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Introduction: 

Avian influenza viruses (AIVs) are zoonotic influenza A viruses that primarily infect birds 
with varying levels of severity2 4. Although AIVs rarely infect humans, pandemic AIV strains 
capable of spreading between humans have emerged in the past. One such example was the 
1918 H1N1 AIV pandemic that led to the deaths of an estimated 50 million people2. An AIV 
strain that poses a significant threat to humans and birds alike in the present day is H5N1. This 
highly pathogenic avian influenza (HPAI) virus has the ability to cause severe illness and death 
in humans and birds alike. Since its discovery in 1996, outbreaks of H5N1 have led to deaths of 
hundreds of millions of birds and hundreds of humans1,2,5. The emergent H5N1 2.3.4.4b clade is 
the cause of an ongoing panzootic that has spread to 114 countries and led to the deaths of 
tens of millions of birds in one of the largest avian influenza outbreaks in recorded history5 7. 
This outbreak reached the United States in December 2021, since which over 58 million birds 
have been affected1. 

Unlike previous H5N1 outbreaks, the current clade 2.3.4.4b panzootic strain has 
demonstrated sustained transmission amongst mammals, reflecting a startling development in 

5. While human-to-human transmission of H5N1 is exceedingly rare, the 

spread between mammals raises concerns about its pandemic potential5,8. For this reason, it is 
imperative to prevent H5N1 spillover events from birds to humans, as the reassortment of avian 
H5N1 strains with human influenza viruses allows H5N1 can mutate to effectively spread 
between humans9. One way to reduce these events is by reducing H5N1 outbreaks in domestic 
poultry, a significant source of zoonotic transmission of AIVs to humans3. Domestic poultry are 
thought to be infected with H5N1 by coming into contact with wild waterfowl, such as ducks and 
geese, which are natural reservoirs for the virus4,10. These interactions, and the overall spread 
of H5N1 across avian populations, are thought to be linked to waterfowl migration when birds 
can carry and spread diseases along flyways spanning hundreds of miles11. This has been 
supported by Lee et al., (2020) which used telemetry tracking of waterfowl to show that poultry 
farms within the regions used by waterfowl for feeding and resting during migration were at a 
greater risk for H5N1 outbreak occurrence compared to farms outside of those regions12.  

Migratory waterfowl prefer to feed and rest in wetlands throughout migration13. Wetlands 
are habitats at the transition between terrestrial and aquatic environments, where the water 
table is at or near the soil surface14. These environments occur throughout freshwater and 
saltwater ecosystems in or around bodies of water including ponds, beaches, rivers, and 
lakes14. The importance of wetlands to biodiversity and conservation cannot be understated. 
Approximately 50% of species protected under the U.S. Endangered Species Act are wetland-
dependent, including approximately 80% of all protected birds in North America15. Waterfowl, 
waders, and shorebirds in particular, utilize wetlands for food, shelter from predators, and 
breeding grounds during seasonal migration16. One of the most important ways migratory 
waterfowl use wetlands during migration is as short-term stopover sites13. Time spent at 

spend several days regaining energy and preparing for the next leg of their journey by resting 
and refueling13. However, time spent at these locations may also be used for energetically costly 
activities such as courting mates, molting, and confronting adverse weather, emphasizing the 



 

 

need for migratory waterfowl to replenish their energy stores at these locations13. Wetlands also 
act as longer-term breeding and wintering sites for migratory waterfowl where they can spend 
up to months at a time15,17,18. As such, migrating waterfowl require wetlands to provide nutrients 
to refuel throughout their migratory journeys and to support them for extended stays.  

At the time of the settlement of the United States by European colonizers, approximately 
215 million acres of wetland habitat covered approximately 11.34% of the nation19,20. By 2019, 
wetland coverage has been halved, to approximately 116 million acres; furthermore, the rate of 
wetland loss is accelerating: between 2009 and 2019 wetland loss was 50% greater than 
wetland loss between 2004 and 200914. Anthropogenic activity, particularly agricultural and 
urban expansion and road construction, is a major driver of wetland loss in the US18,21. Climate 
change has also been a contributing factor, as storms and rising sea levels along with drought 
erode and dry out wetlands, respectively18. Throughout the first half of the 20th century, drainage 
and filling of wetlands for agricultural purposes was the primary contributor for wetland loss with 
approximately 500,000 acres being lost per year. Net wetland loss has reduced since then, 
however, as agricultural development dropped to the second largest source of wetland loss in 
the second half of the 20th century after rural development14. Between 2009 to 2019, 
approximately 67,000 acres of wetland were lost each year, a time period during which 
agricultural development was the second largest contributor of freshwater wetland loss, behind 
only upland forested plantations14.  

While the rate of wetland loss has reduced significantly since the 1950s, continued 
wetland loss still poses a major threat to migratory waterfowl by reducing the number and 
quality of stopover, wintering, and breeding sites along migratory flyways16,17,22. Newton (2004) 
describes a density-dependent mechanism through which migratory waterfowl fill habitat 
sequentially when choosing wintering and breeding sites, with the best habitats reaching 
capacity first, forcing birds arriving later in the season to settle in progressively less attractive 
habitats22. Even under ideal conditions, obtaining enough nutrients to support metabolic needs 
at stopover sites can be difficult due to competition for resources and depletion of available food 
over time22. The degradation of higher quality sites can reduce their carrying capacity, forcing 
more and more migratory waterfowl to poorer quality sites for both short and long-term use. 
Additionally, Guo et al., (2024) propose that wetland loss forces waterfowl out of their preferred 
stopover sites, concentrating migratory birds where resources still remain, such as wildlife 
refuges and protected land23. With time, these sites experience significant resource depletion as 
their use increases13. Increased waterfowl concentration at these sites also has impacts on 
disease transmission amongst birds. This was seen in Gaidet et al., (2011) which showed that 
increased waterfowl density was associated with increased AIV prevalence, potentially caused 
by increased contact rates between birds 24. 

As a result, migratory waterfowl must look to alternate habitats to meet their resource 
needs.  Farmlands offer food, water, and safety from predation, and those in close proximity to 
wetlands are frequently visited by migratory waterfowl16,25. McDuie et al., (2022) found that 11 
dabbling ducks, including cinnamon teals, mallards, and northern pintails, equipped with GPS 
trackers regularly traveled between commercial cattle and poultry holdings and adjacent 
wetlands over the course of five years25. Pearse et al., (2013) documented repeated instances 
of white-fronted geese and snow geese roosting in Nebraska wetlands while flying to cornfields 



 

 

to forage26. Poultry farms offer water in the form of puddles, canals, and ditches, and food in the 
form of spilled feed, drying feed, and insects in manure27. The regular transit of waterfowl 
between wetlands and farms observed in McDuie et al., (2022) could suggest that migratory 
waterfowl may frequent farms to make up for a lack of food in wetland roosting locations25. 
When waterfowl forage for food on farms or cropland, they have the potential to spread H5N1 to 
domestic poultry and other birds in the vicinity28. Camera trap data show that direct contact 
between wild waterfowl and domestic poultry in commercial operations is uncommon10,27. 
However other farm birds, such as magpies or house sparrows, do have regular and close 
contact with commercial poultry. These birds may serve as bridge hosts, becoming infected with 
H5N1 via contact with contaminated excreta from visiting waterfowl and subsequently infecting 
domestic poultry by entering enclosures directly (facilitated by their small size)10,27. Additionally, 
infected droppings from waterfowl and bridge hosts can contaminate water or feed used by 
poultry in commercial poultry operations27. Poultry operations such as backyard flocks which 
have less stringent biosecurity measures are even more susceptible for infection29. 

Collectively, this evidence suggests a potential mechanism through which wetland loss 
could increase the risk of H5N1 outbreaks by increasing the reliance of migratory waterfowl on 
agricultural land for resources. This could subsequently increase the frequency of contacts 
between waterfowl and bridge hosts or domestic poultry. However, few studies have used 
changes in land cover over time to study the temporal relationship between wetland loss, 
proximity to farmland and likelihood of H5N1 disease outbreaks. Most studies have only partially 
studied this relationship or theorized its existence. For instance, Wu et al., (2020) found that 
proximity to highly protected Ramsar wetland sites in China was associated with decreased 
H5N1 outbreaks in poultry, theorizing that reduced human encroachment both excludes 
domestic birds from migratory waterfowl habitat and eliminates 
agricultural settings30. Additionally, in a longitudinal study of comb ducks in the Inner Niger 
Delta, Cappelle et al., (2011) showed that predicted contacts between domestic and wild poultry 
increased in the delta when natural wetlands dry out, pulling waterfowl into artificially irrigated 
fields where villagers let poultry roam freely31. This points to an association between wetland 
loss and increased contact between wild and domestic  waterfowl, but stops short of linking 
H5N1 outbreaks with wetland loss. In a case-control study comparing H5N1 risk factors 
between farms with and without H5N1 detections in poultry, Green et al., (2023) found that 
H5N1 outbreak risk was elevated when wild waterfowl or shorebirds were sighted in the vicinity 
of the farm (OR = 7.6, 95% CI: 1.3, 42.8) and when wild birds were able to access feed (OR = 
6.2, 95% CI: 1.2, 31.9)32. This finding suggests that the risk of an H5N1 outbreak on a poultry 
farm is elevated when waterfowl visit the farm to forage, but does not address wetland loss 
directly. Together, however, these findings suggest that wetland degradation in the vicinity of 
farmland may be critical to the ecology of avian influenza, and that they may be key sites 
advancing the spread of H5N1 in domestic flocks. In this study, we look to expand on this work 
by investigating how degradation of wetland habitat during the course of the 21st century has 
affected the dynamics of avian influenza in domestic poultry. We do this by characterizing the 
association between wetland loss annual and cumulative in the US and H5N1 outbreaks in 
domestic poultry in the vicinity of that loss. By characterizing the relationship between wetland 
loss and H5N1 outbreak odds, we look to improve the understanding of how long-term 
anthropogenic change affects AIV spillover into domestic poultry. 



 

 

Methods: 
 
Outcome: 
 The outcome of interest was outbreaks of H5N1 in domestic poultry in the United States 
between 2022 and 2026. An outbreak was defined as one or a cluster of cases within a 20 km 
radius within the same calendar year. Data for all reported animal H5N1 outbreaks are available 
from the UN Food and Agricultural Organization (FAO) EMPRES-i Global Animal Disease 
Information System database6

300 km of the case location were randomly selected as control locations using GPS coordinates 
logged for each outbreak in the EMPRES-i database. 
 
Exposure: 

The exposure of interest was change in wetland area, parameterized as (a) percent 
annual wetland change for each year from 2000 to 2022, and (b) percent cumulative wetland 
change between 2000 and 2022. Data on wetland cover was derived from the GLC_FCS30D 
dataset in Google Earth Engine (GEE)33. This dataset, derived from Copernicus Landsat 
imagery, classified land cover across the surface of the Earth into one of 36 categories with a 
resolution of 30 square meters per pixel between 1985 to 2022.  Land cover classification is 
available annually 

 
Each case and control point was used as a centroid for buffer zones with radii of 10, 25, 

and 50 km, within which we calculated the annual percent and cumulative change in wetland 
area. Because the GLC_FCS30D database only extends until 2022, we imputed annual and 
cumulative changes in wetland area between 2023 and 2026 as the corresponding average 
from 2000-2022. Additionally, the inla.group function was used to discretize response values for 
annual and cumulative wetland percent change into 100 equidistant probability quantiles 
throughout the range of the responses for the two variables. The binning approach was used to 
reduce the computational load needed to fit an INLA model to our ~90,000 observation dataset. 

 
Covariates: 
 
 Confounders were defined a priori based on previous research detailing the associations 
between each covariate, the exposure, and the outcome. A summary of these associations is 
presented below in a directed acyclic graph (DAG):  
 



 

 

Figure 1: DAG detailing associations between the exposure, outcome, and related covariates. 

 
Ancestors of the exposure and outcome in Figure 1 are variables that have a causal 

effect on exposure and outcome, respectively. Of these variables, proximity to roads, habitat 
protections, agricultural development, type of wetland habitat, and distance to the nearest 
wetlands were categorized as confounders given existing associations between each variable 
and the exposure as well as the outcome.  Proximity to roads was considered a confounder, as 
the commercial transport of poultry via roads provides an avenue for H5N1-infected birds to 
spread the virus to healthy flocks34. Additional studies also implicate road construction as a 
direct and indirect contributor to wetland loss over time21.  Proximity to roads was calculated as 
the minimum distance between each case and control point to the nearest road at the start of 
the outbreak using data from the U.S. Census Bureau TIGER geodatabase35. 

Habitat protections are thought to decrease H5N1 transmission to domestic poultry by 
reducing their contact with wild waterfowl30. Given that land protections also reduce the 
commercial and industrial activity in protected areas, we assume a priori that land protections 
also provide a protective effect against wetland habitat loss. Habitat protection was measured 
by calculating  the percentage of each buffer zone classified as a protected area at the start of 
the outbreak by the International Union for Conservation of Nature (IUCN). Protected land was 
identified using the geospatial United States Protected Areas Database (PAD) version 3.036. 

The demand for farmland has led to the conversion of wetland habitat to dry cropland in 
the United States and throughout the world for decades, in part to meet the demand for growing 
populations.18,37. Additionally, previous studies have shown that recently converted croplands 
act as stopover sites during bird migration38. This provides an opportunity for H5N1 to spread 
amongst wild waterfowl at the sites and subsequently into domestic birds in the surrounding 
areas38. Agricultural development was calculated as percent change in cropland between two 
consecutive years in each buffer zone, for each year from 2000-2022. Pixels classified as 

coverage limitations inherent to the GLC_FCS30D database applied for annual agricultural 
development as for the annual wetland change and cumulative wetland change variables. To 



 

 

best estimate agricultural development from 2023 to 2026, the percent change in agricultural 
area for 2023 to 2026 for each buffer zone was set by averaging the annual percent change in 
agricultural area for each year between 2000 to 2022, assuming a constant rate of change in 
agricultural land change after the start of the outbreak in 2022 to the current day in 2026. 

Another confounder in this study was distance to the nearest wetland. Previous studies 
have shown that H5N1 outbreak likelihood was inversely correlated with distance to the nearest 
wetland34. Additionally, we assume a priori that wetland loss caused by human activity is due to 
human encroachment, and this decreases the distance and increases the proximity between 
areas where humans live and wetlands. Distance to the nearest wetland was calculated as the 
minimum distance between each case and control location to the nearest 30 square meter 
wetland pixel. The rgee package in R was used to break down the GEE image for 2022 into tiles 
which were stitched into a full raster image which was subsequently converted into a raster 
mask using the terra and raster packages. This mask, which only encoded data for pixels 
classified as wetlands, was imported into QGIS and subject to the polygonize function, 
converting each 30 square meter wetland pixel into a polygon. R was then used to determine 
the minimum distance to the nearest wetland by calculating the minimum distance between 
each case and control point to the nearest wetland polygon centroid. 

The last confounder was the type of wetland habitat. Wetland loss is not uniform 
amongst saltwater and freshwater ecosystems, as between 2009 and 2019, the United States 
Fish and Wildlife Service calculated an overall 0.2% net loss in freshwater wetlands as 
compared to an overall 0.5% net loss in saltwater wetlands14. Additionally, studies have shown 
that the H5N1 virus is significantly less stable in salt water compared to fresh water39. Given that 
waterborne transmission is a major driver of H5N1 spread, we would expect that H5N1 spreads 
more effectively in freshwater wetlands40. Wetland type was calculated as the percentage of 
wetlands classified as freshwater wetlands (swamp, marsh, or flooded flat) at the start of the 
outbreak in 2022. 
 
Model Description: 
 

Outbreaks of H5N1 in domestic poultry between 2022 and 2026 were modeled to follow 
a binomial distribution:  

Where: 
  is the outcome of H5N1 outbreak occurrence 
  is the probability of an outbreak occurring at location  in year , with indexing 

buffer zones , and  indexing year of observation with .  
 

The model for  is given by the following generalized additive model (GAM): 

Where:  

 is the intercept  



 

 

 annual percent change in wetland loss (AWL), agricultural development (AAD), and 
cumulative percent wetland loss (CWL), are modeled using random walk 2 (RW2) 
smoothing functions over time 

 distance to nearest road (DR) and wetland (DWL), percent protected land in 2022 (PL), 
and proportion of wetlands classified as freshwater in 2022 (FW) are modeled as fixed 
effects. 

  is the spatial random effect, modeled as a Gaussian-Markov Random Field with 
variance , range , and smoothness parameter,  

  is the temporal random effect, modeled as an autoregressive model of order 1 (AR1)  
with variance of   

( ) 

The RW2 smoothing effect is modeled as: 

Where:  
   {AWL, AAD, CWL} 
  is the precision of  
  

 
This model was implemented using integrated nested Laplace approximation via the 

INLA package in R.  
 

INLA Configuration and SPDE Specifications: 
 

 The spatial random effect caused by outbreak location was implemented by using the 
Stochastic Partial Differential Equation (SPDE) method. A spatial Gaussian Markov Random 
Field was created using nodes defined by the coordinates of case and controls and a two layer 
triangular mesh. Specifications on the spatial field placed limitations on the maximum edge 
length of mesh triangles and the shortest possible distance between nodes.  
 The prior for the spatial range, random field was set as follows: 
 

 
Additionally, a penalized complexity (PC) prior was used for the standard deviation, , of the 
random field. 

 
These priors set the probability of the spatial range (the distance at which two observations are 
statistically independent) being greater than 100 km at 10% and the probability of the standard 
deviation of the spatial latent effect being greater than 3 at 1%. The prior range was based on a 
previous study of H5N1 outbreaks in ducks which found spatial dependency to drop off after 60 
km41. The resulting mesh was used to create a projector matrix for all case and control locations 



 

 

which was passed to data stacks for prediction and estimation. The estimation stack contained 
all covariates and response data between 2000 to 2025, while the prediction data stack 
contained covariates for 2026. These stacks were combined into an overall data stack used for 
the INLA function.  

 
Analysis: 
 

To assess whether wetland loss was associated with H5N1 outbreak probability, we 
extracted the odds ratio, given by the mean value of the RW2 smoothing function over values of 
annual and cumulative wetland loss drawn from the posterior distribution. This was done at 100 
values corresponding to the 1st to 100th percentile of the percent wetland gain for annual and 
cumulative wetland loss. We subsequently generated exposure-response curves for both 
exposure variables. The odds ratios and 95% credible intervals (95% CIs) for H5N1 outbreak 
probability calculated for each response value of annual and cumulative percent wetland loss 
were used to determine which, if any, levels of observed wetland loss were associated with 
H5N1 outbreak probability. An association between wetland loss and H5N1 outbreak odds was 
statistically significant when the 95% CI for the odds ratio excluded the null, OR = 1. 

 
Results: 
 
Sample characteristics: 
 

Altogether, 879 outbreaks at 863 distinct locations were identified. A total of 159, 42, and 
18 buffer zones were removed from the 10 km, 25 km, and 50 km datasets, respectively, as  
calculating the percent change in wetland area at these sites required dividing by zero for at 
least one time interval. The locations of cases and controls are presented in Figure 3, while the 
spatiotemporal distribution of cases is shown in Figure 2. These figures show that H5N1 
outbreaks occurred primarily in the midwest and along the coasts. The temporal distribution of 
cases shown in Figure 4 indicates that incident outbreaks fell sharply after the first year of the 
outbreak before spiking again in 2025. Incident outbreaks appear to be far lower in 2026 than 
2025, but Figure 4 only reflects outbreaks reported through April 28th, 2026, and is not 
representative of all outbreaks reported in 2026. Descriptive statistics are presented in Tables 
1a to 1c.  



 

 

 
 
 

Figure 2: Location of H5N1 outbreaks in domestic poultry in the United States, 2022 - 2026 
 

 
Figure 3: Case and Control Locations 

 
 



 

 

 
Figure 4: H5N1 outbreaks by year 

 
Table 1: Descriptive statistics. Values for the mean, standard deviation, median, and range were 
calculated for all years combined. 
 

 
Variable 

10km buffer 25km buffer 50km buffer 

Mean (sd) Median 
(range) 

Mean (sd) Median 
(range) 

Mean (sd) Median 
(range) 

Distance to 
the Nearest 

Wetland 
(meters) 

1973 (6203) 1 
(0.59,77750) 

2139 (6771) 1 
(0.59,106161) 

2136 (6768) 
 

1 
(0.59,106161) 

Protected 
Land 

Proportion 

0.03 (0.15) 0 (0,1) 0.04 (0.15) 0 (0,1) 0.04 (0.14) 0 (0,1) 

Freshwater 
Wetland 

Proportion 

0.18 (0.38) 0 (0,1) 0.18 (0.38) 0 (0,1) 0.18 (0.38) 0 (0,1) 

Distance to 
the Nearest 

Road (meters) 

6807 (22181) 1 
(0.4,272181) 

7131 (23053) 1 
(0.4,252300) 

7118 (23021) 1 
(0.4,252300) 

Annual 
Wetland 
Change 

Proportion 

0.03 (0.27) 0 (-0.93,2.5) 0.01 (0.18) 0 (-0.58,1.4) 0.01 (0.14) 0 (-0.44,0.89) 

Wetland 
Cumulative 

Change 

1.2 (0.86) 1.1 (0,13) 1.1 (0.5) 1.1 (0,6.1) 1.1 (0.37) 1.1 (0.02,4.4) 

Annual 
Cropland 
Change 

Proportion 

0.01 (0.07) 0 (-0.27,0.62) 0.01 (0.05) 0 (-0.16,0.32) 0.01 (0.03) 0 (-0.1,0.19) 

 
Main Effects: 



 

 

 
10km buffer 
 

 
Figure 5: Exposure-response (H5N1 outbreak odds) curve, 10km buffer. Odds ratios 

calculated as the mean of the posterior distribution over values of wetland gain). Random walk 2 
smoothing function is shown as a solid black line, with 95% credible interval bounds shaded in blue and 
bordered by black dotted lines. 5a: Mean odds ratio for annual percent wetland gain; 5b: Mean odds ratio 
for cumulative wetland gain between 2000 and 2026. Red dots: values of the exposure for which the 
corresponding OR is non-significant. Green dots: values of the exposure for which the corresponding OR 
is significant. Green shading: Intervals of the exposure for which the corresponding odds ratio is 
statistically significant intervals are shaded in green. Red line: The null odds ratio OR = 1  

 

Results for the 10km buffer are shown in Figure 5. The RW2 smoothing functions in 
Figures 5a and 5b followed the same pattern where the odds ratio increased and peaked before 
gradually decreasing with increased wetland gain. Annual wetland change had a positive 
association with H5N1 outbreak odds between the interval of 55% loss and 9.8% gain. This 
association was significant in the range of 16.4% loss (OR 1.12, 95% CI: 1.01, 1.26) to 1.14% 
loss (OR 1.07, 95% CI: 1.01, 1.16), the magnitude of which ranged from 7 to 12% elevated 
outbreak odds per every one percent increase in wetland loss within the interval [Table 2].  

Annual wetland change had a negative association with H5N1 outbreak odds outside of 
this range. This association was statistically significant within the range of 37.6% (OR = 0.78, 
95% CI: 0.59, 0.98) and 116%, (OR = 0.45, 95% CI: 0.19, 0.98) wetland gain. This indicates 
that an annual increase in wetland area between 37.6% and 116% is associated with a 22% to 



 

 

57% decreased odds of H5N1 outbreaks for every one percent increase in wetland gain [Table 
2]. 

  
Table 2: Annual Wetland Gain Significant Response Intervals, 10 Km Model  

 

Wetland gain 
interval (min, max) 

Minimum OR in interval 
(95% CI)

Maximum OR in interval 
(95% CI) 

-16.4%, -1.14% 1.07 (1.00, 1.16) 1.12 (1.01, 1.26) 

37.6%, 116% 0.78 (0.59, 0.98) 0.45 (0.19, 0.98) 

 
 By contrast, there was no significant effect of cumulative wetland change on H5N1 

outbreak probability [Figure 5b]. Cumulative wetland loss had a positive association with H5N1 
outbreak odds within the range of 3.1 to 153% gain. The magnitude of this association ranged 
between 1% (OR 1.01, 95% CI: 0.96, 1.05) and 5% (OR 1.05, 95% CI: 0.94, 1.21) increase in 
H5N1 outbreak odds or every 1% increase in wetland gain. On the other hand, cumulative 
wetland gain had a negative association with H5N1 outbreak odds over the interval of 6.4 to 
100% loss and 200 to 1200% gain. The magnitude of the association in the former interval 
ranged between 1% (OR 0.99, 95% CI: 0.94, 1.04)  and 15% (OR: 0.85, 95% CI: 0.51, 1.13) 
decreased odds for every one percent increase in wetland loss while the association in the latter 
interval ranged between 2% (OR 0.98, 95% CI: 0.67, 1.47) and 21% (OR 0.79, 95% CI: 0.16, 
3.84) decreased odds for every 1% increase in wetland gain [Table 3]. 

 
Table 3: Cumulative Wetland Gain Response Intervals, 10 Km Model 

 

Wetland gain 
interval (min, max) 

Minimum OR in interval 
(95% CI)

Maximum OR in interval 
(95% CI) 

-100%, -6.4% 0.85 (0.51, 1.13) 0.99 (0.94, 1.04) 

3.1%, 153% 1.01 (0.96, 1.05) 1.05 (0.94, 1.21) 

200%, 1200% 0.98 (0.67, 1.47) 0.79 (0.16, 3.84) 

 
 
25km buffer 



 

 

 
Figure 6: Exposure-response (H5N1 outbreak odds) curve, 10km buffer. Odds ratios 

calculated as the mean of the posterior distribution over values of wetland gain). Random walk 2 
smoothing function is shown as a solid black line, with 95% credible interval bounds shaded in blue and 
bordered by black dotted lines. 6a: Mean odds ratio for annual percent wetland gain; 6b: Mean odds ratio 
for cumulative wetland gain between 2000 and 2026. Red dots: values of the exposure for which the 
corresponding OR is non-significant. Green dots: values of the exposure for which the corresponding OR 
is significant. Green shading: Intervals of the exposure for which the corresponding odds ratio is 
statistically significant intervals are shaded in green. Red line: The null odds ratio OR = 1  

 
Results for the 25 km buffer are shown in Figure 6. The RW2 smoothing function in 

Figure 6a shows a continuous, approximately linear decrease in H5N1 outbreak odds with 
increasing wetland gain. The smoothing function for cumulative wetland gain in Figure 6b 
followed the same pattern as cumulative wetland gain figure in Figure 5b, where the odds ratio 
increased and peaked before gradually decreasing with increased wetland gain. Annual wetland 
change had a positive association with H5N1 outbreak odds between the interval of 57.9% loss 
and 4.83% gain. This association was significant in the range of 13.1% loss (OR 1.16, 95% CI: 
1.01, 1.34) to 2.18% loss (OR 1.06, 95% CI: 1.01, 1.13). The magnitude of this association 
ranged from 6% elevated outbreak odds to 16% higher odds for every one percent increase in 
wetland loss within the interval [Table 4]. 

Annual wetland change had a negative association with H5N1 outbreak odds when 
annual wetland gain ranged between 5.18% to 142%. This association was statistically 
significant within the range of 38.1% (OR = 0.68, 95% CI: 0.47, 0.98) and 142%, (OR = 0.09, 



 

 

95% CI: 0.01, 0.77) wetland gain. This indicates that an annual increase in wetland area 
between 38.1% and 142% is associated with a 32% to 91% decreased odds of H5N1 outbreaks 
for every one percent increase in wetland gain [Table 4].  

  
Table 4: Annual Wetland Gain Significant Response Intervals, 25 Km Model  

 

Wetland gain 
interval (min, max) 

Minimum OR in interval 
(95% CI)

Maximum OR in interval 
(95% CI) 

-13.1%, -2.18% 1.06 (1.01, 1.13) 1.16 (1.01, 1.34) 

38.1%, 142% 0.09 (0.01, 0.77) 0.68 (0.47, 0.98) 

 

H5N1 outbreak odds were positively associated with cumulative wetland change in the 
range of 0.5% loss and 128% gain (Figure 6b) between 2000-2026; this association reached 
statistical significance between the range of 19% (OR = 1.07 95% CI: 1.01, 1.19), and 28.2% 
(OR = 1.09, 95% CI: 1.01, 1.14) cumulative gain, corresponding to 7-9% increased odds over 
his interval per every one percent increase in wetland gain. Outbreak odds were negatively 
associated with cumulative wetland change outside of this interval; this association reached 
statistical significance between a cumulative loss of 30.9% (OR 0.86, 95% CI: 0.74, 0.99) and 
100% (OR 0.61, 95% CI: 0.37, 0.97) in wetland area between 2000 and 2026. This corresponds 
to a 14-39% decrease in odds over this interval per every 1% increase in wetland loss [Table 5]. 

 
Table 5: Cumulative Wetland Gain Significant Response Intervals, 25 Km Model  

 

Wetland gain 
interval (min, max) 

Minimum OR in interval 
(95% CI)

Maximum OR in interval 
(95% CI) 

-100%, -30.9% 0.61 (0.37, 0.97) 0.86 (0.74, 0.99) 

19%, 28.2% 1.07 (1.01, 1.19) 1.09 (1.01, 1.14) 

 
50km buffer 



 

 

 
Figure 7: Exposure-response (H5N1 outbreak odds) curve, 10km buffer. Odds ratios 

calculated as the mean of the posterior distribution over values of wetland gain). Random walk 2 
smoothing function is shown as a solid black line, with 95% credible interval bounds shaded in blue and 
bordered by black dotted lines. 7a: Mean odds ratio for annual percent wetland gain; 7b: Mean odds ratio 
for cumulative wetland gain between 2000 and 2026. Red dots: values of the exposure for which the 
corresponding OR is non-significant. Green dots: values of the exposure for which the corresponding OR 
is significant. Green shading: Intervals of the exposure for which the corresponding odds ratio is 
statistically significant intervals are shaded in green. Red line: The null odds ratio OR = 1  

 

Results for the 50 km buffer are shown in Figure 7. There was no statistically significant 
association between annual or cumulative wetland loss and H5N1 outbreak odds in the 50 km 
buffer model. The RW2 smoothing function for annual wetland loss in Figure 7a demonstrated a 
continuous, approximately linear decrease in H5N1 outbreak probability with increasing annual 
wetland gain. Additionally, the smoothing function in Figure 7b demonstrated an initial increase 
in H5N1 outbreak odds with increasing cumulative wetland loss before decreasing for the 
remainder of the interval. Annual wetland change had a positive association with H5N1 outbreak 
odds between the interval of 44.3% loss and 1.5% gain. The magnitude of the association 
ranged between a 1% (OR 1.01, 95% CI: 0.98, 1.04) and 27% (OR = 1.27, 95% CI: 0.81, 1.94) 
increase in H5N1 odds for every 1% increase in wetland loss. There was a negative association 
between the interval of 3.4% gain to 88.7% gain ranging between a magnitude of 1% (OR = 
0.99, 95% CI: 0.96, 1.04) and 57% (OR = 0.43, 95% CI: 0.15, 1.07) decrease in H5N1 odds for 
every 1% increase in wetland gain [Table 6]. 



 

 

 
Table 6: Annual Wetland Gain Significant Response Intervals, 50 Km Model  

 

Wetland gain 
interval (min, max) 

Minimum OR in interval 
(95% CI)

Maximum OR in interval 
(95% CI) 

-44.3%, 1.5% 1.01 (0.98, 1.04) 1.27 (0.81, 1.95) 

3.4%, 88.7% 0.43 (0.15, 1.07) 0.99 (0.96, 1.04) 

 
 Cumulative wetland change had a positive association with H5N1 outbreak odds 

between 4.3% loss and 64.2% gain. The magnitude of this association ranged between a 1% 
(OR 1.01, 95% CI: 0.96, 1.06) and 6% (OR 1.06, 95% CI: 0.98, 1.16) increase in H5N1 odds for 
every one percent increase in wetland gain. Cumulative wetland change had a negative 
association with H5N1 outbreak odds over two intervals. When cumulative wetland change 
ranged between 97.7 and 6.2% loss, the magnitude of the association between cumulative 
wetland loss and H5N1 outbreak odds ranged between a 1% (OR 0.99, 95% CI: 0.94, 1.05) and  
35% (OR 0.65, 95% CI: 0.38, 1.06) decrease in H5N1 outbreak odds for every one percent 
increase in wetland loss. When wetland gain was between 75.5 and 340.3%, the odds for H5N1 
outbreak occurrence decreased between 2% (OR = 0.98, 95% CI: 0.75, 1.23) and 33% (OR = 
0.67, 95% CI: 0.14, 2.31) for every one percent increase in wetland gain [Table 7]. 

 
Table 7: Cumulative Wetland Gain Response Intervals, 10 Km Model 

 

Wetland gain 
interval (min, max) 

Minimum OR in interval 
(95% CI)

Maximum OR in interval 
(95% CI) 

-97.7%, -6.2% 0.65 (0.38, 1.06) 0.99 (0.94, 1.05) 

-4.3%, 64.2% 1.01 (0.96, 1.06) 1.06(0.98, 1.16) 

75.5%, 340.4% 0.67 (0.14, 2.31) 0.98 (0.75, 1.23) 

 

 The distribution of annual wetland change over time for all buffer zones is plotted in 
Figures 8-10. Figure 8 shows considerable more spread in mean wetland gain than Figures 9 
and 10. This difference in spread is also reflected in the error bars for mean annual wetland gain 
being greater at the 10 km buffer distance compared to the 25 and 50 km buffer distances. 
Additionally, the annual wetland loss for many buffer zones lie several standard deviations from 
the mean.  



 

 

 
Figure 8: Plot of annual wetland gain over time for cases and controls, 10 km model. Dots 
represent values of annual wetland gain for buffer zones calculated between 2000-2001 until 2021-2022.  
Individual buffer zones are color coded.  Mean wetland gain averaged over all buffer zones is over time is 
shown as black dots joined by a black line. Error bars are shown in black as one standard deviations from 
the mean. Points where annual percent gain was greater than 10 have been removed for visualization 
purposes (n = 10). 

 

 
Figure 9: Plot of annual wetland gain over time for cases and controls, 25 km model. Dots 
represent values of annual wetland gain for buffer zones calculated between 2000-2001 until 2021-2022.  
Individual buffer zones are color coded.  Mean wetland gain averaged over all buffer zones is over time is 
shown as black dots joined by a black line. Error bars are shown in black signifying one standard 
deviation from the mean. Points where annual percent gain was greater than 10 have been removed for 
visualization purposes (n = 9) 
 



 

 

 
Figure 10: Plot of annual wetland gain over time for cases and controls, 50 km model. Dots 
represent values of annual wetland gain for buffer zones calculated between 2000-2001 until 2021-2022.  
Individual buffer zones are color coded. Mean wetland gain averaged over all buffer zones is over time is 
shown as black dots joined by a black line. Error bars are shown in black signifying one standard 
deviation from the mean.  

 
Discussion: 
 

In this study, we observed a significant association between wetland habitat loss and 
H5N1 outbreak occurrence after adjusting for major confounders; importantly the nature of this 
association differed with choice of buffer size. The findings of our 10 km buffer model were 
consistent with our hypothesis that decreasing wetland availability increases the odds of virus 
transmission. Namely, annual wetland loss of up to 16.4% was associated with up to 13% 
increased odds of H5N1 outbreak occurrence for every one percent increase in wetland loss. 
Furthermore, annual gains in wetland area between 37.6 to 116% were significantly associated 
with a 22% to 57% lower odds of H5N1 outbreaks for every one percent increase in wetland 
gain. These findings persisted in our 25 km model where we observed that wetland loss of up to 
13.1% was associated with up to 16% increased odds for H5N1 outbreak occurrence for every 
one percent increase in wetland loss. Annual gains in wetland area between 38.1 to 141.5% 
were also associated with 32% to 91% lower outbreak odds for every one percent increase in 
wetland gain. However, there was no significant association between annual wetland loss and 
outbreak odds for the 50 km buffer model. Only the 25 km buffer model showed a significant 
association between cumulative wetland change and H5N1 outbreak odds. We found that H5N1 
outbreak odds were reduced by 14 to 39% for every one percent increase in wetland loss when 
cumulative wetland loss between 2000 and 2026 ranged between 31 to 100%. This indicates 
reduced outbreak odds as wetlands vanish. Furthermore, when there was a cumulative increase 
in wetland habitat between 19 to 28.2%, the outbreak odds were elevated by 7 to 9% per every 
one percent increase in wetland gain. Both the 10 km and 50 km models showed that 
cumulative wetland loss was associated with decreased outbreak odds, but these associations 
were not statistically significant at either distance. 

Altogether, our results indicate that annual wetland loss is associated with increased 
H5N1 outbreak odds within 10 km of a location. Cumulative wetland loss at this distance, 



 

 

however, is associated with decreased outbreak odds but this association is not statistically 
significant. Our results also show that wetland loss within 25 km of a location is also associated 
with increased disease odds, but these results are directly contradicted by the finding that 
cumulative wetland loss within this same distance is significantly associated with decreased 
odds of H5N1 outbreaks. The 50 km buffer model also demonstrated contradictory findings 
where annual wetland loss was associated with increased H5N1 outbreak odds while 
cumulative wetland loss was associated with decreased odds, but neither association was 
statistically significant. 

 Our expectation was that if annual wetland loss was associated with increased H5N1 
outbreak odds for any buffer zone model, cumulative wetland loss would follow suit. Instead, we 
saw that annual wetland loss was associated with increased H5N1 odds while cumulative 
wetland loss was associated with decreased outbreak odds at all three buffer zones. One 
explanation for these contradictory findings could be that long-term wetland loss reduces 
migratory waterfowl populations at stopover sites over time22. Wetland loss can cause a 
reduction of food at roosting and stopover sites or destroy them altogether, reducing their 
suitability for migratory waterfowl42,43. When primary food sources become unavailable, 
migratory waterfowl turn to alternate stopover and roosting sites with better resource access44. 
Reduced food availability along migration routes is also associated with reduced reproductive 
success, and in cases when migrating waterfowl cannot find alternative roosting and stopover 
sites, population collapse13,42. As such, these factors suggest that the decrease in H5N1 
outbreak odds we observed with cumulative wetland loss could be due to decreased waterfowl 
visitation of those sites driven by shifts to alternate roosting and stopover sites and decreasing 
waterfowl population density between 2000 and 2026. This could consequently lead to 
decreased interactions in those areas between domestic poultry and wild waterfowl. However, 
to confirm this theory, we would need to track waterfowl density in these locations over time. 

Another reason we see a conflicting trend in outbreak odds between annual and 
cumulative wetland loss could be the different ways in which long and short-term changes affect 
avian influenza ecology45. The association between annual wetland loss and H5N1 outbreak 
odds is the function of how wetland loss over the course of a year impacts H5N1 odds. 
Vandegrift et al., (2020) suggest that the short-term effect of such wetland loss results in 
increased waterfowl aggregation at remaining stopover, breeding, and wintering sites which 
increases the frequency of contacts between wild birds and domestic poultry45. On the other 
hand, the association between cumulative wetland loss and H5N1 odds in our study measures a 
long-term process. Vandegrift et al., (2020) also suggests that a long-term effect of wetland loss 
is the reduction of wetland-dependent waterfowl in the area which is consistent with the 
assertions of Newton (2004) and Xu et al., (2019) that wetland loss is associated with 
diminishing waterfowl population in wetlands over time22,42,45. As such, changes in contact 
frequency between migratory waterfowl and domestic poultry attributed to annual and 
cumulative wetland loss could potentially explain our contradictory results.  

Something else to consider in these results is the degree to which increased H5N1 
outbreak odds are actually due to wetland loss. We have theorized that wetland degradation 
increases H5N1 odds by pushing migratory waterfowl to forage for food on farms and crop fields 
to meet their metabolic needs during short-term stop overs and longer-term roosting. Johnson et 
al., (2014) studied foraging flights taken by ducks and geese from wintering sites and found that 



 

 

the average foraging flight is 7.4 km (SD = 7.2) for geese and 5.1 km (SD = 4.4) for ducks46. 
This suggests that the average distance traveled by wintering geese and ducks tends to be less 
than 10 km on average. As such, almost the entirety of our 10 km buffer zones would be within 
foraging flight distance of any birds that were roosting within those buffer zones. This would 
make it plausible that viral spread could be a consequence of wetland loss pushing wintering 
waterfowl to forage in farms or cropland away from their roosting sites. It is more difficult to tell 
whether this is the case for the 25 and 50 km buffer zones. For example, wetland loss 40 km 
from an outbreak is considerably less likely to increase H5N1 outbreak odds by pushing birds to 
forage outside of wetlands than wetland loss within 10 km. This, in turn, reduces the 
assumptions we can make about the mechanism through which wetland loss affects H5N1 
outbreak odds at distances exceeding 10 km. 

Our results also suggest that H5N1 outbreak odds at a location can be mitigated by 
increasing wetland habitat in the immediate area. We also found evidence at the 10 and 25 km 
buffer distance that annually increasing wetland habitat around a location can mitigate outbreak 
odds seen by the significant reduction in H5N1 outbreak odds that accompanied wetland gain at 
both distances. This makes sense, given that wetlands increasing in size would be expected to 
have good food availability, reducing the need and frequency for migratory waterfowl to take 
foraging flights that could result in contact with domestic poultry or bridge hosts47. 

One limitation of this study arises from the use of satellite data. The authors of the 
GLC_FCS30D database indicate that there is variability in this data and estimate that the 
classification in this dataset is 80.88% accurate33. This variability derives from a number of 
factors. For one, satellite imagery may not be 100% accurate due to cloud cover when images 
were taken and issues like miscalibrated sensors and atmospheric interference may also 
influence image quality. It is also likely that some degree of change identified in any remote 
sensing data over time is reflective of improvements in sensing technology and mapping over 
that period of time. Additionally, wetland habitats classification can vary between sources which 
limit the degree to which analyses using this dataset can be compared with analyses done with 
other data. Wetland habitats in this study were classified by the authors of GLC_FCS30D, and 
this classification may differ from other sources33. Altogether, the influence that these factors 
have on image quality is a reminder that this analysis is an approximation and our best estimate 
at mapping spatiotemporal trends given the technology and circumstances that affect the quality 
of the images used for this analysis. 

Another potential limitation arises from control selection. Control selection was done 
entirely at random as opposed to selecting farms or cropland as control sites. This means that 
control sites could have been devoid of poultry without capacity for H5N1 poultry outbreaks. Any 
future analyses using this data will be performed using a new set of control sites where possible 
sites will be confined to land classified as cropland by the GLC_FCS30D dataset. Residual 
confounding is another potential source of bias. While distance to the nearest wetland was 
considered as a confounder, distance to the nearest cropland was not included in our model. 
One reason this was not added to our model was due to overfitting concerns since our model 
already had 7 variables. However, it is possible that by excluding this variable we did not adjust 
for a potential source of confounding as proximity to farmland can be linked to both wetland loss 
and H5N1 outcome odds, given the historical conversion of wetlands to cropland and the 
association and the findings in Cullen et al., (2025) that spatiotemporal overlap between wild 



 

 

waterfowl and poultry farms was associated with elevated HPAI risk18,48. The assumptions used 
to impute data for missing covariates are also another potentially limiting factor for this study. 
We imputed annual wetland and cropland change data beyond the temporal extent of the 
GLC_FCS30D dataset (2023-2026) by calculating the average change in both variables for 
each buffer zone for all years between 2000 and 2022. This single average was used as an 
estimate for annual wetland change in 2023 to 2026. A consequence of assuming a constant 
rate of change between 2023 to 2026 is that we would not have been able to capture non-linear 
trends in wetland and cropland change between 2023 to 2026. It can also be noted, however, 
from Figures 8-10, that many response values for annual wetland loss lie several standard 
deviations from the mean. This suggests that using the mean of annual wetland loss between 
2000 to 2026 for each buffer zone to impute values for 2023 to 2026 likely did not accurately 
capture the variation associated with annual changes to wetland loss For future studies, we plan 
to use data sources with greater temporal range to avoid having to perform imputation. 

Lastly, another limitation is the potential for underreporting of H5N1 outbreaks. The 
EMPRES-i database relies on data reporting from local sources6. As such, H5N1 cases that 
were not reported to authorities would not be captured in the EMPRES-i database. Backyard 
poultry operations are vulnerable to reporting bias since accurate reporting relies on farmers 
having a thorough understanding of H5N1 signs and symptoms in domestic poultry. However, a 
survey of 638 backyard flock owners in the United States showed that only a third of 
respondents were able to correctly identify all signs of avian influenza in birds49. This suggests 
that many poultry flock owners lack an understanding of H5N1 symptoms and may not be able 
to identify and subsequently report H5N1 cases. As such, it should be assumed that the 
EMPRES-i dataset used for this analysis did not capture all H5N1 outbreaks between 2022 to 
2026. 

 
Conclusion: 
 

 Our findings indicate that changes in wetland habitat over time are associated with H5N1 
outbreak odds in domestic poultry in the United States. We found that annual wetland loss of up 
to 25 km is significantly associated with elevated odds of H5N1 outbreak occurrence which was 
consistent with our expectations. The literature provides a possible explanation for why this 
could have occurred. It is possible that wetland loss and subsequent degradation of stopover, 
breeding, and winterings sites could have reduced food available to migratory waterfowl at 
these locations and pulled them to forage in agricultural land, where they would have had 
access to grain, seeds, and other food sources10,25,27. It is possible that at these sites, wild 
waterfowl infected with H5N1 spread the virus to domestic poultry either directly, through bridge 
hosts, or through environmental contamination via fecal matter3,11. Since the upper limit of 
foraging distance for ducks and geese is approximately 10 km, it is possible that the association 
we observed within our 10 km buffer model could be the result of this mechanism46. Our finding 
that cumulative wetland loss tended to be associated with reduced H5N1 outbreak odds was the 
opposite of what we expected. However, this can be explained by long-term wetland loss 
reducing waterfowl population in the region over time as migratory birds turn to alternate 
roosting and stopover sites or die out altogether22,42. On the other hand, annual wetland loss 
can increase waterfowl density at productive sites in the vicinity of the area, increasing viral 



 

 

circulation within migratory populations and contact between infected waterfowl and domestic 
poultry22,31. These differences in how year-to-year and long-term wetland loss affect H5N1 
transmission could be why annual wetland loss was associated with increased H5N1 outbreak 
odds while cumulative wetland loss was associated with decreased odds. However, we would 
need longitudinal waterfowl density data to verify this. 

Another key finding is that annual increases in wetland habitat are associated with 
decreasing disease odds up to 25 km. This trend also provides evidence that the association 
between annual wetland habitat change and H5N1 outbreak odds is bidirectional. While we 
show that wetland loss can increase odds for future disease outbreaks, we also provide 
evidence that wetland restoration could have a protective effect that reduces H5N1 odds to 
domestic poultry on farms within 10 km of a given location. This finding has implications for 
conservation, as if wetland restoration projects in the vicinity of commercial and backyard 
poultry operations could reduce the odds of H5N1 infecting domestic poultry flocks. More 
research about how anthropogenic change affects disease odds over time is critical to 
preventing future disease outbreaks, and we recommend that future studies continue using 
satellite data to further understand how human activity affects the ecology of disease spillover 
and transmission. 
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