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Transmission dynamics of highly
pathogenic avian influenza among
multiple waterfowl species and
backyard poultry: the impact of the
stopover period

Sebastian G. Llanos-Soto*"!, Dylan Yaffy?, Marina Pavlak® & Renata Ivanek®

Spillover of Highly Pathogenic Avian Influenza (HPAI) to backyard poultry via migratory birds threatens
the poultry industry and public health. To improve the understanding of spillover events, we developed
a stochastic compartmental mathematical model of HPAI transmission dynamics at the waterfowl-
backyard poultry interface in a high-risk area for HPAIl introduction into poultry. The model described
the infection spread among resident and migratory waterfowl and backyard poultry farms and was
validated with historical outbreak data in backyard poultry farms and swan mortalities. We used the
model to assess the impact of the timing and duration of migratory birds’ stopover period on the
probability of HPAI infection in backyard poultry farms. Additionally, we predicted mortality in a
sentinel bird species and assessed the impact of HPAI virulence and immunity in a resident reservoir
species on the HPAI transmission dynamics. The stopover duration of the reservoir species predicts the
HPAI infection probability in backyard poultry farms from waterfowl communities, but the stopover
timing has no effect. HPAI virus virulence and immunity against the virus impact the transmission risk
to backyard poultry. Understanding factors influencing reservoir species’ migration stopover duration
in a location will aid HPAI outbreak forecasting and control in backyard poultry farms.
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The widespread dissemination of Highly Pathogenic Avian Influenza (HPAI) H5NI1 clade 2.3.4.4b and the
establishment of infections in novel geographical areas severely threaten wild animal populations, poultry
production, and human health!"2. The frequent occurrence of HPAI outbreaks in poultry has made culling
infected flocks a growingly unsustainable approach to control viral spread among farms and reduce the risk of
human infection?. As the occurrence of HPAI outbreaks accelerates’, identifying ecological factors contributing
to its dissemination between wild birds and poultry becomes pivotal to predicting HPAT outbreaks better and
devising effective strategies for surveillance and control. Backyard poultry farms are particularly vulnerable to
HPAI introduction due to their often lacking biosecurity measures and thereby represent an opportunity for
HPAI spillover to poultry and humans®®.

Previous mathematical modeling efforts have provided valuable insights into the ecology and epidemiology
of HPAI at the wild bird-poultry interface. These efforts have explored how HPAI transmission is influenced by
seasonality®, cross-immunity between Low Pathogenic Avian Influenza (LPAI) and HPAI strains’, environmental
transmission®, interactions between wild birds and poultry through habitat overlap’, infection control and
prevention measures for wild birds and poultry®!%!!, and mutation of LPAI into HPAI strains'>!%. To a more
limited extent, mathematical models have explored the role of avian migration in HPAI introduction to domestic
birds. Liu et al.® developed a deterministic model of HPAI transmission between poultry, wild birds, and the
environment and determined that migratory wild birds with low susceptibility to the virus could play a key role
in HPAI spatial dissemination. Although valuable, these insights did not consider the influence of migratory
birds’ phenology on HPAI dissemination or species-specific responses to HPAI infection in wild birds. Rao et
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al.!* developed a spatially explicit model to predict the population-level global spread of H5N1 among waterfowl,
poultry, and humans via migratory birds. Their model linked outbreaks in poultry farms to the annual migratory
patterns of waterfowl, providing valuable information about the global dynamics of H5N1 spread. However, the
model simplifies the dynamics of HPAI transmission at the local level by disregarding the varying susceptibility
of different waterfowl species to the virus and the role of resident waterfowl populations in the local spread of
H5N1. Additionally, it assumes that migratory flocks cannot recover from infection, which might overestimate
the dissemination of HPAI to poultry farms once the virus is introduced to resident waterfowl communities. In
their comparison of compartmental models, Tuncer and Martcheva® determined that wild bird migration has an
important impact on the seasonality of H5N1 cases in poultry and humans. One of their proposed models used
a single, time-varying parameter for H5N1 transmission from migratory birds and poultry, without representing
migratory birds as a model compartment. Bourouiba et al.'® developed a model detailing HPAI dynamics during
wild bird migration from breeding to wintering grounds, as well as the transmission of H5N1 between wild
birds and poultry farms in Poyang Lake, China. Assuming the virus is endemic in poultry farms, their model
predicted that the presence of H5N1 in these farms is responsible for sustaining infection among migratory
wild bird populations in this region. Although these modeling efforts contribute to a better understanding of
the importance of avian migration in the HPAI occurrence in poultry, the influence of the timing and stopover
duration of migratory reservoir species have not been assessed as possible determinants of HPAI infection in
domestic birds. In particular, factors influencing HPAI spread to backyard poultry farms, which have a higher
risk of involvement in spillover events, have been scarcely explored, which is concerning.

Here, we developed a mathematical model representing the spread of HPAI at the waterfowl-backyard poultry
interface after the initial introduction of the virus into a waterfowl community by migratory birds. The objective
of our study was to determine the impact of the avian migration timing and the duration of the fall migration
stopover period of an HPAI reservoir species on the probability of infection in backyard poultry farms.

Methods
Model structure and parameterization
To model the transmission of HPAI among wild birds and backyard poultry, we developed a Susceptible-
Infected-Recovered (SIR) compartmental model structure based on ordinary differential equations (ODEs) in
R v4.2 using the deSolve package!®. To parameterize the model, we searched articles in PubMed and Google
Scholar from August 8, 2022, to December 25, 2023, using the terms “HPAI” AND “mallards” OR “mute swans”
OR “environmental persistence” as keywords. We also reviewed articles found under the terms “HPAI” OR
“climate change” OR “avian migration” OR “phenology” to inform our research goal. We chose Crna Mlaka, a
high-risk area for HPAI transmission (i.e., high density of species more likely to carry HPAI and visit poultry
farms) from waterfowl to poultry in Croatia'’, as a model system. Among components, the model included (i)
migratory mute swans (Cygnus olor), (ii) migratory mallards (Anas platyrhynchos), (iii) resident mallards, and
(iv) backyard poultry farms. In the model, migratory mute swans arrive between September and November to
winter (parameter In , in the model) and return to their breeding grounds between February and April (Out, ),
while migratory mallards arrive in Croatia from October to November (In,,) and stay for 7 to 28 days (T, ; Fig. 1).
At the end of their stay, all migratory birds leave Croatia (represented as parameters ¢, and e, for mallards and
mute swans, respectively). Resident mallards breed from May to August, with births occurring at a rate 6 (per
day) during that period. Parameters related to waterfowl’s phenology were based on available information in the
literature from multiple locations in Eurasia. Piecewise functions were implemented in ODEs to establish the
arrival and departure of migratory mallards and mute swans. Mortality due to causes unrelated to HPAI was
represented by parameters y and y,, , for mute swans and mallards, respectively. The conditions in Crna Mlaka
included a resident population of 750 resident mallards, the arrival of 2,250 migratory mallards and 118 mute
swans, and 192 backyard poultry farms near the reserve (Town of Jastrebarsko, 12.5 km from Crna Mlaka'8).
Notations, definitions, and values for parameters included in the model are indicated in Supplementary Table S1.
The model describes the dynamics of HPAI among waterfowl and backyard poultry farms after the initial
introduction of the virus via migratory mallards stopping in Croatia during their fall migration (Fig. 2). It
considers the time unit to be a day. In the model, mallards and mute swans were represented as populations,
with individual birds as the unit of measurement. In the European Union member countries, “backyard poultry”
means chickens, turkeys, and other species belonging to the Galliformes order and ducks, geese, and other
species belonging to the Anseriformes order which are kept by their owners for their own consumption or use or
as pets!>?’. For purposes of our model, a backyard poultry farm was defined as a uniform unit without distinction
between poultry species (e.g., chickens, ducks, or other poultry), and the population size within each farm was
not considered as a model parameter. Backyard poultry was included in the model at the farm level (i.e., unit
for backyard poultry is the whole farm) to represent poultry clustering on farms since those flocks are typically
kept in separately owned yards. The probability of a migratory mallard being infected on arrival (p, ) was defined
based on reported data about HPAI prevalence in European mallards during October and November of 202121,
On the contrary, migratory mute swans arriving in Croatia for wintering and resident mallards were assumed to
be fully naive to HPAI before migratory mallards introduced the infection. Waterfowl can become infected with
HPALI through direct contact with individuals from the same species (intraspecific transmission) at a rate 8, and
B, for mute swans and mallards, respectively. Interspecific transmission (between mute swans and mallards)
occurs only via the contaminated environment at a rate a (per HPAI effective infectious dose (EID,, per bird
per day)) and considering an effective infectious dose #,, for mute swans (EID,, per mL) and 7, , for mallards
(EID,, per mL). Once infected, mallards and mute swans shed HPAI into the environment at rates ¢, , and ¢ |
(EID,, per mL per day), respectively. In the environment, HPAT is quickly dispersed through the water body and
inactivated at a rate 7 (per day). Mallards recover from HPAI infection at a rate y, , (birds per day), based on the
duration of the infectious period (p,, s in days), and die from infection at a rate §,, , (birds per day). Information
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Fig. 1. Phenological events of the mallard and mute swanss life cycle. Migratory mute swans start their winter
migration between September and October, overwinter in Croatia between November and January, and begin
their spring migration out of Croatia between February and March. Migratory mallards stop in Croatia from
October to November during their fall migration through the Mediterranean-Black Sea flyway. The breeding
period for the resident mallard population spans from May to August. The model considers migratory mallards
as responsible for introducing Highly Pathogenic Avian Influenza (HPAI) into waterfowl communities in
Croatia.

about shedding levels, probability of death after infection, and duration of the infectious period were obtained
from experimental studies assessing HPAI infection in mallards and mute swans (Supplementary Table S1).
In the case of mallards, values for parameterization were obtained from mallard contact-exposure to the virus
in these experiments (i.e., mallard exposed to an individual previously inoculated with HPAI) as they likely
better represent natural conditions compared to direct viral inoculation. This was not possible for mute swans
due to a lack of information (i.e., direct inoculation experiments were considered). The experimental studies
used for parameterization included the assessment of infections with H5N1, H5N5, and H5N8 HPAI subtypes
from various clades (Supplementary Table S1). Once recovered, mallards remain immune to reinfection for the
remainder of the simulation based on the strong elicited immunity after recovering from HPALI infection?>%3.
The absence of information about immunity against reinfection with the same (homosubtypic) or different
(heterosubtypic) HPAI subtypes precluded incorporating partial immunity in HPAI dynamics in the baseline
model; however, the impact of immunity was assessed in scenario analysis. Mute swans are highly susceptible
to HPAI with all individuals dying after becoming infected at a rate ,, (birds per day). In the model, mallards
are responsible for introducing HPAIT into backyard poultry farms through a density-dependent transmission
rate 8, (per farm per day) due to their classification as medium- to high-risk species for HPAI dissemination
to poultry farms in Europe!”-*%. Once affected by HPAI, backyard poultry farms are culled at a rate §_ (farms
per day). Our modeling approach considers the direct impact of waterfowl infections on backyard poultry
farms, without accounting for the indirect effects of farm-to-farm transmission. We assume that rapid culling of
infected backyard poultry flocks is effectively implemented, thus minimizing farm-to-farm spread of the virus.
If this assumption does not hold, our model likely provides a conservative overestimation of the probability of
backyard poultry infection resulting from spillover events. The outcomes of interest for the model were (i) the
probability of HPAI infection in backyard poultry and (ii) mute swan mortality by the end of a 1-year simulation
period starting on September 1st (i.e., before mute swans’ winter migration).

The model was successfully validated by comparing model outcomes with independent historical data.
The locations and their characteristics used for model validation are provided in Supplementary Table S2. The
predicted probability of HPAI infection in backyard poultry farms matched the historical outbreak data in
backyard poultry in Mlaka Antiska, Croatia. Likewise, the predicted mute swan mortality approximated values
in real HPAI outbreak events that occurred among mute swans in Lonjsko Polje Nature Park, Croatia, and Lake
Balaton, Hungary (further details about the calibration and validation process are explained below).

Stochastic processes in the model were accounted for via Monte Carlo simulation. Model predictions were
generated with a total of 1,000 iterations as this number of iterations provided results that only marginally
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Fig. 2. Diagram depicting the Highly Pathogenic Avian Influenza (HPAI) transmission dynamics at the
waterfowl-backyard poultry farm interface. (1a) Migratory mallards introduce HPAI into a natural area during
their stopover period. (2-3a) Infectious mallards transmit HPAI to their conspecifics (mallard-to-mallard
transmission) and contribute to HPAI dissemination through the environment. (4a) Mallards visit backyard
poultry farms, providing an opportunity for HPAI introduction into these farms. (1b) Migratory mute swans
arrive in the natural area in winter. (2b) Mute swans cohabitating with mallards can acquire the infection by
ingesting the virus from the environment. (3b) Due to their high susceptibility to HPAI, mute swans die from
the infection.

differed from predictions obtained using a higher number of iterations. Partial rank correlation coefficient
(PRCC) analysis was performed to understand the influence of model parameters on the outcomes of interest.
We also assessed multiple scenarios to elucidate HPAI dynamics, including scenarios where part of the resident
mallard population is infected prior to migratory mallards arrival, migratory mute swans introduce HPAI into
the waterfowl community instead of mallards, and the environmental transmission of HPAI occurs at different
rates, among other scenarios (see the “Scenario analysis” section for further details).

We modeled HPAI transmission dynamics considering the following assumptions adopted under the
principle of parsimony:

i. Transmission of HPAI through the environment follows the assumption of homogenous mixing. In other
words, all waterfowl have the same chance of contacting HPAI from the environment. Direct intraspecific
HPAT transmission between mallards and mute swans was assumed to be frequency dependent.

ii. Naive swans and mallards have not previously experienced HPAI or LPAI infection and remain fully suscep-
tible prior to infection.

iii. No other wild bird species besides mallards and mute swans are implicated in the dynamics of HPAL

iv. Waterfowl shed HPALI into the environment through feces, while airborne dissemination is accounted for
through direct intraspecific interactions.

v. Mallard migration is the sole source of HPAI infection for resident waterfowl, while natural areas adjacent
to backyard poultry farms are the only source of infection for backyard poultry.

The transmission dynamics of HPAI at the waterfowl-backyard poultry interface are represented in Fig. 3 and
described in the ODEs as follows:
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HPAI transmission at the waterfowl level (8 and 8 )

The transmission rate of HPAI between mallards ([{:’n ) Was estimated by considering information from Wood
et al.?%, personal communications with Dr. Kevin Wood, and information about HPAI transmission in Ahrens
et al.?®. In detail, we divided the number of agonistic intraspecific interactions recorded for mallards per day
by the average number of mallards in the study area, both reported by Wood et al.2* to estimate the probability
of a mallard-to-mallard encounter. As agonistic behaviors only represent a small fraction of mallard behavior
during the non-breeding season®’, we increased the number of interactions by 145% to account for courtship
interactions during that season?®?°. The resulting probability was multiplied by the time that mallards remain
active each day®” to obtain a rate of intraspecific contacts for each mallard per day. Then f8, , was calculated by
multiplying the rate of intraspecific contact by the probability of infection per mallard per day after susceptible
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Fig. 3. Highly Pathogenic Avian Influenza (HPAI) transmission dynamics at the waterfowl-backyard poultry
farm interface. S =Susceptible, I = Infectious, R = Resistant, E = Environment. Subscripts were included to

refer to specific components of the model, namely w for mute swans, r for resident mallards, m for migratory
mallards, mal for all mallards (both resident and migratory), and p for backyard poultry farms. Parameters Ar,,
and e, are included in the diagram to indicate the arrival and departure of migratory mute swans, respectively.
Similarly, Ar, and e, represent the arrival and departure of migratory mallards. All mallards and mute swans
migrate out after their time in the area.
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mallards are exposed to an infected seeder mallard calculated from the experimental study by Ahrens et al..
We also considered the transmission of HPAl among mute swans (B, ) to be 2.5 times lower than mallards based
on the lower population density in mute swan compared to mallard colonies?*. Furthermore, we assumed that

mute swans, like chickens, reduce feces production when infected with HPAI due to a decrease in food intake3!.

Calibration of the HPAI transmission rate between mallards and backyard poultry farms (Gp)
Information regarding mallard-backyard HPAI poultry transmission () is currently absent from the literature.
We calibrated 8. through a systematic trial-and-error approach in which we compared historical information
of HPAI outbreaks in backyard poultry and related ornithological observations with predictions from the
model after considering equally spaced j3, values (e.g., 5.2115*1077, 5.2120*1077, 5.2125*107, 5.2130*1077,
5.2135*1077). Based on available historical data on the H5N1 outbreaks reported in 2021-2022 in Croatian
backyard poultry farms (obtained from the World Organisation for Animal Health (WOAH) World Animal
Health Information System (WAHIS*?), we calculated HPAI infection probabilities to be 0.09% and 0.3% for
backyard poultry farms in Staro Pra¢no (located in the vicinity of Natural Park Lonjsko Polje) and City Beli
Manastir and Banjin Vrh (located near the Natural Park Kopacki Rit), respectively. We then selected 8 values
that resulted in a predicted median and associated interquartile range (IQR) infection probabilities that closely
resemble the probability of infection in backyard poultry farms in Staro Pra¢no and City Beli Manastir and Banjin
Vrh. The estimated 3, for each one of the locations were then averaged to obtain a final 8, value that was used for
model predictions ([3‘!7 for Staro Pra¢no =0.0000001425, 8. for City Beli Manastir and Banjin Vrh =0.0000009000;
average = 0.000000571 125). In the model, the initial conditions for the Staro Pra¢no - Natural Park Lonjsko Polje
were 760 resident mute swans, 57 resident mallards, 512 migratory mallards, and 1,130 backyard poultry farms.
For City Beli Manastir and Banjin Vrh - Natural Park Kopacki Rit, the initial conditions in the model were
137 resident mute swans, 1,382 resident mallards, 12,438 migratory mallards, and 583 backyard poultry farms.
These conditions were set based on data from the Croatian Bureau of Statistics'® and observations from personal
communications with ornithologists. In both Natural Parks, we assumed that 10% of the migratory mallard
population were residents, as in most cases ornithological observations about mallards did not distinguish
between resident and migratory mallards. The median probability of HPAI infection in backyard poultry farms
and the associated IQR for model estimations with different 8 , are indicated in Supplementary Table S3.

Model validation

Our model was developed to predict two epidemiologically relevant outcomes: (i) the probability of HPAI
infection in backyard poultry farms and (ii) mortality in mute swans. Both components were separately validated
using available independent data (not used in the model development).

The probability of HPAI infection in backyard poultry was validated by comparing epidemiological data
observed in Mlaka Antiska, Croatia (infection probability: 0.18%; 5 farms affected out of 2,713 backyard poultry
farms in the area), about outbreaks affecting backyard poultry farms between 2016 and 2017, with model
predictions. Ornithological observations in the surrounding areas (River Drava and Bijelo Brdo) indicate the
presence of 1,497 mallards and the absence of mute swans (historically present only in the area in very small
numbers). Model predictions indicate a 0.13% (IQR=0.07-0.21%) probability of HPAI infection in backyard
poultry farms in Mlaka Antiska, closely resembling historical outbreak data in that area (0.18%).

Model predictions about the mortality in mute swans were validated by comparing historical outbreaks
of HPAI in mute swans in Natural Park Lonjsko Polje (obtained from WAHIS*?) and the median number of
mute swan deaths and associated IQR predicted by our model. Information from Natural Park Lonjsko Polje
indicates outbreaks from 2016 to 2017 with seven mute swan deaths reported. Our model projected that the 59th
percentile of mute swan death predictions (median=4.1, IQR=1.4-29.3) matches the outbreak data observed
for that specific area and year. Further validation of the mute swan mortality predicted by the model was done
with historical outbreak data (obtained from WAHIS??) and ornithological observations from Lake Balaton,
Hungary™®. In January 2017, 26 mute swan deaths due to HPAI across five separate outbreaks were identified
in Lake Balaton. Our model predicted 26 mute swan deaths occurring in the area in the 91.5th percentile
(median=4.8, IQR=2.0-11.5), roughly aligning with real-world data.

Model outcomes

The model outcomes assessed in this study were (i) the probability of HPAI infection in backyard poultry (i.e.,
the number of affected farms in an outbreak among the total number of farms in the area summarized over
1,000 iterations) and (ii) the mortality in mute swans (i.e., number of dead mute swans in an outbreak among
the total number of mute swans in the modeled population summarized over 1,000 iterations). Predictions
were obtained using 1,000 iterations as this value provided results that were only marginally different from
predictions produced using a higher number of iterations (Supplementary Table S4). Findings revealed that
the stopover duration of mallards during their fall migration correlates with an increased probability of HPAI
infection in backyard poultry (Supplementary Fig. S1).

Scenario analysis

To better understand the transmission dynamics of HPAI at the waterfowl-backyard poultry interface, we assessed
scenarios to determine the influence of the initial HPAI prevalence among mallards and mute swans, natural
immunity in mallards against HPAI, presence of a resident mute swan population (instead of being migratory),
different HPAI infectious doses in mute swans, different HPAI transmission mechanisms, environmental
transmission of HPAI, and efficiency in the transmission of HPAI among mute swans on the probability of
HPAI infection in backyard poultry and mute swan mortality (Supplementary Table S5). To assess the influence
of immunity in mallards against HPAI on the probability of infection in backyard poultry and mortality in
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mute swans, we evaluated the effects of varying initial prevalence of immunity among migratory mallards
and analyzed scenarios involving complete (baseline), partial, and no protection among recovered mallards.
For the latter analysis, we included an adjusted HPAI transmission rate (§,, ) for mallards in the Recovered
compartment (i.e., recovered mallards are now susceptible to infection). The modified 3, , reflected different
levels of partial protection: 100% (baseline), 90%, 70%, 50%, 30%, 10%, and 0%, where 0% (no) protection means
the full susceptibility to infection while in the Recovered compartment.

Results

Model predictions indicate that the median probability of HPAI infection to backyard poultry in the Crna Mlaka
area is 0.31% (Interquartile range (IQR)=0.21-0.43%) by the end of the 1-year simulation period, while the
median mortality among mute swans was predicted to be 1.18% (IQR=0.60-2.47%). Based on results from
the sensitivity analysis (Fig. 4a), the duration of migratory mallards’ stopover period in Crna Mlaka positively
correlated with the probability of HPAI infection in backyard poultry (p=0.60). This is evident when assessing
the influence of varying stopover durations for mallards on the probability of HPAI infection in backyard
poultry (Fig. 5a). Nonetheless, the timing of the arrival and departure of migratory mallards and mute swans
did not relate to infection in backyard poultry (Fig. 4a). The impact of the mallards’ stopover period on mute
swan mortality was comparatively less relevant than its impact on the probability of HPAI infection in backyard
poultry (Figs. 4b and 5b). Mallards’ recovery and HPAI-related death rates were strongly and negatively
correlated with HPAI infection probability in farms (p=-0.84 and p=-0.85, respectively). Findings also indicate
that HPAT shedding by mallards and HPAI-related death rate in mute swans strongly correlated with mute swan
mortality (p=0.91 and p=-0.94, respectively), while deaths in mute swans were unrelated to migratory mallards’
phenology.

Findings from the scenario analysis indicate that the exposure to HPAI among resident mallards prior to
the introduction of an HPAI strain via migratory mallards slightly reduced the median probability of infection
in backyard poultry. The likelihood of an HPAI introduction to backyard poultry farms shifted from 0.31%
(IQR=0.23-0.41%) with an initial HPAI prevalence of 0.1% among resident birds to 0.28% (IQR=0.21-0.37%)
when the initial infection prevalence among resident mallards was 0.5%, and slightly decreased to 0.26%
(IQR=0.21-0.35%) when 10% of resident mallards were initially infected. When assessing the relevance of
mallards’ immunity to HPAI, the probability of HPAI infection in backyard poultry farms decreases as the
protection provided by immunity in recovered mallards increases. In the scenario with complete protection
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Fig. 4. Findings from the Partial Rank Correlation Coefficient (PRCC) analysis about model parameters’
influence on (a) the probability of Highly Pathogenic Avian Influenza (HPAI) infection in backyard poultry
and (b) mute swan mortality.
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Fig. 5. Influence of the mallard stopover period on the (a) proportion of backyard poultry farms affected
by Highly Pathogenic Avian Influenza (HPAI) and (b) mute swan mortality. The importance of the mallard
stopover period on HPAI transmission dynamics at the waterfowl-backyard poultry interface was evaluated at

lengths of 7, 14, 21, and 28 days. Shaded areas represent the interquartile range.

(baseline), the median probability of farm infection was 0.31% (IQR=0.21-0.43%), compared to the higher
infection probabilities observed for partial protection at 50% (median=1.22%, IQR=0.80-1.78%) and no
protection (median=1.61%, IQR=0.98-2.74%). A similar trend was observed for mortality in mute swans
(Supplementary Fig. S2). Furthermore, a higher prevalence of migratory mallards in the Recovered compartment
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at their arrival meaningfully reduces the likelihood of infection in both backyard poultry and mute swans
(Supplementary Table S5). When assessing the introduction of HPAI by migratory mute swans instead of
mallards, the infection was able to propagate in the waterfowl community and resulted in a lower probability
of HPAI infection in backyard poultry (0.14%, IQR=0.12-0.16%) compared to an introduction via mallards.
Model simulations suggest that the environment plays a rather minor role in the dissemination of HPAI among
mallards compared to direct bird-to-bird transmission (Supplementary Table S5).

Discussion

We developed a mathematical model of HPAI transmission dynamics at the waterfowl-backyard poultry interface
to improve our understanding of the HPAI spillover events. Using the model, we identified and characterized
the length of the mallard stopover period as an ecological determinant of HPAI infection risk in backyard
poultry farms. From this finding, we can infer that understanding the factors influencing the stopover duration
of a reservoir species in a location can enhance HPAI outbreak forecasting and improve the implementation of
surveillance and control strategies to prevent infection spread to backyard poultry. Model findings also indicate
(i) the crucial role of HPAI virulence in the infection risk in backyard poultry farms and waterfowl communities,
(ii) the role of immunity in mallards against HPAI reinfection, (iii) and critical knowledge limitations and model
gaps that require further research. We expect that findings from this study will improve our understanding of the
effect of ecological and epidemiological determinants of HPAI dissemination on the probability of the infection
spillover to backyard poultry farms, thus aiding in HPAI outbreak forecasting and control. Ultimately, we hope
our contribution will aid future efforts to safeguard poultry health and reduce the risk of spillover to humans.

The added value of our study comes from combining findings from diverse scientific documents to
develop a model representing HPAI spread at the waterfowl-backyard poultry interface in a high-risk area
for HPAI introduction into backyard poultry. Our model distinguishes itself from previous modeling efforts
by predicting infection risk in backyard poultry farms, which often lack biosecurity measures to prevent the
infection*®. Furthermore, our model divides waterfowl into two key epidemiological categories common in
waterfowl-poultry systems worldwide*: reservoir species (represented by mallards), which maintain and spread
HPAI, and sentinel species (represented by mute swans), which are relevant for surveillance due to their high
susceptibility to infection. Our model also differs from previous studies by estimating a transmission rate for
viral dissemination between mallards and then calibrating HPAI transmission between mallards and backyard
poultry. Additionally, it incorporates species-specific responses to HPAI infection and phenology, considering
seasonal breeding by resident waterfowl and waterfowl migratory patterns. Unlike Bourouiba et al.'> and Rao
et al.!%, who assessed HPAI dynamics during avian migration, we focused our assessment on the risk of HPAI
introduction into backyard poultry farms as waterfowl arrive in the area for resting or wintering. This approach
avoids drawing assumptions about HPAI transmission dynamics before and during migration, allowing us to
assess epidemiological and ecological determinants of infection in backyard poultry farms once the virus has
been introduced into a nearby waterfowl community. Parameter calibration and model validation steps were
taken to allow the model to be used as a prediction tool for infection in backyard poultry. The transmission
of HPAI between mallards and backyard poultry was calibrated using outbreak data in backyard poultry
farms in the modeled ecological area in Croatia and ornithological observations in natural areas close to these
outbreaks. This is relevant, as this parameter was not previously described in the literature while being key in
understanding waterfowl-to-backyard poultry HPAI transmission. This process ensured that the model reflects
the transmission dynamics between waterfowl and backyard poultry in a real-world scenario. Furthermore,
the model was validated using independent historical data about HPAI infections in backyard poultry farms in
Croatia and mute swan deaths in Croatia and Hungary.

Previous studies have indicated the urgent need to identify ecological cues to better understand HPAI
transmission dynamics and help prevent HPAI introduction to poultry and its potential spillover to humans®*3°,
Predictions from our model revealed that the time spent at stopover sites by migratory mallards was a determinant
factor of HPAI spillover to domestic backyard birds. While intuitive, this finding highlights the importance of
further studies to understand the factors influencing the duration of the stopover period of HPAI reservoir
species to improve HPAI forecasting and control. An example of these factors is climate change-induced
alterations in waterfowl phenology and migratory patterns, as they can affect the timing of migratory events
in waterfowl species involved in HPAI dissemination®. For instance, snow conditions and low temperatures
have been found to trigger mallards’ fall migratory movements and limit mid-winter movements®”3%, possibly
altering HPAI dynamics in areas where waterfowl communities and domestic birds intersect. This is particularly
important in the context of climate change, which continues to exacerbate and affect the ecological interactions,
phenology, and distribution of migratory birds**’. Furthermore, the stopover location chosen by migratory
waterfowl is also influenced by the presence of suitable natural resources for feeding, resting, and sheltering®! .
Therefore, we can expect that improving our understanding of the impact of weather factors on waterfowl
migration patterns and the application of land use mapping will help predict specific high-risk areas and seasons
where HPAI dissemination to backyard poultry farms is more likely to occur due to the expected prolonged
presence of migratory reservoir birds.

Currently, in the United States and Europe, areas prioritized for HPAI surveillance in waterfowl communities
are determined based on species diversity and abundance, migratory patterns, and evidence of previous HPAI
infection in the area®~*°. Findings from our study suggest adjusting this approach by incorporating weather
and land use data to predict reservoir birds’ phenology for specific seasons and years. This would enable more
accurate identification of areas with conditions that favor an extended stay by reservoir waterfowl species during
migration, thus increasing the risk of HPAI introduction to domestic birds. These identified areas can then
be targeted with enhanced surveillance and preventive measures to mitigate potential outbreaks in backyard
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poultry farms, allowing for a more efficient allocation of logistical and financial resources for HPAI prevention
and control.

Model predictions indicated that less virulent HPAI strains are more likely to cause outbreaks in backyard
poultry farms, as mallards have a higher likelihood of surviving infection. This is supported by the literature as
the recently emerged H5N1 2.3.4.4.b clade displays increased adaptation to wild and domestic birds compared
to previously dominant HPAI strains?, possibly contributing to its establishment in some areas of Europe?’.
However, this also has implications for HPAI prevention as surveillance partly relies on field observations of
suspected cases in wild birds and avian mortality events*®. If wild birds are experiencing less severe presentations
of HPAI and surviving infection, then the effectiveness of surveillance efforts to prevent outbreaks in domestic
animals and humans might be reduced. In our model, highly susceptible birds, represented by mute swans,
were found to be a reliable sentinel of HPAI infection in the waterfowl community. However, reduced virulence
in HPAI delayed the occurrence of mass mortality events in the population of migratory mute swans and, in
consequence, reduced the likelihood of early detection of the virus. These findings highlight the importance of
periodically evaluating the reliability of putative highly susceptible species usually prioritized for testing, such
as mute swans, amidst the emergence of strains with increased reassortment potential and decreased virulence.

In our model, resident mallards exposed to HPAI developed immunity against future infections with the
same virus, effectively limiting viral transmission within the waterfowl community after the arrival of infected
migratory mallards and minimizing the subsequent dissemination to backyard poultry farms. This was
reflected in the protective effect of the HPAI recovery rate (Fig. 4b) and is in agreement with previous studies
reporting that mallard survival from HPAI infection leads to the development of robust immunity against
future homosubtypic infections, as well as long-lasting protective effects?>?. Furthermore, our scenario analysis
revealed that even partial immunity against HPAI can meaningfully contribute to limiting the occurrence of the
infection in backyard poultry and mute swans (Supplementary Table S5, Supplementary Fig. S2). Hence, our
findings indicate that determining the immune status of resident waterfowl populations against HPAI prior to
fall migration could assist in predicting the risk of transmission of the virus to backyard poultry farms during
winter.

It is important to note that we did not consider the co-circulation of LPAI strains among waterfowl due to
the still limited understanding of heterosubtypic immunity on HPAI dynamics in natural populations. This
knowledge limitation is meaningful given evidence of previously acquired LPAI immunity partially protecting
against HPAI infection in mallards?**’, which might cause our model to overestimate the risk of HPAI (thus
presenting a conservative spillover prediction) due to the calibration process being done without considering
LPAI-acquired immunity. This is further complicated by, also not modeled, differences in susceptibility to avian
influenza exposure according to age, with younger mallards being more susceptible compared to adults*. The
decision to not categorize waterfowl populations by age in our model stems from the insufficient data on the
immune responses triggered by previous infections with either HPATI or LPAI strains, making it challenging to
accurately account for age-specific immune pressures. Further research aiming to understand heterosubtypic
immunity against HPAT among different age categories will allow an improved in silico assessment of infection
dynamics in wildlife communities, particularly considering the introduction of novel strains into natural
waterfowl populations via avian migration.

Findings here suggest that environmental transmission is not an effective mechanism for HPAI dissemination
among mallards. This is a consequence of the rapid dispersion of HPAI virions in the environment, compounded
by the reduced susceptibility of mallards compared to mute swans. The latter contrasts with what was observed
for mute swans, which were highly sensitive to environmental contamination with HPAI. Importantly, the model
reveals that even under scenarios with little interaction between mute swans and HPAI in the environment,
swans still become infected (Supplementary Table S4). Nonetheless, these observations need to be taken carefully
as HPAI inactivation did not consider persistence under different conditions of salinity, pH, and temperature.
These factors have been reported to heavily influence HPAI persistence in the environment™ but were not
included in our model as their influence has not been properly explored in natural conditions. This knowledge
gap precluded the exploration of climate change consequences on HPAI transmission dynamics in our model,
which is particularly relevant given the suggested extended persistence of HPAI in the environment during
colder temperatures®!.

Although mallards and mute swans interact in nature during winter?®, the interspecific transmission of
HPAI between these two species was not considered in the model due to a lack of epidemiological data. This
is a relevant knowledge limitation that might underestimate HPAI transmission in the waterfowl community.
Furthermore, waterfowl communities are more complex than what was depicted in the model, with a wider
variety of species interacting and participating in HPAI dynamics. Nonetheless, incorporating multiple
species into the description of HPAI dynamics would increase model uncertainty, as a deeper understanding
of each waterfowl species’ role as a viral disseminator within the community is essential for effective model
parameterization. A relevant limitation of our calibration and validation approaches was not accounting for
the influence of sampling intensity (i.e., differences in the effort to monitor HPAT in terms of the number of
samples to identify infection in backyard poultry and individual mute swans®?) on HPAI underreporting, a
limitation shared with other modeling efforts attempting to understand HPAI transmission at the waterfowl-
poultry interface [e.g.>’]. Accounting for the sampling intensity in future modeling approaches would improve
the accuracy and reliability of predictions by considering variations in detection probabilities and addressing
potential biases in reported data.

Our model incorporates key components in HPAI dynamics at the waterfowl-backyard poultry interface,
including migratory and resident reservoir populations, sentinel species, and backyard poultry farms. As these
components are present in a variety of ecological areas, supported by our validation process based on data from
Hungary, we expect the model to effectively predict the probability of HPAI infection in backyard poultry farms
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in other locations with homologous conditions. Insights provided by our model are especially timely, given the
current emergence of novel HPAI strains with increased potential for reassortment?. Particularly important is
the influence of the duration of migratory mallard stopover during fall migration in predicting HPAI risk in
backyard poultry, highlighting the need to predict migratory patterns of reservoir waterfowl species. Our findings
underscore the crucial roles played by prior immunity and HPAI virulence in shaping infection dynamics and
recognize relevant limitations in knowledge about the virus. We expect that our model will serve as a decision
support tool for purposes of aiding surveillance and prevention of HPAI introduction to backyard poultry farms
and thus reducing the spillover risk to humans.

Data availability
Data used for model parametrization, calibration, and validation is described in the manuscript and in the Sup-
plementary Material. R code for the model is available at https://github.com/sgllanos/HPAI_model.
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