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ABSTRACT Australian lineages of avian influenza A viruses (AIVs) are thought to be
phylogenetically distinct from those circulating in Eurasia and the Americas, suggest-
ing the circulation of endemic viruses seeded by occasional introductions from other
regions. However, processes underlying the introduction, evolution and maintenance
of AIVs in Australia remain poorly understood. Waders (order Charadriiformes, family
Scolopacidae) may play a unique role in the ecology and evolution of AIVs, particu-
larly in Australia, where ducks, geese, and swans (order Anseriformes, family
Anatidae) rarely undertake intercontinental migrations. Across a 5-year surveillance
period (2011 to 2015), ruddy turnstones (Arenaria interpres) that “overwinter” during
the Austral summer in southeastern Australia showed generally low levels of AIV
prevalence (0 to 2%). However, in March 2014, we detected AIVs in 32% (95% confi-
dence interval [CI], 25 to 39%) of individuals in a small, low-density, island popula-
tion 90 km from the Australian mainland. This epizootic comprised three distinct AIV
genotypes, each of which represent a unique reassortment of Australian-, recently
introduced Eurasian-, and recently introduced American-lineage gene segments.
Strikingly, the Australian-lineage gene segments showed high similarity to those of
H10N7 viruses isolated in 2010 and 2012 from poultry outbreaks 900 to 1,500 km to
the north. Together with the diverse geographic origins of the American and
Eurasian gene segments, these findings suggest extensive circulation and reassort-
ment of AIVs within Australian wild birds over vast geographic distances. Our find-
ings indicate that long-term surveillance in waders may yield unique insights into
AIV gene flow, especially in geographic regions like Oceania, where Anatidae species
do not display regular inter- or intracontinental migration.

IMPORTANCE High prevalence of avian influenza viruses (AIVs) was detected in a
small, low-density, isolated population of ruddy turnstones in Australia. Analysis of
these viruses revealed relatively recent introductions of viral gene segments from
both Eurasia and North America, as well as long-term persistence of introduced
gene segments in Australian wild birds. These data demonstrate that the flow of
viruses into Australia may be more common than initially thought and that, once
introduced, these AIVs have the potential to be maintained within the continent.
These findings add to a growing body of evidence suggesting that Australian wild
birds are unlikely to be ecologically isolated from the highly pathogenic H5Nx
viruses circulating among wild birds throughout the Northern Hemisphere.
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Influenza A viruses circulating in wild birds represent an omnipresent source of
genomic diversity for viral evolution and transmission to livestock and humans (1–3).

Global patterns of avian influenza virus (AIV) gene flow in wild birds are therefore im-
portant to understanding potential evolutionary pathways of AIVs and the health and
economic threats they pose (4). Genomic diversity among AIVs is generated through
high mutation rates and segmental reassortment. Influenza A is a negative-sense RNA
virus consisting of eight gene segments, two encoding surface glycoproteins (hemag-
glutinin [HA] and neuraminidase [NA]) and six encoding internal proteins (polymerase
basic 2 [PB2], polymerase basic 1 [PB1], polymerase acidic [PA], nucleoprotein [NP], ma-
trix [M], and nonstructural [NS]) (2, 5). Each segment comprises multiple functionally
equivalent lineages (6–8) that can be exchanged when host cells are simultaneously
coinfected with more than one AIV (9). Reassortment, together with genetic drift,
results in transient genome constellations (viral “genotypes”) in which the evolutionary
histories of each gene segment are partially independent (7, 10).

Dramatic shifts in the AIV genome, through reassortment, appear crucial to the
maintenance of AIVs in the wild bird reservoir and to cross-species transmission (11). In
particular, bulk changes in the genome often facilitate the emergence of novel AIVs in
domestic hosts (12, 13), and humans (14). Shifts in AIV genotype and phenotype are of-
ten more pronounced when gene segments from different lineages are combined
(15–17), which typically occurs at times and locations characterized by high rates
of interhemispheric mixing of wild birds and their viruses (18). To date, the majority of
reassortant AIVs have been reported from locations where distinct communities of
long-distance migratory hosts and their viruses regularly converge, such as interconti-
nental margins (e.g., 19–22), premigratory staging areas (10, 23) and stopover sites (24,
25). Within these locations, rates of AIV reassortment appear to be shaped by preva-
lence, host identity, and interspecies interactions (11, 21). For instance, although hosts
of the family Anatidae show high prevalence of AIVs and high rates of reassortment at
intercontinental margins (11, 26, 27), novel genome constellations are disproportion-
ately detected in gulls and terns (order Charadriiformes, family Laridae) (28–30) and
waders (order Charadriiformes, family Scolopacidae) (7, 8, 31, 32), despite overall preva-
lence estimates of 1.4% and 0.8%, respectively (33). Hosts of the order Charadriiformes
may therefore play a pivotal role in the redistribution of gene segments over large dis-
tances and the emergence of novel genome constellations (18, 34).

Partial separation of avian communities along migratory flyways has shaped the
evolution of AIVs, with clear genetic differences between Eurasian and North American
lineages for each virus segment (7, 8, 35). However, frequent reassortment and inter-
continental gene flow occurs, with a growing body of studies demonstrating
American-lineage gene segments in Western Europe (19, 36, 37), and Eurasian-lineage
gene segments in North America (e.g., 20, 22, 27–30, 32, 38). Striking evidence for such
intercontinental gene flow comes from Iceland during autumn migration, where
viruses that were entirely “American,” entirely “Eurasian,” and composed of both
American- and Eurasian-lineage gene segments were reported from a single location
(21). Occasionally, such introductions result in selective sweeps of locally circulating
AIV lineages, as illustrated by the circulation of Eurasian-origin PB1, PA, and H6 HA seg-
ments in North American wild birds since the early 2000s (8).

Although Australian AIVs are broadly part of the Eurasian clade, they have formed
distinct clades in each gene segment (39, 40). It has therefore been suggested that
AIVs within Australia show endemic circulation and partial evolutionary isolation,
seeded by occasional introductions from elsewhere (39, 40). These outsider events pre-
dominantly originate from Eurasia; however, gene segments from North American line-
ages have been detected in Australian wild birds (17, 41). One of these gene segments
(H10 HA) was detected in wild birds prior to two outbreaks of low-pathogenic H10N7
in biosecure intensive commercial poultry facilities in New South Wales (NSW) and
Queensland (QLD) (17, 42). Infections in the NSW poultry facility went on to infect abat-
toir workers processing clinically normal birds from the farm, indicating the potential
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for AIVs circulating in Australian wild birds to be incorporated into zoonotic strains (17,
42). Critically, when, where, and in which species such outsider AIVs arrive in Australia,
and how they are incorporated into circulating AIVs, remains unknown (17).

The low prevalence of AIVs in Australian wild birds, and the apparent evolutionary
isolation of these viruses, has been attributed to the fact that it is extremely rare for
Australian members of Anatidae to undertake regular movements within or between
continents (39, 43–45). There are, however, millions of birds that migrate to Australia
along the East Asian-Australasian Flyway (46). In particular, an estimated 8.5 million
waders (order Charadriiformes, family Scolopacidae) from 37 species migrate to
Australia to “overwinter” during the Austral summer (47, 48), linking Australia to avian
communities in the Russian and Alaskan Arctic, Japan, Indonesia, Taiwan, and the east
coast of China. Yet, AIV in waders has received significantly less attention both in
Australia and globally, largely because its prevalence tends to be substantially lower
than that in Anatidae (33, 34, 49, 50). One notable exception is Delaware Bay, USA, dur-
ing spring migration, where AIV prevalence in waders averages 4% to 18% in a given
year (51–53), approximately 50 times the combined rate of isolation at all other surveil-
lance sites worldwide (54, 55). The vast majority of AIV infections in waders have been
detected in just one species—the ruddy turnstone (Arenaria interpres)—with sympatric
waders generally showing markedly lower prevalence (51, 56). Genomic evidence also
suggests that ruddy turnstones introduce AIVs to Delaware Bay from the southeastern
United States (57) and from the Northern Hemisphere to their overwintering sites in
South America (58). Ruddy turnstones may therefore play a unique role in AIV gene
flow (34), particularly in geographic regions where intercontinental migration of
Anatidae is limited.

Several studies have called for long-term studies in waders outside Delaware Bay,
to better understand their role in AIV gene flow, reassortment, and maintenance (10,
18, 34, 49). In response, we present 5 years of biannual surveillance for AIV in two pop-
ulations of ruddy turnstones in southeastern Australia, at the terminus of the East
Asian-Australasian Flyway. Using whole-genome sequencing, we illustrate patterns of
gene flow and reassortment from the global AIV gene pool, providing unique insights
into the evolutionary dynamics of AIVs in Australia.

RESULTS
Infection prevalence. Over the 5-year study period (2010 to 2015), the prevalence

of AIVs across all ruddy turnstone populations was 6.3% (n=1,060; 95% confidence
interval [CI] = 4.9 to 8.0%). Prevalence remained at 0 to 2% for the majority of non-
breeding locations across southeastern Australia throughout this period (Fig. 1).
However, prior to prebreeding migration in April 2013, 10.1% (7/69; 95% CI = 4.2 to
19.8%) of birds were infected in the South Australian population, and in March 2014,
strikingly, 32% (55/172; 95% CI = 25 to 39%) of the ruddy turnstones sampled on King
Island, Tasmania, were infected (Fig. 1).

During the March 2014 epizootic, infections were only detected in four of the six
catch events across four sites (Table 1 and Fig. 2A), with one site (Central Manuka)
showing no infection in the first catch (95% CI = 0 to 21%; n=13) but 46% of individu-
als infected 4 days later (95% CI = 28 to 66%; n=28; Table 1). Among catches with
infection, there was no significant difference in prevalence (x 2 = 4.33, P = 0.23).
Juveniles were 3.3 times more likely to be infected than adults (95% CI = 1.3 to 8.8
times more likely; P = 0.15). A catch was also more likely to contain infected individuals
when there was a higher proportion of juveniles (x 2 = 7.64, P = 0.006), but was not
related to the abundance of turnstones at the site (x 2 = 0.22, P = 0.64). There was no
difference in infection between the sexes (P = 0.423). During this epizootic, cycle
threshold (CT) values ranged from 18.7 to 36.4 (mean 6 standard deviation [SD] =
28.16 4.8), with no difference between adults and juveniles (P = 0.75) or between
males and females (P = 0.40).

Origins of the March 2014 epizootic. Influenza A virus was isolated from 23 of the
PCR-positive samples from the March 2014 epizootic, with HA titers ranging from 32 to
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512. All gene segments were successfully sequenced from the majority of these iso-
lates, including 24 HA sequences (with one isolate coinfected with two HA types),
22NA, 16 PB2, 22 PB1, 17 PA, 20 NP, 23 MP, and 22 NS gene sequences (Table 2).
BLAST analysis of the surface proteins (HA and NA) showed that these isolates repre-
sented three influenza subtypes—three H3N5, nine H6N8, 10 H10N8, and one coin-
fected H6/H10N8 sample (Fig. 3 and Table 2). The H6N8 viruses were detected from
central sites, including Whalebone Bay (n=2), Manuka (n=4), and Burges Bay (n= 3),
while the H3N5 viruses were restricted to Whalebone Bay; the H10/H6N8 mixed infec-
tion and all 10 H10N8 viruses were detected at the southern end of the island (Surprise
Bay), indicating potential geographical structuring by subtype within sampling loca-
tions (Table 2). The genomes of each of the subtypes, including H6N8 viruses sampled
across four sites, showed high similarity across each gene segment. Given the high
degree of site fidelity shown in recapture records (Fig. 2C), the high genomic similarity
suggests recent exposure to this virus genotype across a large part of the island (Fig. 3
and 4 and Tables 1 and 2).

Phylogenies revealed a wide range of origins for their gene segments. The HA and
NA genes of H3N5 viruses were most closely related to viruses previously detected in
Australia and New Zealand (A/chestnut-teal/Victoria/1/2004 (H3N2) and A/duck/

TABLE 1 Infection with influenza A virusa and seroprevalence of the nucleoprotein gene segment of influenza A virus in ruddy turnstones on
King Island across the six catches in March 2014b

Date Site (beach) PCR positive (n) Infection prevalence (% [95% CI]) Seroprevalence (% [95% CI]) Subtype (n)
18 March 2014 Central Manuka 0 0 (0–21) 23 (5–54)
20 March 2014 Stokes Point 0 0 (0–8) 6 (1–20)
22 March 2014 Central Manuka 13 46 (28–66) 39 (22–59) H6N8 (4)
23 March 2014 Whalebone Bay 9 29 (14–48) 35 (19–55) H3N5 (3); H6N8 (2)
24 March 2014 Surprise Bay 13 48 (29–68) 44 (24–65) H10N8 (10); H6/H10N8 (1)
24 March 2014 Burges Bay 20 53 (36–69) 34 (19–52) H6N8 (3)
Total 55 32 (25–39) 30 (23–38)
aDetected by reverse transcriptase PCR (RT-PCR).
bSee Fig. 2 for spatial reference.
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MW04/Vic/2012 (H12N5), respectively; Fig. 3). This “Oceanic” H3 lineage was estimated
to have diverged from the Eurasian avian gene pool 40 years prior to this epizootic
(mean time of most recent common ancestor [TMRCA], 1973.1; 95% CI, 1969.3 to
1976.8) (see Fig. S2A in the supplemental material), while the N5-NA diverged from AIV
in East Asia during late 1990s (mean TMRCA, 1997; 95% CI, 1994.8 to 1999.2; Fig. S2D).
The H6 HA genes showed a more recent divergence from the Eurasian AIV gene pool
during 2000 to 2005, predominantly clustering with AIVs detected throughout Asia
between 2003 to 2014 (represented by A/duck/Guangxi/113/2012) (Fig. 3B; see also
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FIG 2 Ruddy turnstones on King Island, Tasmania—prevalence and number sampled at each capture
location in March 2014 (A), abundance in March 2014 (B), and relative number of individuals moving
between locations, inferred from capture-recapture data from 2011 to 2014 (C), where colors
correspond to locations indicated in the small map inset on the left, numbers indicate the number of
birds first banded at each capture location, and width of each arc indicates the proportion of all birds
that were banded at one location (set back from the outer ring) and recaptured at the same or
another location (closer to the outer ring).
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Fig. S1B and Fig. S2B in the supplemental material). The N8-NA genes of H10N8 and
H6N8 clustered among the Eurasian avian gene pool but showed the earliest diver-
gence of all external gene segments (mean TMRCA, 1964.7; 95% CI, 1957.5 to 1971)
(Fig. S1E and Fig. S2E). The HA gene of H10N8 viruses were derived from the North
American H10 lineage that has been detected in Australia since 2009. Our results illus-
trate that this North American lineage has become endemic in Oceania since 2009 (Fig.
3C, Table 2, and Fig. S1C). Our results also suggest long-term endemicity of N8-NA and
H3-HA, and more recent introductions of the H6-HA and N5-NA lineages in Oceania.

The internal gene segments of all subtypes formed either two distinct sublineages
with independent evolutionary origins (PB2, PB1, PA, and MP genes) (Fig. 4, Fig. S2F to
H and Fig. S2J), or were all derived from a single lineage (NP and NS) (Fig. 4, Table 2,
and Fig. S1F to K). All three King Island AIV subtypes contained two to four internal
gene segments that shared ancestry with the lineage that gave rise to the Australian
H10N7 poultry outbreak genotype (Fig. 4 and 5, Fig. S1F to K). The common NS gene
segment of Eurasian/Australian origin that showed 97.37 to 98.32% nucleotide (nt) and
97.04 to 98.54% amino acid (aa) similarity to the 2010/2012 H10N7 outbreak genotype,
estimated to have diverged in 2006.1 (95% highest posterior density [HPD], 2003.4 to
2008.4) (Fig. S2K), whereas the NP gene segment was derived independently from that
in North America, with the closest available sequences collected from Michigan,
Delaware, and Ontario and their divergence estimated during the 1990s (mean
TMRCA, 1993.6; 95% CI, 1991 to 1996) (Fig. S2I). Notably, no genes were derived from
clades known to circulate predominantly in gulls (Fig. S1).

AIV genotypes and recent reassortment. Phylogenetic analysis showed that the
epizootic detected in ruddy turnstones on King Island in 2014 involved three distinct
AIV genotypes across three subtypes (Table 2). While the NP and NS genes were shared
by all three genotypes, the H3N5 and H6N8 viruses shared a common PB1 and MP
genes, the H3N5 and H10N8 viruses shared a common PB2 gene, and the H6N8 and
H10N8 viruses shared the NA and PA genes. These genomic structures suggest a
recent, common introduction into the turnstone population following extensive

TABLE 2 Phylogenetic designation for influenza A viruses isolated from ruddy turnstones on King Island in
March 2014c

aSpatial location of sites is depicted in Fig. 2.
bCodes refer to origins of clades, as follows: EA, Eurasia; NAm, North America. H10N7 refers to the Australian 2010 to 2012 poultry
outbreak isolates. Blanks indicate that the gene segment was not sequenced.

cShading colors indicate viral genotypes, designated H3N5 (green), H6N8 (blue), and H10N8 (orange).
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FIG 3 Phylogenetic relationships of the hemagglutinins H3 (a), H6 (b), H10 (c), and neuraminidases N5 (d), and N8 (e) of AIV
isolates from ruddy turnstones on King Island in March 2014 (shown in red). Orange asterisks indicate the strains involved in the
H10N7 outbreaks in Australian poultry in 2010 and 2012. Bars represent the number of substitutions per site. Trees with full strain
names and showing bootstrap support on each node are provided in Fig. S1A to E in the supplemental material.
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in 2010 and 2012. Bars represent number of substitutions per site. Trees with full strain names and showing bootstrap support on
each node are provided in Fig. S1F to K.
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reassortment among the subtypes. Furthermore, all three genotypes identified on King
Island represent intercontinental reassortants, with gene segments derived from the
Eurasian lineage, North American lineage, and those endemic to Oceania (Table 2). The
AIV gene pool in ruddy turnstones on King Island was dominated by Eurasian-lineage
gene segments (20 of a possible 24). In particular, four of the five external gene seg-
ments (H3, H6, N5, and N8) appear to have been introduced directly from the Eurasian
clade (Fig. 3), with few or no similar sequences identified from the Australian continent
(Fig. S1A to E).
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All three genotypes showed extensive reassortment with ancestors of the H10N7
viruses collected from outbreaks in commercial poultry in NSW and QLD in 2010 and
2012, as well as from wild birds since 2009 (Fig. 5). The PB2 segment of the H6N8
viruses clustered with previously isolated Oceanic viruses of various subtypes detected
in Australia in 2001 to 2012 and were most closely related to H10N7 viruses from poul-
try outbreaks in NSW and QLD. The viruses comprising the second PB2 cluster, includ-
ing the H10/H6N8 coinfection, a single H3N5 virus, and all H10N8 viruses were closely
related to an H12N5 virus detected in 2012 in a duck in Victoria [A/duck/MW04/Vic/
2012 (H12N5)] (Table 2 and Fig. S1F). In contrast, although the PB1 genes of all H10N8
viruses clustered distinctly and were most closely related to those of A/duck/MW04/
Vic/2012 (H12N5) and the H10N7 poultry outbreak viruses from QLD and NSW, the PB1
genes of H3N5 and H6N8 viruses clustered together and were closely related to those

American gene pool
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FIG 5 Schematic representation of the reassortment of influenza A virus lineages leading to the three AIV genotypes isolated
from ruddy turnstones on King Island in March 2014.
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of viruses isolated from ducks in China and South Korea between 2003 and 2004 (Fig.
S1G). The PA genes of H3N5 viruses clustered distinctly and were most closely related
to those of contemporary H1N3 and H5N2 viruses from China and South Korea, while
the H6N8 and H10N8 viruses formed two closely related clusters within a diverse
Oceania sublineage that was most closely related to the H10N7 poultry outbreak
strains from 2010 and 2012 (Fig. S1H). Similarly to the PB1 gene, the MP gene of
H10N8 viruses formed a monophyletic group, but it clustered with an Australian
H10N5 virus (A/duck/Victoria/0305-2/2012) and a H10N7 poultry outbreak virus from
QLD (A/Chicken/Queensland/1/2012), as well as with contemporary strains of various
subtypes from China and Japan (Fig. S1J). The MP genes of the H3N5 and H6N8 viruses
formed two closely related, subtype-specific clusters that were closely related to those
of the H10N7 poultry outbreak virus from NSW (A/Chicken/NSW-Sydney/D809/2010)
and AIV of various subtypes from China and New Zealand circulating in 2003 and 2004
(Fig. S1J). The NP and NS genes of H10N8, H3N5, and H6N8 viruses clustered together
with minor discrete clustering patterns observed based on subtype. The NP genes
were most closely related to those of the contemporaneous H12N5 Oceanic virus A/
duck/MW04/Vic/2012 and clustered within a North American lineage, while the H10N7
poultry outbreak viruses clustered in the Eurasian lineage (Fig. S1I). The NS genes clus-
tered within the Eurasian lineage and were most closely related to those of the H12N5
Oceanic virus A/duck/MW04/Vic/2012 and H10N7 poultry outbreak viruses from QLD
and NSW and contemporary strains from China (Fig. S1K).

Serology. During the epizootic in March 2014, anti-NP antibodies were found in
30% of turnstones on King Island (95% CI = 23 to 38%; Table 1). Seroprevalence was
significantly higher in catches where AIVs were detected (38%; 95% CI = 29 to 47%)
compared to catches where AIVs were not detected (10%; 95% CI = 4 to 23%;
P = 0.0006), including Central Manuka, where no infection was detected on 18 March
2014, but 46% of individuals were infected just 4 days later. Of the 65 serum samples
positive for anti-NP, only one sample (from an adult female that was not infected at
the time of capture) showed a titer of 1:40 to H6 A/Turnstone/King Island/7019CP/
2014. This virus was isolated from an individual captured at the same site on the same
day as the hemagglutination inhibition (HI)-positive individual. All other HI titers were
,1:40, with low serum volumes necessitating a high starting dilution. None of the anti-
NP positive samples from two subsequent sampling visits (November 2014 and
February 2015; n= 83) showed detectable responses to the three viral strains found cir-
culating in March 2014, with HI titers of,1:10. Of the 17 individuals that were PCR pos-
itive for AIV in March 2014 and were subsequently sampled in November 2014 and/or
February 2015, 10 (59%) had no detectable antibodies in their follow-up samples.

DISCUSSION
Infection prevalence. Prior to this study, no AIVs had been detected in ruddy turn-

stones in Australia (59), despite the majority of AIV infections in waders across the
globe having been detected in this species (51, 52, 54, 60). The generally low preva-
lence of AIV (0 to 2%) in ruddy turnstones in southeastern Australia during 2010 to
2015 is in line with estimates for waders from Europe, Asia, the Afrotropics, South
America, and the vast majority of sites in North America (e.g., 49, 52, 58, 61–67).
However, there were 2 years in which prevalence was markedly higher prior to pre-
breeding migration (March/April), similar to prevalence seen in ducks globally (ca. 10%
globally, seasonal peaks of 20 to 60%; 33, 50) and ruddy turnstones in Delaware Bay
during prebreeding migration (ca. 4 to 18%; 51–53). Similar, sporadic detections of
higher AIV prevalence have been reported in waders at a few locations outside
Delaware Bay (39, 49, 68). However, the epizootic detected in ruddy turnstones on
King Island in March 2014 represents one of the highest prevalence levels reported for
this species, with 32% of individuals found infected.

Increased prevalence of AIVs in wild birds is thought to be driven by a suite of bio-
logical and environmental factors, including large aggregations of host individuals, the
pulsed influx of naive hatch-year birds, active migration, successive waves of migrants,

Avian Influenza Viruses in Australian Ruddy Turnstones Journal of Virology

May 2021 Volume 95 Issue 9 e02193-20 jvi.asm.org 11

https://jvi.asm.org


confluence of migratory flyways, and the use of aquatic habitats (2, 3, 10, 69–74). In
Anatidae, prevalence is consistently higher in hatch-year individuals lacking antibodies
to AIV (3, 16, 69, 70). Similarly, we found that hatch-year ruddy turnstones were more
likely to be infected and less likely to have detectable antibodies to AIV, suggesting
recent introductions into a broadly naive population. Indeed, antibodies to the NP
gene segment were only detected in 30% of ruddy turnstones on King Island in March
2014, in contrast to estimates of 75% in Iceland (63) and an increase from 40 to 95%
during stopover in Delaware Bay (53). Seroprevalence also increased over the sampling
period, averaging 10% at locations on King Island where infection was not detected
(sampled 18 and 20 March 2014) and 38% at locations where AIVs were detected
(sampled 22 to 24 March 2014). However, in line with experimental observation of low
rates of seroconversion (75), we found little evidence of seroconversion following the
epizootic. Over half of the infected birds that were resampled 8 to 11months later
lacked detectable antibodies to NP, and only one NP-positive individual displayed a
weak HI titer to any of the circulating strains. This individual was captured during the
epizootic, with none of the 132 NP-positive individuals from November 2014 or
February 2015 displaying detectable antibodies to the epizootic strains. Collectively,
these results suggest that naivety to AIV may have been an important factor promot-
ing the epizootic reported here. They also suggest that the epizootic on King Island
may represent the local amplification of AIVs recently introduced into the population
from an as-yet-undefined reservoir, in line with the epidemiology of AIV in waders
reported elsewhere (10, 49, 51, 55, 56).

Many of the other biological or environmental divers do not appear to have been
necessary for the epizootic seen in ruddy turnstones on King Island in March. Globally,
high prevalences of AIV tend to be reported from migratory stopover sites, particularly
at the confluence of major migratory flyways (18, 33) or where migrants from disparate
breeding locations pass through in successive waves (72, 73, 76). In contrast, the sites
in southeastern Australia reported here represent the terminus of one branch of the
East Asian-Australasian Flyway. Moreover, the epizootic on King Island in March 2014
occurred approximately 5 months after ruddy turnstones had arrived on migration.
Similar end-of-the-flyway sites in North America report consistently low levels of AIV
(11, 57, 77). Notably, the sites included in our study also lack the abundance and diver-
sity of Anatidae seen in many other “overwintering” areas, presumably further limiting
the potential for AIV transmission (49, 71). The abiotic conditions of our sites also
appear unlikely to support high rates of AIV transmission, with ruddy turnstones forag-
ing along the high tide line and roosting on off-shore rocks—habitats that present
unfavorable conditions for AIV persistence (78). Large, high-density aggregations are
thought to be a key factor driving the anomalously high prevalence of AIV in ruddy
turnstones in Delaware Bay in Spring, with more than one million waders foraging in
densities of up to 210 birds/m2 at this time (54, 55), in contrast to low prevalence dur-
ing breeding, autumn migration, and winter, when ruddy turnstones are seen in small
flocks (,50) (53). Yet, populations of ruddy turnstones “overwintering” in southeastern
Australia are small and dispersed. For instance, in March 2014, an estimated 577 ruddy
turnstones inhabited King Island in flocks of,50 individuals dispersed along the entire
western coastline of the island (Fig. 2B), and the estimated population has never
exceeded 900 (79). Our findings suggest that large, high-density aggregations may not
be necessary for sporadic high-prevalence outbreaks of AIV in waders.

Reassortment and geographic origins. Phylogenetic analysis revealed that all
three genotypes isolated from ruddy turnstones on King Island in 2014 represent
extensive intercontinental reassortants, with gene segments derived from Eurasian lin-
eages, North American lineages, and those endemic to Oceania. Previous analysis had
suggested that Australian AIVs formed a relatively distinct gene pool within the
broader Eurasian lineage, whereby monophyletic clade(s) within each gene segment
were thought to arise from circulation among hosts that remain within the continent
(39, 40). A number of the gene segment variants detected here appear to fit this
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description, with the NA, PB2, NS, and MP (all genotypes), PA (H10 and H6), PB1 (H10),
and H3 HA gene segments seen to be closely related to other AIVs detected in
Australia that display distant similarity to AIVs from the Eurasian gene pool. However,
three gene segments (H6 HA, PB1 [H3 and H6] and PA [H3]) represented novel detec-
tions in Oceania with high nucleotide similarity to recent isolates from across Eurasia
(see Fig. S2B, G, and H in the supplemental material). This diversity of ancestral sources,
together with the genomic similarity of multiple gene segments across multiple cap-
ture locations, suggests that extensive reassortment had taken place prior to the AIVs
being detected in ruddy turnstones on King Island.

In addition to novel outsider events from Eurasia, two gene segments of North
American origin were detected. The NP gene segment present in all three geno-
types appears to have arrived in Australia during the mid-1990s, suggesting it circu-
lated for up to 20 years before detection in unspecified duck species in Victoria in
2012 and in ruddy turnstones on King Island in 2014. We also detected the H10 HA
detected in unspecified duck species in 2009, and subsequently in Australian poul-
try and poultry abattoir workers in 2010 and 2012 (17). Together with the MP
detected in an unspecified species of tern in 2004 (41), our NP and H10 HA findings
suggest that AIVs from the North American lineage are likely to be introduced into
Australian wild birds more often than previously thought. Our data also provide the
first example of reassortment of the North American-derived H10 in wild birds since
this HA appeared, supporting previous suggestions that this North American-line-
age H10 HA has replaced the Eurasian-origin H10 HAs that were previously circulat-
ing in Australian wild birds (Fig. S2C). Previous estimates, based on limited genomic
data, suggested initial transmission of this HA gene segment into Australia
occurred during 2007 and 2008, and that it was derived from viruses isolated from
aquatic birds in the western United States (17). The additional 11 H10 gene seg-
ments sequenced from King Island suggest that this gene segment was introduced
from viruses circulating through the midwestern United States in the early 2000s,
significantly earlier than previous estimates. A group of highly related viruses there-
fore appears to have circulated in Australian wild birds for roughly a decade before
the outbreaks in commercial poultry.

Several other gene segments detected on King Island indicate ongoing circula-
tion of both the Eurasian and North American outsider events. Each of the AIV ge-
notypes detected on King Island contained two or four gene segments, in addition
to the H10 HA, derived from the AIVs infecting Australian poultry and poultry abat-
toir workers in 2010 and 2012 (Fig. 5). Similarly, the North American-lineage NP
shows high nucleotide identity to AIVs isolated from ducks on the Australian main-
land, approximately 150 km north of King Island in 2012 and 2018 (80). Taken to-
gether, these results substantiate earlier suggestions that gene segments intro-
duced into Australia are incorporated into the broader AIV gene pool, continuing to
reassort with other introduced and endemic viruses in wild birds to generate new
genome constellations for decades after their introduction. In contrast, outsider
events are not generally seen to persist in the North American lineage, where
Eurasian-lineage gene segments are rarely detected in wintering areas (11, 81), de-
spite being detected in up to 70% of AIVs in wild ducks in Alaska (26, 32), and
appear to be lost within a decade of initial detection in waders and gulls (82). Given
that the poultry outbreaks occurred 900 to 1,500 km to the north of King Island, our
findings suggest that extensive circulation and reassortment of AIVs within
Australian wild birds occurs over vast geographic distances, despite the lack of mi-
gratory behavior in Australian ducks, geese, and swans (45). Reassortment may
therefore represent a critical strategy for the perpetuation of AIVs in regions with
low AIV prevalence and limited intercontinental migration, as has been proposed
during the winter nadir of infection in regions with strong seasonality (11).

Conclusions. Our findings indicate that long-term surveillance in waders may yield
unique insights into AIV gene flow in Oceania. In particular, our findings pose questions
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regarding how outsider AIVs arrive in Australia, where (and in which species) reassortment
takes place, and how AIVs are introduced into isolated populations of ruddy turn-
stones. Given that Australian Anatidae rarely undertake intercontinental migrations,
migratory waders may be particularly important for the introduction of outsider
events into Australia. In support of this suggestion, AIVs have been detected in
recently arrived sharp-tailed sandpipers (Calidris acuminata) and red-necked stints
(Calidris ruficollis) (68), with the latter also showing serological evidence of AIV
infection during migration through East Asia (83). Collectively, these species
directly link Australia to both Asia and North America. For instance, adult sharp-
tailed sandpipers migrate via East Asia, whereas juveniles migrate from hatching
areas in Siberia to staging areas in Alaska, where they are thought to join other spe-
cies in making direct, nonstop, 10,000-km flights across the Pacific Ocean from
Alaska to New Zealand and eastern Australia (84, 85). Interactions between migra-
tory waders and resident wild birds, and movements that introduce AIVs to King
Island several months after the arrival of the ruddy turnstone population, are yet to
be investigated. Data on movements and AIV infections in Australian gull species in
particular may yield novel insights into the introduction of outsider events, given
the gull breeding colonies on King Island and the high rates of outsider events
detected in gull species in the Northern Hemisphere (20, 21, 29, 30, 86, 87). Regular,
long-term surveillance for AIVs in waders along their migratory flyways, in combina-
tion with genomic data on AIVs circulating in resident birds, is needed to assess
whether epizootics in waders are isolated or recurrent events, and to establish
more comprehensive understanding of gene flow, reassortment, and maintenance
of AIVs in geographic regions where Anatidae do not display regular inter- or intra-
continental migration.

MATERIALS ANDMETHODS
Capture and sampling. During the Austral summers of 2010 to 2015, 1,060 samples were collected from

“overwintering” (i.e., nonbreeding) populations of ruddy turnstones at several locations across southeastern
Australia, including King Island, Tasmania; the “Granite coast” of South Australia; and Flinders (2010), Stoney
Point (2011), and Killarney (2013) in Victoria. These locations represent the southern end of the migratory route
for this population, which breeds on the New Siberian Islands in northeastern Siberia (88) and migrates via
locations in Indonesia, Taiwan, and the east coasts of China and Russia (89). Sampling took place after arrival
from postbreeding migration (November/December) and again immediately prior to prebreeding migration
(March/April; Fig. 1). Each sampling event comprised either a single catch or multiple separate catches over a
period of 7 to 10days at the same location. Cannon nets were used to target a single flock of 15 to 50 turn-
stones along the high tide line. Individuals were banded (or recapture recorded), weighed, and measured, and
then sterile rayon swabs were used to collect cloacal and oropharyngeal samples. Both swabs from each indi-
vidual were placed in a single vial of viral transport media, stored on ice throughout the day of sampling, and
then maintained at280°C until analysis. Approximately 200ml of whole blood was collected from the brachial
vein, allowed to clot for;8h, then centrifuged and serum maintained at220°C until analysis. Birds were aged
as either hatch-year or adult on the basis of plumage and sexed using molecular methods. Birds were held in
freshly laundered individual cotton bags for the duration of sampling, after which they were released at the
shoreline. All efforts were made to minimize any suffering throughout the study.

During the sampling events on King Island, Tasmania, members of the Victorian Wader Study Group sys-
tematically scanned all suitable ruddy turnstone habitat and counted individual ruddy turnstones to estimate
abundance. All records of captures and recaptures of ruddy turnstones on King Island between 2011 and 2014
were used to quantify the movement of individuals between beaches (sites) within and between seasons. This
study was conducted under approval of the Deakin University Animal Ethics Committee (permit numbers
A113-2010 and B37-2013), the Australian Bird Banding Scheme (permit number 8001), the Department of
Environment, Land, Water and Planning, Victoria (permit numbers 10006663 and 10005726), the Department
of Environment, Water and Natural Resources, South Australia (permit numbers M25919-1, -2, -3, -4, and -5),
and the Department of Primary Industries, Parks, Water and Environment, Tasmania (permit numbers FA11255,
TFA13032, TFA14065, TFA14110, TFA15269).

RT-PCR and virus isolation. Current infection with AIV was tested using a generic real-time reverse
transcriptase PCR (RT-PCR) assay targeting the matrix gene on RNA isolated from the swab samples fol-
lowing the standard diagnostic procedure for the Australian wild bird surveillance program (44), using a
SensiFast probe Lo-ROX one-step kit (Bioline, Australia) on an Applied Biosystems 7500 fast real-time
PCR system (Life Technologies, Australia). Samples with a cycle threshold (CT) value of ,40 were consid-
ered positive for the presence of influenza A virus. Factors predicting infection in an individual, including
age, sex, and sampling location, were tested using generalized linear models (GLM) in R version 3.6.2
(90). Virus isolation was attempted from all RT-PCR-positive samples, whereby swab specimens diluted
1:1 with phosphate-buffered saline (PBS) containing 1% neomycin-polymyxin solution (bioCSL,
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Australia) were injected into the allantoic cavity of two 11-day-old embryonated chicken eggs. Allantoic
fluid was harvested after 3 days, and influenza virus was detected by hemagglutination with turkey
erythrocytes. If, after the first passage, hemagglutination titers were detectable but were too low to
store or conduct further assays, then allantoic fluid was repassaged in two more eggs to increase titers.

Whole-genome sequencing. Viral RNA was extracted from isolates using QIAxtractor (Qiagen,
Australia), and each of the eight gene segments was amplified using the multiplex RT-PCR method (91).
Amplified RT-PCR products were sequenced by next-generation sequencing (NGS) using the IonTorrent
PGM instrument as previously described (92). De novo analysis of the NGS data was first performed using
CLC Genomic Benchtop 7 (Qiagen). All of the resulting contigs were then subjected to BLAST searches
to find influenza virus-related sequences. The closest-matched complete influenza virus segment
sequences were chosen as reference sequences for a second round of analysis to map all the reads to
generate final influenza virus segment sequences.

Phylogenetic analysis. The AIV gene sequences determined in this study were analyzed in conjunc-
tion with sequences obtained from the Global Initiative on Sharing All Influenza Data (GISAID) database
(93), as well as sequences from the Oceania region available in GenBank but not in the GISAID database.
We retained all samples from Oceania and Antarctica, approximately 30 to 50 for HA and NA genes and
approximately 100 for internal genes. The remaining data from Eurasia/Africa and the Americas were
downsampled by first removing identical sequences using CD-HIT (94), and then retaining a random set
of ;100 sequences each for Eurasia/Africa and Americas, resulting in a final data set of ;250 sequences
for the internal protein genes and ;300 sequences for the surface protein genes. Multiple-sequence
alignments were performed for each segment using MUSCLE v3.5 (95) followed by manual optimization.
Maximum-likelihood (ML) phylogenetic trees were estimated utilizing RAxML v8.0 (96), applying the
general time-reversible nucleotide substitution model with a gamma distribution of among-site rate var-
iation (GTR 1 C). Support for individual nodes was estimated with 1,000 rapid bootstrap replicates.
Nucleotide and amino acid similarities were calculated using the proportional (p) distance algorithm.

We performed exploratory linear regression analysis of the root-to-tip genetic distances using the ML tree
and sampling dates in TempEst v1.4 (97). Time-measured evolutionary histories were reconstructed using
Bayesian phylogenetic inference in BEAST v1.8.2 (98), using the Hasegawa-Kishino-Yano (HKY) substitution
model under a strict clock and a constant coalescent size tree prior (99, 100). Three independent Markov chain
Monte Carlo chains were run for 100 million steps and sampled every 10,000th generation, with the first 10%
discarded as burn-in. Convergence and mixing of the chains were inspected using Tracer v1.5 (http://tree.bio
.ed.ac.uk/software/tracer/); all continuous parameters yielded effective sample sizes greater than 200. A maxi-
mum clade credibility (MCC) tree was summarized using TreeAnnotator v1.8.2 (98). Trees were visualized and
annotated using FigTree v1.4 (http://tree.bio.ed.ac.uk/software/figtree/).

Serology. The presence of antibodies to AIV nucleoprotein (NP) in serum was tested using a commercially
available blocking enzyme-linked immunosorbent assay (bELISA; MultiS-Screen avian influenza virus antibody
test kit). Absorbance was measured at 620nm using a FLUOstar Omega plate reader. Assays were carried out
in duplicate, in combination with supplied positive and negative controls. A sample signal-to-noise ratio of
.0.5 was considered negative for the presence of antibodies to AIV. All samples positive for antibodies to NP
from March 2014, November 2014, and February 2015 were further tested for specific HA antibodies using a
hemagglutination inhibition (HI) assay against three circulating AIVs isolated from March 2014 [A/Turnstone/
King Island/7049CP/2014 (H3N5), A/Turnstone/King Island/7019CP/2014 (H6N8), and A/Turnstone/King Island/
7104CP/2014 (H10N8)], following WHO standards (101).

Data availability. The sequences determined in this study are available under GenBank accession
numbers MW243404 to MW243569.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 2.4 MB.
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