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Coincident ruddy turnstone migration and
horseshoe crab spawning creates an

ecological ‘hot spot’ for influenza viruses
Scott Krauss1, David E. Stallknecht2, Nicholas J. Negovetich1,

Lawrence J. Niles3, Richard J. Webby1 and Robert G. Webster1,*
1Department of Infectious Diseases, St Jude Children’s Research Hospital, 262 Danny Thomas Place,

Memphis, TN 38105, USA
2The Southeastern Cooperative Wildlife Disease Study, Department of Population Health, College

of Veterinary Medicine, University of Georgia, Athens, GA 30602, USA
3Conserve Wildlife Foundation, 516 Farnsworth Avenue, Bordentown, NJ 08505, USA

Since 1985, avian influenza virus surveillance has been conducted annually from mid-May to early June

in charadriiform species from the families Scolopacidae and Laridae (shorebirds and gulls) at Delaware Bay

in the northeast United States. The mass migrations of shorebirds, gulls and horseshoe crabs (Limulus

polyphemus) coincide at that time, and large numbers of migrating birds pause at Delaware Bay to feed

on horseshoe crab eggs deposited at the high-tide line. Influenza viruses are consistently isolated from

charadriiform birds at Delaware Bay, at an overall rate approximately 17 times the combined rate of iso-

lation at all other surveillance sites worldwide (490 isolates/9474 samples, 5.2% versus 49 isolates per

15 848 samples, 0.3%, respectively; Proportion test, p , 0.0001). The likelihood of isolating influenza

viruses at Delaware Bay is dependent on the presence of ruddy turnstone (Arenaria interpres) at the

sampling site (G-test of independence, p , 0.001). The convergence of host factors and environmental

factors results in a unique ecological ‘hot spot’ for influenza viruses in Charadriiformes.

Keywords: avian influenza virus; Charadriiform; ruddy Turnstone; Delaware Bay; surveillance;

migratory birds
1. INTRODUCTION
The spread of avian influenza virus (AIV), especially

highly pathogenic avian influenza (HPAI) virus, by wild

aquatic birds has attracted much recent attention. At

the time of the outbreak of HPAI H5N1 virus in Hong

Kong SAR, China in 1997 [1], AIV surveillance was

being conducted in wild birds only in Russia [2], Japan

[2], Italy [3] and the United States [4,5]. The knowledge

gained from these studies and from earlier investigations

[6–15] established the following principles of the ecology

of AIV and its natural hosts: (i) wild aquatic birds are the

natural reservoirs of all influenza A viruses; (ii) influenza

viruses in their natural reservoirs are in evolutionary stasis

and do not cause disease; (iii) interspecies transmission to

new hosts can be followed by rapid virus evolution, creat-

ing a potentially pathogenic strain; and (iv) most transfers

result in unstable virus lineages, but if a ‘mixing vessel’

(e.g. pig, chicken, quail) is involved a stable lineage may

be established. Examples of the latter principle are

H1N1 viruses descended from the 1918 ‘Spanish flu’

pandemic, the H2N2 1957 ‘Asian flu’ pandemic strain,

the 1968 ‘Hong Kong flu’ strain, the highly pathogenic

H5N1 ‘bird flu’ virus and the current 2009 H1N1

pandemic strain.
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Until 1997 AIV studies dealt primarily with anseriform

birds (particularly dabbling ducks) and gave little atten-

tion to charadriiform species. Early studies in

charadriiform birds (shorebirds and gulls) at Delaware

Bay in the northeastern USA [16] suggested that a por-

tion of the gene pool of influenza viruses in those birds

differed from that of viruses in wild ducks. Subsequent

studies showed that the full complement of AIV subtypes

is not found in shorebirds, gulls and ducks [5,17,18].

Since 1998 investigators have conducted AIV surveillance

in charadriiform species in many regions of the world:

Alaska (USA) [19,20]; the USA (Arkansas, Delaware,

Florida, Georgia, Kansas, Louisiana, Massachusetts,

Missouri, New Jersey, New York, South Carolina,

Texas), Argentina, Bermuda and Chile [21]; Barbados

[22]; Alaska and Siberia [23]; Europe, Asia, Africa,

North America, South America, Antarctica and the Arctic

[18]; sub-Saharan Africa [24]; Italy [25]; and Australia

[26]. The overall prevalence of AIV in charadriiform birds

at all of these sites combined was lower than that found

annually at Delaware Bay during spring migration [5,21],

which is characterized by large numbers of shorebird and

gull species foraging on the eggs of horseshoe crabs

(Limuluspolyphemus). This high prevalence at a specific

location and a specific time indicates a ‘hot spot’ (defined

as a site where influenza virus isolation rates are higher

than elsewhere in the world) for virus–host interaction.
This journal is q 2010 The Royal Society
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Figure 1. The location of Delaware Bay in relation to the migratory routes (red and blue arrows) of Charadriiformes species
along the east coasts of North and South America. Sampling sites are depicted by region with corresponding prevalence
rates for the years 1988–2008.
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The specific host, virus and environmental factors that con-

tribute to its generation are unknown, but virus is isolated

more frequently from Charadriiformes at that time, and pri-

marily from the charadriiform member ruddy turnstone

(Arenaria interpres) [16,21].

Here, we review the results of recent AIV surveillance

studies in charadriiform species at Delaware Bay and else-

where to examine whether the creation of the hot spot is

likely to be directly related to the convergence of large

numbers of migrating shorebirds and spawning horseshoe

crabs (Limulus polyphemus), and to assess the role of the

ruddy turnstone.
2. ECOLOGICAL CONVERGENCE AT DELAWARE
BAY: THE SHOREBIRD MIGRATION PHENOMENON
Each year with the new or full moon in mid-May one of

the world’s largest aggregations of shorebirds converges

on Delaware Bay on the northeast coast of the USA

(figure 1). At the same time each year, horseshoe crabs

are signalled by the tidal pull of the full or new moon to

migrate en masse from the bay floor onto the shore to

spawn. At high tide, the female lays her eggs in a shallow

hole at the water’s edge, where they are fertilized by the

male. Spawning continues for six weeks, leaving billions

of eggs buried or strewn about the beach.

Charadriiform birds of the family Scolopacidae (sandpi-

pers) arrive at Delaware Bay during their spring migration

from South America to their arctic breeding grounds in

Canada. Predominant species are Calidris canutus (red

knot), A. interpres (ruddy turnstone), Calidris alba
Proc. R. Soc. B
(sanderling), Calidris pusilla (semipalmated sandpiper)

and Calidris alpina (dunlin). Other prominent Charadrii-

formes arrivals are members of the family Laridae–Larus

argentatus (herring gull) and Larus atricilla (laughing

gull). As many as 1.5 million shorebirds and gulls are esti-

mated to feed at Delaware Bay during the horseshoe crab

spawning period, with peak counts of more than 400 000

birds and a density as high as 210 birds m22 [27–29].

These long-distance migrants (e.g. the red knot migrates

nearly 9000 miles from Tierra del Fuego at the southern

tip of Argentina) rely on their stopover at Delaware Bay to

refuel. On arrival, some birds have flown non-stop for

5000 miles [30], and the next leg of their journey is a

nearly 2000 mile flight to the Arctic. Because the

migrating shorebirds are primarily dependent on the

availability of horseshoe crab eggs for survival during

this leg of their journey [31] it is crucial that their arrival

at Delaware Bay coincide precisely with horseshoe crab

spawning. From mid-May to early June the swarms of

charadriiform shorebirds and gulls feast on horseshoe

crab eggs. Most birds double their body weight in two

weeks, consuming as many as 135 000 eggs [30] and

gaining nearly 5 g d21 [32].

Disruption of the spawning cycle and other environ-

mental factors leading to subsequent depletion of the

available crab eggs could result in devastating conse-

quences for the migrating birds. It is believed that

nearly the entire population of the American race of red

knot (Calidris canutus rufa) migrates through Delaware

Bay, and that the entire race could be endangered

if its primary food source is deleteriously altered.

http://rspb.royalsocietypublishing.org/
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Figure 2. Annual rates of AIV isolation from shorebirds and gulls at Delaware Bay, USA for the years 1988–2008. Regression
analysis shows increasing overall prevalence as indicated by the slope of the trend line. The number of samples tested is shown
adjacent to each datapoint.
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Over-harvesting of horseshoe crabs as bait for the eel and

conch fishing industry—and to a lesser extent for biome-

dical research and medical testing (e.g. Limulus

Amebocyte Lysate test)—has been linked to observed

declines in both horseshoe crab egg densities and popu-

lations of red knot, semipalmated sandpiper, sanderling

and dunlin [28,33,34]. Mean peak counts of red knots

observed at Delaware Bay have fallen from greater than

50 000 in 1986–1991 to less than 20 000 in 2003–

2007. Peak counts from 2003 to 2007 were 66 per cent

lower than those from 1998 to 2002. The other shorebird

species showed an overall decline of 50 per cent during

the period 1998–2007. The declining number of shore-

birds raises the question of whether the prevalence of

AIV is correspondingly being attenuated.
3. AIV AND THE SHOREBIRDS OF DELAWARE BAY
Charadriiform birds were first found to be AIV hosts after

an H5N3 outbreak (A/tern/South Africa/61) in 1961 that

killed approximately 1300 common terns (Sterna hirundo)

[35]. Further studies indicated that a variety of charadrii-

form species are natural hosts of AIV [9,10,36–38] and

provide a reservoir for these viruses. To date, surveillance

studies in the Scolopacidae (shorebirds) and Laridae

(gulls) families throughout the world have yielded isolates

of 15 of the 16 haemagglutinin subtypes with the excep-

tion of H14, and all nine of the neuraminidase

subtypes. Similarly, in longitudinal surveillance studies

at Delaware Bay from 1985 to 2008, all HA and NA sub-

types except H14 and H15 were isolated from shorebirds

and gulls [5,21,39]. Interestingly, the H1N1 subtype has

never been detected in shorebirds and gulls at Delaware

Bay, and H5N1 virus (a low-pathogenic strain) was
Proc. R. Soc. B
isolated only once, in 2007. However, a large number of

viruses of subtype H7N3 isolated in 2006 were found to

be a low-pathogenic form of the virus that caused out-

breaks of highly pathogenic H7N3 infection in the

Fraser Valley of British Columbia, Canada, in 2004 [39]

and Saskatchewan, Canada, in 2007 [40].

AIV has been consistently isolated from birds (primar-

ily from faecal samples) each year during the spring

migration at Delaware Bay. As previously reported [5],

most sample vials contained multiple faecal swabs (each

from a different bird), and an equation was developed

to normalize the prevalence rate according to the

number of swabs per vial. From 1988 through to 2002,

this formula was applied to all sample vials containing

multiple swabs. Starting in 2003, each sample vial con-

tained a single swab. The annual rate of virus isolation

from 1988 through to 2008 (total 7343 samples) ranged

from 1.0 to 14.7 per cent (figure 2), with a mean rate

of 6.3 per cent over the 25 seasons.

Table 1 summarizes rates of virus isolation from various

AIV surveillance studies in Charadriiformes species since

1998 [18–24,26]. Our own surveillance studies show an

overall AIV isolation rate of 6.3 per cent during the

spring migration at Delaware Bay from 2003 through to

2008 (table 1). This figure is likely to be accurate, as it

includes only years in which one sample was collected

per vial. In the global studies overall, influenza viruses

were rarely isolated from Charadriiformes species except at

two locations—Delaware Bay in the USA and Fullerton

Cove in the Hunter estuary, New South Wales (NSW),

Australia. It is noteworthy that one of the two influenza

viruses detected by RT-PCR in wader species by Munster

et al. was from a red knot at Delaware Bay in May 2005.

The collective surveillance studies conducted during the

http://rspb.royalsocietypublishing.org/


Table 1. Summary of rates of influenza virus isolation from Charadriiformes species during recent surveillance studies

worldwide.

investigator time-point study site

Scolopacidae Laridae all Charadriiformes

n samples
positive/total %

n samples
positive/total %

n samples
positive/total %

Munster et al.
[18]

1998–2006 95% N. Europe; 5%
Americas, Asia, Africa,
Antarctica

2/2754a 0.07 22/4099a 0.5 24/6853a 0.4

Hanson et al.
[21]

Sept. 1999–
Nov. 2005

Delaware Bay, USA 291/6208 4.7 1/112 0.9 292/6320 4.6

N. America (outside
Delaware Bay)b,
S. America

2/2070 0.1 6/877 0.7 8/2947 0.3

Douglas et al.
[22]

July–Oct.
2003 and
2004

Barbados 0/124 0 not done — 0/124 0

Krauss et al. [5]

this report

May 2003–

2008

Delaware Bay, USA 187/2871 6.5 11/283 3.9 198/3154 6.3

Hurt et al. [26] Nov. 2004 NSW, Australia 7/173c 4.0 not done — 7/173 4.0
Wahlgren et al.

[23]
Aug. 2005 Alaska, Siberia 1/137 0.7 0/100 0 1/237 0.4

Gaidet et al.
[24]

Jan.–May

2006

sub-Saharan Africa 0/409d 0 0/525d 0 0/934d 0

Winker et al.
[20]

spring 2006
and 2007

Alaska 0/1050 0 1/770 0.1 1/1820 0.05

Ip et al. [19] May 2006–
March

2007

Alaska 1/2402 0.04 7/358 2.0 8/2760 0.3

total 1998–2008 all sites 491/18 198 2.7 48/7124 0.6 539/25 322 2.1
Delaware Bay, USA 478/9079 5.3 12/395 3.0 490/9474 5.2
sites outside Delaware

Bay
13/9119 0.1 36/6729 0.5 49/15 848 0.3

aTested by RT-PCR and/or virus isolation (virus was not necessarily isolated).
bArkansas, Florida, Georgia, Kansas, Louisiana, Massachusetts, Missouri, New York, South Carolina (USA); Bermuda.
cTen samples were positive by RT-PCR.
dSix Scolopacidae samples and 16 Laridae samples were positive by RT-PCR.
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period 1998–2008 isolated 539 influenza viruses from

charadriiform species, predominantly from the Scolopacidae

family (491 isolates). Of these 539 isolates, 490 were

obtained at Delaware Bay, and of the 491 viruses isolated

from Scolopacidae species, all but 13 were recovered at

Delaware Bay. Interestingly, of the 48 influenza viruses iso-

lated from Laridae species in six combined studies, only 12

were obtained from gulls at Delaware Bay. Nevertheless,

the rate of isolation of influenza viruses from gulls was

higher at Delaware Bay (3%) than at any of the other

sites (proportion test, x1
2 ¼ 31.29, n ¼ 7124, p , 0.0001;

www.R-project.org), although a 1 year surveillance

period in Alaska identified virus in 2.0 per cent of

tested gulls.

The data in table 1 indicate that the overall rate of virus

isolation from Charadriiformes species from 1999 through

to 2008 was highest at Delaware Bay—5.2 per cent at

Delaware Bay ([21]; this report), while the overall rate at

all of the remaining sites was only 0.3 per cent (proportion

test, x2
1 ¼ 670.72, n ¼ 25 322, p , 0.0001). Influenza

virus was isolated from seven red-necked stints (Calidris

ruficollis) at Fullerton Cove, NSW, Australia (isolation

rate, 4% of 173 samples collected from Scolopacidae in

November 2004) [26]. However, follow-up studies in

NSW from 2005 through 2007 yielded no isolates or posi-

tive RT-PCR tests among 841 specimens obtained from
Proc. R. Soc. B
Charadriiformes species [41]. Therefore, further investi-

gation is warranted to determine whether the relatively

high isolation rate at Fullerton Cove, NSW in November

2004 was a singular event.
4. LONG-TERM AIV PREVALENCE AND OPTIMAL
SAMPLE SITES AT DELAWARE BAY
As noted above, the density of horseshoe crab eggs and

the number of shorebirds at Delaware Bay have declined

dramatically since the early 1990s. Therefore, we

reviewed whether there has been a corresponding effect

on the prevalence of AIV. The overall prevalence of AIV

in charadriiform birds at Delaware Bay from 1988 to

2008 was 6.3 per cent (7343 samples; this report).

The annual prevalence rates are shown in figure 2. The

trend line in figure 2 indicates a gradual increase in

the rate of AIV isolation from charadriiform species at

Delaware Bay during that period. Although prevalence

estimates for the six most recent sampling years—

2003–2008—are consistently at or below the trend line,

the isolation rate for the period 2003–2008 is 6.1 per

cent (n ¼ 3154), nearly identical to the overall prevalence

estimate of 6.3 per cent for the 21 seasons surveyed.

However, the pattern of AIV isolation rates from Chara-

driiformes at Delaware Bay is highly irregular, and

http://www.R-project.org
http://rspb.royalsocietypublishing.org/


Table 2. G-test of independence of AIV isolation and the presence or absence of ruddy turnstones (RUTU) at Delaware Bay

sample sites, 1988–2008.

RUTU status
at site

number of
sample sites

number of sample points
AIV positive

number of samples
collected

number of samples
AIV positive

% AIV
positive

absent 31 15 1446 23.89 1.7
present 62 55a 5897 439.39b 7.5c

aG1 ¼ 16.91, p , 0.0001.
bG1 ¼ 86.12, p , 0.00001.
cG1 ¼ 3.91, p , 0.048.
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additional surveillance data will be needed to ascertain

whether AIV prevalence is decreasing in proportion to

the decline in horseshoe crab egg density (and the

number of shorebirds).

During the years 1988–2008, we conducted surveil-

lance at a total of 12 Delaware Bay sampling sites (sites

varied from year to year). We grouped these sites into

three geographical regions: Region 1 (Mispillion River/

Slaughter Beach, DE, USA); Region 2 (Gandy’s Beach,

Fortescue, East Point, Thompson’s Beach, Moore’s

Beach); and Region 3 (Reed’s Beach, Cooke’s Beach,

Kimble’s Beach, Pierce’s Point, Norbury’s Landing/

Villas; figure 1). The highest rate of AIV isolation was

in Region 3 (8.2%, n ¼ 4339), followed by Region 1

(6.2%, n ¼ 375) and Region 2 (3.2%, n ¼ 2629),

suggesting that AIV is more prevalent in the southern

part of Delaware Bay. This is further supported by a

lack of significant differences between Regions 1 and 3

(proportion test, x2
1 ¼ 1.61, p , 0.20), yet the prevalence

at both Region 1 and Region 3 is higher than

that observed at Region 2 (proportion test, x2
1 ¼ 7.72,

p , 0.006; and x2
1 ¼ 68.35, p , 0.0001, respectively).

It should be noted that isolation rates are based on cumu-

lative totals for the entire study period and that each

geographical region was not sampled every year. The

environmental conditions affecting bird and horseshoe

crab prevalence can vary annually with corresponding

changes in the virus isolation rate. Therefore, the virus

prevalence for each region should be viewed as a

long-term average only. The highest rate of isolation

within Region 3 (9.8%) occurred in an area less than 1

mile long encompassing Reed’s, Kimble’s and

Cooke’s Beaches. Sixty-five per cent of all viruses

detected at Delaware Bay during 1988–2008 came from

this area.

We observed that ruddy turnstones (Scolopacidae

family members) were usually present on beaches with

the highest virus prevalence and hypothesized that the

presence of ruddy turnstones is associated with the

prevalence of AIV. The isolation rate was 7.5 per cent

on beaches where ruddy turnstones were present, but

only 1.7 per cent on beaches where they were absent

(table 2). Virus isolation from a sampling site at a

specific time was dependent on the presence of

ruddy turnstones (G-test of independence: G1 ¼ 16.91,

n ¼ 93, p , 0.0001). Further, the G-test of indepen-

dence showed that the likelihood of isolation of

AIV was dependent on the presence of ruddy

turnstones when either the number of positive samples

(G1 ¼ 86.12, n ¼ 7343, p , 0.00001) or the percentage

of positive samples (G1 ¼ 3.91, p , 0.048) was analysed.

However, this analysis was limited by the inclusion of
Proc. R. Soc. B
multiple swabs in single sample vials, which may have

obscured the species sampled.
5. CONCLUSION: WHAT MAKES THE DELAWARE
BAY AN AIV HOT SPOT?
Delaware Bay becomes an AIV hot spot each year in

May, during the stopover of vast numbers of migrating

shorebirds and the concurrent spawning of horseshoe

crabs. The high rate of influenza virus isolation in

Charadriiformes species is unique to Delaware Bay.

During the period 1999–2008 the overall rate of AIV

isolation from charadriiform birds at Delaware Bay was

more than 17 times the combined rate at all other

sites worldwide: 5.2 per cent (490 of 9474 samples)

versus 0.3 per cent (49 of 15 848 samples; proportion

test, x1
2 ¼ 670.72, p , 0.0001; table 1). Although high

prevalence of AIV at Delaware Bay remains unex-

plained, a convergence of interacting factors, including

host (physiology, behaviour and immune status) and

ecological factors are likely to underlie the

phenomenon.

During May at Delaware Bay, AIV has consistently

been recovered from Charadriiformes species since surveil-

lance began in 1985. The annual spring migration of

shorebirds and the ecosystem of Delaware Bay provides

a unique setting in which to study the biology and ecology

of AIV in its natural host. At this time of year the teeming

shorebird population affords an abundant and easily

accessible source of samples (faecal deposits) for virus

detection and laboratory characterization of isolates.

AIV isolates have been obtained from surveillance sites

all around Delaware Bay (figure 1), with the highest iso-

lation rate at or near Reed’s Beach along the southern

shore of the bay in New Jersey. AIV has been isolated

more frequently from ruddy turnstones than from any

other Scolopacidae and Laridae species at Delaware Bay

[16,21]. Here, we have demonstrated that surveillance

sites at which ruddy turnstones are present are signifi-

cantly more probable than other sites to yield virus

isolates (table 2). Because there is no evidence that

ruddy turnstones, or any of the other Charadriiformes

species, are subject to high rates of AIV infection except

during their spring migration through Delaware Bay, the

ruddy turnstone–horseshoe crab association may be a

key factor in the spread of AIV. Delaware Bay is ecologi-

cally unique based on the large numbers of shorebirds

and their apparent dependence on horseshoe crab eggs,

and it remains to be determined how the ruddy turn-

stone–horseshoe crab association, as well as the

interaction of different species at this site, may contribute

to the generation of a hot spot.

http://rspb.royalsocietypublishing.org/
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There is limited data about the prevalence of AIV in

shorebirds during or after their return migration to South

America. However, a small number of faecal samples

(n ¼ 576) were collected from shorebirds at Delaware Bay

during early September to mid-November 1985–1988,

and five samples (approx. 0.9%) yielded AIV in 1986 [5].

A recent study ( June 2006–December 2007) of the winter-

ing grounds along the central coast of Peru isolated three

AIVs from the faecal samples of 804 shorebirds and gulls

(prevalence approx. 0.3%) [42]. Interestingly, two of the

three isolates were from ruddy turnstones (subtype

H10N9, October 2006), and the remaining one (subtype

H13N2, November 2007) was recovered from a Domini-

can gull (Larus dominicanus). Although these birds may

not be members of the same flocks that migrate through

Delaware Bay, AIV is clearly present at the wintering

grounds in South America, and ruddy turnstones (and

gull species) may be a major source of AIV infection for

shorebirds in that region during that time period.

It remains to be determined whether AIV transported

by migrating shorebirds from their South American win-

tering grounds plays a significant role in the infection of

shorebirds and gulls at Delaware Bay, and whether the

primary source of virus resides in an undetermined eco-

logical niche at Delaware Bay or elsewhere. The role of

ducks and geese in the spread of AIV at Delaware Bay is

not known, and additional surveillance in these species

at Delaware Bay is required in order to answer this ques-

tion. It is also not known whether Delaware Bay is the

world’s only hot spot for AIV in Charadriiformes species

or whether other hot spots remain to be discovered.
We thank David Walker and Angela Ferguson for excellent
technical support, James Knowles for assistance with
manuscript preparation, and Sharon Naron for editorial
assistance. This work was supported by the National Institutes
of Health, Department of Health and Human Services
contracts HHSN266200700005C and AI-95357, and Cancer
Center Support (CORE) grant CA-21765, and by the
American Lebanese Syrian Associated Charities (ALSAC).
REFERENCES
1 de Jong, J. C., Claas, E. C., Osterhaus, A. D., Webster,

R. G. & Lim, W. L. 1997 A pandemic warning? Nature
389, 554. (doi:10.1038/39218)

2 Okazaki, K. et al. 2000 Precursor genes of future pan-
demic influenza viruses are perpetuated in ducks

nesting in Siberia. Arch. Virol. 145, 885–893. (doi:10.
1007/s007050050681)

3 De Marco, M. A., Foni, E., Campitelli, L., Raffini, E.,
Delogu, M. & Donatelli, I. 2003 Long-term monitoring
for avian influenza viruses in wild bird species in Italy.

Vet. Res. Commun. 27(Suppl. 1), 107–114.
4 Hanson, B. A., Stallknecht, D. E., Swayne, D. E., Lewis,

L. A. & Senne, D. A. 2003 Avian influenza viruses in
Minnesota ducks during 1998–2000. Avian Dis.
47(Suppl. 3), 867–871.

5 Krauss, S., Walker, D., Pryor, S. P., Niles, L.,
Chenghong, L., Hinshaw, V. S. & Webster, R. G. 2004
Influenza A viruses of migrating wild aquatic birds in
North America. Vector Borne Zoonotic Dis. 4, 177–189.

(doi:10.1089/vbz.2004.4.177)
6 Slemons, R. D., Johnson, D. C., Osborn, J. S. & Hayes, F.

1974 Type-A influenza viruses isolated from wild free-
flying ducks in California. Avian Dis. 18, 119–124.
(doi:10.2307/1589250)
Proc. R. Soc. B
7 Hinshaw, V. S., Webster, R. G. & Turner, B. 1978 Novel
influenza A viruses isolated from Canadian feral ducks:
including strains antigenically related to swine influenza

(Hsw1N1) viruses. J. Gen. Virol. 41, 115–127. (doi:10.
1099/0022-1317-41-1-115)

8 Shortridge, K. F. 1982 Avian influenza A viruses of
southern China and Hong Kong: ecological aspects
and implications for man. Bull. World Health Org. 60,

129–135.
9 Sinnecker, R., Sinnecker, H., Zilske, E. & Köhler, D.
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