in
more detail elsewhere (Webster et al. 1992; Peiris et al. 2007; Pappaioanou 2009; Smith
et al. 2009c).
There have been a small number of reported cases of human infections associated with
transmission and replication of LPAI viruses. Most cases feature mild influenza-like
symptoms and/or conjunctivitis, contact with poultry, and infection from H5, H7 or H9
subtype viruses, as reviewed elsewhere (Cox and Uyeki 2008). For example, H9N2 virus
was isolated from two children in Hong Kong (Peiris et al. 1999) where interestingly, all
eight viral genes had high homology with Quail/HK/97/H9N2, and the six internal genes
were related to A/HK/97/H5N1 that previously caused mortality in six people (Lin et al.
2000). In the Netherlands, an outbreak of HPAI H7N7 in poultry led to mild influenza
symptoms and conjunctivitis in poultry handlers with the only fatality likely to have been
related to molecular differences, with amino acid substitutions in five genes (Fouchier et
al. 2004).

1.4 Diagnostic assessment of the biological responses to AIV infection
1.4.1 Biological and humoral responses to AIV infection in wild birds
In their natural avian hosts, LPAIV primarily cause an innocuous, localised infection with
intestinal tropism and faecal excretion. Conversely, HPAIV in poultry generally cause
systemic infection with morbidity and mortality. Since 2003, HPAI H5N1 has featured
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significantly changed epidemiology with transmission of virus from poultry to wild birds,
respiratory tropism and pathogenicity in wild bird hosts that are normally considered
resistant to infection (Webster et al. 2007). Hence the pathobiology and host responses to
HPAI H5N1 infection have been subject to a number of studies in wild birds and poultry.
However many experimental studies with HPAI H5N1 in wild birds have an early end-point
with a narrow timeframe for assessment of biological and immune responses to infection,
or are focused on assessing protective immunity following vaccination. Hence there is
poor understanding of the responses to AIV infection by the wild bird humoral and cellular
immune system, and how this might be influenced by a complex interplay between host,
virus and the environment.
In general, it is well recognised that individual and population host responses are
influenced by a multitude of interwoven factors such as virus subtype, virus adaptation,
host life status, concurrent infections and stressors. Furthermore in wild birds, mounting
an immune response to AIV infection might come at a significant biological cost,
potentially compromising functional activities such as migration and breeding (Viney et al.
2005; Van Gils et al. 2007). Responses by the immune system in wild birds are further
complicated by the likelihood of multiple LPAIV challenges, and whether the acquired
immunity from these exposures influences subsequent responses to further challenges.
There are many unexplained observations about interactions between immunological
findings and the epidemiology of AIV in wild birds that require further research. The
influence of long lasting NP antibodies found in naturally infected Mallards on immunity is
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unclear (Fereidouni et al. 2010), and whether this is a factor in the phenomenon of cyclic
periodicity of LPAIV infection observed in some waterfowl populations warrants further
study (Krauss et al. 2004). The finding that AIV suppresses T-cell activity in experimentally
infected Mallards suggesting a modulatory effect on the immune system, needs further
elucidation (Laudert et al. 1993). That some wild ducks, including Mallards, are implicated
in the transmission of H5N1 based on viral shedding without clinical signs of disease after
experimental challenge, also indicates the need for further study into the immune
responses to AIV infection in wild birds (Keawcharoen et al. 2008; Pantin-Jackwood and
Swayne 2009).
1.4.2 Performance of AIV diagnostic tests in wild birds
The call for better understanding of the epidemiology of AIV, combined with the urgency
to diagnose and respond to HPAI H5N1 infection in poultry and wild birds, has given
impetus to developing improved AIV diagnostic capability. Methods such as ELISA (both inhouse and commercial), RRT-PCR (Type A and subtype specific H5 and H7), and
commercial immunoassay kits, have been refined or developed as an adjunct to
conventional AIV diagnostics that can be costly, time consuming or lack sensitivity. These
methods were developed primarily for gallinaceous poultry, and it is assumed that these
tests should perform similarly in other birds. However there have been few performance
evaluations of these tests in wild birds, including assessment of interpretative diagnostic
thresholds.
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The application of the suite of AIV diagnostic methods currently available is supported by
a reasonably good understanding of the immune system in domestic poultry and turkeys
(Pink et al. 1998; Suarez and Schultz-Cherry 2000), since host immune response is not only
important for protection from disease, but is also integral to the diagnosis of infection.
However, little is known about the immune system of wild birds and the various biological
and immune responses to AIV infection.
Many experimental challenge studies have discounted the value of serological testing due
to poor test performance. The agar gel immunodiffusion test (AGID), that detects antibody
to conserved NP or matrix antigens of influenza A virus, was widely used in poultry, but is
inconsistent and has poor sensitivity in ducks and other wild birds (Brown et al. 2006;
Spackman et al. 2009). Replacement of the AGID with various NP ELISA formats including
blocking and competition protocols that are semi-automated and inexpensive has now
enabled more sensitive measurement of NP antibody response in poultry populations.
The haemagglutination inhibition (HI) test is generally considered the reference
serological test for anti-HA antibody, however based on a number of studies where poor
HI results were observed in ducks (Homme and Easterday 1970; Slemons and Easterday
1972; Bahl and Pomeroy 1977; Kida et al. 1980; Spackman et al. 2009), it was concluded
that ducks develop poor antibody responses when compared to poultry. These findings
have detracted from the inclusion of serological sampling in wild bird AIV surveillance
activities.
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In ducks, test sensitivity issues for the AGID and HI are likely related to inherent
deficiencies in duck antibody with poor production of precipitin and agglutinating proteins
(Toth and Norcross 1980; Suarez and Schultz-Cherry 2000; Starick et al. 2006). Although it
is generally considered that ducks have poor anti-HA antibody response, responses also
may vary depending on existing virus-host relationships and subtype adaptation
(Jackwood et al. 2010), and life history, such as prior exposure to AIV that can trigger
anamnestic responses (Kida et al. 1980). A weak anti-HA antibody response may also be
attributed to differences in the primary serum antibody of ducks, IgY, the avian equivalent
of IgM. The IgY antibody has two fractions, a full-length IgY that is associated with HI
activity, and a truncated IgY that predominates later in the immune response, that may
explain the weak anti-HA responses found in ducks (Magor 2011). Further study is needed
to fully assess the range of immune responses to AIV infection in ducks and whether the
poor anti-HA antibody response observed in ducks is a trait of other wild birds.
Serological tests such as ELISA and HI have not been validated in wild birds and this can
present difficulties in the interpretation of test results from these populations. Molecular
tests such as RRT-PCR, although validated in domestic ducks (Spackman et al. 2009) and
poultry, have only had limited assessment in wild birds and need further assessment.
1.4.3 Serological AIV diagnostics in wild bird surveillance
The surveillance for AIV in more than 36,000 wild birds across Europe, and from over
14,000 wild birds in Australia has shown low virus overall prevalence (<3% and <1%
respectively), with shorebirds having considerably lower virus prevalence than waterfowl
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(Olsen et al. 2006; Munster et al. 2007; Haynes et al. 2009). However, some surveys from
Europe show high rates of NP seropositivity, suggesting that the prevalence of AIV
infection has been under-reported (Arenas et al. 1990; De Marco et al. 2003; De Marco et
al. 2004).
Wild bird AIV surveillance has primarily focused on virological testing, however this can be
expensive and unless carefully targeted may yield little epidemiological information.
Therefore virological surveys need to be targeted with prior intelligence on
spatiotemporal factors such as cyclic or seasonal periodicity, and biological risks related to
host-virus ecology. Most wild bird AIV surveillance activities have excluded serological
testing due to test interpretation issues and additional costs. However serological testing
can provide worthwhile epidemiological information since biologically, AIV antibodies are
measurable for longer periods of time compared to the narrow window of time available
for the detection of excreted AIV.
The inclusion of serological testing in the surveillance of HPAI free regions or areas where
AIV prevalence is mostly low or cyclical, can provide important information on population
and species risk exposure profiles, early warning of emergent LPAI H5 and H7 subtypes
and further understanding of the ecology of AIV. The assembly of wild bird risk exposure
profiles can be important to the optimisation of wild bird AIV surveillance strategies with
limited resources.
Given the limited scale of cumulative and species AIV global data for Charadriiformes
compared to Anseriformes, it is surprising that few studies have adopted serological
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testing as a tool to identify species AIV risk exposure profiles. In poultry, serological
surveillance is often utilised to assess exposure to AIV infection. Moreover, serological
testing has been effectively used to identify AIV antibodies in pelagic species of terns and
shearwaters that led to follow-up targeted surveys and the isolation of three viruses
(Laver and Webster 1972; Downie et al. 1973; Downie et al. 1977). The epidemiology of a
mortality event relating to H13 infection in gulls was confirmed using HI testing (Velarde
et al. 2010). These findings demonstrated that serological testing was useful in the design
of targeted surveillance and provided valuable epidemiological information.

1.5 Study aims and hypothesis
The specific project aims of this thesis were:
1. To assess the antibody and viral excretion responses in three species of wild birds
following experimental challenge with an LPAIV (Chapter 3),
2. To evaluate the performance and reliability of serological and virological AIV
diagnostic tests in wild birds (Chapter 4),
3. To outline the findings from the surveillance for AIV in Charadriiformes (Chapter 5)
and Anseriformes (Chapter 6) across northern Australia, including longitudinal
study of waterfowl populations,
4. To assess the risk of entry and establishment of HPAI H5N1 virus to wild birds in
northern Australia by a wild bird pathway (Chapter 7), and
5. To provide information that optimizes an AIV wild bird surveillance strategy for
northern Australia (summarised in Chapter 8).
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The hypotheses tested in this thesis were:
1. The risk of HPAI H5N1 to the wild birds of northern Australia on a wild bird
pathway is low to negligible,
2. The features of AIV ecology in wild Anseriformes and Charadriiformes are
markedly different due to their diverse biology,
3. Migratory shorebirds of the EAAF are not reservoir hosts for AIV but spillover hosts
that have the potential to spread viruses globally,
4. Shorebirds that spend their non-breeding months in littoral zones around Australia
exist in habitats that do not support an ecological niche for AIV,
5. Serological and virological tests for AIV validated in poultry perform with
comparable reliability in wild birds.
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CHAPTER 2: MATERIALS AND METHODS
2.1 Field capture techniques
The capture, handling and identification of all wild birds for sampling were undertaken
with the collaboration of expert ornithologists, with the exception of occasional
opportunistic sampling with indigenous hunters. Methods of capture included cannon
netting, mist netting and walk-through trapping. Capture locations were based on known
congregations of target populations of wild birds and included littoral, offshore and inland
wetland habitats across northern Australia (Figure 2.1).
The cannon netting method (Figure 2.2) was primarily used and is based on the firing of
several cannons loaded with a projectile attached to the leading edge of a large net that
spreads out over birds that have landed in front of the net. Mist netting, a mostly
nocturnal activity, involves tying a fine net between poles across the flight path of birds
with loose flaps that hold the entangled birds. Greater detail on the different techniques
for

catching

wild

birds

are

outlined

at

various

ornithology

websites

(http://home.vicnet.net.au/~vwsg/about.html) and influenza surveillance manuals (FAO
2007). Walk-through traps constructed with wire mesh are suitable for capture of
waterfowl that over time become accustomed to feeding inside the enclosure, and
eventually can be caught using a trap door.
When catching shorebirds, the use of cannon netting inherently provides greater scope
for random sampling of the study population, and mist netting has a bias towards catching
a higher proportion of juveniles. However catch bias may sometimes occur with cannon
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netting related to the behaviour of juvenile shorebirds that have a tendency to roost as a
group away from adult birds, or roost at the fringe of flocks. Prolonged ‘twinkling’ of birds
into the catching area may also catch more juvenile shorebirds. Experienced ornithologists
can minimise the level of bias with careful choice of catch locations, skilled observation of
flocks and by repeated catching of the target population over several locations (Minton
2012, pers. com.).

AUSTRALIA

Figure 2.1 Regional map of northern Australia showing wild bird sampling locations.
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Figure 2.2 Figure shows the cannon netting method as the net is propelled over a
mixed flock of waterfowl on the banks of the Ord River, Kununurra, WA.

2.2 Wild bird sampling
Following the capture of wild birds, both blood and cloacal samples were taken where
possible from each bird for AIV serological and virological testing. Blood samples were
taken almost exclusively from the right jugular vein of shorebirds, since most shorebirds
have a featherless tract over the lower neck that allows good access for venipuncture. In
waterfowl, blood samples were taken from either the ulnar or medial metatarsal vein.
After wetting down the site with 70% ethanol, blood was extracted to a maximum safety
volume of 1% body weight using a 1 mL syringe and 25 gauge needle in shorebirds and 3
mL syringe and 23 gauge needle in waterfowl. Blood samples were transferred, according
to volume, into 1 mL plain eppendorf or gel microtubes (Sarstedt), or 5 mL plain clotted
tubes, or 3.5 mL serum separation vacutainer tubes (Becton Dickinson). Samples were
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allowed to stand at air temperature for several hours to aid clot retraction prior to
refrigeration, and in hot conditions (>300C) chilled in an esky or portable fridge. Following
clot retraction (and mostly within 6 hrs of collection), microtube samples were centrifuged
for 5 min at 2000xg in a Tomy HF-120 microtube centrifuge, and larger volume tubes for 5
min at 3000xg in a Hettich EBA20 centrifuge. Harvested sera were stored at -200C until
processed.
The swabs for virology were taken from the mucosa of the cloaca or oropharynx
(challenge trial birds only) using sterile cotton tipped wooden swabs for waterfowl and
aluminium cotton tipped swabs (Eurotubo, Deltalab) for shorebirds. These were then
placed into individually labelled 1 mL vials of viral transport media (VTM), and cooled on
ice bricks prior to transfer into a -1700C liquid nitrogen shipper. The majority of samples
were stored at -1700C, however for a small percentage of samples this was not available,
and these were kept at 40C with dispatch to a laboratory within 48 hours of collection.
Each 1 mL of VTM supplied by the Australian Animal Health Laboratory (AAHL) or the
Department of Agriculture and Food Western Australia (DAFWA) consisted of Hanks
media concentrate (Hanks balanced salts, amino acids supplement solution and 0.035%
NaHCO3), 0.1% yeast extract and 0.5% lactalbumin hydrolysate (Difco Labs, USA), 2000 IU
penicillin G, 5000 µg streptomycin and 112 µg amphotericin B (Sigma). The surveillance
and challenge trial procedures were undertaken with license and ethical approvals from
the WA Department of Environment and Conservation and Murdoch University.
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2.3 Laboratory analyses
2.3.1 AIV nucleoprotein c-ELISA testing (NP c-ELISA)
Sera were tested with a NP c-ELISA targeting influenza group A specific NP antibodies
using reagents and instructions supplied by AAHL, an OIE-FAO reference laboratory for
avian

influenza

(see:

http://www.csiro.au/services/Biological-Reagents-

Catalogue.html#1). The AIV NP c-ELISA is validated for poultry diagnostics under the SubCommittee on Animal Health Laboratory Standards, the principal Australian government
authority for diagnostic standards and methods for infectious animal diseases
(http://www.scahls.org.au/). In chickens, AAHL have found that the NP c-ELISA has almost
perfect analytical sensitivity and specificity, however the test has not been fully validated
in wild birds (Selleck 2011, pers. com.).
The test works by allowing antibodies in sera to compete for antigen binding sites with a
mouse mAb against an epitope on the NP antigen that is conserved in all influenza A
viruses. Test reagents include a purified NP prepared from influenza A virus A/PR/8/34
(H1N1), an anti-influenza A NP mouse mAb prepared from tissue cultures of hybridoma
H16-L10-4RS, and Silenus sheep anti-mouse immunoglobulin conjugated to horseradish
peroxidase (Amrad). In 2007, the antigen was changed from a purified product grown in
eggs to a recombinant antigen expressed in E. coli. The assay was then verified as having
equivalent sensitivity and specificity as the previous test.
The test method follows that outlined by Shafer and Starick (Shafer et al. 1998; Starick et
al. 2006) with minor modifications. In brief, ELISA plates were coated with 50 µL of
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reference antigen/well (1:750 antigen dilution in carbonate buffer, pH 9.6), incubated at
370C for 1 hr on a plate shaker, washed three times with PBST (without prior blocking),
then 50 µL test sera in duplicate added (diluted 1:10 with sample diluent containing 1%
skim milk powder as a blocking agent), with a high, medium and low serum positive
controls, a negative serum control and mAb control (sample diluent only, no serum)
added at 50 µL/well. Following this, 50 µL/well of mAb (1:400 in sample diluent) was
added and incubated on a plate shaker at 370C for 30 min (competitive protocol). After
washing with PBST, horseradish peroxidase conjugate at 50 µL/well (1:2000 dilution) was
added with incubation on a plate shaker at 370C for 30 min. Following further washing
with PBST, 50 L/well of TMB substrate was added and within 10 min the reaction was
stopped with an equal volume of 1M sulphuric acid. Optical densities (OD) were read in a
Labsystems Multiskan EX Microplate Photometer (Thermo Scientific) reader at 450 nm
with the percentage inhibition of each test serum calculated by comparison of the mean
OD of the test serum to the mean OD of the mAb wells in the absence of any serum.
Each test plate had quality control parameters using AAHL criteria, namely, mean mAb OD
>0.8, mean percent inhibition for high positives >80%, low positives >50% and negative
controls <40%. Results were calculated from the mean percent inhibition of duplicate sera
providing there was <10% variation of individual wells from the calculated mean. The
diagnostic criteria for interpretation of results determined by AAHL, are based on
inhibition values of positive ≥60%, indeterminate 40%-60% and negative <40%.
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2.3.2 Haemagglutination inhibition (HI) testing
The surveillance sera positive by NP c-ELISA were routinely tested at AAHL against H5 and
H7 subtypes (subject to availability of sera). The following inactivated antigens and
antisera

were

used

depending

on

the

year

of

testing:

H5N1

Clade

1

(A/chicken/Vietnam/8/2004); H5N1 Clade 2.1.3 (A/chicken/Konawe Selatan/BBVM204/
2005); H5N3 (A/shearwater/Australia/1975 that was replaced by A/duck/Victoria/1462/
2008); H7N3 (A/chicken/Victoria/224/1992); and H9N2 (A/turkey/Wisconsin/1966). From
2006 and 2008, c-ELISA positive sera were routinely tested against H9N2 and H5N1 Clade
2.1.3 subtypes respectively.
The HI assay was performed according to standard protocols at AAHL, with pre-adsorption
of wild bird sera with 10% chicken red blood cells (CRBC) to remove potential non-specific
agglutinins, and screen and/or titration testing, consistent with that described (OIE
2009a). The antigens were thawed, sonicated and titrated to determine the highest
dilution with complete agglutination, equivalent to 1 HAU/25 µL. The working dilution of
the virus was then calculated by dividing the endpoint dilution by 4 to provide 4 HAU of
virus. Aliquots of 25 µL of appropriately diluted sera were incubated at room temperature
for 1 hr with 25 µL of antigen containing 4 HAU of the respective viruses, followed by the
addition of 50 µL of 0.5% CRBC and incubated for 45 to 60 min at 40C.
The surveillance sera were tested at AAHL against LPAIV subtypes (subject to availability of
sera), using a panel of inactivated H1-H16 antigens, and with the sera from the challenge
trial birds against the homologous H6N2 antigen. All tests were run with a serum control
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for each test serum, with cell, positive and negative serum controls, and a back titration of
the working dilution of antigen was performed prior to each test to confirm that 4 HAU of
antigen was present in the working dilution of the antigen. The HI titre was expressed as
the reciprocal of the highest dilution that caused complete inhibition of agglutination. A HI
titre of ≥16 is currently considered a positive result under OIE guidelines (OIE 2009a).
2.3.3 Taqman Type A RRT-PCR testing
Prior to 2005, swabs were tested by standard virus isolation methods (Section 2.3.4), since
AIV RRT-PCR testing was not routinely available. From 2005, samples were screened for
the presence of influenza A RNA by Taqman RRT-PCR at the AAHL or DAFWA virology
laboratory, using the AAHL method of Heine and Trinidad (Heine et al. 2005; Heine and
Trinidad 2007). Swabs collected from surveillance were pooled by species and in 2007 the
number in each pool was reduced from five to three to improve test sensitivity, and swabs
from the challenge trial birds were individually tested. At DAFWA, minor variations
included extraction of RNA from 100 µL samples using a Magmax 96 Viral isolation kit
(Ambion) on a Magmax Express magnetic particle processor (Applied Biosystems)
according to the manufacturer’s instructions. Extracted RNA samples were held at 4°C for
immediate use in RRT-PCR reactions, or held at -80°C for longer term storage.
Following a positive result in the surveillance samples, the Taqman RRT-PCR was repeated
to identify individual positives, and to test for subtype H5 using primers based on the
Eurasian lineage, and subtype H7 using primers developed from Australian strains,
according to the standard methods at AAHL (Heine et al. 2005; Heine et al. 2007). Virus
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isolation was also routinely carried out on influenza A RRT-PCR positive samples, and
where indicated, virus characterisation and further testing using conventional PCR
targeting the conserved matrix protein gene of influenza A viruses and sequence analysis
of amplified products.
The Taqman Type A RRT-PCR tests for the presence of influenza A matrix gene using the
following primers and FAM-labeled probe: IVA forward (AGATGAGYCTTCTAAC
CGAGGTCG), IVA reverse (TGCAAANACATCYTCAAGTCTCTG) and IVA probe (FAMTCAGGCCCCCTCAAAGCCGA-TAMRA). For the H5 subtype gene the following primers and
FAM labelled probe were used: IVA forward (AAACAGAGAGGAAATAAGTGGAGTAAAATT),
IVA reverse (AAAGATAGACCAGCTACCATGATTGC) and IVA probe (FAM-TCAACAGT
GGCGAGTTCCCTAGCA-TAMRA), and for the H7 subtype gene the primers used were: IVA
forward (GGATGGGAAGGTYTGGTTGA), IVA reverse (CCTCTCCTTGTGMATTTTGATG) and
IVA probe (FAM-TGAAACCATACCACCCA-NFQ).
Assays were performed in a 25 µL reaction volume consisting of 2 µL of template RNA,
12.5 µL of Taqman 2x Universal PCR Mastermix (Applied Biosystems), 0.625 µL of 40x
Multiscribe mix (Applied Biosystems), 900 nM forward and reverse primers and 250 nM
probe, and 5.75 µL nuclease free water. Each reaction was multiplexed with a eukaryotic
18s ribosomal RNA control primer-probe mix to ensure adequate RNA extraction and lack
of PCR inhibitors, and each RRT-PCR run contained positive, negative and blank control
samples. Reactions were performed on an ABI 7500 sequence detection system (Applied
Biosystems), and consisted of an initial reverse transcription step of 48°C for 30 min
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followed by a denaturation and polymerase activation step of 95°C for 10 min and 45
cycles of 95°C for 15 sec and 60°C for 1 min for target amplification.
The cut-off threshold was set at 0.1 and 0.05 (DAFWA and AAHL respectively) with results
reported as the CT value where the sample reaction curve crossed the threshold line. A CT
value of <37 is considered as being indicative of moderate to abundant amounts of the
target nucleic acid in the sample. A CT value between 37 and 40 is interpreted as an
indeterminate reaction indicative of early or late stage infection, or environmental
contamination. Any sample with a CT value ≥40 is deemed negative.
2.3.4 Embryonating chicken egg (ECE) virus isolation
Prior to 2005, all surveillance samples were tested by virus isolation (VI) in species pools of
five swabs, and in 2007, the number of swabs in each pool was reduced to three/pool to
improve sensitivity. In this study, the swabs from all challenged birds were tested
individually. The procedures for virus isolation in the allantoic cavity of 9-11 day ECE
follow the standard protocol at AAHL, and were consistent with OIE procedures (OIE
2009a). In brief, following inoculation into the allantoic cavity of each embryonating egg
(SPF eggs at AAHL) with 200 µL of clarified swab material, eggs were incubated at 37-390C,
candled daily for 5 days, and any embryo deaths within 24 hrs of inoculation discarded. All
eggs including any further embryo deaths were harvested for HA testing, with negative
samples pooled for second passage according to standard procedures (OIE 2009a). If the
second passage showed no HA activity, then the sample was deemed negative for HA
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virus. Samples from which an HA agent was isolated were stored at -800C pending
identification by HI and NI testing using a panel of reference antisera at AAHL.
2.3.5 Neuraminidase inhibition (NI) assay and N1 c-ELISA testing
The NI test method for identifying NA subtype specific antibody or antigen using a panel of
N1-N9 reference antisera and antigens follows the protocol of AAHL and WHO (WHO
2004). The NI assay is a specialist, time consuming test that has a number of steps for
determining the amount of NA activity in a viral isolate and standardization of reference
antisera/antigens before running the NI test. The principle of the test is based on the
inhibition of enzymatic activity of the NA with subtype specific antibodies. The test is done
on a fetuin substrate that releases sialic acid, with the amount released being proportional
to the amount of available enzyme. The sialic acid released is measured by colour
development that is read chemically in a spectrophotometer.
A number of influenza NA c-ELISA’s that show high sensitivity and specificity for NA
antibodies have recently been developed for the purpose of differentiating infected from
vaccinated birds (Moreno et al. 2009; Kim et al. 2010). A commercial N1 c-ELISA test (ID
Vet France, www.id-vet.com) is currently under evaluation by AAHL and was used in some
of the 2009 surveillance samples. In brief, test sera are added to N1 antigen coated wells,
and if present anti-N1 antibodies form an antigen-antibody complex which masks the N1
epitopes. An anti-N1 peroxidase conjugate is then added to the wells that binds to the
non-masked N1 epitopes. After washing, TMB is added and the OD’s of the plates are read
in a spectrophotometer. The percentage competition of each serum is calculated relative
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to a control, a result of <60% competition is considered positive. The test has not been
validated in wild birds where test performance may be affected by multiple natural
infections with HA/NA subtypes and immune responses that may be different to poultry.
2.4 Statistical methods
All test data were compiled in Microsoft Excel (2007) for simple analyses and graphical
presentation. Descriptive analysis of continuous data with mean, median, average
deviation (AD), standard deviation (SD), statistical differences between means, and
assessment of data by Spearman’s correlation coefficient were all analysed in either Excel
(2007) or SPSS (version 17 for Windows; SPSS Inc., Chicago, IL). Testing for normality of
data was done using the Shapiro-Wilks test in the Excel add-in PopTools (Hood 2010). For
summary mean and median data, statistical differences were calculated by the students ttest (two-tailed hypothesis) in EpiTools epidemiological calculators (Sergeant 2009), and
for summary proportions, measures of association were done using the Pearson’s chisquare test in Statistix (version 9 for Windows; Analytical Software, Tallahassee, USA). The
95% CI for proportions were calculated using the exact binomial distribution method (Ross
2003).
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CHAPTER 3: ASSESSMENT OF THE BIOLOGICAL AND ANTIBODY RESPONSES
TO CHALLENGE WITH AN LPAIV IN THREE SPECIES OF WILD BIRDS
3.1 Introduction
Assessing the biological and immune responses to AIV infection in wild birds is important
for the improved understanding of virus-host ecology and assessment of the risks of HPAI
H5N1 transmission on a wild bird pathway. In this chapter, the biological and antibody
responses to experimental challenge with an LPAIV were assessed in three species (a duck,
a wader and a gull) of wild birds. The NP and HA antibody responses for each species,
estimated NP antibody longevity in ducks, viral excretion routes, and level of virus
shedding were determined. These findings provide valuable information on the biology
and host responses in three different avian taxa, and data for assessment of the
performance of AIV diagnostic tests in wild birds that are currently only validated for
gallinaceous poultry (Chapter 4).

3.2 Materials and Methods
3.2.1 Animals
Wild birds from the avian orders, Anseriformes and Charadriiformes were assessed for the
trial with one species selected from each of three families: the duck family Anatidae, the
wader family Scolopacidae and the gull family Laridae. Many potential welfare threats
were considered in the species selection process. These included the likely ability to adjust
to captivity with artificially provided food and water, tolerance of frequent handling,
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known conspecific anti-social behaviours related to competition for food or aggressive
dominance, and the likelihood of maintaining good physical health and fitness essential
for release at the completion of the study.
Before the trial commenced, Plumed Whistling Ducks (Dendrocygna eytoni) were trapped
at a nearby wildlife park, held in captivity for 7 days and then released due to their poor
adjustment in captivity. Seven orphaned six week old Wandering Whistling Ducks
(Dendrocygna arcuata) were admitted for wildlife care and rehabilitation and these
readily adapted to captivity (see Figure 3.1).
The trans-equatorial migratory wader, the Ruddy Turnstone, is considered an important
host species for AIV in the USA (Hanson 2003; Hanson et al. 2008), and has been
successfully kept in captivity (Battley et al. 2003; Mendes et al. 2006). The cosmopolitan
resident gull species, the Silver Gull (Chroicocephalus novaehollandiae), is well adapted to
human activity in a commensal relationship and was also considered to be a suitable
candidate species for the trial (Figure 3.1).
Six Ruddy Turnstones were caught by cannon netting a group of mixed waders along the
beaches of Roebuck Bay, Broome, WA (180S, 1220E), and nine Silver Gulls were caught
nearby with a clap net, a traditional method used for catching wild birds in China (Traill et
al. 2010b). The turnstones were aged by an ornithologist as one year old, and the gulls
aged as immature except for one adult. Both these species were caught during the week
prior to the start of the study and were immediately moved to the trial facility in Broome.
Five free-range domestic chickens from a backyard layer flock 50 metres from the trial
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enclosure on the same property were monitored during the trial for potential extraneous
AIV activity.

A.

B.

C.

D.

Figure 3.1 Challenge trial wild bird species kept in captivity, (A) Silver Gull, (B)
Ruddy Turnstone, (C) Wandering Whistling Duck, and (D) the Broome aviary facility.
3.2.2 Avian husbandry and welfare
The study facility consisted of one large aviary (dimensions: 3x2.2x2.1 m) and three
smaller aviaries (each 3x2x1.8 m) (Figure 3.1D). Each species was caged separately, and
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during the week prior to inoculation, the two wild caught species were monitored
regularly to ensure there were no welfare concerns and that all individuals adapted to a
captive environment. The seven ducklings were of least concern as they had been reared
in captivity, and were aged five months at the start of the study. The ducks were housed in
the large aviary, the turnstones kept together in one small aviary and the gulls divided
between two remaining aviaries. Hessian cloth was used around 75% of each enclosure to
provide a visual and contact barrier between each aviary and from other wild birds.
All birds were fed twice daily with daily cleaning and fresh water replenishment. The ducks
were fed grains including wheat, sorghum, poultry layer pellets, commercial small wild
bird seed mix and lettuce greens. The turnstones were fed mealworms (Tenebrio sp.) and
fish pellets, and the gulls fed cut WA pilchards and squid, whole whitebait with ad libitum
access to commercial cat biscuits. Suitable environmental enrichments included a large
oval bathing pond for the ducks, and shells and large perching rocks for the shorebirds.
All birds were monitored frequently for any emerging animal welfare issues and weighed
every 7-10 days. The study was conducted with approvals from the WA Department of
Conservation and Environment (License No. SF6970) and the Murdoch University Animal
Ethics Committee (Permit No. R2271/09).
3.2.3 Virus
The criteria for selection of a suitable HA subtype included evidence of low pathogenicity,
endemicity in Australian wild birds and relative genetic stability. Satisfying these criteria
aimed to mitigate any perceived concerns relating to the potential adverse health impact
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from a live virus inoculation, and risks of viral transmission to other wild and domestic
birds relating to the low biosecurity facility, and eventual release of the birds. Further
biosecurity issues were addressed by ensuring that the challenged birds gave two negative
AIV RRT-PCR test results prior to their eventual release. With these conditions the trial
was approved by the Chief Veterinary Officer of DAFWA.
The selected virus, A/Eurasian coot/WA/2727/79 (H6N2), was originally isolated from a
healthy Eurasian Coot (Fulica atra) caught on the wetlands of suburban Perth (Mackenzie
et al. 1984). The Eurasian Coot, a common wetland bird, is a member of the rail and crake
family Rallidae, a group of birds that are not renowned for extensive flight.
The H6N2 virus was characterised as LPAIV based on OIE criteria (OIE 2009a), namely,
genetic phylogeny that shows absence of the multiple basic amino acid motif at the HA
cleavage site, and an IVPI of 0.15 (Shan et al. 2010). The virus, provided by the DAFWA
virology laboratory, was previously determined to have an EID50 of 106.5/0.1 mL (Shan et
al. 2010). The H6N2 inoculum was low passage material (Ellis 2011, pers. com.), and was
propagated previously by ECE passage of the original stock virus stored at -1700C (Shan et
al. 2010).
3.2.4 Experimental design
In the week prior to inoculation the wild birds and chickens were tested to ensure they
had no pre-existing infection with any AIV subtype. Sampling included an oropharyngeal
(OP) and cloacal swab taken twice, three days apart from each wild bird, and once from
the chickens. Each swab was tested individually for the presence of influenza A RNA by
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RRT-PCR and pooled in groups of three by species for virus isolation. This testing provided
experimental negative control data as an alternative to sham inoculation.
A blood sample was also taken from each bird prior to inoculation, with a second sample
taken six weeks later from the chickens. All sera were tested for the presence of influenza
A specific NP antibody by c-ELISA, and H6 antibody by HI using homologous H6N2 antigen.
The infectivity titre or EID50 of the H6N2 inoculum was tested by inoculation of prepared
log10 serial dilutions of the inoculum into the allantoic fluid of 9-11 day old ECE (200 µl/egg
at 4 eggs/dilution) according to standard procedures (Woolcock 2008). The EID50 was then
calculated to be 106.95/0.1 mL using the Spearman-Kärber method, an alternative to the
Reed and Muench method, that is suitable for data with a 100% response (Villegas 2008).
The inoculum was then tested by RRT-PCR using log10 titrations of extracted RNA from 100
µl of the inoculum to establish a standard curve.
Each treated wild bird was administered a 1 mL dose of inoculum equivalent to an
infectivity titre of 107.95 EID50 by syringe, divided into 0.5 mL by the OP route, 0.15 mL in
each nares and 0.1 mL in each conjunctiva (Figure 3.2). One bird from each species was
left as an untreated in-contact control. A high viral dose was used since there was a lack of
data on the infectious dose of AIV required in shorebirds.
Cloacal and OP swabs were collected from each bird every second day post-inoculation
(DPI) until day 16. After this no further swabs were taken from the gulls and turnstones
until 28 days DPI, following which these birds were released. In the ducks from 16 DPI, OP
and cloacal swabs were collected every 3 days until 28 DPI. Sterile wooden and aluminium
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cotton tipped swabs were used for the ducks and gulls, and turnstones respectively
according to the methods outlined (Section 2.2). All swabs were collected and stored as
individual samples in 1 mL vials of VTM at -1700C in a liquid nitrogen container. A 1 mL
sample of water was also collected from the duck pond every 3-4 days until 33 DPI and
stored at -1700C. A duplicate cloacal sample (both swabs inserted simultaneously) was
also taken from each bird and kept at 50C for 48 hrs, prior to storage at -1700C until 14
DPI. The results from this procedure are reported in Section 4.3.2. After 28 DPI, all virology
samples were transferred into a liquid nitrogen dry shipper and air freighted to DAFWA
virology laboratory where they were sorted in a liquid nitrogen bath and stored at -800C
until processed.

Figure 3.2 Inoculation of a Wandering Whistling Duck with H6N2 virus inoculum via
the OP, conjunctival and nasal routes.
A blood sample was collected from each bird every three days from 7 DPI to 28 DPI. The
blood sampling of the ducks continued at variable intervals (range 14 to 35 days) until
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their release at eight months post inoculation. The volume collected and site of
venipuncture varied as follows: turnstones 0.4 mL from the right jugular vein; gulls 1 mL
from the right jugular vein; and ducks 1 mL from the medial metatarsal vein. The details of
the collection and handling procedures for blood samples are described in Section 2.2.
3.2.5 NP c-ELISA
All serum samples (including pre-inoculation and negative controls) were tested with an
AAHL NP c-ELISA according to the procedures described (Section 2.3.1).
3.2.6 HI assay
The HI assay was performed on all serum samples (including serum collected from each
bird pre-inoculation and negative controls) according to the procedures described (Section
2.3.2). Sera were titrated across the plate starting with a 1:4 dilution, and tested against 4
HAU/25 µL of the live homologous H6N2 antigen in a class two biological safety cabinet.
Where indicated, pre-inoculation sera with NP c-ELISA results suggestive of previous
exposure to influenza viruses were tested by HI for antibodies to other HA subtypes
available at AAHL including H2, 3, 4, 5 (Clade 1), 7, 8, 9, 10, 12, 13 and 15.
3.2.7 Taqman Type A RRT-PCR
The swab and pond samples were tested individually for the presence of influenza A RNA
by Taqman Type A RRT-PCR according to the procedures described (Section 2.3.3). The
number of gull and turnstone swabs analysed was determined by the progressive results
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of RRT-PCR testing until all birds in each group had two consecutive negative results. Since
ducks were considered a priority species, all OP and cloacal swabs were tested.
3.2.8 Virus titration and infectivity titre
The inoculum was titrated and inoculated into ECE to determine the infectivity titre of the
virus stock, and to quantify viral shedding loads after challenge, a standard curve was
produced from RRT-PCR testing of the inoculum, as described in Section 3.2.4. An
estimate of the excretion titre was then extrapolated from the standard curve for each
positive RRT-PCR test result. From these individual values, median infectivity titres were
calculated.
3.2.9 Virus isolation
Virus isolation followed the ECE method described (Chapter 2.3.4) with minor variations,
including the use of eggs from a commercial hatchery in a region free of HA virus infection
and where NDV and AIV vaccination is not used, and at each passage, inoculation of a 0.2
mL sample dose into each of two eggs. All pond samples were filtered through a 0.2 µm
syringe filter.
All swab and pond samples with CT values <40 and a number of CT negative samples
(n=140) were individually inoculated into the allantoic cavity of ECE, and the negative
controls were inoculated as pools of three by species. Virus isolation was conducted using
two passages with HA testing of harvested allantoic fluid. The testing of each bird was
continued until there were two consecutive negative results by RRT-PCR and HA testing.
The majority of swabs were inoculated into eggs within 2-3 hours of thawing, with some
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first passage harvest material held at 40C for 24 hrs. All spot HA positive results were
retested by HA titration to exclude any non-specific, false positive reactions. A sub-sample
of HA positive samples were checked for specificity by HI testing using 4 HAU of virus with
anti-H6 reference serum.
3.2.10 Statistical methods
Statistical methods follow those described in Section 2.4. For HI results, the geometric
mean titre (GMT) and SD were calculated using the method of log2 transformation of
reciprocal titres followed by calculation of the anti-logarithm (Greiner and Gardner 2000a;
Villegas 2008). For groups containing HI titre results below the limit of detection
(“negative”), the negatives were given an arbitrary value of one, each titre result was
given an equivalent increment prior to log transformation and then after reciprocal GMT
was determined by calculation of anti-logs, this arbitrary value was deducted. This is a
modification of the method to deal with negative ordinal data used by others that have
applied an arbitrary value of five (Jia et al. 2008) and four (Bertelsen et al. 2007) and was
adopted to overcome the inability to calculate a log value of zero.

3.3 Results
3.3.1 Pre-challenge status
All birds (nine gulls, seven ducks, six turnstones and five chickens) had no evidence of preexisting AIV infection based on negative virology test results of individual swabs by Type A
RRT-PCR, and pooled swabs by virus isolation.
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All pre-challenge serum samples tested negative (titre of zero) for H6 antibodies by HI.
The results from NP c-ELISA testing (Table 3.1) show no evidence of recent exposure to
AIV, although all six turnstones had >50% inhibition, suggestive of past exposure. These
sera tested negative for antibodies to other available HA subtypes at AAHL.
Table 3.1 Pre-challenge median NP c-ELISA results with average deviation (AD).
Common name

No.

Median NP cELISA inhibition
%

AD %

Wandering Whistling Duck

7

34

6.5

Silver Gull

9

36

5.6

Ruddy Turnstone

6

57

4.0

Chickens (first test)

5

42

8.6

Chickens (second test)

5

44

4.3

3.3.2 Post-challenge status
Individual birds were considered to be infected post challenge if there were increasing
levels of NP antibodies and/or significant increases in HI titres. Detection of viral
amplicons by RRT-PCR and/or HA activity from virus isolation of swab material provided
further proof of infection.
Of 19 birds directly challenged, only one Silver Gull (SG2) did not show evidence of
infection from serology or virology testing. A second Silver Gull (SG7) had elevated
antibody levels without evidence of viral replication. Of the three in-contact birds not
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inoculated, infection was found in only one bird, a Wandering Whistling Duck (WD257),
with evidence of both NP and HA antibodies and viral shedding. There was no evidence of
infection in the two other untreated in-contacts, a Silver Gull (SG6) and a Ruddy Turnstone
(RTA3). Overall 19 of 22 birds (86.4%) had serological and/or virological evidence of
infection demonstrating viability of the inoculum and successful inoculation procedures.
The NP c-ELISA results (Appendix 1: Figure 1) and other negative data for the three
uninfected birds (RTA3, SG2 and SG6) were excluded from any further statistical analyses
in this chapter.
There was no apparent adverse health effect on the birds following inoculation. Average
body weights from the week prior to inoculation until 14 DPI increased in the gulls and
turnstones, but fluctuated in the ducks (Appendix 1: Figure 2). After one month the mean
weight change in the gulls was +12% (range 3% to 16.4%), +3.7% in the turnstones (range 12% to 18%), and -3.1% in the ducks (range -7.8% to 8.7%). By six weeks post inoculation
the ducks had gained an average 12% body weight. The transient weight loss in the ducks
was most likely related to handling stress from more frequent handling and sample
collection during the 28 DPI.
3.3.3 Antibody responses to virus challenge
The median NP c-ELISA % inhibition and HI reciprocal GMT for each species (excluding
RTA3, SG2 and SG6) are shown in Figure 3.3, with individual results shown in Appendix 1,
Figures 3-21. By 7 DPI, NP c-ELISA levels were significantly elevated (p<0.001) in all three
species with high positive median inhibition values >80%. The highest median NP c-ELISA
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inhibition value in the gulls (83%), turnstones (92%) and ducks (90%) was at 7 DPI. After 10
DPI, the decline in the median % inhibition value varied between species.
In the ducks by 10 DPI, the untreated in-contact bird, WD257, had a NP c-ELISA >80%
inhibition (Appendix 1 Figure 9) and at 28 DPI, the median c-ELISA was 81% (Table 3.2).
High median NP c-ELISA values above 80% were maintained until 42 DPI (Figure 3.3). To
determine the persistence of NP c-ELISA antibodies in the ducks, testing continued until
their release at 8 months post inoculation. After 42 DPI, median NP c-ELISA antibody levels
tapered off gradually to be just below the positive cut-off point (56% inhibition) at 131
days post inoculation, although three birds still gave positive c-ELISA values. However by 6
months post inoculation median values had increased to 71%, with 5 of 7 ducks showing
>70% inhibition, before falling again to a median of 67% at 7 months (Figure 3.3). At 8
months, just prior to release, median NP c-ELISA was 57%, with three ducks having >60%
inhibition and three with c-ELISA values near pre-exposure levels (one duck had died).
In the gulls, after 10 DPI median NP c-ELISA antibody levels tapered off more rapidly than
the ducks and turnstones. By 28 DPI, median c-ELISA inhibition values were 51% (Table 3.2
and Figure 3.3/4), and in two gulls (SG7 and SG9), c-ELISA values had returned to preexposure levels, below the negative cut-off. However, two of the other birds (SG3 and
SG8) maintained higher c-ELISA antibody levels (>77% inhibition) from 10-28 DPI. The NP
c-ELISA antibody results for individual birds are shown in Appendix 1 (Figures 10-16).
In the turnstones, median NP c-ELISA antibody levels declined slowly compared to the
gulls. By 28 DPI, median c-ELISA inhibition values were 76% (Table 3.2 and Figure 3.3/4),
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with four birds having >60% inhibition values. The c-ELISA antibody results for individual
birds are shown in Appendix 1 (Figures 17-21). At 28 DPI, the median NP c-ELISA value for
the turnstones were significantly higher (p=0.006) than that for the gulls (Table 3.2).
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Figure 3.3 Graphs showing estimated median antibody levels for NP c-ELISA and the
HI reciprocal GMT results for the (A) Wandering Whistling Duck, (B) Silver Gull and
(C) Ruddy Turnstone, with error bars (AD and SD respectively).
Table 3.2 Median NP c-ELISA % inhibition and c-ELISA percent positive at 28 DPI.
Species

Median %

Significance of difference

Percent positive

inhibition (AD)

(t-test, p two-tail) from

NP c-ELISA ≥60%

at 28 DPI

duck result

Ducks (n=7)

81 (5.5)

Gulls (n=7)

51 (14.1)

p<0.001

28.6

76 (9)

p=0.257

80

Turnstones (n=5)

100

87

NP c-ELISA % inhibition

Figure 3.4 Box plot* of NP c-ELISA % inhibition by species at 28 DPI.
* box encloses 25%, 50% and 75% percentiles, whiskers denote min. and max. value.
For all species, mean HI reciprocal titres peaked later (around three days, and 9-12 days
for the ducks) than the NP c-ELISA values that peaked between 7 and 10 DPI. The
reciprocal GMT values for the HI test are displayed in Figure 3.3 and the individual HI test
results are shown in Appendix 1 (Figures 3-21). The proportion of birds positive by HI
testing (HI reciprocal titre ≥16) for each species post inoculation shows the differences in
anti-HA response between the three species (Figure 3.5). Individual results that show the
number of each species with HI reciprocal titres ≥8 are shown in Appendix 1.
From 10 DPI, trends in mean HI titres generally followed that of median NP c-ELISA (Figure
3.3). Although in the ducks, HI titres continued to rise with positive titres (≥16) detected in
4 of 7 ducks (57%) at 10 DPI, and 6 of 7 ducks (86%) at 19 DPI (Figure 3.5). By 28 DPI, 4 of 7
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(57%) ducks still had positive HI titres and by 42 DPI, no ducks had positive HI titres (Figure
3.5).
Six of seven ducks (86%) showed positive HI titres (≥16) and the highest reciprocal titre
(32), was detected in only one bird (WD256) that persisted for approximately 6 days
(Appendix 1, Figure 8). From 42 DPI to 8 months post inoculation three ducks had HI
reciprocal titres of eight with the other ducks having lower or no detectable titres.
However at 8 months, two more ducks (5 of 6, or 83%) had HI titres of eight (Appendix 1,
Figures 5-9), that may have been related to the unexplained spike in NP c-ELISA values at 6
months.
In the gulls, HI reciprocal titres showed a more consistent response with all NP c-ELISA
positive gulls having positive HI antibody responses post challenge (Appendix 1, Figures
10-16). Mean HI titres were elevated earlier (7 DPI), and reached higher levels, compared
to the ducks and turnstones (Figure 3.3). At 7 DPI, 3 of 7 (43%) gulls had positive titres,
with titres of 32 in two gulls (SG3 and SG5). At 10 DPI, 5 of 7 (71%) gulls had positive titres,
including higher titres of 64 (SG3 and SG8) and 128 (SG5). The gulls with higher titres
showed longer persistence of HI antibody. By 28 DPI, the GMT HI reciprocal titre was 8.2,
with positive titres in 2 of 7 (29%) gulls (SG3: 16; SG5: 32), and HI titres of eight in two
other gulls (SG4 and SG9) as shown in Appendix 1 (Figures 10-16).
In the turnstones, the low HI GMT reciprocal titre levels (Figure 3.3C) reflects the variable
individual responses with little or no HI antibody response in 3 of 5 (60%) birds (RTA0,
RTA2, and RTA5), even though these birds had high positive NP c-ELISA antibody
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responses (Appendix 1, Figures 17-21). However, moderate HI titres (64) were detected in
two turnstones at 10 DPI (RTA1) and 13 DPI (RTA4), though this response was short lived.
By 28 DPI, only one of these birds (RTA1) had a HI titre of eight (Appendix 1, Figure 18).
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Figure 3.5 Percent HI test positive (HI reciprocal titre ≥16) by species by DPI.
To assess the degree of correlation between NP and HA antibody responses of the
immune system, individual birds with HI reciprocal titres ≥8 were analysed using the nonparametric Spearman’s rank correlation co-efficient (rs) in SPSS (version 17 for Windows).
This assessment excluded three turnstones with HI titres ≤4, and only compared values to
28 DPI in the three species, since the ducks had low HI titres after 28 DPI.
The results show statistical correlation between NP and HA antibody response in two
ducks and in two gulls (Table 3.3). Both WD252 and WD256 were the only ducks to sustain
high NP c-ELISA inhibition values (>90%) to 42 DPI, however WD252 had low HI titres (8),
whereas WD256 had the highest HI titre (32) of all ducks (Appendix 1, Figures 4 and 8).
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In the gulls, although there was correlation between NP and HA antibody levels in SG1,
this may have been related to transient rise in HI titre at 10 DPI. In both SG3 (not
significant) and SG8 (significant), moderate HI titres (64) were associated with sustained
moderately high c-ELISA inhibition values (>75% to 28 DPI). However, SG5 had the highest
HI titre (128) of the gulls and c-ELISA inhibition values of 84% at 7 DPI and 59% at 28 DPI,
hence a high HI titre did not always correlate with the highest or most sustained level of
NP c-ELISA antibody (Appendix 1, Figures 10-16).
In the turnstones there were no significant correlations between NP and HA antibody
levels, even though RTA1 and RTA4 had moderate HI titres (64), and the highest (94%) and
most sustained c-ELISA inhibition values in this species (84% and 76% at 28 DPI
respectively, see Appendix 1, Figures 17-21).
Table 3.3 Assessment of the Spearman’s correlation (rs) between NP c-ELISA values
and HI titres ≥8 for individual challenge birds to 28 DPI.
Bird identification

rs

p

Bird identification

rs

p

WD251

0.573

0.107

RTA4

0.597

0.09

WD252

0.700

0.036

SG1

0.856

0.003

WD253

0.567

0.111

SG3

0.601

0.087

WD254

0.160

0.680

SG4

0.225

0.561

WD255

0.262

0.495

SG5

0.520

0.151

WD256

0.737

0.023

SG7

0.624

0.073

WD257

0.375

0.320

SG8

0.746

0.021

RTA1

0.608

0.082

SG9

0.321

0.399
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3.3.4 Virus titration and infectivity titres
Using the standard curve from RRT-PCR testing of log10 titrations of extracted RNA
(Section 2.3.4), neat virus stock with a titre of 106.95 EID50/0.1 mL gave a CT value of 20,
and the limit of detection by RRT-PCR was a 10-6 dilution with a CT value of 39.2, equivalent
to 100.95 EID50/0.1 mL or 89 gene copies/mL. Individual EID50 values for each positive CT
value were then extrapolated from the standard curve using the formula: EID50 = (39.2 CT) x 0.3125 + 0.95.
3.3.5 Respiratory and intestinal viral shedding
The virus isolation and RRT-PCR test results for the cloacal and OP swabs from each bird
are shown in Tables 3.4 and 3.5 respectively. The intestinal tract, generally considered the
favoured site for replication by LPAIV, was the primary site for H6N2 replication in the
ducks, with virus isolated from the cloacal swabs of 6/7 (85.7%) ducks. Cloacal excretion
was prevalent in the ducks from 2-6 DPI, with the highest median viral titre (104.58
EID50/0.1 mL swab), and highest individual viral titre (WD256: 104.86 EID50/0.1 mL swab)
detected at 4 DPI (Table 3.6 and Figure 3.6 respectively). There were no confirmed virus
isolations from the cloaca after 8 DPI, and the few RRT-PCR tests with high CT values
probably represent residual RNA from inactivated virus.
The oropharynx was also a site for viral replication in the ducks, but compared to the
intestinal tract, this was transient and at a low rates of infectivity. Virus was isolated from
OP swabs in 5/7 (71%) ducks at 2 DPI and 2/7 (28.6%) ducks at 4 DPI however there were
no virus isolations after 4 DPI. The titres were low, with the highest median viral titre only
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101.69 EID50/0.1 mL at 4 DPI (Table 3.6 and Figure 3.7B). The recovery of virus at 2 and 4 DPI
from the oropharynx of the untreated duck (WD257) shows that AIV infection was readily
acquired either directly or indirectly from other infected in-contact birds. Indeterminate
RRT-PCR results were also detected at 28 DPI in two ducks, however these samples were
negative when retested after one freeze-thaw cycle.
By 10 DPI, no virus could be isolated from cloacal samples compared to 6 DPI for OP
samples (Table 3.6), with significant differences in median duration of viral shedding from
the cloaca (6 days) compared to the oropharynx (2 days) (Table 3.7). The viral load,
estimated as median infectivity titre in the swab, was at all times higher from the cloaca
than from the oropharynx (Table 3.6 and Figure 3.7).

93

Table 3.4 Intestinal (cloacal) shedding of virus shown as CT values from RRT-PCR testing and HA results from virus isolation
(VI) following H6N2 virus challenge.
DPI 2

DPI 4

DPI 6

DPI 8

DPI 10

DPI 12†

DPI 28

Bird No.
PCR*

VI*

PCR

VI

PCR

VI

PCR

VI

PCR

VI

PCR

VI

PCR

VI

WD251

30.4

+

27.4

+

28.5

+

34.7

+

39

-

-

-

-

ND

WD252

27.6

+

27.9

+

-

-

-

-

36.6

-

-

-

-

ND

WD253

27.9

+

27

+

31

+

-

-

-

-

-

-

-

ND

WD254

29.2

+

27.9

+

31.9

+

33.4

-

-

-

-

-

-

ND

WD255

-

+

36.4

-

-

-

-

-

-

-

-

-

-

ND

WD256

27.9

+

26.7

+

30.1

+

-

+

-

-

40

-

-

ND

WD257

-

-

-

-

-

-

-

-

-

-

-

-

-

ND

SG1-SG9

-

-

-

-

-

-

-

ND

-

ND

-

ND

ND

ND
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DPI 2

DPI 4

DPI 6

DPI 8

DPI 10

DPI 12†

DPI 28

Bird No.

RTA0
RTA1
RTA2
RTA5
RTA4

PCR*

VI*

PCR

VI

PCR

VI

PCR

VI

PCR

VI

PCR

VI

PCR

VI

-

-

-

-

-

-

-

ND

-

ND

-

ND

-

ND

-

-

-

-

-

-

-

ND

-

-

-

ND

-

ND

-

-

-

-

-

-

-

ND

32.2

+

-

ND

-

ND

* results shown as positive (+) or negative (-)
† results not displayed from 14-25 DPI as either negative or not done (ND)
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Table 3.5 Respiratory (oropharyngeal) shedding of virus shown as CT values from RRT-PCR testing and HA results from virus
isolation (VI) following H6N2 virus challenge.
DPI 2

DPI 4

DPI 6

DPI 8

DPI 10†

DPI 28

Bird No.
PCR*

VI*

PCR

VI

PCR

VI

PCR

VI

PCR

VI

PCR

VI

WD251

-

-

-

-

-

-

-

-

-

-

-

ND

WD252

36

+

36.8

+

-

-

-

-

-

-

39.2/neg‡

-

WD253

-

+

36.7

-

-

-

-

-

-

-

-

ND

WD254

37.9

+

-

-

-

-

-

-

-

-

-

ND

WD255

37.2

-

38.7

-

-

-

-

-

-

-

-

ND

WD256

38

+

39.9

-

-

-

-

-

-

-

-

ND

WD257

38.4

+

35.9

+

-

-

-

-

-

-

39.9/neg‡

-

SG1

34.2

-

35.4

-

-

-

-

ND

ND

ND

ND

ND

SG3

-

-

38.8

-

-

-

-

ND

ND

ND

ND

ND
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DPI 2

DPI 4

DPI 6

DPI 8

DPI 10†

DPI 28

Bird No.
PCR*

VI*

PCR

VI

PCR

VI

PCR

VI

PCR

VI

PCR

VI

SG4

32.6

+

35.7

-

-

-

-

ND

ND

ND

ND

ND

SG5

33.7

+

35

+

-

-

-

ND

-

ND

ND

ND

SG7

-

-

-

-

-

-

-

ND

ND

ND

ND

ND

SG8

34.6

-

33.5

-

-

-

-

ND

-

ND

ND

ND

SG9

28.6

-

39.8

-

-

-

-

ND

ND

ND

ND

ND

RTA0

39.2

-

-

-

-

-

-

-

ND

ND

ND

ND

RTA1

36

-

37.7

-

-

-

-

-

ND

ND

ND

ND

RTA2

39.9

-

-

-

39

-

-

-

-

ND

ND

ND

RTA4

38

-

-

-

-

-

-

ND

-

ND

ND

ND

RTA5

34.8

-

-

-

-

-

-

ND

ND

ND

ND

ND

* results shown as positive (+) or negative (-)
† results not displayed from 12-25 DPI as either negative or not done (ND)
‡ two OP samples were negative by RRT-PCR when retested
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Table 3.6 Percentage of cloacal and OP swabs from the ducks that were positive by
VI and median infectivity titres from RRT-PCR positive swabs.
DPI

Cloacal % VI

OP % VI

Cloacal

OP median

p (two-tail t-

positive

positive

median

infectivity titre

test) between

infectivity

(log10 EID50/0.1

Infectivity

titre (log10

mL)

titres

EID50/0.1 mL)
2

85.7

71.4

104.49

101.36

0.004

4

71.4

28.6

104.58

101.69

0.002

6

57.1

0

103.68

8

28.6

0

102.62

10

0

0

101.54

Figure 3.6 Box plot* of infectivity titres (EID50/0.1 mL swab) of duck cloacal and OP
samples post challenge.
* box encloses 25%, 50% and 75% percentiles, whiskers denote min. and max. value, and
outliers are shown as small circles
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Figure 3.7 Percentage of cloacal (A) and OP (B) duck swabs tested that were RRTPCR CT<40 and positive by ECE virus isolation by DPI, and median infectivity titres
with error bars (AD).
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Table 3.7 Median duration of viral shedding in the ducks from the cloaca and
oropharynx, as calculated from birds with evidence of viral shedding in Table 3.4/5.
Test

Cloaca median days

Oropharynx

of shedding (AD)

median days of

p (two-tail t-test)

shedding (AD)
Virus isolation

6 (1.6)

2 (0.6)

<0.001

RRT-PCR

7 (2.0)

4 (0.5)

0.005

In the gulls there was no evidence of viral shedding based on RRT-PCR testing of cloacal
swabs (n=52) to 12 DPI, and from virus isolation (n=27) to 6 DPI. Conversely, respiratory
replication was more prevalent, but for a short duration with virus isolated from 2 of 7
(28.6%) gulls at 2 DPI and 1 of 7 (14.2%) gulls at 4 DPI, and positive RRT-PCR results in 5 of
7 (71.4%) gulls at 2 DPI and 6 of 7 (85.7%) gulls at 4 DPI (Table 3.8, Figure 3.8A). There was
no evidence of viral shedding after 4 DPI.
At 2-4 DPI, median infectivity titres were higher from the oropharynx of the gulls
compared with those from the oropharynx of the ducks and the turnstones (Tables 3.6/8).
At 2 DPI this was attributable to the high viral titre in one gull (SG9) of 104.26 EID50/0.1 mL
swab (Figures 3.8A and 3.9A). The high infectivity titre and virus isolations show that H6N2
replicated in the oropharynx, and that the results were not from any residual virus
following inoculation.
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Table 3.8 Percentage of OP swabs from the gulls and turnstones positive by VI and
median infectivity titres from the RRT-PCR positive swabs, by DPI.
DPI

% gulls VI

Gull median infectivity

% turnstones VI

Turnstone median

positive

titre (log10 EID50/0.1 mL)

positive

infectivity titre (log10
EID50/0.1 mL)

2

28.6

102.53

0

101.74

4

14.3

102.09

0

101.43

6

0

0

101.0

10*

ND

33*

103.14*

* At 10 DPI the turnstone value shown at 10 DPI is from one (RTA4) cloacal sample that
tested positive by both VI and RRT-PCR.

A

B

.

.

Figure 3.8 Box plot of infectivity titre (EID50/0.1 mL swab) of gull (A) and turnstone
(B) OP samples post challenge, and turnstone RTA4 (shown at 10 DPI).
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Figure 3.9 Percentage of OP swabs tested that were RRT-PCR CT <40 and positive by
ECE virus isolation, and median infectivity titre from RRT-PCR positive swabs by DPI
(AD values shown as error bars) in challenged gulls (A) and turnstones (B) with
turnstone data at 10 DPI from one cloacal sample.
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In the turnstones, cloacal excretion was only detected in one bird (RTA4) at 10 DPI, with
moderate viral titre (103.14 EID50/0.1 mL of swab) and virus isolated (Table 3.8, Figures 3.9B
and 3.9B). There was no evidence of viral shedding before or after this sampling (Table
3.4) and this bird had concurrently raised HI reciprocal titres (64 at 13 DPI). As found in
the gulls, viral shedding in the turnstones was more prevalent from the oropharynx than
from the cloaca, with all birds positive by RRT-PCR at 2 DPI, although no viable virus was
isolated (Figure 3.9B). As found in the other species, viral shedding from the oropharynx
was transient with 2 of 5 (40%) positive by RRT-PCR at 4 DPI and 1 of 5 (20%) positive at 6
DPI. The median infectivity titre in OP swabs ranged from 101-1.74 EID50/0.1 mL, indicating
low grade infection (Table 3.8 and Figure 3.9B).
The samples of duck pond water collected on 1, 5 and 9 DPI were positive by RRT-PCR and
by virus isolation on 5 and 9 DPI (Table 3.9). The water samples collected from 12 to 33
DPI were all negative when tested individually by RRT-PCR and virus isolation.
Table 3.9 Results from RRT-PCR testing and virus isolation of individual pond water
samples from the duck enclosure.
DPI

CT value

Virus isolation

1

33.3

Negative

5

33.6

Positive

9

36.9

Positive

12, 15, 19, 21, 25, 28, 33

Negative

Negative
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3.4 Discussion
There have been numerous experimental infections with HPAI H5N1 in wild birds,
however few studies have looked at the species related differences in host susceptibility
and responses to LPAIV infection (Stallknecht and Brown 2008). In this study, the
biological and antibody responses to LPAIV challenge in three wild bird species from
different avian taxa were measured and compared by serological and virological testing.
This was the first time this had been undertaken in these three species at the one time.
The situation with the trial meant that the birds were at different stages of adjustment to
captivity and with different immune status. The gulls and turnstones were wild caught
with less time to adapt in captivity, and the turnstones had serological evidence of
previous exposure to an AIV. Conversely, the ducks were raised as orphans in captivity and
were at a different stage of immunological maturity. It is unclear whether these factors
influenced the biological and immunological responses to viral challenge. From one study
in experimentally LPAIV challenged Mallards with normal body condition there were no
differences between wild and captive-bred birds in viral intensity and duration of
infection, though antibody titres were lower (Arsnoe et al. 2011).
Compared to other experimental studies where NP antibody responses were assessed by
AGID, this study used a c-ELISA to overcome sensitivity issues reported with the AGID test
in ducks and other birds (Slemons and Easterday 1972; Spackman et al. 2009). Following
inoculation with H6N2 virus (107.95 EID50/bird), the responses in all three species were
consistent with an LPAIV challenge, featuring localised viral replication and asymptomatic
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infection, as described elsewhere (Suarez and Schultz-Cherry 2000). The serological results
showed 18 of 19 (94.7%) inoculated birds and one untreated in-contact bird developed
elevated NP c-ELISA antibody levels. Of these, only one bird, a Silver Gull, did not show
any evidence of viral shedding, hence 18 birds had both serological and virological
evidence of infection. In all species, there was marked elevation in NP c-ELISA antibody
levels peaking at 7-10 DPI, and trending lower at different rates thereafter. These results
are consistent with other experimental challenges that found elevated NP antibody levels
by 10 DPI in domestic ducks (Spackman et al. 2009; Jackwood et al. 2010).
In the challenged ducks, median NP c-ELISA values were maintained at high levels (above
80% inhibition) to 42 DPI, and this finding may be a useful diagnostic guide for
determining the time since primary AIV infection in naïve ducks. A transient spike in NP cELISA levels observed in most ducks at six months post inoculation without concurrent rise
in HI titres could not be explained, but may have been associated with infection by
another non-H6 subtype, or an unusual immune response as the ducks reached maturity.
The NP c-ELISA antibody level in the ducks was just below the positive cut-off for this test
by 8 months post inoculation (57% median inhibition), which is in the equivocal diagnostic
range indicative of past infection. Moreover this suggests that NP antibodies are relatively
long-lived in ducks. These findings are in agreement with other studies where naturally
infected Mallards were assessed for 15 months and found by another c-ELISA to maintain
positive NP antibody levels for 8 months, after which the titres steadily declined
(Fereidouni et al. 2010). This generalisation may not apply in all situations, since the
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immune response is influenced by many factors including virus subtype, repeated
exposure, host species and other host and environmental factors (Mendes et al. 2006).
Current influenza vaccine design is based on the paradigm that immunity is dependent
upon neutralising antibodies to the envelope antigens, HA and to a lesser extent NA.
Vaccine trials in mice have shown that recombinant NP vaccination reduces morbidity and
lowers viral excretion loads when subsequently challenged with a live influenza virus
(Carragher et al. 2008). Similar findings were observed in vaccinated turkeys subsequently
challenged with an LPAIV (Kodihalli et al. 1994). The precise mechanism and significance
of this cross protective immunity for vaccine design, and whether NP antibody confers
protection from re-infection by regulating virus assembly (Section 1.2.2), or by other
mechanisms, warrants investigation to further understand the epidemiology of AIV in wild
bird populations.
Antibodies to H6 HA were not detected in all infected birds. Where detected, significant HI
titres followed elevated NP c-ELISA levels by approximately three days, and 9-12 days in
the ducks. Diagnostic HI titres (≥16) were detected in 6 of 7 ducks from 10-19 DPI, and by
42 DPI no ducks were positive by HI. The HI reciprocal titres were consistently low (16),
and only one duck had higher titres (32) for approximately 6 days. These results concur
with other research findings that conclude ducks have weak antibody responses to the HA
antigen (Section 1.4.2), and would explain why there was poor correlation between NP
and HA antibody responses in the challenged ducks.
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In other studies, when LPAI and HPAI viruses were inoculated into domestic Mallards, HA
responses were inconsistent, weak (HI titres ≤32) and short lived (Homme and Easterday
1970; Slemons and Easterday 1972; Winkler et al. 1972; Alexander et al. 1986). It has been
hypothesised that weak antibody responses may be associated with higher survival rates
of AIV in waterfowl that favours the perpetuation and ecology of AIV in these hosts
(Homme and Easterday 1970; Magor 2011).
The results of the duck serology in the present study indicate a sharp decline in HA
antibodies between 19-56 DPI and a rapid decline in NP antibodies after 42 DPI. Other
studies suggest a similar pattern, as evident in domestic ducks after rechallenge with an
LPAIV that had markedly different responses at 28 and 46 days DPI (Kida et al. 1980). At 28
DPI, resistance to infection was apparent, whereas at 46 DPI, the ducks became infected
and produced higher (anamnestic) HI titres in response to infection but showed no viral
shedding, suggesting that a secondary immune mechanism had rapidly shut down
infection (Kida et al. 1980). In a further study, cross protective immunity was apparent in
Mallards primed with homosubtypic immunity that were challenged 14 days later with a
heterologous subtype (Jourdain et al. 2010). In another study, Mallards with primed
immunity produced higher and longer duration of NP and HA antibodies after challenge
compared to AIV naïve Mallards (Fereidouni et al. 2010).
These studies suggest that protective immunity to AIV in wild ducks could start to wane
around 28-42 days after primary infection unless there is further natural virus challenge.
The findings from extensive longitudinal wild bird surveillance studies of ducks and
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shorebirds in Canada and USA show that the prevalence of infection with several subtypes
is cyclical, with a 2-3 year periodicity (Krauss et al. 2004). Whether this cyclical
phenomenon is due to long lived NP antibodies and primed HA immunity that result from
waves of infection in these populations, conferring immunity against re-infection for 12
months or more needs further study.
The inclusion of serological testing in longitudinal surveillance of waterfowl populations
provides the opportunity to better understand the natural ecology of AIV. Serology can
provide spatiotemporal data on circulating subtypes, presence of H5 or H7 subtypes and
patterns of AIV infection in aquatic ecosystems. There is limited information on the
epidemiological interpretation of AIV serological data from wild birds, indicating that
further study of the responses of the avian immune system to AIV infection by multiple
subtypes and biotypes in wild bird species is required.
In this study, the features of experimental H6N2 infection were consistent with that
expected of an LPAIV in ducks with prominent intestinal tropism and replication. Cloacal
shedding of virus was found in most ducks (6 of 7) at moderate levels from 2-6 DPI with no
excretion of infectious virus detected from 8 DPI. Replication was also detected from the
oropharynx of most ducks (6 of 7 ducks, including one duck negative on cloacal sampling),
however shedding was more transient (2-4 days) and significantly lower viral loads were
excreted. These findings are consistent with other LPAIV studies in domestic ducks where
intestinal replication is prominent for short periods (Slemons and Easterday 1978; Kida et
al. 1980).
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In contrast to the ducks, there were significant early HA and NP antibody responses
detected in all gulls around 7-10 DPI, and reciprocal HI titres were the highest (128)
detected in this study. The anti-HA antibody responses were short lived and by 28 DPI,
most birds had low HI titres. This indicated that the gulls were susceptible to infection by
this subtype, but their immune system responded rapidly and they were able to efficiently
shut down virus replication. In the gulls, viral shedding was only detected from respiratory
samples, and with the exception of one gull that had a high infectivity titre (104.26
EID50/0.1 mL at 2 DPI), was mostly at low levels of excretion for a short duration (2-4
days). This further suggests that this subtype was not adapted to persist in this host and
humoral or cell mediated responses rapidly cleared the infection.
The life history of the turnstones used in this study was not known, though NP c-ELISA
results prior to challenge indicate these birds had been previously exposed to AIV. After
challenge, these birds showed rapid elevation of NP c-ELISA levels which persisted at
moderately high levels to 28 DPI. Only two turnstones had moderate anti-H6 antibody
responses, with reciprocal HI titres of 64, which would have been expected to effectively
shut down virus infection. The turnstones showed RRT-PCR evidence of low titre OP virus
replication for 2-4 days, but infectious virus was not detected by virus isolation testing.
Interestingly, one bird had moderate viral excretion from the cloaca (103.14 EID50/0.1 mL
and positive by VI at 10 DPI), however this did not persist to 13 DPI when this bird had a
H6 HI antibody titre of 64.
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Although cloacal shedding featured prominently in the ducks as an important mode of
virus transmission, overall 17 of 19 (89.5%) infected birds shed viral particles from the
oropharynx at least once following inoculation. Other authors concluded that shedding of
LPAIV from the respiratory tract in wild birds could indicate an important role for
respiratory replication and transmission of HP and LPAI viruses in wild birds (Jindal et al.
2010). In this study, H6N2 challenged ducks had low infectivity titres and short duration of
shedding suggestive of a lesser role (101.36-1.69 EID50/0.1 mL from 2-4 DPI). Further study is
needed to determine the conditions under which respiratory replication and shedding
could be important in LPAIV transmission.
The lack of H6 HA antibody response in most of the turnstones and limited oropharyngeal
replication suggests that this virus did not initiate a significant infection. Possibly their
immune systems had been primed, as evidenced from the pre-existing NP antibodies in
the turnstones (median value of 57% inhibition), and if that was the case, existing cell
mediated and humoral immune responses may have limited viral replication after
challenge. This was not able to be investigated further in this study.
The function of cell mediated immunity utilising cytotoxic T-lymphocytes and
macrophages to combat AIV infection is poorly understood in wild birds (Suarez and
Schultz-Cherry 2000). In mice, influenza NP has been identified as a dominant antigen that
stimulates cytotoxic T-lymphocytes to inhibit viral replication and clear infection (Kodihalli
et al. 1994). Whether components of the avian immune response, such as secretory
immunoglobulins from caecal tonsils (Kida et al. 1980; Pink et al. 1998), long lived T-
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memory cells (Doherty et al. 2009), or RIG-I sensor in ducks (Section 1.3.3), could
contribute to this protection requires investigation.
It is suggested that, of the shorebird species used in this study, the Ruddy Turnstone could
be a suitable, interesting candidate for further AIV infection studies of the avian immune
system. This species has all the attributes that correlate with a strong immune system
such as longevity and low reproductive rates (Mendes et al. 2006). The species has
scavenging behaviours that expose it to more pathogens as evident by high AIV
prevalences at Delaware Bay, USA (Hanson 2003), yet it has been hypothesised that
immunocompetence when exposed to AIV infection may compromise other physiological
processes such as trans-equatorial migration and breeding, which are important to this
species (Viney et al. 2005).
When an inoculum of A/coot/WA/2727/79 (H6N2) propagated in ECE was inoculated into
domestic chickens, virus shedding which continued to 7 DPI, was more prominent from
the trachea than the cloaca, and all exposed birds developed high anti-H6 HA antibody
titres (Shan et al. 2010). These findings are similar to the responses in the gulls and
turnstones that showed more respiratory than cloacal replication, and where detected,
higher antibody responses. However in the ducks, preference was for enteric replication
and only low anti-H6 HA antibody titres were produced. This interspecies variability
suggests that H6 subtypes are well adapted to ducks. Furthermore, although the original
virus isolate was from a Eurasian Coot, the infection in this bird may have been from
contact with sympatric ducks. The species variations in this study are unlikely to be
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associated with the ability of AIV to show adaptations from passaging in ECE (Robertson et
al. 1987) since the inoculum was low passage material (Ellis 2011, pers. com.).
Moreover, the species variations in this study are consistent with the findings from other
studies where subtypes well adapted in one host behave differently in incidental hosts.
When LPAIV poultry adapted strains were inoculated into ducks and poultry, ducks were
susceptible to infection with higher antibody responses but no virus excretion (Jackwood
et al. 2010). When human influenza viruses were inoculated into ducks, a similar response
was observed (Kida et al. 1980). In turkeys and chickens, inoculation with wild bird isolates
caused asymptomatic infection, poor seroconversion and replication of more subtypes in
turkeys than poultry (Morales et al. 2009). In another study, six species of wild ducks and
gull were challenged with HPAI H5N1 with variable levels of disease, seroconversion and
viral replication (Brown et al. 2006).
There is evidence that H6 subtypes are endemic in Australian birds, with isolations from a
number of wild bird species including a pelagic shearwater in QLD (Downie and Laver
1973), from several waterfowl species in southern WA (Mackenzie et al. 1984) and
northern WA (Chapter 6), from RRT-PCR testing of waterfowl in NSW (Haynes et al. 2009)
and from HI testing of northern WA waterfowl (Chapter 6).
Globally, surveillance studies in North America and Europe have shown that of all
detected subtypes, H6 and N2 are common subtypes across a broad range of species with
higher prevalence of both subtypes in waterfowl compared to shorebirds (Krauss et al.
2004; Munster et al. 2007). The subtype H6N2 was prevalent in North American ducks
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prior to 1986 with other H6 combinations prevalent thereafter, and H6 comprised 34.5%
of all duck isolates (Krauss et al. 2004). In Europe, 81% of HA subtype detections in geese
and swans were H6, and H6N2 comprised 35% of H6 isolates (Munster et al. 2007). These
findings also suggest that H6 subtypes are well adapted to ducks.
The phylogenetic analysis of the HA and NP genes of A/Eurasian coot/WA/2727/79 (H6N2)
has shown similarity with other AIV’s isolated from shearwaters in Australia, and for the
HA and NA genes, relatedness with North American and Eurasian H6 lineages. These
analyses suggest that the H6N2 subtype had genetic similarity over a wide geographic
area at the time (Shan et al. 2010). The genetic stability of H6 subtypes during that period
was most likely maintained by spatial separation and a lack of selection pressure between
different lineages (Bahl et al. 2009). After 1986, H6N2 isolates were not detected in North
American wild ducks (Krauss et al. 2004), possibly reflecting genetic instability caused by
Eurasian HA gene flow competing and leading to extinction, or changes in this subtype in
ducks (Bahl et al. 2009). The introduction of these new genes and possible transmission
from waterfowl may explain the unusual incidence of clinical disease attributed to H6N2 in
Californian poultry flocks during 2000-03 (Webby et al. 2003; Woolcock et al. 2003). The
limited analysis of a recent H6 isolate in a duck from northern Australia shows highest HA
gene similarity with contemporary isolates (Chapter 6). Hence it is uncertain if A/Eurasian
coot/WA/2727/79 (H6N2) is an extant subtype in Australia, or if it has been replaced
through HA gene flows as found in North American studies.
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The findings from this study provide further understanding of the biological and host
responses to LPAIV challenge in three different wild bird taxa. In contrast to domestic
chickens, the immune response of wild birds to infection with AIV is poorly understood,
hence further research is required to explore the functional responses of the avian
immune system and how this influences the complex mechanisms that determine virushost ecological relationships. The results from this study also provide important data for
detailed evaluation of the performance and validity of a range of AIV diagnostic tests in
wild bird species, as described in the following chapter.
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CHAPTER 4: AN EVALUATION OF AIV DIAGNOSTIC TESTS IN WILD
ANSERIFORMES AND CHARADRIIFORMES
4.1 Introduction
Few studies have assessed the performance of AIV diagnostic tests in wild birds
experimentally challenged with an LPAIV. According to OIE guidelines (OIE 2009b), the
empirical procedure for validation of serological tests with defined reference animals,
relies on data from experimentally infected birds with known antibody positives, together
with further assessment of specificity in disease free flocks. To satisfy these guidelines for
serological test validation in wild birds would require a multitude of validation
experiments across many species. Therefore it is not surprising that AIV diagnostic tests
have not been fully validated in wild birds since addressing the logistical, resource and
welfare concerns of this work would present significant impediments that far outweigh
the likely benefits.
In this chapter, the diagnostic performance of NP c-ELISA, HI, Taqman Type A RRT-PCR and
ECE virus isolation methods were evaluated from the results of the LPAIV challenge trial in
three species of wild birds (reported in Chapter 3), and the serological tests were also
evaluated using the wild bird surveillance test results from almost 60 species of wild birds.
Diagnostic sensitivity and specificity estimates were also assessed at different thresholds.
Other methods such as the AGID, RDE pre-treatment of sera for the HI test and alternative
short term storage conditions of swabs for virology were included for assessment. An
evaluation of the analytical performance of these tests in wild birds was beyond the scope
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of this study, therefore assessment of the sensitivity and specificity parameters relate to
diagnostic values in this chapter.

4.2 Materials and Methods
4.2.1 Experimental challenge trial and surveillance testing
The details of the challenge trial using three species of wild birds, the Wandering
Whistling Duck (n=7), Silver Gull (n=9) and Ruddy Turnstone (n=6), challenged with a 1 mL
dose of A/Eurasian coot/WA/2727/79 (H6N2), equivalent to an infectivity titre of 107.95
EID50 with in-contact untreated birds and negative controls were described in Section 3.2.
The surveillance for AIV in wild birds has been carried out across northern Australia since
1992, with the serological and virological testing of approximately 8,000 Charadriiformes
and Anseriformes (Chapters 5 and 6). This surveillance was cross-sectional to assess
species risk profiles with about 50 species of shorebirds and 10 species of waterfowl
sampled. Annual sample sizes were based on a 95% probability of detecting at least one
infected bird with an assumed prevalence of 1% (Cannon and Roe 1982).
4.2.2 NP c-ELISA
All serum samples were tested with the NP c-ELISA according to the procedures as
described (Section 2.3.1). The diagnostic performance of the NP c-ELISA was evaluated at
two levels, as a test for detection of NP antibody response to infection in challenged birds,
and as a screening test in the surveillance of wild birds for the purpose of identifying
samples that should be tested by more specific confirmatory tests, such as HI. To
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accurately assess the specificity parameter for the NP c-ELISA in wild birds would have
required larger sample numbers of AIV naïve birds.
For the challenge trial data, the NP c-ELISA was evaluated against virological results as
evidence of infection with AIV, as has been used by others (Brown et al. 2009b). Each
inoculated bird was considered either infected or uninfected based on one or more
positive test results in the RRT-PCR (CT <40) on cloacal or OP swabs from 2 to 10 DPI. Using
a c-ELISA result of ≥60% as the positive threshold, numbers in each category including
negative control data, were assembled in a 2x2 evaluation table in EpiTools (Sergeant
2009) to calculate diagnostic sensitivity (Se), diagnostic specificity (Sp), likelihood ratios
and positive (PPV) and negative predictive values (NPV). All c-ELISA results to 28 DPI for
each infected or uninfected bird were then dichotomised into groups for assessment of
correlations.
For the surveillance data, since the true AIV status of the test populations were unknown
and virological results were predominantly negative, the NP c-ELISA results were analysed
against the reference HI test using titres ≥8 at two inhibition thresholds. A small subsample (n=21) of the NP c-ELISA positive sera was also tested by the AGID for comparison.
4.2.3 AGID
The AGID test was performed according to standard procedures (Beard 1970; OIE 2009a),
with positive results graded on the intensity of precipitin lines and proximity to serum test
wells.
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4.2.4 HI testing
The HI assay was performed on all serum samples according to the procedures described
in Section 2.3.2. The HI test is considered the reference serological test for confirming
antibody against an HA subtype in poultry with high diagnostic sensitivity and specificity,
particularly when field sera are tested against reference antigens that have high HA
antigenic and genetic relatedness to the viruses in the field. In humans, it is suggested that
a diagnostic cut-off of ≥10 is a significant test result (Meijer et al. 2006). In chickens, a HI
titre ≥16 is considered a positive diagnostic result for infection under OIE criteria (OIE
2009a), however these guidelines may not be appropriate for the interpretation of HI
results from wild birds. It is well recognised that ducks have poor anti-HA antibody
response, hence it is hypothesised that a HI titre of <16 may still indicate prior exposure to
infection with AIV. In this study, only sera from the challenge trial were used to evaluate
the HI test parameters, since sera from surveillance were sourced from birds with
unknown infection history. Hence the c-ELISA and HI were assessed by the same criteria,
with birds dichotomised into infected or uninfected groups based on virological test
results.
Although RDE pre-treatment serum is routinely used to remove non-specific inhibitors
from human, swine and equine sera prior to testing in the HI test, the sera from the
majority of avian species may only have low, or undetectable levels of non-specific
inhibitors of agglutination (WHO 2004; Pedersen 2008). To evaluate the efficacy of RDE, a
sub-sample of surveillance and challenge bird sera were tested with and without pretreatment of sera with RDE according to standard procedures (WHO 2004).
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4.2.5 Taqman Type A RRT-PCR and virus isolation testing
The swab samples from the challenge trial were tested individually for the presence of
influenza A RNA by RRT-PCR using the method of Heine and Trinidad as described in
Section 2.3.3. The diagnostic performance of the RRT-PCR to detect AIV was compared
with the results from virus isolation, with test parameters calculated in EpiTools.
Evaluation was done at two cut-offs, CT <37 and CT <40, since the range CT 37-40 has been
determined by in-house evaluations at the Virology Laboratory of DAFWA to give
indeterminate results that may be non-specific. Individual CT values <40 were also
dichotomised following virus isolation into HA positive and HA negative groups for
assessment of correlation. The ECE method for virus isolation follows the standard
protocol of the OIE (OIE 2009a), as previously described in Section 2.3.4.
4.2.6 Statistics
The statistical methods follow those described in Chapter 2, with test parameters for
diagnostic sensitivity and specificity with 95% CI, positive and negative likelihood ratio,
Kappa statistic (K) for agreement, and PPV/NPV assessed using the EpiTools
epidemiological calculator (Sergeant 2009). Using surveillance data, diagnostic sensitivity
and specificity characteristics for the NP c-ELISA against HI results were further evaluated
at various thresholds using a nonparametric two-graph receiver-operating characteristic
(ROC) analysis with 95% accuracy in EpiTools. The assessment of accuracy by ROC was
based on the ‘area under the curve’ (AUC) with the following guidelines: non-informative
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(AUC<0.5), less accurate (0.5-0.7), moderately accurate (0.7-0.9), highly accurate (0.9-1)
and perfect test (AUC=1) (Greiner et al. 2000).
The Kappa statistic (K) was interpreted according to the criteria where, <0.2 indicates
slight agreement, 0.2-0.4 fair agreement, 0.4-0.6 moderate agreement, 0.6-0.8 substantial
agreement and >0.8 almost perfect agreement between the two tests (Dohoo et al. 2003).
The assessment for correlations between the RRT-PCR and virus isolation results were
analysed using Spearman’s correlation coefficient (rs), and paired RRT-PCR data were
analysed for differences using the paired samples t-test in SPSS (version 17 for Windows).

4.3 Results
4.3.1 Evaluation of the Taqman Type A RRT-PCR
For the challenge trial, the number of cloacal and OP swabs positive by RRT-PCR (CT <40)
and virus isolation were compiled for each sampling interval post inoculation (Table 4.1).
Overall, the results show that RRT-PCR (CT <40) detected 16 of 18 (89%) virus positive
cloacal swabs to 10 DPI, and 9 of 10 (90%) virus positive OP swabs to 4 DPI. The RRT-PCR
also showed a higher prevalence in swabs with target nucleic acid at 2-4 DPI from the
oropharynx compared to the cloaca (Figure 4.1), however at all times the median CT value
(calculated from VI positive swabs), was significantly lower from the cloaca (t-test, p
<0.001).
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Table 4.1 The number of challenge trial birds (n=22) positive and negative by RRTPCR and VI at different sampling intervals post inoculation.
DPI - swab

RRT-PCR and VI

RRT-PCR pos

RRT-PCR neg

RRT-PCR and VI

pos

and VI neg

and VI pos

neg

2 DPI cloacal

5

0

1

16

4 DPI cloacal

5

1

0

16

6 DPI cloacal

4

0

0

18

8 DPI cloacal*

1

1

1

4

10 DPI cloacal*

1

2

0

7

2 DPI OP

6

9

1

6

4 DPI OP

3

9

0

10

* At 8 and 10 DPI all birds were tested by RRT-PCR but not by virus isolation since none of
the gull and turnstone cloacal samples were positive by either test prior to 8 DPI.
Cloacal swabs

A.

Percent PCR +ve

100

45

Percent VI +ve

90
Median CT

40

70
60

35

50
40

30

30
20

25

10
0

20
0

2

4

6

8

DPI
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Percent positive

80

B.

OP swabs
100

Percent
PCR+ve

45

Percent VI +ve

90
40

Median Ct

70
60

35

50
40

30

CT value

Percent positive

80

30
20

25

10
0

20
0

2

4

6

8

10

DPI

Figure 4.1 Percentage of trial birds from Table 4.1 positive by RRT-PCR and by VI,
with median CT value of RRT-PCR positive results (CT <40) and error bars (AD) in (A)
cloacal swabs to 10 DPI and (B) OP swabs to 4 DPI.
The data from Table 4.1 were assessed in a 2x2 table in EpiTools to calculate test
parameters for RRT-PCR at each sampling interval post inoculation (Table 4.2). The
analysis shows high diagnostic sensitivity that ranged from 83.3-100%, and diagnostic
specificity that ranged from 94.1-100% in cloacal swabs from 2-6 DPI, with comparable
sensitivity but lower specificity in OP swabs from 2-4 DPI. Overall, there was substantial
agreement between RRT-PCR and virus isolation for cloacal swabs (K=0.795, p=0, n=83),
and fair agreement between tests for OP swabs (K=0.232, p=0.017, n=44). Negative
virological test results from 306 Charadriiformes sampled in 2005 also showed 100%
agreement between RRT-PCR and ECE virus isolation, suggesting high diagnostic specificity
for the RRT-PCR test.
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Table 4.2 Assessment of diagnostic test parameters for RRT-PCR (CT <40) against
virus isolation testing in cloacal and OP swabs from challenge birds calculated in
EpiTools.
Cloacal
swabs

Se (95% CI)

Sp (95% CI)

Likelihood ratios Kappa statistic
pos/neg*

2 DPI

83.3 (35.9, 99.6)

100 (79.4, 100)

-/0.167

0.879

4 DPI

100 (47.8, 100)

94.1 (71.3, 99.9)

17/0

0.879

6 DPI

100 (39.8, 100)

100 (81.5, 100)

-/0

1.0

8 DPI

50 (1.3, 98.7)

80 (28.4, 99.5)

2.5/0.625

0.3

10 DPI

100 (2.5, 100)

77.8 (40, 97.2)

4.5/0

0.412

2 DPI

85.7 (42.1, 99.6)

40 (16.3, 67.7)

1.4/0.357

0.197

4 DPI

100 (29.2, 100)

52.6 (28.9, 75.6)

2.1/0

0.233

OP swabs

* values shown as ‘-‘ could not be calculated
When RRT-PCR test parameters were assessed at a lower CT threshold (CT <37) in cloacal
swabs, there was equivalent sensitivity at each sampling post inoculation to that shown in
Table 4.2 since all VI positive samples had CT <37 values. Overall, there was only a small
increase in agreement with the lower threshold related to one virus negative swab that
had a CT value of 39. The test parameters for OP swabs at the CT <37 threshold at 2 DPI
showed lower sensitivity (43%; 95% CI 10, 81.6) and higher specificity (66.7%; CI 38.4,
88.2), and at 4 DPI, the same sensitivity with higher specificity (79%; CI 54.5, 94) relative to
the CT <40 threshold. Agreement for OP swabs was lower at the CT <37 threshold at 2 DPI
(K=0.092), and overall, marginally higher (K=0.285) compared to CT <40 (K=0.232).
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When all of the CT results for the challenge birds were dichotomised into virus isolation
positive and negative groups for analysis by Spearman’s correlation coefficient (rs) with
negative CT values ≥40 arbitrarily assigned a value (CT =45), there were significant
correlations (rs=0.821, n=83, p<0.001) for the cloacal swabs to 10 DPI, and OP swabs to 4
DPI (rs=0.372, n=44, p=0.013). The values for CT <40 cloacal and OP swabs (n=51) were
dichotomised into virus isolation positive and negative groups with analysis of the
medians shown (Table 4.3).
Table 4.3 Comparison of median CT value for all swabs with CT <40 between virus
isolation positive and negative groups.
Virus isolation
positive
CT median (AD)

Virus isolation negative
CT median (AD)

p

Cloacal swabs

29 (3.75), n=18

36.5 (1.48), n=4

p<0.001

OP swabs*

36.4 (2.3), n=10

37.2 (2.2), n=19

p=0.369

p<0.001

p=0.555

p (between cloacal and OP)

* excluding two swabs that retested negative by RRT-PCR.
4.3.2 Evaluation of storage conditions for virology samples
Comparative RRT-PCR and virus isolation testing (n=48) was done only with the challenge
duck cloacal swabs since RRT-PCR detected little or no cloacal shedding in the other two
species. There were more positive virus isolations (n=15) from swabs stored at -1700C
compared to swabs stored for 48 hours at 40C (n=13), however this difference was not
significant (Pearson’s chi-square, p=0.653). Virus was isolated from two 40C storage swabs
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that were not detected from duplicate -1700C swabs, and from two ducks where RRT-PCR
failed to detect nucleic acid in duplicate swabs.
The paired RRT-PCR data from the samples stored at 40C and -1700C that included any
sample with a CT <40 value were analysed by Spearman’s correlation coefficient and were
found to be significantly correlated (rs=0.859, n=19, p<0.001), with no significant
differences between the median CT values (t-test, p=0.768). Under both storage protocols
using summary data (Table 4.4), there was substantial agreement between RRT-PCR and
virus isolation (40C: K=0.615; -1700C: K=0.729).
Table 4.4 Results from RRT-PCR and virus isolation testing of duck cloacal swabs
under two temperature storage conditions.
Swab storage

Median of

RRT-PCR

RRT-PCR

RRT-PCR

RRT-PCR

RRT-PCR

and VI pos

pos and VI

neg and VI

and VI neg

neg

pos

pos (AD)
40C for 48hrs*

30.9 (6.3)

11

6

2

29

-1700C

30.4 (3.9)

14

5

1

28

* followed by storage at -1700C
4.3.3 Evaluation of the NP c-ELISA in infected birds
Evaluation of the NP c-ELISA against infection status (using RRT-PCR results) of challenged
birds showed that at all sampling days post inoculation the percentage of infected birds
positive by c-ELISA was higher than the percentage positive by HI (Table 4.5). The numbers
pre- and post-challenge were dichotomised into uninfected (n=22) and infected groups
(n=18) based on the RTT-PCR results in Table 4.6. This excluded one gull not categorised
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since it had serological evidence of infection without evidence of viral excretion, which
may have been related to either a lack of viral replication or a false negative result by RRTPCR. The number c-ELISA positive at 10 DPI and c-ELISA negative in the negative control
group were then analysed in EpiTools 2x2 test evaluation. This showed that the NP c-ELISA
(≥60% inhibition) had a diagnostic sensitivity of 100% (95% CI 81.5, 100) and diagnostic
specificity of 91% (95% CI 70.8, 98.9) with a positive and negative likelihood ratio of 11
and zero respectively. Two birds had positive c-ELISA values prior to inoculation suggesting
previous exposure to AIV infection, and if these results were excluded, the diagnostic
specificity of the c-ELISA would have been 100% (95% CI 83.2, 100).
The median NP c-ELISA % inhibition value (AD) for the infected group was 89.5% (4.9%),
which was significantly higher (p<0.0001) than the 36% (11.2%) for the uninfected
(negative control) group. There was a gradual decline in the percent positive by c-ELISA at
different days post inoculation after 10 DPI (Table 4.5) which was directly attributable to
the gull and turnstone results, since 100% of the ducks remained positive to 28 DPI. The
diagnostic sensitivity and specificity of the NP c-ELISA indicate that this test would have
high predictive value when used in high prevalence AIV infected wild birds (PPV=92% and
NPV=100% for 50% prevalence). Further assessment of all challenge and control test
results over 28 DPI by Spearman’s correlation coefficient, showed significant positive
correlation between NP c-ELISA values and infection status (rs=0.703 p<0.001, n=189), and
by Kappa, outstanding test agreement between NP c-ELISA and RRT-PCR (K=0.9, n=40).
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Table 4.5 Percentage of infected challenge birds positive by NP c-ELISA (≥60%
inhibition) and HI titre ≥8 by DPI (n=18).

DPI

7

10

13

16

19

22

25

28

c-ELISA

100

100

94.4

94.4

83.3

83.3

83.3

72.2

HI ≥8

33.3

72.2

83.3

77.8

77.8

72.2

72.2

61.1

Table 4.6 Evaluation of the NP c-ELISA in challenge trial birds with summary of
positive test results for RRT-PCR, NP c-ELISA and HI post inoculation.
Wild bird groups
(with negative

No. birds

No. positive by

No. of infected

No. with HI

challenged

RRT-PCR post

birds c-ELISA

titres ≥8 at

inoculation

≥60% at 10 DPI*

13 DPI

control numbers)
Duck (n=7)

6

7

7

7

Gull (n=9)

8

6

6

6

Turnstone (n=6)

5

5

5

2

Totals (n=22)

19

18

18

15

* all infected birds had >60% c-ELISA inhibition values
4.3.4 Evaluation of the NP c-ELISA in surveillance testing
In chickens, a HI titre of ≥16 is considered a significant diagnostic serological result for
exposure to AIV infection (OIE 2009a). However, when the number of wild bird sera with
HI titres of ≥8 were analysed from 82 surveillance and 63 LPAIV challenge samples, 123 of
145 (84.8%; 95% CI 79, 90.7) of these were NP c-ELISA positive with a mean c-ELISA value
of 80% inhibition (data not shown). Given this high level of agreement (K=0.895) and 100%
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diagnostic sensitivity of NP c-ELISA calculated from the challenge trial data, a HI titre of ≥8
was considered a significant test result for evaluation of the NP c-ELISA using surveillance
data.
The surveillance sera with NP c-ELISA results ≥40% inhibition from Charadriiformes (390 of
4,424 tested) and Anseriformes (1,131 of 3,645 tested), and sera with <40% inhibition
(n=177) were tested by HI using multiple HA subtype antigens at AAHL. Samples could not
be tested with all known subtypes due to insufficient sera or antigen subtypes, therefore
arbitrarily the assessment was restricted to those tested with ten or more HA subtypes.
The number and percentage of birds with HI titre ≥8 to at least one HA subtype at two cELISA cut-offs (Table 4.7) were used for the evaluation of the NP c-ELISA against the HI test
(Table 4.8). Furthermore, the ≥60% inhibition data in Table 4.7 was separated into 60-80%
and 80-100% ranges (raw data not shown) and is displayed in Figure 4.2.
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Table 4.7 Assessment of the NP c-ELISA at different thresholds against significant HI results (≥8) in surveillance sera from
Charadriiformes and Anseriformes.

Charadriiformes

c-ELISA range

Anseriformes

All birds combined

No.

No. HI

Percentage of

No.

No. HI

Percentage of

No.

No. HI

Percentage of

HI

tested

total HI positives

HI

tested

total HI positives

HI

tested

total HI positives

(95% CI)

≥8

(95% CI)

≥8

≥8

(95% CI)

c-ELISA <40%

1

145

1.0 (0, 5.4)

0

32

0 (0, 2.4)

1

177

0.4 (0, 2.2)

c-ELISA 40-60%

13

68

12.9 (7, 21)

10

167

6.6 (3.2, 11.8)

23

235

9.1 (5.9, 13.3)

c-ELISA ≥60%

87

168

86.1 (77.8, 92.2)

142

614

93.4 (88.2, 96.8)

229

782

90.5 (86.2, 93.8)

Totals

101

381

152

813

253

1194
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Charadriiformes

100%

Percent of total H types by HI

90%

Anseriformes

80%
All birds

70%
60%
50%
40%
30%
20%
10%
0%
<40%

40-60%

60-80%

80-100%

c-ELISA range

Figure 4.2 Assessment of various thresholds of the NP c-ELISA % inhibition in
surveillance sera showing the percentage of wild birds with HI titre ≥8 to at least
one HA serotype as a proportion of the total number of significant HI results (error
bars from 95% CI).
The predictive values for the NP c-ELISA (Table 4.8) as a screening test were assessed
using the diagnostic Se and Sp values and the estimated prevalence in the population with
a specific antibody to various influenza A virus HA subtypes (HI titres ≥8). Overall the HI
antibody test prevalence was estimated at 2.28% (95% CI 1.9, 2.8) in 4,424
Charadriiformes, 4.17% (95% CI 3.5, 4.9) in 3,645 Anseriformes and 3.14% (95% CI 2.8, 3.5)
for all birds combined, assuming that all c-ELISA negatives were HI test negative.
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Table 4.8 Evaluation of the NP c-ELISA diagnostic sensitivity and specificity (95% CI),
likelihood ratios and predictive values at two thresholds from wild bird surveillance
data* analysed in EpiTools.
c-ELISA ≥60%

Charadriiformes

Anseriformes

All birds

Sensitivity

86.1% (77.8, 92.2)

93.4% (88.2, 96.8)

90.5% (86.2, 93.8)

Specificity

71.1% (65.4, 76.3)

28.6% (25.2, 32.2)

41.2% (38.1, 44.5)

3/0.2

1.3/0.23

1.5/0.23

6.5/99.6

5.4/99

4.8/99.3

c-ELISA ≥40%

Charadriiformes

Anseriformes

All birds

Sensitivity

99% (94.6, 100)

100% (97.6, 100)

99.6% (97.8, 100)

Specificity

51.4% (45.4, 57.4)

4.8% (3.3, 6.8)

18.8% (16.3, 21.4)

2/0.02

1.1/0

1.2/0.02

4.5/100

4.4/100

3.8/99.9

Likelihood ratios
(positive/negative)
PPV/NPV %

Likelihood ratios
(positive/negative)
PPV/NPV %

* based on an estimated test prevalence of HI antibody of 2.28% in Charadriiformes,
4.17% in Anseriformes and 3.14% in all birds combined.
To further evaluate performance parameters using surveillance data, the NP c-ELISA
results for “infected” and “uninfected” groups, based on HI testing, were further analysed
using a two graph receiver operator characteristic (ROC curve) in EpiTools (Figure 4.3). The
“area under the curve” (AUC) was calculated as 75.6% (95% CI 71.9, 79.3), indicating that
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the NP c-ELISA has moderate accuracy. From the ROC analysis, Se and Sp values at
different thresholds were compared with those in Table 4.8 (see Table 4.9).

NP c-ELISA % inhibition

Figure 4.3 Two graph ROC analysis of the NP c-ELISA results for “infected” and
“uninfected” groups based on HI results in surveillance birds.
Table 4.9 Comparison of the diagnostic sensitivity and diagnostic specificity
characteristics of the NP c-ELISA for detection of HI antibody using ROC and
EpiTools at various thresholds of inhibition.
NP c-ELISA inhibition
threshold %

Se/Sp from ROC

Se/Sp from Table 4.8

40

99.6/17.3

99.6/18.8

50

95.6/32

Not calculated

60

90.3/44

90.5/41.2

70

78.5/57.5

Not calculated
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4.3.5 Evaluation of the HI assay
The HI test was evaluated against RRT-PCR using challenge data and negative control data
(Table 4.6) which showed that by 13 DPI, significant HI titres (≥8) were found in 100% of
infected ducks and gulls and 40% of infected turnstones. The percentage of infected birds
with significant HI titres together with the median infectivity titres (Section 3.3.5) by
species by DPI, are displayed in Figure 4.4. Overall the results at 13 DPI show that the HI
test (titre ≥8) had a high diagnostic sensitivity (83.3%) for detection of prior AIV infection
in wild birds (Table 4.10). Inter-species assessments demonstrated a lower relative test
sensitivity in the turnstones (Se=40%), however two birds had high CT values at 2 DPI (CT
39-40) that did not fall thereafter, suggesting only mild infection in these birds.
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EID50*

Figure 4.4 Percentage of infected challenge birds with HI titre ≥8 (read from the yaxis on the left side) and median infectivity titre in swab material (read from the yaxis on the right side), by species, by DPI.
* the turnstone EID50 at 10 DPI was from a cloacal swab
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Table 4.10 Evaluation of HI test diagnostic parameters against RRT-PCR using
challenge trial data at 13 DPI and negative control and pre-challenge data in
EpiTools (95% CI).
Ducks

Gulls

Turnstones

All birds

(n=14)

(n=15)

(n=11)

(n=40)

Sensitivity %

100 (59, 100)

100 (54.1, 100)

40 (5.3, 85.3)

83.3 (58.6, 96.4)

Specificity %

100 (59, 100)

100 (66.4, 100)

100 (54, 100)

100 (84.6, 100)

-/0*

-/0

-/0.6

-/0.17

1.0

1.0

0.421

0.846

Likelihood ratios
positive/negative
Kappa

* results shown as ‘-‘ could not be calculated.
4.3.6 Correlation between NP c-ELISA, HI and RRT-PCR
When the results from the challenge trial from 7 to 28 DPI were analysed for correlation
using HI titres ≥8 and NP c-ELISA ≥60% inhibition as criteria for assessment, 95 of 176
(54%; 95% CI 46.3, 61.5) were positive by both tests, 40 (22.7%; 95% CI 16.8, 29.6) were
positive by c-ELISA only, 10 (5.7%; 95% CI 2.8, 10.2) were positive by HI only and 31
(17.6%; 95% CI 12.3, 24.1) were negative by both tests. There was only fair agreement
between NP c-ELISA and HI (K=0.367). When HI titres ≥8 were compared for correlation
using c-ELISA ≥40% threshold, 104 of 176 (59.1%; 95% CI 51.4, 66.4) were positive to both
tests, 47 (26.7%; 95% CI 20.3, 33.9) were positive to the c-ELISA only, and one (0.6%; 95%
CI 0, 3.1) was positive by HI only with similar agreement (K=0.433).
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Correlation of the NP c-ELISA percentage inhibitions of sera with HI antibody titres ≥8
collected from challenged birds for 28 DPI was done using the non-parametric Spearman’s
rank correlation co-efficient. Eleven of 16 birds had rs >0.5 values but only four of these
were statistically significant (Section 3.3.3). When the highest HI titre, highest NP c-ELISA
value, lowest CT value and duration of shedding for each bird were compared there were
significant correlations only between CT value and HI titre (rs=-0.433, p=0.044, n=22), and
c-ELISA and HI titre (rs=0.612, p=0.002, n=22).
4.3.7 Assessment of RDE treatment method for HI testing
A sub-sample of surveillance sera and LPAIV challenge sera with significant HI titres (≥8)
were treated with RDE, and antibody titres compared with untreated sera by HI testing.
There was positive agreement for a significant HI result in 73 of 85 sera (86%; 95% CI 78.5,
93.3), and significant positive correlation between the results using Spearman’s
correlation coefficient (rs=0.722, p<0.0001, n=85). When paired reciprocal titre results
were analysed, there were no significant differences between RDE treated and untreated
sera (paired samples t-test, p=0.470). In twelve RDE treated sera with negative results,
eight could be considered equivocal since the untreated sera had titres one dilution
higher. In the other four sera, there were a higher proportion of gulls and shorebirds with
more than one dilution difference between results (3 of 22 or 13.6%; 95% CI 2.9, 34.9)
compared to waterfowl (1 of 63 or 1.6%; 95% CI 0, 8.5).
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4.3.8 Evaluation of AGID
Limited evaluation of the AGID test against the NP c-ELISA in a sub-sample of 21 c-ELISA
positive (≥60% inhibition) wild bird sera (20 waterfowl and one gull), found that only 5 of
21 (23.8%; 95% CI 8.2, 47.2) were also positive by AGID (graded as 1+ to 2+ reactions).

4.4 Discussion
In this study the performance of AIV diagnostic serological and virological tests were
compared using the test results of specimens collected from the experimental LPAIV
challenge trial, together with external validation of the serological methods using relevant
results from surveillance testing of wild birds (Chapters 5 and 6). This is first time that
these AIV diagnostic methods, including an NP c-ELISA produced by AAHL, an OIE AI
reference laboratory, have been evaluated at the same time in three taxa of wild birds
that include a duck, a gull and a wader species.
The characterisation of the performance of diagnostic tests is influenced by many
biological factors such as host immune function and stage of infection (Greiner and
Gardner 2000b). In AIV infection, measures of test performance are likely to vary
considerably when testing biologically and genetically diverse populations of wild birds
where there is complex ecological interplay between virus and host. Moreover, when wild
bird populations are tested it is unlikely that all infected birds will show evidence of a
homogeneous response. This could manifest as inconsistent antibody production,
variability in the level of viral replication and shedding from different sites, and variable
viral isolation rates depending on the wild bird species, location and time of the year.
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In the LPAIV challenge trial, the ducks responded with most uniformity, featuring high NP
c-ELISA values (>80% median inhibition to 42 DPI), low HI titres (highest GMT of 16.1 at 19
DPI), moderate infectivity titres in cloacal excretions to 6 DPI (highest median titre of
104.58 EID50/0.1 mL at 4 DPI), and low infectivity titres in OP excretions to 4 DPI (highest
median titre of 101.69 EID50/0.1 mL). Of the infected gulls and turnstones, only one
turnstone had evidence of cloacal viral excretion (103.14 EID50/0.1 mL at 10 DPI), and with
the exception of one gull (104.26 EID50/0.1 mL at 2 DPI), OP viral excretion was of low
infectivity (101.43-2.09 EID50/0.1 mL at 4 DPI).
Although all infected gulls and turnstones had high NP c-ELISA values, anti-HA antibody
responses were inconsistent, and where detected, were characterised by moderately high
HI titres (highest reciprocal titre of 64-128). In the gulls and turnstones, the higher anti-HA
antibody responses suggest the immune system attempted to shut down the infection,
and the low-grade transient viral RNA shedding with no transmission to the in-contact
birds further suggests poor host adaptation of this subtype. These findings suggest the
challenge virus, which was a low passage virus, was well adapted to undergo productive
infection in ducks but not in the other species. These inconsistent host responses relating
to virus subtype, species of origin and level of adaptation, present challenges in the
interpretation of results and assessment of test performance in wild birds.
The samples from the challenge birds were used to compare two methods of AIV
detection, though evaluation of the ECE method with other virus isolation methods was
beyond the scope of this study. Moreover, ECE virus isolation is widely accepted as the
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gold standard test, and is considered to be the most efficient system for growth of wild
bird LPAIV isolates compared to various other embryo types and cell lines (Munster et al.
2009; Moresco et al. 2010). In chickens the method has been found to have 86%
diagnostic sensitivity and 99% diagnostic specificity (Elvinger et al. 2007). In this study, ECE
virus isolation performed well with 89% (95% CI 72, 98) of viruses isolated (data not
shown) on first passage.
The Taqman Type A RRT-PCR targets highly conserved sequences of the matrix gene
common to all Type A AIVs, and has wide acceptance as an effective and highly efficient
tool for AIV surveillance in poultry. In this study, the RRT-PCR performed with high
accuracy to detect 25 of 28 (89%) virus positive swabs with only two cloacal and one OP
virus positive swab negative by RRT-PCR. The RRT-PCR could only be fully assessed against
virus isolation in the duck swabs, since this species provided 24 of the 28 virus isolations in
the trial. At 4 DPI the RRT-PCR had high diagnostic sensitivity (100%) and high diagnostic
specificity (94.1%) however these values varied depending on the DPI. For instance,
sensitivity ranged from 83.3-100% and specificity from 94.1-100% between 2-6 DPI (Table
4.2). These levels are comparable to values reported by others in poultry and turkeys
(Se/Sp=~85/99% and 85-93/98% respectively) (Cattoli et al. 2004; Elvinger et al. 2007;
Pasick 2008), and reflect marked improvement in sensitivity compared to earlier methods
used (Spackman et al. 2002). Other statistical analyses between RRT-PCR and virus
isolation results in cloacal swabs showed substantial to outstanding agreement (K=0.795)
and significant positive Spearman’s correlation (rs=0.821). Furthermore the RRT-PCR test
results for OP swabs from 2-4 DPI indicate comparable performance with high diagnostic
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sensitivity that ranged from 85.7-100%, but lower diagnostic specificity that ranged from
40-52.6%, and when compared to virus isolation, only fair agreement (K=0.232) with lower
positive Spearman’s correlations (rs=0.372).
In the duck OP samples to 4 DPI, low specificity most likely represents limited replication
and RNA production with neutralisation of infectious virus, as evident in significantly
higher median CT values in swabs from the oropharynx (CT 37.9) compared to the cloaca
(CT 27.9). It is unlikely that amplicons detected at 2 DPI were residual viral particles from
the inoculation procedure or from environmental exposure, since some birds had low CT
values with no virus isolated, amplicons were still detected from many birds at 4 DPI
(Figure 4.1), and the infection prevalence indicates that the virus readily replicated in
respiratory cells. These results show respiratory replication was transient, and that viral
titres in swabs were probably below the detection limit of virus isolation, or that the
detections by PCR were of inactivated viral material.
When the RRT-PCR was assessed using the CT <37 threshold relative to virus isolation in
cloacal samples to 10 DPI, there were no differences in the diagnostic sensitivity and
specificity except for higher specificity at 10 DPI. When OP samples were assessed, there
was a significantly lower sensitivity at 2 DPI (Se=43% compared to 85.7%), and at 4 DPI
there was similar sensitivity (100%) and improved specificity (79%) relative to the values
for the CT <40 threshold. In this study, excluding OP samples with CT values in the
indeterminate range (CT 37-40) from confirmatory virus isolation testing would have
missed the isolation of a virus in three swabs in the early stages of infection.
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These findings confirm that the Taqman Type A RRT-PCR using the method described
(Heine and Trinidad 2007), is highly accurate and efficient for the detection of AIV from
wild birds using an in-house standardised threshold cut-off value of CT <37 positivity and
an indeterminate range of CT 37-40. Virus isolation using the ECE method is also
considered highly efficient with 89% of viral isolations from the first passage, which is
comparable to an 87% rate reported by others (Munster et al. 2009). Although the
detection of virus in OP swabs were interesting results, the rate of viral isolation was
much higher from cloacal swabs compared to OP swabs, a finding in agreement with other
studies of LPAIV in wild birds (Munster et al. 2009; Jindal et al. 2010). In this study most
ducks that had viral material detected in OP swabs had concomitant detections in cloacal
swabs.
The success of virus isolation in this study supports test protocols that advocate virus
isolation in preference to RRT-PCR testing in populations with expected high AIV
prevalence, and conversely, RRT-PCR testing before virus isolation in populations with a
low AIV prevalence (Lira et al. 2010). The low number of negative RRT-PCR samples that
were also positive by virus isolation in this study also suggests that reported concerns
about PCR inhibitors in the faeces of wild birds (Das et al. 2006; Van Borm et al. 2007; Ip et
al. 2008), have been overcome through refinement of test procedures including use of
Taqman ribosomal RNA internal control reagents (Heine et al. 2007). There was no
evidence of inhibition of genetic detection or viral growth from the use of cotton-tipped
wooden swabs in the challenge trial, as reported in influenza manuals that advocate the
use of Dacron or rayon-tipped swabs (FAO 2007). Moreover, cotton-tipped wooden swabs
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have been used extensively in the surveillance of thousands of poultry and wild birds in
Asia with parallel testing by virus isolation and RRT-PCR with no evidence of genetic or
viral inhibition (Ellis 2012, pers. com.).
In this study, the external assessment of RRT-PCR was not feasible, since there was only
one virus isolated from 31 RRT-PCR positive swabs in 6,295 wild birds tested by RRT-PCR
(reported in Chapters 5 and 6). Other extensive wild bird surveillance studies provide
some insight into viral isolation rates from RRT-PCR positive swabs, ranging from 25%
(Ferro et al. 2010) to 32.5% (Munster et al. 2009). However in the later report, the
majority of virus negative samples had CT values above 35, and some samples were not
stored under ideal conditions (Munster et al. 2007), suggesting even higher isolation rates
are possible, such as the 59% and 47% virus recovery respectively reported under ideal
conditions (Ellström et al. 2008; Ip et al. 2008).
The comparison of test parameters by DPI in the LPAIV challenge birds also provides some
insight into the expected performance of RRT-PCR when testing wild bird populations
under natural conditions with affected birds at different stages of infection. The RRT-PCR
performed well in the cloacal samples since positive results were mostly from ducks
infected with an adapted subtype that readily replicated in the gastro-intestinal tract with
prominent virus shedding. In cloacal samples from 6 to 10 DPI, RRT-PCR specificity
decreased from 100% to 77.8% that was likely to be related to the end of the excretion
phase of the infection. After 10 DPI, viral replication and excretion was virtually not
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detected, indicating that the surveillance for AIV in wild birds affords only a very narrow
window of time for LPAIV detection.
The assessment of two storage systems for cloacal swabs found that storage at -1700C
soon after collection had higher success for virus isolation compared to temporary storage
at 40C for 48 hrs prior to storage at -1700C. However, the difference was not significant
and there was substantial agreement by the Kappa statistic. When paired CT values were
compared, there were significant Spearman’s correlations and no significant differences
between group median CT values. Although the sample size for this comparison was small,
these findings suggest that under field conditions, the storage of swabs at 40C for 48 hours
for purposes such as transport to a regional laboratory will not significantly affect virus
viability. In another study, the virus isolation rate from swabs stored at -800C was more
than twice that from swabs stored at 40C (Munster et al. 2009), however swabs were
stored for up to two weeks at 40C, indicating that virus viability at 40C is compromised
over time.
When the HI test was done using the homologous antigen and an antibody titre of ≥8 was
evaluated against infection status in the LPAIV challenge trial, overall, HI had high
diagnostic sensitivity (83.3%) for AIV infection and high diagnostic specificity (100%) in
negative controls. At 13 DPI, 100% of infected ducks and gulls and 40% of infected
turnstones had significant HI titres, with the highest GMT in the gulls and the lowest in the
turnstones. In the ducks, a peak median reciprocal GMT of 16.1 at 19 DPI (Section 3.3.3) is
consistent with the hypothesis that ducks have poor anti-HA responses (Kida et al. 1980).
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In three turnstones, the lack of anti-HA antibody response was probably due to low level
virus replication and weak immune response rather than poor test sensitivity in this
species, as was evident in the high CT results and short duration of viral excretion.
Although by OIE guidelines a HI reciprocal titre of ≥16 is considered positive for AIV
infection (OIE 2009a), the findings from this study suggest that a reciprocal titre of ≥8 is a
significant result in wild birds. This finding should be further investigated. When sera from
the challenge study and surveillance study with a HI titre of ≥8 were analysed, 84.8% were
also NP c-ELISA positive with a mean inhibition value >80%. In the challenge trial, 100% of
infected birds were NP c-ELISA positive by 10 DPI with a high positive likelihood ratio (11),
demonstrating the accuracy of the NP c-ELISA for AIV antibody. Therefore test results
from the surveillance data with positive NP c-ELISA values and HI titres of ≥8 have a high
pre-test probability of prior or current infection with AIV. These findings show that a HI
titre of ≥8 is likely to be a significant test result in wild birds, providing that test internal
quality control standards are meticulously followed. Moreover, ducks and possibly other
wild bird species have a reduced ability to produce agglutinating proteins (Suarez and
Schultz-Cherry 2000), hence ducks typically have weak anti-HA responses as was evident
in this study and other experimental studies in domestic ducks (Homme and Easterday
1970; Kida et al. 1980; Alexander et al. 1986).
More accurate assessment of HI test performance in wild birds would require challenge
trials using multiple subtypes and extensive testing with a panel of antigens. Moreover for
surveillance testing there are a number of critical factors that can impact on the
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interpretation of test results. These potential impacts include: antigenic relatedness
between subtype antibodies in test sera and HI test antigens; presence of multiple
subtype antibodies from prior exposures or concomitant active infections; cross-reactive
epitopes on the HA molecule affecting specificity; and the influence of steric inhibition
from the interaction between homologous neuraminidase antigen and antibodies
(Pedersen 2008).
The effect of RDE pre-treatment of wild bird sera in HI test methodology was compared to
the same non-RDE treated sera in the HI with paired titre results showing 86% agreement
for a significant HI titre result, significant Spearman’s correlations (rs=0.722) and no
significant differences (paired samples t-test, p=0.470). There were a higher proportion of
gulls and shorebirds with negative RDE treated sera that had more than one dilution
difference between results compared to waterfowl. In these sera, RDE may have removed
inhibitors of haemagglutination, however given the small sample size further assessment
in these species may be warranted. Overall, these results provide support to the current
recommended methods for HI testing that do not incorporate RDE pre-treatment of avian
sera, based on low or undetectable levels of non-specific inhibitors of haemagglutination
in avian sera (WHO 2004), and are in agreement with others that suggest RDE treatment
may actually reduce specific antibody levels in test sera (Pedersen 2008).
The assessment of the AAHL NP c-ELISA for diagnostic testing was conducted in a
conventional way using the LPAIV challenge trial data to evaluate sensitivity by testing
sera from the infected birds and specificity by testing pre-challenge and control birds. The
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test had 100% sensitivity under the high prevalence conditions, and 91% specificity for AIV
antibody, values that are in relative agreement with the evaluation by AAHL in chickens.
The NP c-ELISA also had a high positive and a low negative likelihood ratio (11 and zero
respectively) and high predictive values (PPV=92%; NPV=100% at 50% prevalence) for AIV
infection in challenged birds. Over 28 DPI there were significant positive Spearman’s
correlations (rs=0.7) and outstanding agreement (K=0.9) between NP c-ELISA values and
infection status. More detailed assessment of NP c-ELISA specificity that would require
greater numbers of naïve wild birds was beyond the scope of this study.
The selection of an appropriate diagnostic threshold for the NP c-ELISA is likely to be more
relevant in low prevalence settings, depending on the epidemiological situation. Using the
surveillance data, the c-ELISA was assessed at two thresholds using HI prevalence results
and by using a non-parametric ROC analysis. When the Anseriform and Charadriiform data
were combined, the ≥60% threshold for the c-ELISA had high diagnostic sensitivity (90.5%)
and low diagnostic specificity (41.2%) with respect to the HI test results. Using an
estimated overall 3.14% prior prevalence of HA subtypes, the c-ELISA had low positive
(PPV=4.8%) and high negative (NPV=99.3%) predictive value. When the ≥40% threshold
for the c-ELISA was assessed relative to the HI test, sensitivity was higher (99.6%) and
specificity was lower (18.8%) with comparable results from the ROC analysis. The
diagnostic specificity values for the c-ELISA in low prevalence surveillance are likely related
to differences in the longevity of the NP and HA antibody and not a reflection of the tests
analytical specificity.
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The NP c-ELISA ≥60% threshold for positivity relative to the HI test is a good compromise
between diagnostic sensitivity and specificity in low prevalence populations providing
better specificity without significant loss of sensitivity, along with both higher positive
likelihood ratio and positive predictive value. The higher threshold also reduces the
amount of costly, labour intensive HI testing required, particularly in waterfowl
populations that generally have higher HA prevalence levels compared to gulls and
shorebirds. For small sample size studies with low numbers of positives, samples with
indeterminate c-ELISA test results should be considered for confirmatory HI testing. The
NP c-ELISA negative threshold of <40% inhibition used in poultry was not assessed in this
study.
At all times in the LPAIV challenge trial, the NP c-ELISA was a more sensitive diagnostic
indicator of AIV infection than HI (Table 4.5), which is in agreement with comparative
evaluations in other avian species (Starick et al. 2006; Marché et al. 2010; Marché and Van
den Berg 2010; Pérez-Ramírez et al. 2010; Toffan et al. 2010). Over time the diagnostic
sensitivity of the HI test is likely to be lower due to the relative shorter longevity of the HA
antibody response compared to the NP antibody. For example in the challenge trial in
ducks the median NP c-ELISA result was positive (71%) and the reciprocal GMT value was
negative (4.1) at six months post inoculation (Section 3.3.3). Overall these findings show
that NP antibody is a more reliable and sensitive indicator of both current or prior
infection with AIV than HA antibody in wild birds, and that HI performance is more likely
to be affected by variation in biological host response and antibody longevity, rather than
a reflection of intrinsic test performance.
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In chickens, production of AIV antibody has been correlated with the duration of virus
excretion, although not all infected birds produce antibodies (Van der Goot et al. 2010). In
the challenge trial, when the lowest CT value, duration of viral shedding and peak NP cELISA and HI titre for each bird were analysed by Spearman’s correlation, although there
were significant correlations between CT values and HI titres (rs=-0.43), there were no
significant correlations between antibody responses and duration of shedding. When the
peak NP c-ELISA and HI titres were compared, although there were significant Spearman’s
correlations (rs=0.61), not all birds produced HA antibodies. When paired NP c-ELISA and
HI results were analysed, there were significant correlations in only four birds, and only
fair agreement by Kappa (K=0.367). These findings further demonstrate the unpredictable
nature of biological host responses and diagnostic uncertainty in testing wild birds.
When the AGID test was compared against 21 wild bird sera positive by NP c-ELISA, only
23.8% were positive by the AGID. These findings are consistent with other studies that
report lower AGID sensitivity for detection of AIV antibody in ducks compared to the NP
ELISA or HI (Brown et al. 2006; Spackman et al. 2009). Others have found that the AGID
has comparable sensitivity and specificity to the NP c-ELISA in chickens, turkeys, ratites
and several other wild birds (Shafer et al. 1998), and the performance of the AGID varies
between species with lower sensitivity in dabbling ducks of the genus Anas, and
comparable performance in gulls of the genus Laridae and Leucophaeus (Brown et al.
2009b). In the experience of AAHL, the AGID has low sensitivity (41.5%) and high
specificity (100%) in chickens (Selleck 2011, pers. com.).
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Several other important diagnostic methods were not assessed in this study, including the
neuraminidase inhibition (NI) test and various commercial influenza A specific antigen
capture immunoassay tests developed for poultry. The NI test was developed primarily for
typing virus isolates and its accuracy for typing wild bird sera would require considerable
work to evaluate. Antigen detection tests are useful screening tests for rapid diagnosis in
cloacal or OP swabs from sick or diseased birds, but are of little value for testing healthy
birds. These tests are reported to have low sensitivity when used in domestic ducks and
wild birds (Chua et al. 2007; Spackman et al. 2009). New improved serological and
molecular diagnostic methods are being explored, such as specific ELISA’s that detect IgM,
IgY and IgA classes of immunoglobulins in ducks (Belák et al. 2009; Ferreira et al. 2010).
These tests could provide a better understanding of the systemic and localised immune
responses in ducks to infection with AIV, such as the role of mucosal immunity at the sites
of viral replication.
In this study, the AAHL NP c-ELISA performed well as a diagnostic test in wild bird
populations with high accuracy for detection of AIV antibody in infected birds. The test
also has high validity for AIV surveillance in wild birds relative to the HI test, both as a
screening test to detect exposure in low AIV prevalence situations using ≥60% inhibition
threshold for positivity, and as a complementary test for diagnostic investigations. The
test is suitable for profiling at-risk wild bird species that should be targeted to optimise
early warning surveillance strategies to make efficient use of limited resources. These
findings are in agreement with others that conclude that the NP ELISA (both blocking and
competitive protocol) is a highly sensitive and specific sero-diagnostic screening test for
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AIV across a number of wild bird species (Shafer et al. 1998; Brown et al. 2009b; PérezRamírez et al. 2010). In contrast, the AGID test has low sensitivity and would not be
suitable as a diagnostic test in wild birds.
The HI test, considered the reference serology test in poultry for specific serotype
detection, was not as sensitive as the NP c-ELISA for detection of AIV infection in wild
birds. This was due to an inherent weakness in anti-HA antibody responses in ducks, the
shorter longevity of HA compared to NP antibody, and other possible factors such as
antigenic differences between field strains and test antigens. Other performance issues
with the HI test such as HA cross-reactivity that can affect analytical specificity were
outside the scope of this study and were not investigated. For surveillance of AIV in wild
birds, the NP c-ELISA is more practical for large scale screening, is semi-automated, and
performs better in detecting exposure to AIV than the labour intensive HI test, which
requires testing against a multitude of HA subtypes. For the HI test, it is recommended
that a HI titre ≥8 should be recognised as a significant titre response for AIV exposure in
wild birds, and that RDE pre-treatment is not essential, though further assessment in gulls
and shorebirds may be warranted.
For virological testing, virus isolation in ECE performed well with high isolation rates on
first passage indicating potential for more rapid results from this method. Moreover, there
has been some consideration by the OIE for a shortened test protocol, but this would
require full validation (Cattoli and Terregino 2008). The Taqman RRT-PCR has a high
diagnostic sensitivity for detecting AIV with a similar performance to poultry, and in this
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study could detect as low as 89 genome copies/mL (Section 3.3.4). The RRT-PCR detects
both viable and non-viable virus, hence the diagnostic specificity against the gold standard
ECE virus isolation method is affected by the stage of infection, and in wild birds, virus and
host factors that influence site and level of replication. Storage of swabs at 40C for 48
hours did not significantly affect virus viability and is suitable for collection procedures
and transport of specimens from the field to the laboratory.
This evaluation aimed to determine if routinely used diagnostic methods for AIV in poultry
were valid for detection of exposure to AIV in wild birds. The selection of wild bird species
across three families in the challenge trial should provide reasonable confidence to the
validity of these tests across a broad range of avian species. In this study, the diagnostic
performance characteristics of the AAHL NP c-ELISA, AIV HI test, Taqman Type A RRT-PCR
and ECE virus isolation in the three wild bird species were outlined, and their relative
performance under different AIV prevalence settings needs to be considered in the
selection and use of these tests. The inclusion of these methods in wild bird surveillance
programs would depend on the purpose (early warning, outbreak or ecological study),
scope and cost of the activity, and in developing countries, access to suitable sample
handling systems and regional laboratory support.
These diagnostic tests have previously been used routinely in wild bird surveillance
without proper evaluation and with the assumption that the tests have equivalent
performance to that found with poultry. This evaluation endorses the suitability of the
serological and virological test methods outlined, with the exception of the AGID test, and
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provides performance parameters that provide greater confidence to the diagnostic
interpretation of test results in wild birds. This evaluation is particularly important in the
assessment of the results from AIV wild bird surveillance across northern Australia
described in the following chapters, including serological monitoring for H5 and H7
subtypes and to further understand the ecology and epidemiology of AIV in wild birds.
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CHAPTER 5: SURVEILLANCE FOR AIV IN MIGRATORY SHOREBIRDS AND
OTHER CHARADRIIFORMES ACROSS NORTHERN AUSTRALIA
5.1 Introduction
In response to the HPAI H5N1 panzootic, the Australian Government enhanced wild bird
surveillance for AIV to provide early warning in the event of an incursion of H5N1 and
assess the status of important LPAIV subtypes such as H5, H7 and H9. Under this initiative,
approximately 38,000 wild birds from around Australia were tested over a four year
period (Haynes et al. 2009; OCVO 2010).
Previously there had been little, if any, AIV surveillance of Charadriiformes across
northern Australia with only limited sampling (n=201 birds) in the Kimberley region of WA
(Mackenzie et al. 1984; Mackenzie et al. 1985). This chapter provides the first significant
report on the virological and serological surveillance for AIV in shorebirds that migrate
southward along the EAAF to northwest Australia. This includes the virological test results
from 4,248 Charadriiformes across more than 40 species of waders, gulls and terns that
showed no evidence of HP or LPAI virus excretion.

5.2 Materials and methods
5.2.1 Surveillance strategy
Prior to the emergence of the HPAI H5N1 panzootic across Asia in 2003, wild bird
surveillance in northern Australia was primarily for ecological study and risk assessment of
migratory shorebirds for carriage of a number of important groups of avian viruses,
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namely orthomyxovirus (AIV), paramyxovirus (NDV) and flavivirus (Japanese Encephalitis
and West Nile virus). In response to the H5N1 panzootic, the Australian Government’s
wild bird surveillance strategy targeted AIV and the HPAI H5N1 virus. The framework for
the strategy was based on early warning monitoring and continuous assessment of
incursion risk from migratory shorebirds under the auspices of the Australian Quarantine
and Inspection Service (AQIS)/Northern Australia Quarantine Strategy (NAQS) program.
Shorebirds migrating to Australia travel on the EAAF (Figure 5.1), a flyway that is host to
approximately 54 species and 8 million shorebirds, of which approximately 34 species
regularly spend their non-breeding months in Australia (Bamford et al. 2008). The arrival
locations for migratory shorebirds from the northern hemisphere are primarily coastal
wetlands across northern Australia, host to abundant macro-benthic invertebrate fauna.
The timing of capture activities, the number of birds captured and the range of species
targeted was mostly reliant on the activities of expert ornithologists undertaking biological
population monitoring studies for the AWSG (see www.awsg.org.au/), a specialist
subgroup of Birds Australia (www.birdsaustralia.com.au/). The range of species provided
for sampling was influenced by abundance and ease of capture. Given the large number of
annual migrants arriving in Australia (2-4 million birds) and the number of species,
sampling was mostly cross-sectional to assess species AIV exposure risk profile. Over time
as species AIV risk profiles were progressively developed, adjustments were made with
less focus on representative species sampling.
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Figure 5.1 Map showing movement pathways and coastal arrival locations for
shorebirds migrating on the EAAF (source: Wetlands International 2009).
The timing of the AWSG expeditions to northwest Australia was mainly in November after
all birds had finished southward migration, and occasionally at pre-migration northward in
March. Ad hoc shorebird capture and sampling was also undertaken with the assistance of
expert ornithologists during the year at coastal and inland wetlands. An abundant
shorebird population and limited budget meant that sample sizes were structured around
300 birds per sampling year, aimed at detection of at least one infected bird at a 1%
expected prevalence with 95% confidence in an infinite population (Cannon and Roe
1982). Moreover, these sample sizes were a compromise, since the premise that flocks of
shorebird have homogeneous risk was an improbable epidemiological assumption, and
statistically, to sample 300 birds/species/year was beyond the scope and budgetary
constraints of the program. Although detection of virus was a primary surveillance aim,
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with expectations of low or negative findings, the survey design incorporated a secondary
aim using serological testing to assess AIV exposure risk profiles in as many species of
Charadriiformes as possible. Using an assumed seroprevalence of 10%, considerably fewer
numbers of each species were required (minimum of 29 at the 95% confidence level).
5.2.2 Field sampling
The locations for wild bird capture mostly targeted two international Ramsar convention
listed (www.ramsar.org/) wetlands in the northwest of Australia, Roebuck Bay and 80 Mile
Beach. These sites are host to between 420,000 and 500,000 non-breeding shorebirds
during the sampling periods (Bamford et al. 2008; Rogers et al. 2009). Other sampling
locations included inland freshwater wetlands shared by shorebirds and waterfowl, and
offshore islands to sample colonies of terns (map locations shown in Section 2.1). Of 4,980
waders, gulls and terns processed (including 556 birds tested virologically but not
serologically), 90% were from WA, 7.8% from the NT and 2.2% from QLD. The number
sampled each year since 1992 is summarised in Figure 5.2, and the number of species
sampled varied annually (e.g. 33 species in 2006 to 16 species in 2009).
The AWSG technique for catching Charadriiformes was mostly cannon netting at coastal
high tide roosts with the potential to catch large numbers of birds, and occasional mistnetting at inland wetlands. The technical details for these capture methods and outline of
AWSG population monitoring activities that include morphometric measurements,
identification

by

banding

and

flagging

156

are

outlined

elsewhere

(http://home.vicnet.net.au/~vwsg/about.html). Samples were collected for serological
and virological testing using the materials and methods described in Section 2.2.

1400

Virology

Number tested

1200
Serology

1000
800
600
400
200
0

Year

Figure 5.2 Serological and virological sampling data for northern Australia from
1992-2009.
5.2.3 Laboratory analyses
Serum samples were screened using an AAHL NP c-ELISA for AIV antibody at DAFWA or
AAHL as described (Section 2.3.1). Most c-ELISA positive samples (≥60% inhibition) and
many samples in the indeterminate range (40-60% inhibition) were then tested by HI using
subtype H5 and H7 antigens from 2003, and H9 antigen from 2006. Subject to availability
of sera, samples positive to the H5 subtype were then tested by NI according to standard
procedures at AAHL that conform with WHO protocols (WHO 2004). Subject to availability
of sera and antigens, samples were also tested against a panel of H1-H16 antigens as
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described (Section 2.3.2). A commercial N1 c-ELISA was also used on sera from 2009 that
were positive by H5 or H9 subtypes (NI and N1 methods outlined in Section 2.3.5).
Prior to 2005, virological samples were routinely tested by ECE virus isolation (five/pool),
and thereafter, samples were screen tested using the Taqman Type A RRT-PCR (five/pool
then three/pool from 2007). Any sample positive by RRT-PCR was then tested by Taqman
RRT-PCR using H5 and H7 primers and ECE virus isolation with identification of positive
samples as described (Sections 2.3.3/4).
5.2.4 Statistical analyses
Statistical analysis of data followed the methods outlined (Section 2.4). In this study,
calculation of the apparent (test) prevalence of NP c-ELISA positivity (NP c-ELISA
seroprevalence) included results from both the positive and indeterminate ranges, and
calculation of the Odds Ratio (OR) from prevalence data were assessed using Statistix 9.0
(Analytical Software). The 95% CI for proportions was calculated using the exact binomial
method, and the 95% CI for the OR was calculated using the normal approximation
method in Statistix 9.0. For the NP c-ELISA, seroprevalence was compared by the
Pearson’s chi-square test, and the means were compared by the two-tailed t-test.

5.3 Results
5.3.1 Virological results
Of 4,248 samples tested, none were positive for AIV (Table 5.1) by ECE virus isolation
(n=1,554) or RRT-PCR (n=3,000), including 306 samples from 2005 tested by both methods
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when the performance of the Taqman Type A RRT-PCR was being assessed at AAHL
(shown once in the VI data).
5.3.2 Serological results using NP c-ELISA
The results of NP c-ELISA testing with seroprevalence and mean inhibition values are
shown in Table 5.1 and Figure 5.3. Three hundred and ninety of 4,424 (AP=8.8%; 95% CI
8.0, 9.7) Charadriiformes were seropositive on the NP c-ELISA indicating exposure to AIV.
The prevalence and mean inhibition values for each family were compared to group
values (minus individual family data). Three families, Haematopodidae, Recurvirostridae
and Scolopacidae had higher NP c-ELISA seroprevalence compared to the group
seroprevalence, although only Scolopacidae was significantly higher (p<0.0001). The mean
c-ELISA inhibition values were significantly higher for the families Haematopodidae and
Scolopacidae (Table 5.2).
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Table 5.1 Virology test numbers and serology test numbers by family, by species from 1992-2009 with NP c-ELISA
seroprevalence (App Prev) and mean (c-ELISA prevalence and mean not shown where n <10).
Family
Common name

Scientific name
(Christidis and Boles 2008)

No. tested
by virology
(95% UCI)*

No.
tested by
serology

No. cELISA
≥60%

No. cELISA
40-60%

App Prev (95%
CI) c-ELISA ≥40%
inhibition

Mean (SE)
c-ELISA%
inhibition

Black-fronted Dotterel Elseyornis melanops

46 (7.7)

31

1

0

3.2 (0.1, 16.7)

11

Greater Sand Plover

Charadrius leschenaultii

406 (0.9)

489

4

3

1.4 (0.6, 2.9)

19

Grey Plover

Pluvialis squatarola

42 (8.4)

40

4

4

20 (9.1, 35.6)

32

Lesser Sand Plover

Charadrius mongolus

33 (10.6)

55

0

0

0 (0, 6.5)

24

Masked Lapwing

Vanellus miles

32 (10.9)

32

0

1

3.1 (0.1, 16.2)

14

Oriental Plover

Charadrius veredus

45 (7.9)

29

1

0

3.4 (0.1, 17.8)

18

Pacific Golden Plover

Pluvialis fulva

2

3

0

0

Red-capped Plover

Charadrius ruficapillus

11 (28.5)

6

0

1

Red-kneed Dotterel

Erythrogonys cinctus

5

4

0

0

Family sub-total
Glareolidae

9 species

622 (0.6)

689

10

9

2.8 (1.7, 4.3)

19.2 (0.7)

Australian Pratincole

Stiltia isabella

26 (13.2)

26

0

0

0 (0,13.2)

12 (1.5)

22 (15.4)

22

1

1

9.1 (1.1, 29.2)

35

Charadriidae

Haematopodidae
Australian Pied
Oystercatcher
Sooty Oystercatcher

Haematopus longirostrus
Haematopus fuliginosus

11 (28.5)

11

1

1

18.2 (2.3, 51.8)

40

Family sub-total

2 species

33 (10.6)

33

2

2

12.1 (0.7, 20.2)

36.6 (2.6)
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Family
Common name

Scientific name
(Christidis and Boles 2008)

No. tested
by virology
(95% UCI)*

No.
tested by
serology

No. cELISA
≥60%

No. cELISA
40-60%

App Prev (95%
CI) c-ELISA ≥40%
inhibition

Mean (SE)
c-ELISA%
inhibition

Laridae & Sternidae
Caspian Tern

Hydroprogne caspia

1

1

1

0

Common Noddy

Anous stolidus

0

13

4

1

38.5 (14.0, 68.4)

35

Common Tern

Sterna hirundo

100 (3.6)

100

0

1

1 (0, 5.4)

22

Crested Tern

Thalasseus bergii

27(12.8)

27

0

1

3.7 (0.1, 19)

Gull-billed Tern (both
ssp.)
Lesser Crested Tern

Gelochelidon nilotica

75 (4.8)

79

4

5

11.4 (5.3, 20.5)

22

5

6

0

0

Little Tern

Sternula albifrons

70 (5.1)

56

1

1

3.6 (0.4, 12.3)

11

Roseate Tern

Sterna dougallii

25 (13.7)

26

0

0

0

8

Sooty Tern

Onychoprion fuscata

0

22

0

0

0

7

Silver Gull

Chroicocephalus
novaehollandiae
Chlidonias hybrida

68 (5.3)

68

6

8

20.6 (11.7, 32.1)

19

15 (21.8)

16

1

0

6.3 (0.2, 30.2)

26

11 (28.5)

16

0

0

0 (0, 20.6)

25

12 species

397 (0.9)

430

17

17

7.9 (5.5, 10.9)

19 (1.1)

Himantopus himantopus

82 (4.4)

82

5

3

9.8 (4.3, 18.3)

17

Whiskered Tern
White-winged Black
Tern
Family sub-total

Thalasseus bengalensis

Chlidonias leucopterus

Recurvirostridae
Black-winged Stilt
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Family
Common name

Scientific name
(Christidis and Boles 2008)

Red-necked Avocet

Recurvirostra
novaehollandiae
2 species

Family sub-total

No. tested
by virology
(95% UCI)*

No.
tested by
serology

No. cELISA
≥60%

No. cELISA
40-60%

App Prev (95%
CI) c-ELISA ≥40%
inhibition

Mean (SE)
c-ELISA%
inhibition

79 (4.6)

79

12

1

16.5 (9.1, 26.5)

19

161 (2.3)

161

17

4

13 (8.3, 19.2)

18 (1.8)

3

5

0

0

Scolopacidae
Asian Dowitcher

Limnodromus semipalmatus

Bar-tailed Godwit

Limosa lapponica

429 (0.9)

398

5

17

5.5 (3.5, 8.2)

17

Black-tailed Godwit

Limosa limosa

42 (8.4)

45

1

1

4.4 (0.5, 15.1)

22

Broad-billed
Sandpiper
Curlew Sandpiper

Limicola falcinellus

15 (21.8)

12

0

0

0 (0, 26.5)

20

226 (1.6)

241

1

3

1.8 (0.5, 4.2)

13

Eastern Curlew

49 (7.3)

49

29

4

67.3 (52.5, 80.1)

61

Great Knot

Numenius
madagascariensis
Calidris tenuirostris

388 (0.9)

509

10

14

4.7 (3, 6.9)

22

Common Greenshank

Tringa nebularia

120 (3.0)

120

0

4

3.3 (0.9, 8.3)

16

Grey-tailed Tattler

Tringa brevipes

292 (1.3)

307

5

10

4.9 (2.8, 7.9)

16

Little Curlew

Numenius minutus

137 (2.7)

179

22

13

19.6 (14, 26.1)

25

Long-toed Stint

Calidris subminuta

8

0

Marsh Sandpiper

Tringa stagnatilis

13 (24.7)

13

0

2

15.4 (1.9, 45.4)

22

Red Knot

Calidris canutus

233 (1.6)

243

18

18

14.8 (10.6, 19.9)

32

Calidris ferruginea
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Family
Common name

Scientific name
(Christidis and Boles 2008)

No. tested
by virology
(95% UCI)*
276 (1.3)

No.
tested by
serology
213

No. cELISA
≥60%
22

No. cELISA
40-60%
6

App Prev (95%
CI) c-ELISA ≥40%
inhibition
13.1 (8.9, 18.4)

Mean (SE)
c-ELISA%
inhibition
27

Red-necked Stint

Calidris ruficollis

Ruddy Turnstone

Arenaria interpres

150 (2.4)

137

25

7

23.4 (18.5, 33.7)

40

Ruff

Philomachus pugnax

1

1

0

0

Sanderling

Calidris alba

60 (6.0)

63

1

0

1.6 (0, 8.5)

14

Sharp-tailed
Sandpiper
Terek Sandpiper

Calidris acuminata

136 (2.7)

122

11

7

14.8 (9.0, 22.3)

22

Xenus cinereus

284 (1.3)

282

3

3

2.1 (0.8, 4.6)

14

Whimbrel

Numenius phaeopus

109 (3.3)

108

44

5

45.4 (35.8, 55.2)

47

Wood Sandpiper

Tringa glareola

37 (9.5)

36

1

0

2.8 (0.1, 14.5)

14

Family sub-total

21 species

3008 (0.1)

3083

198

114

10.1 (9.1, 11.2)

23 (0.5)

Beach Stone-curlew

Esacus magnirostris

0

1

0

0

Australian Painted
snipe

Rostratula australis

1

1

0

0

Charadriiformes total

49 species

4,248 (0.1)

4,424

244

146

8.8 (8.0, 9.7)

22 (0.4)

* For 0% prevalence only the 95% UCI is shown where n>10.
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A. Family Scolopacidae
90%
80%
70%

Percent

60%
50%

40%

App Prev

30%

c-ELISA

20%
10%
0%

Common name
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B. Charadriidae, Haematopodiae and Recurvirostridae
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%

App Prev
c-ELISA

Common name

C. Laridae and Sternidae
90%
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70%
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App Prev
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20%
10%
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Figure 5.3 Individual species NP c-ELISA seroprevalence by family: (A) Scolopacidae,
(B) Charadriidae, Haematopodidae and Recurvirostridae, and (C) Laridae and
Sternidae, with mean c-ELISA % inhibition and error bars (95% CI and SE
respectively). Data are not shown where n <10.
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Table 5.2 Summary of NP c-ELISA seroprevalence and mean inhibition values by family and by three Scolopacidae genera
compared to the Charadriiformes group value (minus individual family or genera value).
Family

App Prev %

Group App Prev

p

% (95% CI)
Charadriidae

NP c-ELISA

Group NP c-

% mean

ELISA % mean

p

2.8 (1.7, 4.3)

9.9 (9, 10.9)

<0.0001

19

22

<0.001

Haematopodidae

12.1 (3.4, 28.2)

8.8 (8, 9.7)

0.501

37

21

<0.001

Laridae/Sternidae

7.9 (5.5, 10.9)

8.9 (8, 9.8)

0.484

19

22

0.014

Recurvirostridae

13 (8.3, 19.2)

8.7 (7.8, 9.5)

0.054

18

22

0.034

10.1 (9.1, 11.2)

5.8 (4.6, 7.2)

<0.0001

23

19

<0.001

34.8 (29.7, 40.2)

6.7 (5.9, 7.5)

<0.0001

37

20

<0.001

Calidris

8.0 (6.6, 9.5)

9.2 (8.2, 10.3)

0.184

22

21

0.024

Tringa

4.6 (2.9, 6.9)

9.3 (8.4, 10.3)

<0.001

16

22

<0.001

Scolopacidae
Genus
Numenius
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Within the family Scolopacidae, three main genera, Calidris, Numenius and Tringa were
compared for differences in NP c-ELISA seroprevalence and mean inhibition value to the
Charadriiformes group value. Of the three genera, only Numenius had a significantly
higher prevalence and mean inhibition value (Table 5.2).
For the species with a higher NP c-ELISA seroprevalence than the group value in Table 5.1,
the significance of the difference and Odds Ratio for seroprevalence and mean inhibition
compared to the respective group value were compared by Pearson’s chi-square test and
t-test respectively (Table 5.3). Significant differences in seroprevalence were found in
three residents (Common Noddy, Silver Gull and Red-necked Avocet), and eight migrants
(Grey Plover, Eastern Curlew, Little Curlew, Red Knot, Red-necked Stint, Ruddy Turnstone,
Sharp-tailed Sandpiper and Whimbrel). All of the migratory species, except for the Grey
Plover belong to the family Scolopacidae.
Table 5.3 Comparison of NP c-ELISA seroprevalence and mean % inhibition values
by species to the group value (minus individual species value).
Resident/Migratory
Common name

p App Prev
NP c-ELISA

p NP c-ELISA
mean %
inhibition

OR (95% CI)
for AP

Australian Pied Oystercatcher

0.964

<0.001

1.03 (0.24-4.44)

Sooty Oystercatcher

0.273

0.004

2.30 (0.5-10.7)

Gull-billed Tern (ssp. macrotarsa)

0.266

0.723

1.49 (0.73-3.02)

Common Noddy

<0.001

0.194

6.54 (2.13-20.1)

Silver Gull

<0.001

0.294

2.74 (1.51-4.5)

Resident
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Resident/Migratory
Common name

p App Prev
NP c-ELISA

p NP c-ELISA
mean %
inhibition

OR (95% CI)
for AP

Black-winged Stilt

0.762

0.028

1.12 (0.54-2.34)

Red-necked Avocet

0.016

0.345

2.07 (1.13-3.79)

0.012

0.041

2.62 (1.20-5.72)

Eastern Curlew

<0.0001

<0.001

23.2 (12.65-42.6)

Little Curlew

<0.0001

0.057

2.66 (1.81-3.91)

Marsh Sandpiper

0.403

0.995

1.89 (0.42-8.54)

Red Knot

<0.001

<0.001

1.88 (1.3-2.72)

Red-necked Stint

0.022

0.003

1.61 (1.07-2.43)

Ruddy Turnstone

<0.0001

<0.001

3.35 (2.22-5.04)

0.019

0.971

1.83 (1.1-3.05)

<0.0001

<0.001

9.68 (6.52-14.37)

Migratory
Grey Plover

Sharp-tailed Sandpiper
Whimbrel

5.3.3 Temporal NP c-ELISA prevalence
Data were assessed for temporal trends in NP c-ELISA seroprevalence in years where
annual sample size was ≥198 birds. A higher seroprevalence was found in 1998, 2007 and
2009 (Figure 5.4). Data for migratory species with significant prevalence results were
assessed, however meaningful longitudinal data for individual species were lacking in
most years. In 1998, one species, Little Curlew accounted for 25 of 70 (36%) seropositive
results, in 2007, Red-necked Stint, Red Knot and Ruddy Turnstone accounted for 45% of
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seropositive results, and Eastern Curlew and Whimbrel accounted for 59% of seropositive
results in 2009 (Table 5.4).

35%
30%

Percent

25%
20%
15%
10%
5%
0%
Year

Figure 5.4 Temporal NP c-ELISA seroprevalence for years where the sample size
was ≥198 (error bars from 95% CI).
Table 5.4 Temporal NP c-ELISA data from 2006-2009 with number positive/number
tested (seroprevalence) by Scolopacidae species. Year totals show the proportion
these species comprised of the total number positive.
Common name

2006

2007

Eastern Curlew

2/13 (15.4%)

7/7 (100%)

4/80 (5%)

4/23 (17.4%)

1/31 (3.2%)

0/25

13/63 (20.6%)

1/10 (10%)

1/82 (1.2%)

14/40 (35%)

Little Curlew
Red Knot
Red-necked
Stint
Ruddy
Turnstone
Sharp-tailed
Sandpiper

2009
22/26 (84.6%)

10/53 (18.9%)

19/54 (35.2%)
4/63 (6.3%)

6/16 (37.5%)

Whimbrel
Year totals

2008

11/46 (23.9%)

63/103 (61.2%)

* Empty cells had no samples collected or n <10.
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5/22 (22.7%)
15/59 (25.4%)

32/46 (69.6%)

17/27 (62.9%)

69/91 (75.8%)

5.3.4 NP c-ELISA antibody profile of shorebirds from northwest Australia
The NP c-ELISA values for shorebirds (excluding gulls and terns) sampled from 80 Mile
Beach and Roebuck Bay were categorised into one of four ranges of inhibition to assess
the antibody profile of the population (Table 5.5). The species mainly responsible for the
higher NP c-ELISA (≥80% inhibition) values varied between years. In 2007, Red-necked
Stints and Ruddy Turnstones comprised 52% of the total number of shorebirds with ≥80%
values; in 2008, Red-necked Avocets and Whimbrels comprised 100%; and in 2009,
Eastern Curlew and Whimbrel made up 83% of the total number of shorebirds with ≥80%
values. Furthermore in 2009, 22 of 26 (85%) Eastern Curlew and 21 of 46 (46%) Whimbrel
tested had ≥80% inhibition values. Over a two year period (2008-09), 40% of the
Whimbrels sampled had inhibition values ≥60%, however few of these birds were sampled
in earlier years (only 22 Eastern Curlew and 3 Whimbrel).
Table 5.5 The NP c-ELISA antibody profile of shorebirds sampled annually from
2005-09 with numbers positive (%) in various ranges of inhibition.
Year

No. tested

<40%

40 to <60%

60 to <80%

80 to <100%

2005

470

458 (97.5%)

6 (1.3%)

4 (0.8%)

2 (0.4%)

2006

980

951 (97.1%)

17 (1.7%)

8 (0.8%)

4 (0.4%)

2007

617

521 (84.4%)

33 (5.4%)

34 (5.5%)

29 (4.7%)

2008

241

214 (88.8%)

5 (2.1%)

11 (4.55%)

11 (4.55%)

2009

346

255 (73.7%)

25 (7.2%)

14 (4.1%)

52 (15.0%)
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5.3.4 Serological results by HI
From approximately 5,000 HI tests using multiple HA subtype antigens and antisera, HI
reactions with titres ≥8 were detected in 100 of 390 (25.6%; 95% CI 21.4, 30.3) birds with
NP c-ELISA ≥40% inhibition and 1 of 146 c-ELISA negative birds. Some samples were not
tested against all known subtypes due to either insufficient sera or a shortage of antigens.
Of 174 HI titre ≥8 reactions, approximately 28% were positive to two subtype antigens and
16% were positive to three or more subtype antigens (Table 5.6) The apparent prevalence
of HA antibody (assuming all c-ELISA negative sera were HI test negative) was determined
from the number of birds with significant HI results and expressed as a proportion of the
total number of birds screen tested by NP c-ELISA. Hence, 101 of 4,424 birds (2.3%; 95% CI
1.9, 2.8) had one or more HA subtypes detected. The prevalence of individual HA subtypes
are displayed in Figure 5.5. There were no significant titres against H11, H14, H15 and H16
subtypes.
Of 390 NP c-ELISA sera with ≥40% inhibition, 260 were tested against subtype H5N1 Clade
1 including 185 sera with ≥60% inhibition and 75 sera from the indeterminate range (40<60%). A proportion of these sera were also tested against H5N3 (n=125) and H5N1 Clade
2.1.3 (n=67). Thirty one of 260 (11.9%; 95% CI 8.3, 16.5) sera tested against Clade 1 had HI
titres ≥8 including migratory and resident species (Table 5.6) with a reciprocal GMT of 10.7
(titre range 8-32, not shown). Rarely was a shorebird recaptured in the same year,
however one Red-necked Avocet with negative NP c-ELISA (11% inhibition) was
recaptured seven weeks later at the same location with a positive c-ELISA (71% inhibition)
and a significant H5N1 Clade 1 HI titre (8). Only four sera had titres ≥8 against H5N3:
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including two possible cross-reactive sera from Whimbrel that were also positive to Clade
1; one Black-winged Stilt and one Red-necked Avocet. All sera were negative against H5N1
Clade 2.1.3 subtype.
Of the five resident and twelve migratory species in Table 5.6, two species had higher
numbers of HI test reactions compared to other species, namely, 22 of 33 Eastern Curlew
(66.7%; 95% CI 48.2, 82.0) and 30 of 49 Whimbrel (61.2%, 95% CI 46.2, 74.8).
5.3.5 Serological results by NI and N1 c-ELISA
Using a panel of reference antigens and antisera, with priority given to N1-N3 subtypes, NI
testing was attempted on samples that had sufficient sera and were positive by HI to H5,
H7 or H9 subtype antigens. Ten sera from 2008 (six Red-necked Avocet and four
Whimbrel) positive to either H5 or H9 (GMT=17) were tested against subtypes N1-N3 with
no reactions detected. Four Whimbrel sera from 2008 were tested against all NA subtypes
with N8 reactions detected in three samples. From 2009 sera, there were positive
reactions by the N1 c-ELISA in 19 of 25 sera including 12 sera positive to H5 (GMT=12),
however there was insufficient sera for confirmation of this result by NI testing.
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Table 5.6 Number of Charadriiform sera with HI titre ≥8 (with reciprocal titre or GMT) across multiple HA subtype antigens.
Common name

H1

H2

H3

H4

H5*

H6

H7

H8

H9

H10

H12

H13

Resident birds
Black-winged Stilt

1 (8)

1 (8)

1 (8)

Gull-billed Tern

1 (8)

2 (16)

Masked Lapwing

1 (8)

1 (8)

Red-necked Avocet

1 (8)

Silver Gull

1 (8)

1 (16)

6 (11.3)
2 (8)

5 (16)
3 (13)

3 (20.2)

Migratory birds
Bar-tailed Godwit

1 (8)

Curlew Sandpiper
Eastern Curlew

1 (8)
1 (16)

1 (8)

11 (11)

Great Knot

10 (13)

Little Curlew

(10.6)

4 (9.5)

1 (16)

10
(10.6)

1 (8)

Grey Plover
Grey-tailed Tattler

10

1 (8)
2 (8)

1 (8)
1 (8)

1 (8)
1 (8)
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2 (8)

6 (8)

1 (8)

1 (8)

Common name

H1

H2

H3

Red Knot

1 (32)

2 (8)

1 (32)

Red-necked Stint

1 (16)

H4

H5*

H6

1 (8)

3 (10.1)

1 (16)

1 (8)

H8

2 (8)

Sharp-tailed

H10

H12

H13

1 (32)

1 (8)

Sandpiper
Whimbrel

H9

1 (8)

Ruddy Turnstone

Totals

H7

1 (8)

1 (8)

13

11

10

3

15

6

(9.4)

(11.7)

(11.3)

(8)

(19.3)

(9)

6

32

5

2

33

34

8

1

34

12

2

5

(11.3)

(9.7)

(10)

(8)

(11.4)

(10.9)

(10.4)

(16)

(14.2)

(8.5)

(8)

(16)

* H5 subtype data includes test results for three H5 serotypes.
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Figure 5.5 The number of HA subtypes from HI testing of mostly NP c-ELISA positive birds
in Table 5.6 as a proportion of the total test population with error bars (95% CI).

5.4 Discussion
This study did not detect evidence of AIV excretion from 4,248 migratory shorebirds and
other Charadriiformes across more than 40 species of waders, gulls and terns. These
findings are consistent with other studies that show a very low prevalence of AIV infection
in Charadriiformes such as a global study with a prevalence by virus isolation of 0.7% from
16,451 waders, gulls and terns when data from Delaware Bay were excluded (Olsen et al.
2006). Furthermore, other studies include, 0.3% prevalence by RRT-PCR testing 7,258
birds representing 58 species of Charadriiformes in Europe that included no positives in
3,159 waders (Munster et al. 2007), and 0.5% prevalence by Type A RRT-PCR testing and
0.1% prevalence by virus isolation in 10,003 migratory shorebirds sampled from coastal
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south-eastern Australia (Hansbro et al. 2010). Overall when these figures are combined
this suggests an estimated AIV prevalence in Charadriiformes of 0.44% (95% CI 0.4, 0.5).
With the exception of Delaware Bay USA, a focal area of AIV activity, global data indicates
that the probability of virus detection will be too low unless large numbers of birds are
tested and surveys account for known risk species and allow for spatiotemporal species
variations. To detect at least one infected bird with 95% confidence in a flock of >10,000
birds would require the sampling of between approximately 600 and 3,000 birds based on
an expected AIV prevalence of 0.5% and 0.1% respectively (Cannon and Roe 1982).
Moreover, the required sample size for flocks of shorebirds is misleading since these
flocks are usually comprised of multiple species with likely heterogeneous AIV risk
exposure profile. For example at Delaware Bay, Ruddy Turnstones had a considerably
higher virus prevalence (11.1%) compared to sympatric shorebirds (0.75%) (Hanson et al.
2008). Therefore if statistical sample sizes were applied to every species in a mixed flock,
the total sample size would be beyond the resources of most surveillance studies given
the low AIV prevalence in shorebirds. Hence the design of surveillance programs for LPAIV
needs to consider the heterogeneity of shorebirds and the species variability in AIV risk
exposure profiles to target higher risk species.
There are a number of possible reasons why AIV was not detected from the surveillance of
Charadriiformes in northern Australia: 1) insufficient numbers and species of birds were
sampled as the prevalence of infection was below the threshold of detection for the
sample size; 2) LPAIV excretion times in wild birds are mostly of short duration, hence
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point sampling reduces the probability of viral detection. In the LPAIV challenge trial
(Section 3.3.5) no viral excretion could be detected by 12 DPI in the Ruddy Turnstones and
by 6 DPI in the Silver Gulls. In one study with gulls challenged with HPAI H5N1, virus
excretion was not detectable after 10 DPI (Brown et al. 2006). Hence to improve the
likelihood of viral detection more frequent and larger sampling of the population is
required; 3) for HPAI H5N1, in Asian migration staging areas of the EAAF where sporadic
outbreaks of HPAI occur, shorebirds are either not in close contact with poultry or other
reservoir hosts, become fatally infected, or are unable to embark on southward migration
(Feare 2010). Also transit times for shorebirds travelling from coastal Southern China to
northwest Australia are likely to be at least 5 days, dependant on the species and the
number of stopovers en-route to northern Australia. Even if infected by an AIV within one
day of departure and subject to there being no adverse physiological impact, by the time
these birds arrive in Australia virus excretion would most likely be nearing completion or
of low infectious titre; 4) non-breeding feeding and roosting sites for shorebirds are
primarily littoral, warm, saline, tidal habitats where birds feed on macro-benthic
invertebrates, presenting unfavourable conditions for AIV persistence (Brown et al.
2009a). Therefore for non-breeding shorebirds in littoral habitats, it is hypothesised that
infection with AIV is mostly self-limiting without a sustainable ecological niche.
From serological testing, 8.8% (95% CI 8.0, 9.7) of 4,424 Charadriiformes had NP c-ELISA
values ≥40% that indicated past or recent exposure to AIV. Of six families, only
Scolopacidae had a significantly higher NP seroprevalence (p<0.0001) compared to the
overall group seroprevalence. Other studies have concluded that Scolopacidae and
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Laridae were the most important Charadriiform families with respect to AIV infection,
although Ruddy Turnstone data from Delaware Bay are mostly responsible for the
elevated virus prevalence of Scolopacidae (Stallknecht and Brown 2007; Stallknecht and
Brown 2008). Of three Scolopacidae genera, Calidris (that include knots, stints and
sandpipers), Tringa (tattlers, sandpipers and greenshank), and Numenius (Whimbrel and
curlews), only the genus Numenius had a significantly higher NP seroprevalence
(AP=34.8%; 95% CI 29.7, 40.2; p<0.0001) compared to the group value.
Of the Scolopacidae species tested, seven had a NP seroprevalence significantly higher
than the group value, including a cluster in the genus Numenius with a high
seroprevalence in all of the three species that regularly migrate to Australia: Eastern
Curlew (AP=67.3%), Whimbrel (AP=45.4%) and Little Curlew (AP=19.6%). When compared
with the group value, the high Odds Ratio for Eastern Curlew, Whimbrel and Little Curlew
(Table 5.3) suggests a higher risk of being infected with AIV.
From HI testing, reactions against one or more subtypes were found in 63.4% (52 of 82) of
Eastern Curlew and Whimbrel tested, representing 45% (95% CI 30.7, 59.8) and 28% (95%
CI 19.6, 37.2) of these species sampled respectively. Also there were more HI reactions
across a broader range of serotypes in these two species compared to other
Charadriiformes. This suggests either previous exposure to multiple subtypes, or a species
related immune response to AIV infection with the production of more cross-reactive
antibodies. Furthermore, HI reactions to H9, H5, H6 and H2 serotypes were more
predominant in these species, with the highest titre to H9 antigen (Whimbrel reciprocal
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GMT 19.3, titre range 8-128), suggesting recent exposure. Although surveillance in southeastern Australia showed virological evidence of these subtypes in shorebirds, without
isolating a virus it is unclear whether these HI reactions were from exposure in Australia or
from other locations along the EAAF.
These serology findings concur with recent Australian virological surveillance where
Numenius spp. (mainly Eastern Curlew) had the highest carriage of AIV in shorebirds
including two H9 viruses isolated from Eastern Curlew (Hansbro et al. 2010). The reasons
for the higher risk profile of this taxonomic group are not clearly understood. On their
non-breeding grounds the feeding behaviours of Eastern Curlew and Whimbrel are strictly
coastal which minimises AIV exposure risk. Although three Eurasian Curlew (Numenius
arquata) on the coastal wetlands of China’s Shandong province in 2004 were H5 RRT-PCR
positive, and one of these samples was HPAI H5N1 virus positive (Kou et al. 2009),
indicating either spillover from domestic or wild ducks on shared habitats in nearby littoral
zones, or contact exposure whilst on migration from Siberia.
On their breeding grounds, Eastern Curlew nest in eastern Siberia on damp ground close
to areas where wild berries grow (Lane 1987), hence these wetlands are a possible source
of contact with AIV. In the non-breeding areas of Australia, although mostly coastal,
Eastern Curlew are also observed sometimes on nearby wetland lakes and occasionally
further inland (Higgins and Davies 1996). Whimbrel, migrate from more extensive coastal
breeding areas of northeast Siberia to spend the non-breeding months mostly in northern
Australia where they are found along mangrove fringed coastline (Minton et al. 2006).
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Given these birds favour littoral habitats in the non-breeding months, higher AIV exposure
risk may occur during their breeding months. When sampled in temperate areas of
Australia several months after migration, the detection of AIV in Eastern Curlew (Hansbro
et al. 2010) suggests another source of infection, such as nearby coastal habitats or
lagoons that are shared with waterfowl.
Of the three Numenius spp. that migrate to Australia, the Little Curlew is the more
abundant, often in large flocks (thousands) in northern Australia favouring sub-coastal and
inland areas, feeding on dry grassland country and floodplains (Lane 1987; Bamford et al.
2008). Although NP seroprevalence in the Little Curlew was lower than the two closely
related species, its dispersive habit and inland feeding behaviour increases the likelihood
of exposure to AIV in freshwater wetlands shared with waterfowl. All three Numenius spp.
are assessed for H5N1 risk to Australia in Chapter 7, and should be included in prospective
AIV ecology studies. The determinants of the significant AIV exposure profile in this genus
and whether other genera specific factors are important, such as genetic susceptibility or
atypical immune responses, warrants further research.
Other Scolopacidae species with NP seroprevalence values significantly higher than group
value include the Ruddy Turnstone (AP=23.4%), Red Knot (AP=14.8%), Red-necked Stint
(AP=13.1%) and Sharp-tailed Sandpiper (AP=14.8%). Of these four migratory species, the
Ruddy Turnstone had the highest risk of being infected with AIV (OR=3.35), however AIV
has not been detected in Ruddy Turnstones in Australia (Mackenzie et al. 1985; Hurt et al.
2006; Haynes et al. 2009; Hansbro et al. 2010; OCVO 2010).
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The AIV risk exposure profile of the Ruddy Turnstone at Delaware Bay may be spatially
unique amongst shorebirds, and the high NP seroprevalence in this study also supports a
likely role in AIV ecology. It has been suggested any one or a combination of an unusual
scavenging feeding behaviour, high density nocturnal roosting around shallow pools of
brackish water and arrival at Delaware Bay with immune naïve status are possible reasons
for their high risk profile (Hanson et al. 2008). Both the Ruddy Turnstone (Mendes et al.
2006) and the Eastern Curlew are long-lived species (Minton et al. 2011a), a trait that may
correlate with immuno-competence and stronger immune responses (Mendes et al.
2006). Stronger immune responses in the Ruddy Turnstone may also be related to greater
exposure to pathogens from their scavenging habits (Mendes et al. 2006). Whether these
traits are important factors in the AIV-host ecology of these species is unclear.
The Red Knot breeds in localised areas of the polar deserts of the high arctic Siberia and
western Alaska and carries out very long distance migrations to the non-breeding areas of
Australia and New Zealand, where its distribution is restricted to large tidal flat systems
(Lane 1987; Rogers et al. 2010). The related species, Great Knot, breeds in the dry alpine
tundra of northeast Siberia and its non-breeding distribution is also strictly coastal and
rarely inland (Lane 1987). Both are gregarious species and often form dense feeding and
roosting flocks in association with Bar-tailed Godwit and other smaller wader species
(Higgins and Davies 1996). Given the strict non-breeding coastal distribution of these
species it is unlikely that they have a significant role in AIV ecology.
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The Red-necked Stint is the most ubiquitous shorebird of the EAAF, inhabiting nearly all
coastal areas of Australia and frequently occurs on inland wetlands. This species breeds
across a broad area of northern Siberia and on migration, due to its small size and
consequent shorter flight range, it makes frequent stopovers inland between Siberia and
the coast of China and through Indonesia (Minton et al. 2006). The prominence of this
species in LPAIV detections in Australia and NP seroprevalence levels in this study are
likely related to exposure risks whilst feeding on freshwater wetlands in Australia.
The Sharp-tailed Sandpiper breeds in the lowlands of northeast Siberia and southwest
Alaska favouring the wettest habitat of all sandpipers that breed in the high arctic (Lane
1987). In the non-breeding months it is mainly found in south-eastern Australia, though it
uses the wetlands of northern Australia to stopover on both northward and southward
migration. It has a preference for non-tidal wetlands, but also utilises coastal intertidal
mudflats and lagoons. It is gregarious and mixes freely with other waders such as Curlew
Sandpiper and Red-necked Stint (Higgins and Davies 1996). In both breeding and nonbreeding habitats this species has potential exposure risk to AIV on inland wetlands.
The Marsh Sandpiper is widespread across a variety of permanent and ephemeral coastal
and inland wetlands of Australia and breeds inland from eastern Europe to eastern Siberia
(Higgins and Davies 1996). Although the NP seroprevalence for the Marsh Sandpiper
(AP=15.4%) was higher than the group value, this species was under-represented, hence
further surveillance of this migratory species may be warranted.
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All other Scolopacidae species including Bar-tailed Godwit, Black-tailed Godwit, Curlew
Sandpiper, Great Knot, Sanderling, Common Greenshank, Grey-tailed Tattler and Wood
Sandpiper had NP seroprevalence values less than the group value. Most of these species
spend their non-breeding months in Australia along coastal habitats, with the exception of
Black-tailed Godwit and Common Greenshank that also feed on inland wetlands. Only the
Wood Sandpiper prefers inland wetlands for feeding in Australia (Lane 1987; Higgins and
Davies 1996).
Two other families had higher NP seroprevalence values than the group level, families
Haematopodidae (oystercatchers; AP=12.1%) and Recurvirostridae (stilts and avocets;
AP=13%), although differences were not significant due to the low sample sizes. The two
oystercatcher species are unlikely to have a role in AIV ecology since their feeding
behaviour is strictly coastal, feeding on invertebrates in inter-tidal beaches and mudflat
zones. Although there are infrequent sightings of breeding pairs on inland pasture (Lane
1987) that could expose this species to AIV. Further surveillance of oystercatchers is
probably not warranted.
The Black-winged Stilt (AP=9.8%) and Red-necked Avocet (AP=16.5%) are likely important
resident species in AIV ecology due to their feeding and breeding habits associated with
inland wetlands. The stilts feed by taking prey at the surface of water or mud, and the
avocets sweep their bill from side to side through water or soft mud while wading and
also upend, duck-like, when swimming. Both species are dispersive, nomadic species that
are widespread and seasonally abundant but are also gregarious, breeding colonially or
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semi-colonially (Lane 1987). For example, in 1984 approximately 95,000 avocet were
found at Lake Eyre (Lane 1987), and during 1999-2000 on the sub-coastal Mandora
marshes adjacent to 80 Mile Beach, there were an estimated 200,000 Black-winged Stilts
representing at the time, more than 70% of the total Australian population (Halse et al.
2005). The Black-winged Stilt is also partially migratory with some movement between
northern Australia and Wallacea (Coates and Bishop 1997). The inland wetland habitat
choices for feeding and breeding in these species provide increased opportunity for
contact with waterfowl and consequently likelihood of exposure to AIV.
Interestingly in this study, one Red-necked Avocet that was recaptured seven weeks after
initial sampling at Roebuck Bay had markedly changed AIV profile with increased NP cELISA inhibition from 11% to 71% and a weak HI reaction to H5 subtype on the second
test. A number of other Red-necked Avocet had HI reactions (Table 5.6) to H5 (n=6) and
H9 (n=5). These results in a resident Australian shorebird indicate contact exposure risks
to circulating AIV and suggest H5 and H9 may be prominent strains in Australia. This is
consistent with virological surveillance findings from south-eastern Australia that show
higher prevalence of H9 in shorebirds and H5, H9 (and H3) in waterfowl (Hansbro et al.
2010).
Although overall both the Laridae/Sternidae (gulls, terns) and the Charadriidae (plovers,
dotterels) had NP seroprevalence values lower than the group value, several species
including the Silver Gull (AP=20.6%), Common Noddy (AP=38.5%) and Grey Plover
(AP=20%) had significantly higher seroprevalence values compared to the group values. Of
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the gulls and terns, the cosmopolitan Silver Gull is predominantly found across coastal and
offshore islands but also frequents inland wetlands where it may be exposed to AIV.
Several birds had significant HI titres to H13 subtype (reciprocal GMT of 20.2), a finding
consistent with the association of this subtype with gulls. Both the Silver Gull and
Common Noddy breed in colonies under high density situations on offshore islands with a
consequent increased likelihood of transmission of AIV.
The high NP seroprevalence found in the Common Noddy could be assessed further given
the low sample size. In the non-breeding months, this species is dispersive or migratory,
feeding over the pelagic areas of the Pacific and Indian Oceans (Higgins and Davies 1996).
Avian influenza viruses have previously been isolated from gulls and terns in Australia
(Downie et al. 1977; Kishida et al. 2008; Haynes et al. 2009), however the specific pathway
for viral entry into these colonies is unclear. Once introduced into these high density
colonies rapid spread of virus infection is likely, as evident in the mass mortality event in
Common Terns in South Africa (Becker 1966), however infection is likely to be self-limiting
and should not spread readily to other terrestrial hosts.
Of the other tern species, the Gull-billed Tern had a NP seroprevalence higher (AP=11.4%)
than the group value with HI reactions to H13 and H6. Two subspecies are found in
Australia with markedly different biology. Subspecies affinis migrates from breeding areas
in southern and central China and in the non-breeding months is strictly coastal, and
subspecies macrotarsa breeds episodically in inland areas of Australia and feeds over
coastal and inland areas (Higgins and Davies 1996; Rogers et al. 2005). Most serological
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data in this study relates to subspecies macrotarsa, and further surveillance of the
migratory subspecies affinis may be warranted to further assess its risk profile.
Several other tern species such as the Common Tern, Little Tern and White-winged Black
Tern migrate from northern hemisphere breeding areas with non-breeding populations
found in coastal areas of Australia except for the White-winged Black Tern which also
feeds on inland wetlands (Higgins and Davies 1996). Although sample sizes were small in
this study, the species NP seroprevalence values were low suggesting minimal role in the
ecology of AIV.
In the family Charadriidae, only the Grey Plover had a NP seroprevalence value
significantly higher than the group value, however the sample size was small. This species
breeds along the north coast of the high Arctic tundra and in non-breeding areas is strictly
coastal (Lane 1987). Other migratory plovers include the Greater Sand Plover that breeds
on the dry, stony plains of Mongolia and China and has a strictly coastal distribution in
Australia, and the Oriental Plover that breeds on the arid and mountain steppes of
Mongolia and feeds over the vast grassy plains of northern Australia. The Lesser Sand
Plover breeds in northeast Siberia and is strictly coastal when feeding in Australia (Lane
1987). The behavioural biology of migratory plovers of the family Charadriidae suggests
that these species have minimal exposure to AIV, and this hypothesis is supported by the
low overall family NP seroprevalence reported in this study.
From four years of shorebird surveillance data from northwest Australia since 2006 and
from European shorebird data, it is unclear if the phenomenon of cyclical periodicity in
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AIV activity, as reported in waterfowl and suggested in shorebirds from North America
(Krauss et al. 2004) exists in the migratory shorebirds of other global flyways. There is
some suggestion of cyclical activity (Figure 5.4) with the annual NP seroprevalence value
changing in consecutive years from 4% to 14% to 7% to 26% and significant differences
(p<0.0001) in seroprevalence for Whimbrel (Table 5.4) between 2008 (AP=25.4%) and
2009 (AP=69.6%). However in 2009, sampling was targeted to the seven higher risk
species (identified in Table 5.4) that comprised 42% (147 of 350) of the birds sampled that
year compared to 27% in the previous year. Moreover, consistent annual sample numbers
could not be sustained for each species and different populations may have been sampled
from year to year. To truly assess for temporal trends would require much larger sample
sizes or long term sampling of individually identified birds.
The finding of significant titres against H5 that were reactive to the H5N1 Clade 1
(Vietnamese) strain could indicate exposure to a northern hemisphere strain or an
Australian strain that has broad cross-reactivity. Both migratory (Eastern Curlew and
Whimbrel) and resident shorebirds (Red-necked Avocet and Black-winged Stilt) were
reactive in the H5 HI test. Further surveillance is warranted to determine if exposure in
these species is related to the high number of H5 isolations from waterfowl in southeastern Australia (Hansbro et al. 2010).
In this study, serological testing was integrated into the design of surveillance plans in
recognition of an expected low AIV prevalence in Charadriiformes. This testing provided
valuable information on the ecology of AIV and identified higher AIV risk exposure profiles
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in several migratory and resident species. Without this data, optimising surveillance would
have relied on negative virology data, imperfect historical profiles of species risk, or
contemporary isolations, with data mostly originating from the northern hemisphere and
data on shorebird biology that had significant gaps. Using serology risk profile data to
develop a targeted strategy was necessary to overcome the arduous task of repetitive
representative sampling of heterogeneous wild birds that presents significant resource
and logistical challenges.
An estimate of the prevalence of AIV in wild bird populations principally relies on the
detection of virus excretion. However, the probability of detection is restricted by the
short duration of virus excretion which is generally less than 10 days, and most sampling
only provides point prevalence data that will also underestimate the AIV infection rate.
The assessment of NP and HA antibody values, in the absence of virology data in wild birds
can also provide information that relates to the dynamics of infection with greater insight
into the epidemiology of infection with AIV.
In this study, the failure to detect virus excretion suggests that infection, where evident,
does not reach sustainable levels for any shorebird species to be a maintenance or
reservoir host. This is in agreement with recent quantitative analysis and modelling of
prevalence data that also suggests that shorebirds are not reservoir hosts for AIV infection
(Nishiura et al. 2009). At Delaware Bay, even with consistent seasonal high virus
prevalence in Ruddy Turnstones, there was no conclusive evidence from sympatric
shorebirds (Hanson et al. 2008) that this species satisfied reservoir host criteria by
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transmitting virus to other species (Nishiura et al. 2009). The findings from global
surveillance data, including the absence of a stable shorebird AIV lineage, suggests an
alternative hypothesis that shorebirds are important spillover hosts in shared ecosystems
with potential for sporadic global transmission of AIV, rather than being conventional
reservoir hosts.
The determinants of AIV infection in shorebirds are likely to be associated with host
biology and behavioural traits. Population density was a likely factor in the HPAI outbreak
in a colony of Common Terns in 1961, and in Ruddy Turnstones at Delaware Bay, where a
high prevalence of LPAIV is likely to be associated with species specific transmission at
nocturnal high density roosts. When compared to waterfowl, it is unlikely that shorebirds
would have similar exposure risks due to marked biological differences in their feeding,
breeding and movement behaviours. Shorebirds do not filter feed in aquatic habitats like
ducks, thereby reducing potential viral exposure from faeco-oral transmission. The
majority of migratory shorebirds, with the exception for example of tattlers and
turnstones, seasonally exist in dissimilar ecosystems that range from arctic breeding areas
to mainly marine coastal non-breeding grounds (Piersma 1997). Moreover, many
migratory shorebirds spend more time as non-breeding birds in coastal saline habitats
feeding on macro-benthic invertebrates that are not favourable conditions for AIV
infection, survival and transmission. The features of shorebird biology, such as longevity
with lower reproductive rates may also correlate with immunocompetence and a well
developed immune response, determining levels of susceptibility or resistance to infection
(Piersma 1997; Mendes et al. 2006).
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Overall the ecology of AIV in Charadriiformes is not understood to the same extent as
waterfowl, where many studies have been extensive and long term. Information on
shorebird host-AIV ecology is piecemeal and there are significant gaps in scientific
knowledge that require considerable research. However the widespread distribution,
abundance and diversity of this avian order presents significant logistical and resource
impediments to further research. Therefore studies need to be targeted according to
species, location and season and include detailed ornithological information, particularly if
sampling of faecal deposits in preference to live bird sampling is adopted as a high
volume, low cost strategy. Many shorebird studies fail to verify species data or don’t
provide details about the level of ornithological expertise, particularly with environmental
sampling of faecal deposits from birds. In this study, all faecal samples were collected
from live caught birds that were identified by expert ornithologists.
In this study, all three species of the genus Numenius had high AIV risk exposure profiles
that could be related to species specific susceptibility, adaptation, or feeding and breeding
behaviours that provide direct or indirect interaction with reservoir hosts. These species,
together with the other migratory shorebirds identified in this study, should be targeted in
future AIV surveillance strategies. Several resident Australian shorebird species were also
found to have significant exposure risk to AIV, and results also suggest that H9, H6, H5 and
H2 are not uncommon subtypes. In Chapter 7, the shorebird species with higher AIV risk
exposure profiles identified in this chapter are included in the risk assessment for HPAI
H5N1 to wild birds in northern Australia. The following chapter outlines the findings from
the surveillance for AIV in Anseriformes across northern Australia.
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CHAPTER 6: SURVEILLANCE FOR AIV IN WILD WATERFOWL ACROSS
NORTHERN AUSTRALIA
6.1 Introduction
Prior to 2003 there had been minimal surveillance of waterfowl for AIV across northern
Australia, with only limited numbers sampled (n=326) in the Kimberley region of WA
(Mackenzie et al. 1984; Mackenzie et al. 1985). This chapter reports the findings from the
serological and virological surveillance of northern Australia waterfowl, mostly sampled
since 2003, that showed no evidence of HPAI H5N1 infection and few isolations of LPAIV.
This is the first significant report on the epidemiology of AIV infection in waterfowl across
northern Australia with species and spatial information to support an optimal AIV
surveillance strategy.
Few studies have included serological testing for NP and HA antibodies to assess the
prevalence and ecology of AIV infection and to monitor for H5 and H7 subtypes in wild
waterfowl. As concluded in Chapter 5, serological testing can provide further insight into
the epidemiology of AIV in wild birds. In waterfowl, one long term study in Italy detected a
52% seroprevalence of NP ELISA antibodies and from HI testing, ten HA subtypes, whereas
virus was isolated from 3.8% of birds with only two HA subtypes detected (De Marco et al.
2004). In that study, there were also variable responses to the HI test that suggested
significant antigenic diversity in some subtypes.
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6.2 Materials and methods
6.2.1 Surveillance strategy
The waterfowl species of Australia do not belong to any regular waterfowl migration
pathway into Asia, and trans-hemispheric migrant dabbling ducks are only found as
sporadic vagrants. Given the absence of a defined pathway for waterfowl to transmit
H5N1 virus into Australia, and likely important reservoir host role of waterfowl in the
advent of an incursion, surveillance targeted sub-coastal wetlands that had potential for
interaction with migratory shorebirds or vagrant waterbirds.
Although northern Australia waterfowl have overall less species diversity compared to
migratory shorebirds, there is local abundance and density of waterfowl including the
Magpie Goose (Anseranas semipalmata), Wandering Whistling Duck and Plumed
Whistling Duck. On the floodplains of the Alligator Rivers region of the NT, which includes
the Kakadu National Park (NP), there is an estimated population of more than 2.5 million
waterfowl (Kingsford and Norman 2002), and in the dry season at Kununurra WA, Magpie
Geese and Plumed Whistling Ducks are found in dense commingled flocks at riverine
roosts in flocks of up to 30,000 birds. In QLD, both of these common waterfowl species are
also found in shared wetland habitats but with less abundance and density than WA or the
NT. Since most northern waterfowl commingle in shared freshwater habitats, in this study
it was assumed that AIV exposure risk was homogeneous across species. Hence annual
sample sizes were based on 300 birds at each sampling location to detect a prevalence of
at least 1% with 95% confidence (Cannon and Roe 1982).
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6.2.2 Field sampling of waterfowl
Important wetland habitats where waterfowl congregate in the dry season were identified
and assessed for suitability, with Kununurra, Atherton and Kakadu NP the main sampling
locations (Section 2.1). The majority of birds were caught by cannon netting flocks of birds
at diurnal roosts or at feeding sites on agricultural land. Occasional capture was done with
traps and nocturnal mist netting (described in Section 2.1), and in the NT, opportunistic
sampling was provided by indigenous hunters. There was less scope for samples from
hunters in northern Australia compared to the large sample sizes provided by hunters in
North America and Northern Europe since waterfowl are mostly protected in Australia.
Ornithological expertise was provided for all capture and release activities and included
species identification, ageing and banding. Banding ensured that retrapped birds were not
tested again during annual surveys and provided scope to assess movement range from
subsequent sightings or capture. The ageing of the Plumed Whistling Duck was not
reliable given this species matures rapidly with subtle plumage differences between
juveniles and adults, whereas juvenile Magpie Geese were easily differentiated from
adults on size, plumage and absence of a prominent knob on the crown (Marchant and
Higgins 1990).
Samples were collected for testing according to the methods described in Section 2.2. The
majority of waterfowl were sampled from WA (54%) with 26% from QLD, and 20% from
the NT. The number of samples collected each year since 2004 are displayed in Figure 6.1.
For the longitudinal study, Kununurra was targeted each year from 2004-2009 with a total
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of 1,853 birds sampled. At Atherton, regular sampling only started in 2007 with 871 birds
sampled in total over 3 years, and at Kakadu NP, 511 birds were sampled in total from
2005-2009.
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Figure 6.1 The annual sample numbers of northern Australia waterfowl from 2004
(excludes prior sample years where n was <100 birds).
6.2.3 Laboratory analyses
The serological and virological test methods were conducted according to those described
(Sections 2.3 and 5.2.3). Most sera collected after 2003 that had ≥60% inhibition by NP cELISA were HI tested against H5 and H7 serotypes, and from 2006 by H9 serotype. Subject
to the availability of sera and antigens, samples were also tested against a panel of H1H16 antigens at AAHL.
6.2.4 Statistical analyses
Statistical analyses followed the methods described in Sections 2.4 and 5.2.4.
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6.3 Results
6.3.1 Virological results
Of 3,582 birds sampled, 2,989 were screen tested by Taqman Type A RRT-PCR and 593
were tested by virus isolation. From RRT-PCR testing, 31 samples were positive (1%; 95%
CI 0.71, 1.47) including 21 individual swabs and 10 pools (notionally 10, since the 30
individual swabs were not tested singly) (Table 6.1). The RRT-PCR positive prevalence in
Plumed Whistling Ducks (1.6%; 95% CI 1.0, 2.4) was significantly higher (p<0.01; OR=3.0;
95% CI 1.3, 6.5) than that of Magpie Geese (0.55%; 95% CI 0.2, 1.1). The species and
sample location details for the RRT-PCR positive results are shown in Table 6.1. From the
NT, all swabs were negative by virology (0%; 95% CI 0, 0.7).
All 31 samples positive by the Type A RRT-PCR were negative to H5 and H7 subtype
specific primers by Taqman RRT-PCR. Only one of 31 samples was HA positive by ECE virus
isolation, and all other swabs tested by ECE virus isolation were negative. Overall from the
3,582 waterfowl tested, this shows a low virus prevalence of 0.03% (95% CI 0, 0.16). The
rate of viral recovery from RRT-PCR positive swabs (1/31 or 3.2%; 95% CI 0.1, 16.7) was
low compared to other studies. The HA positive swab was taken from a mature Plumed
Whistling Duck at Kununurra in 2009 and had a 41% inhibition NP c-ELISA result and a
RRT-PCR CT value of 27. The other 20 individuals with RRT-PCR positive swab samples
(excluding the 10 pools) had a median NP c-ELISA serology value of 33% inhibition (range
0-95%) and median RRT-PCR CT value of 31.5. The isolated HA agent was HI tested at AAHL
against a full range of reference antisera and the strongest inhibition reaction was against
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the H6 subtype. Available primers at Geelong to the full H5 gene were tested on the AIV
isolate and were able to provide sequencing data for a 609bp fragment from the more
conserved area of the HA gene. Sequencing results from the 609bp partial fragment of the
Kununurra virus were compared with the GenBank database by BLAST analysis. The results
showed highest similarity to a contemporary H6 subtype virus, and from NI testing using
reference antisera, the virus was confirmed as H6N1. The sequencing of the other matrix
gene RRT-PCR positive samples could not be related to a HA or NA subtype.
Table 6.1 Number of positive Taqman Type A RRT-PCR samples (median CT value)
from 2006-2009.
Year

Plumed Whistling Duck

Magpie Goose

2006

2 (37.7)

80 Mile Beach WA

2006

3 (33.6)

Kununurra WA

2008

6 (29.7)

2009

10 pools (33.8)

2009

2 (30)

1 (36)

Total

23

8

7 (31)

Location

Kununurra WA
Atherton QLD
Kununurra WA

6.3.2 Serological results using NP c-ELISA
The number of each species tested by the NP c-ELISA with seroprevalence and mean
inhibition value are shown (Table 6.2, Figure 6.2). Overall, 1,131 of 3,645 (31%; 95% CI
29.5, 32.6) waterfowl were seropositive on the NP c-ELISA indicating exposure to AIV.
Three species, the Plumed Whistling Duck, Grey Teal and Pacific Black Duck had NP c-ELISA
seroprevalence and mean inhibition values higher than the group value, however the
sample sizes for the Pacific Black Duck and Grey Teal were low (Table 6.3).
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Table 6.2 Results of the waterfowl samples tested by virology and serology from 1992-2009. The RRT-PCR results are shown
in Table 6.1, and the c-ELISA data are not shown where n<10.
Family
Common name

Taxonomy

No. tested
by
virology*
(95% UCI)

No.
tested by
serology

No. cELISA
≥60%
inhibition

No. cELISA 4060%
inhibition

App Prev (95%
CI) c-ELISA >40%
inhibition

Mean cELISA%
inhibition
(SE)

Anseranas semipalmata

1700 (0.2)

1745

158

182

19.5 (17.6, 21.4)

31

Anseranatidae
Magpie Goose
Anatidae
Black Swan

Cygnus atratus

1

1

0

0

Chestnut Teal

Anas castanea

1

1

0

0

Green Pygmy-goose

Nettapus pulchellus

1

1

0

0

Grey Teal

Anas gracilis

25 (13.7)

25

11

4

60.0 (38.7, 78.9)

54

Pacific Black Duck

Anas superciliosa

31 (11.2)

31

11

2

41.9 (24.5, 60.9)

46

Pink-eared Duck

3

3

1

1

Plumed Whistling Duck

Malacorhynchus
membranaceus
Dendrocygna eytoni

1786#

1806

540

217

41.9 (39.6, 44.2)

43

Radjah Shelduck

Tadorna radjah

21 (16.1)

21

2

1

14.3 (3.0, 36.3)

25

Wandering Whistling Duck

Dendrocygna arcuata

13 (28.5)

11

1

0

9.1 (0.2, 41.3)

3,582 (0.1)

3645

724

407

31.0 (29.5, 32.6)

Totals

37 (0.4)

* Where 0% prevalence by virus isolation, only the 95% UCI is shown and only for n>10.
# One virus was detected in a Plumed Whistling Duck (AP=0.056%; 95% CI 0, 0.3), and overall, virus prevalence in Anseriformes was
0.028% (95% CI 0, 0.16).
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Figure 6.2 NP c-ELISA seroprevalence and mean % inhibition values by species with
error bars (95% CI and SE respectively), excluding data where n <10.
Table 6.3 Testing for significant differences in NP c-ELISA seroprevalence and mean
% inhibition by species by comparison of the species value with the group mean
value (minus the individual species value).
p

p

OR (95% CI)

App Prev

NP c-ELISA mean

for NP

NP c-ELISA

% inhibition

seroprevalence

Magpie Goose

<0.0001

<0.001

0.34 (0.29, 0.39)

Grey Teal

0.0017

0.005

3.36 (1.5, 7.5)

Pacific Black Duck

0.187

0.114

1.61 (0.78, 3.3)

<0.0001

<0.001

2.83 (2.44, 3.27)

Common name

Plumed Whistling Duck
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6.3.3 Spatiotemporal NP c-ELISA data
The assessment for spatiotemporal trends in NP c-ELISA seroprevalence were mainly
conducted at two longitudinal study sites, Kununurra and Atherton from 2004-2009.
Overall the NP seroprevalence was significantly higher (p<0.0001) in waterfowl from
Kununurra (n=1852; AP=39%; 95% CI 36.9, 41.4) compared to both Atherton (n=871;
AP=24%; 95% CI 21.0, 26.7) and the NT (n=568; AP=25%; 95% CI 21.7, 29). The results also
show cyclical prevalence of AIV antibody with a two year periodicity in the waterfowl
population at Kununurra that was not apparent in the Atherton waterfowl (Figure 6.3). For
both 2007 and 2009, the seroprevalence was significantly higher at Kununurra compared
to Atherton (p <0.0001), and for the years shown at Kununurra there were significant
differences in NP c-ELISA seroprevalence (p<0.0001) for every year compared to the
previous and subsequent year.

Percent

Kununurra
100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%

Atherton

2004

2005

2006

2007

2008

2009

Year

Figure 6.3 Spatiotemporal NP c-ELISA seroprevalence in the waterfowl from
Kununurra and Atherton with error bars (95% CI).
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At Kununurra the NP seroprevalence for the ‘peak’ years were compared to the
seroprevalence in the preceding and following years using Odds Ratio analysis. The
highest Odds Ratio’s were 2005 compared to 2006 (OR=27.7; 95% CI 18.5, 41.5), and 2007
compared to 2006 (OR=20.2; 95% CI 13.4, 30.3). Between the other years, the OR value
ranged from 4.0-4.8 (data not shown). The change in the NP c-ELISA seroprevalence for
Plumed Whistling Ducks and Magpie Geese at Kununurra were also analysed over time
and both trended in a similar cyclical manner (Table 6.4). The NP seroprevalence in the
Plumed Whistling Ducks was significantly higher (p<0.001) than the Magpie Geese for
every year from 2006-2009 (Table 6.4).
Table 6.4 Comparison of the NP c-ELISA seroprevalence between Magpie Geese
and Plumed Whistling Ducks at Kununurra from 2004 to 2009.
Year

Magpie Geese
Test+/No
tested

App Prev

2004

21/79

2005

nil

2006

3/226

2007

Plumed Whistling Duck

OR (95% CI) for
Plumed
Whistling Ducks
compared to
Magpie Geese

App Prev

(95% CI)

Test+/No
tested

26.6 (17.3, 37.7)

12/27

44.4 (25.5, 64.7)

209/306

68.3 (62.8, 73.5)

1.3 (0.3, 3.8)

36/314

11.5 (8.2, 15.5)

9.6 (2.9, 31.7)

53/133

39.9 (31.5, 48.7)

115/142

81 (73.6, 87.1)

6.4 (3.7, 11.1)

2008

19/190

10 (6.1, 15.2)

76/151

50.3 (42.1, 58.6)

9.1 (5.2, 16.1)

2009

129/227

56.8 (50.1, 63.4)

51/55

92.7 (82.4, 98.0)

9.7 (3.4, 27.7)
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(95% CI)

2.2 (0.89, 5.5)

At Atherton, twice as many Plumed Whistling Ducks were sampled as Magpie Geese over
the three years. From Kakadu NP, annual samples sizes were lower ranging from 40-130
birds/annum. In 2007 there were indications of high AIV activity with 87 of 130 samples
(67%; 95% CI 58.1, 74.9) positive by c-ELISA, comparable to the seroprevalence level from
Kununurra in the same year (61%; 95% CI 55.1, 66.9). At Kakadu NP and Kununurra, high
NP seroprevalence in waterfowl for 2007 was associated with Plumed Whistling Ducks
(NT: AP=83.6%; 95% CI 74.8, 90.4; Kununurra: AP=81% in Table 6.4).
6.3.4 NP c-ELISA antibody profile in Kununurra waterfowl
The values from the NP c-ELISA for each sample from Kununurra were categorised into
one of four ranges of inhibition to assess antibody profiles in the population (Table 6.5).
Table 6.5 The antibody profile from the NP c-ELISA testing of Kununurra waterfowl
sampled from 2004 to 2009.
Year

No. tested

<40%

40 to <60%

60 to <80%

80 to <100%

2004

106

73 (69%)

14 (13%)

11 (10%)

8 (8%)

2005

306

97 (32%)

62 (20%)

74 (24%)

73 (24%)

2006

540

501 (93%)

11 (2%)

12 (2%)

16 (3%)

2007

275

107 (39%)

51 (19%)

48 (17%)

69 (25%)

2008

343

248 (72%)

19 (6%)

31 (9%)

45 (13%)

2009

282

102 (36%)

69 (25%)

32 (11%)

79 (28%)

The influence of age (juvenile versus adult) was assessed in Magpie Geese from Kununurra
using the results from the NP c-ELISA. In the three consecutive years from 2007-2009 the
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respective adult and juvenile seroprevalence values were 42% (95% CI 32.7, 51.0) and 23%
(95% CI 5.0, 53.8) in 2007, 12% (95% CI 7.1, 17.8) and 3% (95% CI 0.1, 14.5) in 2008 and
59% (95% CI 51.4, 65.6) and 45% (95% CI 27.3, 64.0) in 2009. Overall the mean values
were higher in adults compared to juveniles, however the differences were not significant
(p>0.1). There were insufficient age data collected in previous years for assessment.
6.3.5 Serological results by HI testing
From approximately 11,000 HI tests using a panel of H1-H16 antigens at AAHL, HI
reciprocal titres ≥8 were detected in 152 of 1,131 sera (13.4%; 95% CI 11.5, 15.6) that had
NP c-ELISA ≥40% inhibition test results (Table 6.6). Overall this would equate to a HI test
prevalence of 4.2% (95% CI 3.5, 4.9) in the 3,645 waterfowl sampled, assuming all c-ELISA
negative sera were HI test negative. A small number of sera could not be tested against all
subtypes due to either insufficient sera or a shortage of antigens. There were 186 HI titre
results ≥8 with 9.2% of birds positive to two subtypes and 5.3% of birds positive to three
or more subtypes.
The Plumed Whistling Duck had more than twice (p<0.0001) the number of HI test
positives (104 of 1806 or 5.8%; 95% CI 4.7, 6.9) compared to the Magpie Goose (38 of
1745 or 2.2% 95% 1.5, 3.0), a similar ratio to their respective NP c-ELISA seroprevalence
values. The Plumed Whistling Duck was 2.74 times (OR 95% CI 1.9, 4.0) more likely to have
a significant HI test result compared to the Magpie Goose. The sample sizes of the other
waterfowl species were too low for statistical analysis.
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Of 1,131 NP c-ELISA sera with ≥40% inhibition, 996 were tested against subtype H5N1
Clade 1 including 720 sera with ≥60% inhibition and 276 sera with ≥40%-60% inhibition. A
proportion of these sera were also tested against subtypes H5N3 (n=872) and H5N1 Clade
2.1.3 (n=360). The significant HI titre results for H5 (displayed in Table 6.6), include 43 sera
against Clade 1 (reciprocal GMT of 17.6; titre range 8-128) and nine sera from 2004-2006
against H5N3 subtype (reciprocal GMT of 23.6; titre range 16-128). Two of these sera
were positive to both subtypes, and all sera tested against H5N1 Clade 2.1.3 antigen were
negative. The majority (72%) of H5 subtype HI reactions were in waterfowl sampled at
Kununurra.
Overall, 69% (128 of 186) of all HI reactions were found in waterfowl from Kununurra,
with the other HI reactions (n=58) distributed between QLD, NT and Broome wetlands. Of
the other subtypes that had more than ten sera with HI reactions, a significant proportion
were also from Kununurra including 64 of 80 (80%) H6 reactions (reciprocal GMT=18; titre
range 8-128), 11 of 16 (69%) H9 reactions (reciprocal GMT=19; titre range 8-64) and 9 of
12 (75%) H2 reactions (reciprocal GMT=17; titre range 8-128). The overall prevalence of
individual subtype HI reactions expressed as a proportion of the total number of
waterfowl sampled, assuming all NP c-ELISA negative sera were also HI negative, are
summarised in Figure 6.4. The temporal pattern of H5 and H7 subtype reactions relative to
NP c-ELISA seroprevalence at Kununurra are displayed in Figure 6.5.
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Table 6.6 Number of significant HI titre results ≥8 (with reciprocal GMT) by species across multiple HA antigens. H5 subtype
data includes test results for three H5 antigens.
Common
name
(no. of birds)
Magpie Goose
(38)

H2

H3

H4

3
(10.1)

Grey Teal (5)

1
(16)

H7

H8

H9

H11

16
(28.1)

20
(22.6)

2
(16)

1
(8)

1
(8)

1
(16)

2
(11.3)

3
(25.4)

1
(16)

3
(12.7)

11
(20.6)

1
(16)

1
(8)

1
(16)

H12

H13

H15

H16

1
(8)

1
(32)

3
(10.1)

1
(16)
9
(20.2)

1
(16)

31
(15)

Radjah
Shelduck (2)

1
(8)

Pink-eared
Duck (1)

1
(32)

Wandering
Whistling Duck
(1)
Totals (152)

H6

2
(11.3)

Pacific Black
Duck (1)
Plumed
Whistling Duck
(104)

H5

59
(16.6)

1
(32)

1
(16)

1
(8)

1
(16)

1
(8)

1
(8)

1
(8)
1
(16)

12
(17)

2
(16)

4
(13.5)

50
(18.4)

80
(18)

3
(20.2)
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4
(9.5)

16
(19)

3
(16)

5
(10.6)

1
(8)

2
(16)

4
(11.3)

3.0%
2.5%

Percent

2.0%
1.5%
1.0%
0.5%
0.0%
HI H2 H3 H4 H5 H6 H7 H8 H9 H10 H11 H12 H13 H14 H15 H16
HA subtype

16%

80%

14%

70%

12%

60%

10%

50%

8%

40%

6%

30%

4%

20%

2%

10%

H5

0%

H6

0%
2004
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NP seroprevalence
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Figure 6.4 Prevalence of HI reactions to HA subtypes in waterfowl sera expressed as
a proportion of the total population screen tested by c-ELISA (assuming all NP cELISA negative sera were also HI negative) with error bars (95% CI).

AP NP cELISA

Figure 6.5 Prevalence of H5 and H6 subtype HI reactions (read from y-axis on the
left side) compared to the NP c-ELISA seroprevalence (read from y-axis on the right
side) in Kununurra waterfowl from 2004 to 2009.
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6.3.6 Serological results by NI testing
Where serum volumes permitted, NI testing using a panel of N1-N9 antisera was
attempted on the sera that were positive in the HI tests to serotypes H5, H7 or H9. From 7
of 34 sera (20.6%; 95% CI 8.7, 37.9) that reacted against H5 subtype antigen (reciprocal
GMT=21.6) there were NI reactions to N1, N2 and N3. From these seven sera, reactions to
N3 serotype may have been related to prior circulation of an Australian H5N3 virus since
there were positive HI titres to H5N3 at Kununurra from 2004 to 2006 (reciprocal
GMT=23.6). From the sera collected in 2008 from Kununurra, N1-N9 NI testing of H5
positive sera found reactions to subtypes N1 and N2, although nine sera that had a HI
reciprocal GMT of 23.6 against H9 serotype were negative against all NA subtypes. Four
sera from Magpie Geese at Kununurra in 2009 that were H5 positive with a reciprocal
GMT of 27 had positive reactions to a commercial N1 c-ELISA (ID Vet) that is yet to be
validated in wild birds.

6.4 Discussion
The findings from the virological surveillance of northern Australia waterfowl since 2003
confirms the absence of HPAI H5N1 virus infection and provides data that supports
Australia’s claim of freedom from HPNAIV infection (OCVO 2010). In this chapter, an
apparent AIV prevalence in waterfowl of 1% was found after testing by Taqman Type A
RRT-PCR, and a prevalence of 0.03% was found after ECE virus isolation testing. One LPAI
H6N1 subtype virus was isolated from a mature Plumed Whistling Duck. None of the
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swabs tested positive to H5 or H7 subtype specific primers by a Taqman RRT-PCR, and
other Type A RRT-PCR positive samples could not be HA sequenced.
The AIV prevalence of 0.03% in northern Australia waterfowl found in this study was
significantly lower (p<0.0001) than the 0.9% virus prevalence (from RRT-PCR sequencing)
in waterfowl from southeast Australia (Hansbro et al. 2010). Overall, these findings
suggest that Australian waterfowl have very low AIV prevalences which is in marked
contrast to the consistently higher prevalence found in northern hemisphere waterfowl,
such as the 21.7% mean virus prevalence over 32 years from North America (Krauss and
Webster 2010) and 7.7% virus prevalence globally (Olsen et al. 2006). However
spatiotemporal variations exist, with low prevalence reported from North American
waterfowl including 0.3% virus prevalence in spring just prior to northern migration
(Krauss et al. 2004), and recent findings of only 0.2% virus prevalence from more than
100,000 birds (Pedersen et al. 2010).
All HA (except H14 and H16) and all NA subtypes have been isolated from Australian
waterfowl, however there is insufficient understanding of the ecology of AIV to fully
explain the markedly lower prevalence in Australia compared to that reported from the
northern hemisphere. Moreover, Australia’s AIV wild bird surveillance activities have been
poorly resourced prior to the HPAI H5N1 panzootic and recent surveillance has favoured
faecal environmental sampling that is often reported as ‘mixed duck or mixed waterbird’
in some reports (Haynes et al. 2009). Compared to live bird sampling, faecal sampling can
achieve higher sample sizes that support claims of country freedom from notifiable AIV,
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however this sampling method often omits to capture critical ornithological and biological
data that can reveal variations between species and valuable host-virus ecology data. The
lack of long term, extensive surveillance data and failure to collect thorough biological
data exposes gaps in our understanding of the ecology of AIV in Australian waterfowl.
In contrast, surveillance in North America has been long term and extensive across a
broad range of species and wetlands, providing meaningful AIV ecology data that
recognises significant spatiotemporal and species variations in AIV activity. Surveillance
efforts are currently sustained with annual sample sizes of around 300,000 (Munster and
Fouchier 2009).
The environmental and host ecological factors of population size, density, age structure,
feeding and breeding behaviour, movement patterns and flock immunity are likely
determinants of AIV infection in wild birds (Munster and Fouchier 2009). In Australia,
waterfowl biology and the ecology of AIV are inextricably linked to episodic inland
flooding of wetlands and drought in a mostly arid environment. Moreover, the distribution
and abundance of Australian waterfowl is related to highly dispersive movement
behaviour in response to feeding and breeding opportunities from suitable wetlands
(Roshier et al. 2001; Halse et al. 2005). Unpredictable movements also limit the scope for
meaningful longitudinal population or disease monitoring that can provide important
epidemiological information (Kingsford and Norman 2002). However, a predictable
feature of Australian waterfowl ecology that influences host-virus ecology is that in times
of inland flooding or tropical inundation, high numbers of waterbirds are typically found at
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low density, and conversely during southern drought or tropical dry season conditions,
flocks congregate in high density situations around remnant wetlands (Kingsford and
Norman 2002). This contrasts with the environmental conditions of the northern
hemisphere that include seasonal regularity and low variability in wetland availability, and
biologically in waterfowl, strong philopatry associated with regular migration (Kingsford
and Norman 2002).
In Northern Europe, the waterfowl population size is estimated at 10 million dabbling
ducks of which 50% are Mallards, and globally, the Mallard population size is estimated at
27 million (Munster and Fouchier 2009). In North America, waterfowl population size is
vast, with an estimated 41 million ducks and 12 million geese and swans (Pedersen et al.
2010). In Australia, the mostly arid landscape limits population size, however high
localised numbers are often observed such as the dry season counts of more than 2
million waterfowl (1.6 million Magpie Geese and 600,000 ducks) on the Alligator Rivers
region of the NT (Morton et al. 1990a; Morton et al. 1990b; Kingsford and Norman 2002).
Population size and density are important determinants of AIV prevalence with low
population size a probable limiting factor in the circulation and perpetuation of different
subtypes of AIV. However in one northern hemisphere study population size was not the
most important factor, suggesting other factors such as behaviour, population density and
age structure are also important determinants of AIV prevalence (Munster et al. 2007).
Extensive long term studies in the northern hemisphere have identified species
differences related to aquatic feeding behaviour as a primary determinant of AIV infection
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in waterfowl. Numerous studies have identified that AIV persists in aquatic systems
dependent upon specific water chemistry factors such as pH, temperature and salinity
(Webster et al. 1978; Brown et al. 2009a; Stallknecht et al. 2010). This is reflected in the
overwhelming global evidence that dabbling ducks have the highest prevalence of AIV of
any bird group, based on their strong association with aquatic habitats and filter feeding
(Olsen et al. 2006; Fouchier et al. 2007; Munster and Fouchier 2009).
In the northern hemisphere, spatial and temporal differences in prevalence are correlated
with the age structure of the flock, which is closely linked to the influx of immunologically
naïve juveniles and high annual mortality rates in juveniles and adults. In North America
the influx of juveniles into the flock prior to migration is consistently associated with
extraordinarily high AIV prevalence levels (Hinshaw et al. 1980; Hinshaw et al. 1985;
Stallknecht and Shane 1988; Sharp et al. 1993). In Europe, virus prevalence values in
juvenile dabbling ducks were twice that of adults and the annual mortality estimates for
Mallards were 40% in adults and 56% in juveniles in their first year of life (Munster et al.
2007; Munster and Fouchier 2009). High mortality and high recruitment factors, that
directly influence age structure and flock immunity, are likely to be significant
determinants of AIV infection in these populations.
In this chapter, the majority of waterfowl samples were sourced from two northern
Australia sites that were highly suitable and accessible for long term surveillance. At
Kununurra, the lower Ord River wetlands and agricultural fields provide predictable
breeding and feeding habitats that attract low, but seasonally dense populations of
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Magpie Geese and Plumed Whistling Ducks. At one site about 30,000 waterfowl
congregate in high density around shallow freshwater pools in the late dry season that
provides favourable conditions for the transmission of AIV. At Atherton, the size and
density of the waterfowl population was significantly lower than at Kununurra, and in the
NT, the vast floodplains of the Alligator Rivers region support abundant waterfowl but
there are logistical sampling issues at this wetland.
Little is known about the age structure, movement range and mortality rates of northern
Australia waterfowl, although in the dry season at Kununurra, juvenile Magpie Geese
congregate with adults that were previously widely dispersed in the breeding season.
Limited data from banding shows that some Magpie Geese at Kununurra disperse
relatively short distances (400 km) towards Darwin, suggesting movement may only be
limited to sub-coastal areas with reliable rainfall and plentiful resources. The satellite
tracking of Magpie Geese in Kakadu NP also confirms limited (<120 km), localised
movement of Magpie Geese in the far north tropics (Traill et al. 2010a). Also anecdotal
evidence suggests Magpie Geese move between Australia and southern PNG (Frith and
Davies 1961), however this has not been verified in recent years. Hence further study of
the population ecology and movement behaviour of northern Australia waterfowl
together with more extensive surveillance is needed to better understand the
epidemiology of AIV in these populations.
Of the main duck species in northern Australia, the Plumed Whistling Duck is a nomadic,
endemic species that was abundant at Kununurra and Atherton, whereas the Wandering
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Whistling Duck is reported as the most plentiful duck species on the floodplains of the NT
(Morton et al. 1990a). Although the dabbling duck species Grey Teal and Pacific Black Duck
are the most abundant species in south-eastern Australia (Frith 1963), these species are
generally found in low numbers across northern Australia (Morton et al. 1990a). The Grey
Teal is the most nomadic of all Australian waterfowl, known to travel long distances
(>1,000 km) in search of suitable resources, whereas the Pacific Black Duck have more
sedentary behaviour (Frith 1963; Roshier et al. 2008). Both species were underrepresented in this study, and this may explain the differences in AIV prevalence in
waterfowl between north and south-eastern Australia.
The feeding behaviour of the two species predominantly sampled in northern Australia
differentiates these waterfowl from dabbling ducks. The Magpie Goose feeds on the bulbs
of genus Eleocharis that are dug out of wet or dry soil, and the stems, seeds and rhizomes
of grasses, wild rice, rushes, waterlilies and other aquatic and semi-aquatic plants (Frith
and Davies 1961). The Plumed Whistling Duck, also a vegetarian, feeds on the leaves and
seeds of grasses, legumes, herbs and emergent aquatic plants in shallow waters (Brown
1998). Although both species are closely associated with wetland habitats and show some
dabbling behaviour in shallow waters, these species do not filter feed like dabbling ducks,
hence would potentially have less contact with AIV.
In this chapter, the virus isolation rate from RRT-PCR positive swabs was 3.2%, and it is
unclear, given the moderate RRT-PCR reactions (median CT value 31.5), why the virus
infectivity was so low compared to the considerably higher isolation rates of 25% to 59%
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from RRT-PCR positives reported by others (Ellström et al. 2008; Ip et al. 2008; Munster et
al. 2009; Ferro et al. 2010). It is possible that virus viability was compromised by the
tropical field conditions with diurnal temperatures above 300C, however this is unlikely
given swabs were held on ice bricks for only a short time before placing them in
containers of liquid nitrogen. The use of cotton-tipped wooden swabs is also unlikely to be
a factor given the high rate of virus isolation (65%) from positive RRT-PCR samples (CT <37)
in the challenge trial with these swabs (Section 3.3.5).
Moreover, comparable low (3%) virus isolation rates from RRT-PCR positive swabs were
also reported from temperate south-eastern Australia (Haynes et al. 2009). However it is
unclear whether high rates of faecal sampling and/or sampling during hotter summer
months were contributing factors to the low infectious virus prevalence. From 29,287
faecal environmental samples collected in Taiwan, virus was detected from only 0.81% of
samples and no viruses were detected during the hotter summer months (Cheng et al.
2010). These results also suggest that hot field conditions or faecal environmental
sampling in summer might compromise virus viability.
The only virus isolated from the surveillance of northern waterfowl reported in this
chapter was identified as a H6N1 subtype. Moreover, H6 subtype has previously been
detected from several other Australian waterfowl species (Mackenzie et al. 1985; Haynes
et al. 2009; OCVO 2010), although there have been few isolations of AIV from waterfowl in
tropical Australia (OCVO 2010). Of the 31 Type A RRT-PCR positive swabs, 74% were
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detected from Plumed Whistling Ducks with the remainder from Magpie Geese, and
spatially the majority of RRT-PCR positives were from Kununurra.
From the testing of 3,645 waterfowl with an NP c-ELISA, 31% were test positive and the
data shows that there are spatial differences in AIV activity. Moreover, waterfowl at
Kununurra had a significantly higher NP seroprevalence (AP=39%) compared to Atherton
(AP=24%) and the NT (AP=22%), and in high prevalence years at Kununurra there were
significantly higher values at Kununurra compared to Atherton (Figure 6.3). The
differences between Kununurra and Atherton suggest a direct relationship to differences
in population size and density at these locations, and by inference, that this may be an
important determinant of AIV infection, as was suggested in an earlier formative study
(Sharp et al. 1993). Further quantitative research using methods such as linear regression
modelling may help determine correlations between the prevalence of AIV and population
density.
The NP c-ELISA data indicates that AIV infection was cyclical with two year periodicity at
Kununurra. These findings concur with long term studies from North America that show
HA subtypes cycle in waterfowl with a 2 to 3 year periodicity. This phenomenon was
hypothesised to be related to waning humoral immunity over a 2 year period that is
accompanied by cell-mediated immunity that provides some cross protection against
heterologous subtypes, together with high population mortality rates and influx of
juveniles (Krauss et al. 2004). Hence, flock immune status may be another likely factor
that determines the dynamics of AIV infection in waterfowl populations.
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The cyclical activity detected from the serological testing of Kununurra waterfowl was not
apparent from the virological testing of waterfowl from south-eastern Australia (Hansbro
et al. 2010). To understand the epidemiology of this cyclical AIV activity would require
more intensive longitudinal surveillance. However across northern Australia, the scope for
enhanced surveillance is impeded by the seasonal inundation of vast floodplains with
dispersal of waterfowl and the safety issues from estuarine crocodiles during the wet
season.
The testing for NP c-ELISA antibodies in wild birds may also provide some insight into the
dynamics of AIV infection. In the LPAIV challenge trial of naïve ducks there was >80%
median inhibition to 42 DPI that was just below (57% inhibition) the positive threshold
over a longer period at 8 months post inoculation. However in wild birds, interpretation is
influenced by antibody profiles that can include those birds in the early or late stages of
infection, birds with anamnestic responses and longer lasting antibodies, or birds with
different immune status. Further studies are required to determine if serological studies
can provide greater insight into the dynamics of AIV infection in wild birds.
The serological results in this chapter suggest that the low prevalence estimates from
virological testing are an underestimate of the true prevalence of AIV infection. The
disparity between low virus prevalence and high NP seroprevalence is likely related to the
short period of viral shedding in ducks based on the results from the LPAIV challenge trial.
In the challenge trial, median duration of virus shedding from the cloaca was 7 days
(AD=2.0) by RRT-PCR testing and 6 days (AD=1.6) by ECE virus isolation (Table 3.7). Given

215

the short window of time available for the detection of excreted AIV in wild birds, low
virus prevalence is more likely due to the timing and frequency of sample collection and
highlights the need for larger sample sizes to detect infection. In a large waterfowl
population (>10,000 birds) with an expected virus prevalence of <0.1%, the sample size
required to detect at least one infected bird excreting live virus would be 2,995 at the 95%
confidence level (Cannon and Roe 1982). Improvement in the level of virus detection,
given inherent logistical and budgetary limitations, necessitates the development of an
optimised surveillance strategy that accounts for known species and spatiotemporal
variations.
The NP c-ELISA seroprevalence level of three species, the Plumed Whistling Duck
(AP=42%), Pacific Black Duck (AP=42%) and Grey Teal (AP=60%) were higher than the
group mean, though low sample numbers for Grey Teal (n=25) and Pacific Black Duck
(n=31) warrant further surveillance of these dabbling ducks. Given the seasonal proximity
of Magpie Geese to Plumed Whistling Ducks, it is unclear why Magpie Geese had
consistently lower seroprevalence of AIV antibody at Kununurra. Over three years,
differences in seroprevalence suggest considerably higher likelihood of AIV detection in
Plumed Whistling Ducks compared to Magpie Geese (OR range= 6.4-9.7 in Table 6.4).
From HI testing, serological reactions were detected in 4.2% of the total sample (assuming
all c-ELISA negative sera were HI test negative) and against all HA subtypes except for H1,
H10 and H14. This is broadly in agreement with the findings from recent national
surveillance where all subtypes except for H14, H15 and H16 were detected in waterfowl
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(Hansbro et al. 2010; OCVO 2010). More HI serotype reactions were detected in Plumed
Whistling Ducks than any other species and more reactions were from Kununurra than
any other location. The most commonly detected serotypes were H6 (AP=2.2%), H5
(AP=1.4%) and H9 (AP=0.4%), with the proportion of each serotype detected at Kununurra
being 80%, 72% and 69% respectively. A high proportion (20%) of Grey Teal had HI
serotype reactions, however the sample size was small.
Samples tested against H5 serotypes at AAHL showed reactivity primarily against the
Vietnamese H5N1 Clade 1 subtype rather than the Australian H5N3 or Indonesian H5N1
Clade 2.1.3 subtype. Overall, the prevalence of H5 serotype reactions was 1.4% of the
total sample. Although a high proportion of H5N1 Clade 1 reactors were from Kununurra,
positive results were also detected at Atherton and the NT. Moreover, the H5 serotype
reactions were detected in twice as many Plumed Whistling Ducks as Magpie Geese, and
were observed in most years at Kununurra. The small number of H5N3 reactions were also
mainly from Kununurra but in earlier years. Testing for the NA serotype detected reactions
to N1-N3 in sera that were positive by HI to H5 serotype. These results suggest that an
LPAI H5 subtype and N1-N3 subtypes may be circulating in combination, or with various
other subtypes in northern waterfowl populations, warranting further assessment.
Furthermore, it is more likely that these findings represent a subtype that has antigenic
relatedness with the Vietnamese H5 Clade 1 subtype rather than a HPAI H5N1 virus given
that, since 2005, national surveillance has consistently detected LPAI H5 subtypes from
southern Australia, with 42 H5 detections from waterfowl and mixed waterbirds (Hansbro
et al. 2010; OCVO 2010).
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Compared to the H5 subtype, there have been far fewer LPAI H7 subtype detections in
Australian wild waterfowl (Haynes et al. 2009; Hansbro et al. 2010; OCVO 2010).
Consistent with these findings, serological testing of northern waterfowl has rarely found
antibodies to the H7 serotype. In Australia, all five outbreaks of HPAI in poultry between
1976 and 1997 were caused by a H7 subtype that had high HA homology between the
viruses, and phylogeny that indicated a sublineage of the northern hemisphere H7 lineage
(Nestorowicz et al. 1987; Banks et al. 2000; Arzey 2006). Recent molecular analysis of LPAI
H7 subtypes further indicates the close relatedness with the HPAI H7 strains associated
with earlier Australian poultry outbreaks, and the allopatric evolution of a distinct
Australian H7 lineage (Hansbro et al. 2010). Moreover, an aberrant H7 previously reported
by MacKenzie et al (1985) was subsequently identified as a novel subtype (H15) that
probably diverged from H7 and evolved separately (Röhm et al. 1996). With the HPAI
outbreaks in Australian poultry, waterfowl were incriminated, and although no H7 was
detected, this was probably related to inadequate expertise and surveillance response at
the time.
From North American surveillance, there have also been fewer detections of H7 compared
to H5 subtypes (Hinshaw et al. 1985; Krauss et al. 2004; Pedersen et al. 2010), although
more H7 subtype isolations have been found at some locations (Dusek et al. 2009). The
divergent phylogeny of Australian H7 (and H15) subtypes from the northern hemisphere
H7 viruses and low prevalence of LPAI H7 in Australian wild waterfowl highlights the need
for further research to understand the ecology of this subtype in Australian wild birds.
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Of the other serotypes, H9 reactions were found in waterfowl from northern WA,
consistent with the frequent detections of H9 in southern waterfowl. Molecular analysis of
these H9 isolates also suggests that this subtype has diverged from Eurasia to form an
Australian lineage, as also has been hypothesised for the Australian H5 and H7 subtype
isolates (Hansbro et al. 2010). Of the subtypes not previously detected in Australia, HI
reactions to H16, a northern hemisphere subtype, were detected in four waterfowl from
QLD, however there have been no H16 virus detections in Australia (Hansbro et al. 2010;
OCVO 2010). The significance of this finding is unclear and could be associated with crossreactivity to another serotype.
In summary, surveillance shows that there is markedly lower AIV prevalence in Australian
waterfowl compared to the higher levels reported from long term studies in waterfowl
from the northern hemisphere. Although this suggests significant differences in the
ecology of AIV in Australian waterfowl, serological surveillance of northern Australia
waterfowl suggests that AIV infection levels are higher. Further extensive surveillance
comparable to that undertaken in North America would be required to assess whether the
lower apparent prevalence of AIV infection in Australian waterfowl is related to
inadequate surveillance, or whether there are ecological and biological factors that
explain the differences.
The findings from Kununurra demonstrate the importance of long term surveillance to
assess for trends in AIV activity and the value of serological testing to further understand
the ecology of AIV. Across northern Australia, long term serological and virological
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surveillance has demonstrated variations in AIV activity by species (Plumed Whistling
Duck), and spatiotemporally with cyclical periodicity at Kununurra. These findings suggest
that Kununurra is a hot-spot of AIV activity, and that future ecological or detection
surveillance activities across northern Australia should focus on this location. Moreover,
the ecology of AIV in Australian waterfowl is poorly understood and is likely to be
influenced by multiple complex factors such as population size and density, flock age
structure, mortality rates and immunity, harsher environment with episodic flooding and
drought, different movement strategies and other likely biological and behavioural
factors.
In the following chapter, the findings from this and previous chapters are incorporated
into a risk assessment for the introduction and transmission of HPAI H5N1 virus to wild
birds in northern Australia.
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CHAPTER 7: A RISK ASSESSMENT FOR HPAI H5N1 VIRUS TO WILD BIRDS IN
NORTHERN AUSTRALIA BY A MIGRATORY SHOREBIRD PATHWAY
7.1 Introduction
The HPAI H5N1 panzootic has generated considerable global interest and concern about
the risks of virus incursion to disease free countries by a wild bird pathway. For Australia,
assessment of this risk pathway was a high priority given Australia’s strict biosecurity
policy and unlikely entry of H5N1 via poultry and poultry products. Furthermore, risk
management strategies in the Australian poultry industry have mitigated exposure risk
since the last HPAI outbreak in 1997 (Hamilton et al. 2009).
Globally, the ability to accurately conduct risk assessments for H5N1 is limited by a lack of
relevant information on wild bird biology and epidemiology of AIV infection in wild birds.
As the panzootic spread across Eurasia it became more apparent from field investigations
and experimental studies that wild birds were not reservoir hosts, as found in LPAIV
infection, but spillover hosts (Webster et al. 2007; Stallknecht and Brown 2008).
Moreover, wild bird susceptibility was manifest as either high mortality, or survival with
asymptomatic (or possibly preclinical) viral shedding providing the scope for long distance
transmission of H5N1 across Eurasia (Stallknecht and Brown 2008).
The OIE framework for import risk analysis has four components (hazard identification,
risk assessment, risk management and risk communication) to estimate the disease risks
of a product to an importing country that may result in a number of outcomes such as
conditional entry or rejection of the product (OIE 2010). Following the hazard
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identification, the risk assessment includes questions about the hazard that define a
biological pathway for transmission, described as release and exposure assessments. The
inputs required to construct the risk pathway that cover all aspects of the risk question
will generally elucidate valuable epidemiological information and reveal gaps in
knowledge (Pfeiffer 2007).
The release assessment describes the pathway of entry for a hazard and the probability of
its release (likelihood of entry), and the exposure assessment estimates the likelihood of
disease transmission to other animals in the country at risk (likelihood of exposure and
establishment) (OIE 2010). The findings from these assessments are integrated with the
consequence assessment to generate an overall measure: the risk estimation. The
robustness of the input data can be qualified by including a measure of uncertainty in
probability estimates and a sensitivity analysis to assess the influence of each variable by
varying input parameters. The analysis can be concluded at any step if the assessment
finds that there is negligible or no risk. If the risk estimation concludes that the risk is not
negligible, or that the risk is negligible but the consequences are high, risk management
measures are considered (OIE 2004). The risk management and risk communication
components of a risk analysis will not be discussed in any detail in this thesis.
Few countries have assessed the risk of HPAI H5N1 incursion by a wild bird pathway,
although a major assessment for the European Union was undertaken by the European
Food Safety Authority (EFSA) in response to the outbreaks of H5N1 in Eastern and Central
Europe (WHO 2011b). In the EFSA report, qualitative risk assessment concluded that there
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was a high risk of HPAI H5N1 incursion through certain migratory wild bird species and for
infection to become enzootic in some wild species, however the uncertainty of these
probabilities was qualified as high (Pfeiffer et al. 2006).
In Australia, active and passive surveillance of the poultry industry and wild birds, to date,
has found no evidence of HPAI H5N1 virus (OCVO 2010). Prior to this study, few studies
have modelled HPAI H5N1 incursion risk to Australia on a wild bird pathway. One study
assessed the risks from waterfowl globally using an estimation for the number of
infectious bird days (from the number of infected birds and number of days shedding
virus) and the number of birds entering, and concluded that there was a zero risk of H5N1
incursion from waterfowl to Australia (Kilpatrick et al. 2006). Several mapping studies
have assessed areas of spatial risk in Australia based on the abundance of several species
of shorebirds and waterfowl that are in close proximity to poultry farms (East et al. 2008a;
East et al. 2008b). In one of these studies (East et al. 2008b), additional inputs, such as
estimated H5N1 viral excretion rates and average flight distances of waterfowl, were used
to further identify areas of risk. A further study modelled the risk of introduced foreign
subtypes to Australia based on waterfowl movements and abundance, poultry density and
the estimated LPAIV prevalence by functional groups (Tracey 2010). These studies were
designed to optimise priority areas for surveillance related to the risks to poultry without
undertaking a detailed quantitative risk assessment.
The risk assessment in this chapter provides a risk estimate for the introduction and
transmission of HPAI H5N1 virus to wild birds in northern Australia through a wild bird
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pathway. The findings from this assessment will provide supporting information for an
optimal AIV wild bird surveillance strategy for northern Australia (discussed in Chapter 8).

7.2 Materials and methods
7.2.1 Hazard identification
The hazard identified in this study was the entry and establishment of HPAI H5N1 virus by
migratory birds to resident wild birds in northern Australia.
7.2.2 Wild bird population of interest
The purpose of this study was to undertake a quantitative risk assessment for HPAI H5N1
virus by Charadriiformes that migrate along the EAAF from the northern hemisphere
arriving annually in northern Australia (Figure 7.1). The scope of this assessment was
limited to Charadriiformes since there are very few other land bird species that migrate
between Eurasia and Australasia (Dingle 2004), and furthermore there is no recognised
migration pathway for Eurasian waterfowl to Australia. Moreover, the biological basis for
migration is that generally migration pathways are conservative, with waterfowl and other
terrestrial species not as well adapted to the long distance, over-water flights that
shorebirds undertake along global flyways. Furthermore, the Australasian landmass is also
situated to the east of tropical Asia and would require an evolutionary shift for many
species to adapt to a new migration route (Dingle 2004).
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Figure 7.1 Map showing the nine major migratory waterbird flyways of the world
http://www.eaaflyway.net/images/flyways.html
Of the Charadriiformes, given the scale of assessing the H5N1 risks from approximately 34
heterogeneous species of shorebirds (Bamford et al. 2008) and several tern species that
annually migrate to Australia, the scope of this study was limited to the eight shorebird
species that had significant AIV risk exposure profiles identified in Chapter 5. This would
provide a risk estimation for species representing the highest frequency of an outbreak. It
was concluded that if the risk estimation was negligible or very low for these eight species,
then the likely risk from other shorebirds should be considerably lower, negating the need
to assess other species in this study. The species identified were Eastern Curlew, Grey
Plover, Little Curlew, Red Knot, Red-necked Stint, Ruddy Turnstone, Sharp-tailed
Sandpiper and Whimbrel.
All species belonging to the family Laridae were excluded from assessment due to their
biology and risk exposure profile. Although gulls have been found infected with H5N1 as
incidental hosts (e.g. Qinghai Lake 2005), there are no gull species that migrate from
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Eurasia to Australia. Furthermore, although HPAI (Becker 1966) and LPAI (Kishida et al.
2008) strains have been found in terns, HPAI H5N1 virus has not been found in any of the
tern species that migrate to Australia, and no species of tern had a significant LPAIV risk
exposure profile (Section 5.3.2).
Several species of terns are regular migrants on the EAAF, moving from inland breeding
areas of Eurasia to Australia, including the Common Tern, the Whiskered Tern, the Whitewinged Black Tern and the ssp. affinis of the Gull-billed Tern. Their movement biology on
southward migration is typically associated with frequent short distance movements over
several hundred kilometres with multiple stopovers in Asia prior to arrival in northern
Australia (Minton 2011, pers. com.). Hence the time taken to complete migration is likely
to be several weeks after departure from Eurasia, thereby minimising any likelihood of
viral transmission by this pathway, given the current absence of HPAI H5N1 in the wild
birds of maritime SE Asia. The feeding biology of two of these species (Whiskered Tern
and White-winged Black Tern), is associated with inland freshwater habitats in both
breeding and non-breeding areas that could expose these birds to AIV. The habits of the
other two species (Common Tern and Gull-billed Tern ssp. affinis) are strictly coastal in
northern Australia, and other tern species have a pelagic to coastal movement pattern
over vast offshore areas from Australia (Higgins and Davies 1996), and are unlikely to
introduce foreign AIV subtypes that could establish a transmission cycle in suitable
habitats.
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There is good evidence that migratory waterfowl have been involved in the long distance
spread of HPAI H5N1 virus across Eurasia (Section 1.3.6), however there are no known
reports of viral transmission by Eurasian waterfowl into the southern hemisphere.
Although waterfowl have the stamina for long distance dispersive movements over a short
timeframe, there are no data to indicate that waterfowl undertake long distance
movement over the vast oceans of the globe. Over the interior of Australia, Grey Teal have
been recorded with irruptive movements in response to resource cues of 1,200 km in 4.5
days (Roshier et al. 2008). In the northern hemisphere, where migration is more
predictable in response to day length and temperature (Roshier et al. 2008), satellite
tracking of waterfowl on migration has shown movement over 4 days for a mean distance
range of 322-1,673 km depending on the species (Gaidet et al. 2010). Furthermore, in that
study, some individuals dispersed to a maximum distance of 3,041 km over 8 days,
although no birds tracked into the southern hemisphere or across the vast oceans (Gaidet
et al. 2010). Based on these findings, the likelihood of waterfowl migrating the 4,000 km
between China and northern Australia, which includes a considerable ocean journey,
within a 7 day time period would be highly improbable.
Of the northern hemisphere species, only three, the Northern Shoveler, the Northern
Pintail and the Garganey are known vagrant visitors to Australasia (Tracey et al. 2004). Of
these, the Garganey is a regular, locally abundant winter visitor to South Sulawesi, but is a
rare vagrant elsewhere in Wallacea (Coates and Bishop 1997; Trainor 2005). These species
are highly unlikely to carry H5N1 virus from Eurasia to Australia given current knowledge
of their movement patterns and abundance. Those few individuals that arrive in Australia
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(Tracey et al. 2004) have likely done so after spending some time island hopping to
Indonesia, before a last leg flight to northern Australia (Minton 2011, pers. com.).
Although these three Palearctic waterfowl species were excluded from the risk
assessment in this study, ecological information is poor (Tracey et al. 2004) and further
biological research is probably warranted, especially if some species migrate to South
Sulawesi and undertake island hopping in Indonesia, which still has provinces with
endemic HPAI H5N1 infection in poultry.
Of the 10 terrestrial species (including warblers, swallows, wagtails and swifts) that
undertake migration from their breeding areas in eastern Eurasia to Australasia, only four
species are common to Australasia, four are either uncommon or vagrant visitors, and two
are confined to western PNG (Dingle 2004). With the exception of two swift species that
move further south beyond northern Australia, the others are at the southern limit of
their winter range (Dingle 2004). Furthermore, these migrants are mostly insectivorous,
and H5N1 virus has not been found in these species, although unrelated species with
similar behaviour have been incidentally infected, such as the one individual Barn Swallow
(Hirundo rustica) from China in 2010 (USGS 2011b).
In this study, the risk assessment also excluded 62 species of terrestrial birds, including
ducks and other waterbirds, that regularly move between Australia, PNG and Wallacea
(Dingle 2004). Of these, nine terrestrial species (including koels, pigeons, cuckoos, metallic
starlings, dollarbirds and pittas) migrate to Australia in spring for breeding from the
southern limits of their Wallacea range. Of the other species, 38-39 non-passerines and 14
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passerines, found in a wide variety of terrestrial and freshwater habitats, are mostly
confined to Australia, although some of the population migrate offshore to over-winter in
PNG and occasionally in Wallacea. This group also includes a large number of waterbirds
such as egrets, ibis, pelicans and ducks that spend the austral winter in the Trans-Fly
region of the southern lowlands of PNG (Dingle 2004). The different affinities across the
region of the Grey Teal, the Wandering Whistling Duck, the Cotton Pygmy Goose
(Nettapus coromandelianus), the Radjah Shelduck and the Pacific Black Duck (McCallum et
al. 2008), suggest evolution from bio-geographical separation and a restricted movement
pattern for these Anatidae species between Wallacea and Australo-Papua. Nonetheless,
there remain significant gaps in the knowledge about the pattern and magnitude of
waterbird movements across the region that warrants further research.
The decision to exclude these 62 species from the assessment was based on the fact that
outbreaks of HPAI H5N1 infection have only been detected in wild birds from the northern
hemisphere. Furthermore, near to Australia, only minor, well contained outbreaks of
H5N1 infection have occurred in poultry related to the entry of infected poultry into West
Papua, with the last report from 2006 (OIE 2006). In Java, there have also been detections
of HPAI H5N1 virus in several healthy domestic ducks (Stoops et al. 2009), and a clinically
affected Tree Sparrow (Passer montanus) (Poetranto et al. 2011). In the future, if the HPAI
AIV country status of PNG, West Timor and Timor-Leste were to change, or there was
significant spillover infection into wild birds in Indonesia, this would then present another
pathway and potential significant threat to Australia requiring more urgent assessment.
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7.2.3 Risk question
The risk questions relate to the eight higher risk species of shorebirds that migrate on the
EAAF between the Palearctic and Australasian ecozones.
Risk Question 1: Release assessment
What is the probability of introduction of HPAI H5N1 virus to Australia by a wild bird
pathway?
Specific questions about the potential exposure risks from HPAI H5N1 virus include:
1. What is the probability of a migratory shorebird being infected with HPAI H5N1
virus? To answer this question, available relevant information needs to be
assessed on:


outbreak reports and surveillance testing that identifies species, spatial and
temporal data on H5N1 infection in wild birds,



the population and movements of shorebirds in H5N1 affected regions. For
each species how does population density, habitat selection and feeding
behaviour affect the risk of exposure to H5N1 infection?

2. What is the probability of a migratory bird being infected with H5N1 immediately
prior to migration?
3. What is the probability of an asymptomatic H5N1 infected shorebird undertaking
long distance migration to Australia? This assessment requires available relevant
information on:
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the susceptibility of shorebirds to HPAI H5N1 virus infection and likely
biological and immune responses. Does the biological impact of infection cause
death, and if not what is the probability of migration as asymptomatic carriers?
Does the biological ‘cost’ of mounting an immune response cause migration to
be impeded or delayed?



migration behaviour for shorebirds including migration route, stopovers, timing
and transit times.

Risk question 2: Exposure and consequence assessment
What is the probability of HPAI H5N1 transmission from infected shorebirds immediately
after arrival in northern Australia to other sympatric shorebirds or waterbirds?
1. What is the probability of an infected shorebird arriving in a favourable
environmental habitat that has other wild bird hosts for viral transmission in
northern Australia? This requires information about which habitats in northern
Australia are favourable for AIV survival, the species that arrive in those habitats
and information on resident waterbird hosts.
2. What is the probability of an infected shorebird shedding an infective dose of
H5N1 virus after migrating to Australia? This requires access to available
information about the expected virus infectivity titre at or after 7 days post
exposure to HPAI H5N1 virus.
To elaborate further on these questions, a biological pathway diagram was constructed
(Section 7.2.5) as a conceptual framework that depicts the logical steps that result in the
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outcome of interest. The biological pathway is used as the basis for the quantitative
probability estimates that relate to the data compiled from either the scientific literature
or from expert opinion.
7.2.4 Quantitative risk method
The risk assessment in this study was performed quantitatively using the methodology of
the probability scenario tree model (Martin et al. 2007). The scenario tree covers all
relevant components influencing the risk of H5N1 with input values estimated for each
variable. The estimates, based on expert opinion, or other sources where available, are
used in a stochastic model that provides a probability distribution of the outcome of
interest. The method for quantifying the input values from surveying the experts is
described in Section 7.2.8.
7.2.5 Risk pathways
A scenario tree model was developed to show the most likely pathways of entry for HPAI
H5N1 into northern Australia by migratory shorebirds from the northern hemisphere
(Figure 7.2A) and the risk pathway that results in the transmission of an infective dose of
H5N1 with exposure and spread to other wild birds (Figure 7.2B). The model follows the
terminology used with this methodology: the pathways (limbs), risk factors (nodes) and
options defined by the node (branches) relating to the release and exposure and
consequence pathways. A description of the scenario tree model is also shown in Table
7.1.
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Figure 7.2 Release (A), and exposure and consequence (B) scenario trees outlining the risk pathway for HPAI H5N1 to
northern Australia by migratory shorebirds
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Table 7.1 Description of the scenario tree model with nodes and flow of events
leading to the possible entry and spread of HPAI H5N1
Node

Node description

1

Wild bird infection status
in the Palearctic
breeding area

P(inf1)

Wild bird infection status
on stopover in coastal
habitats of northern
Asia*

P(inf2)

Wild bird infection status
on stopover in inland
freshwater habitats of
northern Asia

P(inf3)

2

3

4

5

6

7

8.1

8.2

Infected immediately
prior to southward
migration
Asymptomatic infection
in a shorebird

Parameter

Node
type
Infection

Branches
Infected

Next node/
outcome
4

Notinfected
Infection

Infected

4

Not
infected
Infection

Infected

4

Not
infected
P(infpremig)

Risk
category

Yes

5

No
P(asyminf)

Asymptomatic shorebird
migrates within 7 days to
Australia

P(asymmig)

Shorebird excretes
infective viral dose 7
days after viral exposure

P(inftrans)

A virus transmission
cycle is established in
inland northern Australia

P(habrisk1)

A virus transmission
cycle is established in
coastal northern
Australia

P(habrisk2)

Estimated Australian
regional population

N0
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Risk
category
Risk
category
Risk
category
Risk
category

Risk
category

Yes

6

No

No entry

Yes

7

No

No entry

Yes

8

No

No entry

Yes

H5N1
establishes

No

No H5N1

Yes

H5N1
establishes

No

No H5N1

Node

P2

P3

P4

P5

P6

P7

Node description

Parameter

The proportion of N0
that annually migrate
into and out of Australia
(excludes non-migratory
residents)

P1

The proportion of N0
that migrates from the
breeding grounds direct
to Australia

P2#

The proportion of N0
that makes a stopover in
coastal northern Asia on
southward migration

P3#

The proportion of N0
that makes a stopover in
inland northern Asia on
southward migration

P4#

The proportion that flies
direct from northern
Asia to Australia with no
stopover

P5

The proportion of N0
that arrive in coastal
saline habitats of
northern Australia

P6#

The proportion of N0
that arrive in freshwater
habitats of northern
Australia

P7#

Node
type

Branches

Next node/
outcome

Unit
category

Yes

P6/P7

No

P3/P4

Yes

P5

Unit
category

No
Unit
category

Yes

P5

No
Unit
category

Yes

P6/P7

No
Unit
category

Yes
No

Unit
category

Yes
No

* Northern Asia refers to PRC, Korea, Japan, Mongolia and Indochina
#

P2+P3+P4=1 with the exception of one species, the Ruddy Turnstone that also
migrates via the central Pacific (Minton et al. 2010); of those arriving in Australia,
P6+P7=1
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7.2.6 Scenario tree calculation method
The description of the scenario tree model includes infection nodes, risk category nodes
and unit category nodes (Table 7.1). From each infection or risk node there were two
possible branches, such as being infected or not infected, with each assigned a probability
value based on the relevant source data. In the consequence assessment, the terminal
node shows two possible outcomes, namely, that either H5N1 establishes or doesn’t
establish in wild birds in northern Australia.
For each species, the overall probability of a positive outcome was determined by the
summation of the probability for each limb (L1, L2 and L3) of the tree that resulted in a
positive outcome at the terminal node. The probability for each limb was calculated from
the product of all prior branch probabilities (Martin et al. 2007), based on the values from
the AIV epidemiology expert opinions, and the proportion of each species at the relevant
risk node category based on the ornithology expert opinion. The risk estimation
probability value was calculated as follows:
Risk estimation = ∑ (L1 + L2 + L3), where:
Limb 1 = the probability of an H5N1 infected shorebird migrating direct from the breeding
grounds to northern Australia leading to a positive outcome, where:
N0 x P1 x P(inf1) x P(asyminf) x P(infpremig) x P(asymmig) x P2 x P6 x P(inftrans) x
P(habrisk2) = Equation L11
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N0 x P1 x P(inf1) x P(asyminf) x P(infpremig) x P(asymmig) x P2 x P7 x P(inftrans) x
P(habrisk1) = Equation L12
L1 = Equation L11 + Equation L12
Limb 2 = the probability of an infected shorebird migrating direct from the coastal areas of
China and Indochina direct to northern Australia leading to a positive outcome, where:
N0 x P1 x P3 x P(inf2) x P(asyminf) x P(infpremig) = Equation L21
Equation L21 x P5 x P(asymmig) x P6 x P(inftrans) x P(habrisk2) = Equation L22
Equation L21 x P5 x P(asymmig) x P7 x P(inftrans) x P(habrisk1) = Equation L23
L2 = Equation L22 + Equation L23
Limb 3 = the probability of an infected shorebird migrating direct from the inland areas of
China and Indochina direct to northern Australia leading to a positive outcome, where:
N0 x P1 x P4 x P(inf3) x P(asyminf) x P(infpremig) = Equation L31
Equation L31 x P5 x P(asymmig) x P6 x P(inftrans) x P(habrisk2) = Equation L32
Equation L31 x P5 x P(asymmig)x P7 x P(inftrans) x P(habrisk1) = Equation L33
L3 = Equation L32 + Equation L33
7.2.7 Sources of data for the risk quantification method
The soundness of any risk assessment is reliant on the availability and accuracy of relevant
knowledge on the risk factors (Wilson and Banks 1993). Ideally this should include
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information on the epidemiology and prevalence of H5N1 in wild birds, the biology of wild
bird hosts, the sensitivity of surveillance systems and the validity of H5N1 diagnostic tests.
With limited availability of relevant data, expert opinion is an acceptable method
(MacDiarmid and Pharo 2003; Martin et al. 2007) for the estimation of branch
probabilities or unit proportions.
7.2.7.1 Wild bird H5N1 infection status [P(inf1), P(inf2), P(inf3) and P(infpremig)]
The infection status of shorebirds in the northern hemisphere was sourced from expert
opinion. Where available, relevant H5N1 prevalence and surveillance data from shorebirds
in other global flyways (Section 1.3.4) were also assessed. The sources of data on H5N1
and AIV prevalence were collated from the published literature and global disease reports
compiled by the OIE World Animal Health Information Database (WAHID), the FAO
Emergency Prevention Programme for Transboundary Animal Diseases (EMPRES)
information system, the Global Avian Influenza Network for Surveillance (GAINS), and the
US Geological Survey (USGS) National Wildlife Health Center.
7.2.7.2 Asymptomatic infection [P(asyminf)] and viral excretion [P(inftrans)]
The probability values for asymptomatic infection and the excretion of an infectious dose
of virus 7 days after exposure to H5N1 in shorebirds were sourced from the opinion of
experts in wild bird AIV epidemiology. The published literature on experimental challenge
trials with H5N1 in wild birds was also reviewed. Although the LPAIV challenge trial
reported in Chapter 3 provides information on viral excretion and infectivity titres in
shorebirds and gulls, this thesis did not have the scope to assess the biological and
immune responses to HPAI H5N1 infection in shorebirds.
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7.2.7.3 Asymptomatic migration [P(asymmig)] and the establishment of a H5N1
transmission cycle in northern Australia [P(habrisk1 and 2)]
In the absence of relevant data, the probability values for these two parameters were
sourced from the opinion of experts in the field of AIV epidemiology. The published
literature was also reviewed for comparative information on the exposure risks to wild
birds between coastal saline habitats and freshwater habitats.
7.2.7.4 Shorebird population (N0) and migration behaviour data (P1-P7)
The Australian regional population estimate for each of the eight shorebird species in the
published literature is based on extensive long term data from population monitoring by
the AWSG (Bamford et al. 2008). These estimates were based on the population size
considered representative of each species by experts in the non-breeding season and
maxima counts for some cryptic species (Bamford et al. 2008). The other data for the risk
calculation, including the proportion of each species that annually migrate to Australia
(P1), and the proportion that prefer different habitats and fly direct to Australia without
stopover on southward migration (P2-P7), were compiled from the opinions of the expert
Australian ornithologists.
7.2.8 Expert opinion methodology
The questions seeking the opinions of the ornithology and epidemiology experts relating
to the scenario tree model are outlined in Tables 7.1 and 7.6 respectively. The
epidemiology questionnaire was sent to fourteen experts in AIV, and the ornithology
questionnaire was sent to five experts. All the epidemiology experts surveyed have
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significant national standing and most have international recognition in AIV. All have
either published multiple scientific papers or authored significant government documents
specific to AIV. All of the ornithology experts have international standing in shorebird
biology, are professionally employed as ornithologists, and have either authored or coauthored scientific papers in ornithology journals.
The epidemiology experts assessed each question using the following criteria (with
recognised probability ranges): 0=negligible (0-10-6), 1=extremely low (10-6-0.001), 2=very
low (0.001-0.05), 3=low (0.05-0.3), 4=moderate (0.3-0.7) and 5=high (>0.7) (DAFF 2001).
For each question the experts were asked to provide a measure of uncertainty in their
answers (rated as low, moderate or high). The most likely value was taken from the
middle of the recognised probability range for the median of each question, and the
minimum and maximum values were taken respectively from the lower and upper figure
of the probability range for the lowest and highest score for each question.
The ornithology questionnaire related to the numbers and movement patterns of each of
the eight shorebird species on southward migration from the northern hemisphere to
northern Australia. For the eight shorebirds species, Australian population estimates from
the published data and from the regional maxima for two cryptic species (Grey Plover and
Whimbrel) were compiled (Bamford et al. 2008; Rogers et al. 2010). One expert provided
an estimate of the minimum (min) and maximum (max) numbers for each species which
were agreed to by the other experts. For the risk calculation only the maximum
population number was used with all figures rounded to the nearest 500. The median of
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the expert opinions for each question were calculated as the most likely value, with the
other values (min, max) taken from the lowest and highest answer respectively.
7.2.9 Statistical methods
The probability values for the infection status and risk factors from the epidemiology
expert opinions and the numbers and proportions of the population from the ornithology
expert opinions were entered in Excel 2007 for modelling using the PopTools add-in (Hood
2010). The probability and proportional data were then expressed in a Binomial
distribution dBinomialDev(number,proportion) with the stochastic data for proportion
described in a Pert distribution as dPertDev(min,mostlikely,max,4). The formula for each
parameter was then assembled according to the equations of the three limbs of the
scenario tree as described in Section 7.2.6 that led to a positive outcome expressed in a
nested formula: dBinomialDev(dBinomialDev(dBinomialDev(number,dPertDev(min,most
likely,max,4)),dPertDev(min,mostlikely,max,4)),dPertDev(min,mostlikely,max,4)).
The nested formula for each limb was then simulated using Monte Carlo analysis with
1,000 iterations and summary statistics in PopTools calculated to estimate the number of
outbreak years in 1,000 years. To assess the influence of each probability parameter on
the risk estimation, a sensitivity analysis was conducted with one species, the Eastern
Curlew. This involved sequentially increasing the input probability value by a factor of 10,
followed by a rerun of the simulation and comparison of the annual outbreak incidence
against the original result. The influence of population size was also assessed by the
sensitivity analysis.
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7.3 Results
7.3.1 Review of the literature on H5N1 infection status
An overview of the major outbreaks of HPAI H5N1 infection (Table 7.2) with map locations
(Figure 7.3) does not suggest any involvement of Australian wild birds in HPAI H5N1
epidemiology in Asia. The data shown omits many sporadic cases of infection in waterfowl
and terrestrial birds from Japan, Korea and Hong Kong shown on the websites of the
WHO, WAHID and USGS. The surveillance data from Asia and Alaska (Table 7.3) includes a
single HPAI H5N1 virus isolated from 13,044 Charadriiformes, suggesting an extremely low
prevalence of infection. The virus was isolated from a faecal sample (unclear if this was a
cloacal or environmental swab) taken from a Eurasian Curlew (AP= 0.13%; 95% CI 0.003,
0.745), a closely related species to the Eastern Curlew.
The findings from extensive AIV surveillance of more than 20,000 Charadriiformes across
the EU and Northern Europe has also not detected HPAI H5N1 virus in shorebirds (Section
1.3.4), with the exception of a Green Sandpiper sampled from Russia in 2005. Globally,
this suggests that HPAI H5N1 virus prevalence in shorebirds is very low (2 of 33,000, AP=
0.006%; 95% CI 0.001, 0.022). This prevalence estimate for shorebirds is consistent with
the virus prevalence used in risk models for ducks sampled from H5N1 endemic areas,
estimated overall at 0.046%, and 0.12% for asymptomatic ducks (Kilpatrick et al. 2006).
These values could have potentially been used in this study, however in the absence of
sufficient representative species surveillance data for the eight shorebird species the
opinions of the experts for these parameters were used for the risk calculation.
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Table 7.2 An overview of significant outbreaks of HPAI H5N1 infection in the wild birds of Eastern Asia since 2002
Date

Location

Late 2002

Hong Kong

April-May
2005

Qinghai

July-Aug 2005

Russia-Kazakhstan
Mongolia

April- May
2006

Approx.
number
dead

Wild birds affected; for species details see (Reference)

126

Mixed waterfowl, herons, egrets, gulls (Ellis et al. 2004)

6,345
Not known
89

Qinghai-Tibet

3,563

Mongolia

13
400-1000

Bar-headed Goose, Black-headed Gull, Ruddy Shelduck (Chen et al. 2006b)
Report of dead wild birds near poultry outbreaks
Wild ducks, geese and swans (WHO 2011b)
Bar-headed Goose, Black-headed Gull, egret, Goosander, cormorant, crane,
grebe, crow, hawk and other unspecified wild birds
Whooper Swan, gull, Goosander (WAHID 2011)

January 2008

Bangladesh

Crows (USGS 2011a)

May-June
2009

Qinghai

273

Grebes, gulls, geese, shelduck, cormorant and coot (Li et al. 2011)

Tyva, Russia

58

Unspecified wild birds (WAHID 2011)

August 2009

Mongolia

171

Bar-headed Goose, Ruddy Shelduck, Common Goldeneye (WAHID 2011)

May 2010

Mongolia

26

Whooper Swan, Greylag Geese,

Qinghai-Tibet

170

Bar-headed Goose, Black-headed Gull, Wigeon (WAHID 2011)

June 2010

Tyva, Russia

367

Grebes, Goosander, Gadwall, herons, spoonbills (WAHID 2011)

July 2011

Cambodia

29

Unspecified wild birds (USGS 2011a)
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Table 7.3 Published results from the surveillance for H5N1 and AIV in wild birds sampled across the EAAF outside of Australia.
Wild bird (species)*

Eurasian Curlew
(Numenius arquata)
Green Sandpiper
(Tringa ochropus)
Kentish Plover

Location sampled
(Reference)

Test assay

Coastal China

H5 RRT-PCR

No.
positive/No.
tested
3/746

(Kou et al. 2009)

ECE VI

1 HPAI H5N1

Closely
related

Russia

Not known

One H5N1
virus

Healthy

H5 RRT-PCR

0/95

Healthy

ECE VI

3/6,435

Environmental
swab

(USGS 2011b)

Closely
related

(Kou et al. 2009)

Shorebirds (no species
data provided)

Not known

Taiwan

Gulls (no species data)

Not known

(Charadrius alexandrinus)

Clinical status

Migrant or
related
species
Closely
related

Inland China

(Cheng et al. 2010)
Taiwan

(LPAIV)
ECE VI

(Cheng et al. 2010)
Migratory birds (no
species data provided)

Migratory

Barn Swallow

Migratory

Coastal Indonesia

2/617
(LPAIV)

Healthy

Environmental
swab

H5 RRT-PCR

0/733

Healthy

Virology

1 H5N1 virus

Mortality

(Stoops et al. 2009)
Suburban Hong Kong
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Wild bird (species)*

Migrant or
related
species

(Hirundo rustica)
Northern Pintail
Mixed Charadriiformes

Test assay

No.
positive/No.
tested

Clinical status

Inland China

H5 RRT-PCR

20/487

Healthy

(Kou et al. 2009)

ECE VI

0

W Mongolia

ECE VI

1/94 (LPAIV)

Healthy

Type A RRTPCR

5/4,234

Healthy

Location sampled
(Reference)
(USGS 2011b)

Rare
vagrant
Related

(Yu et al. 2010)
Mixed Scolopacidae and
Charadridae

Closely
related

Alaska
(Ip et al. 2008; Winker et al. 2008)

1 LPAIV

ECE VI
Bar-tailed Godwit,
Common Greenshank
Whimbrel

EAAF
migrants

Coastal China

H5 HI and

(Chen et al. 2006c)

ECE VI

* excludes data from those species where the sample size was both <10 and negative.
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0/90

Healthy

Tyva

Qinghai
Tibet

Bangladesh

Hong Kong

Figure 7.3 Map locations of H5N1 disease outbreaks in wild birds across Asia,
January 2004 to July 2011, from (USGS 2011a) and WAHID Interface (23 June 2011)
at: http://web.oie.int/wahis/public.php?page=home
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7.3.2 Review of the literature on biological and immune responses to HPAI H5N1
infection
No scientific data exist that assess the responses to HPAI H5N1 infection in shorebirds,
with also few, if any, references to LPAIV challenge trials. There was a lack of relevant
shorebird data on asymptomatic infection, infectivity titres excreted at 7 days after
exposure, days of viral shedding and infectious dose. This meant that the probability
values used in this study were based on the opinions of the expert epidemiologists.
The findings from HPAI H5N1 experimental studies in waterfowl, gulls and other terrestrial
species provide useful information (see Table 7.4). In these studies, host responses were
variable and dependent on virus strain, host factors (e.g. species and age of bird) and
presence of pre-existing host immunity (Brown et al. 2006; Swayne and Slemons 2008;
Fereidouni et al. 2009; Costa et al. 2010a; Costa et al. 2010b). For example, the mean
infectious dose (ID50) of three HPAI H5N1 viruses when inoculated into chickens varied
from 102.5-102.8 EID50 (Swayne and Slemons 2008), which was comparable to another
study (Spekreijse et al. 2011). In a further study with H5N1, although the ID50 was the
same as the LD50 in chickens (103.4), the ID50 (101) was considerably lower than the LD50
(103) in domestic ducks, however excretion of viable virus at these doses was not
determined (Aldous et al. 2010). No equivalent study has been undertaken to determine
ID50 values in wild birds. Moreover, the findings from some of these experimental trials
are restricted by using small numbers of birds for inoculation, by using very young ducks
that may overestimate the susceptibility of a species, or by using multiple H5N1 viruses
that have varied pathogenicity.
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Table 7.4 A summary of HPAI H5N1 inoculation experiments in various wild bird species (including both captive bred and
wild caught species) with the biological responses and viral excretion titres from swabs.
H5N1 virus, dose (EID50)
(Reference)

Ck/HK/97 (106)
(Perkins and Swayne 2002a)
Ck/HK/97 (106)
(Perkins and Swayne 2002b)
Ck/HK/97 (106)
(Perkins and Swayne 2002b)
Ck/HK/97 (106)
(Perkins and Swayne 2003b)

Common name (species; number)

AMT*
EID50/mL
and (DPI)

Mean titres
after 7 DPI
EID50/mL and
(DPI) †
no virus
detected
no virus
detected
no virus
detected
Not sampled

Morbidity
(DPI)
Nil

Mortality
(DPI)
Nil

Nil

Nil

2 (8)

euthanased

Zebra Finch (Taeniopygia guttata; 9)

7 (3-5)

7 (3-5)

Budgerigar(Melapsittacus undulates; 10)

6 (5-9)

6 (5-9)

House Finch (Carpadacus mexicanus; 11)

7 (4-13)

4 (6-13)

House Sparrow (Passer domesticus; 7)

3 (4-7)

Nil

European Starling (Sturnus vulgaris; 4)

Nil

Nil

6 (3)

5 (4)

5.7 (3)

<0.5 (10)

NA

11

4.25 (3)

2.0 (9)

Laughing Gull (Larus atricilla; 8)
Pigeon (Columba livia; 10)
Emu (Dramaius novahollandiae; 2)

7.75

Gs/HK/02 (10 )
Mallard (Anas platyrhynchos; 6)
(Sturm-Ramirez et al. 2004)
11 HP viruses from 2003
Mallard (Anas platyrhynchos; 44)
(Hulse-Post et al. 2005)

Clinical response

Note: variable responses between
viruses – see reference
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0.97 (7)
no virus
detected
4.9 (5)
Not
sampled

H5N1 virus, dose (EID50)
(Reference)

Common name (species; number)

Clinical response
Mortality
(DPI)
Nil

AMT*
EID50/mL
and (DPI)

8 LP viruses

Mallard (Anas platyrhynchos; 32)

Morbidity
(DPI)
10 (3+)

15 HP viruses (106-107)

Mallard (Anas platyrhynchos; 60)

36 (3+)

37 (5+)

4.0 (5)

Blue-winged Teal (Anas crecca; 3)

Nil

Nil

3.8 (<2)

Redhead (Aythya americana; 3)

Nil

Nil

2.8 (<4)

2 (5)

2 (7-8)

4.6 (<6)

Northern Pintail (Anas acuta; 3)

Nil

Nil

1.5 (<2)

Laughing Gull (Larus atricilla; 3)

3 (2-5)

2 (7-8)

4.2 (<8)

8

8 (5-6)

4.4-5

10

10 (5)

4.4-5.2

3.5 (3)

Mean titres
after 7 DPI
EID50/mL and
(DPI) †
Not sampled

(Sturm-Ramirez et al. 2005)
Wh. swan/Mongolia/05
(106)
(Brown et al. 2006)

Wood Duck (Aix sponsa; 3)

Wh. swan/Mongolia/05
(101.5-106)
(Brown et al. 2007a)

Wood Duck (Aix sponsa; 10) 101.5-103

Wh. swan/Mongolia/05
(106)
(Brown et al. 2008)

Black Swan (Cygnus atratus; 5)

4.5

6

Wood Duck (Aix sponsa; 10) 10 -10

(at death)
5 (1-2)

5 (<3)

6.5 (<3)

5 (2)

5 (<6)

6.2 (<6)

Whooper Swan (Cygnus cygnus; 4)

4 (2-4)

4 (4)

6.3 (<6)

Mute Swan (Cygnus olor; 5)

5 (5-7)

5 (<8)

5.6 (<7)

Cackling Goose (Branta hutchinsii; 4)

4 (3-7)

3 (<8)

5.3 (<6)

Bar-headed Goose (Anser indicus; 5)

5 (3-7)

2 (<7)

5.1 (<8)

Trumpeter Swan (Cygnus buccinators; 5)
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No data
provided
from 7-20
DPI

Two
survivors
shed low
titres to 4 DPI
No viral
excretion
detected
after clinical
recovery in 4
surviving
geese

H5N1 virus, dose (EID50)
(Reference)

Wh. swan/Mongolia/05
(102, 104, 106)
(Brown et al. 2009c)
Four HP H5N1 viruses
isolated from wild birds
2005-2006
(Boon et al. 2007)
Turkey/Turkey/05 (104)
(Keawcharoen et al. 2008)

Wh. swan/Germany/06
(104- 106)
(Kalthoff et al. 2008)
Wh. swan/Mongolia/05
(101,103, 105)
(Hall et al. 2009)

Common name (species; number)

Clinical response

AMT*
EID50/mL
and (DPI)

Morbidity
(DPI)
NA

Mortality
(DPI)
13 (5-8)

3

2 (7-8)

<1.9 (2-7)

NA

11(4-6)

2.6-4.7 (2-6)

European Starling (Sturnus vulgaris; 6)

Nil

2.5-3.8 (2-4)

Carneux Pigeon (Colomba spp.; 12)

Nil

0.5-1.9 (3-5)

House Sparrow (Passer domesticus; 15)
Rock Pigeon (Columba livia; 15)
House Sparrow (Passer domesticus; 12)

4.5 (4)

Tufted Duck (Aythya fuligula; 8)

7 (3-4)

3 (4)

3.8 (3)

Eurasian Pochard (Aythya ferina; 8)

4 (3-4)

1 (4)

3 (2)

Mallard (Anas platyrhynchos; 8)

Nil

3.1 (1)

Common Teal (Anas crecca; 8)

Nil

1 (5)

Eurasian Wigeon (Anas penelope; 8)

Nil

1.2 (1)

Gadwall (Anas strepera; 8)

Nil

2.1 (1)

Mute Swan (Cygnus olor; 8) - 106

Mean titres
after 7 DPI
EID50/mL and
(DPI) †
2.8 (10) in
one sparrow
Data after 7
DPI nor
provided
NA

8 (4-5)

8 (5-9)

4 (4)

dead

Mute Swan (Cygnus olor; 7)- 10

6 (7)

6 (7-14)

4 (8)

2.5 (10)

American Kestrel (Falco sparverius; 16)

16 (1)

16 (3-7)

3.2 (4) for
one
individual

All birds dead

4
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H5N1 virus, dose (EID50)
(Reference)

Duck/Vietnam/05 (105)
(Fereidouni et al. 2009)

Duck/Laos/06 (106)
Duck/Laos/06 (103.5)
(Forrest et al. 2010)
Hawk eagle/Kumamoto/07
(106.3-6.4)
(Fujimoto et al. 2010)

Common name (species; number)

Clinical response

103.8 (1)

Mean titres
after 7 DPI
EID50/mL and
(DPI) †
<101.5 (10)

Nil

103.2 (4)

<1 (7)

3

1

103.1 (1)

<1 (21)

NA

8 (x=4)

4.6 (1-5)

NA

2 (5-10)

4.3 (cloacal)

Morbidity
(DPI)
7 (2)

Mortality
(DPI)
1 (6)

LPAI H5 pre-challenged

Nil

H4 pre-challenged

LPAIV naïve

House Sparrow (Passer domesticus; 8)
House Sparrow (Passer domesticus; 8)

AMT*
EID50/mL
and (DPI)

Pale Thrush (Turdus pallidus; 10)

3

3 (2-8)

2.8 (5) ‡

1.7 (8)*

Great Reed Warbler (Acrocephalus
arundinaceus; 8)

8

8 (2-3)

7.5 (3) ‡

All warblers
dead

NA = not recorded
* The average maximum titre (AMT) is shown for the excretion route that provided the highest mean titre (almost consistently from
the oropharyngeal route).
† Data on mean titres after 7 DPI were from either excretion route.
‡ AMT and mean titres were all from the trachea of dead birds, as log EID50/g
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7.3.3 Review of the literature on AIV and HPAI H5N1 environmental ecology
The environmental ecology of AIV (Section 1.3.1), indicates that the physical and chemical
determinants of viral persistence in water are multi-factorial and interdependent. Further
review of the literature could not determine the probability values for habitat risk in
northern Australia (Table 7.5) therefore the risk calculation was reliant on expert opinion.
Table 7.5 An overview of experimental studies that demonstrate the factors likely
to determine viral persistence in the aquatic tropical environs of northern Australia
Virus
(Reference)
12 LPAIV
(Brown et al.
2009a)

8 LPAIV
H5/H7 and 2
HPAI H5N1
(Brown et al.
2007b)

Treatments

Responses (Rt = time to reduce infectivity by
90% or 1 log10)

1. seven salinities (030,000 ppm) at 170C
and 280C; pH 7.2
2. seven temperature
ranges from 40C
and 370C; at 0 ppm
and pH 7.2
3. eight pH ranges
from 5.8-8.6 at 170C
and 280C; 0 ppm
0
17 C and 280C at three
salinities (0, 15, 30
ppt); pH 7.4

1. maximum Rt values for all viruses were at
170C and in the range of 0-20,000 ppm.
At 280C, 9 of 12 viruses were most stable
at 0-5,000 ppm
2. all viruses most stable at 40C with
maximum Rt values of 18-176 days
3. viruses showed most stability in the pH
range of 7.4-8.2, and maximum Rt values
were at 170C
Key findings using linear regression:
 persistence is inversely proportional to
temperature and salinity
 salinity is more detrimental to virus
viability at higher temperatures
 there is high variability between viral
strains
 HPAI H5N1 viruses do not persist as long
as LP H5 viruses at low salinity.
Persistence and Rt values in days
respectively were:
170C: LP – 76-429 days; Rt 32-111
HP – 94-158; Rt 16-26
0
28 C: LP – 24-118; Rt 4-20
HP – 26-30; Rt 4-5
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Virus
(Reference)

Treatments

Responses (Rt = time to reduce infectivity by
90% or 1 log10)

HP H5N1

Virus in faeces under Complete inactivation of virus within 30 min
of direct sunlight at 32-350C, but infective for
(Songserm et various conditions
4 days under shade at 25-320C
al. 2005)
4 LPAIV
1 LPAIV
(Stallknecht
et al. 1990a;
Stallknecht et
al. 1990b)

170C and 280C; pH 7.3
Reduction in half life from 31%-76% at 280C
0 and 20 ppt salinity; Reduction in estimated persistence varied
170C and 280C; pH 6.2, from 53%-82% at 20 ppt
7.2, 8.2

7.3.4 Results of the questionnaire to the AIV epidemiology experts
There were eight responses (57%) to the questionnaire (Table 7.6) with the minimum,
most likely and maximum values calculated as described in Section 7.2.8. The opinion of
the experts to three questions that mostly relate to waterfowl are shown, but were not
included in the risk calculation. Six experts included a qualification on the level of
uncertainty for each question, and with the exception of five answers, the responders
rated their decisions as having moderate to high uncertainty. The highest uncertainty was
associated with estimating the infection status in Asia and the likelihood for the excretion
of an infectious viral dose at 7 days after exposure.
7.3.5 Results of the opinions from expert ornithologists
There were four responses to the ornithology questionnaire and for each species the
maximum Australian population figure (N0) and the min, most likely and max values
(Section 7.2.8) for the parameters P1-P7 relating to the population on southward
migration to Australia are shown (Table 7.7).
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Table 7.6 The opinions of recognised experts in AIV epidemiology on questions relating to the risk assessment of HPAI H5N1
to northern Australia by migratory birds (scored from 0-5 as negligible to high)
Expert
Parameter

Risk pathway questions

Values

1

2

3

4

5

6

7

8

Min

Most
likely

Max

1

3

1

1

2

2

2

3

0*

0.026

0.3

1

3

2

1

3

2

2

1

0*

0.026

0.3

2

4

2

1

3

2

2

1

0*

0.026

0.7

What is the probability of a bird (of the eight
P(inf1)

shorebird species listed) being infected with H5N1
virus in the breeding areas of the Palearctic?
What is the probability of a bird (of the eight
higher AIV risk shorebird species that annually

P(inf2)

migrate to Australia) being infected with HPAI
H5N1 virus whilst staging for southward migration
in coastal areas of China and Indochina?
What is the probability of a bird (of the eight
higher AIV risk shorebird species that annually

P(inf3)

migrate to Australia) being infected with HPAI
H5N1 virus whilst staging for southward migration
in inland areas of China and Indochina?
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Expert
Parameter

Risk pathway questions

Values

1

2

3

4

5

6

7

8

Min

Most
likely

Max

1

2

2

1

3

1

1

2

0*

0.025

0.3

2

1

4

3

2

5

2

2

0*

0.026

1

0

1

2

2

1

1

1

0

0

0.0005

0.05

What is the probability of an infected shorebird
being exposed to H5N1 virus immediately prior to
P(infpremig)

southward migration? (shorebirds depart southern
China in the northern autumn months, mostly
August, extending into October)
What is the probability that HPAI H5N1 virus

P(asyminf)

infection causes asymptomatic infection in a
shorebird?
What is the probability of an asymptomatic H5N1
infected shorebird undertaking long distance

P(asymmig)

migration? (this relates to fitness to fly since
healthy shorebirds travel 4,000-7,000 km to
Australia, some taking 5-7 days)
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Expert
Parameter

Risk pathway questions

Values

1

2

3

4

5

6

7

8

Min

Most
likely

Max

0

3

2

2

2

4

1

1

0

0.026

0.7

2

3

2

3

3

4

1

2

0*

0.151

0.7

0

2

2

3

3

3

0

1

0

0.026

0.3

What is the probability of an asymptomatic H5N1
infected wild bird excreting an infective dose of
P(inftrans)

virus from either the respiratory or alimentary
tract, or from adsorption to preen oil secretions 7
days after exposure to the H5N1 virus?
What is the probability of a sustained faeco-oral

P(habrisk1)

transmission cycle of H5N1 virus in the freshwater
environs of tropical northern Australia? (assuming
virus entry and presence of other hosts)
What is the probability of a sustained faeco-oral

P(habrisk2)

transmission cycle of H5N1 virus in the coastal
saline environs of tropical northern Australia?
(assuming virus entry and presence of other hosts)
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Expert
Parameter

Risk pathway questions

Values

1

2

3

4

5

6

7

8

Min

Most
likely

Max

0

2

0

1

3

2

1

0

0

0.0005

0.3

2

4

5

3

3

5

4

3

0.001

0.338

1

0

2

3

2

1

1

1

2

0

0.025

0.3

What is the probability of a bird of the three
Not a

Eurasian waterfowl species (Garganey, Northern

pathway

Pintail and Northern Shoveler that are vagrant,

parameter
for this study

uncommon-rare

visitors

to

Australia)

being

infected in the EAAF with HPAI H5N1 before
arriving in Australia?

Not a
pathway
parameter

What is the probability that HPAI H5N1 virus
infection

causes

asymptomatic

infection

in

waterfowl?

for this study
Not a

What is the probability of an asymptomatic H5N1

pathway

infected waterfowl undertaking long distance

parameter

migration (i.e. 4,000 km from China)?

for this study
* zero entered in Excel as 10-6

258

Table 7.7 Maximum Australian regional population estimates (N0) for the eight shorebird species and the opinions of the
ornithology experts shown as min, most likely and max values for the proportions that annually migrate to Australia (P1) and
for the risk factors on southward migration (P2-P7).
Eastern
Curlew

Grey Plover

Little
Curlew*

Red Knot*

Red-necked
Stint

Ruddy
Turnstone

Sharp-tailed
Sandpiper

Whimbrel

N0

30,000

13,000

236,500

80,000

350,000

25,000

170,000

12,000

P1

0.75, 0.75,
0.95

0.75, 0.8, 0.9

1, 1, 1

0.75, 0.8,
0.85

0.75, 0.8,
0.85

0.7, 0.78, 0.85

0.9, 0.99, 1

0.7, 0.75, 0.9

P2

0, 0, 0.3

0, 0, 0

0, 0, 0.25

0, 0, 0.9

0, 0, 0

0, 0, 0.5

0, 0 ,0

0, 0, 0

P3

0.7, 1, 1

0.7, 1, 1

0, 0.05, 0.2

0.1, 0.98, 1

0.7, 0.725, 1

0.5, 0.9, 1

0.5, 0.5, 0.5

0.8, 0.975, 1

P4

0, 0, 0

0, 0, 0.3

0.65, 0.9, 1

0, 0, 0.05

0, 0.275, 0.3

0, 0, 0

0.5, 0.5, 0.5

0, 0.025, 0.2

P5

0.5, 0.8, 0.8

0, 0.4, 0.8

0, 0.25, 0.9

0.5, 0.85, 0.9

0, 0.05, 0.8

0.3, 0.6, 0.7

0.3, 0.5, 0.5

0.3, 0.6, 0.75

P6

1, 1, 1

0.95, 1, 1

0, 0, 0.25

1, 1, 1

0.75, 0.85,
0.95

0.95, 1, 1

0.1, 0.25, 0.5

1, 1, 1

P7

0, 0, 0

0, 0, 0.05

0.75, 1, 1

0, 0, 0

0.05, 0.15,
0.25

0, 0, 0.05

0.5, 0.75, 0.9

0, 0, 0

Note: For the Pert distribution in Excel, where any three parameter values were the same, the input values were modified, for
example, 0, 0, 0 was entered as 0, 10-6, 10-5; 0.5, 0.5, 0.5 was entered as 0.4999999, 0.5, 0.5000001.
* The combined most likely value of P2+P3+P4 for these species did not equal one which is related to the use of median values
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Table 7.8 The range of the eight shorebird species during the breeding season and known stopover locations on southward
migration
Common name (Reference)

Breeding grounds

Stopover on southward migration

Grey Plover (Bamford et al. 2008)

Broad area across north coast of Siberia

Daursky (Russia), Japan, South Korea

Eastern Curlew
(Driscoll and Ueta 2002; Ueta et al. 2002;
Minton et al. 2011a)

Amur river, Manchuria and SE Russia (time
period of 30-45 days)

Daursky, coastal China, Yancheng,
Korea (about 80 days)

Little Curlew
(Bamford et al. 2008)

North-eastern sub-coastal and inland
areas of Siberia

Daursky NR, Mongolia

Red Knot
(Bamford et al. 2008)
Red-necked Stint
(Bamford et al. 2008; Minton et al. 2011b)

Coastal and inland areas of the high arctic,
East Siberia and New Siberian Islands

Yellow Sea

North coast of Siberia

Ruddy Turnstone
(Bamford et al. 2008; Minton et al. 2010;
Minton et al. 2011b)

Broadly across the north coast of Siberia

Coastal and inland Russia (Daursky,
Kamchatka), China, Japan, Malaysia,
South Korea, Thailand, Indonesia
Daursky, Taiwan, Aleutian Is., Pribilof
Islands, Japan and Yellow Sea

Sharp-tailed Sandpiper
(Minton et al. 2006; Bamford et al. 2008;
Minton et al. 2011b)

High latitude areas of Siberia

China, Indonesia

Whimbrel (Bamford et al. 2008)

Scattered across northern Siberia and
Alaska

Russia (Kamchatka), Japan, South
Korea, China, Malaysia, Indonesia
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7.3.7 Risk estimation
The results of the Monte Carlo simulation for the risk estimation using the input
parameters of the expert opinions are shown (Table 7.9). The sensitivity analysis (Table
7.10) was run sequentially on all epidemiology probability parameters, given that most of
the experts had assessed their estimates as having a moderate to high level of
uncertainty.
Table 7.9 Results of the risk calculation by species with the number of outbreak
years in 1000 years for each limb, combined risk as annual incidence and the
overall outbreak frequency
Common name

L1

L2

L3

Annual incidence
(95% CI)

Frequency of
outbreak years
as 1 in every
“x” years
(range)

Eastern Curlew

0

2

0

0.002 (0, 0.007)

500 (143-∞)

Grey Plover

0

0

0

0 (0, 0.004)

∞ (250-∞)

Little Curlew

4

0

24

0.028 (0.019, 0.040)

36 (25-53)

Red Knot

2

1

0

0.003 (0, 0.008)

333 (125-∞)

Red-necked Stint

0

3

3

0.006 (0.002, 0.013)

167 (77-500)

Ruddy Turnstone

0

0

0

0 (0, 0.004)

∞ (250-∞)

Sharp-tailed
Sandpiper

0

6

12

0.018 (0.011, 0.028)

56 (36-91)

Whimbrel

0

1

0

0.001 (0, 0.006)

1000 (167-∞)
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Table 7.10 Results of the sensitivity analysis on the annual incidence of outbreaks
from sequential change in input parameter values by ten-fold for the Eastern
Curlew
Parameter

Annual incidence

Magnitude of influence

Risk estimation

0.002

P(inf1)

0.004

2.0

P(inf2)

0.006

3.0

P(inf3)

0.004

2.0

P(inf1, inf2 and inf3)

0.007

3.5

P(infpremig)

0.008

4.0

P(asyminf)

0.002

1.0

P(asymmig)

0.014

7.0

P(inftrans)

0.004

2.0

P(habrisk1)

0.004

2.0

P(habrisk2)

0.007

3.5

N0 (10-fold population increase)

0.010

5.0

7.4 Discussion
This study is the first quantitative risk assessment of a migratory shorebird pathway for
HPAI H5N1 introduction and transmission to the wild birds of northern Australia.
Shorebirds have the biological potential to have an important role in the epidemiology of
H5N1 due to their abundance in wetland habitats and long distance migratory behaviour.
However globally, few shorebirds have been found to be infected with HPAI H5N1 virus
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despite extensive global surveillance. To limit the complexity of assessing the risk of 34
shorebird species that regularly migrate to Australia on the EAAF, this study prioritised
eight species that were found to have high AIV exposure risk profiles from serological
surveillance in northern Australia, as identified in Chapter 5 of this thesis.
The quantitative risk model using the maximum population figure (worst case scenario)
for each of the eight species, calculated that there was a negligible to very low risk of an
outbreak of HPAI H5N1 in the wild birds of northern Australia. The estimated annual
incidence of an outbreak ranged from a negligible risk for both the Grey Plover and Ruddy
Turnstone (0; 95% CI 0, 0.004), indicating a zero risk of an outbreak year (potential range
of 1 in 250 years to infinity), to a very low risk for the Little Curlew (0.028; 95% CI 0.019,
0.040), or an outbreak year risk frequency of 1 in every 36 years (range 1 in 25-53 years).
Only one other species, the Sharp-tailed Sandpiper, had a risk estimate of an outbreak
year frequency of more than 1 in every 100 years (1 in 56 years).
It is likely that the vast majority of the other 26 migratory shorebird species, identified as
having low AIV exposure risk profiles in Chapter 5, would represent a lower risk than the
species with the lowest estimated risk in this assessment. If the annual incidence data for
the eight species were summated, there would be an estimated 58 outbreak years in
1,000 years. Moreover, this estimate should closely approximate the cumulative risk for
the entire population of 34 shorebird species that annually migrate to Australia. However
this is likely to be an overestimate of the frequency of an outbreak year, since outbreak
years would probably occur concomitantly across species, particularly if the epidemiology
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features a significant spillover event or endemicity in wild birds. Alternatively the annual
incidence data could be averaged across the shorebird species, however conversely this is
likely to underestimate the risk. Overall, given the heterogeneity of shorebirds, the risk
estimates are best interpreted individually to assess the likelihood or frequency of an
outbreak in the high risk species.
The risk estimate between the three pathways showed that 67.3% of outbreak years were
associated with inland stopovers in Asia (Limb 3) compared to 22.4% of outbreak years for
coastal stopovers in Asia (Limb 2) and 10.3% of outbreak years from direct migration from
the breeding grounds of the Palearctic (Limb 1). The higher risk for Limb 3 is related to the
higher infection probability value (max value) for inland Asia, consistent with a higher risk
of AIV exposure for birds in freshwater habitats. Furthermore, the species with the highest
risk estimate, the Little Curlew and the Sharp-tailed Sandpiper, had the highest preference
for inland freshwater habitats, both in Asia and Australia. The expert ornithologists
estimated that, it was most likely that 100% of Little Curlew and 75% of Sharp-tailed
Sandpiper preferred freshwater habitats in northern Australia. These estimates are
consistent with the known distribution of these species in the published literature (Lane
1987). Moreover, the expert probability value for a transmission cycle in inland freshwater
habitats was considerably higher than for coastal saline habitats (15% and 2.6%
respectively).
Most species preferred to stopover at coastal habitats in Asia (Limb 2) during southward
migration (most likely range for P3 of 73%-100% with the exception of the Little Curlew
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and the Sharp-tailed Sandpiper). This preference was also principally carried forward to
their non-breeding habitat preference in Australia. Furthermore in Australia, Eastern
Curlew, Red Knot and Whimbrel are strictly coastal, and very few Grey Plover and Ruddy
Turnstone migrate to inland freshwater habitats. For these five species, having a coastal
habitat preference was a significant factor in their lower risk estimation. Fewer birds
migrated along the longest migration route directly from the breeding grounds of the
Palearctic (Limb 1) to Australia, accounting for the lower risk estimate from this pathway.
The species with the highest risk, the Little Curlew, breeds in north-east sub-coastal and
inland areas of Siberia, and in the non-breeding months stops over in inland areas of
Russia, China and Mongolia. Its distribution in Australia is mostly confined to the north
where it moves between wetland and grassland habitats, feeding on insects and
vegetation matter. Large flocks have been observed on the wetlands of Kakadu NP
(Bamford et al. 2008).
The Sharp-tailed Sandpiper breeds on damp areas of the high latitudes of Siberia and
spends its non-breeding months across inland areas of Australia with many moving further
south (Bamford et al. 2008). The species feed in mud and shallow waters on a variety of
aquatic and terrestrial insects, shellfish and grass seeds (Lane 1987).
The exposure risk to migratory shorebirds of the EAAF from other wild birds in Asia has
been poorly studied. Most risk models have targeted anthropogenic and environmental
factors that are associated with disease outbreaks in poultry, and given the lack of suitable
ecological data, few have included wild birds. One study that used satellite telemetry in
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waterfowl found a lack of correlation between outbreaks in poultry and the core flyway
and wetland habitats of waterfowl in China (Takekawa et al. 2010). However HPAI H5N1
virus has been isolated from healthy ducks at Poyang Lake (Chen et al. 2006a), and
satellite telemetry has shown that waterfowl migrate northward during spring with
frequent stopovers across the Yangtze River to Bohai Bay, where wild bird outbreaks have
been reported (Takekawa et al. 2010). The coastal and inland wetlands of Eastern Asia
comprise important convergence areas for wild birds to co-mingle with potential
transmission of the H5N1 virus between infected waterfowl and migratory shorebirds.
Globally, only two shorebirds (a Green Sandpiper and Eurasian Curlew) have been
confirmed with the HPAI H5N1 virus. Although both species belong to the EAAF, they
rarely move south of the equator. The Green Sandpiper is an inland freshwater species of
Asia, and the Eurasian Curlew, a rare vagrant visitor to northern Australia, breeds across
the inland areas of Asia and during the non-breeding months has a coastal distribution in
SE Asia (Bamford et al. 2008).
The few reports of HPAI H5N1 infection in shorebirds indicates a significant lack of contact
exposure with the H5N1 virus in Asia. On the northern breeding grounds, shorebirds are
dispersed and there are no reports of infection across a vast area of Russia associated with
the EAAF (WAHID 2011). On the non-breeding grounds of Eastern Asia where the vast
majority of shorebirds are found in coastal habitats, disease outbreaks in wild birds have
primarily occurred on grassland areas (Section 1.3.6). In other wetlands with high risk of
an outbreak, such as free-grazing duck rice production areas, there is a lack of suitable
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data on the H5N1 risk to shorebirds. Any major change in the infection status of
waterbirds in Asia could increase the risk of exposure to H5N1 virus in the shorebirds of
the EAAF.
The questions to the epidemiology experts involved single responses to all eight species
(that is it was assumed the probabilities were homogeneous in the species) rather than
assessing the values for individual species. It was considered extremely difficult to provide
values for individual species without relevant data. The values for infection status had a
most likely value of 2.6% prevalence, with a maximum value of 30% and 70% for coastal
and inland areas of Asia respectively. However, the expert values do not reflect current
understanding of H5N1 infection in shorebirds that suggest prevalence is extremely low
(<0.01%; Section 7.3.1). By comparison, one global predictive risk study used an estimated
H5N1 prevalence in wild birds of 0.046% and 0.13% in asymptomatic ducks (Kilpatrick et
al. 2006). Hence in all likelihood, the experts’ prevalence values are an over-estimate or
worst case scenario estimate for the risk calculation.
Although the Eastern Curlew and Whimbrel were identified as having the highest risk
exposure profile in Chapter 5 of this thesis, a sensitivity analysis using a 10-fold increase in
prevalence did not confer these as the highest risk species in the risk estimation (Eastern
Curlew increased frequency from 1/500 years to 1/143 years, and Whimbrel increased
frequency from 1/1,000 years to 1/250 years). This shows that infection status was not
the most important factor in the risk estimation. The sensitivity analysis found that
population size was an important risk factor since a hypothetical 10-fold increase in the
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Eastern Curlew population increased the annual outbreak year incidence from 1/500 years
to 1/100 years. Population size was a factor for the risk estimation given the large
population size of the Little Curlew (236,500) and the Sharp-tailed Sandpiper (170,000),
but was not consistent given the even larger population size of the Red-necked Stint
(350,000).
The risk factor, asymptomatic infection, relates to the biological fitness of a shorebird to
undertake long distance migration within 7 days to Australia. The sensitivity analysis found
that this factor had the greatest impact on the risk estimation (7 fold increase in outbreak
years). For this factor to change would require a major shift in host-virus relationship such
as a period of viral adaptation over time in the host, or modulation of the biological
impact of H5N1 infection such as from pre-existing immunity.
From the sensitivity analysis, the probability of infection immediately prior to migration
(3.5-fold increase in outbreak years) was a risk factor that could change if there was an
overall increase in H5N1 prevalence that would also increase the potential number of days
of viral exposure. Similarly, an elevated risk of viral exposure in coastal saline habitats
magnified the risk estimation, however for this to occur a dramatic change in the ecology
of H5N1 virus under tropical saline conditions would be required.
For shorebirds there was a paucity of relevant scientific data to assess the probabilities for
asymptomatic infection, pre-migration exposure, asymptomatic migration and infectivity
titres after 7 days. Experimental HPAI H5N1 challenge studies, that have primarily focused
on waterfowl, suggest that asymptomatic infections (including preclinical cases and
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survivors of infection) are probable mechanisms for spatial viral transmission, such as for
the spread of H5N1 across Eurasia. Although these experimental studies (Table 7.4) show
that there is variability in host responses, depending on the age, species, virus strain and
inoculation dose, the following findings are apparent:


the preclinical period of infection is mainly 2-5 days in duration, is rarely longer
than 7 days, and generally features excretion of infectious doses of virus,



infected birds that remain asymptomatic and those that recover after overt clinical
disease shed virus at lower titres than those birds that are clinically affected,



the majority of birds do not excrete infectious virus after 7 DPI, although individual
responses may include longer shedding at a diminishing viral dose,



primed immunity (anamnestic or cross-reactive responses) from prior exposure to
AIV can modulate the effects of subsequent AIV challenge. One HPAI H5N1
challenge trial in swans with pre-existing antibodies resulted in asymptomatic
infection and shorter duration of viral excretion at lower doses (Kalthoff et al.
2008). Similar findings were also found with two LPAIV subtypes in ducks (Costa et
al. 2010a), and with homo and heterosubtypic LPAIV exposed ducks subsequently
challenged with HPAI H5N1 virus (Fereidouni et al. 2009).

The evidence from experimental studies (particularly in Mallards) and the epidemiology of
H5N1 infection in China and Europe, including the timing of migration with H5N1
outbreaks and the absence of Mallards in wild bird mortality events (Chen et al. 2006b;
Gilbert et al. 2006b; Keawcharoen et al. 2008; Starick et al. 2008; WHO 2011b), provides
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good evidence that supports the hypothesis of asymptomatic transmission of H5N1 virus
by migrating wild birds. Furthermore, satellite telemetry studies of waterfowl have shown
dispersive movement of several ducks infected with a H5N2 virus consistent with a HP
genotype (Gaidet et al. 2008a), and potential for contact between migratory ducks and
infected waterfowl during outbreaks of H5N1 in Japan (Yamaguchi et al. 2010). Other
telemetry studies in waterfowl also demonstrated the potential for viral transmission over
long distances, hypothesised as asymptomatic waterfowl moving over short distances and
passing infection in succession to other birds in a relay manner (Gaidet et al. 2010; Prosser
et al. 2011).
Nonetheless, it is not known to what extent avian physiology and immunity is affected in
asymptomatic H5N1 infected wild birds and the impact this could have on migration
(Weber and Stilianakis 2007). The mounting of an immune response and responding to
cellular pathology requires energy and resources that will have consequences for other
life-history traits such as breeding, feeding and migration (Viney et al. 2005). Limited
studies with LPAIV infection in waterfowl that undergo short distance migration show
conflicting findings, with one study reporting reduced foraging rates, delayed migration
and shorter travelling distances (Van Gils et al. 2007), compared with another which
reported no apparent effect on migration (Latorre-Margalef et al. 2009).
Migratory shorebirds have many life-history traits that correlate with a well developed
immune system such as low reproductive rate and longevity (Tella et al. 2002). In
mammals, strenuous sustained exercise without food has been associated with depressed
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immunity (Weber and Stilianakis 2007). In shorebirds, limited experimental work with Red
Knots has not shown this association, although birds with low antibody responses to
pathogen challenge did not fly (Hasselquist et al. 2007). In shorebirds, long distance
migration features feats of non-stop migration such as that confirmed from the satellite
tracking of Bar-tailed Godwits that flew on average 10,153 km over 7.8 days (Gill et al.
2009). Prior to undertaking the strenuous, energy demanding feat of long distance
migration, shorebirds must accumulate fat reserves up to 30% of their body weight and
need to be at maximum fitness (Van de Kam et al. 2004). Any disturbance to feeding and
general health at this stage could adversely impact on their ability to migrate. Although
shorebirds are likely to have a good immune system, the fact that migration from the nonbreeding areas of Asia to Australia is not a critical survival requirement (shorebirds overwinter in SE Asia), HPAI H5N1 challenge at this crucial pre-migration phase would most
likely have an impact on migration strategies. A trade-off in resource allocation between
migration and mounting an immune response to infection could result in either a failed
attempt to migrate or a temporary delay in migration until physically fit, both of which
would reduce the probability of dispersing infection.
The probability of a shorebird excreting an infectious dose of H5N1 virus upon arrival in
Australia after 7 days of long distance flight is also unknown. Experimental laboratory
studies (Table 7.4) undertaken without the stress of migration show that most birds do
not excrete an infective dose of H5N1 virus after 7 days. Other risk studies have estimated
the number of days of viral shedding as 6.0 ± 0.95 days (Kilpatrick et al. 2006).
Asymptomatic birds can excrete virus for 7 days, and birds that survive infection can also
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continue to excrete virus, however in these birds, H5N1 virus is generally only excreted at
low titres. Moreover, birds in the preclinical phase of H5N1 infection are likely to have the
highest probability of transmitting an infective viral dose. However the preclinical period is
generally only 2-5 days in duration which would be insufficient time for a shorebird to
travel 4,000 km or more to Australia, and there have been no reported cases of infection
associated with migratory birds that stopover in Asia en-route to Australia. Furthermore,
the infectious dose of HPAI H5N1 required in shorebirds has not been determined,
although the ID50 for ducks is considered to be lower than that in chickens (Aldous et al.
2010).
The habitat preference of wild birds is an important factor in the probability of exposure
to the H5N1 virus and the establishment of a transmission cycle. Most experimental
studies indicate an interdependent relationship between pH, temperature and salinity
(Table 7.5). In general, viral persistence is inversely proportional to temperature and
salinity, with salinity being more detrimental to virus viability at higher temperatures.
Furthermore there is variability between strains, with HPAI H5N1 viruses showing less
persistence than LPAI H5 viruses at low salinity (Table 7.5). Few studies have included field
validation of these findings (Stallknecht et al. 2010), although one limited study in
Thailand found that LPAIV in faeces was completely inactivated within 30 minutes when
subjected to 320 – 350C and direct sunlight (Songserm et al. 2005).
Studies into the effects of solar radiation on AIV are largely unknown and have focussed
on human influenza A strains. One study found that low and high solar virucidal radiation
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was correlated with high and low disease prevalence respectively, and further suggested
that reduced solar radiation is important to the persistence of infectious virus in lake
water and bird faeces (Sagripanti and Lytle 2007).
Globally, many shorebirds spend extended periods of time during their non-breeding
months in coastal habitats. The waters of the intertidal areas of tropical Australia are
highly saline (35,000 ppm TDS), and typically during August (the first arrival month for
shorebirds on southward migration) diurnal sea surface temperatures range from 22-260C
(http://www.marine.csiro.au/~lband/web_point/),

the

diurnal

mean

maximum

temperatures at Broome, WA is 300C (http://www.bom.gov.au/climate/averages/tables
/cw_003003.shtml) and the UV index ranges between high to very high for more than 4
hours/day (http://www.bom.gov.au/australia/uv/index.shtml). Although there are no field
data that assess AIV persistence under these conditions, laboratory findings (Table 7.5)
indicate that the high salinity combined with warm sea surface temperatures and
exposure to a high UV index would be deleterious to AIV viability.
For the many shorebird species that have preference for strictly coastal habitats, it is
unlikely that a transmission cycle would be an outcome from the arrival of an infected
carrier bird under these conditions in northern Australia. Furthermore, very little is known
about the epidemiology of HPAI H5N1 virus in aquatic ecosystems, particularly given that
oropharyngeal shedding has been consistently shown experimentally as the main
excretion route for HPAI H5N1 viruses (Webster et al. 2007).
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Of the other 25 shorebird species that migrate to Australia, many have a strictly coastal
preference such as the plovers, godwits, knots, tattlers, Sanderling and Terek Sandpiper.
The birds that feed in freshwater habitats, for example around Broome, include Common
Greenshank, Oriental Pratincole, Asian Dowitcher, Oriental Plover, Broad-billed Sandpiper,
Long-toed Sandpiper, Marsh Sandpiper and Wood Sandpiper (Rogers et al. 2009). The
migration routes of these species are poorly studied, with some migrating direct to
Australia (Oriental Plover) and some having stopovers on southward migration (Oriental
Pratincole, Long-toed Stint) (Bamford et al. 2008; Minton et al. 2011b).
The global surveillance for AIV in shorebirds has lagged behind that in waterfowl and there
still remain significant gaps in knowledge. More research is required to address the
information gaps outlined in the chapter and should include further spatial and temporal
representative species sampling and the use of ornithological expertise. There are little, if
any, experimental studies in shorebirds with HPAI H5N1 to determine the biological and
immune response to infection. Such studies would need to consider the heterogeneity of
shorebirds and logistical issues of captivity. Field studies should also be conducted to
assess the viability of LPAIV in the freshwater and coastal habitats of tropical northern
Australia.
Many other terrestrial species were excluded from this study. These either had movement
patterns featuring vagrant behaviour, frequent stopovers on southward migration, or
limited movement range between Australia, PNG and Wallacea. These species were
considered to have negligible risk, since current regional status indicates no evidence of a
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HPAI H5N1 transmission cycle in the wild birds of maritime SE Asia (Indonesia, Malaysia,
Philippines). The very low reported incidence of HPAI H5N1 infection in wild birds in
Indonesia warrants further epidemiological study. Three species of Palearctic waterfowl
that are rare vagrant visitors to Australia were also excluded from this study, and this
appraisal is consistent with the negligible assessment of risk from another quantitative
study (Kilpatrick et al. 2006).
Any significant change in the HPAI H5N1 status of wild birds or development of endemic
status in poultry, immediately to the north of Australia (Timor-Leste, New Guinea
landmass and East Lesser Sundas), would represent a far more serious risk scenario to
Australia requiring urgent risk assessment. Hence it is important that HPAI H5N1
surveillance, control and risk mitigation strategies continue in this region, including ongoing assessment of the H5N1 infection status of wild birds. More ecological research
should be conducted to further assess the biology and movement behaviour of waterbird
populations that move between Australia, PNG and Wallacea.
A deficiency identified in this risk assessment was the lack of shorebird probability data for
most of the epidemiology risk factors. Hence most of the opinions from the experts had a
moderate to high measure of uncertainty in their estimates. In this chapter, information
gaps for further research were identified that could provide relevant data to reduce some
of this uncertainty. There is also scope with other methodologies such as risk mapping and
wild bird movement models to better understand important risk factors and predict the
dispersal and transmission of HPAI H5N1 virus. These methods have been variously
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applied in Asia using environmental variables, bird migration data, poultry density and
outbreak maps (Fang et al. 2008; Gilbert et al. 2008; Peterson and Williams 2008;
Takekawa et al. 2010; Loth et al. 2011; Martin et al. 2011). These studies could also
potentially provide useful risk modelling data on the exposure risks to EAAF shorebirds
whilst on stopover in Asia. Risk mapping could also be considered across northern
Australia to identify suitable wetland habitats where migratory shorebirds arrive and
interact with waterfowl.
Phylogenetic studies of AIV isolates from wild birds (Widjaja et al. 2004; Kilpatrick et al.
2006; Krauss et al. 2007; Winker et al. 2007) provide scope to predict the risk of
intercontinental spread of the HPAI H5N1 virus by assessment of the connectivity
between wild bird populations. In North America, the findings from recent
phylogeographic modelling showed that AIV gene flow is influenced by the major
ecological barriers of spatial distance and avian flyway, with infrequent gene flow
between spatially distant populations or those populations belonging to different flyways
(Lam et al. 2011). In Australia, the findings from the phylogenetic analysis of wild bird
isolates shows that AIV’s have diverged from the Eurasian lineage into a separate
Australian sublineage (Hurt et al. 2006; Hansbro et al. 2010). These studies suggest that
there has been minimal introduction of new viruses of Eurasian origin into Australia, and
provides further support to the validity to the risk estimation in this study. Moreover,
assuming global LPAIV prevalence is higher than HPAI H5N1 virus prevalence in shorebirds
there would have been greater potential for foreign subtypes to be introduced to
Australia. Hence it is important for continual global risk prediction of HPAI H5N1 or other
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potential influenza pandemics that surveillance for AIV in wild birds is continued and
includes phylogenetic testing.
In conclusion, for wild birds to spread HPAI H5N1 between geographical regions, all of the
following conditions are required to be met: spatiotemporal occurrence of the species of
interest to a H5N1 outbreak, in-contact viral transmission from infected birds to the
recipient host, and capacity for migration of the newly infected host to a new region
within 7 days of exposure still shedding virus, and transmission to another host. Inherent
features of this epidemiology would include high viral infectivity, an extended infectious
and/or preclinical period, and biologically, spatial distribution and mixing of the donor
host with other recipient hosts (Kuiken et al. 2006). The risk factors associated with these
conditions were modelled in a scenario tree pathway that expressed expert opinions as
stochastic probability values in a formula that was simulated by using the Excel add-in
PopTools. The results suggest there is a very low to negligible probability of a HPAI H5N1
outbreak by a shorebird pathway to wild birds in northern Australia, with a 1 in 36 year
likelihood of an outbreak year for the highest risk species based on a worst case scenario.
The release and exposure/consequence pathway scenario tree model developed in this
study provides a framework that could be adapted for HPAI H5N1 risk assessment to
Australia from other species of wild birds. The findings from the risk estimation are
discussed further in the final chapter with relevance to the optimal wild bird surveillance
strategy for HPAI H5N1 virus in northern Australia.
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CHAPTER 8: GENERAL DISCUSSION AND CONCLUSIONS
This thesis had its origins in the surveillance for avian viruses in migratory shorebirds in
1992 when veterinary scientists collaborated with ornithologists in the northwest of
Australia. The level of activity was commensurate with perceived low disease risks until
the Asian HPAI H5N1 panzootic emerged in 2003. The enhanced surveillance data
together with the absence of HPAI in poultry since 1997, the absence of HPAI H5N1
subtypes in wild birds and the phylogeny of all recent H5 and H7 isolates from wild birds
being LPAIV subtypes, provides some assurance of the disease freedom of Australia. This
thesis evolved from the need to address significant gaps in knowledge about: the risk of
an HPAI H5N1 outbreak to northern Australia; the ecology of AIV in wild birds; the
performance of AIV diagnostic tests validated in poultry; and the biological responses of
wild birds to LPAIV infection.
The purpose of this chapter is to review the research findings in this thesis that address
the specific project aims and hypotheses outlined in Section 1.5, to outline the limitations
of the study, and to highlight the areas that require further research. The specific aims and
hypotheses were:
1.

To assess the antibody and viral excretion responses in three species of wild birds

following experimental challenge with an LPAIV (Chapter 3).
Few studies have assessed the responses to LPAIV challenge in different taxa of wild birds
at one time. Although the species responses were variable in this study, overall these
were consistent with an LPAIV with asymptomatic infection and replication that was
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localised to the intestinal tract with transient, low level respiratory replication. Compared
to the ducks, the gulls and turnstones responded with early NP c-ELISA antibody responses
at 7 DPI (median inhibition of 83% and 92% respectively) and moderate, short-lived antiHA antibody levels (HI reciprocal GMT of 26.8 at 10-13 DPI in the gulls, and a GMT of 3.63.9 at 10-13 DPI in the turnstones that included two titres of 64). There was limited
replication and excretion of virus from the respiratory tract with low median infectivity
titres to 4 DPI in the turnstones and gulls (101.43 to 102.09 EID50/0.1 mL respectively), with
the exception of one gull (104.26 EID50/0.1 mL at 2 DPI). Only one bird, a Ruddy Turnstone,
had evidence of intestinal replication (103.14 EID50/0.1 mL at 10 DPI). The lack of persistent
host infection suggests that the virus was not well adapted to these hosts, or that host
immune responses shut down infection.
In the ducks, viral replication was primarily from the intestinal tract with shedding at
moderate doses to 6 DPI (highest median titre of 104.58 EID50/0.1 mL at 4 DPI) and low
level, transient respiratory excretion (highest median titre of 101.69 EID50/0.1 mL at 4 DPI),
which suggests that the virus was well adapted to a waterfowl host. The median NP cELISA antibody remained above 80% inhibition to 42 DPI, then waned slowly, to be just
below the positive threshold at 8 months post-inoculation (57% inhibition), suggesting
that NP antibody is long-lived in ducks. The anti-HA antibody responses to infection in the
ducks were poor, declining sharply between 19-56 DPI (from a reciprocal GMT of 16.1 to
3.7), in relative agreement with other studies that suggest protective immunity could start
to wane between 24-42 DPI (Kida et al. 1980; Fereidouni et al. 2010). The presence of
long-lived NP antibodies and primed HA immunity could explain the phenomenon of
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cyclical periodicity in AIV infection found in North American ducks (Krauss et al. 2004), and
the periodicity in NP seroprevalence of waterfowl at Kununurra outlined in Chapter 6.
2.

To evaluate the performance and reliability of serological and virological AIV

diagnostic tests in wild birds (Chapter 4). Test the hypothesis that serological and
virological tests for AIV validated in poultry perform with comparable reliability in wild
birds.
Few experimental studies have evaluated AIV diagnostic tests in wild birds due to the
multitude of species that could potentially be assessed and the inherent welfare and
logistical issues of wild bird captivity. In this study, data from the LPAIV challenge trial of
three species of wild birds, and data from wild bird surveillance were used to evaluate a
commercial NP c-ELISA, HI test and Taqman Type A RRT-PCR at various diagnostic
thresholds. The NP c-ELISA had 100% diagnostic sensitivity (95% CI 81.5, 100) for AIV
antibody in the high prevalence situation of the experimental challenge study, and 91%
diagnostic specificity (95% CI 70.8, 98.9). When used in low prevalence situations in wild
bird surveillance, the ≥60% threshold for positivity provided the best compromise with
90.5% diagnostic sensitivity (95% CI 86.2, 93.8) and 41.2% diagnostic specificity (95% CI
38.1, 44.5) in comparison to antibody responses by HI tests to a full range of H subtypes.
Therefore the test performed with high diagnostic sensitivity as a screening test to detect
AIV exposure in wild birds and with suitable accuracy as a complementary test for
diagnostic investigations in infected wild birds. Further assessment of intrinsic test
specificity would require the testing of greater numbers of naïve wild birds. The test was
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also suitable for profiling wild bird populations to identify higher risk species that could be
targeted for surveillance. These findings are in agreement with other studies that
conclude NP ELISA tests (both blocking and competition protocol) are highly sensitive and
specific diagnostic screening tests for AIV across a range of wild birds (Shafer et al. 1998;
Brown et al. 2009b; Pérez-Ramírez et al. 2010). In contrast, the AGID was found to be an
unreliable and unsuitable diagnostic test in wild bird surveillance studies.
The diagnostic sensitivity of the reference HI test was influenced by poor anti-HA antibody
responses in the ducks, the lack of response in some of the gulls and turnstones, and the
relatively shorter longevity of HA compared to NP antibody. Hence the NP c-ELISA was a
more sensitive indicator of AIV infection than the HI test, consistent with other avian
studies (Section 4.4). In the challenge trial, the HI test had 83.3% diagnostic sensitivity
(95% CI 58.6, 96.4) and 100% diagnostic specificity (95% CI 84.6, 100) using a titre of ≥8 as
a significant result. Although this titre is lower than that recommended by OIE (OIE
2009a), there was high agreement (K=0.895) between sera with ≥80% NP c-ELISA
inhibition and a HI titre of ≥8 (Section 4.3.4). Hence it is suggested that a HI titre of ≥8 be
considered a significant test result in wild birds that could be further assessed in
prospective studies. However, the interpretation of HI test results can also be complicated
by prior AIV exposure, antigenic relatedness between subtype antibodies in test sera and
HI test antigens, cross-reactivity between subtypes and steric inhibition from the
interaction between homologous neuraminidase antigen and antibodies (Pedersen 2008).
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When the HI test was assessed using RDE pre-treatment of sera there was 86% agreement
for a significant HI result and significant positive correlation (rs=0.722, p<0.0001) with
untreated sera, suggesting that non-specific inhibitors of haemagglutination are at low or
undetectable levels in avian sera. Although the sample size was small in this study, these
findings are in agreement with other studies that suggest RDE treatment may actually
lower specific antibody levels in test sera (Pedersen 2008), and may not be a necessary
procedure for HI testing of wild bird sera.
For virological testing, Taqman Type A RRT-PCR testing had a high level of accuracy for
detecting virus positive cloacal swabs in the LPAIV challenge trial that varied from 2-6 DPI
with high diagnostic sensitivity between 83.3-100% and high diagnostic specificity
between 94.1-100%, which was fully comparable to the performance of the test in
gallinaceous poultry (Section 4.4). There was substantial to outstanding agreement (K=0.8)
and significant positive correlation (rs=0.82) between RRT-PCR and virus isolation in
cloacal swabs. The high sensitivity by the RRT-PCR enabled detection to as low as an
estimated 89 genome copies of the virus. For oropharyngeal swabs from 2-4 DPI, RRT-PCR
sensitivity was similar (85.7-100%), though specificity was lower (40-52.6%) compared to
cloacal swabs (Section 4.4). This result was likely related to the less significant role of the
respiratory tract in LPAIV replication manifest as transient, low infectivity titres that were
below the threshold for virus isolation. When two CT thresholds for positivity were
compared, there were no significant differences in diagnostic sensitivity and specificity
using the lower threshold of CT <37 for cloacal swabs, whereas for the OP swabs there was
diminished test performance. Therefore the recommended thresholds of CT <37 for a
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positive test result and CT 37-40 for an indeterminate result at AAHL and DAFWA are valid
thresholds that warrant confirmatory ECE virus isolation of LPAIV surveillance samples in
wild birds.
The gold standard ECE virus isolation method performed well with 89% (95% CI 72, 98) of
viruses isolated on first passage. Sampling from the cloaca of ducks detected all birds that
were replicating virus (all ducks with positive OP samples also had positive cloacal
samples), and the cloaca remains the best site to collect samples for the surveillance of
LPAIV in wild birds. The high efficacy of Type A RRT-PCR and ECE virus isolation in wild
birds provides confidence to protocols that advocate virus isolation in preference to RRTPCR testing in populations with expected high AIV prevalence, and conversely, RRT-PCR
testing before virus isolation in populations with a low AIV prevalence (Lira et al. 2010).
The low number of negative RRT-PCR results in swabs that were also positive by VI also
indicates that previous concerns about PCR inhibitors in the faeces of wild birds have been
overcome by the use of RRT-PCR tests. Although the storage of swabs at -1700C is the
preferred method for handling AIV samples, storage of swabs at 40C for 48 hours prior to
storage at -1700C did not significantly affect the viability of AIV.
This evaluation endorses the hypothesis that the serological and virological AIV test
methods outlined in this study (with the exception of the AGID), perform with high
diagnostic validity, comparable to the performance in poultry. The test protocol adopted
for wild bird surveillance would depend on the purpose (early warning, outbreak or
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ecological study), costs of sampling and testing, and in developing countries, access to
suitable storage systems and laboratory support.
3.

To outline the findings from the surveillance for AIV in Charadriiformes (Chapter 5)

and Anseriformes (Chapter 6) across northern Australia, including longitudinal study of
waterfowl populations. Test the hypotheses that: 1) the features of AIV ecology in wild
Anseriformes and Charadriiformes are markedly different due to their diverse biology,
and 2) migratory shorebirds of the EAAF are not reservoir hosts for AIV but spillover
hosts that have the potential to spread viruses globally.
The virological testing of 4,248 Charadriiformes including 3,008 Scolopacidae, 622
Charadriidae and 397 Laridae did not find any evidence of AIV excretion (95% CI 0, 0.1).
These findings are in general agreement with low global AIV prevalence levels (with the
exception of Delaware Bay, USA) estimated at <1% (510 of 76,000 or 0.67%; 95% CI 0.6,
0.73), as outlined in Section 1.3.4.
The surveillance of shorebirds for AIV (Section 5.2.1) assumed a design prevalence of 1%
and homogeneous risk, which indicated a required annual sample size of 300 birds aimed
at detecting at least one infected bird with 95% confidence in a large population.
However, given current knowledge of AIV prevalence in shorebirds and estimated
screening test sensitivity, it is likely that insufficient numbers and species of birds were
sampled, since the actual prevalence of infection was below the threshold of detection at
this sample size. Moreover, using an estimated 0.67% global virus prevalence and Type A
RRT-PCR test sensitivity of 83.3-100% (with an assumed 100% specificity), this would
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require a sample size of 446-538 birds with 95% confidence using EpiTools (Sergeant
2009). If Australian positive RRT-PCR prevalence values were used based on test figures of
51 of 10,003 (Hansbro et al. 2010) and 0 of 3,000 (Section 5.3.1), suggesting a 0.39%
prevalence (95% CI 0.29, 0.52), then this would require an annual sample size of 767-924
birds. Furthermore, allowing for the heterogeneity of shorebirds, this would require this
calculated sample size to be applied across all species.
Other factors may also account for the low AIV prevalence in Charadriiformes including
the short duration of viral shedding (generally <10 DPI) and point sampling methods, and
the improbability of a faeco-oral transmission cycle in the tropical, saline aquatic habitats
of northern Australia where virus viability would be compromised (Section 7.3.3), and
where there is little, if any, interaction with waterfowl hosts. Of the samples collected
from Charadriiformes across northern Australia, 90% (data not shown) were collected
from birds in saline habitats. Furthermore, as discussed in Chapter 7, it is highly unlikely
that shorebirds arriving in northern Australia from overseas are carrying AIV, and any that
do, would be excreting virus into unsuitable coastal habitats.
The inclusion of serological antibody testing provided information on the ecology of AIV in
Charadriiformes, the range of subtypes circulating, and the risk exposure profiles of more
than 40 shorebird species. Overall 8.8% (95% CI 8.0, 9.7) of 4,424 Charadriiformes had
serological evidence of exposure to AIV, with significantly higher differences in
seroprevalence for family Scolopacidae, genus Numenius, and the following migratory
species Eastern Curlew, Grey Plover, Little Curlew, Red Knot, Red-necked Stint, Ruddy
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Turnstone, Sharp-tailed Sandpiper and Whimbrel (Section 5.3.2). Several resident species,
including the Red-necked Avocet and the Silver Gull, also had significantly higher
seroprevalence values suggesting that these species could have a role in the transmission
of AIV in Australia. Over the study period, the following serotypes were more likely to be
detected from HI testing of Charadriiformes, H9, H6, H5 and H2, and there were no
reactions to H11, H14, H15 and H16 serotypes.
Compared to shorebirds, the surveillance of waterfowl in northern Australia indicates
significantly different AIV ecology. From the sampling of 3,582 waterfowl, there was
greater evidence of AIV activity from Type A RRT-PCR testing (31 positive), ECE virus
isolation (one duck with H6N1 virus), and from NP c-ELISA testing (AP= 31%; 95% CI 29.5,
32.6). The estimated prevalence of AIV in these waterfowl populations (AP=0.03%; 95% CI
0, 0.16) is considerably lower than the prevalence levels from the northern hemisphere
(Olsen et al. 2006; Krauss and Webster 2010) reported as 7.7-21.7% respectively.
In wild birds, the differences in AIV prevalence found in this study and as reported in the
literature for both AIV and HPAI H5N1 are likely to be determined by complex multiple risk
exposure factors. The differences in the AIV profile of shorebirds and waterfowl could be
related to a combination of factors, such as population size and density, gregariousness,
interaction with reservoir hosts, preference for habitats that support virus viability such as
freshwater temperate ecosystems, peri-domestic behaviour that exposes birds to HPAI
outbreak areas, aquatic feeding behaviours such as the filter feeding of dabbling ducks,
migration behaviour, flock immunity related to age structure, waning humoral immunity
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and attrition rates in adults, or from other physiological or heterogeneous factors.
Compared to the seasonal regularity experienced in the northern hemisphere, under
Australian conditions, AIV transmission cycles are less likely to be sustained in waterfowl
populations that are faced with the effects of high climatic variability manifest as episodic
inland flooding and drought.
Spatio-temporal differences were evident in waterfowl with Kununurra having higher NP
c-ELISA prevalence (overall AP=39%; 95% CI 36.9, 41.4) compared to both Atherton
(AP=24%; 95% CI 21.0, 26.7) and the NT (AP=25%; 95% CI 21.7, 29). The NP
seroprevalence data also suggested a two year cyclical periodicity of AIV activity at
Kununurra (from 2005-2009, NP c-ELISA seroprevalence fluctuated from 68% to 7% to 61%
to 28% to 64%), that in general is consistent with that found virologically in North
American waterfowl (Krauss et al. 2004). Overall at Kununurra, the NP seroprevalence was
always higher in Plumed Whistling Ducks (AP=50.2%; 95% CI 47, 53.3) compared to
Magpie Geese (AP=26.7%; 95% CI 23.7, 29.8) and the Odds Ratio was greater than nine for
ducks compared to geese in three out of five years. Overall, there were higher proportions
of HI reactions to H6, H5 and H9 subtypes and no reactions against H14, H15 and H16
serotypes. The concomitant HI and NI reactions to H5 and N1 subtypes in some sera
suggests that these subtypes are circulating in wild birds, and this may be related to the
detections of LPAI H5 subtypes from wild birds in temperate areas of Australia (Hansbro et
al. 2010).
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A reservoir host is one that serves as a source of infection for secondary transmission to
other hosts and is capable of sustaining the pathogen alone (Nishiura et al. 2009). There
are numerous references in the literature suggesting Charadriiformes are natural reservoir
hosts of AIV. Although this study did not have the scope to explore this further, the
absence of AIV from the sampling of 4,248 Charadriiformes does not lend support to this
hypothesis. Moreover, low AIV prevalence globally and the absence of a stable shorebird
AIV lineage is indicative of an alternative hypothesis, that shorebirds are spillover hosts in
shared ecosystems with potential for sporadic global transmission of AIV, rather than
being conventional reservoir hosts. The findings in this study show markedly different AIV
ecology between Anseriformes and Charadriiformes, with the role of waterfowl in the
ecology of AIV apparent from the longitudinal surveillance at Kununurra.
4.

To assess the risk of entry and establishment of HPAI H5N1 virus to wild birds in

northern Australia by a wild bird pathway (Chapter 7). Test the hypothesis: 1) that the
risk of HPAI H5N1 to the wild birds of northern Australia on a wild bird pathway is low
to negligible, and 2) shorebirds that spend their non-breeding months in littoral zones
around Australia exist in habitats that do not support an ecological niche for AIV.
A quantitative risk assessment using a scenario tree pathway model was developed to
assess the HPAI H5N1 risk from eight higher risk species of shorebirds that annually
migrate from the northern hemisphere along the EAAF to Australia. This is the first time
that the risks from migratory shorebirds to Australia have been quantitatively assessed.
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Shorebirds have the biological potential to spread H5N1 around the globe given their
abundance in a diverse range of habitats related to their movement on global flyways.
The risk estimation supports the hypothesis in this thesis that there is a negligible to very
low risk of HPAI H5N1 introduction and transmission to the wild birds of northern
Australia. The species having the highest risk was the Little Curlew with an outbreak
frequency risk of 1 in 36 years (range 25-53 years), based on a worst case scenario (using
maximum population numbers and a most likely H5N1 prevalence of 2.6%). The only other
species with an outbreak frequency of more than 1 in every 100 years was the Sharptailed Sandpiper (1 in 56 years). Both the Little Curlew and Sharp-tailed Sandpiper have
preference for freshwater habitats in northern Australia and mainland Asia.
For HPAI H5N1 to spread by wild birds there must be spatiotemporal contact and
transmission from a H5N1 infected bird, asymptomatic survival in the susceptible host,
biological fitness for migration to Australia within 7 days while virus shedding is still likely,
and then transmission of an infectious dose to a susceptible host. The risk estimation in
this study confirms the very low likelihood of an infected shorebird being infected
immediately prior to migration, being asymptomatic with no adverse physiological
impacts that hinder the strenuous requirements of non-stop long distance migration, and
on arrival in Australia excreting an infectious viral dose into a favourable transmission
habitat. Recent phylogenetic studies of LPAI viruses from wild birds in Australia also
suggests that there has been minimal recent introduction of foreign AIV subtypes into
Australia (Hansbro et al. 2010), further supporting the risk estimation in this study.
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Many shorebirds, including several high AIV risk profile species (Eastern Curlew, Red Knot
and Whimbrel), have either strict or strong preference for coastal habitats during their
non-breeding months. In northern Australia, the arrival of migratory shorebirds during the
months of August to October in coastal habitats is associated with conditions not
favourable for AIV. The effects of high salinity, warm to hot temperatures and high UV
radiation are likely to adversely affect AIV viability (Section 7.3.3). Therefore it is
hypothesised that shorebirds that spend their non-breeding months in littoral zones
around Australia exist in habitats that do not support an ecological niche for AIV. Further
AIV environmental studies could be done to substantiate this hypothesis. Nonetheless this
situation may not strictly apply in all coastal habitats, for example the HPAI outbreak in
Common Terns in South Africa in 1961, probably related to population density, and the
high AIV prevalence in Ruddy Turnstones at Delaware Bay, USA, that is unlikely to be
associated with an aquatic transmission cycle given the very low prevalence of AIV in
sympatric shorebirds.
Of the other wild bird species that move to Australia, there are some that move between
Australo-Papua, Wallacea and maritime Asia, several species of terns that frequently
stopover on southward migration, and three species of vagrant waterfowl. The risks of
H5N1 from these birds were not assessed since there is no current HPAI H5N1
transmission cycle in wild birds in the region. However, any significant change in the
current H5N1 free status of wild birds in maritime Asia, or further spread, with
establishment of H5N1 in nearby countries would magnify the risks to Australia.
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5.

To provide information that optimizes an AIV wild bird surveillance strategy for

northern Australia.
In this study, the risk estimation of HPAI H5N1 from migratory shorebirds does not
support the continuation of active surveillance for early warning detection of an incursion
of H5N1 in the wild birds of northern Australia. Furthermore, although the risk assessment
was only done for northern Australia, given that the vast majority of wild birds arrive in
northern Australia before moving further south (Dingle 2004; Minton et al. 2006; Minton
et al. 2011b), this risk assessment should also be valid for temperate Australia. Based on
an estimated 0.006% (2 of 33,000 birds; 95% CI 0.001, 0.022) prevalence of HPAI H5N1
virus in shorebirds from the northern hemisphere (Section 7.3.1), this would require the
annual sampling of 14,978-29,956 shorebirds to demonstrate freedom from H5N1 virus
with 95% confidence (based on 100% test Se and Sp), using EpiTools (Sergeant 2009).
Furthermore, the absence of a viable pathway for HPAI H5N1 virus transmission into
northern Australia waterfowl populations suggests that surveillance should be restricted
to passive surveillance of hotspots of AIV activity, such as Kununurra, unless AIV ecological
studies have continued support.
The continuation of surveillance in northern Australia for the purpose of AIV ecological
study should consider the findings from surveillance outlined in Chapters 5 and 6 that
show species differences in AIV risk exposure profile, spatiotemporal variations such as in
the waterfowl at Kununurra, and estimates of AIV prevalence that would determine the
required sample sizes for detection of an infected bird (Sections 5.4 and 6.4).
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The methods for sample collection from wild birds under the hot, tropical conditions of
northern Australia could include faecal environmental sampling providing samples are
chilled immediately. This method should include ornithological expertise particularly for
shorebirds, to correctly identify each species. When samples are collected for virological
testing these may be stored temporarily at 40C for 48 hours without significant loss of
virus viability. The inclusion of serological testing for AIV potentially provides better
understanding of the natural ecology and dynamics of AIV infection when applied in
longitudinal surveys of waterfowl populations and in populations with low carriage rates
of AIV, such as migratory shorebirds. However serological testing may be of limited value
when the priority is surveillance for HPAI H5N1.
Any future change in the HPAI H5N1 status of nearby countries in the region would
magnify the risk to Australia, hence the Australian government should continue to closely
monitor the H5N1 infection status in countries to the north of Australia with targeted
monitoring of poultry and by supporting technical field and laboratory capacity building
initiatives.
Limitations of the study that require further research
1.

AIV and wild bird host ecology


This study has identified species, spatial and temporal variations in AIV activity
such as high NP seroprevalence in the Plumed Whistling Duck and all three
species of the genus Numenius, and a two year cyclical periodicity at
Kununurra. This study had limited scope to further explore these phenomena,
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and there are many gaps in knowledge to fully understand the ecology of AIV
in wild birds that would require surveillance to be expanded as extensive
longitudinal studies,


There are significant gaps in knowledge about the ecology, movement
patterns and connectivity of wild bird populations including waterbirds
movements between Australia, Papua and Wallacea, and shorebird movement
data that has been primarily observational. Long term studies that utilise
advanced techniques such as satellite telemetry, archival light level
geolocators that weigh only 1g (Minton et al. 2010), and biogeochemical
analysis of tissues for stable isotope or trace element composition (McCallum
et al. 2008), should provide more sophisticated data,



The evaluation of AIV diagnostic tests showed that the performance in wild
birds was comparable to that in poultry. However the scope of this study was
limited and prospective studies could further assess the validity of study
conclusions and assess other tests such as the NI inhibition test and new
diagnostic technologies,



There has been no field validation of experimental data on the persistence of
AIV under aquatic conditions. Further studies should test the hypothesis that
AIV viability is compromised in the coastal saline habitats of northern
Australia,



There has been minimal research to understand the immune system of wild
birds and its response to AIV infection. Further research should study
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protective immunity and the role of NP antibodies, secretory immunoglobulins
from caecal tonsils, long-lived T cells, the molecular basis for natural immunity
in waterfowl, and why species respond differently when infected with HPAI
H5N1,


The viability of viral material in swabs when stored at 40C could be assessed
for periods longer than 48 hours under tropical conditions. This information
would be useful where surveillance is undertaken in less developed countries
where -1700C storage is not readily available.

2.

HPAI H5N1 epidemiology and risk assessment

In general, there is a paucity of relevant data to accurately assess the global risks of HPAI
H5N1 in wild birds using current information. Moreover there is insufficient knowledge of
H5N1 epidemiology and transmission dynamics that warrant considerable research. Of
relevance to this study, the following could be assessed:


There is a lack of representative AIV surveillance data for shorebirds in mainland
Asia to adequately assess infection status. The risk to shorebirds could be better
assessed with relevant field data that could be modelled with risk mapping to
provide predictive risk estimations,



No wild bird HPAI H5N1 challenge studies have included shorebirds. Hence there is
no relevant data on the biological responses to infection such as preclinical period,
morbidity, mortality, pathology, asymptomatic infection, viral infectivity titres in
excretions and the likely ability to migrate as asymptomatic carriers.
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The HPAI H5N1 panzootic presents considerable challenges to conventional dogma on the
ecology of AIV in wild waterbirds. The paradigm of host-virus ecological stasis with
waterbirds as natural viral reservoirs of AIV is more complex than previously considered
with more recent studies indicating a high degree of AIV genetic diversity, simultaneous
circulation of multiple lineages in populations, and genetic mixing of viruses between
lineages from overlapping flyways (Stallknecht and Brown 2008). These studies have
provided insight into AIV infection dynamics and the likely role of wild birds in HPAI H5N1
epidemiology that has featured clustered outbreaks and absence of a reservoir in wild
birds.
In conclusion, this thesis has provided important information that: shows a negligible to
very low risk of HPAI H5N1 introduction and transmission to the wild birds of northern
Australia; reports on the absence of HPAI H5N1 in the wild birds of northern Australia;
considers AIV ecology information in different species of wild birds; and has assessed the
host responses to LPAIV challenge in three taxa that were used to evaluate several AIV
diagnostic tests, with performance in wild birds comparable with that in poultry.
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APPENDIX 1: Individual challenge bird data
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Figure 1. NP c-ELISA test results by DPI for three uninfected birds, SG2, SG6 and RTA3.
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Figure 3. NP c-ELISA and HI reciprocal titre test results by DPI for WD251
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Figure 4. NP c-ELISA and HI reciprocal titre test results by DPI for WD252
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Figure 5. NP c-ELISA and HI reciprocal titre test results by DPI for WD253
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Figure 6. NP c-ELISA and HI reciprocal titre test results by DPI for WD254
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Figure 7. NP c-ELISA and HI reciprocal titre test results by DPI for WD255
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Figure 8. NP c-ELISA and HI reciprocal titre test results by DPI for WD256

300

HI

100

128

90

112

ELISA% inhibition

80

96

70
60

80

50

64 HI titre

40

48

30

32

20
10

16

0

0
ELISA
HI

DPI

Figure 9. NP c-ELISA and HI reciprocal titre test results by DPI for WD257
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Figure 10. NP c-ELISA and HI reciprocal titre test results by DPI for SG1
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Figure 11. NP c-ELISA and HI reciprocal titre test results by DPI for SG3
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Figure 12. NP c-ELISA and HI reciprocal titre test results by DPI for SG4
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Figure 13. NP c-ELISA and HI reciprocal titre test results by DPI for SG5
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Figure 14. NP c-ELISA and HI reciprocal titre test results by DPI for SG7
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Figure 15. NP c-ELISA and HI reciprocal titre test results by DPI for SG8
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Figure 16. NP c-ELISA and HI reciprocal titre test results by DPI for SG9
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Figure 17. NP c-ELISA and HI reciprocal titre test results by DPI for RTA0
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Figure 18. NP c-ELISA and HI reciprocal titre test results by DPI for RTA1

305

100

128

90

112

ELISA % inhibition

80

96

70
60

80

50

64 HI titre

40

48

30

32

20

16

10
0

0
0

7

10

13

16

19

22

25

28

ELISA

DPI

HI

Figure 19. NP c-ELISA and HI reciprocal titre test results by DPI for RTA2
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Figure 20. NP c-ELISA and HI reciprocal titre test results by DPI for RTA4
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Figure 21. NP c-ELISA and HI reciprocal titre test results by DPI for RTA5
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