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Abstract: Wild waterbirds, and especially wild waterfowl], are considered to be a reservoir for avian
influenza viruses, with transmission likely occurring at the agricultural-wildlife interface. In the past
few decades, avian influenza has repeatedly emerged in China along the East Asian-Australasian
Flyway (EAAF), where extensive habitat conversion has occurred. Rapid environmental changes in
the EAAF, especially distributional changes in rice paddy agriculture, have the potential to affect both
the movements of wild migratory birds and the likelihood of spillover at the agricultural-wildlife
interface. To begin to understand the potential implications such changes may have on waterfowl and
disease transmission risk, we created dynamic Brownian Bridge Movement Models (dBBMM) based
on waterfowl telemetry data. We used these dBBMM models to create hypothetical scenarios that
would predict likely changes in waterfowl distribution relative to recent changes in rice distribution
quantified through remote sensing. Our models examined a range of responses in which increased
availability of rice paddies would drive increased use by waterfowl and decreased availability would
result in decreased use, predicted from empirical data. Results from our scenarios suggested that
in southeast China, relatively small decreases in rice agriculture could lead to dramatic loss of
stopover habitat, and in northeast China, increases in rice paddies should provide new areas that
can be used by waterfowl. Finally, we explored the implications of how such scenarios of changing
waterfowl distribution may affect the potential for avian influenza transmission. Our results provide
advance understanding of changing disease transmission threats by incorporating real-world data
that predicts differences in habitat utilization by migratory birds over time.

Keywords: disease; H5SN1; rice paddies; stopover; telemetry; waterfowl

1. Introduction

Highly pathogenic avian influenza (HPAI) viruses are a worldwide concern with
major conservation, economic, and public health implications [1,2]. These viruses present
an especially high risk in East Asia, where multiple subtypes have surfaced [3] and be-
come endemic [4,5]. Previous research has shown that wild waterbirds, especially water-
fowl, not only serve as reservoirs for avian influenza but may also travel long distances
while infected [6-9] and maintain infections without displaying clinical signs [6,10-12].
In fact, concurrent outbreaks in domestic poultry and wild waterfowl [13,14] suggest
that wild birds are potential vectors for HPAI [14-16] and may be driving global transmis-
sion [9,13,14,17,18]. The risks to agriculture and humans are greatest following transmission

Diversity 2023, 15, 601. https:/ /doi.org/10.3390/d15050601

https:/ /www.mdpi.com/journal/diversity


https://doi.org/10.3390/d15050601
https://doi.org/10.3390/d15050601
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/diversity
https://www.mdpi.com
https://orcid.org/0000-0003-0217-5907
https://orcid.org/0000-0002-9242-2432
https://orcid.org/0000-0001-8013-3660
https://orcid.org/0000-0002-0386-5646
https://orcid.org/0000-0003-0956-7428
https://doi.org/10.3390/d15050601
https://www.mdpi.com/journal/diversity
https://www.mdpi.com/article/10.3390/d15050601?type=check_update&version=1

Diversity 2023, 15, 601

20f 17

from wild to domestic birds. Transmission from wild birds to domestic poultry likely occurs
at the agricultural-wildlife interface [19], where there is frequent contact between these
groups. Although there is a risk of transmission anywhere poultry and wild birds coexist,
some agricultural practices, such as backyard farming of mixed poultry species (chickens,
geese, ducks, and pigeons) and live bird markets that sell domestic birds alongside captured
wild birds [20], particularly increase the risk of transmission.

Due to the role of wild birds in the spread and persistence of HPAI, understanding
the spatiotemporal distribution and movement patterns of these individuals is critical to
any transmission modeling effort. Many waterbirds in the northern hemisphere take part
in annual north-south migratory movements from northern breeding areas to southern
wintering areas, driven by breeding instincts, food availability, and weather patterns [21].
Most migrants stop over and congregate in areas enroute for short-term refueling [22],
although the distance of migration of species or populations may vary, and some do not
migrate [23]. When the extent of natural wetlands decreases, many wild waterfowl species
feed in agricultural areas, increasing the chances of intermixing between domestic and wild
birds [24]. Very large numbers of waterbirds now use rice paddies for foraging, but their
use varies in both time and space [25].

Understanding broad trends in waterfowl density may not be sufficient, as infection
prevalence and viral strains vary both between [26-28] and within species [27,29]. Fortu-
nately, there is a growing database of telemetry movement studies of migratory birds from
this region [30]. Such data allow researchers to understand the spatiotemporal distribution
of wild waterfowl and incorporate this information into transmission risk models [31,32],
although the inclusion of such data is often neglected [33]. Additionally, although the
spatiotemporal distribution of waterfowl serves as a primary driver for trends in the
agricultural-wildlife interface, it should be noted that there has also been extensive work
on understanding spatiotemporal trends in poultry production (e.g., [34]), including efforts
to account for seasonal demand and market chain patterns [35,36].

While previous efforts have provided valuable insights into the spatiotemporal trends
of disease transmission risk, they do rely on the assumption that the processes driving
waterfowl movement patterns, and the resulting movements, have remained unchanged
since underlying data were collected. However, East Asia represents one of the fastest
areas of growth in the world [37]. Extensive regions encompassing Thailand’s eastern
seaboard, the Yellow Sea, and the eastern Chinese coast are experiencing dramatic land-
use conversions that drive socioeconomic as well as ecosystem changes [38,39]. The
urbanization rate in China has reached nearly 60% in less than half a century, compared
to a much more modest rate of 20% estimated in 1978 [40]. Such rapid and extensive
urbanization has resulted in major land use changes throughout the region, many of which
may have large effects on the agricultural-wildlife interface [41-43].

One of the primary impacts of the recent boom in urbanization and industrialization
in China has been the substantial decrease in agricultural croplands [44,45]. For instance,
work by Zhang et al. [46] indicated that across the country, rice production levels reached
historic highs in 2006 (45.9 M ha) but declined steadily through 2015 (33.1 M ha), with
a loss of ~28% of the rice paddy habitats. The Yangtze River floodplain in southeast
China accounted for ~86% of the total observed decrease in rice area [46]. Conversely, the
demands of feeding a growing population, as well as adjusting to climate change effects,
has resulted in expansion of rice paddy agriculture in northeast China, primarily on the
Sanjiang Plain [45,47,48], where Xin et al. [49] reported the addition of 3.6 M ha from 2000
to 2017. Extensive shifts in production have already been observed, but these trends are
expected to be amplified in the coming years as developmental pressures in southeast
China are amplified and climate change effects necessitate the use of cooler agricultural
regions [48].

The effects of climate change are expected to result in reduced yields [50], prompt-
ing additional changes in agricultural distribution. Changes in the distribution of rice
paddy habitats are likely to have marked impacts on wild waterbirds, and especially
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waterfowl], [51] that utilize them heavily during their seasonal migration along the East
Asian-Australasian Flyway (EAAF) [52]. However, there have been few efforts aimed at
considering the impacts of these shifts in rice paddy habitats in China on the migratory
patterns of wild birds.

Determining where and when wild birds and poultry overlap and interact is a key
factor in understanding the potential for disease transmission in regions where viruses
circulate endemically [5,53] and where poultry act as a permanent source of infection for
wild birds, or vice versa [33,54-56]. Understanding how the agricultural-wildlife interface
may shift as the distribution of rice paddies changes is of critical importance in identifying
potential areas of enhanced disease transmission risk. The objective of this study was
to build scenarios to evaluate how landscape changes in eastern China may affect the
migration of wild waterfowl in the EAAF, and to discuss implications for HPAI H5N1
spillover risk. We used movements of waterfowl determined by satellite telemetry to
develop maps of migration routes and conducted a spatiotemporal analysis of waterfowl
distribution in relation to their changing habitats. The specific aims of our study were to:
(1) characterize the migratory movements of wild birds in this region; (2) summarize the
level of environmental change in their habitats; and (3) develop scenarios to examine the
potential effects of the environmental change on wild bird movements and the potential
transmission of avian influenza.

2. Materials and Methods
2.1. Study Area

Our scenarios were focused within the extent of the EAAF. The EAAF generally de-
scribes a region along the east coast of Asia that includes migratory waterbirds (shorebirds,
ducks, geese, swans, cranes, and seabirds) totaling over 50 million individuals following
pathways moving between northern breeding areas and southern wintering areas [57]. The
EAAF encompasses 22 countries, extending in the north from the Taimyr Peninsula across
Russia to Alaska through East Asia, and in the south to Australia and New Zealand [58].
Our efforts specifically focus on the primary region for migrating waterfowl, which ex-
tends from breeding grounds in Siberia to wintering areas in southern China along the
Yangtze River Basin lowlands [59]. This study area includes regions of historically high
rice and poultry production (i.e., southeast China; [34,46]), as well as regions with an
emerging rice industry (i.e., northeast China; [49]). Additionally, this region contains the
Yellow Sea, which serves as an important stopover area for migratory waterfowl and other
waterbirds [16,60-62], despite recent challenges from habitat loss and degradation [63-65].

2.2. Waterfowl Capture and Marking

The majority of migratory waterfowl wintering in southeastern China appear to
migrate in a generally northeasterly direction during spring migration, moving through the
Yellow Sea region and into northern breeding grounds [16,66]. This portion of individuals
was represented in this study by various dabbling duck species (Eurasian Wigeon Mareca
penelope, Northern Pintail Anas acuta, Garganey Anas querquedula, Common Teal Anas crecca,
and Falcated Teal Mareca falcata) marked in the Mai Po Nature Reserve in Hong Kong,
China (hereafter “Hong Kong”) and at Poyang Lake, China (in the Yangtze River Basin
lowlands). However, some species and populations have a different pattern and migrate
to more inland breeding grounds, such as the grasslands of the Mongolian-Manchurian
Steppe [67], or follow a more inland route to western portions of the Russian Arctic [68].
The waterfowl used to build the scenarios in this study were represented by Swan Geese
(Anser cygnoides) marked on the Mongol Daguur wetlands in northeast Mongolia prior
to their fall migration to the southeastern wintering grounds in the Yangtze River Basin
lowlands, which they share with the previously described dabbling ducks.

We captured birds using a variety of methods including monofilament leg nooses,
drive traps, dip nets, mist nets, whoosh nets, and net launchers [16,69]. Timing of capture
varied by species and site (Table 1). Upon capture, we placed birds in individual cloth
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bags and fitted them with solar powered Argos (12 g or 18 g), Argos-GPS (22 g, 26 g, or
30 g), or GSM (45 g; Microwave Telemetry, Inc., Columbia, MD, USA) transmitters. All
transmitters were secured with a teflon ribbon harness (Bally Ribbon Mills, Bally, PA, USA)
weighing < 3% of the bird’s body mass prior to marking [70]. After processing, we released
the birds near capture locations as soon as possible, usually within 14 h.

2.3. Telemetry Data Filtering

Prior to analysis, we used the Douglas Argos-Filter Algorithm hybrid filter [71],
available from Movebank (www.movebank.org (accessed on 1 July 2022)), to filter data for
erroneous fixes. Additionally, data were manually inspected in ArcGIS 10 (Environmental
Systems Research Institute, Inc., Redlands, CA, USA) to determine the biological end dates
for each animal to ensure only data collected while the transmitter was attached to a live
bird were used. Tracks were manually examined to determine completeness of migration,
with only individuals that completed spring migration (birds marked in Poyang or Hong
Kong) or either reached the northern edge of the Yellow Sea or completed fall migration
(birds marked in Mongolia) being retained for this study. Finally, to ensure that data were
comparable between the two separate deployments on Swan Geese (2008 and 2014), we
resampled data from GSM marked birds (fixes collected up to once per minute) to match the
temporal resolution of GPS marked birds (fix collected every 2 h). This was done by finding
the fix closest in time to the programmed GPS schedule, disregarding any fix > 30 min
outside of that scheduled fix time.

2.4. Movement Models

To develop our scenarios, we followed previously established methods [60,72] to create
dynamic Brownian Bridge Movement Models (ABBMM) using the “move” package in R (R
Core Team, Vienna, Austria), which estimated a utilization distribution (UD) for each bird.
The 50, 75, and 99% contours of the resulting models were defined as stopover sites, core
movement areas, and flight corridors, respectively [60]. To identify flight corridors and
important habitats at a broader species level, we constructed 3 cumulative UDs consisting
of birds marked at (1) Hong Kong and Poyang Lake, (2) Mongolia in 2008, and (3) Mongolia
in 2014. Analyzing tracking datasets for the Swan Geese in both 2008 and 2014 allowed us
to examine changes in movements and distribution in different years during the period
when rice agriculture was rapidly changing in China [73]. Cumulative UDs were created
by summing the UDs generated for individuals. To account for variation in migration
duration between individuals when summing dBBMMs, we weighted each model by the
duration of the migration, multiplying all pixel values in each UD by the number of days.
We then summed the pixel values of all weighted UDs and rescaled cumulative pixel values
such that they summed to 1. This resulted in a UD that represented the relative use of each
pixel during migration.

2.5. Habitat Change Layers

To represent the availability of rice in different years of our scenarios, we used the
layers generated for 2000 and 2015 as reported in Zhang et al. [73]. These layers provide
the spatial distribution of rice paddy habitats across monsoon Asia at a 500 m resolution.
We then resampled these rice layers to match the same resolution as our waterfowl UDs
described above, providing the area of rice in km? per UD raster cell (100 km?). To find
the change in rice distribution from 2000 to 2015 we subtracted the resampled 2000 layer
from the resampled 2015 layer, resulting in the change in available rice habitat per cell. All
changes less than 5 km? were reclassified as no change (value = 0) due to (1) the potential
for small-scale errors in the generation of the original rice layers, and (2) the likely limited
biological implications of changes below this threshold at the spatial scale of the resampled
layers. All computations were performed in R 3.3.3 or ArcMap 10.6.
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Table 1. Total number of marked individuals used in this study reported by species and capture
site. Additional information regarding capture and marking, including data from individuals not
included in this study, can be found in Sullivan et al. ([74]; birds marked in Mai Po marsh), Takekawa
et al. ([16]; birds marked at Poyang Lake), and Batbayer et al. ([69]; birds marked in Mongolia).

. . Transmitter Fixes for
Species Capture Area Marking Dates Data Type Weights (g) n dBBMM
Eurasian . 8 December,
Wigeon Mai Po (Hong Kong) 9 December Argos, GPS 12,22 5 1087
Northern . 8 December,
Pintail Mai Po (Hong Kong) 9 December Argos, GPS 12,18,22 9 3238
Common Teal Poyang Lake 7 March Argos 12 3 187
Falcated Teal Poyang Lake 7 March Argos 12,18 4 249
Garganey Poyang Lake 7 March Argos 12 1 69
Swan Goose ! Mongol Daguur 8 July, 14 July GPS, GSM 30,45 18 10,277
Complex

1 GPS transmitters were deployed in 2008; GSM transmitters were deployed in 2014.

2.6. Forecasting Effects of Changing Rice Production

To develop scenarios for examining the potential effects of spatial change in rice paddy
habitat on the distribution of migratory waterfowl, we multiplied each bird’s individual
UD such that the cells experienced a 5% or 10% change per km? change in rice paddy
habitat. For example, if the given cell experienced a 1 km? loss of rice paddy habitat, the
value would decrease by 5% in one model run and 10% in the subsequent run. Individual
bird rasters were summed and rescaled to provide a cumulative UD at each percentage
change threshold as described previously.

The 5% and 10% per km? thresholds were selected for the scenarios following an
investigation into differences between Swan Geese UDs in 2008 and 2014. While birds
marked in 2008 had a slightly more easterly migration route, there was still some overlap,
especially along the northern portions of the Yellow Sea, which birds used as a migratory
stopover site in both years. To understand how rice change impacted space use, we created
subsets of these UDs to include cells that were within the top 99% of use probabilities
and remained present in both UDs. This allowed inclusion of cells that, had there been
no change in habitat, would have likely been used equally between years despite the
slightly different migratory patterns. We then found the percent change from the 2008 to
2014 UDs and divided the percent change by the change in rice paddy habitat, resulting
in a final percent change in UD per km? change in rice paddy habitat. We found that
while other factors aside from rice (i.e., not included in this analysis) clearly affect the
utility of a given area for migrating Swan Geese, changes in rice paddy coverage were
often positively related with use by Swan Geese. Specifically, 50% of all dBBMM pixels
that overlapped between 2008 and 2014 showed a positive relationship, and cell value
generally changed between 0 and 10% per km? change in rice coverage (Figure 1). While
we recognize that applying this approach to developing our scenarios does not account for
other potential landscape changes, we believe it is a reasonable technique for providing
quantitative insights into projections of changes in habitat utilization across years.
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Figure 1. Percent change in Swan Goose utilization distribution (UD) cell values (10 km resolution)
per 1 km? change in rice paddy habitat area (0.1 = 10% change in cell value per 1 km? change in
rice). Percent changes in UD values were calculated by comparing changes in migration distribution
from 2008 and 2014 to changes in rice distribution from 2000 to 2015. Positive values indicate that
change in UD values matched the directional change in rice (both increased or both decreased), while
negative values indicate opposing trends. Changes in rice paddy habitat of less than 5 km? were not
included in the analysis.

3. Results
3.1. Transmitter Performance and Movement Paths

Following data processing, we retained 14 ducks marked in Hong Kong, 8 ducks
marked in Poyang, and 18 Swan Geese marked in Mongolia for our scenarios (Table 1). A
description of the other birds marked but not included in these analyses due to incomplete
migration paths or other issues may be found in Takekawa et al. [16] (Poyang), Sullivan
et al. [74] (Hong Kong), and Batbayer et al. [69] (Mongolia). As expected, the temporal
resolution of fixes collected by the GSM transmitters was far greater than those collected
by Argos or GPS transmitters, although this was addressed through data filtering (see
Methods) to leave us with comparable fix rates between individual Swan Geese regardless
of capture year.

Waterfowl marked at Hong Kong and Poyang Lake generally migrated northeast
through China before splitting off to breeding areas in Mongolia or the Russian Arctic.
There was a large stopover site in southeast China near Nanchang that followed the Yangtze
River to the Yellow Sea (Figure 2). This region was an area of extensive rice production
when these data were collected, but has seen dramatic loss of rice paddies in recent years
(see below). The migratory paths developed in this analysis were consistent with results
from other analyses of these data (e.g., [16,60], which provided more detailed descriptions
of individual movements and migratory timing.
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Figure 2. Spring migration utilization distributions in the East Asian-Australasian Flyway determined
via dynamic Brownian Bridge Movement Models for Eurasian Wigeon (1 = 5) and Northern Pintail
(n =9) marked on the Mai Po Nature Reserve in Hong Kong (2008-2010), and Garganey (1 = 1),
Common Teal (1 = 3) and Falcated Teal (n = 4) marked on Poyang Lake (2007-2008). Flight corridors
(blue, 99%), core movement areas (pink: 75%), and stopover locations (dark purple: 50%) are
indicated.

The movement paths of Swan Geese marked in northeast Mongolia in 2008 were
similar to those found in previously published analyses of these data (see [69,75,76]. The
Yalu River estuary on the border between China and North Korea and the region around
Hulun Nur along the borders between Russia, China, and Mongolia were key staging areas
for Swan Geese as they migrated from breeding grounds in Mongolia to wintering grounds
in east China (Figure 3). However, despite the similar usage of regions at the beginning
and end of migratory paths, we did observe some minor differences between birds marked
in 2008 and 2014. The migration paths of Swan Geese in 2014 were further to the east than
those observed in 2008.

3.2. Potential Effects of Agricultural Shifts

A review of rice paddy data demonstrates that significant shifts in rice paddy agri-
culture have occurred throughout China in the past 20 years. There have been marked
declines in rice paddy agriculture in southeast China, especially along the Yangtze River
near Nanjing (Figure 4), and rapid increases in rice paddy agriculture in northeast China,
especially along the Songhua River near the border with Russia. More detailed analysis of
trends in rice habitat change is available in previous studies [46,73].
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Figure 3. Fall migration utilization distributions in the East Asian-Australasian Flyway determined
via dynamic Brownian Bridge Movement Models for Swan Geese marked in northeastern Mongolia
in 2008 (n = 9) and 2014 (n = 9). Flight corridors (blue: 99%), core movement areas (pink: 75%), and
stopover locations (purple: 50%) are indicated.

Our scenarios suggested that waterfowl on their spring migrations from southeast-
ern China, represented by our birds marked at Poyang and Hong Kong, were likely to
experience changes in habitat availability as the result of shifts in rice paddy agriculture.
In light of the extreme reduction in rice paddy habitat available in southeast China since
2000, even small declines in habitat value resulting from a loss of rice would likely result
in substantial reductions in previously important stopover areas (Figure 5). For instance,
stopover sites to the west of Jiangsu are almost completely lost at just a 5% reduction per
1 km? loss of rice paddy habitat. Furthermore, as negative response levels increase, we
see potential narrowing of the core movement areas. It also appears that stopover areas
unaffected by changes in rice agriculture habitat become more fragmented and skewed
toward coastal regions facing the threat of land reclamation. While declines in rice paddy
agriculture in southeast China seem likely to result in reduced habitat availability for
migratory waterfowl, northeast China is experiencing increases in rice paddy agriculture
that are presenting new habitat for these species. Prime examples of rice paddy expansion
in northeast China improving habitat value for migratory waterfowl include the Amur
River at the border of China and Russia (near Fuyuan), where our scenarios suggest a
possible increase in stopover habitat (Figure 6). However, this expansion is occurring in a
much more localized manner than the large-scale habitat loss observed in the southeast.

While birds marked in southeast China face drastic changes in the migratory landscape
along their northward spring migrations, it appears as though Swan Geese, which migrate
southeast from Mongolia during fall migration, are less likely to be affected by the current
shifts in agricultural production. The migratory corridors of the marked Swan Geese used
in this study had little overlap with areas that were experiencing large changes in rice
paddy agriculture. The shifting rice paddy distribution north of the Yellow Sea may have
little effect on the distribution of Swan Geese unless they expand outside the current areas
of growth in northeast China. Despite the lack of major changes in the migratory pathways
of Swan Geese at the flyway scale, there was still some change in rice paddy coverage,
especially near the Yalu River Estuary. However, migratory Swan Geese may be affected by
landscape changes south of the Yellow Sea later in the fall migration or during the initial
stages of spring migration.
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Figure 4. Distribution and change in rice paddy habitats across southeast and northeast China from
2000 to 2015. Panels A and B show rice distribution in 2000 while panels C and D show distribution
in 2015. The change from 2000 to 2015 is illustrated in panels E and F. Rice distribution is provided
at 500 m resolution and taken from Zhang et al. [7]. Change in rice is calculated for 100 km? cells.
Only changes > 5 km? were included to conservatively report area changes that are likely biologically
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Figure 5. Changes in spring migration utilization distributions determined via dynamic Brownian
Bridge Movement Model for Eurasian Wigeon (1 = 5) and Northern Pintail (n = 9) marked on the
Mai Po Nature Reserve in Hong Kong (2008-2010), and Garganey (1 = 1), Common Teal (1 = 3) and
Falcated Teal (1 = 4) marked on Poyang Lake (2007-2008), based on changes in rice paddy habitat
across southeastern China. Values of each cell within the original utilization distribution (10 km?
resolution) were increased or decreased by 5% (Panels A and B) and 10% (Panels C and D) per km?
change in rice paddy habitat within that cell. Cell values were then rescaled such that all cell values

would fall between 0 and 1. Changes in rice paddy habitats were only included in the analyses if they

were >5 km? to conservatively estimate the biological effects of the change in area at this scale.
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Figure 6. Changes in spring migration utilization distributions determined via dynamic Brownian
Bridge Movement Models for Eurasian Wigeon (n = 5) and Northern Pintail (n = 9) marked on the



Diversity 2023, 15, 601

11 of 17

Mai Po Nature Reserve in Hong Kong (2008-2010), and Garganey (n = 1), Common Teal (n = 3)
and Falcated Teal (n = 4) marked on Poyang Lake (2007-2008), based on changes in rice paddy
habitat across northeastern China. Values of each cell within the original utilization distribution
(10-km? resolution) were increased or decreased by 5% and 10% per km? change in rice paddy habitat
within that cell. Change values were then rescaled such that all cell values would fall between 0
and 1. Changes in rice paddy habitats were only included in the analyses if they were >5 km? to
conservatively estimate the biological effects of the change in area at this scale.

4. Discussion

We developed scenarios to examine the potential changes in the distribution of mi-
gratory waterbirds in the EAAF subject to recent large changes in habitat availability of
rice paddies. Our results suggested that even relatively minor decreases of habitats in their
migratory pathways driven by a loss of rice paddies could result in dramatic reduction
of stopover habitats in areas such as the Yangtze River Basin. Conversely, although the
expansion of rice habitat in northeast China appears to provide additional high value
habitats, this is occurring at a much more localized scale than the large losses of agricultural
habitat in southeast China.

In southeast China, waterfowl may respond to the loss of rice paddies by accelerating
migration from their wintering grounds to more northerly stopover sites such as the Yellow
Sea or the expanded rice habitats in northeast China. If the waterfowl move more rapidly
through the early stages of migration, we could see a decrease in overlap with poultry
production, as overlap primarily occurs in these lower latitudes [31,77,78]. However,
increased migratory speed would also present the opportunity for infected waterfowl
to travel farther during the asymptomatic period [6] and directly transmit HPAI from
wintering grounds to higher latitudes. For instance, the dispersal rates of 19 waterfowl
species marked with satellite transmitters showed that the Common Teal had the greatest
potential to carry HPAI more than 500 km during the asymptomatic period of infection,
although the likelihood of this event was restricted to 5-15 days during spring or fall
migration [79]. However, if waterfowl migrations occur earlier, the resulting change in viral
mobility could be dramatic, as a result of the differing strains and prevalence expressed
across the range of species in this region [80]. Similarly, an earlier fall migration could
allow additional strains of AIV to be introduced to wintering grounds, although a high
viral diversity is already observed during this stage of the year [29,81,82].

Faster or earlier migration is not the only possible outcome of the observed habitat
loss from our scenario. A second potential response would be that the waterfowl would
congregate at increased densities in the remaining rice paddies throughout the movement
corridor. Such a response would increase the risk of viral mixing between separate win-
tering populations, potentially exposing individuals to different subtypes [79]. Although
AIV prevalence in wild birds is known to decline during spring migration [29,81,82], trans-
mission at stopover sites may play an important role in facilitating transmission of viruses
to the breeding grounds via relay transmission [79,83-85]. Also, increasing the density of
wild waterfowl at stopovers increases the risk of direct and indirect transmission among
wild populations as well as between wild and domestic birds in these areas. These stopover
sites are where the majority of genomic reshuffling and cross-species transmission may
occur [29].

While rice paddies have been demonstrated as important habitats for migratory wa-
terfowl [52,74], the potential outcomes resulting from landscape changes rely on waterfowl
being forced to use this habitat type. It is possible that waterfowl could simply use alterna-
tive habitats, newly protected areas [86], or restored natural wetlands [87]; furthermore,
high levels of disturbance in agricultural lands may make them unsuitable for waterfowl
use [88,89] (but see [90]). The effects of changes in habitat use by wild waterfowl on the
agricultural-wildlife interface would depend on the type of habitats. As the habitats change,
the response of the different migratory bird species and populations will likely differ [51];
thus, the realized outcomes may be a combination of two or more of the proposed scenarios.
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Additionally, changes in habitat often result in altered population levels, as species with
low adaptability suffer population declines and species with higher adaptability expand to
take advantage of newly available resources [91]. Potential changes in disease transmission
could be heavily influenced by the resulting species composition, especially if remaining
species have higher or lower prevalence, viral shedding, or migratory rates [92,93].

Although the decrease in rice paddy habitat throughout southeast China has notable
potential ramifications for disease transmission, increases in rice production in northeast
China may also drive change in the agriculture-wildlife interface. Increased rice agriculture
in the northeast could lead to greater stopover duration and increased concentration of
waterfowl at these locations. Conversely, it is also possible that decreased concentration of
food resources could reduce the intermixing of large populations. Furthermore, climate
change effects may alter the timing of rice production, creating a mismatch between food
availability and waterfowl migration or forcing waterfowl to alter their migration timing
or destination [94]. Perhaps most importantly, recent years have seen an increase in
domestic poultry production in northeastern China, likely driven by increased consumer
demand [95,96]. This change in both wild and domestic poultry distribution would present
new opportunities for spatiotemporal overlap. Monitoring such changes will be crucial for
disease outbreak preparedness [52,97].

In addition to shifts in agricultural production, waterbirds migrating through the
EAAF also face significant disruption to coastal habitats. Upwards of 65% of intertidal
wetlands within the coastal zone of the Yellow Sea has been reclaimed in the past 50 years to
accommodate the nearly 60 million people currently occupying this region [63,98]. As could
be expected, this loss of intertidal wetlands presents a serious threat to waterbirds [98-101].
Delany and Scott [102] reported that 62% of waterbird species in this region have declining
populations. Changes in habitat surrounding the Yellow Sea also have significant implica-
tions for the spread of AlVs, as this is an important stopover site allowing for intermixing
of birds from separate wintering grounds. Additionally, due to the relatively low latitude
of this stopover region, infected birds may still shed viruses from wintering areas upon
arrival [6,7]. Thus, while conservation measures have been proposed to protect the Yellow
Sea from rapid urban expansion and habitat loss [63], degradation from damming of major
rivers, pollution, wind and tidal power plants, and aquaculture [99,103], the region also
may require increased surveillance and control measures because it is at higher risk of
disease outbreaks. However, as with loss of rice habitat, the effects that the loss of tidal
mudflats will have on spatiotemporal trends in the distribution of wild waterbirds has not
been sufficiently examined, and implications for disease transmission are unclear.

The scenarios that we developed to examine the potential effects of changes in rice
agriculture are dependent on the availability of empirical data during the same decade.
Although marked birds are typically observed with unmarked birds [104], the behavior
of the marked birds, either in movement or general ecology, may still be affected by the
tracking devices. However, their movement paths were similar to movement patterns
observed in previous analyses of transmitter data [16,69,74-76]. Also, availability of rice
paddy habitats is not the only factor driving waterfowl distribution and habitat use dif-
ferences among years. However, the approach we developed allowed us to use historical
data to construct scenarios suggesting potential changes in migratory bird movements
due to landscape change, and to discuss the possible implications for disease transmission.
Agent-based modeling paired with susceptible-exposed-infected-recovered (SEIR) models
may provide the best means of incorporating information on known habitat preferences,
disease ecology parameters, and known movement characteristics to predict outcomes in
changing environments. While the theoretical foundations are being built to allow such
work [105], we believe our scenario approach provides an important first step for advancing
understanding of changing disease transmission threats by incorporating real-world data
to predict differences in habitat utilization by migratory birds over time.
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