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Avian influenza has advanced from a regional concern to a global health issue with
significant economic, trade, and public health implications. Wild birds, particularly
waterfowl (Anseriformes), are known reservoirs for low-pathogenic avian influenza viruses
(AIV) and recent studies have shown their potential in the spread of highly pathogenic
forms of virus. East Asia remains an epicenter for the emergence of novel strains of AlV,
however, information on movement ecology of waterfowl, and subsequently a clearer
understanding of disease transmission risks in this region has been greatly lacking. To
address this, we marked two species of wild waterfowl, northern pintail (Anas acuta) and
Eurasian wigeon (Anas penelope), with satellite transmitters on their wintering grounds in
Hong Kong, China to study the northward spring migration in the East Asian-Australasian
Flyway in relation to disease transmission factors. Northern pintail were found to initiate
migration 42 days earlier, travel 2,150 km farther, and perform 4.4 more stopovers than
Eurasian wigeon. We found both species used similar stopover locations including areas
along the Yangtze River near Shanghai, Bohai Bay and Korea Bay in rapidly developing
regions of the Yellow Sea, and the Sea of Okhotsk where the species appeared to funnel
through a migratory bottleneck. Both species appeared to exhibit strong habitat selection
for rice paddies during migration stopovers, a habitat preference which has the potential
to influence risks of AIV outbreaks as rapid land use and land cover changes occur
throughout China. Both species had greatest association with HSN1 outbreaks during
the early stages of migration when they were at lower latitudes. While Eurasian wigeon
were not associated with outbreaks after the mean date of wintering ground departures,
northern pintail were associated with outbreaks until the majority of individuals departed
from the Yellow Sea, a migratory stopover location. Our results show species-level
differences in migration timing and behavior for these common and widespread species,
demonstrating the need to consider their unique temporal and spatial movement ecology
when incorporating wild birds into AV risk modeling and management.
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Bays on the Yellow Sea. The Strait of Tartar at the Sea of Okhotsk
appeared to serve as a migration bottleneck where 2 Eurasian
wigeon settled and 4 northern pintail passed through on their way
to Siberia.

Avian Influenza Outbreaks

The spatio-temporal association of both species with H5N1
outbreaks was greatest along the southern portions of their
migratory paths but was less correlated as the birds moved
northward (Figures 3, 4). However, the significance of the spatio-
temporal association with outbreaks may have been confounded
by overall reduction in outbreaks as the birds moved northward
(Figure 5, Table 2). The core period of association between
Eurasian wigeon and H5N1 outbreaks occurred while most
individuals were on the wintering grounds. In contrast, northern
pintail had a significant association (p < 0.05) with outbreaks
until the majority of individuals had departed from the Yellow
Sea.

Rice Paddy Use

For both Eurasian wigeon and northern pintail, rice paddies
constituted a large proportion of used habitats compared to
available habitats in both the flyway and the stopover areas
(Figure 6, Table 3). Both Eurasian wigeon [t4) = 2.86, p =
0.046] and northern pintail [¢(7) = 3.43, p = 0.011] demonstrated
selection for paddies in the rice region, while there was no
significant selection for specific habitats in either the wheat [f(;)
= 1.49, p = 0.376; t(1) = 0.06, p = 0.960] or pastoral regions [£3)
= —0.03, p = 0.804; t(; = 1.91, p = 0.097].

DISCUSSION

We found that wild waterfowl migrating along coastal areas of
the EAAF exhibited a high degree of variability in both stopover
locations and distribution to apparent breeding areas. Several
Eurasian wigeon and northern pintail settled in areas up to a few
thousand kilometers south of their central reported breeding area
in Siberia. Use of breeding grounds in lower latitudes where avian
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FIGURE 5 | The observed (bars) and expected (lines) proportions of H5N1 along the migratory route of (A) Eurasian wigeon and (B) northern pintail spatio-temporally
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TABLE 2 | Observed and expected spatio-temporal association between H5N1 outbreaks and the utilization distributions of Eurasian wigeon and northern pintail during

spring migration from wintering grounds in Hong Kong.

Two-week UD? Eurasian wigeon

Northern pintail

n® Outbreaks Proportion Proportion P n® Outbreaks Proportion Proportion P
observed® expectedd observed® expectedd

1-Feb 10 11 0.455 0.028 <0.001 25 43 0.16 0.01 <0.001
15-Feb 11 16 0.625 0.028 <0.001 25 21 0.43 0.04 <0.001
1-Mar 9 9 0.889 0.049 <0.001 23 8 0.88 0.07 <0.001
15-Mar 9 6 0.500 0.142 0.041 16 7 0.71 0.11 <0.001
29-Mar 8 17 0.118 0.113 0.999 14 20 0.80 0.12 <0.001
12-Apr 7 12 0.167 0.134 0.669 13 14 0.50 0.12 <0.001
26-Apr 7 13 0.615 0.146 <0.001 12 16 0.63 0.14 <0.001
10-May 7 4 0.250 0.221 0.999 10 4 0.25 0.16 0.503
24-May 6 7 0.000 0.254 0.203 9 8 0.00 0.16 0.6203
7-Jun 6 2 0.000 0.154 0.999 9 2 0.00 0.16 0.999
21-Jun 6 2 0.000 0.148 0.999 8 2 0.00 0.12 0.999
5-Jul 6 0 0.000 0.147 7 0 0.00 0.11

19-Jul 6 0 0.000 0.180 6 0 0.00 0.09

Expected and observed proportions of outbreaks in relation to distribution of the two species were analyzed via exact binomial tests (see section Methods).
aFirst day in a two-week period encompassing bird locations. H5N1 outbreaks were matched to these periods on a 7-day lag to allow for incubation and onset of symptoms after a bird

is exposed.

bNumber of individuals contributing to the average utilization distribution from which the 99% contour was derived.
CProportion of outbreaks was calculated by dividing total outbreaks in the MCP by the number of outbreaks observed in the 99% contour of the UD.
9Proportion of outbreaks expected was calculated by dividing the area comprised of the 99% UD contour by the area of the MCP.

influenza is more common (Takekawa et al., 2010b; EMPRES-i,
2017) could have significant implications in the diversity of viral
strains transmitted on the wintering grounds (Hill et al., 2012a,
2016) and for the overall potential of outbreaks. The two different
migratory strategies by long-distance and intermediate-distance
migrants from the same wintering area was consistent with the
findings Hill et al. (2012a) reported for mallard in California.

Conversely, since many species such as northern pintail
commonly fail to breed every season (Miller et al., 2005; Clark
et al,, 2014), intermediate-distance migrants may be exhibiting
a short-stopping strategy that individuals use in seasons where
they will not breed. Range maps of reported breeding ranges for
waterfowl species in Asia are generally inferred based on expert
knowledge and anecdotal evidence rather than documented with
tools such as satellite transmitters, and it has been noted that
such breeding ranges and timelines are not always indicative of
species behavior (Prosser et al., 2018). Thus, it also is feasible
that the intermediate-distance migrants are following a long-
standing migration that has not been incorporated into species’
range maps. Unfortunately, the majority of intermediate-distance
migrants we documented were males who quickly leave their
mate after breeding and remain on the breeding grounds only
until incubation has ended (Kear, 2005; Clark et al., 2014); we
were unable to record enough locations to suggest if reproduction
may have occurred (see Ely et al., 2007; Takekawa et al., 2011).
However, even if the intermediate-distance migrants are not
breeding at these sites, understanding such behavior is still crucial
as shorter migrations increase the potential for infected birds to
successfully complete migration and serve as meaningful vectors
for AIVs (Gaidet et al., 2008; Gilbert et al., 2010).

An alternative explanation for our findings is that we
documented changing migration patterns for these species in

response to climate change or land use changes. However, the vast
majority of shifts related to changing climates have been toward
the poles (Guillemain et al., 2013; Potvin et al., 2016) rather than
toward the equator. Also, individuals may use separate settling
strategies in years when environmental conditions are poor or
when the bird itself is in poor condition. Such behavior has been
reported for northern pintail migrating along the Pacific Coast of
North America where individuals avoided migration routes over
the ocean in particularly cold and wet years (Miller et al., 2005).
Also, we are not able to discount the possibility that
movements of the monitored individuals were influenced by
the tracking devices. Meta-analyses to examine the influence of
radio transmitters on avian migration (Barron et al., 2010; De
Vries, 2014) have led to some concerns over the interpretation
of migratory data from marked birds. However, multiple citizen
science reports of unmarked Eurasian wigeon and northern
pintail throughout Northeast China and the Korean Peninsula
during the summer months (eBird, 2012) corroborate our
findings and suggest that intermediate-distance migration may
be a regular occurrence. Another variable potentially affected is
the migration end date, as this has been previously reported for
northern pintail (Hupp et al., 2011). However, our mean arrival
date to the breeding grounds of Eurasian wigeon fell within the
normally reported values of May-June (Kear, 2005), the arrival
date for northern pintail to the breeding grounds was later than
expected which also was suggested in a study of northern pintails
marked in Japan (Hupp et al, 2011). Additional clarity may
have been reached had our sample size been larger, but this was
precluded by the failure of multiple individual birds to provide
reliable data. Citizen science reports and some published data
suggest that our results are representative of the population, but
marking of additional birds could help validate our findings.
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FIGURE 6 | Distribution of rice paddies across (A) China’s agricultural zones as defined by Pei et al. (2016), and (B) within the flight corridor (gray) and migration
stopover areas (black) of Eurasian wigeon (PTT #44682) during spring migration. While only one individual is depicted in B, analyses were conducted for all individuals
with complete spring migration tracks (6 Eurasian wigeon, 10 northern pintail).

The differences in migratory ecology between Eurasian  space and time. For instance, while both species had strong
wigeon and northern pintail resulted in dramatic differences  associations with H5N1 outbreaks early in the spring, this
in their respective domestic poultry-wild bird interfaces across  association was mainly limited to the wintering grounds for
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TABLE 3 | The mean percentage of Eurasian wigeon and northern pintail stopover sites (use) and flight corridors (available) composed of rice paddies (as depicted by
Zhang et al., 2011) within China’s three agricultural regions (as defined by Pei et al., 2016).

Species Rice region Wheat region Pastoral region

n % available % used P n % available % used P n % available % used P
Eurasian wigeon 5 20.2 47.2 0.046 2 5.8 11.6 0.376 4 4.2 3.9 0.804
Northern pintail 8 18.7 25.2 0.011 2 4.2 4.5 0.960 8 6.1 121 0.097

Data were analyzed via paired t-tests.

Eurasian wigeon as they had not yet initiated migration.  Shimada et al., 2014; Chen W. et al., 2016) which indicates it is
Meanwhile, since northern pintail initiate migration earlier than another migratory bottleneck in the EAAF. While this region is
Eurasian wigeon, their association with outbreaks continued less likely to serve as an area of elevated risk for AIV outbreaks
along their migratory route to the Yellow Sea. Thus, northern  due to its high latitude, conducting surveillance on populations
pintail could transmit AIV to other birds at higher latitudes  as they pass through this location may help to elucidate trends in
earlier in the spring than Eurasian wigeon. Their earlier initiation  the avian influenza cycle.
of migration may allow for stopovers at wintering and migration The final key finding of our study was the preference for rice
sites with exposure to birds with viral strains not present  paddies at stopover sites by both Eurasian wigeon and northern
at their original wintering grounds (Hill et al., 2016). Thus,  pintail. Rice paddies serve as crucial food sources (Elphick, 2010;
northern pintail may be more likely to introduce AIVs to  Fujioka et al., 2010) during energetically demanding migration
new environments than Eurasian wigeon, and that finding is  periods (Sandberg and Moore, 1996). Increasing urbanization,
consistent with the northern pintails’ suggested role in the spread ~ industrialization, and infrastructure construction have led to
of Asian origin AIVs to North America (Ramey et al, 2010;  substantial decreases in agricultural lands in southern China
Pearce et al., 2011). Infection rates can vary greatly between  (Jiang et al, 2013; Liu Z. et al, 2013) while simultaneously
species (Hill et al., 2010, 2012b; Gonzalez-Reiche et al.,, 2016),  pushing remaining agricultural lands to the northeast (Zhang
and the risk of transmission may vary depending on species et al, 2011; Liu Z. et al., 2013; Dong et al., 2015). Our results
composition in wintering or stopover areas. suggest that as rice agriculture becomes more prominent in
We found extensive use of stopover areas along the Yellow Sea  northeastern China, changes in stopover patterns are likely to
by both species, and these findings add further evidence to the  occur. However, the overall effect that changes in the distribution
importance of the Yellow Sea ecosystem for the EAAF. Previous  of rice agriculture will have on migratory waterfowl is difficult to
research has found that millions of shorebirds use the intertidal ~ predict. Increased northeast rice agriculture could lead to greater
areas as staging habitats (e.g., Barter and Riegen, 2004; Barter,  stopover duration and increased concentration of waterfowl
2006; Bamford et al., 2008; Rogers et al., 2010; Yang et al., 2011;  at these locations, but it is equally possible that decreased
MacKinnon etal., 2012; Xia et al., 2017) with 6 of 16 key shorebird ~ concentration of food resources could reduce intermixing of large
biodiversity areas in the EAAF located around the Yellow Sea  populations. Furthermore, climate change effects may alter the
(MacKinnon et al., 2012). Yellow Sea stopovers have significant  timing of rice production creating a mismatch between food
implications for the spread of AIVs, as this behavior allows for  availability and waterfowl migration or forcing waterfowl to alter
intermixing of birds from separate wintering grounds in large  their migration timing (van Wijk et al., 2012). While the specific
numbers, and in stopover areas at lower latitudes, infected birds  effects that changes in rice agriculture and associated poultry
may still shed virus from wintering areas upon arrival (Gaidet  will have on migration patterns of wild birds remains unknown,
etal., 2008; Gilbert et al., 2010). We found a higher association of =~ monitoring such changes will be crucial for disease outbreak
wild birds with outbreaks occurred in southern latitudes. Thus,  preparedness (Muzaffar et al., 2010; Wood et al., 2010), as rice
while conservation measures have been proposed to protect  paddies serve as a primary location of the wild bird- poultry
the Yellow Sea from rapid urban expansion and habitat loss  interface.
(Murray et al,, 2014) and degradation from damming of major
rivers, pollution, wind and tidal power plants, and aquaculture DATA AVAILABILITY
(MacKinnon et al., 2012; Murray et al., 2015), this region may
require increased surveillance and control measures as it is at  The telemetry data supporting the conclusions of this manuscript

higher risk of AIV outbreaks. will be made available by the authors, without undue reservation,
Farther to the north, we observed extensive use of the  to any qualified researcher.

region where the Strait of Tartar meets the Sea of Okhotsk.

Multiple northern pintail passed through this location and AUTHOR CONTRIBUTIONS

some Eurasian wigeon settled here. While use of the Sea of

Okhotsk was not as ubiquitous as was the Yellow Sea, it  jT kS SN, XX, PL, BS, and DP conceived and designed the study.
is still a known stopover location for numerous waterbird JS and KS analyzed the data. JS, DP, and JT wrote the paper. All
species (Gerasimov and Gerasimov, 1998; Yamaguchi etal., 2010;  authors read and approved the final manuscript.
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