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SUMMARY. We examined whether host traits influenced the occurrence of avian influenza virus (AIV) in Anatidae (ducks,
geese, swans) at wintering sites in California’s Central Valley. In total, 3487 individuals were sampled at Sacramento National
Wildlife Refuge and Conaway Ranch Duck Club during the hunting season of 2007-08. Of the 19 Anatidae species sampled,
prevalence was highest in the northern shoveler (5.09%), followed by the ring-necked duck (2.63%), American wigeon (2.57%),
bufflehead (2.50%), greater white-fronted goose (2.44%), and cinnamon teal (1.72%). Among host traits, density of lamellae
(filtering plates) of dabbling ducks was significantly associated with AIV prevalence and the number of subtypes shed by the host,
suggesting that feeding methods may influence exposure to viral particles.

RESUMEN. Ecologia de las aves acudticas y la influenza aviar en California: ;Pueden las caracteristicas de los hospederos
informarnos acerca de la presentacién del virus?

En este estudio, se estudio si las caracteristicas de los hospedadores influyeron sobre la presentacion del virus de la influenza aviar
en miembros de la familia Anatidae (patos, gansos y cisnes) en los sitios de estancia invernal en el Valle Central de California. En
total, se examinaron 3487 muestras individuales recolectadas en el Refugio Nacional de Vida Silvestre de Sacramento y en el Club
Rancho de Patos Conaway durante la temporada de caza 2007-08. De los 19 ejemplares analizados de la familia Anatidae, la
prevalencia mas alta se registr6 en el pato cuchara del Norte (5.09%), seguido por el porrdn acollarado (2.63%), el pato silbon
americano (2.57%), el porrén albeola (2.50%), el ganso careto mayor (2.44%), y la cerceta colorada (1.72%). Entre las
caracteristicas de los huéspedes, la densidad de las lamelas (placas orales de filtrado) de los patos chapoteadores estuvo asociada
significativamente con la prevalencia del virus de influenza aviar y el ndmero de subtipos diseminados por el huésped, sugiriendo
que los métodos de alimentacién pueden influir sobre la exposicion a particulas virales.

Key words: Anatidae, host ecology, hunter harvested, ecomorphology, lamellae, low pathogenic avian influenza, Pacific Flyway

Abbreviations: AF = allantoic fluid; AIV = avian influenza virus; ECE = embryonating chicken eggs; HA = hemagglutinin;
HPAI = highly pathogenic avian influenza; LPAI =low pathogenic avian influenza; NA = neuraminadase; N'WR = National
Wildlife Refuge; rRT-PCR = real-time reverse transcriptase—polymerase chain reaction

Waterfowl in the family Anatidae (ducks, swans, and geese) are
known reservoirs for avian influenza viruses (AIVs) in nature
(17,46). This avian family exhibits a range of ecologic traits that
promote the transmission of AIV. A probable key trait is their
preference for freshwater habitat,
persistence of the virus compared to saltwater (39) and allows
efficient dispersal of viral particles (46). In addition, migration,
ubiquitous in Anatidae, facilitates the long-distance spread of AIV
between breeding sites at high latitudes and wintering sites at lower
latitudes (17,18). Some studies have suggested that contact with
surface waters, typical amongst dabbling ducks that forage in shallow
wetlands, may increase fecal-oral transmission, thereby helping to
complete the infection cycle of the virus (12,24). However, beyond
these broad ecologic features of habitat preference, migratory
movement, and foraging guild, our understanding of the host traits
of Anatidae that promote the spread and circulation of AIV remains
relatively limited.

A growing criticism of AIV studies is the lack of detailed ecologic
information collected during sampling of birds, including demo-
graphics of the host population, the composition of bird species, and
accurate habitat descriptions (26,47). Such data would provide
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valuable insights for developing more focused surveillance efforts in
waterbirds, the reservoir for AIVs. Consequences of neglecting to
document host ecology are demonstrated by the uncertainty that still
surrounds the source (i.e., waterfowl of wild or domestic origin) and
conditions (i.e., population density and physical state of birds) that
prompted highly pathogenic avian influenza (HPAI) H5NI1
outbreaks in waterfowl at Qinghai Lake in China (5). Reporting
ecologic traits of hosts in combination with AIV subtypes,
prevalence rates, and clinical effects may improve surveillance efforts
by shedding light on the bird species that serve as vectors and the
habitat settings that are conducive to an outbreak. Ecologic
information on Anatidae hosts is necessary to inform surveillance
efforts both in Asia, where HPAI H5N1 is endemic (6), and in
North America, where AIV outbreaks in poultry have been reported
with steady occurrence (40).

California’s Central Valley attracts 60% of the migratory
waterfowl in the Pacific Flyway during winter, approximately 20%
of all waterfowl in North America (14). In California, wetlands
designated for waterfowl are intermixed with urban centers that
support nearly 38 million people, and they are in close contact with
one of North America’s highest yield rice-growing regions (45).
California also hosts the largest free-ranging chicken industry in the
United States. This situation may be conducive to the spillover of
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AlV from waterfowl into sympatric populations of humans and
domestic animals that occupy areas of mixed land use. Consequent-
ly, identifying the host traits that promote AIV infection in
waterfowl may better inform surveillance efforts in this region. Our
study examined whether attributes of Anatidae, including morphol-
ogy (body mass, lamellar density, and bill length), foraging ecology
(diet, guild, foraging microhabitat, and feeding method), and
abundance (density in rice fields and midwinter abundance),
influenced AIV prevalence and occurrence of subtypes. Samples
were collected from birds harvested during the 2007-08 hunting
season in California’s Central Valley, coinciding with the congre-
gation of a range of Anatidae species during the winter.

MATERIALS AND METHODS

Study sites. Study sites included the Sacramento National Wildlife
Refuge (NWR) in Glenn County (39°24'31"N, 122°9'54"W) and
Conaway Ranch Duck Club in Yolo County (38°38'52"N,
121°40"1"W), a public and private hunting ground, respectively. These
two sites are situated 95 km apart and represent geographically different
basins in the Sacramento Valley of California. Sacramento NWR
consists of 4378 ha of seasonal marsh and permanent wetlands in the
Butte Basin managed by the U.S. Fish and Wildlife Service. In contrast,
Conaway Ranch is a 6978-ha privately-owned property consisting
mainly of rice fields in a flooded bypass area of the Sacramento River.
Both sites are managed to provide a range of microhabitats for
overwintering waterfowl. The dominant land use surrounding both sites
is rice fields that are flooded postharvest to speed straw decomposition, a
practice that provides forage such as waste grain and benthic
invertebrates for waterfowl (23). The mixture of rice agriculture and
protected refuge sites within the Central Valley attracts up to 6 million
waterfowl during winter (35).

The study period coincided with a drought year in the state of
California. The average minimum and maximum temperatures at
Sacramento NWR (recorded at the nearest weather station, Willows
049699) during the study period were 2.94 C and 25.34 C,
respectively, and the average monthly rainfall was 79.95 mm (CalClim:
www.calclim.dri.edu). At Conaway Ranch, the average minimum and
maximum temperatures (recorded at Woodland 049781) during the
study period were 4.08 C and 23.55 C, respectively, and the average
monthly rainfall was 103.83 mm.

Sample collection. Waterfowl were collected for sampling from
hunters when they exited the check stations at Sacramento NWR and
Conaway Ranch. Sampling occurred up to three times per week,
targeting days when hunting activity was highest (Wednesday, Saturday,
and Sunday) between 20 October 2007 (start of the hunting season) and
27 January 2008 (close of the hunting season). This period coincided
with the congregation of resident and migratory waterfowl during the
winter. Sampling efforts were similar between Sacramento NWR (28
days) and Conaway Ranch (24 days). The species and sex of all birds
were determined, and morphometric measurements were collected,
including exposed culmen length, short tarsus, and flat wing length.
Where possible, age was determined as ecither hatch year (HY) or after
hatch year (AHY) on the basis of plumage. To collect AIV samples, a
rayon-tipped swab (MicroPurTM, PurFybr Inc., Munster, IN) was
inserted into the cloaca of the bird. Oropharyngeal samples were
collected by rolling the head of a swab across the top surface of the
pharyngeal cavity. In both cases, the tip of the swab was removed and
preserved in cryovial tubes (Remel Inc., Lenexa, KS) containing viral
transport media. Samples were kept on ice for up to 8 hr before storage
in a —80 C freezer prior to laboratory analysis.

Laboratory analysis. Samples were screened for AIV by virus
isolation in embryonating chicken eggs (ECE) followed by real-time
reverse transcriptase—polymerase chain reaction (rRT-PCR) of the
allantoic fluids using previously published methods (38,41). In brief,
each sample was inoculated into the allantoic cavity of 9- to 11-day-old
ECEs and incubated at 37.5 C for 6 days or until embryo death, as
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detected by daily candling. Allantoic fluid (AF) from eggs with live
embryos was tested for hemagglutinating activity with chicken
erythrocytes following standard methods (41). RNA was extracted from
AF harvested from all dead embryos and the hemagglutinating AF from
live embryos using the MagMAX-96 Viral Isolation Kit (Ambion Inc.
Austin, TX). RNA was screened for AIV with rRT-PCR targeting the
matrix gene (38). PCR assays were run on an ABI 7500 Real-Time PCR
System (Applied Biosystems, Foster City, CA). Genetic subtyping was
performed by characterizing the hemagglutinin (HA) and neuraminidase
(NA) gene using rRT-PCR, with universal primers (19,30). Amplicons
were purified with clean-up columns (Millipore, Bedford, MA) and
submitted for sequencing (Davis Sequencing, Inc. Davis, CA).
Sequences were aligned (Invitrogen VectorNTI) and then compared
with previously described isolates in the National Center for
Biotechnology Information (NCBI) database (http://www.ncbi.nlm.
nih.gov/blast/Blast.cgi) to determine subtype.

Ecologic traits. Information on guild, diet, foraging microhabitat,
and feeding method in the winter was verified from the compilation of
references available in the Birds of North America database (http://bna.
birds.cornell.edu/bna). For species of dabbling duck, the length of the
bill and density of lamellae (or filtering plates) on the bill were based on
Nearctic specimens reported in Nudds ez a/. (27). Body mass for each
species was based on data reported for adult males in Bellrose (1),
because this sex class accounted for the largest proportion of harvested
birds. The density of birds in rice fields was obtained from waterfowl
surveys performed in California during 1993-95 by Elphick and Oring
(11). Density in rice fields could not be used as an index of habitat
selection because it may partially reflect abundance. Estimates of
abundance for each bird species were obtained from the Californian
midwinter waterfowl survey conducted each January by the U.S. Fish
and Wildlife Service, and an average was calculated for 5 yr between
2005 and 2009 (44). The age and sex ratios of waterfowl species
harvested from the Pacific Flyway were taken from U.S. Fish and
Wildlife Service estimates and averaged over 5 yr between 2003 and
2007 (36). All ecologic traits of Anatidae were continuous variables
placed on a gradient from low to high.

Statistic analysis. Prevalence was defined as the number of infected
individuals expressed as a percentage of the population of interest (4).
To determine whether AIV prevalence in the entire population (n =
3487) was affected by demographic factors (age and sex), Pearson chi-
square tests were performed. To analyze the effects of population host
traits on AIV, we aggregated the data by species and applied the
following criterion: the sample size from each species must be large
enough to account for the low prevalence of AIV, using a random
sample of 200 required to detect AIV at a prevalence of 1.5% in the
study population (42). Only six species met this criterion, all of which
were dabbling ducks (Anas spp.). In addition, the small number of
species (n = 6) precluded models of multiple host traits (3).
Consequently, separate linear regressions were performed to assess
whether lamellar density, bill length, midwinter abundance, body mass,
and density in rice fields corresponded to AIV prevalence or the number
of subtypes. The response variable, AIV prevalence, was arcsine-square-
root transformed to adjust for the non-normally distributed percentage
data (48). A P-value of =0.05 indicated a significant difference. All
statistic analyses were conducted using SPSS version 16 software for

Macintosh (SPSS Inc., Chicago, IL).

RESULTS

ALV prevalence. We sampled 3487 individuals at Sacramento
NWR and Conaway Ranch during the hunting season of 2007-08
(Table 1). This represented 19 species: eight species of dabbling
ducks, six species of diving ducks, and five species of geese. In total,
54 birds were positive for AIV, equating to an overall prevalence of
1.55%. The species in which AIV prevalence was highest was the
northern shoveler (5.09%), a consistent trend at both Sacramento
NWR (5.08%) and Conaway Ranch (5.26%). The ring-necked
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Table 1.
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ALV occurrence and sampling effort for 19 Anatidae species wintering at Sacramento National Wildlife Refuge and Conaway Ranch

Duck Club in 2007-08. Biases in the age and sex ratio of harvested birds from the Pacific Flyway (based on a 5-yr average) are also shown.

ALV Harvested bird Harvested bird
prevalence ATV No. of age bias sex bias
Species (%) positive Sampled subtypes (juvenile/adul) (male/female)®

Northern shoveler (Anas clypeata)™ 5.09 28 550 12 1.43 1.67
Ring-necked duck (Aythya collaris) 2.63 3 114 1 1.58 1.66
American wigeon (Anas americana)™ 2.57 9 350 3 1.42 1.59
Bufflehead (Bucephala albeola) 2.50 1 40 1 1.02 1.58
Greater white-fronted goose (Anser albifrons) 2.44 2 82 2 0.79 -
Cinnamon teal (Anas cyanoptera) 1.72 1 58 1 1.32 1.38
Northern pintail (Anas acuta)® 0.84 3 356 2 1.01 2.78
American green-winged teal (Anas crecca)™ 0.64 3 468 3 1.37 1.62
Gadwall (Anas xtrepfm)A 0.51 2 390 1 1.21 1.67
Mallard (Anas platyr/ﬂym/ﬂas)A 0.23 2 867 1 1.59 2.33
Snow goose (Chen caerulescens) 0.00 0 55 0 0.81 -
Canvasback (Aythya valisineria) 0.00 0 44 0 1.44 1.19
Lesser scaup (Aythya affinis) 0.00 0 36 0 1.71 1.55
Ruddy duck (Oxyura jamaicensis) 0.00 0 30 0 1.26 -
Ross’s goose (Chen rossii) 0.00 0 14 0 0.70 -
Cackling goose (Branta hutchinsii) 0.00 0 11 0 0.54 -
Wood duck (Aix sponsa) 0.00 0 9 0 1.91 1.56
Canada goose (Branta canadensis) 0.00 0 7 0 0.54 -
Common goldeneye (Bucephala clangula) 0.00 0 6 0 0.81 1.59
Total - 54 3487 - -

ASpecies for which AIV detection is accurate based on an estimated prevalence of 1.5% (i.e., >200 samples collected).

BRatio is not shown if based on a sample of less than 20.

duck (2.63%), American wigeon (2.57%), bufflehead (2.50%),
greater white-fronted goose (2.44%), and cinnamon teal (1.72%)
also had prevalence rates higher than the overall mean (Table 1).

A significant age bias was detected in the prevalence of AIV (3> =
16.12, n = 2083, P < 0.001). Of the subset of birds for which age
could be determined by plumage (2 = 2083), hatch-year birds had a
higher rate of infection (3.93%) compared to after-hatch-year birds
(1.17%). No significant sex bias in AIV prevalence was observed (o
= 0.29, » = 3487, P = 0.87).

The abundance of dabbling duck species in California (R =
0.08, n = 6, P = 0.58), their density in rice fields (R2 =0.01,n=
6, P = 0.84), and their body mass (R =029, n=6,P=0.55)
were not significantly related to AIV prevalence. Their bill length
was not significantly related to AIV prevalence (R =0.54,n=6,P
= 0.16); however, the lamellar density showed a significant positive
relationship with AIV prevalence (R =079, n=6,P=0.03). The
northern shoveler, the dabbling species with the most densely spaced
lamellae, had the highest prevalence (5.09%), compared to mallards
(0.23%), which had coarsely spaced lamellae.

AIV subtypes. Nine of the 16 known HA subtypes were detected
during the study (H2, H3, H4, H5, H6, H7, H8, H10, H11). In
addition, eight of the nine known NA subtypes were detected (N1,
N2, N3, N4, N5, N7, N8, N9). The most common subtype,
HO6N1, was shed by 29.6% of infected birds, while the next most
common subtype, HION7, was shed by 9.3% of infected birds
(Fig. 1). HPAI H5N1 was not detected, and all subtypes were
characterized as low pathogenic.

Similar to results for AIV prevalence, the abundance of dabbling
duck species in California (R = 0.06, n = 6, P = 0.63), their
density in rice fields (R = 049, n = 6, P = 0.68), and their body
mass (B> = 0.16, n = 6, P = 0.43) were not significantly related to
the number of subtypes shed. Bill length was not significantly related
to the number of subtypes shed (R =020, n=6,P<021);
however, the lamellar density showed a significant positive

relationship with the number of subtypes (P =089, n=06P
< 0.01). The dabbling species with the most densely spaced
lamellae, the northern shoveler, shed the highest number of subtypes
(12 of 19) compared to the mallard (1 of 19), which had coarsely
spaced lamellae (Fig. 1).

DISCUSSION

Our findings provide preliminary information on the relationship
between the occurrence of AIV and ecologic traits of Anatidae. For a
small subset of dabbling ducks, AIV prevalence and the number of
subtypes shed were positively associated with the density of their
lamellae. Lamellae are plate-like structures on the side of the bill that
are important in retaining food particles during filtration. In our
study, the northern shoveler, the dabbling species with the most
densely spaced lamellae, demonstrated the highest rate of AIV
infection (5.09%) and shed the largest number of subtypes (12 of
19), compared to the low infection rate (0.23%) and number of
subtypes (1 of 19) of the mallard, which has coarsely spaced lamellae
(Table 2). Studies have shown that finely spaced lamellae enhance
water filtration rates (22) and intake of small invertebrates (16)
among dabbling ducks. Superior efficiency at filtering surface water
may therefore increase the exposure of the northern shoveler to AIV
particles during foraging. In addition, as filtration is the preferred
foraging method of the northern shoveler, it spends a longer time
with the bill submerged than other dabbling ducks that rely on
pecking at surface waters to acquire food (10). Long bouts with the
bill submerged in surface waters may inadvertently maximize
opportunities for contact with AIV. Although based on a small
number of dabbling species (7 = 6 species) sampled over a single
winter season (7 = 4 mo), our findings provide preliminary
evidence that ducks equipped for efficient filtration may be at
higher risk of ingesting AIV particles.
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Fig. 1.

Distribution of the 54 AIV-positive samples according to subtype and Anatidae species. Species are organized in descending order of

prevalence from right to left, including, northern shoveler (NOSH), ring-necked duck (RNDU), American wigeon (AMWI), bufflehead (BUFF),
greater white-fronted goose (GWFG), cinnamon teal (CITE), northern pintail (NOPI), green-winged teal (GWTE), gadwall (GADW), and

mallard (MALL).

The emergence of the northern shoveler as an important host in
this study may reflect the large number of samples collected for this
species (n = 550) compared to earlier studies that may have had
sample sizes too small to accurately detect AIV. This species is rarely
a focus of AIV surveillance, in contrast to the northern pintail and
mallard, for which sampling effort is considerably higher in the
Pacific Flyway (29,37). Our findings highlight that uneven sampling
effort across species may mask the contribution of different
waterfowl hosts to the epidemiology of AIV. A sufficient sample
size is especially pertinent at wintering grounds where AIV infection
rates reach low levels in waterfowl populations, compared to the
elevated prevalence rates observed at breeding sites (15). Our study
population proved large enough to detect the influence of age on the
prevalence of AIV, which showed a higher number of hatch-year
birds infected compared to after-hatch-year birds. Consistent with
previous studies, our findings imply that young birds lacked the
immunity needed to limit infection, while prior exposure may have
allowed adults infected with the virus to shed for shorter durations
and at lower titers (20).

Among the 19 subtypes detected, H6N1 demonstrated the
broadest host range, infecting six of the ten waterfowl species that
were positive for AIV. This indiscriminate infection of species
suggests that a wide variety of waterfowl in the Central Valley may
be involved in the perpetuation of this AIV subtype. Previous studies
have identified interspecific transmission of AIV as most likely to
occur at common feeding or breeding grounds, due to the
congregation of a diversity of species (7,17,18). In the Central
Valley during the winter, flooded rice fields provide forage such as
waste grain and benthic invertebrates (23), attracting over 57 species
of waterbirds, including geese, ducks, herons, ibises, rails, shorebirds,
grebes, and pelicans (9). We therefore speculate that the
concentration of waterbird species in postharvest flooded rice fields
may facilitate the spread of AIV subtypes, including H6N1. In view
of the importance of rice paddies in the epidemiology of HPAI

H5NI1 in Asia (13,25), the potential for rice fields to promote ATV
infection of waterfowl in California warrants further study.

As with most bird sampling methods, hunter harvesting is
associated with numerous biases that interfere with the ability to
collect samples representative of the underlying population. Biases
are implicit with hunting methods because juveniles are more
vulnerable to being shot (8,28), and species that make better “table
birds” for consumption (i.c., northern pintail and mallard) are
preferentially harvested. In addition, hunting regulations place limits
on the number of females that can be shot, resulting in a sex ratio
biased toward males, particularly for mallard and northern pintail
(36). However, biases associated with sampling harvested birds are,
we believe, outweighed by the benefits. Hunting is an efficient
method to collect samples due to the large number of birds yielded
during a popular weekend of the hunting season. For example, 431
birds were shot by 120 hunters at Sacramento NWR on a single
Saturday during December 2007 (43). Sampling harvested birds also
eliminates the expense of capture, which can be a labor-intensive
exercise and requires materials for trapping and baiting. Further-
more, hunting has assisted with the detection of H5NT1 in wild birds
from Eurasian countries where the practice is commonplace,
including Germany (34), Greece (33), Italy (32), and Russia (31).
Consequently, although care should be taken to recognize bias
associated with this method, hunter-harvested waterfowl provide a
low-cost, high-yield source of samples from wild birds.

Finally, other factors unrelated to ecologic traits may have been
responsible for the observed difference in prevalence and number of
subtypes hosted by each species. For example, pathologic response to
AIV may differ between hosts such that infection causes longer bouts
of shedding and higher viral titer in the northern shoveler compared
to the mallard. This may have influenced the detection of virus from
samples and consequently the prevalence and number of subtypes
reported. Experimental studies have demonstrated that the mallard
can remain asymptomatic upon HPAI H5NT1 infection, excreting
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virus for shorter durations and at lower viral load compared to other
dabbling ducks (2,21). Similar host challenge trials have not been
performed for the northern shoveler but may provide insights into
the role that host pathobiology plays in the detection of AIV during
surveillance studies. Further studies are also needed to account for
the spatial and temporal variation in waterfowl infection patterns, a
hallmark of AIV (17) that influences differences in circulating
subtypes, prevalence rates, and species infected observed between
years and sampling locations. Continued sampling of waterfowl
populations at both the wintering and breeding grounds within the
Pacific Flyway will help to ascertain whether ecologic host traits
may prove useful for the purpose of delimiting species for
surveillance.

REFERENCES

1. Bellrose, F. C. Ducks, geese and swans of North America. Stackpole
Books, Harrisburg, PA. 1976.

2. Brown, J. D., D. E. Stallknecht, J. R. Beck, D. L. Suarez, and D. E.
Swayne. Susceptibility of North American ducks and gulls to H5N1 highly
pathogenic avian influenza viruses. Emerg. Infect. Dis. 12:1663-1670. 2006.

3. Burnham, K. P., and D. R. Anderson. Model selection and
multimodel inference: a practical information theoretic approach. Spring-
er-Verlag, New York. 1998.

4. Bush, A. O., K. D. Lafferty, J. M. Lotz, and A. W. Shostak.
Parasitology meets ecology on its own terms: Margolis et al. revisited. J.
Parasitol. 83:575-583. 1997.

5. Chen, H., Y. Li, Z. Li, J. Shi, K. Shinya, G. Deng, Q. Qi, G. Tian, S.
Fan, H. Zhao, Y. Sun, and Y. Kawaoka. Properties and dissemination of
H5NI viruses isolated during an influenza outbreak in migratory waterfowl
in western China. J. Virol. 80:5976-5983. 2006.

6. Chen, H., G. J. Smith, K. S. Li, J. Wang, X. H. Fan, J. M. Rayner,
D. Vijaykrishna, J. X. Zhang, L. ]. Zhang, C. T. Guo, C. L. Cheung, K. M.
Xu, L. Duan, K. Huang, K. Qin, Y. H. Leung, W. L. Wu, H. R. Ly, Y.
Chen, N. S. Xia, T. S. Naipospos, K. Y. Yuen, S. S. Hassan, S. Bahri, T. D.
Nguyen, R. G. Webster, ]. S. Peiris, and Y. Guan. Establishment of multiple
sublineages of H5N1 influenza virus in Asia: implications for pandemic
control. Proc. Natl. Acad. Sci. U. S. A. 103:2845-2850. 2006.

7. Chen, R., and E. C. Holmes. Frequent inter-species transmission and
geographic subdivision in avian influenza viruses from wild birds. Virology
383:156-161. 2009.

8. Cox, R. R, Jr., A. D. Afton, and R. M. 1. Pace. Survival of female
northern pintails wintering in southwestern Louisiana. J. Wildl. Manag.
62:1512-1521. 1998.

9. Day, J. M., and M. A. Colwell. Waterbird communities in rice fields
subjected to different treatments. Colon. Waterbirds.
21:185-197. 1998.

10. Dubowy, P. J. Feeding ecology and behavior of postbreeding male
blue-winged teal and northern shovelers. Can. J. Zool. 63:1292-1297. 1985.

11. Elphick, C. S., and L. W. Oring. Winter management of Californian
rice fields for waterbirds. J. Appl. Ecol. 35:95-108. 1998.

12. Garamszegi, L. Z., and A. P. Moller. Prevalence of avian influenza
and host ecology. Proc. Biol. Sci. 274:2003-2012. 2007.

13. Gilbert, M., X. Xiao, P. Chaitaweesub, W. Kalpravidh, S.
Premashthira, S. Boles, and J. Slingenbergh. Avian influenza, domestic
ducks and rice agriculture in Thailand. Agric. Ecosyst. Environ.
119:409-415. 2007.

14. Gilmer, D. S., M. R. Miller, R. D. Bauer, and J. R. LeDonne.
California’s Central Valley wintering waterfowl: concerns and challenges.
Trans. N. Amer. Wildl. Nat. Resour. Conf. 47:441-452. 1982.

15. Guberti, V., M. Scremin, L. Busani, L. Bonfanti, and C. Terregino. A
simulation model for low-pathogenicity avian influenza viruses in dabbling
ducks in Europe. Avian Dis. 51:275-278. 2007.

16. Gurd, D. B. Predicting resource partitioning and community
organization of filter-feeding dabbling ducks from functional morphology.
Am. Nat. 169:334-343. 2007.

post-harvest

431

17. Hinshaw, V. S., R. G. Webster, and B. Turner. The perpetuation of
orthomyxoviruses and paramyxoviruses in Canadian waterfowl. Can. J.
Microbiol. 26:622-629. 1980.

18. Hinshaw, V. S., J. M. Wood, R. G. Webster, R. Deibel, and B.
Turner. Circulation of influenza viruses and paramyxoviruses in waterfowl
originating from two different areas of North America. Bull. World Health
Organ. 63:711-719. 1985.

19. Hoffman, E., J. Stech, Y. Guan, R. G. Webster, and D. R. Perez.
Universal primer set for the full-length amplification of all influenza A
viruses. Arch. Virol. 146:2275-2289. 2001.

20. Kalthoff, D., A. Breithaupt, J. P. Teifke, A. Globig, T. Harder, T. C.
Mettenleiter, and M. Beer. Highly pathogenic avian influenza virus (H5N1)
in experimentally infected adult mute swans. Emerg. Infect. Dis.
14:1267-1270. 2008.

21. Keawcharoen, J., D. van Riel, G. van Amerongen, T. Bestebroer, W.
E. Beyer, R. van Lavieren, A. D. Osterhaus, R. A. Fouchier, and T. Kuiken.
Wild ducks as long-distance vectors of highly pathogenic avian influenza
virus (H5N1). Emerg. Infect. Dis. 14:600-607. 2008.

22. Kooloos, J. G. M., A. R. Kraaijeveld, G. E. ]. Langenbach, and G. A.
Zweers. Comparative mechanics of filter feeding in Anas platyrhynchos, Anas
chypeata, and Aythya fuligula (Aves, Anseriformes). Zoomorphology
108:269-290. 1989.

23. Miller, M. R., D. E. Sharp, D. S. Gilmer, and W. R. Mulvaney. Rice
available to waterfowl in harvested fields in the Sacramento Valley of
California. Calif. Fish Game Bull. 75:113-123. 1989.

24. Munster, V. ]., C. Baas, P. Lexmond, J. Waldenstrom, A. Wallensten,
T. Fransson, G. F. Rimmelzwaan, W. E. Beyer, M. Schutten, B. Olsen, A.
D. Osterhaus, and R. A. Fouchier. Spatial, temporal, and species variation in
prevalence of influenza A viruses in wild migratory birds. PLoS Pathog.
3:e61. 2007.

25. Muzaffar, S. B., J. Y. Takekawa, D. J. Prosser, S. H. Newman, and X.
Xiao. Rice production systems and avian influenza: interaction between
mixed-farming systems, poultry and wild birds. Waterbirds. In press.

26. Muzaffar, S. B., R. C. Ydenberg, and I. L. Jones. Avian influenza: an
ecological and evolutionary perspective for waterbird scientists. Waterbirds
29:243-406. 2006.

27. Nudds, T. D., K. Sjoberg, and P. Lundberg. Ecomorphological
relationships among Palearctic dabbling ducks on Baltic coastal wetlands and
a comparison with the Nearctic. Oikos 69:295-303. 1994.

28. Pace, R. M. L, and A. D. Afton. Direct recovery rates of lesser scaup
banded in northwestern Minnesota: sources of heterogeneity. J. Wildl.
Manag. 63:389-395. 1999.

29. Parmley, E. J., N. Bastien, T. F. Booth, V. Bowes, P. A. Buck, A.
Breault, D. Caswell, P. Y. Daoust, J. C. Davies, S. M. Elahi, M. Fortin, F.
Kibenge, R. King, Y. Li, N. North, D. Ojkic, J. Pasick, S. P. Pryor, J.
Robinson, J. Rodrigue, H. Whitney, P. Zimmer, and F. A. Leighton. Wild
bird influenza survey, Canada, 2005. Emerg. Infect. Dis. 14:84-87. 2008.

30. Phipps, L. P., S. C. Essen, and I. H. Brown. Genetic subtyping of
influenza A viruses using RT-PCR with a single set of primers based on
conserved sequences within the HA2 coding region. J. Virol. Methods
122:119-122. 2004.

31. ProMED-mail.  Avian  influenza—Asia,  Russia  (Siberia):
20050825.2515 [Internet]. Brookline (MA): International Society for
Infectious Diseases; 2005 [modified 2005 Aug 25; cited 2009 Apr 2].
Available from: promed@promedmail.org

32. ProMED-mail. Avian influenza—Eurasia: Wild birds, Kuwait,
Italy: 20051112.3304 [Internet]. Brookline (MA): International Society
for Infectious Diseases; 2005 [modified 2005 Nov 11; cited 2009 Apr 2].
Available from: promed@promedmail.org

33. ProMED-mail. Avian influenza—Greece, wild ducks suspected:
20061118.3304 [Internet]. Brookline (MA): International Society for
Infectious Diseases; 2006 [modified 2006 Nov 17; cited 2009 Apr 2].
Available from: promed@promedmail.org

34. ProMED-mail. Avian influenza—Germany (Bavaria): H5N1, wild
duck: 20090311.1005 [Internet]. Brookline (MA): International Society for
Infectious Diseases; 2009 [modified 2009 Mar 10; cited 2009 Apr 2].
Available from: promed@promedmail.org

35. Reid, F. A, and M. E. Heitmeyer. Waterfowl and rice in the
California’s Central Valley. Calif. Agr. 49:62. 1995.



432

36. Richkus, K. D., K. A. Wilkins, R. V. Raftovich, S. S. Williams, and
H. L. Spriggs. Migratory bird hunting activity and harvest during the 2006
and 2007 hunting seasons: Preliminary estimates [Internet]. [cited 2009 Apr
10]. 2008. Available from: http://www.fws.gov/migratorybirds/reports/
reprts.heml

37. Rundstadler, J. A., G. M. Happ, R. D. Slemons, Z.-M. Sheng, N.
Gundlach, M. Petrula, D. Senne, J. Nolting, D. L. Evers, A. Modrell, H.
Huson, S. Hills, T. Rothe, T. Marr, and ]J. K. Taubenberger. Using RRT-
PCR analysis and virus isolation to determine the prevalence of avian
influenza virus infections in ducks in Minto Flats State Game Refuge,
Alaska, during August 2005. Arch. Virol. 152:1901-1910. 2007.

38. Spackman, E., D. A. Senne, L. L. Bulaga, T. J. Myers, M. L. Perdue,
L. P. Garber, K. Lohman, L. T. Daum, and D. L. Suarez. Development of
real-time RT-PCR for the detection of avian influenza virus. Avian Dis.
47:1079-1082. 2003.

39. Stallknecht, D. E., S. M. Shane, M. T. Kearney, and P. J. Zwank.
Persistence of avian influenza viruses in water. Avian Dis. 34:406-411.
1990.

40. Swayne, D. E. High pathogenicity avian influenza in the Americas.
In: Avian influenza. D. E. Swayne, ed. Blackwell Publishing, Ames, IA.
pp- 191-216. 2008.

41. Swayne, D. E,, D. A. Senne, and C. W. Beard. Avian influenza. In: A
laboratory manual for the isolation and identification of avian pathogens. J.
R. Glisson, D. E. Swayne, M. W. Jackwood, ]. E. Pearson, and W. M. Reed,
eds. American Association of Avian Pathologists, Kennett Square, PA.
pp- 150-155. 1998.

42. U.S. Avian Influenza Interagency Working Group. An early detection
system for highly pathogenic H5N1 avian influenza in wild migratory birds
(Internet]. [cited 2009 Mar 15]. 2006. Available from: http://www.doi.gov/
issues/birdflu_strategicplan.pdf

43. U.S. Fish and Wildlife Service. Blind Averages: Sacramento National
Wildlife Refuge 2007-08 [Internet]. [cited 2009 Mar 15]. 2008. Available
from: htep://www.fws.gov/sacramentovalleyrefuges/ht_results.html

N. J. Hill et al

44. U.S. Fish and Wildlife Service. Winter waterfowl survey, Pacific
Flyway 2005-2009. U.S. Fish and Wildlife Service, Sacramento, CA. 2009.

45. van Groenigen, J. W., E. G. Burns, J. M. Eadie, W. R. Horwath, and
C. van Kessel. Effects of foraging waterfowl in winter flooded rice fields on
weed stress and residue competition. Agr. Ecosyst. Environ. 95:289-296.
2003.

46. Webster, R. G., W. J. Bean, O. T. Gorman, T. M. Chambers, and Y.
Kawaoka. Evolution and ecology of influenza A viruses. Microbiol. Rev.
56:152-179. 1992.

47. Yasue, M., C.J. Feare, L. Bennun, and W. Fiedler. The epidemiology
of H5N1 avian influenza in wild birds: why we need better ecological data.
BioScience 56:923-929. 2006.

48. Zar, ]J. H. Biostatistical analysis, 4th ed. Prentice Hall, Upper Saddle
River, NJ. 1998.

ACKNOWLEDGMENTS

We wish to thank all staff at Sacramento NWR, in particular, Michael
Wolder, Kevin Foerster, and Greg Mensik. We also appreciate the
assistance of Dan Yparraguirre and U.S. Department of Fish & Game
check station employees. Owners of Conaway Ranch Duck Club
granted permission to collect samples, and particular thanks are due to
Mike Hall, the Wildlife Manager of Conaway Ranch and Preservation
Group. Our thanks go to staff at the University of California Davis
Wildlife Health Center, including Julie Nelson, for assistance with duck
sampling, and Grace Lee and Maureen Dannen, for coordinating sample
submission to the testing laboratory. Finally, we thank Nichole Anchell,
Nguyet Dao, and Jerome Anunciacion for their expert technical
assistance in conducting the analyses of the samples reported in this
manuscript. This study was funded by the National Institute of Allergy
and Infectious Diseases (contract HHSN266200700009C). Any use of
trade, product, or firm names in this publication is for descriptive
purposes only and does not imply endorsement by the U.S. government.



