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Abstract 11 
 12 
Since late 2021, a panzootic of highly pathogenic H5N1 avian influenza virus has driven 13 
significant morbidity and mortality in wild birds, domestic poultry, and mammals. In 14 
North America, infections in novel avian and mammalian species suggest the potential 15 
for changing ecology and establishment of new animal reservoirs. Outbreaks among 16 
domestic birds have persisted despite aggressive culling, necessitating a re-17 
examination of how these outbreaks were sparked and maintained. To recover how 18 
these viruses were introduced and disseminated in North America, we analyzed 1,818 19 
Hemagglutinin (HA) gene sequences sampled from North American wild birds, domestic 20 
birds and mammals from November 2021-September 2023 using Bayesian 21 
phylodynamic approaches. Using HA, we infer that the North American panzootic was 22 
driven by ~8 independent introductions into North America via the Atlantic and Pacific 23 
Flyways, followed by rapid dissemination westward via wild, migratory birds. 24 
Transmission was primarily driven by Anseriformes, shorebirds, and Galliformes, while 25 
species such as songbirds, raptors, and owls mostly acted as dead-end hosts. Unlike 26 
the epizootic of 2015, outbreaks in domestic birds were driven by ~46-113 independent 27 
introductions from wild birds, with some onward transmission. Backyard birds were 28 
infected ~10 days earlier on average than birds in commercial poultry production 29 
settings, suggesting that they could act as “early warning signals” for transmission 30 
upticks in a given area. Our findings support wild birds as an emerging reservoir for 31 
HPAI transmission in North America and suggest continuous surveillance of wild 32 
Anseriformes and shorebirds as crucial for outbreak inference. Future prevention of 33 
agricultural outbreaks may require investment in strategies that reduce transmission at 34 
the wild bird/agriculture interface, and investigation of backyard birds as putative early 35 
warning signs. 36 
 37 
 38 
 39 
 40 
 41 
 42 
 43 
 44 
 45 
 46 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 20, 2024. ; https://doi.org/10.1101/2024.12.16.628739doi: bioRxiv preprint 

https://doi.org/10.1101/2024.12.16.628739
http://creativecommons.org/licenses/by-nc/4.0/


 47 
Introduction 48 
 49 
Highly pathogenic avian influenza (HPAI) viruses pose persistent challenges for human 50 
and animal health. Since emerging in 1996, highly pathogenic H5N1 viruses of the 51 
A/goose/Guangdong lineage have spread globally via endemic transmission among 52 
domestic birds in Asia and Africa coupled with long-distance dispersal by wild migrating 53 
birds (1,2). In 2005, introduction of poultry-derived H5N1 viruses into wild birds in China 54 
led to viral dispersal across Northern Africa and Asia, establishing new lineages of 55 
endemic circulation in poultry (3,4). In 2014, wild, migratory birds carried highly 56 
pathogenic H5N8 viruses from Europe to North America, sparking an outbreak that 57 
resulted in the culling of over 50.5 million commercial birds (5). While this outbreak 58 
substantially impacted the agriculture industry, aggressive culling quelled the outbreak, 59 
and North America remained free of HPAI for years.  60 
 61 
Since December 2021, clade 2.3.4.4b HPAI H5N1 viruses have spread across the 62 
Americas, causing a panzootic of significant morbidity and mortality in wild and 63 
domestic animals. These viruses were likely first introduced into North America in late 64 
2021 by migratory birds flying across the Arctic Circle from Europe (6,7), after which 65 
reassortment with endemic, low-pathogenicity avian influenza (LPAI) North American 66 
H5Nx (where Nx refers to various Neuraminidase (NA) subtypes) viruses produced a 67 
virus with altered tissue tropism in mammals (8). In contrast to past epizootics, morbidity 68 
and mortality has been widespread across a broad range of wild avian species not 69 
usually impacted by HPAI (9) such as raptors, owls, passerines (1,10), and Sandwich 70 
Terns (11–13). Infections have also occurred in mammal species not typically 71 
associated with HPAI, such as foxes, skunks, raccoons, harbor seals, dolphins, bears 72 
(1,14), and recently, domestic goats and dairy cattle (15). Putative transmission among 73 
marine mammals and domestic dairy cattle pose new challenges for animal health and 74 
biosecurity, and highlight the need to understand the ecological factors that lead to 75 
spillover (15,16).  76 
 77 
Historically, H5N1 transmission has been linked to poultry production, with occasional 78 
cross-continental movement by wild birds of the Anseriformes (waterfowl such as ducks 79 
and geese) and Charadriiformes (Shorebirds) orders (17–19). Unlike the North 80 
American epizootic in 2014-2015, widespread culling of domestic birds has not halted 81 
detections in North America, suggesting that patterns of transmission since 2022 may 82 
be distinct from past epizootics. Prior work has posited that clade 2.3.4.4b viruses may 83 
be better able to infect and transmit among wild bird species, leading to persistent, 84 
seasonal circulation in European wild birds (11,13). Early genomic analysis of the 85 
United States epizootic linked outbreaks in poultry to wild birds, though the robustness 86 
of these results to differences in sampling between wild and domestic birds was not 87 
directly examined (10). Designing effective surveillance and intervention strategies 88 
hinges on delineating which species are driving transmission in North America, a 89 
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question that remains understudied. The broad range of affected wild species in this 90 
panzootic raises the possibility that new reservoir hosts could be established, 91 
necessitating an evaluation of which species should be actively surveilled. Finally, while 92 
it is currently thought that cases in mammals likely stem from infections in wild birds, 93 
work to formally link infections across species has been sparse. 94 
 95 
Viral phylodynamic approaches are emerging as critical tools for outbreak 96 
reconstruction (20,21). Viral genomes contain molecular records of transmission 97 
histories, allowing them to be used to trace how outbreaks begin and spread. Here we 98 
use Bayesian phylogeographic approaches paired with rigorous controls for sampling 99 
bias (22,23) to trace how highly pathogenic H5N1 viruses were introduced and 100 
disseminated across North America. We capitalize on a dataset of 1,818 Hemagglutinin 101 
gene sequences sampled from North American birds and mammals in 2021-2023, and 102 
curate additional metadata on geography, migratory flyways, domestic/wild status, host 103 
taxonomic order, and migratory behavior to reconstruct transmission between these 104 
groups. Using this dataset of HA sequences, we show that the epizootic in North 105 
America was driven by ~ 8 independent introductions that descend from outbreaks in 106 
Europe and Asia, though only a single introduction spread successfully across the 107 
continent. The initial wave of H5N1 transmission spread from east to west by wild, 108 
migratory birds between adjacent migratory flyways. Transmission from non-canonical 109 
avian species like songbirds and owls was limited and resulted in dead-end 110 
transmission chains, suggesting that these species are unlikely to establish as 111 
reservoirs. Instead, transmission was primarily sustained by Anseriformes, shorebirds, 112 
and Galliformes. In contrast to the outbreak in 2014/2015, outbreaks in agriculture were 113 
seeded by ~46-113 independent introductions from wild birds, with some onward 114 
transmission. Backyard birds were infected slightly more frequently, and earlier on 115 
average, than commercial birds, suggesting that increased backyard bird surveillance 116 
could serve as early warning signs for increased incidence. Together, these data 117 
pinpoint surveillance in wild aquatic birds as critical for contextualizing outbreaks in 118 
mammals and agriculture. Given the increasing role of wild bird transmission in North 119 
America, investment in interventions that reduce interactions between domestic and 120 
wild animals may now be crucial for limiting future outbreaks in agriculture.   121 
 122 
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Results 136 
 137 
Viral sequence data capture seasonal variation of HPAI detections  138 
 139 

 140 
Figure 1. Detections of HPAI in North America show distinct epidemic waves following 141 
introduction events in late 2021.  A) Detections of HPAI in wild birds, domestic birds, and non-142 
human mammals. B) The Log-scaled Effective population size (Ne) estimates estimated in 143 
BEAST using the Bayesian SkyGrid coalescent for sequences collected between Sep 2021 and 144 
Aug 2023. C) Correlation plot of log(Ne) vs HPAI detections by week, spearman correlation 145 
displayed.  146 
 147 
In the United States, the United State Department of Agriculture Animal and Plant 148 
Health Inspection Service (APHIS) manages HPAI surveillance and testing in wild birds 149 
via investigation of reported morbidity and mortality events, hunter-harvested game 150 
birds/waterfowl, sentinel species/live bird collection, and environmental sampling of 151 
water bodies and surfaces (24,25). As of September 30th 2024, most HPAI detections 152 
have been reported in wild birds, which were sampled via testing of sick and dead 153 
(5,611), hunter harvested (3,340), and live wild birds (1,127) (Figure S1a). APHIS also 154 
surveilles domestic birds using several reporting methods: mandatory testing through 155 
the National Poultry Improvement Plan, coordination with state agricultural agencies, 156 
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routine testing in high-risk areas, and backyard flock surveillance (26). Data on 157 
domestic bird detections are reported with information on poultry type (e.g., duck, 158 
chicken) and by whether the farm is classified as a commercial operation or backyard 159 
flock. Backyard flocks are categorized by the USDA as operations with fewer than 1,000 160 
birds (27,28) and by the World Organization for Animal Health (WOAH) as any birds 161 
kept in captivity for reasons other than for commercial production (29). Among domestic 162 
birds, detections (1,177 total) came predominantly from commercial chickens (9.3%), 163 
commercial turkeys (28.5%), commercial breeding operations (species unspecified) 164 
(15.3%), and birds designated WOAH Non-Poultry which refers to backyard birds 165 
(42.3%) (Figure S1b). Other domestic bird detections occurred in game bird raising 166 
operations (2.5%) and commercial ducks (2.0%). This panzootic has notably impacted a 167 
broad range of mammalian hosts, with detections (399) reported in red foxes (24.3%), 168 
mice (24.1%), skunks (12.2%), and domestic cats (13.2%). Other mammalian hosts 169 
(26.2%) represent a wide range of species including harbor seals, bobcats, fishers, and 170 
bears (Figure S1c).  171 

The first detection of HPAI H5N1 viruses in the United States occurred in a wild 172 
American wigeon in South Carolina on December 30th, 2021. From January – May 173 
2022, a wave of 2,510 total detections were reported across 43 states and 91 different 174 
species (Figure 1). Following a lull in the summer, cases rose again in August 2022, 175 
leading to a larger epizootic wave that lasted until March 2023, totaling 8,001 detections 176 
across all 48 contiguous U.S. states and Alaska. Case detections peaked in the fall and 177 
spring, coinciding roughly with seasonal migration timing for birds migrating between 178 
North and South America (30,31). Seasonal case variation could arise due to seasonal 179 
bird migration, fluctuating virus prevalence in wild birds, or fledging times of susceptible 180 
chicks (32), though continued monitoring is necessary to determine whether these 181 
patterns persist in future years.  182 

Sequence data sampled in North America is heavily skewed toward the first 6 183 
months of the outbreak, with 74% of all available sequences sampled from January-July 184 
2022 (Figure S2). To evaluate whether sequence data reflect case detections, we 185 
inferred the viral effective population size (Ne), a measure that approximates viral 186 
incidence (21). Using 6 datasets of sequences subsampled by host taxonomic order 187 
(see Methods for details), we infer that Ne is modestly correlated with detections 188 
(highest Spearman rank correlation: 0.65, p=4.4e-11) (Figure 1c)(Figure S3-4), and that 189 
peaks in Ne precede peaks in detections by ~1 week (Figure S5), likely reflecting the 190 
lag between viral transmission and case detection. These data suggest that despite 191 
uneven sequence acquisition across time, the diversity of sampled sequences reflect 192 
the amplitude of H5N1 cases. We therefore opted to use sequence data for the entire 193 
sampling period for broad inferences on introductions and geographic spread across 194 
North America, but supplement these analyses with a series of controls for sampling 195 
differences between groups. For more intensive reconstructions of transmission 196 
patterns between wild birds, commercial poultry, and backyard birds we focus on the 197 
initial 6-month period with the most densely sampled data, coupled with experiments to 198 
assess the impacts of sampling on results.  199 
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 200 
Wild, migratory birds drove expansion of H5N1 across the continent 201 
 202 
To reconstruct the number and timings of H5N1 introductions into North America, we 203 
constructed a dataset that including HA sequences from North America from domestic 204 
and wild birds (n= 1,327 unique isolates, identical sequences were removed), along with 205 
contextual sequences from other continents with ongoing outbreaks in 2021 and 2022 206 
(Asia = 294, Europe = 300). We then inferred the number and timings of introductions 207 
into North America using a discrete trait phylogeographic model (see Methods for 208 
details) (33).   209 
 210 

 211 
Figure 2. Introductions from Europe facilitated the majority of ongoing transmission 212 
while Asian introductions did not result in continent-wide onward transmission. A) 213 
Bayesian phylogenetic reconstruction of n=1,921 globally sampled sequences of HPAI clade 214 
2.3.4.4b colored by continent of isolation. Opacity of branches corresponds to posterior support 215 
for the discrete trait inferred for a given branch, the thickness corresponds to the number of 216 
descendent tips the given branch produces. B) A close-up view of the starred section of the tree 217 
in A, focusing on introductions from Asia. C) We inferred the number of transitions from Asia to 218 
North America across the posterior set of 9,000 trees. The x-axis represents the number of 219 
introductions, and the y-axis represents the proportion of trees across the posterior set with that 220 
number of inferred transitions.  221 
 222 
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Most sequenced infections in North America (98.5% of tips) descend from a single 223 
introduction from Europe in late 2021 (95% Highest Posterior Density (HPD), 224 
September 9th – October 7th 2021) (Figure 2a), consistent with reports of infected 225 
migratory gulls in Newfoundland and Labrador Canada in November 2021, and 226 
subsequent mortality in farmed birds in December of 2021 (6,7,10). Previous 227 
surveillance of migratory birds traveling from Europe to North America in October of 228 
2021 recorded detections of HPAI of European origin from wigeons, geese, skua, and 229 
gulls (6). We also infer 7 (median = 7, 95% HPD: (6,8)) additional introductions between 230 
February and September 2022 that nest within the diversity of viruses circulating in Asia 231 
(Figure 2B-C). These introductions represent infections sampled in Alaska, Oregon, 232 
California, Wyoming and British Columbia, Canada that failed to disseminate widely and 233 
persisted for short periods of time (0.024 – 6.9 months). The western location of these 234 
tips suggest potential introduction via the Pacific flyway, consistent with previous reports 235 
documenting incursions into North America from Japan via Alaska and the upper Pacific 236 
(34)(Figure S6).  237 
 238 
Recent analyses of global H5N1 circulation patterns suggest wild birds as increasingly 239 
important reservoirs for clade 2.3.4.4b virus evolution and transmission (35). In the 240 
Americas, avian migratory routes are classified by the U.S. Fish and Wildlife Service 241 
(USFWS) into 4 major flyways: the Atlantic, Mississippi, Central, and Pacific (36). If the 242 
epizootic were spread predominantly by wild, migratory birds, we reasoned that viruses 243 
sampled from the same, or neighboring flyways, should cluster together more closely 244 
than viruses sampled from non-adjacent flyways. To test this, we assigned avian 245 
sequences to the migratory flyway matching the US state of sampling, assembled a 246 
dataset of 250 sequences randomly subsampled for each USFWS flyway (total 247 
n=1,000), and implemented a discrete trait diffusion model to estimate transition rates 248 
between flyways, a proxy for transmission. 249 
 250 
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 251 
Figure 3. Migratory birds rapidly disseminated H5N1 via migratory flyways. A) 252 
Phylogenetic reconstruction of n=1,000 sequences colored by continental flyway. Inset is the 253 
results of the PACT analysis for persistence in each flyway (how long a tip takes to leave its 254 
sampled location going backwards on the tree), excluding the Pacific clade to show persistence 255 
following Atlantic introduction. B) U.S. Fish and Wildlife Service waterfowl flyways map, with 256 
arrows annotated to represent rates with Bayes factor support of at least 100. Here the size of 257 
the arrow corresponds to the magnitude of the mean transition rate. C) Mean transition rates 258 
from the Bayesian Stochastic Search Variable Selection (BSSVS) of USFWS flyways where 259 
color of the bar corresponds to the source population and the opacity corresponds to the Bayes 260 
Factor (BF) support (where white corresponds to BF < 3 and full color corresponds to BF > 261 
100). D) Mean transition rates from the BSSVS of migratory behavior of birds. 262 
 263 
Tips that descend from viruses circulating in Asia (those in Figure 2B) cluster together 264 
as a basal clade inferred in the Pacific flyway (orange cluster at top of tree, posterior 265 
probability = 0.98), consistent with introduction into the West Coast. The primary 266 
introduction from Europe occurred via the Atlantic Flyway, and then spread rapidly 267 
across the US (Figure 3A,B). From the inferred time of introduction in the Atlantic flyway 268 
between September 9th – October 7th 2021, viruses descending from this introduction 269 
had disseminated and been sampled in every major flyway within ~4.8 months. 270 
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Sequences clustered strongly by flyway, grouping most closely with others sampled 271 
within the same or geographically adjacent flyway (Figure 3A). Transmission was most 272 
efficient between adjacent flyways, and primarily proceeded from east to west (Figure 273 
3B-C, Table S1). We calculate the Bayes Factor (BF) support for each possible 274 
transition rate, which is calculated by dividing the posterior odds a transition rate is non-275 
zero by the equivalent prior odds. Generally, BF > 30 are considered strong support, 276 
indicating that a given rate is 30x more likely to be included in the diffusion network, in 277 
this analysis we primarily focus on BF >= 100, or 100x more likely to be included (see 278 
Methods for details). We infer the highest supported rates (BF > 100) from the 279 
Mississippi to Central flyway (4.69 transitions/year, 95% HPD: (1.67,7.87), Atlantic to 280 
Mississippi flyway (2.3 transitions/year, 95% HPD: (0.74,4.08)), and Central to Pacific 281 
flyway (1.93 transitions/year, 95% HPD: (0.64,3.48))(Figure 3C, Table S1). Though the 282 
Pacific flyway experienced the highest number of introductions during the epizootic, 283 
transitions from the Pacific flyway elsewhere were inferred with low magnitude and 284 
weak support, and very little transmission occurred from west to east. Indeed, only a 285 
single statically supported rate was inferred from the Pacific flyway to the adjacent 286 
Central flyway (BF = 3, 0.69 transitions/year, 95% HPD: (0.004, 2.35)). Quantification of 287 
the length of times that lineages persisted in each flyway showed slightly longer 288 
persistence within the Atlantic and Pacific flyways, potentially due to the habitat and 289 
species richness in each flyway allowing for greater interaction of hosts (37). Previous 290 
work has shown that within-flyway transmission occurs far more rapidly than 291 
transmission between flyways, which may occur over longer time spans (> 5 years) (38–292 
40). We speculate that the strong signal of east to west diffusion could be explained by 293 
rapid, exponential spread among naïve wild birds in North America during early 294 
panzootic expansion. Limited transmission from the Pacific flyway could also be 295 
explained by differential fitness of the lineages introduced into the Pacific vs. Atlantic 296 
flyways, ecological isolation of the Pacific flyway, or by differences in host distribution at 297 
the time of incursion. Future work will be necessary to differentiate among these 298 
hypotheses. 299 
 300 
The strong clustering of sequences by flyways is consistent with long-range 301 
transmission by wild, migratory birds, but is not a direct measurement of it. To directly 302 
test this, we classified wild bird sequences by whether they were sampled from a wild 303 
bird considered migratory, partially migratory, or sedentary using the AVONET database 304 
(41). We then modeled discrete trait diffusion across 5 categories: wild migratory birds 305 
(includes most ducks and geese), wild partially migratory birds (some ducks, raptors, 306 
and vultures), wild sedentary birds (owls crows), domestic birds, and non-human 307 
mammals. Consistent with the flyways analysis, wild, migratory birds are inferred across 308 
the entire tree backbone with high statistical support, indicating that these birds played 309 
an important role in sustained transmission and geographic dissemination (Figure S7). 310 
Transitions from wild migratory birds were inferred with the highest number and most 311 
strongly supported rates (BF > 3000), indicating that migrating wild birds were critical to 312 
seeding infections in other species (Figure 3D, Table S2). Taken together, our results 313 
show that HPAI H5N1 viruses were repeatedly introduced into North America 314 
throughout the epizootic, with incursions into both the Atlantic and Pacific flyways. 315 
Following introduction into the Atlantic flyway, H5N1 viruses were rapidly disseminated 316 
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from east to west by migrating wild birds. These results highlight the capacity of 317 
migratory birds to rapidly transmit these viruses across vast geographic areas in North 318 
America.  319 
 320 
Epizootic transmission is sustained by canonical host species 321 
 322 
Previous outbreaks of highly pathogenic H5N1 viruses have been facilitated by wild 323 
Anseriformes (waterfowl), wild Charadriiformes (shorebirds), and domestic Galliformes 324 
(42–45), though the role of these hosts varies across outbreaks. In the current 325 
panzootic, die-offs have occurred across non-canonical host orders like Accipitriformes 326 
(raptors, condors, vultures), Strigiformes (owls), and Passeriformes (sparrows, crows, 327 
robins, etc.) (9), raising the possibility that these new species could establish as 328 
reservoirs that merit surveillance. To determine whether particular host groups played 329 
outsized roles in driving transmission in the epizootic, we classified sequences by 330 
taxonomic orders that were most well-sampled and modeled transmission between 331 
them using a discrete trait model. We consolidated sequences of two orders of raptors, 332 
Accipitriformes and Falconiformes, hereafter referred to as “raptors”. We also 333 
consolidated two orders of pelagic birds, Charadriiformes and Pelecaniformes, hereafter 334 
referred to as “shorebirds”. Following classification, we defined 7 host order groups: 335 
Anseriformes, Shorebirds, Strigiformes, Passeriformes, Raptors, Galliformes, and non-336 
human mammals.  337 
 338 
Discrete trait approaches assume that the number of sequences in a dataset are 339 
representative of the underlying distribution of cases in an outbreak, resulting in faulty 340 
inference when this assumption is violated (23,33,46) and bias when groups are 341 
unevenly sampled (22,23). To account for differential sampling among these host 342 
groups, we therefore considered two, distinct subsampling approaches. The first is a 343 
proportional sampling regime in which sequences are sampled proportional to the 344 
detections in each host group each month. This common sampling regime assumes that 345 
case detections in each group are the closest proxy for the case distribution in the 346 
outbreak, and attempts to align sampling with underlying model assumptions. However, 347 
this approach may not be appropriate if case detection is heavily biased between 348 
groups. For HPAI H5N1 in North America, detections in wild birds are primarily identified 349 
when humans report sick or dead birds to wildlife health authorities or wildlife rescues 350 
(Figure S1A), which may skew detections towards birds with dedicated rescue services 351 
or birds that reside in closer proximity to humans. For example, Anseriformes and 352 
raptors comprised 50.2% and 20.3% of all sequences, respectively, which could arise 353 
from high case intensity or a higher rate of case acquisition. A second, complementary 354 
subsampling approach is to sample sequences equally, meaning that sequences are 355 
sampled from each group in perfectly equal numbers. By forcing the number of 356 
sequences from each group to be equal, the transmission inference must be driven by 357 
the underlying sequence diversity in each group rather than by sampling differences. 358 
Given the high variation among detections within each host group, we opted to pursue 359 
an equal sampling regime. We performed 3 independent subsamples, each comprised 360 
of a dataset of 100 randomly sampled sequences per host group. To account for 361 
variation across subsampled datasets, we combined the results for the 3 independent 362 
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subsamples to summarize statistical support (Figure S9, Table S3-4). Due to similar 363 
tree topologies across replicates, we visualize the phylogeny of the subsample with the 364 
highest posterior support (equal order subsample 1) below and make the results of all 365 
subsamples available in supplement (see Figure S8, Table S5-S10). 366 
 367 

 368 
Figure 4. Anseriformes drove outbreak transmission, while new host species 369 
represent dead-end infections. A) Bayesian phylogenetic reconstruction of n=655 370 
sequences subsampled by host order with equal proportions of each host. The color of 371 
tips and branches represents taxonomic order, and opacity represents the posterior 372 
support for the inferred host group. Thickness of branches correspond to the number of 373 
tips descending from a given branch. B) Transition rates from the host group on the left 374 
(labelled “From”) to the host on the right (labelled “To”) as inferred from the combined 375 
results of three equal orders subsamples. The x location of the dot represents the 376 
inferred mean transition rate, and the black lines (whiskers) represent the 95% HPD. 377 
The color of each bar represents the “From” host. The opacity represents the Bayes 378 
factor support for the inclusion of the rate in the diffusion network. White (opacity of 0) 379 
represents any Bayes factors inferred to be less than 3, while a full color (opacity of 1) 380 
represents any Bayes factors inferred to be greater than or equal to 100. C) Results of 381 
the PACT analysis for persistence in each host order for phylogeny shown in panel A. 382 
 383 
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The first introduction into North America is comprised of infections sampled in great 384 
black-backed gulls (inferred as a large clade of shorebirds, posterior probability = 0.69), 385 
consistent with previous evidence of migratory gulls facilitating transmission from 386 
Europe (Figure 4A). This inferred-shorebirds cluster contains 6 sequences from harbor 387 
seals sampled from outbreaks in New England, resulting in a highly supported transition 388 
rate (BF = 537, posterior probability= 0.99) from shorebirds to non-human mammals 389 
(2.09 transitions/year, 95% HPD: (0.99, 4.63), aligning with suggestions that these 390 
outbreaks are linked to scavenging or environmental contamination by infected shore-391 
birds (1,16). After this initial cluster of infections, the remainder of the phylogeny 392 
backbone is inferred in Anseriformes with high posterior support (0.99), indicating that 393 
Anseriformes played an important role in driving sustained transmission and dispersal 394 
across North America. We infer Anseriformes as the predominant hosts seeding 395 
infections into other species (Figure S10) (Figure 4B) (Table S5-10), with the highest 396 
rates to Galliformes (4.49 transitions/year (95% HPD: (1.84, 7.21), BF = 1691, posterior 397 
probability = 0.99) and Strigiformes (3.41 transitions/year (95% HPD: (1.24, 6.14), BF = 398 
232, posterior probability = 0.99). Aligning with speculation following mortality events in 399 
bald eagles (47), we also infer a highly supported transition rate (BF = 127, posterior 400 
probability = 0.95) from Anseriformes to Raptors, consistent with putative links between 401 
raptors and the waterfowl they predate. These patterns were preserved in each 402 
independent subsample, indicating high robustness to sampling (Figure S8-9). We also 403 
infer support for transmission from Galliformes to Anseriformes (2.47 transitions/year 404 
(95% HPD: (0.45, 4.88), BF = 147, posterior probability = 0.96), Strigiformes, and 405 
nonhuman mammals. In this dataset, Galliformes primarily represent domesticated 406 
poultry (98% of sequences), suggesting that transmission from domestic birds back to 407 
wild birds and mammals may also have occurred, a hypothesis we investigate in more 408 
depth below. However, lineages in Galliformes tended to be short-lived, persisting for 409 
0.26 years on average (95% HPD: 0.07, 0.33 years). In contrast, viral lineages persisted 410 
for the longest in Anseriformes, with a mean persistence time of 0.71 years (95% HPD: 411 
0.42, 0.88 years) (Figure 4C), and Shorebirds, with a mean persistence time of 0.654 412 
years (95% HPD: 0.18, 1.04 years). Therefore, while Anseriformes, Shorebirds, and 413 
Galliformes all contributed to transmission events to other species, longer-term 414 
persistence was primarily driven by transmission in Anseriformes and Shorebirds.  415 
 416 
One surprising result was that we inferred raptors as a strongly supported source 417 
population to Anseriformes (1.87 transitions/year (95%HPD: (0.18, 3.94), BF = 39, 418 
posterior probability = 0.87). Previous characterizations of HPAI in Raptors during the 419 
2014/2015 outbreak in North America showed mortality events and neurological 420 
symptoms in wild raptors (48). Serological evidence of infections in bald eagles have 421 
indicated exposure to influenza A viruses in 5% of birds tested between 2006 and 2010 422 
(49). In the ongoing panzootic, raptors represent the third most prevalent group in wild 423 
bird detections in Europe (12% of detections) and second most detected group in North 424 
America (20.3%) (13,50). Future work to establish whether the high number of cases 425 
among raptors, and potential link to Anseriformes, is driven by efficient case detection 426 
vs. changing patterns of viral transmission will be necessary for formulating wildlife 427 
management strategies.  428 
 429 
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We found that Strigiformes (owls) exhibited primarily sink-like behavior with only two 430 
supported source transition rates to Passeriformes (BF= 82, posterior probability = 431 
0.93), and Anseriformes (BF=61, posterior probability = 0.91). Surveillance efforts show 432 
evidence of transmission of HPAI in owls during previous outbreaks of HPAI globally 433 
and have typically been sampled alongside other bird species across several different 434 
host orders, primarily from the order Anseriformes (51–53). Overall, we found limited 435 
support for the non-canonical host groups songbirds and nonhuman mammals seeding 436 
infections in other species. Inference of transitions from these three host groups tended 437 
to be less supported and lower in magnitude, suggesting that these species did not play 438 
major roles in driving transmission across the continent or to other species (Figure 4B). 439 
Instead, these species tended to act as sinks, forming short, terminal transmission 440 
chains that did not lead to long-term persistence (Figure 4C and Figure S11). Similarly, 441 
mammals served as sinks for viral diversity, supporting very short persistence times of 442 
0.22 years (95%HPD:(0.088, 0.328)), and resulting in only one strongly supported 443 
transition rate, to Anseriformes (BF = 53, posterior probability = 0.89). Finally, mammal 444 
sequences cluster across the entire diversity of the phylogeny (Figure 4A), and are not 445 
associated with one particular cluster of viruses, indicating that mammal infections were 446 
not confined to a particular viral lineage. Instead, these findings are most compatible 447 
with a model in which wild mammals are infected by direct interaction with wild birds, 448 
likely related to scavenging and predation behaviors (14).  449 
 450 
Agricultural outbreaks were seeded by repeated introductions from wild birds 451 
 452 
Since 2022, the US has culled over 104.4 million domestic birds with agricultural losses 453 
estimated between $2.5 to $3 billion USD (54). Understanding the degree to which 454 
outbreaks in agriculture have been driven by repeated introductions from wild birds vs. 455 
sustained transmission in agriculture is critical for improving surveillance and biosecurity 456 
practices. However, differences in sampling between wild and domestic birds challenge 457 
this goal. While domestic birds comprise 11% of all detections, they comprise 23.2% of 458 
sequences, making them overrepresented in available sequence data. In contrast, 459 
though a higher number of detections and sequences have been deposited for wild 460 
birds, wild birds are likely to be heavily under sampled due to the challenge of sampling 461 
wildlife (9,24). Finally, while each detection in wild birds represents a single infected 462 
animal, domestic bird detections usually represent a single infected farm, where the true 463 
number of infected animals is unknown. Given these challenges, we designed a 464 
“titration” analysis to measure the impact of varying degrees of sampling on 465 
transmission inference between wild and domestic birds. We first generated a dataset 466 
composed of equal numbers of domestic and wild bird sequences (using all 270 467 
available domestic bird sequences and 270 randomly sampled wild bird sequences) 468 
sampled between November 2021 and August 2023. By setting the number of 469 
sequences from each group equal, we force the inference to be driven by the sequence 470 
data itself, rather than the sampling regime. Next, we added in progressively more wild 471 
bird sequences until we reached a final ratio of domestic to wild sequences equal to 1:3, 472 
which approximates the ratio of detections in domestic and wild birds during the 473 
epizootic (1026 domestic detections vs. 3078 wild detections for study time period). In 474 
total, we generated 5 datasets with the following ratios of domestic to wild bird 475 
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sequences: 1:1, 1:1.5,1:2,1:2.5, and 1:3 (see Methods for more details). For each 476 
dataset, we applied a discrete trait diffusion model to infer transmission between wild 477 
and domestic birds. 478 
 479 

 480 
Figure 5. Outbreaks in domestic birds were seeded by repeated introductions 481 
from wild birds, with some onward transmission A) Phylogenetic reconstruction 482 
where taxa and branches colored by wild or domestic host status containing a 1:3 ratio 483 
of domestic to wild bird sequences (n=1080). B) Number of transitions from a given trait 484 
to another trait inferred through ancestral state reconstruction for each titration. C) 485 
Results of the PACT analysis for persistence in domestic and wild birds for each 486 
titration. 487 
 488 
When domestic/wild sequences were included in equal proportions, the backbone of the 489 
phylogeny and majority of internal nodes are inferred as wild birds, suggesting that wild 490 
birds are inferred as the primary source in the outbreak regardless of sampling (Figure 491 
S12A). Under equal sampling, this result is likely driven by higher genetic diversity 492 
among viruses sampled from wild birds, consistent with a large, source population. 493 
Within the background of wild bird sequences are multiple nested clusters of domestic 494 
bird sequences, consistent with some transmission between domestic birds. 495 
Transmission is inferred bi-directionally, with similar magnitudes of transmission inferred 496 
from domestic to wild birds, and from wild to domestic birds (Figure 5B, Figure S13, 497 
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Table S11). If these patterns represent the true transmission history in the epizootic, we 498 
reasoned that these patterns should remain intact even when additional wild bird 499 
sequences are added to the tree. If not, then we hypothesized that some of domestic 500 
bird clusters may be disrupted as more wild bird sequences are added into the tree. 501 
 502 
As wild sequences were progressively added into the tree, most domestic-only clusters 503 
became smaller, broken up by wild sequences that interspersed within these clades 504 
(Figure S12A-E). The “breaking up” of these domestic clusters results in inference of 505 
more transitions from wild to domestic birds, and less transmission between domestic 506 
birds (Figure 5B-C, Figure S13). The phylogeny of the final dataset (using a 1:3 ratio of 507 
domestic to wild sequences) shows 106 clusters of domestic sequences (Figure 5A, 508 
Figure S14-15, Table S11) each inferred as a unique introduction of H5N1 from wild 509 
birds into domestic birds. Among these domestic-only clusters, we calculate that 510 
lineages persisted for ~4.5 months on average (95% HPD: 2.7, 5.63). In contrast, we 511 
infer limited transmission from domestic birds back to wild birds (Figure 5B, Table S11), 512 
with only 4 inferred introductions from domestic birds to wild birds (Table S11). Viral 513 
lineages in wild birds also persisted for over twice as long as those in domestic birds, 514 
persisting for ~10 months (95% HPD: 5.7, 14.07) (Figure 5C). 515 
 516 
Commercial turkey operations have been heavily impacted during the epizootic, 517 
comprising 53.7% of all detections on commercial farms (55). However, the presence of 518 
wild turkeys throughout North America makes categorizing turkey sequences as 519 
domestic or wild status ambiguous. 98% of all turkey sequences are not associated with 520 
metadata on domestic/wild status, and thus were excluded from the previous analysis. 521 
To determine whether this decision could have biased our results, we performed an 522 
additional analysis in which any turkey sequence not labeled as “wild turkey” was 523 
categorized as “domestic” and combined with the other domestic bird sequences. In this 524 
dataset, ~20% of domestic bird sequences were turkeys. We then created a second 525 
titration analysis using these domestic sequences to generate datasets of 1:1,1:1.5, and 526 
1:2 ratios of domestic:wild sequences. We then evaluated the impact of the inclusion of 527 
turkey sequences on inferred transmission patterns between wild and domestic birds. 528 
 529 
Inclusion of turkey sequences did not substantially change inferred transition rates 530 
between wild and domestic birds but did increase the inferred persistence times of 531 
domestic bird clusters (Figure S13, Table S11). As wild bird sequences were added to 532 
the tree, we observed the same “breakup” of domestic clades as in the above analysis, 533 
with more wild sequences leading to more inferred introductions into domestic birds, 534 
and very few into wild birds. In both titration experiments, the final number of inferred 535 
transmission events from domestic to wild birds was 4 (Table S11), indicating minimal 536 
transmission back to wild species, regardless of whether turkeys were included (Figure 537 
S16, Table S11). Inclusion of turkey sequences resulted in slightly longer inferred 538 
persistence times in domestic birds, increasing inferred persistence by 1.29 and 1.54 539 
months in the 1:1.5 and 1:2 titrations (Figure S18). While turkey sequences tended to 540 
cluster closely with other domestic sequences, they did form several large turkey-only 541 
clusters on the tree (Figure S17), indicating some degree of separation between 542 
commercial turkey and non-turkey operations. To more directly estimate the role turkeys 543 
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played in transmission we built a final 1:2 (domestic:wild) dataset where the number of 544 
turkey and domestic poultry where equal which conformed to both a uniform and case 545 
proportional dataset. Surprisingly, we found that while most introductions into turkey 546 
populations stemmed from wild birds (42 transitions), we infer a high number of 547 
transmission events between turkeys and other domestic birds. We estimate ~38 548 
introductions from turkeys to other domestic birds, and 18 in the opposite direction 549 
(Figure S19, Table S12), indicating some degree of transmission between distinct 550 
poultry operation types. The high degree of transitions from wild birds to turkeys, and 551 
from turkeys to other domestic birds suggest a putative role for turkeys in mediating 552 
transmission between wild birds and other types of domestic poultry operations. In line 553 
with the high number of turkey detections during the epizootic, we infer comparatively 554 
larger clusters in turkeys than in other domestic birds, suggesting that turkeys may have 555 
played a key role in transmission among domestic populations.  556 
 557 
Together, these data suggest a few important conclusions. First, wild birds are inferred 558 
strongly as the major drivers of transmission. Wild birds were inferred as the major 559 
source of viral dispersal regardless of sampling regime and independent of whether or 560 
not turkeys were included in the analysis, indicating strong support for their role in broad 561 
dissemination of H5N1. Second, regardless of sampling regime and presence/absence 562 
of turkey sequences, we infer that outbreaks in agricultural birds were driven by 563 
repeated, independent introductions from wild birds, with some onward transmission 564 
between domestic operations. While the exact number of inferred introductions vary 565 
across analyses (Table S11, S12), we infer no fewer than 46, and as many as 113 566 
independent introductions into domestic birds. When allowing sampling frequencies to 567 
approximate detections (the 1:3 ratio analysis), we resolve a higher number of 568 
introductions into domestic birds with shorter transmission chains, though lineages still 569 
persisted for an estimated 4-6 months. Analysis of turkey and non-turkey data indicate 570 
some degree of transmission between agricultural operations, and a potential role for 571 
turkeys in mediating transmission between wild birds and non-turkey domestic birds. 572 
Together, these results indicate that while both the 2014/2015 epizootic and the 2022 573 
epizootic involved transmission between domestic premises, that transmission since 574 
2022 has been fundamentally distinct. While the epizootic of 2014/2015 was started by 575 
a small number of introductions that rapidly propagated between commercial 576 
operations, the epizootic since 2022 has been driven by intensive and persistent 577 
transmission among wild birds, resulting in continuous incursions into domestic bird 578 
populations that have continuously sparked new outbreaks in agriculture. These results 579 
suggest that wild birds may now play an increasing role in H5N1 transmission in North 580 
America, potentially necessitating updates to biosecurity, surveillance, and outbreak 581 
control. 582 
 583 
Spillovers to backyard birds occur earlier and slightly more often than those to 584 
commercial birds   585 
 586 
The 2014/2015 H5Nx epizootic in the United States was driven by extensive 587 
transmission in commercial poultry, prompting a series of biosecurity updates for 588 
commercial poultry farms (5,56). However, not all domestic birds are raised in 589 
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commercial settings. Rearing domesticated poultry in the home setting has become 590 
increasingly popular in the United States, with an estimated 12 million Americans 591 
owning “backyard birds” in 2022 (57). These birds have been heavily impacted during 592 
the ongoing epizootic, with some evidence for distinct transmission chains circulating in 593 
backyard birds vs. commercial poultry (10). Because backyard birds generally 594 
experience less biosecurity than commercial birds and are more likely to be reared 595 
outdoors (27), we hypothesized that spillovers into backyard birds may be more 596 
frequent than spillovers directly into commercial poultry.  597 
 598 
To test this hypothesis, we used a subset of sequences sampled between January and 599 
May of 2022 that contained additional metadata specifying whether they were collected 600 
from commercial poultry or from backyard birds (n= 275 from commercial poultry, n=85 601 
from backyard birds). We then built a tree that included an approximately equal number 602 
of sequences sampled from domestic and wild birds, but in which the domestic 603 
sequences were evenly split between commercial poultry and backyard birds 604 
(commercial birds = 85, backyard bird = 85, wild birds=193). As with the previous 605 
analysis, we infer wild birds as the primary source population and infer repeated 606 
introductions into commercial and backyard birds (Figure S20A). Unexpectedly though, 607 
backyard bird sequences appeared to cluster more basally than commercial poultry 608 
sequences, and sometimes fell directly ancestral to clusters of commercial poultry 609 
sequences (Figure S20A). While every introduction into backyard birds was inferred to 610 
descend from wild birds, 10 out of 26 introductions into commercial poultry were inferred 611 
to descend from backyard birds (Figure S21A). This pattern was reproducible across 612 
multiple replicate subsamples, indicating that it was independent of the exact subset of 613 
wild bird sequences included in the tree. We developed two hypotheses that could 614 
explain this pattern. The first is that backyard birds “mediated” transmission between 615 
wild birds and commercial birds, possibly due to their greater likelihood of outdoor 616 
rearing. Under this model, spillovers into backyard birds could be spread to commercial 617 
populations via shared personnel, clothing, or equipment, resulting in sequences from 618 
backyard birds preferentially nesting between wild and commercial bird sequences on 619 
the tree. Alternatively, backyard birds could have simply been infected earlier on 620 
average than commercial birds. If transmission in wild birds is persistent and high, and 621 
backyard birds have a higher risk of exposure due to lessened biosecurity and 622 
increased interactions with wildlife, then it could take less time for a successful spillover 623 
event to occur and be detected in these birds, resulting in clustering that is more basal 624 
in the tree.  625 
 626 
To differentiate between these hypotheses, we performed a second titration analysis. 627 
We started with the phylogeny including equal numbers of sequences from commercial 628 
and backyard birds, allowing us to directly compare introduction patterns in these two 629 
groups. Then, we added in progressively more wild bird sequences into the tree until all 630 
available wild bird sequences were added into the tree. We added sequences in 631 
increments of 25% (where % refers to percentage of total available wild bird sequences 632 
in the time period), resulting in 3 additional analyses that included 50%, 75%, and 100% 633 
of all available wild bird sequences. For example, the final dataset included 942 634 
sequences, comprising 85 commercial bird, 85 backyard bird, and 772 wild bird 635 
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sequences. For each dataset, we inferred the number and timings of transmission 636 
events between wild birds, commercial birds, and backyard birds across the posterior 637 
set of trees. If backyard birds acted as mediators to outbreaks in commercial birds 638 
(hypothesis 1), then the relationship between backyard birds and commercial birds 639 
should remain unchanged as more wild bird sequences are added into the tree. 640 
Alternatively, if backyard birds and commercial birds were infected independently 641 
(hypothesis 2), then additional wild bird sequences should disrupt these clusters, and 642 
intersperse between commercial and backyard bird sequences, resulting in more 643 
independent introductions that occur earlier in backyard birds. 644 
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  645 

 646 
Figure 6. Backyard birds are infected by wild birds earlier than commercial birds.  647 
A) Phylogenetic reconstruction of sequences collected between Jan 2022 and May 648 
2023 with all available wild bird sequences and equal proportions of commercial and 649 
backyard birds (n= 942) where taxa and branches are colored by host domesticity 650 
status. B) Exploded tree view of the phylogeny showing the branches of transmission in 651 
each domestic bird type following transmission from wild birds where subtrees represent 652 
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the traversal of a tree from the root to the tip where the state is unchanged from the 653 
initial state (given by the large dot on left) to the tips represented by the smaller dots 654 
representing continuous chains of transmission within a given state. C) Proportion of 655 
trees from the posterior tree set with a given number of transitions from wild birds to 656 
backyard birds and commercial birds (100% available wild sequences). D) Markov 657 
rewards trunk proportion for domesticity status showing the waiting time for a given 658 
status across branches of the phylogeny over time. E) Cumulative Markov jumps from a 659 
given bird type to another over time where each line represents a single phylogeny from 660 
the posterior sample of trees.  661 
 662 
Throughout the experiment, wild bird sequences attached throughout the phylogeny, 663 
disrupting nearly every backyard bird-commercial bird cluster, and dissolving the signal 664 
of backyard bird to commercial bird transmission originally observed (Figure S20). The 665 
final tree that included all available wild bird sequences resulted in inference of ~82 666 
independent introductions from wild birds to domestic birds, with most clusters 667 
containing only commercial (39 clusters) or backyard bird (43 clusters) sequences 668 
(Figure 6A-B, Figure S20-21), suggesting that outbreaks in these groups were likely 669 
seeded independently. Indeed, of the initial 10 transmission events inferred from 670 
backyard birds to commercial birds, only 2 remained undisturbed in the final tree (Figure 671 
6B, Figure S21). These two events represent outbreaks that occurred in the same state 672 
within 6 days of each other, so it is plausible that these outbreaks are directly linked. 673 
However, all other clusters were disrupted. As wild bird sequences were added into the 674 
tree, the number of inferred introductions into backyard birds and commercial birds 675 
diverged across the posterior trees for each titration (Figure S22), with backyard birds 676 
experiencing slightly more introductions (mean = 43 introductions, 95% HPD: (35, 49)) 677 
than commercial poultry (mean = 39 introductions, 95% HPD: (32, 44)) (Figure 6C). This 678 
is consistent with the rate of transmission inferred from wild birds into each domestic 679 
population with a slightly higher rate to backyard birds (1.83 transitions/year, 95% HPD: 680 
(0.282, 3.79), BF = 18,000, posterior probability = 0.99), then to commercial birds (1.6 681 
transitions/year, 95% HPD: (0.23, 3.36), BF = 18,000, posterior probability = 0.99) 682 
(Table S13-S15). We infer a low transition rate from backyard birds to commercial birds 683 
(0.64 transitions/year (95% HPD: 3.1E-06, 2.05, BF = 4.58, posterior probability = 0.7), 684 
and transitions from domestic birds back to wild birds were not statistically well-685 
supported.  686 
 687 
To directly determine whether spillovers into backyard birds occurred earlier than those 688 
into commercial poultry, we estimated the number of transitions between hosts across 689 
the phylogeny (“Markov jumps”) and the amount of time that is spent in each host 690 
between transitions (“Markov rewards”) (58,59). We infer the highest mean duration in 691 
wild birds, representing 87.7% of Markov rewards. Backyard bird and commercial bird 692 
sequences showed lower, and similar reward time percentages of 5.3% and 7.0% 693 
respectively. Calculation of the Markov reward trunk proportion, a proxy for when 694 
transmission occurred in each group, showed that early in the epizootic, transmission in 695 
backyard birds preceded transmission in commercial poultry (Figure 6D, Figure S21). 696 
Enumeration of the cumulative number of transitions between hosts over time across 697 
the posterior set of trees (Markov jumps (59)), again revealed that backyard birds 698 
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experienced slightly more jumps than commercial poultry (backyard birds = 43 699 
introductions, 95% HPD: 36, 50; commercial birds = 39 introductions, 95% HPD: 32, 700 
44), and that these introductions occurred earlier on average (Figure 6E). The lag time 701 
between the cumulative transitions for backyard birds and commercial birds was ~9.6 702 
days, indicating that backyard birds may have been infected ~9 days earlier than 703 
commercial birds. Comparison of detections and sequence availability in commercial 704 
birds vs backyard birds show no apparent skewing in availability of samples for each 705 
group (Figure S23). Taken together, these data confirm that in the first 6 months of the 706 
epizootic, outbreaks in backyard bird and commercial bird populations were generally 707 
seeded independently, with limited evidence for transmission between them. Spillovers 708 
into backyard birds occurred slightly more frequently and about 9 days earlier on 709 
average than spillovers into commercial poultry, suggesting that backyard bird 710 
populations could potentially act as early warning signals for upticks in transmission. 711 
Given the increasing role of wild birds in H5N1 transmission, backyard birds could 712 
potentially act as useful sentinel species for gauging increasing transmission in wildlife 713 
and increased risk of spillovers into agriculture. Future work will be necessary to 714 
investigate the utility of this hypothesis.  715 
 716 
 717 
Discussion 718 
 719 
The 2022 panzootic of HPAI H5N1 has impacted wildlife health, agriculture, and human 720 
pandemic risk across the Americas. This panzootic has been distinguished by the high 721 
number of infections in wildlife not usually impacted by HPAI, its rapid dissemination 722 
across the Americas, and for its persistence despite aggressive culling of domestic 723 
birds. In this study, we used a dataset of 1,818 HA sequences paired with curated 724 
metadata to reconstruct how H5N1 viruses were introduced and spread throughout 725 
North America. We show that H5N1 viruses were introduced ~8 independent times into 726 
North America, with repeated incursions into the Pacific flyway that failed to 727 
disseminate. A single introduction into the Atlantic flyway spread across the continent 728 
within ~4.8 months, transmitting from east to west by wild, migratory birds. Long-range 729 
dispersal and persistence were primarily driven by transmission in Anseriforme species, 730 
with infections in wild birds like songbirds and owls primarily serving as dead-end hosts. 731 
Finally, we show through repeated subsampling experiments that unlike the epizootic of 732 
2014/2015, outbreaks in agriculture were driven by repeated, independent introductions 733 
by wild birds, with some onward transmission. Backyard birds experienced slightly more 734 
introductions than commercial poultry, and these introductions occurred ~9 days earlier 735 
on average. Taken together, our results highlight continuous genomic surveillance in 736 
wildlife as critical for accurate outbreak reconstruction, and suggest wild, migratory birds 737 
as emerging reservoirs for highly pathogenic H5N1 viruses in North America. Our 738 
findings implicate surveillance in these wild, aquatic species as critical for ongoing 739 
tracking and response, and suggest that preventing future outbreaks in agriculture may 740 
now require layered interventions beyond culling.   741 
 742 
We infer that most epizootic transmission descends from a single introduction into the 743 
Atlantic flyway in the fall of 2021 (September-October), in line with work describing the 744 
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first confirmed detections on an exhibition farm in Newfoundland and Labrador Canada 745 
(6) and prior work that identified introductions into North America from Europe and Asia 746 
(7,60). Though H5N1 was first confirmed in captive birds in early December (December 747 
9, 2021), retrospective testing revealed infection in a great black-backed gull from a 748 
nearby pond on November 26, 2021, confirming circulation in wild birds prior to 749 
detection on the farm (6). Our analyses suggest that highly pathogenic H5N1 viruses 750 
may have been circulating in wild birds in North America as early as September – 751 
October of 2021, one to two months prior to the first reported detection. Detailed 752 
analysis of species-specific migration patterns have been used to suggest that H5N1 753 
may have been introduced in the autumn migration (6), a hypothesis supported by our 754 
data. Clade 2.3.4.4b viruses cause varying degrees of symptoms across avian species, 755 
so circulation in birds that experience milder symptoms could have obscured early 756 
detection and allowed for some degree of cryptic transmission (61). Species such as 757 
herring gulls show obvious neurological deficits such as paralysis, while other species 758 
such as Eurasian teals show no detectable clinical signs (11,62). Following introduction 759 
into the Atlantic flyway, we estimate that H5N1 viruses were transmitted from east to 760 
west, spreading from coast to coast in ~4.8 months. Compared to other avian-761 
transmitted viruses, this is quite rapid. For example, West Nile Virus spread from the 762 
Northeast across the continent over the course of 4 years (63). We speculate that the 763 
relative rapidity of geographic spread could be explained by one or a combination of the 764 
following factors: high inherent transmissibility of clade 2.3.4.4b viruses in wild birds; 765 
rapid, long-range migration of wild bird species driving transmission; and rapid 766 
expansion across an immunologically naïve population in North America (61). Though 767 
limited work has been published on seroprevalence in wild birds, exposure to the 768 
current clade 2.3.4.4b viruses in North American wildlife was likely extremely limited 769 
prior to 2022 (64), potentially allowing for rapid, exponential growth following a 770 
successful incursion. Future work to examine the impacts of prior exposure to endemic, 771 
low-pathogenicity H5 viruses to susceptibility to clade 2.3.4.4b viruses may provide 772 
insights into future patterns of spread. Continuous surveillance among wild birds will 773 
also inform whether the rapid degree of transmission observed early in the panzootic 774 
will lessen over time as immunity builds in avian species.    775 
 776 
Though a single introduction into the Atlantic flyway accounted for most transmission in 777 
the epizootic, the Pacific flyway experienced more independent incursions (~7), and it 778 
remains unclear why these failed to disseminate onward. Compared to other studies, 779 
we infer more incursions (5 more than previous estimates) into the Pacific flyway, likely 780 
due to the higher number of sequences from the Pacific region included in our analysis 781 
(65). Early after introduction, the European lineage introduced into the Atlantic flyway 782 
reassorted with endemic, low-pathogenicity H5 viruses in North America, resulting in a 783 
virus that exhibited altered tissue tropism in mammals (66). Whether this early 784 
reassortment event, or subsequent reassortments, also resulted in viruses with 785 
enhanced fitness in wild birds is currently unknown, but could explain the success of the 786 
Atlantic flyway introduction. Alternatively, the failure of Pacific incursions to spread 787 
onward could be explained by ecological isolation of the Pacific flyway, potentially due 788 
to land features like the Rocky Mountains. Prior studies of low-pathogenicity avian 789 
influenza have shown limited transmission between flyways and strong influence of 790 
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geography on the restriction of virus dispersal across the North American continent (67–791 
69). In line with this hypothesis, we infer very minimal transmission occurring out of the 792 
Pacific flyway, even when inference was performed with an equal number of sequences 793 
per flyway. Finally, Pacific flyway introductions could have failed to disseminate due to a 794 
lack of suitable host species at the times and locations of the incursions, or simply by 795 
chance. Future work that examines the relative fitness of reassortants in wild birds, and 796 
that incorporates migratory movement data with the distribution of suitable species 797 
across time and space, will likely be necessary to distinguish between these 798 
hypotheses.  799 
 800 
Our work demonstrates the impact of migratory bird movement on the rapid spread 801 
across the North American continent. In North America, transmission was most efficient 802 
between neighboring flyways, suggesting strong dissemination through geographic 803 
space that correlates to flyway areas. Prior work mapping migratory movements of 804 
Anseriformes (specifically, Mallards, Northern pintails, American Green-winged Teals, 805 
and Canada geese) showed that these birds exhibited North-South migratory pathways 806 
with some overlap between flyways (38,70). Future work to characterize the impact of 807 
migration in the western hemisphere is critically important as the range of many 808 
migratory birds encompasses several regions which are poorly sampled such as the 809 
Caribbean, Central America, and the Amazon basin. Follow-up studies to link finer-scale 810 
movement of wild birds to avian influenza transmission pathways may improve 811 
resolution of geographic spread and risk modeling, particularly for agricultural areas. 812 
Portions of the Atlantic and Mississippi flyways encompass high-density production 813 
areas for broiler chickens and turkeys, collectively producing nearly 7.32 billion broiler 814 
chickens and 182.2 million turkeys in the US annually (71), areas that have been 815 
heavily impacted by the panzootic. Our analysis of viral persistence times showed that 816 
viral lineages persisted for the shortest periods of time in the Mississippi and Central 817 
flyways and in Galliformes. Combined with our analyses showing that most agricultural 818 
outbreaks were driven by repeated introductions from wild birds, these findings suggest 819 
that infections in these domestic populations were generally transient. Our data suggest 820 
future work to track the movement of highly pathogenic H5 viruses across annual 821 
migratory cycles in wild birds as critical for pinpointing time periods that pose the 822 
greatest risk for spillover into agricultural settings. Successfully integrating migration 823 
timings of major species of Anseriformes, such as mallards, into risk models could allow 824 
biosecurity updates to be proactively deployed at times of year predicted to be critical 825 
based on time and geography (72,73).  826 
 827 
Despite widespread infections in non-canonical avian species, we show that long-range, 828 
persistent transmission in this epizootic was driven by classical hosts for avian 829 
influenza: Anseriformes. Recent modeling of HPAI risk in Europe identified Anatinae 830 
and Anserinae (within the order Anseriformes) species prevalence as the most 831 
consistent predictors of HPAI detection across seasons (74), and future work will be 832 
necessary to determine whether those patterns hold in the Americas. Anseriformes and 833 
Shorebirds are primarily thought to inhabit wetland and shore habitats respectively but 834 
have been observed co-mingling in human-made habitats, like urban environments and 835 
waste disposal sites (75,76). We observe supported source transmission patterns from 836 
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raptors, birds which have previously shown susceptibility to clade 2.3.4.4 viruses and 837 
exposure to avian influenza viruses more generally (48,49). The severity and exposure 838 
risk in bird species in North America may also impacted by LPAI circulation which has 839 
been consistent and widespread for decades (75,77,78). The co-circulation of HPAI and 840 
LPAI in canonical host species can lead to novel reassortants which increase the 841 
pathogenicity of the virus. While this study focused on hemagglutinin sequences, future 842 
analysis should also include other gene segments and in particular focus on the 843 
reassortment of the virus between different NA subtypes as well as with LPAI viruses. 844 
The role of reassortment in the greater North American outbreak is still understudied 845 
and could provide important insights into transmission dynamics across different 846 
species. 847 
 848 
In this study, we find that outbreaks in agriculture were seeded by repeated 849 
introductions from wild birds. This pattern held true regardless of sampling regime, and 850 
aligns with anecdotal observations that clade 2.3.4.4b viruses are increasingly being 851 
maintained by transmission among wild bird species, including now in North America 852 
(35,79). These findings contrast with genomic and epidemiologic investigation of the 853 
epizootic in 2014/2015, which implicated transmission between commercial poultry 854 
operations as the major source of dissemination (5,80). During that epizootic, 855 
transmission between farms was putatively linked to virus movement via personnel, 856 
equipment, and clothing, prompting updates to recommended biosecurity protocols for 857 
large, commercial operations (5,56). That epizootic was also well-controlled by culling 858 
domestic flocks, and after culling 50.5 million domestic birds, the epizootic died out. In 859 
contrast, at the time of writing, detections in wild and domestic birds in North America 860 
have continued despite culling nearly 104.4 million domestic birds. We show that 861 
despite some persistence among domestic bird populations, that introductions into 862 
domestic populations ultimately led to transmission chains that died out, and that they 863 
generally did not result in re-introduction into wild birds. Though detailed epidemiologic 864 
analyses are necessary to pinpoint the precise series of events that led to these 865 
outbreaks, our data imply that transmission in agricultural settings was fundamentally 866 
distinct from past outbreaks. Multiple, independent analyses suggest that transmission 867 
was efficient and persistent in wild birds, leading to repeated spillovers into agriculture. 868 
Taken together, our findings implicate wild birds as an emerging reservoir for highly 869 
pathogenic H5N1 viruses in North America. Continuous transmission in wild birds 870 
suggests a plausible explanation for rapid cross-continental spread, and for the lack of 871 
control in agriculture despite aggressive culling. In combination with other studies, our 872 
data suggest that future prevention of agricultural outbreaks may now require layered 873 
interventions that seek to reduce interactions between wild and domestic birds, paired 874 
with aggressive biosecurity between farms (18,81). Continuous reseeding from wild 875 
birds may also reduce the effectiveness of culling as the primary strategy for control. As 876 
highly pathogenic H5N1 viruses continue to circulate in North American wild birds, 877 
investment in control methods that reduce successful transmission between wild birds 878 
and agricultural animals, including potentially vaccination, should be explored.  879 
  880 
We find that spillovers into backyard birds occurred slightly earlier and more frequently 881 
than those into commercial farms. Though commercial poultry operations generally 882 
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operate with higher degrees of biosecurity than backyard flocks, there are some 883 
documented locations that could allow for interaction between domestic birds and 884 
wildlife (27). Retention ponds on commercial poultry farms are frequently visited by wild 885 
waterfowl (82), while natural features such as water bodies and vegetation near 886 
residential coops and commercial production sites could also act as potential points of 887 
wild to domestic transmission. Though recent data on backyard bird rearing in the US is 888 
limited, a large survey of backyard bird populations from 2004 showed that backyard 889 
bird flocks often contain multiple species, usually have outdoor access, and that 60-75% 890 
of backyard flocks experience regular contact with wild birds (27). 38% of surveyed 891 
backyard flocks were on a property that contained a pond that attracted wild waterfowl, 892 
providing a clear, plausible link to water bird interaction. The same survey showed that 893 
biosecurity precautions tend to be much more limited in backyard bird populations, with 894 
88% of backyard flocks using no precautions (shoe covers, footbaths, clothing changes) 895 
at all (27). Analysis of seropositivity to avian influenza in backyard poultry in Maryland 896 
showed that exposure to waterfowl resulted in a ~3x higher likelihood of harboring anti-897 
influenza antibodies compared to birds not exposed to waterfowl (83). Early infections 898 
during the 2014/2015 epizootic were recorded in backyard birds (84), and backyard 899 
birds have been heavily impacted during this epizootic. Because backyard birds are 900 
typically reared for egg and meat consumption, infections in backyard birds could also 901 
pose a risk for human exposure. Putative links between infected locally reared birds and 902 
human infections have been made in Mali and Egypt where backyard flocks are 903 
common, serving as an indicator for the potential for exposure to occur in North America 904 
(85,86). Given backyard birds’ enhanced likelihood of interaction with wild birds, and our 905 
inference of earlier spillovers in those groups, backyard bird populations could be 906 
investigated as early warning sentinels for increasing transmission in local wild bird 907 
populations. 93% of backyard flocks contain <100 birds, and most backyard bird owners 908 
report raising birds for enjoyment and eggs (27). A subset of backyard bird owners may 909 
therefore present an opportunity for community engagement that could potentially help 910 
identify early detections. If engagement were successful, prompt reporting for illness 911 
and infections could be used to alert other nearby operations that highly pathogenic 912 
avian influenza is circulating locally, allowing for more advanced warning for heightened 913 
biosecurity.  914 
 915 
Sampling bias is pervasive across viral outbreak datasets, and no modeling approach 916 
can completely overcome inherent biases in data acquisition. In this study, we opted to 917 
explore multiple sampling regimes and pair them with experiments to directly assess the 918 
impacts of sampling on our results. By combining case proportional subsampling and 919 
equal sampling regimes with titration experiments, we attempt to evaluate the biases 920 
between case detection and sequence availability that exist in these data, and to report 921 
conclusions that were robust to these biases. Even so, an important caveat of our work 922 
is that our inferences are limited by the availability of sequence data, and results could 923 
change if future data become available. Our results also highlight the necessity of 924 
consistent surveillance data from wildlife species. The inferences we make in this study 925 
rely on intensive sampling of wild birds from the same time period as agricultural 926 
outbreaks. Accurately distinguishing between hypotheses of epizootic spread (e.g., 927 
whether agricultural outbreaks are driven by introductions from wild birds or by from 928 
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farm-to-farm spread) depends on adequate sequence data from wild birds, without 929 
which transmission inference is impossible. In our examination of avian host groups, 930 
fine-scale analysis of individual species was limited by data availability, necessitating 931 
grouping birds into higher level taxonomic orders. As H5N1 viruses continue to evolve 932 
and spread globally, investment in surveillance strategies that capture circulating 933 
diversity among wild birds will likely be critical for accurately tracking viral evolution, 934 
prioritizing vaccine strains, and contextualizing new emergence events, like the recent 935 
outbreaks in dairy cattle.  936 
 937 
The H5N1 panzootic of 2022 has severely impacted wildlife ecology, agriculture, and 938 
human pandemic risk across the Americas. Developing and deploying successful 939 
interventions requires disentangling how these viruses spread across the Americas and 940 
spilled into new species. Our findings point to wild, migratory birds as emerging 941 
reservoirs for highly pathogenic H5N1 viruses in North America, a fundamental shift in 942 
ecology with implications for biosecurity and pandemic risk mitigation. Our results 943 
highlight the utility of wild bird surveillance for accurately distinguishing hypotheses of 944 
epizootic spread, and suggest continuous surveillance as critical for preventing and 945 
dissecting future outbreaks. Our data underscore that continued establishment of H5N1 946 
in North American wildlife may now necessitate a shift in risk management and 947 
mitigation, with interventions focused on reducing risk within the context of endemic 948 
circulation in wild birds. At the time of writing, outbreaks in dairy cattle highlight the 949 
critical importance of modeling the ecological interactions within and between wild birds 950 
and domestic production. Future work to effectively model viral evolution and spread 951 
hinges critically on effective surveillance across wild and domestic species to capture 952 
key transmission pathways across large geographic scales. Ultimately, these data are 953 
essential for informing biosecurity, outbreak response, and vaccine strain selection.  954 
 955 
 956 
Materials and Methods 957 
 958 
Dataset collection and processing 959 
 960 
Genomic data processing and initial phylogenetics 961 
 962 
We downloaded all available nucleotide sequence data and associated meta-data for 963 
the Hemagglutinin protein of all HPAI clade 2.3.4.4b H5Nx viruses from the GISAID 964 
database on 2023-11-25 (87). For each subset of the data described for further 965 
phylodynamic modeling the following process was followed. We first aligned sequences 966 
using MAFFT v7.5.20, sequence alignments were visually inspected using Geneious 967 
and sequences causing significant gaps were removed and nucleotides before the start 968 
codon and after the stop codon were removed (88,89). We de-duplicated identical 969 
sequences collected on the same day (retaining identical sequences that occurred on 970 
different days). We identified and removed temporal outliers for all genomic datasets by 971 
performing initial phylogenetic reconstruction in a maximum likelihood framework using 972 
IQtree v.1.6.12 and used the program TimeTree v 0.11.2 was used to remove temporal 973 
outliers and to assess the clockliness of the dataset prior to Bayesian phylogenetic 974 
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reconstruction (90,91). This resulted in a dataset of 1818 sequences that were used in 975 
further analyses (Figure S24).  976 
 977 
AVONET database 978 
 979 
We downloaded the AVONET database for avian ecology data and merged it to 980 
available host metadata from GISAID for each sequence (41). We used the species if 981 
provided to match the species indicated in the AVONET database. If host metadata in 982 
GISAID was defined using common name for a bird, we determined the taxonomic 983 
species name and used that for further merging with the AVONET data (e.g. “Mallard” 984 
was replaced with Anas platyrhynchos) for the given region to match the species to its 985 
respective ecological data. We additionally determined the domesticity status of a given 986 
using the metadata provided.  987 
 988 
Detections by USDA 989 
 990 
Data for detections of HPAI in North America were collected from USDA APHIS. 991 
Reports for mammals, wild birds, and domestic poultry were all downloaded (download 992 
date: 2023-11-25) (50).  993 
 994 
Phylodynamic analysis 995 
 996 
The following Bayesian phylogenetic reconstructions and analyses were performed 997 
using BEAST v.1.10.4 (92). 998 
 999 
Empirical tree set estimation and coalescent analysis. 1000 
 1001 
We performed Bayesian phylogenetic reconstruction for each dataset prior to discrete 1002 
trait diffusion modeling to estimate a posterior set of empirical trees. The following priors 1003 
and settings were used for each subset of the sequence data. We used the HKY 1004 
nucleotide substitution model with gamma-distributed rate variation among sites and 1005 
lognormal relaxed molecular clock model (93,94). The Bayesian SkyGrid coalescent 1006 
was used with the number of grid points corresponding to the number of weeks between 1007 
the earliest and latest collected sample (e.g for a dataset collected between 2021-11-04 1008 
and 2023-08-11 we would set 92 grid points) (95). We initially ran four independent 1009 
MCMC chains with a chain-length of 100 million states logging every 10000 states. We 1010 
diagnosed the combined results of the independent runs diagnosed Tracer v1.7.2. to 1011 
ensure adequate ESS (ESS > 200) and reasonable estimates for parameters (92). If 1012 
ESS was inadequate additional independent MCMC runs were run increasing chain 1013 
length to 150 million states, sampling every 15000 states were performed. We 1014 
combined the tree files from each independent MCMC run removing 10-30% burn-in 1015 
and resampling to get a tree file with between 9000 and 10000 posterior trees using 1016 
Logcombiner v1.10.4. A posterior sample of 500 trees was extracted and used as 1017 
empirical tree sets in discrete trait diffusion modeling. 1018 
 1019 
Discrete trait diffusion analysis  1020 
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 1021 
Dataset subsampling and definition of discrete traits 1022 
 1023 
We characterized the geographic introduction of HPAI into North America by randomly 1024 
sampling 100 sequences from Europe and Asia for each year between 2021-2023 (total 1025 
300 non-North American) and all available North American sequences across the study 1026 
period. Following removal of temporal outliers this resulted in a dataset of n= 1921 1027 
sequences annotated by continent of origin.  1028 
 1029 
To characterize geographic transmission within North America, following introduction, 1030 
we constructed a dataset of sequences subsampled based on migratory flyway. We 1031 
used place of isolation data to match the US state or Canadian province the sequence 1032 
was collected from with the respective U.S. Fish and Wildlife Service Migratory Bird 1033 
Program Administrative Flyway (36). We subsampled 250 sequences for each flyway 1034 
(Atlantic, Mississippi, Central, and Pacific) to create a dataset of 1000 sequences 1035 
collected between November 2021 and August 2023.  1036 
 1037 
We classified sequences by host taxonomic order, inferring the host species using 1038 
designations in the strain name and/or metadata to match species records in AVONET 1039 
(41). To ensure that each discrete trait had an adequate number of samples for the 1040 
discrete trait analysis of host orders we combined orders in two instances based on 1041 
taxonomic and behavioral similarity. The order Falconiformes (n=14), which represents 1042 
falcons, was added to Accipitriformes (n=363), which includes other raptors such as 1043 
eagles, hawks, and vultures. Pelecaniformes (n=34) which includes pelicans were 1044 
grouped with Charadriiformes (n = 74, shorebirds and waders) due to their similar 1045 
aquatic lifestyles and behaviors. Mammals were kept as a broad non-human 1046 
classification as most samples were of the order carnivora (foxes, skunks, bobcats etc.), 1047 
apart from samples of dolphins (Artiodactyla) and Virginia opossum (Didelphimorphia). 1048 
The following orders were omitted due to low number of sequences:  Rheaforimes 1049 
(n=2), Casuariiformes (n=1), Apodiformes (n=2), Suliformes (n=7), Gaviiformes (n=1), 1050 
Gruiformes (n=1), Podicipediformes (n=1).  1051 
 1052 
We randomly subsampled 100 sequences for each host order between 2021-11-04 and 1053 
2023-08-11 resulting in a dataset of n=655 sequences where all isolates for host orders 1054 
with less than 100 samples, Passeriformes (n = 57) and Strigiformes (n=99) (removing 1055 
one temporal outlier), were used (Figure S25). We repeated this random subsampling 1056 
three times resulting in three separate datasets. We additionally performed three sub-1057 
samples of sequences based on the proportion of detections in each host order group 1058 
which were collected between 2021-11-04 and 2023-08-11. Three random proportional 1059 
samples were taken each with the following number of sequences for each group:  1060 
Accipitriformes =133, Anseriformes = 342, Passeriformes = 12, Nonhuman-mammal = 1061 
16, Galliformes = 83, Charadriiformes = 40, Strigiformes = 29 (total n=655 sequences). 1062 
 1063 
We defined discrete traits for use in discrete trait diffusion modeling based on the 1064 
available sequence metadata and merged AVONET data. In addition to taxonomic 1065 
order, we defined migratory behavior. Birds were classified as sedentary (staying in 1066 
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each location and not showing any major migration behavior), Partially migratory (e.g. 1067 
small proportion of population migrates long distances, or population undergoes short-1068 
distance migration, nomadic movements, distinct altitudinal migration, etc.), or Migratory 1069 
(majority of population undertakes long-distance migration). 1070 
 1071 
Discrete trait modeling framework  1072 
 1073 
For each discrete trait dataset, we used an asymmetric continuous time Markov chain 1074 
discrete trait diffusion model and implemented the Bayesian stochastic search variable 1075 
selection (BSSVS) to determine the most parsimonious diffusion network (33). We 1076 
inferred the history of changes from a given trait to another across branches of the 1077 
phylogeny, providing a rate of transitions from A to B/year for each pair of trait states. 1078 
When reporting these results, we refer to state A as the source population/state and B 1079 
as the sink population/state. We implemented the Bayesian Stochastic Search Variable 1080 
Selection which allows us to determine which rates have the highest posterior support 1081 
by using a stochastic binary operator which turns on and off rates to determine their 1082 
contribution to the diffusion network. For each pairwise transition rate, we calculate the 1083 
level of Bayes Factor (BF) support that the given rate has. The BF represents the 1084 
support of a given rate. The BF is calculated as the ratio of the posterior odds of the 1085 
given rate being non-zero divided by the equivalent prior odds which is set as a Poisson 1086 
prior with a 50% prior probability on the minimal number of rates possible (33). We use 1087 
the support definitions by Kass and Rafferty to interpret the BF support where a BF > 3 1088 
indicates little support, a BF between 3 and 10 indicates substantial support, a BF 1089 
between 10 and 100 indicates strong support, and a BF greater than 100 indicates very 1090 
strong support (96). Empirical sets were used with the discrete traits defined for each 1091 
sequence to perform discrete trait diffusion modeling. Each discrete trait model was 1092 
implemented using three independent MCMC chains with a chain length of 10 million 1093 
states, logging every 1000 states. Runs were combined using LogCombiner v.1.10.4. 1094 
subsampling a posterior sample of 10,000 trees/states. The Bayes Factor support for 1095 
transition rates were calculated using the program SPREAD3 (97). Maximum clade 1096 
credibility trees were constructed using TreeAnnotator v1.10.4.  1097 
 1098 
Domestic/Wild titration analysis 1099 
 1100 
To study the impact of sampling of wild birds on the estimation of rates between 1101 
domestic and wild birds we created five separate datasets with varying numbers of wild 1102 
birds for sequences collected between 2021 and 2023. We randomly sampled 270 1103 
domestic sequences and 270 wild sequences as the initial 1:1 ratio dataset. We then 1104 
made four more datasets increasing the number of wild sequences by a factor of 0.5 1105 
(adding 135 wild sequences) resulting in a final “titration” of 1:3 domestic to wild 1106 
sequences (n=1080). We applied a two-state asymmetric CTMC discrete trait diffusion 1107 
model where sequences were labeled as domestic or wild. All priors and model 1108 
parameters selected are the same as those described in the empirical tree set 1109 
description above. To study the impact of the inclusion of turkeys in the transmission 1110 
between domestic and wild populations we annotated all unannotated sequences 1111 
collected from turkeys as domestic. We then created three datasets starting with 525 1112 
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domestic and 525 wild bird sequences, adding 263 sequences to successive titrations 1113 
resulting in 1:1,1:1.5, and 1:2 (domestic:wild) sequence datasets with a final titration 1114 
size of 1,575 sequences. We again applied a two-state asymmetric CTMC discrete trait 1115 
diffusion model where sequences were labeled as domestic or wild with all priors and 1116 
model parameters selected are the same as those described in the empirical tree set 1117 
description above. To determine whether the proportion of turkeys to other domestic 1118 
birds would impact the results of the previously described titration analysis we built a 1119 
dataset with where the domestic bird group had equal numbers of turkey and domestic 1120 
(non-turkey) sequences. This dataset included 173 turkey, 173 domestic bird, and 692 1121 
wild bird sequences totaling 1038 sequences. We applied an asymmetric CTMC 1122 
discrete trait diffusion model using a BSSVS for a three-trait model with the following 1123 
states: wild birds, domestic birds (not turkey), and turkey. We performed three 1124 
independent runs of this analysis using the models and parameters described in the 1125 
empirical tree analysis section above. All titration replicates were performed using an 1126 
MCMC chain length of 100 million states sampling every 10,000 states.  1127 
 1128 
Commercial, backyard, wild bird titration analysis 1129 
 1130 
Metadata and annotated sequences were made available describing sequences as 1131 
being from backyard birds for sequences collected in early 2022 which distinguished 1132 
them from commercial poultry (previously all sequences being determined domestic) 1133 
(10). We used this metadata to create a dataset with equally sampled backyard birds 1134 
and commercial birds (n= 85 for each bird type) and then added all available wild birds 1135 
(n=722) in 25% increments creating four separate datasets for sequences collected 1136 
between Jan 2022 and June 2022. This resulted in a final dataset of n= 942 sequences. 1137 
We performed discrete trait diffusion modeling using an asymmetric CTMC diffusion 1138 
model for sequences labeled as backyard bird, commercial bird, and wild bird. We 1139 
employed the Markov Jump analysis to observe the number of jumps between discrete 1140 
states across the posterior set of trees and estimated the Markov Rewards to determine 1141 
the waiting time for a given discrete trait state in the phylogeny (58,59). 1142 
 1143 
Extraction of phylogenetic metrics 1144 
 1145 
We calculated the transitions between states across branches of phylogenies estimated 1146 
from ancestral state reconstructions using the Baltic python package (22). To calculate 1147 
the persistence of a given discrete trait we used the program PACT v0.9.5. which 1148 
calculates the persistence of a trait by traversing the phylogenetic tree backwards and 1149 
measuring the amount of time a tip takes to leave its sampled state (98).  1150 
 1151 
Data and code availability:  1152 
All analytical scripts, metadata annotations, and BEAST XMLs used in this analysis can 1153 
be found at the following GitHub repository: https://github.com/moncla-lab/North-1154 
American-HPAI 1155 
 1156 
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All data that was used in this analysis were sourced from public databases. 1157 
Acknowledgement table for GISAID isolates used in this analysis can be found in Table 1158 
S13.  1159 
 1160 
Several of the analyses presented have also been publicly made available using a 1161 
maximum likelihood framework through the Nextstrain pipeline and a narrative of this 1162 
work can be found in the following link: 1163 
https://nextstrain.org/community/narratives/moncla-lab/nextstrain-narrative-hpai-north-1164 
america@main/HPAI-in-North-America 1165 
 1166 
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