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Abstract

To gain insight into avian influenza virus (AlV) transmission, exposure, and maintenance patterns
in shorebirds at Delaware Bay during spring migration, we examined temporal AlV prevalence
trends in four Charadriiformes species with the use of serial cross-sectional data from 2000
through 2008 and generalized linear and additive models. Prevalence of AIV in Ruddy Turnstones
(Arenaria interpres morinella) increased after arrival, peaked in mid-late May, and decreased

prior to departure. Antibody prevalence also increased over this period; together, these results
suggested local infection and recovery prior to departure. Red Knots (Calidris canutus rufa),
Sanderlings (Calidris alba), and Laughing Gulls (Leucophaeus atricilla) were rarely infected, but
dynamic changes in antibody prevalence differed among species. In Red Knots, declining antibody
prevalence over the stopover period suggested AlIV exposure prior to arrival at Delaware Bay with
limited infection at this site. Antibody prevalence was consistently high in Laughing Gulls and
low in Sanderlings. Both viral prevalence and antibody prevalence in Sanderlings varied directly
with those in turnstones, suggesting virus spillover to Sanderlings. Results indicate that, although
hundreds of thousands of birds concentrate at Delaware Bay during spring, dynamics of AV
infection differ among species, perhaps due to differences in susceptibility, potential for contact
with AlV at this site, or prior exposure. Additionally, Ruddy Turnstones possibly act as a local
AIV amplifying host rather than a reservoir.
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INTRODUCTION

Although Anseriformes (swans, geese, and ducks) and Charadriiformes (gulls and
shorebirds) are the natural reservoirs of avian influenza viruses (AlV), our current
understanding of AV epidemiology in these reservoirs is limited by the patchy nature

of surveillance across space, time, and species (Stallknecht and Brown, 2007). Among
ducks, AlV prevalence typically peaks in late summer and autumn as birds, particularly
nive juveniles, aggregate on premigratory staging grounds (Olsen et al., 2006). Some species
of Charadriiformes, such as gulls (family Laridae) and shorebirds (families Charadriidae
and Scolopacidae), also are important in global AIV epidemiology, and certain subtypes
are associated with and are particularly well adapted to gull species (Hinshaw et al., 1983;
Yamnikova et al., 2003; Fouchier et al., 2005). Although transmission among ducks occurs
primarily through fecally contaminated water (Hinshaw et al., 1979), transmission and
maintenance among Charadriiformes species is poorly understood.

Initial studies conducted at Delaware Bay on the Atlantic coast of North America reported
that AIV prevalence was 2.4-20% among sampled shorebirds and gulls in spring compared
to 3.5-8% in autumn and 0% in winter and summer (Kawaoka et al., 1988). Estimated
mean springtime prevalence among shorebirds and gulls was 6.3% across 21 yr (Krauss et
al., 2010). Both studies recognized one shorebird species, the Ruddy Turnstone (Arenaria
Interpres morinella), as disproportionately infected, and Hanson et al. (2008) reported

that mean springtime prevalence was significantly higher among Ruddy Turnstones (11%)
than among 10 other species (0.5%). Despite this consistent seasonal pattern of infection
among shorebirds at Delaware Bay, AlV have not been detected more than occasionally
in shorebirds at other times and locations, particularly in the western hemisphere (e.g.,
Escudero et al., 2008; Iverson et al., 2008; Winker et al., 2008; Ghersi et al., 2009).

An estimated >1 million shorebirds use Delaware Bay each spring (Clark et al., 1993),
where, by feasting on eggs of horseshoe crabs (Limulus polyphemus) on spawning beaches,
they rapidly gain up to 70% of their arrival body masses to fuel long-distance flights to
breeding grounds in the Arctic (Robinson et al., 2003). Each year, shorebirds begin arriving
in early May following migrations from wintering and stopover areas in South America

and the Caribbean (Myers et al., 1990; Morrison and Harrington, 1992) and depart for
breeding grounds during late May—early June (Robinson et al., 2003). The stopover period
is approximately 5 wk, although individual birds can remain for shorter periods (Gillings et
al., 2009). From 12% to 80% of the North American populations of six species use Delaware
Bay in spring, including Red Knots (Calidris canutus rufa), Ruddy Turnstones, Sanderlings
(Calidris alba), Semipalmated Sandpipers (Calidris pusilld), Dunlins ( Calidris alping), and
Short-billed Dowitchers (Limnodromus griseus) (reviewed by US Fish and Wildlife Service,
2003). Additionally, adjacent salt marshes in New Jersey support breeding colonies of
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Laughing Gulls (Leucophaeus atricilla), Herring Gulls (Larus argentatus), and Great Black-
backed Gulls (Larus marinus), and non-breeding Ring-billed Gulls (Larus delawarensis) that
also feed on horseshoe crab eggs alongside shorebirds (Burger et al., 2007).

Delaware Bay is adjacent to the Delmarva Peninsula, an important poultry-producing
region. Because transmission of AlV from wild birds to poultry occasionally occurs with
appropriate contact (Spackman, 2009), understanding the scale, scope, and timing of AV
epidemics in nearby wild bird populations is important to address this risk.

Our objectives were to describe temporal patterns of AlV prevalence and antibody
prevalence within three shorebird species (Ruddy Turnstones, Red Knots, and Sanderlings)
and one gull species (Laughing Gulls) during the spring migratory stopover at Delaware
Bay, and compare patterns between species. Such information provided insight into possible
AIlV sources, transmission, exposure, and maintenance patterns at this location, as well as
potential exposures outside of the Delaware Bay stopover.

MATERIALS AND METHODS

Field and laboratory methods

Fieldwork was conducted during 17-24 May 2006, 10 May-3 June 2007, and 7 May—4 June
2008 at Delaware Bay (39°N, 75°W). Shorebirds and gulls were captured with cannon nets
as part of long-term population studies. Following banding and measurement, swab samples
for virus isolation were collected, stored, processed, and tested in embryonated chicken eggs
as previously described (Hanson et al., 2008). Cloacal swabs were collected from all birds;
in addition, oropharyngeal swabs were collected from Laughing Gulls in 2008 and analyzed
separately (none were positive). Fresh Laughing Gull feces were swabbed in limited cases
and only from within the borders of monospecific breeding colonies. Presence of AlV was
confirmed by hemagglutination (Swayne et al., 1998) and reverse transcriptase polymerase
chain reaction (RT-PCR) for matrix gene (Spackman and Suarez, 2008) on allantoic fluid.
All isolates were low pathogenic (LPAI) viruses (unpublished data).

During 2007-2008, blood samples were collected by jugular venipuncture from a random
subset of swabbed birds. Collected volume ranged from <0.5% to 1% of a bird’s body

mass in grams. Samples were kept on ice in the field and sera were stored at =20 C until
testing. Antibodies against AlIV nucleoprotein (NP) were tested with a commercial blocking
enzyme-linked immunoassay (bELISA; FlockChek Al MultiS-Screen Antibody Test Kit,
IDEXX Laboratories, Westbrook, Maine, USA). Samples yielding S/N ratios of <0.5 were
considered positive, per manufacturer’s recommendations.

Morphometric data for individual sampled birds were obtained from the Shorebird
Resighting Database (http://www.bandedbirds.org). Research was conducted under
University of Georgia Animal Care and Use Committee approval and state and federal
scientific collection permits.
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Statistical analyses

Computations and statistical analyses were performed in JMP version 8 (SAS Institute Inc.,
Cary, North Carolina, USA). Virus isolation data from four species (Ruddy Turnstone, Red
Knot, Sanderling, and Laughing Gull) were evaluated for temporal trends within stopover
seasons. Data from 2006-2008 were pooled with results from 2000-2005 originally reported
in Hanson et al. (2008). For each species, data from all 9 yr (4 yr for Laughing Gulls;
2005-2008) were used to estimate the average trend, if any. Additionally, the sampling date
range spanned the majority of the stopover season in 2002, 2007, and 2008 (25, 25, and

29 days, respectively) and allowed evaluation of each of these years separately. Within a
logit-link generalized linear model (GLM) framework, changes in prevalence were modeled
as a linear, quadratic, or three-node knotted spline (Hastie and Tibshirani, 1990) function of
date, to obtain maximum model fit. Because shorebirds are expected to gain mass over the
stopover period, the above analyses were repeated with masses of sampled birds (available
2006-2008). Laughing Gulls were not weighed at the time of sampling and were excluded
from these analyses. In some cases several models adequately described the prevalence
trend; however, we present the single model that minimized Akaike’s Information Criterion
(AIC.) (Burnham and Anderson, 2002).

We also evaluated trends in antibody prevalence over time and over mass gain in each
species with the use of GLM. Because the bELISA imperfectly detects recent AlV infection
in wild bird species (test sensitivity=0.754, specificity=1; Brown et al., 2009), antibody
prevalence calculations were adjusted according to Rogan and Gladen (1978):

_Plysp-1

P= Se+Sp—1-

where P = true antibody prevalence, P = test antibody prevalence, Sp = test specificity, and
Se = test sensitivity. Thus, the adjusted antibody prevalence for each day or 10-g mass class
(weighted by ») was used rather than raw antibody status of individual birds. Serology

data were pooled by shorebird species because temporal patterns did not differ between
years (year effect with day as covariate, for Ruddy Turnstones: y2 = 1.2, df = 1, P = 0.27;
Red Knots: 2 =0.79, df = 1, P = 0.37; Sanderlings: 2 = 0.02, df = 1, P = 0.88), but were
examined for 2007-2008 separately in Laughing Gulls because the pattern varied between
years (y2 = 6.8, df = 1, P = 0.009). For Ruddy Turnstones, an estimate of the minimum
proportion of birds that were exposed to AlV (i.e., seroconverted) during the stopover period
was determined by subtracting the estimated antibody prevalence upon arrival at Delaware
Bay from that upon departure.

Nonparametric Kendall’s 7, correlation was used to assess the relationship of AlV
prevalence on a given year and day between species pairs. To reduce measurement bias,
we included data only when /25 simultaneously for both species. We further used logistic
regression to examine the relationship between isolating any AlV in a species (i.e., AlV
presence/absence) and prevalence in Ruddy Turnstones on that date. Here, only data when
=30 were used.

J Wildl Dis. Author manuscript; available in PMC 2024 September 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Maxted et al.

RESULTS

Page 5

Prevalence of AlV infection (Table 1) and AlV antibodies (Table 2) varied by species;

both infection and antibody prevalence were highest in Ruddy Turnstones and lowest in
Sanderlings. Red Knots and Laughing Gulls both exhibited high antibody prevalence but low
infection prevalence. Annual AlV prevalence in Ruddy Turnstones was 10-20 times greater
than in Red Knots and Sanderlings and 5-6 times greater than in Laughing Gulls.

AlV dynamics in Ruddy Turnstones

Prevalence of AlV varied with time similarly for 2000-2008 pooled data (three-node knotted
spline fit: 2 = 20.0, df = 2, A<0.0001) and in each individual year (2002: 2 = 12.9, df = 2,

P =0.002; 2007: 42 = 6.7, df = 2, P = 0.036; 2008: 42 = 14.0, df = 2, P = 0.0009; Fig. 1).
Although peak prevalence varied among years, peaks occurred within 2 calendar days of
each other (Table 3). In all years, prevalences among birds sampled during periods of arrival
and departure (<15 May or >May 30; Robinson et al., 2003) were lower than among birds
sampled during 15-30 May (2002: 4.7% vs. 12%, 4% = 9.0, df = 1, P = 0.003; 2007: 1.2% vs.
6.9%, 2 =10.3, df = 1, P = 0.001; 2008: 11% vs. 20%, »2 = 11.5, df = 1, P = 0.0007).

Estimated AlV prevalence also varied over mass, both for 2006—2008 pooled data (quadratic
fit, y2 = 28.4, df = 2, A<0.0001) and in individual years (2007: quadratic fit, 2 = 10.2, df = 2,
P = 0.006; 2008: three-node knotted spline fit, y2 = 12.0, df = 2, P = 0.003; Fig. 2). In both
2007 and 2008, prevalence was lower among birds with masses suggesting recent arrival or
impending departure (<99 or <157¢g; Robinson et al., 2003) than among birds with midrange
masses (2007: 0.8% vs. 6.3%, y2 = 8.3, df = 1, P = 0.004; 2008: 12% vs. 20%, 4% = 3.8,

df = 1, P = 0.050). Mass associated with peak prevalence varied by only 2 g in different years
(Table 3).

Adjusted antibody prevalence increased over the stopover season (2 = 116.0, df = 1,
£<0.0001; Fig. 3a) from <40% positive on 10 May to >95% positive by 25 May. Adjusted
antibody prevalence was lower among birds sampled on or before 17 May, corresponding
to the rapid prevalence increase (Fig. 1), than among birds sampled later (51% vs. 100%;
22 = 1433, df = 1, /<0.0001). Adjusted antibody prevalence also increased with mass

(x* =100.7, df = 1, £<0.0001). Antibody prevalence among birds weighing <99 g was
significantly lower than among heavier birds (41% vs. 91%; 42 = 86.6, df = 1, A<0.0001),
and antibody prevalence among birds weighing =157 g was higher than among lighter birds
(100% vs. 82%; 4% = 8.7, df = 1, P = 0.003).

Evidence and estimates of seroconversion:

Individual Ruddy Turnstones that were tested both by VI and bELISA (n = 363) were
divided into four categories based on results of the two tests. Both the mean sample date
and mean mass varied across categories (one-way analysis of variance [ANOVA]; date:

F =228, df =3, /<0.0001; mass: F = 21.0, df = 3, £<0.0001) and increased in the order: VI
negative and bELISA negative, VI positive and bELISA negative, VI positive and bELISA
positive, VI negative and bELISA positive (Fig. 4). Migrants typically arrive at Delaware
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Bay asynchronously during late April-mid-May, but depart en masse over a few days in late
May—early June (Clark et al., 1993; Gillings et al., 2009). Assuming that arriving birds have
similar masses regardless of arrival date (Gillings et al., 2009), we compared the expected
antibody prevalence among Ruddy Turnstones at the mean arrival mass (96 g; Niles et al.
unpublished data, cited in US Fish and Wildlife Service, 2003) to the estimated antibody
prevalence on the mean departure date (1 June; unpublished data), or 48% and 99%,
respectively. Thus, approximately 51% of the Ruddy Turnstone population seroconverted
during the stopover.

AlV dynamics in Red Knots

AIlV prevalence in Red Knots remained low (<2%) over the stopover period during each
year and was not associated with mass (2006—-2008 pooled data; y2 = 2.9, df = 1, P = 0.090;
data not shown). In contrast to Ruddy Turnstones, adjusted antibody prevalence in Red
Knots decreased significantly over time (42 = 15.0, df = 1, P = 0.001; Fig. 3b). Antibody
prevalence varied with 10-g mass class in a quadratic manner (32 = 6.5, df = 2, P = 0.039),
and was higher among midweight birds than among birds with either near-arrival (<114 g) or
near-departure (=176 g) masses (82% vs. 70%; 4% = 4.2, df = 1, P = 0.041).

AlV dynamics in Sanderlings

Viral prevalence increased with day during 2000-2008 (% = 4.5, df = 1, P = 0.034) but not
within any individual year (all ~>0.05; data not shown). All Sanderling AlV isolations
occurred during 17-30 May (prevalence=1.5%); this prevalence was significantly higher
than the 0% prevalence during the arrival period (2 = 6.2, df = 2, P = 0.013) but not the
departure period (P>0.05). Prevalence did not vary with mass, either for pooled 2006—
2008 data or during 2008 alone (all ~>0.05). However, a significant trend was observed
when birds weighing >80 g (representing <5% of tested birds) were excluded (4% = 4.8,

df =1, P =0.028; Fig. 5a). Prevalences among arrival-(<53 g), intermediate-(54-90 g),
and departure-weight (=91 g) birds were 1.3%, 1.6%, and 0%, respectively, and were not
statistically different (2 = 0.31, df = 2, P = 0.86).

Adjusted antibody prevalence did not vary over time (2 = 1.3, df = 1, P = 0.26; Fig. 3c)
but increased with mass (;2 = 4.0, df = 1, P = 0.045; Fig. 5b). Adjusted antibody prevalence
did not differ among arrival-, midrange, and departure-weight birds (0%, 3.2%, and 12%,
respectively; y2 = 1.7, df =2, P = 0.43). However, sample sizes were n = 11 and n = 13 in
arrival- and departure-weight groups, respectively.

AlV dynamics in Laughing Gulls

Infection prevalence did not vary temporally within a stopover season during 2005-2008

or the individual years 2007 or 2008 (all ~>0.05; data not shown). Adjusted daily antibody
prevalences increased with time and were higher in 2007 than in 2008 (Fig. 3d); a significant
year x day interaction was present (whole model: 42 = 19.4, df = 3, P = 0.0002; day effect:
72 =12.1,df = 1, P = 0.0005; year effect: 2 = 11.4, df = 1, P = 0.0008; yearxday effect:

72 =46,df =1, P=0.032).
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AlV prevalence correlations between species

Prevalence among Sanderlings was positively correlated with prevalence among Ruddy
Turnstones captured on the same day (n = 26 catches, Kendall’s 7, = 0.34, P = 0.033). Daily
prevalences among Red Knots and Laughing Gulls were not correlated with prevalence
among Ruddy Turnstones (n = 35, 7, = 0.16, P = 0.23; and n = 10, 7, = — 0.061, P = 0.82,
respectively), nor were prevalences correlated among Sanderlings, Red Knots, and Laughing
Gulls (all ~>0.05). Additionally, the probability of detecting AV among a sample of =30
Sanderlings was positively associated with AlV prevalence among Ruddy Turnstones on
that day (logistic regression: 42 = 6.28, df = 1, P = 0.012) and was likely (=50% probability)
when Ruddy Turnstone prevalence exceeded 18.6%. There was no association between
prevalence among Ruddy Turnstones and AlV presence among Red Knots (y2 < 0.01, df = 1,
P =0.98) or Laughing Gulls (x> = 0.01, df = 1, P = 0.94) on a given date.

DISCUSSION

Ruddy Turnstones

There are few reports of AIV in Ruddy Turnstones at times and locations outside the
Delaware Bay spring migratory stopover period. The consistent temporal pattern of infection
and seroconversion (between and within years) at this site suggests an annual and localized
epidemic; reported AlV isolations from Ruddy Turnstones at Delaware Bay each May since
1985 (Krauss et al., 2004; Hanson et al., 2008; Krauss et al., 2010) clearly demonstrate this
predictable event.

All plots of AlV prevalence over time and mass gain had similar patterns of near-zero
prevalence during early May when turnstones are at arrival weights, followed by abrupt
increases in prevalence on approximately 16-17 May as the season progressed and birds
gained weight. Antibody prevalence also increased during each stopover season; together
these measures indicate that most exposures and infections occurred after arrival at Delaware
Bay. The AIV infection duration is unknown in shorebirds, but the narrowness of the
epidemic curve suggests short periods of shedding similar to the 2—-8 days reported in wild
Mallards (Latorre-Margalef et al., 2009). Infections decreased after 24 May, possibly due to
an increase in population immunity. In 2007, the entire epidemic lasted less than 25 days
before a complete fadeout, but in 2008 it lasted longer. We did not sample after 4 June
because the small remaining number of birds were more dispersed and difficult to capture,
but these data would have been useful to accurately determine the epidemic’s span.

Similarly, patterns of antibody prevalence indicated population seroconversion in the wake
of an epidemic. Generally, individual birds were virus- and antibody-negative at the
beginning of the stopover, became infected, seroconverted within a few days of infection,
and then recovered from infection but retained circulating antibodies. This pattern is
expected with an acute infectious disease (Nunn and Altizer, 2006). We estimate that

at least half of birds seroconverted during the stopover; this figure could include both
previously unexposed birds and birds that had been previously exposed (at Delaware Bay
or elsewhere) but whose antibodies had fallen below detectable levels (i.e., they were
re-exposed at Delaware Bay). Because virtually all turnstones were antibody positive just
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prior to departure, the population proportion exposed at the stopover is likely higher than the
above estimate.

Although the conditions that enhance AlIV transmission in Ruddy Turnstones at Delaware
Bay each spring are currently unknown, the high population density (up to 67 birds/m?;
Gillings et al., 2007) of this species at Delaware Bay is an obvious and unique situation;
such densities are not encountered during other times in their annual cycle (Nettleship,
2000). The sudden aggregation of susceptible Ruddy Turnstones at Delaware Bay could
provide the population threshold (Lloyd-Smith et al., 2005) needed to initiate and sustain
annual AlV epidemics (Krauss et al., 2010). Up to 80% of the A. interpres morinella
population migrates through Delaware Bay each year (Morrison et al., 2001), and aerial
counts have exceeded 100,000 turnstones on a single day (Clark et al., 1993). During

the breeding, fall migration, and wintering periods Ruddy Turnstones are typically much
more dispersed, often seen individually or in small flocks (/7<50; Nettleship, 2000). Thus,
potential bird-to-bird transmission of AIV could be interrupted when they do not regularly
encounter a large number of conspecifics.

A majority of turnstones did not have detectable antibodies against AIV upon arrival at
Delaware Bay. Though the duration for which anti-NP antibodies can be detected following
initial exposure is unknown, it seems reasonable that the majority of Ruddy Turnstones had
not been recently exposed to AlV, and indeed might never have been exposed (e.g., young
adult birds migrating through Delaware Bay for the first time) or were last exposed during
the preceding spring. Further, previous population exposure might have involved different
AIlV subtypes to which detected antibodies were not protective or only partially protective.

In addition to population density and immunity, increased potential virus contact at
Delaware Bay due to the local density of other AlV reservoir species also should be
considered. The largest Laughing Gull breeding colony on the Atlantic coast and smaller
colonies of Herring Gulls, Great Black-backed Gulls, egrets, herons, and other waterbirds
are located in close proximity on the Cape May Peninsula in New Jersey, as are migrant
and resident waterfowl. Laughing and Herring Gulls number tens of thousands of breeding
pairs (Pierotti and Good, 1994; Burger, 1996) and often feed alongside shorebirds on

the beaches (Burger et al., 2007). Gulls are recognized AlV reservoirs and transmission
might be associated with breeding behavior (Velarde et al., 2010). The high prevalence of
AIlV antibodies detected in gulls in the present study supports their possible involvement.
Infection data in gulls, waterfowl, and other resident waterbirds prior to shorebird arrival
would help determine if epidemiologic links exist between species groups.

Two additional unique and poorly understood factors that might enhance AlV transmission
or susceptibility at this site are environmental conditions that allow effective exposure to
and transmission of AlV and increased susceptibility related to the physiologic changes
associated with long-distance migration and rapid weight gain. Migration and refueling at
stopovers are physiologically stressful activities, and stress hormones such as corticosterone
that could be important to shorebird stopover physiology (Piersma et al., 2000; Mizrahi et
al., 2001) might also be immunosuppressive.
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Because the majority of Ruddy Turnstones are infected with and recover from AlV during
the spring stopover, and from Delaware Bay disperse onto the breeding grounds and remain
dispersed during fall migration and winter, it is possible that AlV infection does not persist
year-round in this species. This is supported by the low antibody prevalence we observed
on arrival. Rather than being an AlV reservoir, which implies endemicity, it is possible that
Ruddy Turnstones are a local amplifying host under conditions of high density, low flock
immunity, and increased exposure to AlV. Similar conditions might exist at other locations
involving Ruddy Turnstones or another permissive species; in October 2007, AlV were
detected in Ruddy Turnstones in Peru (Ghersi et al., 2009). Although shorebirds have been
implicated in rare transhemispheric movement of AlIV gene segments (Krauss et al., 2007),
a recent analysis suggests that AIV are more likely to be carried long distances by gulls and
that shorebirds, such as Ruddy Turnstones, are probably local secondary hosts (Pearce et al.,
2010).

Other species

Of the three syntopic species studied, only Sanderlings exhibited dynamical changes in

AIlV prevalence over the stopover period. Prevalence increased with day (<30 May), and
with mass (<80 g), and was positively correlated with prevalence in Ruddy Turnstones.
Sanderlings appear relatively resistant to AlV infection (perhaps due to decreased
susceptibility or limited contact), given low prevalence and antibody prevalence at Delaware
Bay, and zero prevalence at other times and locations (Hlinak et al., 2006; Munster et al.,
2007; Winker et al., 2007; Escudero et al., 2008; Hanson et al., 2008; Iverson et al., 2008;
Ghersi et al., 2009). Because infections in Sanderlings are sporadic and likely depend on the
infected proportion of syntopic birds, they are probably due to spillover events from Ruddy
Turnstones acting as amplifying hosts (Fenton and Pedersen, 2005).

The high antibody prevalence in Red Knots, which declined over the season, was an
unexpected finding. Red Knots are not often found infected at Delaware Bay or the limited
number of other locations where they have been sampled (D’Amico et al., 2007; Hanson et
al., 2008). Although the duration of antibody detectability is unknown, this pattern suggests
that Red Knots were exposed to AlV recently prior to arrival at Delaware Bay, perhaps

on their wintering grounds or at another stopover during northward migration. Red Knots
often winter in large flocks at Tierra del Fuego in Argentina and Chile and congregate at
several stopovers prior to Delaware Bay (Harrington, 2001); therefore, opportunity could
exist for AlV spread within localized populations throughout much of the year. Although
AIlV has not been detected on wintering grounds, available information is limited. More
information regarding when and where Red Knots are exposed or infected would be helpful
to understand what role, if any, LPAI infection has had on recent population declines (Baker
et al., 2004; Niles et al., 2009).

High antibody prevalence could also result from long-lasting immunity following prior, or
repeated, exposure(s) at Delaware Bay (Buehler et al., 2010). However, antibody prevalence
declines rather than remaining high over the stopover duration, suggesting that Red Knots
are not re-exposed to AIV while at Delaware Bay. This pattern is difficult to understand
because knots and turnstones feed together on the Bay beaches. Perhaps subtle differences
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in host species ecology support transmission of virus among turnstones but not to knots.
For example, Red Knots primarily consume horseshoe crab eggs available at the surface,
but Ruddy Turnstones regularly dig several centimeters deep to reach buried egg masses
(Tsipoura and Burger, 1999). If fecally excreted virus becomes rapidly unavailable on

the beach surface (e.g., through UV irradiation or percolation into the sand due to wave
action) but remains infectious when adsorbed to subsurface sand particles (Jin et al., 1997)
or horseshoe crab eggs, then Red Knots might encounter viable AlV less often than
Ruddy Turnstones. Sanderlings and gulls often raid turnstone excavations, whereas Red
Knots rarely do (Burger et al., 2007; Vahl et al., 2007), perhaps helping to explain why
Sanderlings and gulls are infected more often. Other differences in host ecology such as
roost environments could also contribute to differential transmission. Additionally, we did
not examine whether Red Knots shed AlIV from the respiratory rather than the intestinal
tract.

Laughing Gulls exhibited significant but variable increases in antibody prevalence over

the stopover period; sample sizes were relatively small. Given that a majority of Ruddy
Turnstones were exposed to AlV over the stopover season and that Laughing Gulls and
turnstones share multiple habitats in the Delaware Bay area (data not shown), it is not
surprising that many Laughing Gulls also were exposed. To date, Laughing Gulls have not
been extensively sampled at Delaware Bay or elsewhere (reviewed by Bogomolni et al.,
2008) and infection data are limited in this study. More systematic sampling of Laughing
Gulls including time periods before shorebird arrival and after their departure would help to
characterize AlV dynamics in this species further.

CONCLUSIONS

This study is the first to detail AIV infection dynamics over the entire course of an epidemic
within Charadriiformes populations. The observed dynamical changes in prevalence and
antibody prevalence allowed insight into when and where these four species were infected
with or exposed to AlV. Although Ruddy Turnstones are seemingly the most important
species in AIV epidemics at Delaware Bay, the detailed dynamic changes reported here
indicate that they largely become infected, seroconvert, and recover locally. The source of
viruses for these annual epidemics has not been identified, but AIV could arrive with a few
infected Ruddy Turnstones (or other shorebirds) or be acquired from local sources such as
gulls or waterfowl. Because infection apparently is a local phenomenon, Ruddy Turnstones
might primarily act as a local virus amplifier, potentially generating reassortant viruses
derived from many distant sources (Pearce et al., 2010). Other species, such as Red Knots,
might be exposed at other (unidentified) sites, but further research is needed to define their
possible roles in AlV epidemiology.
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Avian influenza virus prevalence in Ruddy Turnstones over the course of the spring stopover
at Delaware Bay, (A) for 2000-2008 pooled data, and for each year sufficient serial data
were available: (B) 2002, (C) 2007, and (D) 2008. Lines of fit (95% confidence interval) and
prevalence (+SE) for each day (B, C, and D) or 5-day time span (A) when /=5 are shown.
All lines of fit are significant at a=0.05.
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Avian influenza virus prevalence during (A) 2006-2008, (B) 2007, and (C) 2008, and (D)

antibody prevalence during 2007-2008 in Ruddy Turnstones by 10-g mass classes, Delaware
Bay. Lines of fit and 95% confidence interval are shown (all fits are significant at a=0.01).
Also shown are prevalences and adjusted antibody prevalences (+SE) positioned at the
midpoint of each class (e.g., adjusted antibody prevalence among birds 90-99 g is plotted at
95 g).
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