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ABSTRACT
The ongoing panzootic of highly pathogenic H5 clade 2.3.4.4b avian influenza (HPAI) spread to North America in late 
2021, with detections of HPAI viruses in Alaska beginning in April 2022. HPAI viruses have since spread across the 
state, affecting many species of wild birds as well as domestic poultry and wild mammals. To better understand the 
dissemination of HPAI viruses spatiotemporally and among hosts in Alaska and adjacent regions, we compared the 
genomes of 177 confirmed HPAI viruses detected in Alaska during April–December 2022. Results suggest multiple 
viral introductions into Alaska between November 2021 and August or September 2022, as well as dissemination to 
areas within and outside of the state. Viral genotypes differed in their spatiotemporal spread, likely influenced by 
timing of introductions relative to population immunity. We found evidence for dissemination of HPAI viruses 
between wild bird species, wild birds and domestic poultry, as well as wild birds and wild mammals. Continued 
monitoring for and genomic characterization of HPAI viruses in Alaska can improve our understanding of the 
evolution and dispersal of these economically costly and ecologically relevant pathogens.
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Introduction

Highly pathogenic avian influenza (HPAI) was his
torically considered a disease that principally affected 
domestic poultry [1]. Since 1996, this affliction has 
become a much broader One Health issue [2–4]. 
Through repeated spillover events occurring over 
more than two decades, HPAI viruses of the H5 
goose/Guangdong (Gs/GD) lineage, and specifically 
those belonging to H5 clade 2.3.4.4b [5], have evolved 
such that they are readily maintained among wild 
birds [6,7]. Since approximately 2021, H5 Gs/GD 
2.3.4.4b HPAI has expanded among wild and dom
estic birds at an unprecedented spatial scale, with 
numerous outbreak events reported on every conti
nent with the single exception of Oceania [8–12]. 
This ongoing panzootic has resulted in historically 
large losses of domestic poultry and fur-bearing mam
mals [9,13–15], wild bird mortality events of such 

scale and breadth as to have potential implications 
to conservation efforts [16–18], as well as viral spil
lover to an unprecedented number and diversity of 
wild terrestrial and marine mammals [10,19–21].

Recent global reports have used information on dis
ease manifestation and mortality among animals, as 
well as the detection and genomic characterization 
of viruses, to elucidate outbreak dynamics associated 
with H5 clade 2.3.4.4b HPAI viruses. For example, 
summaries of aerial surveys, mortality reports, pro
ductivity monitoring, and diagnostic testing provided 
evidence for large-scale die-offs and breeding colonies 
exhibiting poor reproductive success caused by HPAI 
among northern gannets (Morus bassanus), sandwich 
terns (Thalasseus sandvicensis), and other marine 
birds throughout the North Atlantic during 2021– 
2023 [16,18,22–25]. Reports of concurrent diagnostic 
sampling of stranded pinnipeds throughout the 
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North Atlantic have provided evidence for viral spil
lover to gray (Halichoerus grypus) and harbour 
(Phoca vitulina) seals [20,26,27]. Phylogenetic ana
lyses suggested that HPAI infection among North 
Atlantic marine birds and mammals involves multiple 
viral genotypes introduced through diverse pathways 
[20,24,28]. Serologic testing of live birds during or fol
lowing these recent North Atlantic marine wildlife 
die-off events has provided evidence that some indi
viduals survived infection, presumably mediated 
through an acquired immune response [16,18,28]. 
Less information has been reported on the serostatus 
of North Atlantic pinnipeds inhabiting areas affected 
by outbreak events [27].

In contrast to the extensive reports on H5 clade 
2.3.4.4b HPAI viruses among wildlife inhabiting the 
North Atlantic, far less information has been 
reported on the infection status and impacts on 
wild birds and mammals inhabiting the North 
Pacific Basin [19,27]. Alaska is an area at the conver
gence of numerous migratory flyways for wild birds, 
inhabited by large populations of both wild terres
trial and marine mammals, and has no commercial 
poultry operations. There has been limited evidence 
to suggest large-scale mortality events associated 
with H5 clade 2.3.4.4b HPAI viruses in Alaska 
(Retrieved 18 April 2024, from the Wildlife Health 
Information Sharing Partnership event reporting sys
tem (https://whispers.usgs.gov)). However, sporadic 
detections of H5 clade 2.3.4.4b HPAI viruses 
among various taxa of wild birds and mammals in 
Alaska have been reported (https://www.aphis.usda. 
gov/livestock-poultry-disease/avian/avian-influenza/ 
hpai-detections). Additionally, a summary of the 
occurrence of H5 clade 2.3.4.4b HPAI viral geno
types among wild and domestic birds throughout 
the United States during December 2021–April 
2022 reported the occurrence of viruses of at least 
two genotypes among wild birds inhabiting Alaska, 
which included viruses introduced through 
migratory flyways from locations to the west (East 
Asia) and from the east (from Europe via the mid
continent of North America) [30]. Another nation
wide summary of HPAI cases, this one focused on 
mammals, reported the detection of H5 clade 
2.3.4.4b HPAI viruses from two red foxes (Vulpes 
vulpes) sampled in western and northwestern Alaska, 
again finding evidence for viral introductions into 
Alaska from both the west and the east [19]. A 
third, more regional investigation reported on the 
occurrence of H5 clade 2.3.4.4b HPAI viruses 
among hunter-harvested waterfowl in western Alaska 
and found evidence of viruses assigned to three 
hemagglutinin (HA) genotypes affecting hunter-har
vested northern pintails (Anas acuta), an American 
wigeon (Mareca americana), and a cackling goose 
(Branta hutchinsii) [29]. Genetic evidence supported 

at least two viral introductions from East Asia as well 
as the previously described introduction from 
Europe via the mid-continent of North America. 
None of these three recent summary products, how
ever, reported Alaska-wide information on the 
spatiotemporal or interspecies dissemination of H5 
clade 2.3.4.4b HPAI viruses. In this study, we 
aimed to help fill data gaps regarding the recent 
occurrence of HPAI in the North Pacific Basin by 
assessing the genomic diversity, host range, and 
spatiotemporal dissemination of HPAI viruses 
detected throughout Alaska during 2022. Our objec
tive was to identify trends that elucidate regional 
outbreak dynamics to inform future surveillance 
and response efforts.

Materials and methods

Samples originating from state, federal, and tribal 
active and passive surveillance programmes in Alaska 
were submitted to National Animal Health Labora
tory Network laboratories for influenza A testing. 
Active surveillance oropharyngeal/cloacal swab 
sampling of live birds was approved under U.S. 
Fish and Wildlife Service (USFWS) IACUC project 
2021-004, U.S. Geological Survey (USGS) Federal 
Bird Banding Permit project 23984, and USFWS per
mit MB124992. Samples detected by influenza A 
PCR were sent to the U.S. Department of Agriculture 
Animal and Plant Health Inspection Service National 
Veterinary Services Laboratories for characterization 
including H5 clade 2.3.4.4b HPAI as previously 
described [30]. Genomic sequencing was attempted 
using RNA extracts from samples or virus isolates 
testing positive for Influenza A virus [31]. Raw 
sequencing reads were obtained from 228 samples 
originating from Alaska including those obtained 
from wild birds (n = 203), backyard poultry (n =  
21), and mammals (n = 4).

Reads were assembled into viral genomes using a 
custom bioinformatic pipeline as previously described 
[29]. Data quality filters were incorporated as follows: 
gene segments were excluded from downstream ana
lyses if they had less than 100% coverage or less than 
100x average depth. Genomes were excluded from 
downstream analyses if the HA gene segment did 
not pass, or if fewer than three gene segments passed 
quality thresholds. All HA gene segment sequences 
were confirmed to have a polybasic cleavage site. 
Mutations associated with pathogenicity, receptor 
binding, replicative capacity, and transmission 
described in Suttie et al. [32] were queried using Flu
Surver (https://gisaid.org/database-features/flusurver- 
mutations-app/). Viral gene segments and genomes 
were assigned genotypes using GenoFLU (version 
1.02; available at https://github.com/USDA-VS/ 
GenoFLU). Gene segments with unique genotypes 
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were compared to publicly available data using BLAST 
[33]. Information on the borough or census area (hen
ceforth “borough”) of sample origin was used to assess 
and summarize the distribution of genome constella
tions throughout the state. All sequences have been 
submitted to GenBank under accession numbers 
PP801575-PP802914 and associated metadata are pro
vided [34].

Bayesian phylogenetic analyses of concatenated 
genomes assigned to each genotype were conducted 
using BEAST v1.10.4 [35]. We included only genomes 
for which complete coding sequences for all eight gene 
segments passed quality thresholds. These analyses 
were supplemented with additional global sequences 
to estimate the time to most recent common ancestor 
(TMRCA) between HPAI viral sequences from Alaska 
and other regions for all genotypes detected in Alaska 
samples to gain inference on the general timing of 
introduction events. The TMRCA represents the first 
inferred transmission event in Alaska and is therefore 
a conservative estimate of the actual timing of intro
duction. To accomplish this, all H5N1 HPAI 2.3.4.4b 
genome sequences were downloaded from GISAID 
on October 30, 2023 (n = 6277) [36]. All complete 
viral genome sequences were assigned to genotypes 
using the GenoFLU tool and assigned to flyways (Sup
plementary Material). GISAID genomes matching gen
otypes found in Alaska during 2022 were retained and 
down sampled to optimize convergence using TempEst 
[37]: A3 (n = 58), A4 (n = 24), B2.1 (n = 30), B3.1 (n =  
50), B3.2 (n = 119), B4.1 (n = 72). Additionally, a Baye
sian maximum clade credibility (MCC) tree of the HA 
gene segment was generated. The top 100 BLAST hits 
for one query sequence representing each HA lineage 
were included in the analysis. Query sequences 
included A/bald eagle/Alaska/22-013001-001/2022, 
A/Canada goose/Alaska/22-013831-002/2022, and A/ 
gadwall/Alaska/IZ22_0885/2022 for ea3, ea1, and ea4 
HA lineages, respectively. Three independent Markov 
chains, each consisting of 200,000,000 steps and 
sampled every 20,000 steps, were each assessed for con
vergence and combined following a 10% burn-in. An 
uncorrelated relaxed clock model was used with a 
log-normal distribution and the Gaussian Markov ran
dom field Bayesian Skyride coalescent tree prior. The 
general time-reversible nucleotide substitution model 
with gamma-distributed rates was used, as determined 
using ModelTest in phangorn [38]. Maximum 
clade credibility trees were generated using TreeAnno
tator (https://beast.community/treeannotator) and 
TMRCAs were separately assigned for each genotype 
to the common node from which all samples from 
Alaska diverged, based on both the whole genome 
analysis and the HA gene segment analysis. We 
assumed a single viral introduction into Alaska rather 
than multiple introductions of viruses of the same gen
otype. Trees were visualized using the package ggTree 

[39] in R version 4.2.0 [40]. A map of Alaska coloured 
by borough was created using the R package tigris [41].

Results

Multiple viral genotypes in Alaska

Samples were collected between 26 April and 18 Decem
ber 2022, though sampling date was unavailable for seven 
samples [34]. The location from which samples were col
lected varied through time, and nearly two-thirds (111/ 
177) of samples yielding virus genomes were collected 
between 1 September and 18 December 2022 (Sup
plementary Figure 1). A total of 177 HPAI virus genomes 
originating from animals sampled across 16 Alaska bor
oughs passed our quality thresholds, including those 
from wild birds (n = 159), mammals (n = 4), and back
yard poultry (n = 14; Figure 1) [34]. The most common 
species from which viral genomes were obtained in the 
final dataset were northern pintails (n = 39), mallards 
(A. platyrhynchos; n = 31), and bald eagles (Haliaeetus 
leucocephalus; n = 19; Figure 1). Waterfowl were the 
most common hosts of HPAI viruses in our dataset, rep
resented by 58% (103/177) of samples from which viral 
genomes were obtained. When considering mammals, 
viral genomes were identified among samples collected 
from black bear (Ursus americanus), brown bear 
(U. arctos), and red fox (Figure 1) [34].

Regarding the HA gene segment, three lineages were 
detected, ea1, ea3, and ea4 (Table 1), as inferred using 
the GenoFLU tool. The ea1 HA lineage was most com
mon, assigned to viral sequences originating from all 14 
backyard poultry samples, two mammal samples (black 
bear, red fox), and 122 wild bird samples with origins 
from throughout the state (Table 2). The ea3 HA lineage 
was less common, identified among viruses originating 
from two mammals (brown bear, red fox) and 31 wild 
birds sampled in six boroughs. The ea4 HA lineage was 
least common, identified among viruses originating 
from only six wild bird samples, all of which were col
lected from the Aleutians East Borough (Table 1, Table 2).

When considering concatenated whole genome 
sequences, we identified seven unique genotypes (A3, 
A4, B2.1, B3.1, B3.2, B4.1, and a minor genotype), two 
of which were comprised of fully Eurasian lineage 
gene segments (A3 and A4), and the remaining com
prised of gene segments of mixed continental affiliation 
including two to four North American lineage gene seg
ments (PB2, PB1, NP, and/or NS) (Table 1). Thirty- 
seven samples did not yield complete genomes (i.e. miss
ing ≥ 1 gene segment of sufficient quality) and were 
therefore excluded from whole genome genotype 
assignment.

MCC phylogenetic trees and TMRCA estimates 
were separately generated based on (i) all HA gene 
sequences and (ii) the concatenated whole genome 
of each independent genotype. Based on the HA 
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gene segment, one sample (A/common_raven/Alaska/ 
22−021856−001/2022), identified as genotype B3.2, 
clustered with B3.1 virus genotypes, likely indicating 
emergence via reassortment (Supplementary Figure 2). 
TMRCA estimates based on the whole genome suggest 
earlier introductions than do estimates based only on 
the HA gene segment. However, the order in which 
viruses were inferred to be introduced in Alaska was 
identical based on both methods.

Spatiotemporal dissemination within Alaska 
and associated flyways

Genotypes exhibiting limited dissemination 
within Alaska
Viruses of Genotype A4 were identified in the Aleu
tians East Borough in southwestern Alaska (Figure 
1) and, based on publicly available data, had only pre
viously been detected in the East Asian-Australasian 
Flyway (Table 1). Viruses of this genotype consist of 

Table 1. H5 clade 2.3.4.4b highly pathogenic avian influenza virus genotypes detected in Alaska wild birds, mammals, and 
backyard poultry, the time to the most recent common ancestor (TMRCA) of genotypes detected in Alaska, and the global 
migratory bird flyways inferred to be associated with dispersal at the time of analysis.

Genotype PB2 PB1 PA
HA 

(H5) NP
NA 

(N1) M NS
Whole genome 

TMRCA estimate
Flyways associated with dispersal to/from 

Alaska

A4 ea4 ea4 ea4 ea4 ea4 ea4 ea4 ea4 7 August 2022 East Asian-Australasian
A3 ea3 ea3 ea3 ea3 ea3 ea3 ea3 ea3 15 November 2021 East Atlantic*, Black Sea/Mediterranean*, East 

Asian-Australasian, Pacific, Central
B2.1 am1.2 ea1 ea1 ea1 am1.1 ea1 ea1 ea1 – Pacific, Central, Mississippi, Atlantic
B4.1 am2.2 ea1 ea1 ea1 am1.3 ea1 ea1 ea1 1 December 2021 Pacific, Central, Mississippi, Atlantic
B3.1 am2.1 ea1 ea1 ea1 am1.4.1 ea1 ea1 ea1 14 April 2022 Pacific, Central, Mississippi
minor am12 am11 ea1b ea1 am1.3 ea1 ea1 am1.2 – –
B3.2 am2.1 am1.2 ea1 ea1 am1.4.1 ea1 ea1 am1.1 22 January 2022 East Asian-Australasian, Pacific, Central, 

Mississippi, Atlantic

Note: Gene segments are shaded according to continental affiliation (Eurasian: dark grey, American: light grey). 
*Flyways that do not overlap with Alaska.

Figure 1. Spatiotemporal dissemination of H5 clade 2.3.4.4b highly pathogenic avian influenza viruses in Alaska in 2022. (A) Map 
of Alaska shaded by borough. Boroughs with fewer than five H5 clade 2.3.4.4b highly pathogenic avian influenza virus detections 
are coloured in grey and those without detections are not shaded. (B) Number of detections of viruses of each genotype, coloured 
by borough of detection (excluding the 38 samples that were unable to be genotyped). (C) Estimated median time to most recent 
common ancestor viruses of each genotype in Alaska (arrows). (D) 177 H5 clade 2.3.4.4b highly pathogenic avian influenza virus 
genomes obtained from each animal species and the boroughs from where they were detected.
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wholly Eurasian lineage gene segment sequences, 
including HA lineage ea4, and were identified in six 
wild bird samples (Table 2), all of which were from 
waterfowl and collected on the same day (14 October 
2022). Phylogenetic analysis of whole genome 
sequences indicated closest similarity to viruses 
sampled from waterfowl and chickens in Japan (Sup
plementary Figure 2). This genotype was estimated 
to be most recently introduced into Alaska with a 
TMRCA based on the concatenation of all eight 
gene segments of 17 August 2022 (95% CI: 15 July 
2022–14 September 2022) (Figure 1; Supplementary 
Figure 3).

The single virus assigned to a minor genotype was 
isolated from a northern pintail sample also collected 
in the Aleutians East Borough (Figure 1) and, at the 
time of analysis, was the only recorded detection of 
this genotype globally. This genotype has a PB1 gene 
segment of the am11 lineage (Table 1), which was 
not identified in any other HPAI 2.3.4.4b genome in 
our search within the GISAID database. Based on 
BLAST analysis, this gene segment was most closely 
related (98.77% identity) to a H5N2 low pathogenic 
avian influenza virus isolated from a northern shovel
ler (Spatula clypeata) also sampled in the Aleutians 
East Borough (A/northern shoveller/Alaska/17- 
004479-3/2016(H5N2)), suggesting this genotype 
may have emerged through a reassortment event in 
this region. Its HA gene segment most closely 
resembles HA sequences of the B4.1 genotype (Sup
plemental Figure 2). A TMRCA could not be esti
mated for this viral genotype given its single 
detection; however, it was identified from a sample 
collected on 28 September 2022.

A virus of Genotype B2.1 was identified in a single 
bald eagle sample collected in the Anchorage borough 
on 9 May 2022 (Table 2), and viruses of this genotype 
have previously been detected in all four North 

American flyways. Of the seven genotypes detected 
in Alaska in 2022, Genotype B2.1 was the most com
monly reported genotype in GISAID at the time of 
analysis (Supplementary Material). Since this was a 
single detection, a TMRCA was not estimated.

Viruses of Genotype B3.1 were identified in five 
wild bird samples, four from waterfowl and one 
from a gull, collected from four Alaska boroughs 
(Table 2, Figure 1) during a two-week period 27 
May–8 June 2022. Viruses of the same genotype had 
previously been detected in the Pacific, Central, and 
Mississippi Flyways (Table 1); and based on the conca
tenation all eight gene segments, Alaska viruses shared 
an estimated TMRCA of 14 April 2022 (95% CI: 1 
April 2022–27 April 2022) (Figure 1; Supplementary 
Figure 4).

Genotypes exhibiting widespread dissemination 
within Alaska
Viruses of Genotype A3 were identified in samples 
from 26 wild birds and one mammal collected from 
six Alaska boroughs (Table 2, Figure 1). Viruses of 
this genotype consisted entirely of Eurasian-lineage 
gene segments (Table 1). Based on BLAST analyses 
of the HA gene segment, Genotype A3 viruses from 
Alaska were most closely related to those from chicken 
and crows sampled in Japan. The earliest detections of 
Genotype A3 viruses in Alaska were from the Aleu
tians West Borough, suggesting introduction to Alaska 
via the East Asian-Australasian Flyway (Supplemen
tary Figure 5). However, this genotype has been 
reported widely across many flyways, including the 
Central and Pacific Flyways of North America and 
the East Atlantic, Black Sea/Mediterranean, and East 
Asian-Australasian Flyways of Asia and Europe (Sup
plementary Material). The TMRCA of Alaska viruses, 
based on the concatenation of all eight gene segments, 
was estimated to be 15 November 2021 (95% CI: 13 

Table 2. Number of H5 clade 2.3.4.4b highly pathogenic avian influenza virus genotypes detected in Alaska wild bird, mammal, 
and backyard poultry species (spp.) and location of detection (Alaska borough).

Genotype # wild birds (spp. affected)*
# mammals 

(spp. affected)

# backyard 
poultry (spp. 

affected) Location (Alaska borough)

A4 6 (AMWI, GADW, GWTE, NSHO) 0 0 Aleutians East
A3 26 (AMWI, BAEA, CORA, GLGU, NOPI, THGU) 1 (red fox) 0 Aleutians East, Aleutians West, Juneau, Nome, North 

Slope, Sitka
B2.1 1 (BAEA) 0 0 Anchorage
B4.1 18 (BAEA, BLBR, CAGO, eider sp., MALL, 

SBGU)
1 (black bear) 3 (chicken) Aleutians East, Aleutians West, Anchorage, Bethel, 

Fairbanks North Star, Juneau, Kenai Peninsula, 
Matanuska-Susitna, North Slope, Sitka

B3.1 5 (BLBR, MALL, RNGR, SAGU) 0 0 Anchorage, Bethel, Chugach, Matanuska-Susitna
minor 1 (NOPI) 0 0 Aleutians East
B3.2 72 (AMWI, ARTE, BAEA, BLBR, CAGO, CCGO, 

CORA, GADW, GLGU, GWTE, MALL, NOPI, 
PAJA, SACR, SAGU, SNGO, SNOW)

1 (red fox) 5 (chicken, 
domestic 
turkey)

Aleutians East, Anchorage, Bethel, Fairbanks North Star, 
Juneau, Kusilvak, Matanuska-Susitna, Nome, North 
Slope, Northwest Arctic, Sitka, Yukon-Koyukuk

*AMWI = American wigeon (Mareca americana), ARTE = Arctic tern (Sterna paradisaea), BAEA = bald eagle (Haliaeetus leucocephalus), BLBR = black brant 
(Branta bernicla nigricans), CORA = common raven (Corvus corax), CCGO = cackling goose (B. hutchinsii), CAGO = Canada goose (B. canadensis), GADW =  
gadwall (M. strepera), GLGU = glaucous gull (Larus hyperboreus), GWTE = green-winged teal (Anas crecca), MALL = mallard (A. platyrhynchos), NOPI =  
northern pintail (A. acuta), NSHO = northern shoveller (Spatula clypeata), PAJA = parasitic jaeger (Stercorarius parasiticus), RNGR = red-necked grebe 
(Podiceps grisegena), SACR = sandhill crane (Antigone canadensis), SAGU = Sabine’s gull (Xema sabini), SBGU = short-billed gull (L. canus), SNGO =  
snow goose (Anser caerulescens), SNOW = snowy owl (Bubo scandiacus), and THGU = Thayer’s gull (L. glaucoides thayeri).
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October 2021–9 December 2021), suggesting it was 
the first HPAI viral genotype to be introduced into 
the state (Figure 1; Supplementary Figure 5).

Genotype B4.1 viruses were identified in 18 wild 
bird, one mammal (black bear), and three backyard 
poultry samples collected from 10 Alaska boroughs 
(Table 2, Figure 1). Genotype B4.1 viruses have pre
viously been detected in the Atlantic, Mississippi, Cen
tral, and Pacific Flyways. Viruses from Alaska shared 
an estimated TMRCA, based on the concatenation of 
all eight gene segments, of 1 December 2021 (95% 
CI: 15 September 2021–23 January 2022) (Figure 1; 
Supplementary Figure 6).

Viruses of Genotype B3.2 were the most frequently 
detected in Alaska during 2022, having been identified 
among 72 wild bird, one mammal (red fox), and five 
backyard poultry samples collected in 12 Alaska bor
oughs (Table 2, Figure 1). Viruses of this genotype 
have previously been reported in all four North Amer
ican flyways as well as the East Asia-Australasian Fly
way. Alaska viruses of this genotype shared an 
estimated TMRCA, based on the concatenation of all 
eight gene segments, of 22 January 2022 (95% CI: 30 
December 2021–13 February 2022) (Figure 1; Sup
plementary Figure 7).

Dissemination among species

Of the five viral genotypes detected in more than one 
sample in Alaska (A4, A3, B4.1, B3.1, and B3.2), all 
were identified among samples from multiple species 
of wild birds, including more than one waterfowl 
species (Table 2). Viruses assigned to three genotypes 
with widespread spatiotemporal dissemination in 
Alaska during 2022 (A3, B4.1, and B3.2), which were 
also the most common viral genotypes by number of 
detections, were identified among more diverse host 
sources (Table 2). More specifically, all three spatio
temporally widespread genotypes were detected from 
wild bird samples representing multiple guilds of 
birds, such as waterfowl, raptors, and seabirds. Viruses 
of these genotypes were also identified among samples 
collected from wild mammals. Viruses of genotypes 
B4.1 and B3.2 were also identified from backyard 
poultry (Table 2). Ten mutations associated with 
pathogenicity, receptor binding, replicative capacity, 
or transmission were identified in at least one virus 
genome (Supplementary Table 1) [34]. Only one gen
ome, obtained from a black bear sampled in the 
Juneau borough, harboured a mutation that was 
unique to mammals (i.e. PB2 E627 K was not found 
in avian samples).

Viruses of four genotypes (A4, B2.1, B3.1, and 
minor) exhibiting limited spatiotemporal dissemina
tion in Alaska during 2022, which were also less com
mon by number of detections, were identified only 
among samples collected from wild birds. Genotype 

B2.1, identified from a single sample collected from a 
bald eagle, was the only viral genotype not identified 
from at least one waterfowl sample in Alaska during 
2022. In contrast, viruses of Genotype A4 were detected 
exclusively among waterfowl samples (Table 2). Viruses 
of Genotype B3.1 exhibited broader taxonomic host 
diversity, having been identified among samples col
lected from black brant (Branta bernicla nigricans), 
mallard, red-necked grebe (Podiceps grisegena), and 
Sabine’s gull (Xema sabini; Table 2) [34].

Discussion

We analyzed 177 H5 clade 2.3.4.4b HPAI viruses orig
inating from Alaska wild birds, backyard poultry, and 
mammals in 2022. Our results provide new insights 
into the spatiotemporal and interspecies dissemination 
of HPAI viruses in the North Pacific Basin. For 
example, our analysis provides genomic evidence for 
the occurrence of seven genotypes of H5 clade 
2.3.4.4b HPAI viruses among wild and domestic ani
mals inhabiting Alaska during 2022, including six gen
otypes likely introduced to Alaska from adjacent 
regions in East Asia or elsewhere in North America 
during November 2021–August 2022, as well as one 
viral genotype that may represent a locally emergent 
reassortant virus. Viruses of the B2, B3 and B4 geno
types were previously estimated to originate from reas
sortment events in North Dakota and Montana, 
whereas both A3 and A4 were likely introduced into 
Alaska from East Asia [29,30]. Our data suggest four 
viral genotypes exhibited limited spatiotemporal 
spread throughout Alaska during 2022, whereas viruses 
of three other genotypes were widespread both within 
Alaska as well as throughout adjacent regions. A similar 
trend was observed in British Columbia, Canada, with 
some genetic clusters of viruses more widespread over 
space and time than others [42]. Additionally, our data 
demonstrate widespread occurrence of HPAI viruses 
among waterfowl and dissemination to other taxa, 
including raptors, seabirds, domestic poultry, and 
wild mammals. This information contributes to the 
documentation of the unprecedented expansion of 
the ongoing HPAI panzootic throughout an ecologi
cally important area of the North Pacific Basin region 
and provides insights into epidemiological trends that 
may ultimately prove useful for understanding future 
outbreak dynamics.

Viruses of four genotypes (A4, B2.1, B3.1, and the 
minor genotype) exhibited limited spatiotemporal dis
semination in Alaska and were also found exclusively 
in wild birds. Reasons for this finding are not entirely 
clear but could be related to differences in infectivity, 
transmissibility, or pathobiology among H5 clade 
2.3.4.4b viruses of different genotypes when consider
ing diverse animal hosts inhabiting Alaska. Alterna
tively, this finding could be a function of the timing 
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of viral introduction relative to population immunity. 
Per the former, previous studies have identified con
siderable differences in infectivity, transmissibility, 
and/or pathobiology of different H5 clade 2.3.4.4 
viruses when comparing: (1) among experimentally 
infected chickens [43], (2) among chickens, turkeys, 
and ducks [6,44], or (3) among various avian and 
mammalian cell lines and model organisms [45,46]. 
Thus, it is plausible that some or all the viral genotypes 
exhibiting limited spatiotemporal dissemination were 
poorly adapted to avian and/or mammalian hosts pre
sent in Alaska during 2022. However, Genotype B2.1 
was only detected in a single sample in Alaska, despite 
having been detected widely throughout the continen
tal United States and Canada. Furthermore, all four of 
the viral genotypes exhibiting limited dissemination in 
Alaska during 2022 shared later estimates of TMRCA 
with viruses affecting wild birds in other regions, and 
they were initially detected in Alaska later, as com
pared to the three viral genotypes that were inferred 
to be more widespread. These findings suggest that 
the timing of viral introduction events into Alaska 
relative to pre-existing population immunity may, at 
least partially, explain differences in spatiotemporal 
dissemination.

Viruses of three genotypes exhibiting widespread 
spatiotemporal dissemination in Alaska during 2022 
(A3, B4.1, and B3.2) may have been introduced into 
comparatively more immunologically naïve animal 
populations as compared to those described as being 
less commonly detected, facilitating more common 
and geographically widespread occurrence, at least 
early in the regional epidemic. Previously published 
summaries provide extensive evidence that numerous 
species of waterfowl and seabirds are commonly 
infected by low pathogenic influenza viruses in Alaska 
[47,48], which may have provided some protection 
against infection and disease [49], though antibodies 
specific to H5 clade 2.3.4.4b HPAI viruses were likely 
uncommon among these birds prior to late 2021 [50]. 
Furthermore, detectable antibodies to influenza 
viruses were also likely relatively uncommon among 
wild mammals inhabiting Alaska, such as bears and 
foxes, prior to the ongoing panzootic [51,52]. Thus, 
the H5 clade 2.3.4.4b viruses initially introduced into 
Alaska may have had to overcome only low barriers 
to infection, at least from a population immunity per
spective, as well as being antigenically distinct from 
North American viruses. Per estimates provided 
through phylogenetic analyses presented in this 
study, viruses of Genotype A3 may have been the 
first H5 clade 2.3.4.4b HPAI viruses to be introduced 
to Alaska, presumably from East Asia and approxi
mately during November 2021. Genotypes B4.1 and 
B3.2 presumably arrived sometime relatively shortly 
thereafter from elsewhere in North America. All 
these genotypes are reported to be spatiotemporally 

widespread, either throughout substantial portions of 
North America (B4.1) or across international 
migratory bird flyways crossing multiple continents 
(A3 and B3.2), attesting to their viral fitness among 
avian hosts. Viruses of the remaining, less spatiotem
porally widespread, genotypes (A4, B2.1, B3.1, and the 
minor genotype) were all estimated to have been 
introduced into, or were detected later in, Alaska. 
These viruses may have, therefore, been introduced 
following the establishment of a population of recov
ered animals with antibodies protective against infec
tion with H5 clade 2.3.4.4b HPAI viruses. Collectively, 
this scenario suggests that information on population 
immunity, the timing of viral introductions, and the 
occurrence of viruses in populations with spatiotem
poral overlap in distribution may all provide value 
towards understanding, and predicting, epidemiologi
cal patterns of H5 clade 2.3.4.4b HPAI virus dissemi
nation among wild and domestic animal populations.

There are several important sampling biases in our 
data that could have influenced results. First, samples 
were largely collected passively (i.e. opportunistically 
from sick animals or carcasses) for most animal 
species except waterfowl. Passive collection of car
casses was biased towards certain species (e.g. bald 
eagles) due to their visibility and protection status, 
whereas other species (e.g. landbirds) were rarely 
sampled due to lower detection probability of car
casses. Samples from waterfowl were disproportion
ally collected actively (i.e. from live or recently 
harvested birds that were apparently healthy) as part 
of interagency surveillance programmes that leveraged 
banding programmes or the annual sport harvest in 
late summer and autumn as part of sampling proto
cols. These samples may provide a more unbiased 
assessment of circulating viruses in a reservoir host, 
though were disproportionally collected in a single 
borough (Aleutians East Borough) [53]. Sequences 
were not differentiated as originating from samples 
collected from hunter-harvested animals, animals 
sampled through monitoring efforts (e.g. banding), 
or animals that were collected from mortality events. 
Also, sampling efforts in Alaska were not uniform 
throughout space nor time, as active surveillance was 
concentrated in the second half of the year. Many 
areas of Alaska are not readily accessible by road or 
commercial airline and have extremely low population 
density; therefore, samples of suitable quality for diag
nostic testing were disproportionally collected near 
larger, road-accessible or commercial airline-serviced 
hub communities. Furthermore, given limitations on 
resources, samples from species that had previously 
been unknown to harbour H5 clade 2.3.4.4b HPAI 
viruses in Alaska, or that originated from areas 
where such viruses had not been previously identified, 
were often prioritized for sample collection and testing 
in passive surveillance efforts. Finally, when 
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estimating TMRCA for viruses of different genotypes 
in Alaska with those from elsewhere, we assumed a 
single viral introduction into Alaska rather than mul
tiple introductions of viruses of the same genotype, 
which we recognize as a probable epidemiological 
simplification. While TMRCA is not directly linked 
to virus introduction, it is our best proxy for estimat
ing the approximate timeframe and order of introduc
tion of distinct virus genotypes. It is unknown how 
these various biases individually or collectively 
influenced our results, though we recognize that they 
may have bearing on the results and subsequent 
inference.

In summary, we used all genomic sequence infor
mation available for H5 clade 2.3.4.4b HPAI viruses 
from animals sampled in Alaska during 2022 to deter
mine that at least seven viral genotypes affected 
diverse wild birds, backyard poultry, and wild mam
mals. Five genotypes were detected in the Aleutians 
East Borough and six genotypes were detected in 
waterfowl, suggesting this region and these taxa may 
be effective targets for future surveillance efforts aim
ing to identify viral genotypes introduced into Alaska 
and maintained among wildlife. Evidence suggests 
that viruses of three genotypes (A3, B4.1, and B3.2) 
were widespread throughout the state and among 
diverse hosts, likely facilitated by earlier introduction 
into the region as compared to genotypic viral 
counterparts. Viruses of four viral genotypes (A4, 
the minor genotype, B2.1, B3.1) were less spatially 
widespread and detected only among wild birds, 
which may have been influenced by later introduction 
to the region when population immunity may have 
been comparatively higher. These results suggest 
information on the timing of viral introductions and 
pre-existing population immunity may be useful in 
understanding, and perhaps predicting, patterns of 
H5 clade 2.3.4.4b HPAI virus dissemination among 
wild and domestic animal populations.
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