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Abstract: Wild waterfowl are considered to be the reservoir of avian influenza, but their
distinct annual life cycle stages and their contribution to disease dynamics are not well
understood. Studies of the highly pathogenic avian influenza (HPAI) virus have primarily
focused on wintering grounds, where human and poultry densities are high year-round,
compared with breeding grounds, where migratory waterfowl are more isolated. Few if
any studies of avian influenza have focused on the molting stage where wild waterfowl
congregate in a few selected wetlands and undergo the simultaneous molt of wing and
tail feathers during a vulnerable flightless period. The molting stage may be one of the
most important periods for the perpetuation of the disease in waterfowl, since during this
stage, immunologically naive young birds and adults freely intermix prior to the fall mi-
gration. Our study incorporated empirical data from virological field samplings and
markings of Swan Geese (Anser cygnoides) on their breeding grounds in Mongolia in an in-
tegrated agent-based model (ABM) that included susceptible—exposed—infectious-recov-
ered (SEIR) states. Our ABM results provided unique insights and indicated that individual
movements between different molting wetlands and the transmission rate were the key pre-
dictors of HPAI perpetuation. While wetland extent was not a significant predictor of HPAI
perpetuation, it had a large effect on the number of infections and associated death toll. Our
results indicate that conserving undisturbed habitats for wild waterfowl during the molting
stage of the breeding season could reduce the risk of HPAI transmission.

Keywords: highly pathogenic avian influenza; HPAI; movement ecology; agent-based
model; SEIR model; susceptible-exposed—infectious-recovered; swan goose; telemetry

1. Introduction

Highly pathogenic avian influenza (HPAI) is endemic in Southeast Asia and presents
a constant risk to the health of both humans and wild birds. For instance, from January
2003 to December 2024, there were 261 laboratory-confirmed cases and 142 deaths [1] from
H5NT1 infections in humans in the Western Pacific (specifically China, Cambodia, Lao
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PDR, and Vietnam). Meanwhile, the emergence of clade 2.3.4.4b has had far-reaching
global implications for hundreds of avian species [2]. Thus, it is critically important to
understand the mechanisms by which HPAI persists and spreads so that areas of greatest
risk can be identified, and prevention and response resources can be best applied [3,4].
Extensive research over the past two decades has dramatically improved our understand-
ing of HPAI transmission dynamics in Southeast Asia, highlighting the potential for wild
waterfowl to mediate the long-distance spread of HPAI both at regional and interconti-
nental scales [5-7] and identifying periods of spatiotemporal overlap between wild birds
and domestic poultry [8-10]. However, while the examination of HPAI in market chains
has identified mechanisms allowing the persistence of HPAI in domestic poultry [11-13],
there are few data available on the factors driving or enabling perpetuation or persistence
across the unique life stages that define the annual cycle of waterfowl.

Seasonal dynamics of host—pathogen interactions, habitat use, and environmental
conditions are important ecological factors that influence the risk of infectious disease
transmission differently across the annual cycle [14]. However, studies of HPAI transmis-
sion by waterfowl, associated risk assessments, and transmission-relevant host behaviors
have not been distributed equally across stages of their annual cycle. The existing litera-
ture has mainly focused on wintering grounds where the density of both poultry and hu-
man populations is high [10,15]. Similarly, the spring and fall migration stages have been
studied due to concerns of migrant-mediated transmission across habitats [16-18], alt-
hough the role of populations intermixing at staging and stopover areas in disease dy-
namics remains poorly understood [19]. While serological sampling has been conducted
to document the prevalence of HPAI and the immune responses of waterfowl during the
breeding season [20,21], the dynamics of amplification, perpetuation, and the spread of
viruses introduced to breeding grounds have rarely been investigated [22].

The lack of data regarding the ecological factors driving HPAI transmission dynam-
ics on the breeding grounds is a notable weakness in the current literature, especially
given the unique behaviors waterfowl exhibit during this period and the potential they
present for HPAI spread. Waterfowl are typically found in high densities at wintering
sites, but they typically distribute widely and at low densities while breeding. However,
during the stage known as the molt migration, which occurs in the late breeding season,
waterfowl from disparate breeding sites congregate at a limited number of wetlands that
provide adequate food and protection from predators while birds molt their flight feathers
[23,24]. The molt migration behavior results in a mixture of populations from different
geographic origins forming loosely connected meta-populations until their flight capabil-
ity is regained post-molt. This stage presents a major opportunity for HPAI viruses to
spread among formerly distant individuals since they are constrained to the same habitat
and especially because naive juveniles are present, for whom this aggregation may repre-
sent the first exposure to these viruses [25,26]. Furthermore, the molt of remigial feathers
has substantial energetic and nutritional costs [27], potentially leading to molt-mediated
immunosuppression. Such immunosuppression could lead to HPAI outbreaks similar to
those reported for migrating birds [28], although the relationship between lower immun-
ity and HPAI outbreaks is not well established [22].

Despite the high potential for HPAI transmission during the molt migration stage,
the existing literature has not supported the occurrence of large outbreaks nor the persis-
tence of HPAI in this period. For instance, HPAI infection from molting to pre-migration
was not supported in juvenile Pink-footed Geese (Anser brachyrhynchus) [14], and the lack
of HPAI outbreaks in the late breeding season in Mongolia suggests that waterfowl are
not continuous reservoirs of HPAI infection [20]. One possible explanation for the lack of
regular HPAI perpetuation through the molt migration stage is that the flightless period
is of sufficient duration that outbreaks run their course within isolated molting sites before



Viruses 2025, 17, 196

3 of 20

extensive intermixing can occur once waterfowl regain their flight feathers [29]. However,
we have very little understanding of individual movement behaviors during the molt mi-
gration that may allow for the perpetuation of HPAI transmission and whether climate
change effects on their environment may alter that possibility.

In this study, we hypothesized that HPAI viruses introduced into the breeding
grounds of waterfowl must persist through the molting stage for the perpetuation of the
fall migration. To test this hypothesis, we used a simulation model to examine how wa-
terfowl behavior and ecological conditions during this period affected transmission and
persistence. We used an integrated agent-based model (ABM) [30] that included suscep-
tible—exposed-infectious-recovered (SEIR) states and applied empirical field data from
Swan Geese (Anser cygnoides) in northeastern Mongolia to create ecological and epidemi-
ological simulations. We aimed to (1) apply telemetry data to describe the spatiotemporal
movements of Swan Geese in the late breeding season, (2) estimate the chance of HPAI
perpetuation until the fall migration, and (3) assess the role of host, environmental, and
disease parameters in HPAI infections.

2. Materials and Methods
2.1. Study Area

Our study area is the transboundary region of northeastern Mongolia where the Dor-
nad Province of Mongolia meets the Belgorod Oblast of Russia, approximately 150 km
from the Chinese border (Figure 1). As part of the Mongolian-Manchurian Steppe, also
known as the Mongolian-Manchurian Grassland, this area is one of the most intact grass-
lands remaining on Earth [31]. Flooding conditions are highly variable in the study site,
occasionally causing the loss of >90% of lakes and small rivers in dry phases [32]. Despite
their unpredictable extent, the wetlands of the Mongolian-Manchurian Steppe are im-
portant breeding habitats for Swan Geese [31,33] as well as other native waterfowl species
[34-36]. However, the Mongolian-Manchurian Steppe is under threat from a litany of
stressors including overgrazing, mining, and rapid climate change [37].

E 114°30° E 115°00" E 115°30° E 116°00"
il h L B
io
o
w
z
o
o
L ©
w
z
; o 0
. 6 =
o i ©ore
<0 (5] p) z
e

©
o
.
KAty
N 49°30

N 49°15°

. 0 10 20km .
4

Figure 1. Study areas in Mongolia and Russia showing the potential molting wetlands (>1 km?; or-
ange) and other rivers and smaller wetlands (blue) in the region. The left panel shows the wetland
mosaic in a wet year (Jul 2014) and the right panel shows the wetland extent in a dry year (Jul 2015).
In these panels, lakes are represented with yellow polygons, and notable locations including two major
lakes (1: Barun-Torey Lake and 2: Zun-Torey Lake) and four goose-capture sites are indicated (3:
Chukh Lake, 4: Khaichiin Tsagaan Lake, 5: Bus Lake, and 6: Galuut Lake) with numbered black circles.
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2.2. Study Species

The Swan Goose is an endangered migratory waterbird endemic to East Asia [31],
which connects the wintering grounds in south China and breeding grounds in Mongolia
and Russia [31,33,38]. The estimated global population of the Swan Goose is 36,000-43,500
but is decreasing [31]. Major wintering grounds of Swan Geese are Poyang Lake and the
Yangtze River watershed in South China [39,40], the epicenter of HPAI emergence and
outbreaks due to the high density of poultry, humans, and wintering wild waterbirds
[41,42]. Continued habitat loss and concentrating populations at fewer wintering wet-
lands have likely increased the susceptibility of the Swan Goose to HPAI [31], which in-
creases the potential for this species to serve as a vector along the East Asian Flyway sim-
ilar to the suspected role of the Bar-headed Goose (Anser indicus) in the Central Asian
Flyway [43]. Although the behaviors and breeding biology of the Swan Goose are not fully
described, recent telemetry and marking studies provided key ecological information on
their habitat use and migration [44-47] to parameterize details for our modeling effort.

2.3. Documenting Wetland Extent

It is unknown how Swan Geese select molting areas, and little information on the
distribution of their molting wetlands is currently available. However, large water bodies
provide important habitats where molting geese may avoid predators [23]; therefore, un-
derstanding the abundance and distribution of large wetlands in the late summer was
included in our modeling efforts. We collected satellite images (WRS path: 126, WRS Row:
25-26) provided by the Landsat 8 Operational Land Imager (OLI) sensor on 23 Jul 2014
and 10 Jul 2015 and used the modified normalized difference water index (MNDWI) [48]
to construct two layers (1303 x 1426 pixels, resolution: 100 m x 100 m) indicating the size
and distribution of available wetlands (Figure 1). We used the 1.0 km? threshold to iden-
tify potential molting lakes that may provide abundant food resources and a safe habitat
for flightless geese.

The 2014 breeding season had above-average rainfall, and 763.6 km? of large wet-
lands including 41 lakes (596.2 km?, 78% of total wetlands) were identified in the study
area in July. This decreased to 393.4 km? with only 24 lakes (93% of total wetlands) in July
2015, which was a particularly dry year in this region (Figure 1). Barun-Torey Lake went
from 167 km? in 2014 to <6 km? in 2015 (Figure 1), causing a massive loss of habitat for
waterbirds similar to conditions reported in July 2009 [49]. The four sampling sites where
we captured molting geese (see capture and telemetry) were identified as lakes with molt-
ing birds in both years.

2.4. Capture and Marking

We worked with local experts to survey major wetlands in our study area to locate
large flocks of pre-molt Swan Geese during the late breeding season. Capture and mark-
ing information are summarized here but also presented elsewhere [45,46]. Once flocks
were identified, we set up corral traps and lead nets along lake shorelines and deployed
kayaks and motorboats to capture or herd flightless geese into the corral traps [33]. From
27 Jul to 31 Jul 2014, we captured birds at Bus Lake (49°44’ N, 115°09" E), Galuut Lake
(49°44' N, 115°17' E), Chukh Lake (49°31' N, 114°39" E), and Khaichiin Tsagaan Lake (49°41’
N, 114°40" E) (Figure 1). Upon capture, we measured, sexed, and aged juveniles and molt-
ing adults, and we then marked each bird with a unique numbered collar band and metal
leg band. We also took paired blood samples and cloacal swabs from 59 geese for HPAI
virus detection and stored the samples in liquid nitrogen until laboratory analyses were
performed at the Southeast Poultry Research Laboratory, U.S. National Poultry Research
Center, U.S. Department of Agriculture (USDA), Athens, Georgia. An analysis with RT-
PCR confirmed that H5 clade 2.3.4.4 was detected in 3 out of 57 tested cloacal samples (2
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samples were lost to contamination), indicating a 5.26% (1.1-14.6%, 95% C.1.) prevalence
of HPAI in the molting geese. Additionally, we deployed 49 transmitters that used the
global positioning system (GPS) and Global System for Mobile Communications (GSM 20-
70, Microwave Telemetry, Inc., Columbia, MD, USA) in duty cycles varying from 1 to 360
min intervals. All transmitters were placed on the birds’ backs and secured via Teflon har-
nesses or neck collars [50], with the harness—transmitter package being <2.5% of the body
mass of the goose (<60 g). We examined the location data from 49 marked birds after delet-
ing 12 individuals with an insufficient number of locations collected prior to departure from
the study area to effectively determine their movements, leaving 37 birds for analyses.

2.5. Determining Movement Phases

An earlier study and preliminary review of our telemetry data indicated that the me-
dian date of Swan Goose arrival to molting areas was 21 Jun [33] with the final departure
from the study area in September as birds either initiated southward migration or moved
to pre-migration staging areas. We used the median date for the first period of our study
window, since the birds were still flighted as they arrived, and some could be moving
through to other sites for molting. Thus, we set our study window to be from 21 Jun to 31
Aug and divided this window into three distinct periods based on flight ability and habitat
use: molting, post-molting, and pre-migration. We considered geese as having entered the
molting stage upon arrival to their respective molting area. We determined the date that
each goose first recorded an inter-wetland movement, defined as travel greater than 5.5 km
(the longest axes length of four molting lakes where the geese were marked) from its initial
marking site. We used our general departure date (Aug 31) as the date of the first inter-
wetland movement for any individual that lacked inter-wetland movements. We then used
the earliest and mean date of their first inter-wetland movement to determine the transition
from molting to post-molting and from post-molting to pre-migration periods.

2.6. Family Groups as Agents

Geese generally stay in family groups and goslings stay with adults throughout the
breeding and molting season; thus, we considered a family as a single experimental unit
(hereafter agent) that shares the same infection state. Unfortunately, there is a lack of de-
mographic information for this species in this region such as the total population, number
of breeding pairs, age ratio, and family structure. For instance, the estimated population
of 3500 could be represented by anything from 3500 agents, assuming entirely non-breed-
ing individuals, to 583 agents if all birds were part of an average family unit composed of
two parents and four goslings [51]. Therefore, we ran simulations with either 1000 or 2000
agents, which allowed us to examine the impact of increased host density while balancing
the uncertainty in the demographics of this population.

2.7. Rules of Movement Behavior for Agents

We used four basic movement rules for individuals within our ABM framework on the
basis of our empirical telemetry data and general waterfowl movement ecology literature.

Rule 1: The local movements of agents follow the patterns identified by telemetry
data. We used our telemetry data to model the local movements of each agent. We selected
locations from geese that recorded fixes at least hourly to identify the local movement
patterns (n = 13 geese) and calculated the mean hourly displacement (i.e., the linear dis-
tance between locational fix at hour 1 to hour 2, hour 2 to hour 3, etc., averaged per bird)
in each of the three periods (molting, post-molting, and pre-migration) to use as the typi-
cal local movement pattern. We found that the distance of hourly displacements and inter-
wetland movements followed an exponential decay (see Results). We used random
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numbers generated from an exponential distribution of mean distances to simulate the
hourly and inter-wetland movements of each agent.

Rule 2: The agents stay within the wetlands. A review of our telemetry data indicated
that Swan Geese almost exclusively utilized wetland habitats and not the uplands
throughout the study period. Thus, we required that whenever the agents were outside
of the wetlands at the beginning of the simulation or at any point during the simulation,
they returned to the wetlands. In instances where agents were not already at molting lakes
at the start of the simulation, they moved toward the nearest molting lake at a relatively
slow speed (<1 km/h) that was determined from the tracking data. This movement rate
was applied for the first five days of simulations to represent the asynchronous and de-
layed arrival of geese to molting lakes. Following the initial travel period during which
99% of agents arrived at molting lakes, agents located outside of wetlands returned to the
nearest wetland at a greater speed that varied with the distance from the wetlands (i.e.,
10.6 km/h at 10.6 km away from the nearest wetlands, but <1 km/h at <2 km distant). To
allow for the depiction of wetlands within our simulation, we developed maps based on
wetland extent layers representing distance gradients to molting lakes and all available
wetlands by period. Agents moved along the distance gradients with a flexibility of 15° in
direction from their movement path. We then compared ABMs between 2014 (a wet year)
and 2015 (a dry year) to depict the differences in agent movements with a loss of wetlands
from likely climate change effects such as prolonged drought.

Rule 3: Agents perform occasional inter-wetland movements. Agents sometimes
demonstrated distant movements between different wetland patches, especially in the
post-molting and pre-migration stages. Although infrequent, inter-wetland movements
were documented and enabled intermixing that may play a role in HPAI virus transmis-
sion between isolated molting populations. We reviewed the movements of 37 tracked
geese and identified their inter-wetland movements; however, we did not include move-
ments within the same or linked wetland patches or round trips where geese returned to
the same patch within 48 h regardless of their distance moved. We excluded these move-
ments to ensure erroneous telemetry fixes were not included; thus, our results represented
a conservative measure of potential transmission among wetlands. We then estimated the
daily rate of inter-wetland movement (%) by dividing the number of qualifying events by
cumulative telemetry days (number of birds x tracked days) in each stage. To model these
inter-wetland movements, we displaced the agent in a random direction over a random
distance (bounded by the range of inter-wetland movement distances determined from
the telemetry data for the relevant period), and we let the agent return to the nearest wet-
land from the relocation site following Rule 2. While rates of movements within the post-
molting and pre-migration stages were based on the telemetry data, we allowed three
different movement scenarios for agents in the molting stage. The first scenario reflected
our telemetry data (see Results) that included no inter-wetland movements (0%) because
the geese were flightless during this period. However, to explore the potential for trans-
mission in years when movements were asynchronous, we allowed for simulations with
very weak inter-wetland movements (1% or 2%).

Rule 4: Agents demonstrate flocking behavior. Since Swan Geese are gregarious [31],
we used a flocking model [52] to simulate the interaction between agents. Each agent
moves forward at its own speed but follows three behaviors affecting the agent’s heading;:
alignment, cohesion, and separation [52]. The visual range was set to a 1-km radius to find
and interact with the nearest agent for alignment and cohesion. An agent tended to turn
in the same direction as its flock mates and moved toward other nearby agents. We also
set a 5-m distance for separation, which meant that an agent turned to avoid another bird
to maintain the minimum separation. If there were no nearby agents, each agent followed
a random heading for the next hourly movement. We assumed that agents changed their
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heading no more than 30°, and the change in their heading was random within the limit
set for flocks.

2.8. Comparability of Simulated Movements

To enable a comparison between the movements generated via simulation rules with
those of the tracked birds, we used NetLogo (version 5.3) software [53] to perform simu-
lations with one-hour intervals from 21 Jun to 31 Aug. These exploratory simulations fol-
lowed the rules defined above, but tracking data were not available during a dry year.
Additionally, simulations for home range validation were performed assuming no mor-
tality and with daily rates of inter-wetland movement during the molting stage set to zero.
We performed 80 simulations split across four scenarios (20 simulations per scenario). In
these scenarios, birds could be distributed at the beginning of the simulation (1) randomly
within the region or (2) at one of the four marking lakes. All simulations had either 1000
or 2000 initial agents, which would be an expected number of individuals for a region of
this size [51].

Following the completion of simulations, we took hourly locations for four randomly
selected agents from each simulation and used a location-based kernel density estimator
to estimate seasonal home ranges for each of our 37 tracked birds. As a non-parametric
and probabilistic method that calculates home range boundaries based on the complete
utilization distribution (UD; Borger et al., 2006), kernel-based home range estimation is
highly sensitive to the bandwidth value (h) used [54,55]. Because of the large variance in
sample sizes, time intervals, and spatial extents of location fixes across our 37 tracked
geese, the reference bandwidth (hwr) and the least squares cross-validation bandwidth es-
timation (hisev) generated over-smoothed home ranges with larger bandwidth values for
our GPS dataset [55]. To minimize the variance across individuals, we applied the plug-
in bandwidth (hpug-in) selection method with bivariate bandwidth vectors (hx and hy) in
the R package ‘ks’ [56]. The two derived bandwidths for each of the 37 geese were aver-
aged into a single numeric value to produce a standardized smoothing bandwidth (h =
520 m), and we applied this standardized value to the kernel home range estimation for
both tracked geese and simulated agents. Because inner density isopleths tended to pro-
vide less biased estimates of home range area, we selected the 90% isopleth for home range
estimates [57]. We compared 320 simulated home range sizes with the 37 home ranges
from our empirical data with a non-parametric Kruskal-Wallis test. We also calculated a
static interaction index for each of the 666 pair combinations or dyads of the tracked geese,
and that value was used as the proportion of home range overlap between two birds of a
dyad [58]. The static interaction index was used as an indicator of the potential for dy-
namic interaction in dyads [59].

2.9. SEIR States and Disease Transmission

After we confirmed that our simulation rules were sufficient to produce movement
patterns comparable to those observed in tracked geese, we introduced disease parame-
ters into our ABM via a susceptible—exposed-infectious-recovered (SEIR) model, the com-
mon compartmental model describing the transmission of an infectious disease [60]. Un-
like the SEIR model describing epidemics at a population level, ABM tracks infection his-
tory in epidemiological studies by exploring the heterogeneity of each agent and adds up
all individual disease states at each step of the simulation to describe overall disease trans-
mission dynamics [61]. We adopted four SEIR states to represent an individual’s disease
state at a given time (Figure S1), and because of the short simulation period, we used a
closed population for the ABM without demographic changes from birth, death, immi-
gration, or emigration, except for the mortality of infected birds.
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When susceptible agents contacted infectious ones, they turned to exposed agents
according to the chance of transmission per contact. To allow for the simulation of contact
(including both direct and indirect), we calculated 88 minimum convex polygon (MCP)
home ranges for an hour period based on 5069 location fixes collected every minute from
11 Swan Geese. The mean MCP area was 8138 m?, ranging from 26 m? to 79,840 m?, which
was equivalent to a circular home range with a radius of 51 m (Table 1). Thus, any birds
occurring within 51 m of an infectious bird were considered exposed and at risk of infec-
tion. Following exposure, we assumed that 4.4 + 0.4% (low) to 9.7 + 1.0% (high) of the total
contacts resulted in infection (Table 1). These values were based on previously established
influenza A virus transmission rates [62,63], because no data about the contact probability
of HPAI transmission are available for free-ranging wild geese. To determine the initial
number of infectious geese, we iteratively assigned integers of 50, 100, and 200 agents to
represent 2.5-20% of the number of total agents as infectious and assigned the remaining
agents as susceptible.

Table 1. Variables used in the agent-based model for HPAI virus persistence among Swan Geese

(Anser cygnoides) in the late breeding season.

Parameters

Value (Unit) Descriptions and Sources

Host

Initial number of
agents

Daily rate of inter-
wetland move-
ment
Environment

Arena

Distance from
wetlands

Pathogen
Initial number of
infectious agents

Latent period

Infectious period

Contact distance

Transmission rate

Mortality rate

Dependent on location in

50, 100, or 200 agents

Number of agents representing 3500 Swan Geese based on family

1000 and 2000 agents group sizes [51]. Baseline integers assigned in an effort to balance the

uncertainty in the demographics of this population.

Molting: 0%, 1%, 2%  The rate during the molting period increased from 0% (telemetry data)
Post-molting: 4.3% to 2% to explore model sensitivity, while post-molting and pre-migra-
Pre-migration: 8.1% tion were based on telemetry data.

Grid matrix: rows = 1430,
columns = 1303,
resolution: 100 m x 100 m

Pre-defined study area (143.0 km x 130.3 km), which was identified
from the boundary of telemetry data.

Two rasters of the Euclidean distance to the closest molting lakes
(molting) and available wetlands (post-molting and pre-migration) for

arena
each year.

Iteratively assigned integers to represent 2.5-20% of the total number
of agents for the ABM.
Fixed value (mean + SD) estimated from experimental studies using
captive geese [64]. Transformed into gamma-distributed latent period

25+0.5 days [alpha = mean?/variance; lambda = 1/(variance/mean)] for ABM in
NetLogo [53].

Fixed value (mean + SD) estimated from experimental studies with
57+ 1.4 days captive geese [65] transformed into gamma-distributed infectious pe-
riod [alpha = mean?/SD? lambda = 1/(SD?/mean)] for ABM in NetLogo

[53].
51 m Estimated from the mean radius of hourly MCP areas of 37 tracked
geese in this study.
Baseline integers and their 10% of standard deviations assigned from
44+04%,9.7 +1.0% the estimated transmission rates of avian influenza virus of close con-
tacts in human households: 4.4% [62] and 9.7% [63].
33.3% Apparent mortality documented from telemetry data in this study.

Two out of three HPAl-infected geese survived and migrated.
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If an agent does contract avian influenza, it transitions to the infectious state and be-
comes infectious after a latency period. Since no studies have been conducted to assess
the pathogenicity of H5N1 in Swan Geese, we set a mean latency period of 2.5 days with
a standard deviation of 0.5 days (Table 1) based on captive trials with Cackling Geese
(Branta hutchinsii) and Bar-headed Geese [64]. Similarly, we set the infectious period as 5.7
+ 1.4 days based on the minimum and maximum duration of virus excretion in three con-
specific goose species [65]. Within our model, we used gamma-distributed latent and in-
fectious periods, as they are believed to be more realistic for most infections than the clas-
sical exponentially distributed model [66]. Our model did not include the effects of infec-
tion on the movements of agents, so the infected agents moved the same way as unin-
fected agents. While active infection may have effects on movements, these effects appear
to be species-specific [67-69], and no such data are available for Swan Geese.

Following infection, agents must either transition to the recovered state or suffer mor-
tality. The mortality of HPAl-infected birds may vary by factors such as species [70,71],
age [72,73], and previous exposure to different viral strains [74,75]. Although infected
birds died in many laboratory experiments [65], two of three Swan Geese that tested pos-
itive for H5N1 in our sampling efforts recovered and successfully completed migration.
Thus, we used a mortality rate of 33.3% for this study (Table 1) as it reflects the limited
field data available for this species. We assumed that the HPAI strain introduced to molt-
ing lakes was a novel virus to those geese, and so all agents were considered naive, mean-
ing that all exposed individuals were equally likely to transition from exposed to infected
and from infected to either recovered or died. Additionally, recovered individuals became
immune to the viral strain for the duration of this short-lived simulation. It should be
noted that homo- and heterosubtypic immunity, of varying degrees, to H5N1 has been
demonstrated in waterfowl and could lower the likelihood of viral persistence depending
on other system conditions [75]. By assuming host naivety in this study, we were maxim-
izing the potential for cross-seasonal persistence, but these factors could be explored in
future work.

Final Simulation

We simulated the hourly movements of agents from 21 Jun to 31 Aug (1728 h) and
performed 200 iterations for each of the 72 parameter combinations (2 host densities x 3
daily movement rates x 2 water years x 3 initial prevalence rates x 2 transmission rates),
resulting in a total of 14,400 simulation runs (example parameterization provided in Sup-
plementary Text S1). Agents were randomly distributed across the arena at the start of all
14,400 simulations. We assumed that HPAI perpetuated fall migration when one or more
agents were either in an exposed or infectious state at the end of the simulation. We de-
termined the number of models that resulted in HPAI prevalence values comparable to
the proportion observed in our field sampling (3 of 57 or 5.26%) on day 36 (27 Jul, when
we began our HPAI field sampling) for 7200 runs from 36 scenarios applying the 2014
wetland mosaic. For each model, we calculated the mean HPAI prevalence and 95% con-
fidence interval by taking the number of infectious agents divided by the number of live
agents at the sampling date. The ABM outputs from our 14,400 simulation runs were an-
alyzed with a generalized linear model (GLM) to document the effect of parameters on
HPALI perpetuation and infection profiles. We used a logit link to analyze the binomial
perpetuation rate, Poisson distribution with a log link for non-negative integers such as
the number of infected agents, and gamma distribution with a log link for continuous and
positive values such as length of persistence in a GLM test. We used R software 3.1.1 [76]
for all statistical analyses.
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3. Results
3.1. Movements During the Molting Stage

A total of 28 out of 37 geese used wetlands outside of their molting lake over the
course of our study. The earliest date of the first inter-wetland movements was 45.7 days
(the afternoon of 5 Aug) and the mean date was 62.9 days (the night of 22 Aug), which we
used to separate the molting stage into three periods (Figure 2). While no inter-wetland
movements were observed during the molting period, we documented that 4.3% of move-
ments or 17.4 + 15.8 km inter-wetland movements occurred during the post-molting pe-
riod and that 8.1% of movements or 19.3 + 30.3 km occurred in the pre-migration period
(Table 2). The hourly displacement in the three periods calculated from 13 tracked geese
with hourly fixes were 203 + 263 m (n = 2066), 231 + 489 m (n = 5694), and 406 + 1269 m (n
= 2735), respectively (Table 2). Although their hourly displacements showed a slight in-
crease over time (linear coefficient =7.7 m/day, r = 0.094, p <0.001), it was not significantly
different between the three periods (Kruskal-Wallis test; H=2.826, df =2, p = 0.243).

1200 3500 1800
Mean: 203 + 263 m 3000 Mean: 231 + 489 m 1500 Mean: 406 + 1269 m

900 Range: 0 - 2069 m 2500 Range: 0 - 10,063 m 60 Range: 0 - 40,074 m
2000 200
1500

300 1000 o0
500 300

........ o Mo

R 0
0 0510 15 20 25 30 0 05 10 15 20 25 30 0 0510 1520 25 30

600

Count
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Stage 1: Molting H Stage 2: Post-molting || Stage 3: Pre—mi

* Molting lakes only + Habitat use: All wetlands « All wetlands

* No inter-wetland + Population intermix: Weak (4.3%/day, * Moderate (8.1%/day,
movement (0%/day) 17.4 + 15.8 km) 19.3 + 30.3 km)

200
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the first inter-wetland
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inter-wetland movements
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€ ——————————

Distance from marking sites (km)

Date (0 = 21 June 2014)

Figure 2. Changes in the distance of Swan Geese (Anser cygnoides) from their own capture and mark-
ing sites over time during the late breeding season in 2014. Bold red lines represent HPAl-infected
geese, while gray denotes the other geese. Three stages were separated based on the earliest and the
mean dates of the first inter-wetland movement detected in each tracked Swan Goose. The pattern

of habitat use and inter-wetland movement is shown above the stages.

Table 2. Movements of Swan Geese (Anser cygnoides) determined from the telemetry study over

three stages of the late breeding season.

Molting Post-Molting Pre-Migration
(21 Jun-5 Aug) (6 Aug—22 Aug) (22 Aug-31 Aug)

Inter-wetland movement

No. events (A) 0 27 27

No. tracked birds (B) 37 37 37

No. days (C) 46 17 9

No. telemetry days (D =B x C) 1702 629 333

Daily rate (E = A/D = 100) 0.0% 4.3% 8.1%

Distance (Mean + SD) -- 17.4 +15.8 km 19.3 +30.3 km

Range -- 2.9-65.0 km 3.3-125.5 km
Hourly displacement

Distance (Mean + SD) 203 £263 m 231 +489 m 406 £ 1269 m

Range 0-2069 m 0-10,063 m 0-40,074 m
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3.2. Home Range Comparisons

The estimated home range size from tracked Swan Geese was 22.7 + 15.4 km? (mean
+ SD; range: 6.6-65.3 km?) and not significantly different from the home range size esti-
mated for agents in the models (28.9 + 30.9 km?; range: 7.5-208.1 km? H=3.064, df =4, p =
0.547; Figure S2). The mean overlap of home ranges for 666 dyads was 0.154 (range: 0—
0.984). The static interaction between two geese molting at the same lake (mean: 0.521,
range: 0.141-0.984, n = 184 dyads) was significantly greater than the dyads that molted at
different lakes (mean: 0.014, range: 0.000-0.241, n = 482 dyads) (Mann—-Whitney U Statis-
tic= 37,757.0, p < 0.001). In particular, the exponential decline in indices by distance (r =
0.869, p < 0.001) indicated that home ranges generally overlapped between birds in the
same lake, whereas the proportion of overlapping home ranges rapidly decreased as the
distance between molting lakes increased (Figure 3).

1.0 1

0.8 -

0.6 -

0.4 -

Home range overlap

0.2 1

LT Y T

OO i . ............ . ........................... . ............ . ......... .

Distance between molting lakes (km)

Figure 3. Relationship of the home range overlap measured as static interaction index between 666
dyads from 37 Swan Geese (Anser cygnoides) as a function of the distance between their molting
lakes in the late breeding season. Dashed line represents an exponential fitting curve from nonlinear

regression.

3.3. Perpetuation of HPAI to the Fall Migration

Across our 14,400 simulations from 72 models, the mean length of HPAI persistence
was 55.5 + 8.4 days (range: 30.7-72.0 days) with perpetuation to the fall migration of one
or more HPAT infectious agents occurring in only 360 simulations (0.25%). Thus, we found
a low probability of HPAI perpetuation from the molting stage to the fall migration (Fig-
ures S1 and S2). When perpetuation occurred, 0.1% of the surviving agents were in ex-
posed or infectious states (1.6 + 1.2 out of 1559 + 98 surviving agents, range: 1-7). The
HPALI prevalence at day 36 (5.26%) fell into the 95% confidence intervals of only 2 of 36
models that used the wetland mosaic for wet years (2014) (Table 3), and both of these
models included 2000 agents and 50 initial infectious agents. These two models had inter-
wetland movement rates of 1% and 2%, despite the lack of inter-wetland movements in
our tracking datasets. These two models indicated that HPAI persisted for 65.7 + 4.8 and
63.3 + 5.7 days with a 13% or 8% chance of perpetuation to the fall migration (Table 3).
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Table 3. Summary of HPAI perpetuation among Swan Geese (Anser cygnoides) through the late
breeding season from two models (marked bold) that reflect our observed prevalence rate along

with similar models sharing initial conditions (2000 agents with 50 infections). Profiles were simu-

lated from 200 iterations.

Wetland Transmission Inter-Wetland Persistence Probability of Per-

The Number of Agents
at the End of the Late Breeding Season

Extent Rate Movement (%) (Days) petuation (%) Susceptible Recovered Dead
Low 0 61.6+5.6 4.6 932.7+103.4 7132+702 354.1+374
(4.4%) 1 65.7 + 4.8 13.0 888.5+108.3 741.3+74.1 370.0 +39.0
Wet year 2 67.1+44 17.6 855.0+101.5 762.1+70.1 382.5+36.2
(2014) High 0 54.6+7.2 2.6 608.5+104.3 926.6+71.8 464.9+389
9.7%) 1 61.7+5.9 5.8 433.5+94.9 1045.4+67.0 5209 +36.3
2 63.3 +5.7 8.0 347.5+76.7 1101.8 £54.3 550.6 + 32.2
Low 0 62.2+5.9 7.8 510.9+90.0 992.5+63.4 496.5+34.9
(4.4%) 1 66.0+5.1 18.0 4499+76.2 10322+53.5 517.5+31.4
Dry year 2 66.8 +4.5 16.8 423.7+67.2 1051.6+49.2 524.5+27.9
(2015) High 0 48.6+7.0 0.4 284.6+91.1 1144.5+62.6 5709 +37.1
(9.7%) 1 571+7.5 4.8 151.3£58.4 1234.5+429 614.1+284
2 56.7 + 6.6 2.8 112.9+40.1 1258.8+35.3 628.2+244

3.4. Effects of Parameters on HPAI Infection Profiles

Our GLM test results indicated that four out of five parameters were significant pre-
dictors of HPAI perpetuation (Figure 4). The daily rate of inter-wetland movement in the
molting stage (x? =29.76, p < 0.001) and the transmission rate (x2 = 81.71, p < 0.001) were
related to perpetuation. The initial number of total agents and infectious agents were also
weak but significant predictors of perpetuation. On the other hand, dry conditions were
not a predictor of perpetuation because of the large variation (x>=0.05, p = 0.831). Greater
rates of inter-wetland movements in the molting stage increased the chance of HPAI per-
petuation by causing longer persistence with more infections and dead agents, but it low-
ered the peak number of infectious agents without altering the timing of outbreaks (Fig-
ures 5, S3 and 54). Dry conditions resulted in earlier outbreaks and shortened the length
of HPAI persistence. Although it did not affect the chance of HPAI perpetuation in the
late breeding season, Dry conditions strongly increased the overall and peak number of
infections, resulting in higher total mortality. A higher transmission rate caused earlier
outbreaks and resulted in a greater number of overall and peak infections. More agents
died but the risk of perpetuation decreased with the shorter period of persistence. A larger
number of agents increased the chance of perpetuation, peak and total infections, and
deaths. More infectious agents introduced at the beginning of the period reduced perpet-
uation since outbreaks occurred earlier and resulted in more infectious and dead agents.
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Figure 4. Odds ratio of five factors affecting the chance of HPAI perpetuation until the following
migration season in Swan Geese (m1: daily rate of inter-wetland movement in the molting stage,
Yd: dryness, NO: Initial number of agents, 10: Initial number of infectious agents, p: transmission
rate). Red and blue dots denote positive and negative means, and horizontal bars indicate 95% con-
fidence intervals (95% CI).
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Figure 5. Infection profiles of the two models (marked bold) reflect our observed prevalence rate
along with similar models sharing initial conditions (2000 agents with 50 infections). Profiles were
simulated from 200 iterations in the late breeding seasons of 2014 (wet year) and 2015 (dry year).
Red lines indicate the mean number of infectious agents calculated from 200 individual infection
profiles marked by fine, overlapped pink lines. Green, orange, gray, and black lines denote the mean
numbers of susceptible, exposed, recovered, and dead agents, respectively. Percentage in top right
of each column means the daily probability of inter-wetland movement of Swan Geese (Anser

cygnoides) in the molting stage (left column: 0%, center: 1%, right: 2%).



Viruses 2025, 17, 196

14 of 20

4. Discussion

Our models simulated the duration of HPAI persistence in a population of Swan
Geese following the introduction of the disease in the molting stage and examined the
factors that influenced perpetuation to the fall migration. Overall, our models indicated a
low probability of HPAI perpetuation to the fall migration, but the two models that most
closely matched the HPAI prevalence rate that we observed in the field showed that per-
petuation might occur. Additionally, the agents in exposed and infectious states at the end
of our simulations were only 0.1% of the surviving agents, and this is far below the 2.5%
of agents (50 infections, 2000 agents) that were used as initial conditions for the two models.
However, a low prevalence rate may still result in transmission during the fall migration,
because Swan Geese form large migratory flocks composed of an admixture of populations
that include adults and juveniles naive to HPAIL Also, geese may have a weaker immune
response during the subsequent fall migration due to the demands of migration [28,77].

The likelihood of HPAI perpetuation is influenced by several factors, but our model-
ing results indicated that movement between wetlands during the molting stage was a
key predictor of HPAI perpetuation. Our telemetry data showed that molting Swan Geese
moved very little within their primary molting lakes during the molting stage, likely be-
cause they were flightless for several days following their molt [31]. The greatest overlap
of home ranges occurred between individuals molting in the same lake, with an exponen-
tial decrease in overlap observed as the distance between molting lakes increased. This
implies that a greater risk of transmission occurs between birds in the same molting lake
[78] with limited opportunity for infection to spread between populations at different
lakes [20]. However, the models that best fit the observed HPAI prevalence rate had inter-
wetland movements during the molting period.

One explanation for the apparent contradiction in the relationship between inter-
wetland movements and prevalence rate in the empirical and modeling results may be
that larger movements occurred prior to when we captured and marked the Swan Geese.
Also, inter-wetland movements may be relatively rare, and although we marked a rela-
tively large sample of birds for a telemetry study, we may have had insufficient numbers
to capture the infrequent movements which may be expected if they are driven by unpre-
dictable disturbance events (i.e.,, human activity and wildfire). Movements may be driven
by asynchronous molt (i.e., an increased number of non-breeders) or unsuitable condi-
tions early in the season (i.e., predators and a lack of resources). Alternatively, while our
models determined HPAI persistence and perpetuation from a single species, transmis-
sion between wetlands could have been driven by other waterbird species. While the
Swan Goose was the sole breeding waterbird species in some lakes, other breeding birds
including dabbling ducks (Anas spp.), shelducks (Tardorna spp.), and other waterbirds (such
as gulls, herons, cormorants, and shorebirds) also occurred in the study area [79]. A recent
study suggests that HPAI epidemics are strongly correlated with the waterbird community
attributes [80]. Thus, models reflecting inter-wetland movements may have been capturing
the complexity of a multi-species environment that was not explicitly addressed.

The second primary factor driving perpetuation in our models was the transmission
rate. Based on model comparisons, we demonstrated that more infectious HPAI strains
may cause more infections, more dead birds, and rapid but shorter outbreaks. While the
absolute values that we used here are not drawn from studies of H5N1 in wild birds, the
differences observed when we varied the transmission rate indicate that this component
is very important. New strains of HPAI that only cause small epidemiological and demo-
graphic differences may greatly affect the perpetuation of the disease.

Habitat loss was expected to exacerbate pathogen spread [81], but contrary to our
expectations, dry or wet conditions were not a statistically significant predictor of HPAI
perpetuation. HPAI perpetuation did span a wider range (2.8-18.0% versus 9.2-14.0%)
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when models that matched our empirical prevalence values were applied to the wetland
mosaic in a dry year, implying that drought may increase the uncertainty of lower or
higher HPAI perpetuation. However, the wetland mosaic had a major effect on outbreak
size and mortality. During dry conditions, birds were confined into fewer wetlands, which
increased relative host densities and contact probability and resulted in earlier outbreaks
with more infections and a higher associated death toll. This result suggests that reduc-
tions in available wetlands will magnify the effects of HPAI outbreaks on wild waterbird
populations. This is especially concerning given the multitude of threats currently facing
wetlands in this region. For instance, the recent drought during the past decade resulted
in the hottest temperatures in the past 1000 years in central Mongolia, and episodic future
droughts are expected to occur in Inner Asia regions [82-86]. Also, rapid socio-economic
changes have resulted in numerous human-caused habitat disturbances such as overgraz-
ing, mining, irrigation, and embankments [32,85,87]. In light of these future threats, HPAI
represents a notable demographic vulnerability for Swan Geese, which are already expe-
riencing declining populations [31,47,88] and a low survival rate [44].

Our findings suggest that conservation efforts in molting regions of Swan Geese
could ensure that there is a healthy mosaic of undisturbed molting wetlands. If numerous
sites are available, the overall population within a region will be split into a greater num-
ber of subpopulations, diluting the number of birds at risk of mortality with each disease
introduction. Also, management activities aimed at minimizing human disturbance and
reducing predators during this vulnerable stage could reduce the number of non-breeding
birds that disperse to other molting lakes earlier than family groups [51], thereby reducing
the potential for viral transmission between wetland sites.

Our study used an integrated ABM approach that included a SEIR-based transmis-
sion model and empirical data from wild Swan Geese to highlight how the unique ecology
of a wild population during a specific life stage may influence HPAI dynamics. Integrated
ABM modeling approaches have been used successfully to develop scenarios for other life
stages including migration [81] and for other diseases including the West Nile Virus [89].
For our specific case, we found that the perpetuation of HPAIin Swan Geese may be related
to specific movements and habitat conditions during the molting stage. In addition, our data
suggest that the potential for more transmissible HPAI strains, coupled with threats to wet-
land habitats, will likely increase challenges to sustaining migratory waterbirds in this re-
gion. However, protecting molting habitats and reducing disturbance may lower disease
risks and sustain waterbird populations in areas with endemic HPAI infections.
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