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Epidemiological data of an influenza A/H5N1
outbreak in elephant seals in Argentina
indicates mammal-to-mammal transmission

Marcela M. Uhart 1,2 , Ralph E. T. Vanstreels1, Martha I. Nelson3,
Valeria Olivera 4, Julieta Campagna 5, Victoria Zavattieri5, Philippe Lemey 6,
Claudio Campagna 5, Valeria Falabella 5 & Agustina Rimondi 4,7

H5N1 high pathogenicity avian influenza virus has killed thousands of marine
mammals in South America since 2022. Here we report epidemiological data
and full genome characterization of clade 2.3.4.4b H5N1 HPAI viruses asso-
ciated with a massive outbreak in southern elephant seals (Mirounga leonina)
at Península Valdés, Argentina, in October 2023. We also report on H5N1
viruses in concurrently dead terns. Our genomic analysis shows that viruses
from pinnipeds and terns in Argentina form a distinct clade with marine
mammal viruses from Peru, Chile, Brazil and Uruguay. Additionally, these
marine mammal clade viruses share an identical set of mammalian adaptation
mutations which were also present in tern viruses. Our combined ecological
and phylogenetic data support mammal-to-mammal transmission and occa-
sional mammal-to-bird spillover and suggest multinational transmission of
H5N1 viruses in mammals. We reflect that H5N1 viruses becoming more evo-
lutionary flexible and adapting to mammals in new ways could have global
consequences for wildlife, humans, and/or livestock.

The emergence of H5N1 high pathogenicity avian influenza (HPAI)
viruses from clade 2.3.4.4b in 2020 triggered numerous outbreaks in
wildlife worldwide1. In Europe and southern Africa, impacts to wildlife
were particularly severe in seabird colonies, with losses in the tens of
thousands2–5. Many outbreaks have likely gone underreported in other
regions where influenza surveillance in animals is limited6. In
2021–2022, the H5N1 HPAI 2.3.4.4b viruses spread to North America,
further impacting wildlife, especially waterbirds and birds of prey7 and
reassorting with endemic strains8,9. The virus then spread to South
America in 2022 via multiple introductions10,11, causing large-scale
mortality of seabirds, with an estimated death toll surpassing 650,000
individuals11–15.

Until recently, it was generally considered that H5N1 HPAI infec-
tions in mammals were largely limited to terrestrial carnivores that
consumed or otherwise interacted with infected birds16–18, and these
viruses generally showed limited airborne transmissibility in mam-
malian models19–21. During the 2021–2022 panzootic, H5N1 HPAI
caused episodic mortality of pinnipeds and cetaceans in Europe22,23

and North America24–26, but it was only upon reaching the Pacific coast
of South America that the virus demonstrated an ability to cause large-
scale mortality in marine mammals11,27. More than 30,000 South
American sea lions (Otaria byronia) died as the H5N1 virus spread
along the coast of Peru and Chile in 2022–2023, with porpoises, dol-
phins, and otters also being affected in smaller numbers11,13–15,27–29.
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Following the southward spread along the Pacific coast of South
America, H5N1 HPAI viruses were detected in sea lions at the southern
tip of Chile in June 202329. By early August, the virus was detected for
the first time on the Atlantic coast, in a sea lion rookery off south-
ernmost Argentina. Then, over the following weeks, the virus spread
rapidly northward along Argentina’s Atlantic coast, killing hundreds of
sea lions along Argentina’s shores30, eventually reachingUruguay31 and
southern Brazil32.

Shortly thereafter, in October 2023, we recorded mass mortality
in southern elephant seals (Mirounga leonina) at Península Valdés in
central Patagonia, Argentina, with an estimated death toll surpassing
17,000 individuals33. In this study,wepresent epidemiological data and
full genome characterization of H5N1 clade 2.3.4.4b viruses associated
with the outbreak in elephant seals andwith concurrent ternmortality.
We analyze data from the Península Valdés event and prior reports to
investigate potential pathways of H5N1 virus transmission among
marine mammals and birds in South America and document a rapidly
spreading H5N1 marine mammal clade carrying mammalian adapta-
tion mutations of potential public health concern.

Results
Elephant seal mortality at Punta Delgada breeding colony,
Península Valdés
The earliest observation of elephant seal mortality in Península Valdés
was on 25-Sep-2023 when navy personnel at the Punta Delgada
Lighthouse noticed an unusually high number of dead pups on the
beach. On 10-Oct-2023, we surveyed the breeding colony at Punta
Delgada (Península Valdés, Argentina), and counted 218 living and 570
deadpups (includingweaners) (Table 1 and Fig. 1A). This represented a
more than 70-fold increase in pupmortality rate compared to the prior
years for which comparable data was available (71% in 2023 vs. 1% in
2013, 2015 and 2022). By 13-Nov-2023, only 38 pups survived (95%
mortality). At least 35 subadult/adult seal carcasses were recorded in
the area, whereas in previous years, even a single dead adult seal was a
rare sighting. No unusual mortality was seen in juveniles, which began
gathering in the usual numbers in November (Table 1).

Themortality event led to significant changes in the elephant seal
social structure (Table 1), with a progressive replacement of mature
alpha males by subadults and a rapid decline in the number of
breeding females. Thismanifested as apatchydistributionof sealswith
scattered femaleswithout pups aswell as abandoned and sick pups. By

13-Nov-2023, all breeding structure was dissolved. There were no
harems, only 9 males (all subadults not associated with females) and 9
females (8 with pup and 1 pupless) amidst carcasses of elephant seals
(Supplementary Fig. 1A, B).

The absence of large alpha male elephant seals to chase away
perceived intruders resulted in a larger number of South American sea
lions commingling (several were found dead) among breeding ele-
phant seals at Punta Delgada (Table 2). This prompted agonistic
interactions with nursing elephant seal mothers (Supplementary
Fig. 1C) and attempts at sexual interactions with pups (Supplementary
Fig. 1D). Other interspecies interactions included the scavenging of
elephant seal carcasses by kelp gulls (Larus dominicanus) (Supple-
mentary Fig. 1E) and the presence of living and dead South American
terns (Sterna hirundinacea) amidst elephant seal carcasses (Supple-
mentary Fig. 1F). Some terns showed neurological signs of dis-
orientation, decreased fear response and difficulty/inability to fly, and
were not in social groups as would be expected. The tern death toll
increased over time to almost 400 dead birds (Table 2).

As per the temporal distribution of events, mortality of elephant
seal pups peaked between 25-Sep-2023 and 10-Oct-2023, whereas the
majority of terns died about three weeks later, between 3-Nov-2023
and 13-Nov-2023. This temporal delay also occurred in Argentina as a
whole, with large-scale mortalities of sea lions (mid-August to late
September 2023) and elephant seals (late September to mid-October
2023) preceding the large-scale mortality of terns (early to mid-
November 2023).

Clinical signs and post-mortem findings in elephant seals
Elephant seal pups showing clinical signs consistent with HPAI were
seen during all field surveys in October and November 2023. Symp-
tomatic pups were lethargic, had difficulties rolling or galumphing,
and presentedwith labored breathing, nasal discharge, repetitive head
or flipper movements, and tremors (Fig. 1B–D and Supplementary
Movie 1). Most symptomatic pups were motherless and alone or close
to other abandoned or dead pups. During one field survey, several
pups were seen at risk of drowning with the incoming tide (Supple-
mentary Movie 1). Ill and dead pups ranged in age from newborn to
about 3 weeks old (i.e., about to wean). Some carcasses of freshly
deceased pups showed foam or mucous nasal discharge (Fig. 1D), and
abundant white foam drained from the sectioned trachea of one
individual (Fig. 1E). It is unclear whether this was due to infection or

Table 1 | Number of living and dead southern elephant seals (Mirounga leonina) at Punta Delgada breeding colony (Península
Valdés, Argentina) during the 2023mortality event (three site visits) compared to baseline data from previous years (one site
visit, a census conducted the first week of October)

Status Age class, sex, and male alpha status Baseline (first week of October census) Mortality event a

5-Oct-2013 4-Oct-2015 5-Oct-2022 10-Oct-2023 3-Nov-2023 13-Nov-2023

Living Pups (nursing) 536 534 647 218 10 8

Pups (weaners) 81 70 58 17 30 30

Alpha males (subadult 4 or adult) 12 21 18 4 1 0

Alpha males (subadults 1 to 3) 2 1 0 13 2 0

Subordinate males (subadults 1 to 3) 5 37 47 28 25 9

Adult females 589 707 746 370 12 9

Juveniles 1 0 0 2 91 390

Dead Pups (nursing) 7 2 5 570 NE b NE b

Pups (weaners) c 0 0 0 0 2 2

Subadults/Adults c,d 0 0 0 13 30 35

Juveniles 0 0 0 0 0 0

It should be noted that prior to 2023, the Península Valdés population of southern elephant seals had been increasing by 1.0 to 3.4% per year94

Notes: aThe earliest observation of elephant seal mortality at Punta Delgada was on 25-Sep-2023, but no counts are available; bNot estimated because many carcasses had been buried by sand or
removed by tides; cDegraded carcasses were also counted, hence counts should be interpreted as overlapping/cumulative; dAge subclasses and sexes combined, since carcass decomposition
precluded the determination of age subclass and sex.
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agonal drowning. The lungs of four pups showed a heterogeneous and
congested surface (Fig. 1F), draining blood profusely when cut. We did
not perform full necropsies due to biosecurity concerns; hence, we did
not examine other organs. Following deaths in the breeding areas,
several elephant seals hauled out at a second, aberrant location (Golfo
Nuevo) in October-December 2023 (Supplementary Fig. 2 and Sup-
plementary Table 1). Of these, one subadult male died within two days
after showing clinical signs consistent with HPAI (tremors, labored
breathing, yellowish and blood-stained nasal discharge, hyperthermia;
Fig. 1G and Supplementary Movie 1).

Detection of H5N1 HPAI clade 2.3.4.4b virus in wildlife at
Península Valdés
We tested swab samples from four elephant seal pups, five South
American terns, and two royal terns (pooled according to species and

sample type), and an additional pool containing all samples from a
sixth South American tern from Punta Delgada. Another pool con-
taining all samples fromadead subadultmale elephant seal fromGolfo
Nuevo was also analyzed. All pools were positive for the influenza A
virusmatrix gene (results detailed in SupplementaryTable 2). Elephant
seal samples were tested for H5 clade 2.3.4.4b and were positive, and
sequencing was performed on individual samples where possible. In
total, we performed whole genome sequencing of H5N1 HPAI viruses
from three elephant seal pups (CH-PD027, CH-PD032, CH-PD035), one
subadult male elephant seal (CH-PM053), two South American terns
(CH-PD030 andCH-PD037), and one royal tern (CH-PD036). For oneof
the elephant seal pups (CH-PD032), we performed whole genome
sequencing of viruses from five different samples (oronasal, tracheal,
rectal, brain, lung), and nucleotide sequences from the eleven strains
obtained were deposited in GenBank (Table 3).

Fig. 1 | Mass mortality, clinical signs, and post-mortem findings of elephant
seals at Punta Delgada (Península Valdés, Argentina) during an outbreak of
H5N1HPAI. AHundredsof elephant seal pup carcasses accumulatedalong the high
tide line of the beach at Punta Delgada; a sea lion carcass (arrow) and patchily
distributed living elephant seals (far background behind the arrow) are also visible.

B Pup presenting with open mouth breathing and tremors/twitching. C Pup
presenting with labored breathing and foamy nasal discharge.D, E Abundant white
foam on the snout and draining from the sectioned trachea of a dead pup.
FMarkedly heterogeneous and congested lung surface in a deadpup.GBloodyand
mucous nasal discharge in a dead subadult male.
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Evolution of H5N1 HPAI viruses in Argentina
We first inferred a maximum likelihood tree for the HA segment to
compare our H5N1 HPAI viruses in Península Valdés with other strains
from South America, North America, and Eurasia during 2021–2023.
This analysis confirmed that the H5N1 HPAI viruses detected in South
America (and South Georgia) fromNovember 2022 to November 2023
stem from a single introduction of clade 2.3.4.4b fromNorth American
wild birds (Supplementary Fig. 3). The H5N1 HPAI viruses in Argentina
have the B3.2 genotype, including the eleven viruses sequenced for
this study, six viruses sequenced from our previous report30, and 46
viruses from poultry and one wild bird (Andean goose) available in
GISAID (see Supplementary Fig. 3 and maximum likelihood trees
provided in Zenodo34). The B3.2 viruses introduced from North
America into South America have a reassortant genotype with four
segments from the Eurasian H5 lineage (PA, HA, NA, and MP) and four
segments from low pathogenicity avian influenza viruses from the
North American lineage (PB2, PB1, NP, and NS)9. However, Argentina’s
H5N1 HPAI viruses are not monophyletic (i.e., clustering together as a
single Argentina clade, separate from viruses from other South
American countries). Instead, viruses collected fromArgentina’s inland
poultry outbreaks are positioned in a different section of the tree from
Argentina’s coastal outbreaks in marine mammals and terns (Fig. 2A
and Supplementary Fig. 4). Argentina’s poultry viruses are positioned
in the lower section of the tree along with poultry viruses from other
South American countries (e.g., Uruguay and Chile), as well as some
wild bird viruses from Uruguay, Brazil, Chile, Argentina’s single H5N1

HPAI virus from an inland wild bird (A/goose/Argentina/389-1/2023;
collected 11-Feb-2023), and wild bird and mammal viruses from South
Georgia. Within this clade, Argentina’s poultry viruses are intermixed
with viruses from other locations and wild bird hosts, suggesting fre-
quent virus movement across national borders and spillover between
wild birds and poultry.

Conversely, the vastmajority of wild bird viruses from Peru and
Chile are positioned in the upper section of the tree in Fig. 2A. This
wild bird clade is closely related (and basal) to a clade of marine
mammal viruses collected from five countries (Peru, Chile, Argen-
tina, Uruguay, and Brazil). A quantitative estimate of virus gene flow
(“Markov jump” counts, Fig. 2B and Supplementary Fig. 5) indicates
that H5N1 HPAI viruses transmitted approximately 4x from wild
birds to marine mammals on the Pacific (western) coast of South
America. Three wild bird-to-mammal transmissions in Peru appear
to be dead-end spillover events with no secondary cases (A/com-
mon dolphin/Peru/PIU-SER002/2022, A/South American sea lion/
Peru/AQP-SER00K/2023, and A/South American sea lion/Peru/LIM-
SER036/2023) (Fig. 2A and Supplementary Fig. 6). Multiple inde-
pendent wild mammal infections also occurred in South Georgia,
although it is unclear whether onward mammal-to-mammal trans-
mission was involved or not. In contrast, a single wild bird-to-marine
mammal transmission that occurred on South America’s west coast
(likely Peru or Chile) in late 2022/early 2023 gave rise to a multi-
national clade of 40 viruses, including 33 from marine mammals in
Peru (n = 2), Chile (n = 8), Argentina (n = 15), Uruguay (n = 6) and

Table 2 | Estimated number of dead individuals of other pinniped species and seabirds at Punta Delgada (Península Valdés,
Argentina) in 2023, during the elephant seal mortality event

Species 10-Oct-2023 3-Nov-2023 13-Nov-2023

South American sea lion (Otaria byronia) a 20 4 8

South American fur seal (Arctocephalus australis) a 0 1 0

South American tern (Sterna hirundinacea) b c. 100 c 178 d 396

Royal tern (Thalasseus maximus) b 3 7 1

Cayenne tern (Thalasseus acuflavidus eurygnathus) b 1 2 2

Kelp gull (Larus dominicanus) b 3 10 15

Imperial cormorant (Leucocarbo atriceps) b 0 2 5

Great grebe (Podiceps major) b 0 1 3

Peregrine falcon (Falco peregrinus) b 1 1 1

Notes: a Counts of pinnipedsafter thefirst visit affectedbyolder carcassesbeingburiedbysandor removedby tides. b Degradedcarcasseswere also counted, hence counts should be interpreted as
overlapping/cumulative; c One live symptomatic individual seen; d Four live symptomatic individuals seen.

Table 3 | H5N1 HPAI viruses from wildlife in Península Valdés, Argentina, 2023

Strain name Host Sample Age Collection date Location GenBank accession no.

A/southern elephant seal/Argentina/CH-PD027/2023 Mirounga leonina Rectal Pup 10-Oct-2023 Punta Delgada PQ002111–PQ002118

A/southern elephant seal/Argentina/CH-PD032_or-
onasal/2023

Mirounga leonina Oronasal Pup 10-Oct-2023 Punta Delgada PQ002119–PQ002126

A/southern elephant seal/Argentina/CH-PD032_tra-
cheal/2023

Mirounga leonina Tracheal Pup 10-Oct-2023 Punta Delgada PQ002127–PQ002134

A/southern elephant seal/Argentina/CH-PD032_lung/
2023

Mirounga leonina Lung Pup 10-Oct-2023 Punta Delgada PQ002135–PQ002142

A/southern elephant seal/Argentina/CH-PD032_brain/
2023

Mirounga leonina Brain Pup 10-Oct-2023 Punta Delgada PQ002143–PQ002150

A/southern elephant seal/Argentina/CH-PD032_rec-
tal/2023

Mirounga leonina Rectal Pup 10-Oct-2023 Punta Delgada PQ002151–PQ002158

A/southern elephant seal/Argentina/CH-PD035/2023 Mirounga leonina Brain Pup 10-Oct-2023 Punta Delgada PP488310–PP488317

A/southern elephant seal/Argentina/CH-PM053/2023 Mirounga leonina Rectal Sub-adult 01-Nov-2023 PuertoMadryn PP488318–PP488325

A/South American tern/Argentina/CH-PD030/2023 Sterna hirundinacea Brain Adult 10-Oct-2023 Punta Delgada PP488326–PP488333

A/South American tern/Argentina/CH-PD037/2023 Sterna hirundinacea Pool Juvenile 10-Oct-2023 Punta Delgada PP488342–PP488349

A/royal tern/Argentina/CH-PD036/2023 Thalasseus maximus Brain Adult 10-Oct-2023 Punta Delgada PP488334–PP488341
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Brazil (n = 2). The marine mammal clade can be subdivided into two
geographical groups of viruses: the earlier viruses collected in
March – April 2023 on the Pacific (western) coasts of Peru and
Chile, and the later viruses collected in August – November 2023
on the Atlantic (eastern) coasts of Argentina, Uruguay, and
Brazil (Fig. 2A).

Spillback frommarinemammals to coastal birds andonehuman
Themultinationalmarinemammal clade also includes one humancase
from Chile (A/Chile/25945/2023), one wild bird virus from Chile (A/
sanderling/Arica y Parinacota/240265/2023), one wild bird virus from
the Falkland/Malvinas Islands (A/Southern fulmar/Falkland Islands/
133789/2023) and four viruses obtained from terns in Argentina (one
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Fig. 2 | Phylodynamics of H5N1 HPAI (2.3.4.4b) viruses in South American
marinemammals and birds. A Time-scaleMCC tree inferred for the concatenated
genome sequences (~ 13 kb) of 236 H5N1 influenza A viruses (clade 2.3.3.4b) col-
lected in five South American countries (Argentina, Brazil, Chile, Peru, Uruguay)
and in South Georgia and the Falkland/Malvinas Islands. Branches are shaded by
inferred host species (4 categories). Posterior probabilities are provided for key
nodes. The same tree with tip labels and posterior probabilities for all nodes is
available in Supplementary Fig. 4. B Direction of virus gene flow between locations
and hosts, inferred from “Markov jump” counts across the posterior distribution of
trees inferred using a Bayesian approach (values under 0.5 excluded). Different

host groups are indicated with different colors: wild birds (orange), marine mam-
mals (red) and terrestrial mammal (blue). The same graphic with 95%HPD (highest
posterior density) labels is available in Supplementary Fig. 5. Tree with all location
states labeled is available in Supplementary Fig. 6. C Posterior distributions of
evolutionary rates (substitutions per site per year) inferred for the complete virus
genome (all positions) and for only the third nucleotideposition forH5N1 (2.3.4.4b)
in South America, partitioned into two host categories: marine mammal clade
(excluding any human and avian viruses) and avian (wild bird/poultry) clade
(excluding anymammal viruses). Source data for the histogram graph are provided
as a Source Data file.
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South American tern from Punta Bermeja in August 2023, one royal
tern and two South American terns from Punta Delgada in October
2023). The four tern viruses from Argentina are closely related to the
marinemammal viruses fromArgentina but appear to be independent
mammal-to-bird spillbacks, with no clear evidence of tern-to-tern
transmission. The human and sanderling viruses positioned in the
marine mammal clade also appear to be independent spillover events
frommarinemammals (Fig. 2A, B). This is further supportedby the fact
that these viruses share mutations in PB2 that are associated with
mammalian adaptation and are present in viruses forming the marine
mammal clade (Fig. 3).

Lower evolutionary rate of H5N1 HPAI viruses in marine
mammals
If H5N1 HPAI viruses are transmitting independently in marine
mammals across multiple South American countries, then a host-
specific local clock (HSLC) can be used to accommodate a different
rate of evolution (Supplementary Fig. 7). Using an HSLC, the esti-
mated rate of evolution in the marine mammal clade (human and
avian viruses excluded) was ~ 2-fold lower (2.5 × 10−3; 2.0–3.0 × 10−3

95% HPD) than the avian rate (5.4 × 10−3; 4.9–5.9 × 10−3 95% HPD),
which includes wild birds and poultry but excludes spillovers into
mammals (Fig. 2C). The marine mammal rate was still ~ 2-fold lower
compared to birds when only the third codon position was con-
sidered (Fig. 2C). Importantly, similar tree topologies were inferred
using the entire virus genome (~ 13 kb) (Supplementary Fig. 7) and
the third codon position only (Supplementary Fig. 8), which
excludes any adaptive mutations that would be selected for in
marine mammals following a host-switch.

Global SNP analysis reveals mammal adaptation mutations and
suggests two H5N1 HPAI subpopulations during mammal-to-
mammal transmission in Argentina
Across the genome, we identifiedmore than 64 amino acid changes in
the H5N1 HPAI viruses from Península Valdés when compared with the
original Goose/Guangdong (Gs/Gd) strain (Supplementary Table 3). Of
the 64 mutations, 14 are potentially associated with increased viru-
lence, transmission, or adaptation to mammalian hosts, and sixteen
are present in H5N1 viruses from Argentina’s coastal outbreaks in
marine mammals and terns but absent in H5N1 (B3.2 genotype) strains
from North America and from goose/poultry strains from Argentina
(Supplementary Table 4). Of note, eleven of the sixteen common
mutations were also present in the human case in Chile.

Argentina’s marine mammal viruses inherited eight amino acid
changes that emergedpreviously inmarinemammals inChile and Peru
but were never seen in H5N1 HPAI viruses circulating in birds in those
countries and appear to be specific to the marine mammal clade
(Fig. 3): Q591K andD701N in PB2; L548F in PB1; A20T,M86I, andM548I
in PA; and R21Q and I226T in NS1. Almost all mutations (except L548F
in PB1) were also present in the two Brazilian and the six Uruguayan
marine mammal viruses. The conservation of seven amino acid chan-
ges across all marine mammal viruses collected from four countries
over eight months (Chile, Argentina, Brazil, Uruguay; March through
October) further supports the existence of an independent chain of
virus transmission among marine mammals, separate from avian
transmission chains. In addition to nonsynonymous mutations, four
silent mutations in PB1 (A1167T), PA (C1359T), and NP (C669T and
T1239C) were found in marine mammal viruses in Argentina that were
inherited frommarinemammal viruses circulating in Peru and/or Chile
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Fig. 3 | Mutations defining the marine mammal clade of H5N1 HPAI (2.3.4.4b)
viruses. Amino acid changes are listed for new mutations that arose in the marine
mammal clade of the H5N1 HPAI (2.3.4.4b) viruses that are not observed in any
other avian viruses included in this study from South America, mapped against the

subsection of the MCC tree with the marine mammal clade (see Fig. 2A). Virus
names and associatedmutations are colored by country. A questionmark indicates
that no sequence data is available at that position for that virus. HAmutations refer
to H5 numbering.
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(Supplementary Fig. 9). These mutations were all present in viruses
from oronasal, tracheal, lung, brain and rectal swabs of one elephant
seal pup (CH-PD032), further corroborating that they were not de
novo mutation events.

Synonymous and non-synonymous mutations also occurred
duringH5N1 2.3.4.4b circulation in theAtlantic (eastern) coast of South
America, leading to the evolution of two distinct subpopulations
defined by specific mutations. The first subpopulation is defined by a
new V122I substitution in PB2 and the loss of the L548F substitution in
PB1 (owing to a secondary substitution) andwas detected inArgentina,
Uruguay and Brazil. In most cases, there was an additional E237A
substitution in PA, which was also detected in marine mammals in
Brazil and Uruguay (Fig. 3 and Supplementary Table 4). The second
subpopulation is defined by a new Q621K substitution in PB1 and was
detected exclusively in Argentina (Fig. 3 and Supplementary Table 4),
which in many cases is accompanied by mutation A133S in HA (H5
numbering). This A133S substitution in HA that was seen in Argentina
in South American terns (n = 2), South American sea lions (n = 4), and
an elephant seal (n = 1) (note: this HA region could not be sequenced

from the South American fur seal) was not observed in previous H5N1
marine mammal viruses in South America, North America or Europe,
nor in other bird viruses from South America (Fig. 3 and Supplemen-
taryTable4). Of note, both subpopulationswere found in the terns and
elephant seals sampled for this study and in mammalian and avian
hosts in a multi-species outbreak at Punta Bermeja (~ 260 km north of
Punta Delgada) in August 2023, but not in the H5N1 viruses that cir-
culated in a wild goose and in poultry in Argentina from February to
July 2023 (Fig. 3 and Supplementary Tables 3, 4). Figure 4 summarizes
our hypothesized pathway of spread of H5N1 HPAI viruses in South
America based on the molecular evidence and the chronology of
reported detections.

Discussion
Since 2020, the world has witnessed a global epizootic of H5N1 clade
2.3.4.4b viruses with substantial ecological impact on wildlife species,
including pinnipeds. Although H5N1 HPAI viruses were previously
implicated in the mortalities of harbor seals (Phoca vitulina) and gray
seals (Halichoerus grypus) in Europe in 2016–202135–37 and in North
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Fig. 4 | Chronology and hypothesized pathways of spread of H5N1 HPAI
(2.3.4.4b) viruses in South America, 2022–2023. H5Nx HPAI detections (1-Sep-
2022 to 31-Dec-2023) reported to the World Animal Health Information System
(WAHIS/WOAH) and by the Chilean Servicio Agrícola y Ganadero (SAG) are repre-
sented by orange circles (wild birds), green triangles (domestic birds) and blue
squares (mammals). Note that there are significant differences in surveillance
strategies among countries thatmay produce gaps or distortions in the geographic
distribution of H5Nx HPAI detections and the presumed pathways of virus spread.

The location of the outbreak investigated in this study (Península Valdés) is high-
lighted in red. Arrows represent the timeline of hypothesized pathways of virus
spread, as derived from the chronology of detections and our phylodynamic ana-
lysis. The pathways of virus spread and significant events of the avian and marine
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Note that virus spread pathways in this figure are intended as a conceptual model
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H5Nx HPAI detections are provided as a Source Data file.
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America in May–July 202224,26, the magnitude of those mortalities
(< 200 deaths in total) would pale in comparison with the impacts that
ensued when these viruses arrived in South America. At least 30,000
sea lions have died in Peru, Chile, Argentina, Uruguay, and
Brazil11,13–15,27,29–32. In addition, HPAI caused the largest mortality event
of elephant seals recorded todate, with the death of > 17,000pups and
an unknown number of adults at Península Valdés, Argentina33. Our
epidemiological account of this outbreak provides clinical observa-
tions with ecological context forH5N1 HPAI infection in elephant seals.
Furthermore, our viral genome data provides evidence for the evolu-
tion of a novelmarinemammal clade of H5N1 (2.3.4.4b) HPAI virus that
has spread among pinnipeds in several countries of South America,
revealing mutations that may have enabled their ability to infect
mammals while also retaining the ability to spillover to avian hosts.

While serological surveys indicate broad exposure to influenza A
viruses (IAV) in pinnipeds globally, mass mortality events have been
rare38–40. Prior to 2022, the largest IAV outbreak in pinnipeds occurred
in 1980, when H7N7 HPAI viruses killed 400–500 harbor seals at Cape
Cod, USA, representing ~ 20% of the species’ local population41,42.
Other significant pinniped mortalities attributed to IAV comprise the
death of 162 harbor seals in New England, USA, in 2011 due to
H3N8 strain43 and 152 harbor seals in Denmark in 2014 due to
H10N7 strain44. Prior to 2023, no pinniped deaths had been attributed
to IAV in South America. There are also no published studies reporting
on the detection of IAV (or antibodies against them) in southern ele-
phant seals. For northern elephant seals (Mirounga angustirostris), the
only IAV detections were asymptomatic infections with human-like
H1N1 strains in California, USA, in 2009–2012 and 201945–47. Con-
sidering that IAV surveys on the Atlantic coast of South America have
only reported low pathogenicity avian influenza (LPAI) H11 and
H13 strains in coastal birds48–50 and antibodies against H1 strains in fur
seals39, it is likely that southern elephant seals at Península Valdés were
naïve to H5 viruses until 2023.

Our data shows that elephant seal pupswere severely impactedby
H5N1 at Península Valdés, but the extent to which adult elephant seals
were affected by HPAI is unclear. The unusually high number of adult
carcasses at Punta Delgada, as well as the abnormal haul-outs and the
confirmed case in Golfo Nuevo reported here, suggest that adult ele-
phant seals are susceptible to H5N1 (2.3.4.4b) HPAI infection. Fur-
thermore, a dead adult male elephant seal at Punta Tombo (a non-
breeding area ~ 190 km southwest of Punta Delgada) was confirmed
positive for H5N1 HPAI virus by national authorities in mid-September
202351, prior to the onset of the Península Valdés outbreak. Beyond
recorded beached carcasses, the complete disruption of the social and
breeding structure at Punta Delgada (evidenced by the absence of
harems and large alpha males and the presence of motherless pups)
suggests that adult elephant seals abandoned the colony prematurely,
perhaps after becoming infected. Yet, it is difficult to ascertain the
number of adult deaths, whichmay have happened at sea andwill only
be accounted for via population censuses at Península Valdés in
coming years. Nevertheless, the fact that in 2023 the adult females
abandoned the beach probably before being impregnated (which
normally occurs when pups are weaned52) suggests that this popula-
tion will likely experience an atypically low birth rate in 2024, even if
most adult females survived.

From a disease evolution standpoint, there is growing concern
that H5N1 viruses adapted to mammalian transmission could facilitate
host jumps to other species, including humans. Mammal-to-mammal
IAV transmission is believed to have occurred sporadically among
pinnipeds over the years41–44,53,54. The recent demonstration that the
H5N1 strain from a human case in Chile (which belongs to the marine
mammal clade discussed in this study) is transmissible between co-
housed ferrets55 also supports the notion that mammal-to-mammal
transmission could have played a role in the spread of these viruses in
marinemammal communities in South America.Weposit that the high

mortality rate in elephant seal pups is also consistent withmammal-to-
mammal transmission, as pups are toothless and nurtured exclusively
throughnursing from theirmothers. Contactwithwildbirds isminimal
and couldnot explain the death of ~ 95%of all pups born (~ 17,000) in a
matter of weeks, over 200 km of coastline along Península Valdés.
Somenewbornsmayhave been infectedbefore birth, as transplacental
transmission of H5N1 HPAI viruses has been reported in humans56, and
high virus loads were detected in aborted sea lion fetuses11,30. It could
also be that mothers were infected and shed the virus through their
milk, infecting their pups57,58. Yet, how adult female elephant seals
would have been infected in the first place without mammal-to-
mammal transmission presents a thornier question. Prior to arriving to
give birth at Peninsula Valdés in September, the elephant seals would
have spent a solitary winter at sea in the South Atlantic and Southern
Oceans59. Feeding is anunlikely route of exposure toH5N1HPAI viruses
since elephant seals do not eat birds or mammals, feeding instead on
squid, fish, and crustaceans captured in deep waters52,60, and adult
elephant seals will fast while on land52,61. Moreover, elephant seals are
pelagic and only come to shore and aggregate for a fewweeks to breed
and later to molt, thus limiting the time window for interspecific
interactions and transmission on land52,62. The main interactions
between birds and elephant seals involve opportunistic scavenging of
elephant seals’ placental remains, molted skin, and carcasses by gulls61

(Supplementary Fig. 1E), which provides more opportunities for
mammal-to-bird transmission than vice-versa. In this context, it seems
unlikely that bird-to-mammal transmission alone could explain the
simultaneity, extent, and speed of the outbreak in elephant seals at
Península Valdés. Although there are still many unknowns about the
precise viral transmission routes (e.g., contact, environmental, aero-
sol), seal-to-seal transmission seems the most plausible hypothesis to
explain viral dissemination during this outbreak. In experimental
infections in several wildmammals and in ferretmodels, nasal and oral
H5N1 virus shedding has occurred as quickly as one-day post-inocu-
lation and lasted about a week63, suggesting that elephant seals
infected soon after hauling out on the beach could have begun shed-
ding virus within a very short period of time.

How the viruswas first introduced to the elephant seals when they
arrived at the beaches is unclear, but sea lions appear to be the most
likely source. Notably, the epidemic path of HPAI along coastal
Argentina left virtually no rookery or stretch of beach without dead or
symptomatic sea lions from south to north30,64 and then progressed to
neighboring Uruguay and Brazil31,32. This extended spread along the
Atlantic coast mirrored that seen along the Pacific coast, with the
common denominator being infected sea lions11,27 (Fig. 4). South
American sea lions regularly visit multiple rookeries and haul-outs,
sometimes interacting aggressively with other pinnipeds65,66; further-
more, several beaches of Península Valdés are shared by sea lions and
elephant seals breeding in close proximity (Supplementary Fig. 10). At
Punta Delgada, we observed numerous sea lion carcasses amongst
dead elephant seals (Fig. 1A and Table 2) and witnessed aggressive
interactions between sea lions and elephant seals (Supplementary
Fig. 1C, D). Government veterinarians who monitored sea lion rook-
eries in Argentina noted that some animals showing clinical signs of
HPAI survived for several days and often abandoned the rookeries
while ill (Veronica Sierra, pers. comm.). It is plausible that these sea
lions visited different sites during their convalescent period, including
elephant seal colonies, andmay have played a key role in the spread of
H5N1 viruses. Considering the occurrence of a multi-species outbreak
with sea lions, fur seals, and seabirds onemonth prior in the region30, it
is conceivable that birds infected in that outbreak also contributed to
the spread of the virus to the beaches occupied by elephant seals in
Península Valdés. In addition, mammal-to-bird spillovers do not seem
improbable given the frequent observations of gulls and other avian
scavengers feedingon sea lionandelephant seal carcasses inArgentina
(Supplementary Fig. 1E). It is interesting to note that the earliest H5N1
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HPAI detection in the Falkland/Malvinas Islands was that of a marine
mammal clade virus in a southern fulmar (Fulmarus glacialoides) in late
October 202367. Fulmars are known to occasionally scavenge on birds
and mammals68–70, and this detection raises the possibility that
scavenging procellariiform birds could also play a role in the spread of
these viruses. On the other hand, it is still unclear how terns (which are
not scavengers) became infected, and further studies may help to
clarify whether other birds (e.g., gulls) played a role as bridging hosts
between pinnipeds and terns.

Mammal-to-mammal transmission is also supported by our
regional phylogenetic analysis, which identified a novel H5N1 2.3.4.4b
clade with viruses that appear to be specific to marine mammals. This
marine mammal clade comprises strains with mutations that were not
present in H5N1 2.3.4.4b viruses in birds (wild and domestic) from
Peru, Chile, Argentina, Uruguay, and Brazil, excepting occasional
spillovers from marine mammals to coastal birds (terns and sander-
ling; Supplementary Tables 3, 4). Some of these mutations (such as
Q591K and D701N in PB2) are associated with increased virulence,
transmission, or adaptation to mammalian hosts71–73 and have been
maintained since they first emerged in H5N1 HPAI viruses in marine
mammals in Chile. Themaintenance of a unique cassette ofmutations
in viruses frommarinemammals (Fig. 3), the lower rate of evolution of
these viruses (Fig. 2C), and the distinct pathways of spread across host
groups (Fig. 2B) and geographical areas (Fig. 4), strongly support the
hypothesis that viruses from thenovelH5N1marinemammal clade had
an independent chain of virus transmission among marine mammals,
separate from the avian transmission chains in Argentina and other
countries, and retained the capacity to spillover to terns. Of note, the
rate of evolution of the marine mammal viruses is not only lower than
that of H5N1 viruses circulating in birds in South America, but it is also
considerably lower than that of H5N1 viruses circulating in cattle in the
USA (6.2 × 10−3; 5.3–7.2 × 10−3 95% HPD)74. This could relate to the high
densities of susceptible hosts in farmedanimals (dairy cowsor poultry)
and colonial seabirds providing opportunities for rapid and sustained
transmission. To date, no reassortment has been observed between
H5N1 HPAI viruses in South America and LPAI viruses belonging to the
South America lineage that circulate enzootically in aquatic birds in
Argentina, Chile, and Peru11,75.

To our knowledge, the H5N1 HPAI 2.3.4.4b marine mammal clade
identified in South America represents multinational transmission of
HPAI inmammals, anoccurrencenotpreviously reported.Over the last
century, LPAI H1, H2, H3, and H7 viruses have periodically jumped into
mammals, including humans, swine, canines, and equines, causing
major outbreaks andpandemics76. Spillover ofH5N1 2.3.4.4b clade also
regularly occurs in humans and terrestrial and marine mammals on a
global scale, but onward transmission in mammals is limited and not
sustained over time, leading to speculation that the H5 subtype per-
haps is not capable of causing a pandemic26,77,78. Despite gaps in the
available data, our epidemiological and phylogenetic results support
the hypothesis that the spread of viruses from the novel marine
mammal clade in South Americahasoccurred viamammal-to-mammal
transmission. While there is a need for a better understanding of the
mode of transmission between marine mammals, there is increasing
consensus that mammal-to-mammal transmission has played a sig-
nificant role in the recent spread of H5N1 HPAI viruses worldwide79.
The recovery of live viruses for pathogenesis and transmission studies
would be valuable to demonstrate how these strains behave in mam-
malian experimental models. Furthermore, additional studies on the
virus prevalence, shedding, and genome in different potential hosts
within the coastalwildlife of Patagonia, especially for species that were
already shown to be susceptible to H5N1 HPAI viruses in other regions
(e.g., skuas, gulls, petrels) would be helpful to identify if there are
asymptomatic reservoirs of infection and bridge hosts.

The implications of sustained mammal-to-mammal transmission
of H5N1 HPAI viruses could be far-reaching, both from a conservation

and a public health perspective. From the standpoint of wildlife con-
servation, this is particularly concerning for endangered
pinnipeds with limited geographic distribution such as Caspian seals
(Pusa caspica) andHawaiianmonk seals (Neomonachus schauinslandi),
among others80. Significant mortalities of southern elephant seals and
Antarctic fur seals (Arctocephalus gazella) have been attributed to
H5N1 HPAI in South Georgia67,81; however the viruses involved do not
belong to themarine mammal clade identified in this study, clustering
instead with avian viruses from inland Argentina67. Considering that
95% of Antarctic fur seals82 and 50% of southern elephant seals83 breed
in South Georgia, these populations could be at great risk if themarine
mammal clade viruses spread there in the future. The detection of
marine mammal clade viruses in dead dolphins and porpoises in
Chile13,14 is also concerning since 23%of theworld’s odontocete species
are already threatened with extinction84. If pinnipeds become a sus-
tainable reservoir for H5N1 HPAI viruses that retain the capacity to
infect wild birds, coastal bird species could be repeatedly affected by
spillover infections. Furthermore, the implications could become even
more severe if the marine mammal clade viruses evolve to enable
transmission among terrestrial mammals or if additional gene reas-
sortment occurs with South American LPAI viruses present in
Argentina48,50,85,86, potentially expanding either the host range, patho-
genesis, and/or transmission in wildlife.

From a public health perspective, mammal-to-mammal transmis-
sion could be a stepping-stone in the evolutionary pathway for these
viruses to become capable of human-to-human transmission87. As
mentioned previously, some of the mutations found in the strains of
the marine mammal clade are already known to be of concern. In
particular, the mutation D701N in PB2 has been shown to compensate
for the lack of the E627K mutation in PB2 in terms of improved viral
growth in mammalian cells and enhanced aerosol transmission of
H3N2 andH5N1 viruses88. The fact that theH5N1 HPAI virus detected in
a human case in Chile belongs to the marine mammal clade and is
transmissible among ferrets55,89 highlights the potential risk to public
health. In addition, the possibility of zoonotic strains resulting from
the reassortment between HPAI viruses and other IAV strains infecting
pinnipeds is also of concern43,90, especially since pinnipeds are
known to occasionally host human-like IAV strains45–47. However,
the phenotypic effects of mutations in other gene segments
found in the H5 viruses from our study (Supplementary Table 4)
are not yet known, and further research using in vivo mammalian
models is needed to determine whether they can enhance viru-
lence and/or transmission.

In conclusion, the world has seen a concerning increase in the
number of H5N1 HPAI detections in mammals since 2023, including
notable outbreaks such as the one reported here. Amidst growing
evidence that mammal-to-mammal transmission played a role in H5N1
HPAI outbreaks in dairy cows in North America57,91 and in fur farms in
Europe92,93, the outbreak among elephant seals in Península Valdés
represents another case where mammal-to-mammal transmission was
potentially involved in the spread of H5N1 HPAI infections, this time in
free-ranging wildlife. Genetic drift and shift in IAVs are stochastically-
driven phenomena94, and mutations that increase transmissibility
betweenmammals aremore likely to occur inmammals than birds95,96.
Therefore, the recent increase in H5N1 HPAI circulation inmammals is
a warning that should not be ignored. Moving forward, HPAI man-
agement requires holistic strategies that recognize the inter-
connectedness of human, animal, and environmental health as well as
safeguard biodiversity, promote sustainable practices, and enhance
resilience globally to emerging infectious diseases.

Methods
Study species
Southern elephant seals are widely distributed in Subantarctic islands,
with a single continental colony at Península Valdés, Patagonia,
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Argentina (representing ~ 5% of the global population)80. The species
has a well-defined annual life cycle, which we summarize as follows
based on studies at Península Valdés52,62. Adult (and subadult) males
and females haul out in late August and early September, with alpha
males establishing and defending harems (median 11–13 females per
harem,with amaximumof 134 females); subordinatemales are chased
away but remain along the margins of harems. The number of adults
on the beach rapidly increases during the second half of September,
reaching its peak by the end of that month. Most females are pregnant
when they come ashore, giving birth within 5.7 ± 1.9 days after arrival
(80% of pups are born by 2 October). Pups are toothless and will nurse
for 22.4 ± 1.7 days; during this period, the females will fast and remain
with their pups, under the protection of the alpha male. Copulations
will begin 20.3 ± 2.1 days after parturition, i.e., shortly before females
wean their pups. The female then abandons the pup and returns to the
sea to forage; on average, females spend a total of 28.2 ± 2.5 days
ashore, fasting. Males also fast on land and will abandon the beach
approximately at the same time as females; adult seals are nearly
absent on the beach by mid-November. The number of weaned pups
will increase during the second half of October, reaching its peak by
the end of November. Weaners will remain on the beach for > 5 weeks,
fasting while they complete their physiological development and are
ready to go to sea to forage. Juveniles and adults will return to the
beaches later in the season to undergo molt, with juveniles molting
earlier (November to January) than subadults and adults (December to
February).

Study site and field observations
Península Valdés is located in Chubut, Argentina, and is a UNESCO
World Heritage site of global significance for the conservation of
marine wildlife. We studied two sites at Península Valdés: the elephant
seal breeding colony at Punta Delgada and the interior beaches of
Golfo Nuevo, where sporadic seal haul-outs occur. Punta Delgada
(from 42.753°S 63.632°W to 42.771°S 63.649°W) is a 3 km beach on the
exposed seashore of Península Valdés (Supplementary Fig. 1) where
southern elephant seals breed in high densities97,98. Field surveys were
conducted on 4-5-Oct in 2013, 2015 and 2022 (baseline years), and
during the mortality event on three occasions, 10-Oct-2023, 3-Nov-
2023 and 13-Nov-2023. In each survey, a team equipped with bino-
culars walked along the clifftop to count live and dead elephant seals,
differentiating individuals by sex and age class (pup, weaner, juvenile,
subadultmale class 1–4, adultmale, adult female) andmale dominance
status (alpha or subordinate)99,100. Because pups and weaners have
extremely limited mobility and cannot leave the beach for > 7 weeks
until they have finished their development, pup survival in 2023 was
estimated by dividing the number of living pups/weaners counted on
13-Nov-2023 by the total number of pups/weaners counted on 10-Oct-
2023. For outbreak investigation in 2023, a second team of trained
veterinarians wearing full PPE descended to the beach to document
clinical signs, collect samples from affected animals, and count the
carcasses of other wildlife species. We also covered a 50-km stretch of
interior beach in Golfo Nuevo, from Cerro Prismático (42.595°S
64.811°W) to Cerro Avanzado (42.835°S 64.874°W), including the city
of Puerto Madryn (~ 130,000 inhabitants) (Supplementary Fig. 2).
Elephant seals do not breed in this area, but sporadic haul-outs are
reported by the public and park rangers to the Red de Fauna Costera
de la Provincia del Chubut (RFC). Data on the age, sex, condition,
location, and date of each seal were extracted from RFC records for
2022 and 2023.

Sample collection
On 10-Oct-2023, a team of trained veterinarians wearing full PPE des-
cended to the beach at Punta Delgada to collect samples fromaffected
animals. Post-mortem swabs (oronasal, rectal, tracheal, lung, and
brain)were collected from four elephant seal pups, six SouthAmerican

terns (Sterna hirundinacea), and two royal terns (Thalasseus maximus)
found dead (carcasses still in rigor mortis). On 1-Nov-2023, swabs were
obtained from a subadult male elephant seal that hauled out and died
in Golfo Nuevo. Swabs were placed in cryotubes containing 1mL of
DNA/RNA Shield (#R1100-250, Zymo Research, Irvine, CA, USA) for
inactivation, and stored in a cooler with icepacks, then transferred to
– 80 °C within 24h.

Virus detection
Samples from four elephant seal pups, five adult South American terns,
and two adult royal terns were pooled according to species and sample
type. An additional pool containing all samples from a juvenile South
American tern (brain, lung, oronasal, and rectal) fromPuntaDelgada and
a separate pool containing all samples from a dead subadult male ele-
phant seal (oronasal, rectal, and lung) from Golfo Nuevo were also
analyzed. Viral RNAwas extracted from 140 µLof suspension from swabs
using a QIAamp Viral RNAMini Kit (#52904, Qiagen, Valencia, CA, USA).
RNA was eluted in a final volume of 60 µL and stored at –80 °C. Viral
cDNA was prepared using 15 µL of viral RNA and random hexamers in a
final volume of 30 µL using aHigh-Capacity cDNAArchive kit (#4368813,
Applied Biosystems, Foster City, CA, USA). The cDNA from all pooled
samples were tested for influenza A viruses by RT-qPCR using TaqMan
Universal PCR Master Mix (#4304437, Applied Biosystems) directed to
the matrix gene (forward: 5’-GAC CRA TCC TGT CAC CTC TGA-3’,
reverse: 5’-AGGGCA TTY TGG ACA AAKCGTCTA-3’, probe: 5’-FAM-TGC
AGT CCT CGC TCA CTG GGC ACG-TAMSp-3’)101. Positive samples from
elephant seals were then tested using primers and probes for H5 clade
2.3.4.4b detection (forward: 5’-CCT TGC GAC TGG GCT CAG-3’, reverse:
5’-ATC AAC CAT TCC CTG CCA-3’, probe: 5’-FAM-AGA AGA AAR AGA
GGG CTG TTT GGG GCT-BHQ-1-3’)102. Quantification cycle (Cq) values
were used as a proxy to compare viral RNA load in different samples and
to facilitate sample selection for full genome sequencing. RT-qPCR
reactions were performed on an ABI Prism 7500 SDS (Applied
Biosystems).

Full genome sequencing
The viral genome was amplified from RNA using a multi-segment one-
step RT-PCR with Superscript III high-fidelity RT-PCR kit (#12574035,
Invitrogen, Carlsbad CA) according to manufacturer’s instructions
using the Opti1 primer set (Opti1-F1: 5’-GTT ACG CGC CAG CAA AAG
CAGG-3’, Opti1-F2: 5’-GTT ACGCGCCAGCGAAAGCAGG-3’, Opti1-R1:
5’-GTT ACG CGC CAG TAG AAA CAA GG-3’)103. Amplicons were visua-
lizedon a 1% agarosegel andpurifiedwithAgencourtAMPureXPbeads
(#A63881, Beckman Colter, Brea, CA). The concentration of purified
amplicons was quantified using the Qubit High Sensitivity dsDNA kit
(#Q32850, Invitrogen) and a Qubit Fluorometer (Invitrogen). The
sequencing library was prepared with the Rapid Barcode library kit
(#SQH-RBK110.96, Oxford Nanopore, Oxford, UK) and loaded on the
Mk1c sequencer according to ONT instructions for the R.9 flow cells.
Real-time base calling was performed with MinIT (Oxford Nanopore);
the automatic real-time division into passed and failed reads was used
as a quality check, excluding reads with a quality score < 7. Quality-
checked reads were demultiplexed and trimmed for adapters and
primers, followed by mappings and a final consensus production with
CLC Genomics Workbench v23.0.2 (Qiagen).

Phylogenetic analysis
To place the coastal Argentinean viruses in a global context, we
downloaded HA gene sequences from H5N1 HPAI clade 2.3.4.4b viru-
ses globally from GenBank and GISAID since January 1, 2021. Phylo-
genetic relationships were inferred for the HA gene using the
Maximum likelihood (ML)methods available in IQ-Tree 2104 with a GTR
model of nucleotide substitution with gamma-distributed rate varia-
tion among sites. Due to the size of the dataset, we used the high-
performance computational capabilities of the Biowulf Linux cluster at
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the National Institutes of Health (http://biowulf.nih.gov). To assess the
robustness of each node, a bootstrap resampling process was per-
formed with 1000 replicates.

To study how the H5N1 HPAI outbreaks in Argentina were con-
nected to outbreaks occurring in other South American countries, we
performed a phylogenetic analysis of 18 available H5N1 virus genomes
from three species of marine mammals and two species of terns in
coastal Argentina, along with 249 closely related H5N1 virus genomes
obtained from avian and mammalian hosts in five South American
countries (Argentina, Brazil, Chile, Peru, Uruguay) and South Atlantic
islands (Falkland/Malvinas and South Georgia) available from GISAID
and/or GenBank public databases (Supplementary File 2). Alignments
were generated for each of the eight segments of the virus genome
(PB2, PB1, PA, HA, NP, NA, MP, and NS) using MAFFT v7.490105. Phy-
logenetic trees were inferred for each segment individually using
maximum-likelihood methods with a GTR +G model of nucleotide
substitution and 500 bootstrap replicates using the CLC Genomics
Workbench v23.0.2 (Qiagen), and the inferred trees were visualized.
Since the H5N1 viruses were collected from a recent outbreak and had
little time to accruemutations and diversify, limiting genetic diversity,
all Bayesian analyses were performed using concatenated genome
sequences (13,140 nt) to improve phylogenetic resolution (after
removing reassortants and viruses that did not have sequence data
available for all eight segments).

We performed a time-scaled Bayesian analysis using the Markov
chainMonteCarlo (MCMC)method availableusing theBEASTpackage
pre-release v1.10.5 (compiled on 24-Apr-2023)106, using GPUs available
from the NIH Biowulf Linux cluster (http://biowulf.nih.gov/). First, the
analysis was run with an exponential growth demographic model, a
GTR +G model of nucleotide substitution, and an uncorrelated log-
normal relaxed molecular clock. To account for the possibility that
high rates of convergent evolution involving adaptive mutations fol-
lowing host switches (see mutation analysis below) could artificially
cluster marinemammal viruses on the tree that do not actually share a
common ancestry, a second tree was inferred for the third codon
position only. The MCMC chain was run separately 3–5 times for each
dataset using the BEAGLE 3 library107 to improve computational per-
formance, until all parameters reached convergence, as assessed
visually using Tracer version 1.7.2108. At least 10% of the chain was
removed as burn-in and runs for the same dataset were combined
using LogCombiner v1.10.4106. An MCC tree was summarized using
TreeAnnotator v1.10.4106.

After the initial analysis determined that the vastmajority of H5N1
viruses collected from marine mammals clustered together in a well-
supported clade (posterior probability = 1.0), in both the whole gen-
ome and third codon analyses, we repeated the BEAST analysis using a
host-specific local clock (HSLC)109 to accommodate differences in the
evolutionary rate between marine mammals and avian hosts. For the
HSLC analysis, any singleton avian andhumanviruses positioned in the
marine mammal clade (likely representing transient dead-end spil-
lovers) were excluded to ensuremonophyly (the four viruses detected
in terns in this study were also excluded). Similarly, any singleton
marine mammal viruses positioned in the major avian clade (which
also likely represent transient dead-end spillovers frombirds tomarine
mammals) were excluded.

To compare evolutionary rates in marine mammals and avian
hosts across the eight different segments of the virus genome, the
analysis was repeated using eight genome partitions (PB2, PB1, PA,
HA, NP, NA,MP, NS). A phylogeographic discrete trait analysis110 was
performed to quantify rates of viral gene flow between different
host groups (wild bird, poultry, marine mammal, terrestrial mam-
mal (which includes humans and a zoo lion)) as well as between
locations (Argentina, Brazil, Peru, Chile, Uruguay, South Atlantic).
Since extensive virus gene flow was observed between Chile/Peru,
which is not the focus of this study, a single combined Chile/Peru

location category was used. A location state was specified for each
viral sequence based on the host species and the location of the
collection. The expected number of location state transitions in the
ancestral history conditional on the data observed at the tree tips
was estimated using “Markov jump” counts111,112, which provide a
quantitative measure of asymmetry in gene flow between defined
populations.

Mutation analysis
Consensus nucleotide sequences for the eight open reading frames
were translated to protein and compared to viruses from birds and
mammals fromArgentina, other SouthAmerican countries, Antarctica,
North America (genotype B3.2 from 2022–2023), and reference strains
from Asia (A/goose/Guangdong/1/1996 and A/Vietnam/1203/2004).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The sequence data generated in this study have been deposited in
GenBank under accession codes PQ002111–PQ002158 and
PP488310–PP488349. The extensible markup language (XML), max-
imum clade credibility (MCC), and maximum likelihood (ML) trees,
host-specific local clock (HSLC)modelfiles,Markov jump analysis files,
GISAID acknowledgement tables, and underlying data for raw tree files
are provided in Zenodo [https://doi.org/10.5281/zenodo.13923371].
Source data are provided in this paper.

References
1. Wille, M. & Waldenström, J. Weathering the storm of high patho-

genicity avian influenza in waterbirds. Waterbirds 46, 100–109
(2023).

2. Abolnik, C. et al. The molecular epidemiology of clade 2.3.4.4B
H5N1 high pathogenicity avian influenza in Southern Africa,
2021–2022. Viruses 15, 1383 (2023).

3. Knief, U. et al. Highly pathogenic avian influenza causes mass
mortality in Sandwich Tern Thalasseus sandvicensis breeding
colonies across North-Western Europe. Bird. Conserv. Int. 34, e6
(2024).

4. Lane, J. V. et al. High pathogenicity avian influenza (H5N1) in
Northern Gannets (Morus bassanus): Global spread, clinical signs
and demographic consequences. Ibis 166, 633–650 (2024).

5. Molini, U. et al. Highly pathogenic avian influenza H5N1 virus
outbreak among Cape cormorants (Phalacrocorax capensis) in
Namibia, 2022. Emerg. Microbes Infect. 12, 2167610 (2023).

6. Xie, R. et al. The episodic resurgence of highly pathogenic avian
influenza H5 virus. Nature 622, 810–817 (2023).

7. United States Animal and Plant Health Inspection Service.
Detections of Highly Pathogenic Avian Influenza in Wild Birds.
https://www.aphis.usda.gov/livestock-poultry-disease/avian/
avian-influenza/hpai-detections/wild-birds (2024).

8. Kandeil, A. et al. Rapid evolution of A(H5N1) influenza viruses after
intercontinental spread to North America.Nat. Commun. 14, 3082
(2023).

9. Youk, S. et al. H5N1 highly pathogenic avian influenza clade
2.3.4.4b in wild and domestic birds: Introductions into the United
States and reassortments, December 2021–April 2022. Virology
587, 109860 (2023).

10. Bruno, A. et al. First case of human infection with highly patho-
genic H5 avian Influenza A virus in South America: A new zoonotic
pandemic threat for 2023? J. Travel Med. 30, taad032 (2023).

11. Leguia, M. et al. Highly pathogenic avian influenza A (H5N1) in
marine mammals and seabirds in Peru. Nat. Commun. 14, 5489
(2023).

Article https://doi.org/10.1038/s41467-024-53766-5

Nature Communications |         (2024) 15:9516 11

http://biowulf.nih.gov
http://biowulf.nih.gov/
https://doi.org/10.5281/zenodo.13923371
https://www.aphis.usda.gov/livestock-poultry-disease/avian/avian-influenza/hpai-detections/wild-birds
https://www.aphis.usda.gov/livestock-poultry-disease/avian/avian-influenza/hpai-detections/wild-birds
www.nature.com/naturecommunications


12. Ariyama, N. et al. Highly pathogenic avian influenza A(H5N1) clade
2.3.4.4b virus inwild birds, chile. Emerg. Infect. Dis. 29, 1842–1845
(2023).

13. Chile Servicio Agrícola y Ganadero. Influenza Aviar (IA). https://
www.sag.gob.cl/ambitos-de-accion/influenza-aviar-ia (2024).

14. Chile Servicio Nacional de Pesca y Acuicultura. Influenza Aviar.
https://www.sernapesca.cl/influenza-aviar/ (2024).

15. Peru Ministerio de Salud. Sala de influenza aviar. https://www.
dge.gob.pe/influenza-aviar-ah5/ (2024).

16. Tammiranta, N. et al. Highly pathogenic avian influenza A (H5N1)
virus infections in wild carnivores connected to mass mortalities
of pheasants in Finland. Infect. Genet. Evol. 111, 105423 (2023).

17. Vreman, S. et al. Zoonotic mutation of highly pathogenic avian
influenza H5N1 virus identified in the brain of multiple wild carni-
vore species. Pathogens 12, 168 (2023).

18. Elsmo, E. J. et al. Highly pathogenic avian influenza A(H5N1) virus
clade 2.3.4.4b infections in wild terrestrial mammals, United
States, 2022. Emerg. Infect. Dis. 29, 2451–2460 (2023).

19. Imai, M. et al. Transmission of influenza A/H5N1 viruses in mam-
mals. Virus Res. 178, 15–20 (2013).

20. Zhao, H., Zhou, J., Jiang, S. & Zheng, B.-J. Receptor binding and
transmission studies of H5N1 influenza virus in mammals. Emerg.
Microbes Infect. 2, 1–5 (2013).

21. Russell, C. J. Hemagglutinin stability and its impact on influenza a
virus infectivity, pathogenicity, and transmissibility in avians,mice,
swine, seals, ferrets, and humans. Viruses 13, 746 (2021).

22. Mirolo, M. et al. Highly pathogenic avian influenza A virus (HPAIV)
H5N1 infection in two European grey seals (Halichoerus grypus)
with encephalitis. Emerg. Microbes Infect. 12, 2257810 (2023).

23. Thorsson, E. et al. Highly pathogenic avian influenza A(H5N1) virus
in a harbor porpoise, sweden. Emerg. Infect. Dis. 29, 852–855
(2023).

24. Lair, S. et al. Outbreak of highly pathogenic avian influenza
A(H5N1) virus in seals, St. Lawrence Estuary, Quebec, Canada1.
Emerg. Infect. Dis. 30, 1133–1143 (2024).

25. Murawski, A. et al. Highly pathogenic avian influenzaA(H5N1) virus
in a common bottlenose dolphin (Tursiops truncatus) in Florida.
Commun. Biol. 7, 476 (2024).

26. Puryear, W. et al. Highly pathogenic avian influenza A(H5N1) virus
outbreak in New England seals, United States. Emerg. Infect. Dis.
29, 786–791 (2023).

27. Ulloa, M. et al. Mass mortality event in South American sea lions
(Otariaflavescens) correlated to highly pathogenic avian influenza
(HPAI) H5N1 outbreak in Chile. Vet. Q. 43, 1–10 (2023).

28. Pardo-Roa, C. et al. Cross-species transmission and PB2 mam-
malian adaptations of highly pathogenic avian influenza A/H5N1
viruses in Chile. Preprint at https://doi.org/10.1101/2023.06.30.
547205 (2023).

29. World Organisation for Animal Health. World Animal Health
Information System. https://wahis.woah.org/ (2024).

30. Rimondi, A. et al. Highly pathogenic avian influenza A(H5N1)
viruses from multispecies outbreak, Argentina, August 2023.
Emerg. Infect. Dis. 30, 812–814 (2024).

31. Tomás, G. et al. Highly pathogenic avian influenza H5N1 virus
infections in pinnipeds and seabirds in Uruguay: implications for
bird-mammal transmission in South America. Virus Evol. 10,
veae031 (2024).

32. DeCarvalhoAraujo, A. et al.Mortality in sea lions is associatedwith
the introduction of the H5N1 clade 2.3.4.4b virus in Brazil October
2023: whole genome sequencing andphylogenetic analysis.BMC
Vet. Res. 20, 285 (2024).

33. Campagna, C. et al. Catastrophic mortality of southern elephant
seals caused by H5N1 avian influenza. Mar. Mammal. Sci. 40,
322–325 (2024).

34. Uhart, M. et al. H5N1 Peninsula valdes 2023. Zenodo https://doi.
org/10.5281/zenodo.13923371 (2024).

35. Floyd, T. et al. Encephalitis and death in wild mammals at a
rehabilitation center after infection with highly pathogenic avian
influenza A(H5N8) virus, United Kingdom. Emerg. Infect. Dis. 27,
2856–2863 (2021).

36. Postel, A. et al. Infections with highly pathogenic avian influenza A
virus (HPAIV) H5N8 in harbor seals at theGermanNorth Sea coast,
2021. Emerg. Microbes Infect. 11, 725–729 (2022).

37. Shin, D.-L. et al. Highlypathogenic avian influenzaA(H5N8) virus in
gray seals, baltic sea. Emerg. Infect. Dis. 25, 2295–2298 (2019).

38. Hinshaw, V. S. et al. Are seals frequently infected with avian
influenza viruses? J. Virol. 51, 863–865 (1984).

39. Blanc, A. et al. Serologic evidence of influenza A and B viruses in
South American fur seals (Arctocephalus australis). J. Wildl. Dis.
45, 519–521 (2009).

40. Fereidouni, S., Munoz, O., Von Dobschuetz, S. & De Nardi, M.
Influenza virus infection of marine mammals. EcoHealth 13,
161–170 (2016).

41. Webster, R. G. et al. Characterization of an influenza A virus from
seals. Virology 113, 712–724 (1981).

42. Geraci, J. R. et al. Mass mortality of harbor Seals: Pneumonia
Associated with Influenza A Virus. Science 215, 1129–1131 (1982).

43. Anthony, S. J. et al. Emergence of fatal avian influenza in New
England harbor seals. mBio 3, e00166–12 (2012).

44. Krog, J. S. et al. Influenza A(H10N7) virus in dead harbor seals,
Denmark. Emerg. Infect. Dis. 21, 684–687 (2015).

45. Boyce, W. M. et al. Influenza A(H1N1)pdm09 virus infection in
marine mammals in California. Emerg. Microbes Infect. 2, 1–2
(2013).

46. Goldstein, T. et al. Pandemic H1N1 influenza isolated from free-
ranging Northern elephant seals in 2010 off the central California
coast. PLoS ONE 8, e62259 (2013).

47. Plancarte, M. et al. Human influenza A virus H1N1 in marine
mammals in California, 2019. PLoS ONE 18, e0283049 (2023).

48. Pereda, A. J. et al. Avian influenza virus isolated in wild waterfowl
in Argentina: Evidence of a potentially unique phylogenetic line-
age in South America. Virology 378, 363–370 (2008).

49. Hurtado, R. et al. Molecular characterization of subtype H11N9
avian influenza virus isolated from shorebirds in Brazil. PLoS ONE
10, e0145627 (2015).

50. Rimondi, A. et al. Evidence of a fixed internal gene constellation in
influenza A viruses isolated from wild birds in Argentina
(2006–2016). Emerg. Microbes Infect. 7, 1–13 (2018).

51. World Organisation for Animal Health. World Animal Health
Information System: Event 5189 Outbreak OB_124986. https://
wahis.woah.org/ (2024).

52. Campagna, C., Lewis, M. & Baldi, R. Breeding biology of southern
elephant seals in Patagonia. Mar. Mammal. Sci. 9, 34–47
(1993).

53. Zohari, S., Neimanis, A.,Härkönen, T.,Moraeus,C. &Valarcher, J. F.
Avian influenza A(H10N7) virus involvement in mass mortality of
harbour seals (Phoca vitulina) in Sweden, March through October
2014. Euro Surveill. 19, https://doi.org/10.2807/1560-7917.es2014.
19.46.20967 (2014).

54. Bodewes, R. et al. Avian influenza A(H10N7) virus–associatedmass
deaths among harbor seals. Emerg. Infect. Dis. 21, 720–722 (2015).

55. Pulit-Penaloza, J. A. et al. Highly pathogenic avian influenza
A(H5N1) virus of clade 2.3.4.4b isolated from a human case in
Chile causes fatal disease and transmits between co-housed fer-
rets. Emerg. Microbes Infect. 2332667 https://doi.org/10.1080/
22221751.2024.2332667 (2024).

56. Gu, J. et al. H5N1 infection of the respiratory tract and beyond: a
molecular pathology study. Lancet 370, 1137–1145 (2007).

Article https://doi.org/10.1038/s41467-024-53766-5

Nature Communications |         (2024) 15:9516 12

https://www.sag.gob.cl/ambitos-de-accion/influenza-aviar-ia
https://www.sag.gob.cl/ambitos-de-accion/influenza-aviar-ia
https://www.sernapesca.cl/influenza-aviar/
https://www.dge.gob.pe/influenza-aviar-ah5/
https://www.dge.gob.pe/influenza-aviar-ah5/
https://doi.org/10.1101/2023.06.30.547205
https://doi.org/10.1101/2023.06.30.547205
https://wahis.woah.org/
https://doi.org/10.5281/zenodo.13923371
https://doi.org/10.5281/zenodo.13923371
https://wahis.woah.org/
https://wahis.woah.org/
https://doi.org/10.2807/1560-7917.es2014.19.46.20967
https://doi.org/10.2807/1560-7917.es2014.19.46.20967
https://doi.org/10.1080/22221751.2024.2332667
https://doi.org/10.1080/22221751.2024.2332667
www.nature.com/naturecommunications


57. Burrough, E. R. et al. Highly pathogenic avian influenza A(H5N1)
clade 2.3.4.4b virus infection in domestic dairy cattle and cats,
United States, 2024. Emerg. Infect. Dis. 30, 1335–1343 (2024).

58. Eisfeld, A. J. et al. Pathogenicity and transmissibility of bovine
H5N1 influenza virus. Nature 633, 426–432 (2024).

59. Hindell, M. A. et al. Circumpolar habitat use in the southern ele-
phant seal: implications for foraging success and population tra-
jectories. Ecosphere 7, e01213 (2016).

60. Van Den Hoff, J., Burton, H. & Davies, R. Diet of male southern
elephant seals (Mirounga leonina L.) hauled out at Vincennes Bay,
East Antarctica. Polar Biol. 26, 27–31 (2003).

61. Laws, R. M. The Elephant Seal (Mirounga leonina, Linn.): II. Gen-
eral, social and reproductive behaviour. F. I. D. S. Sci. Rep. 13,
1–88 (1956).

62. Lewis, M., Campagna, C. & Zavatti, J. Annual cycle and inter-
annual variation in the haul-out pattern of an increasing southern
elephant seal colony. Antarct. Sci. 16, 219–226 (2004).

63. Root, J. J., Porter, S. M., Lenoch, J. B., Ellis, J. W. & Bosco-Lauth, A.
M. Susceptibilities and viral shedding of peridomestic wildlife
infected with clade 2.3.4.4b highly pathogenic avian influenza
virus (H5N1). Virology 600, 110231 (2024).

64. Servicio Nacional de Sanidad y Calidad Agroalimentaria. Estado
de la situación epidemiológica en la Argentina. https://www.
argentina.gob.ar/senasa/estado-de-la-situacion-epidemiologica-
en-la-argentina (2024).

65. Campagna, C., Le Boeuf, B. & Bisioli, C. In Ethology and Behavioral
Ecology of Otariids and the Odobenid (eds. Campagna, C. & Har-
court, R.) 183–203 (Springer International Publishing,
Cham, 2021).

66. Cassini, M. Inter-specific infanticide in South American otariids.
Behaviour 135, 1005–1012 (1998).

67. Banyard, A. C. et al. Detection and spread of high pathogenicity
avian influenza virus H5N1 in the Antarctic Region. Nat. Commun.
15, 7433 (2024).

68. Ridoux, V. & Offredo, C. The diets of five summer breeding sea-
birds in Adelie Land, Antarctica. Polar Biol. 9, 137–145 (1989).

69. Genevois, F. & Chastel, O. An Antarctic fulmar fulmarus glacia-
loides feeding onland. Mar. Ornithol. 19, 10 (1991).

70. Mallory, M. et al. Temporal and spatial patterns in the diet of
northern fulmars Fulmarus glacialis in the Canadian High Arctic.
Aquat. Biol. 10, 181–191 (2010).

71. Czudai-Matwich, V., Otte, A., Matrosovich, M., Gabriel, G. & Klenk,
H.-D. PB2 Mutations D701N and S714R Promote Adaptation of an
Influenza H5N1 Virus to aMammalian Host. J. Virol. 88, 8735–8742
(2014).

72. Zhu, W. et al. Dual E627K and D701N mutations in the PB2 protein
of A(H7N9) influenza virus increased its virulence in mammalian
models. Sci. Rep. 5, 14170 (2015).

73. Wang, C., Lee, H. H. Y., Yang, Z. F., Mok, C. K. P. & Zhang, Z. PB2-
Q591K Mutation determines the pathogenicity of avian H9N2
influenza viruses for mammalian species. PLoS ONE 11,
e0162163 (2016).

74. Nguyen, T.-Q. et al. Emergence and interstate spread of highly
pathogenic avian influenza A(H5N1) in dairy cattle. Preprint at
https://doi.org/10.1101/2024.05.01.591751 (2024).

75. Godoy, M. et al. Evolution and current status of influenza a virus in
chile: A review. Pathogens 12, 1252 (2023).

76. Schrauwen, E. J. & Fouchier, R. A. Host adaptation and transmis-
sion of influenza A viruses inmammals. Emerg. Microbes Infect. 3,
1–10 (2014).

77. Bordes, L. et al. Highly pathogenic avian influenza H5N1 virus
infections in wild red foxes (Vulpes vulpes) show neurotropism
and adaptive virus mutations. Microbiol. Spectr. 11, e02867–22
(2023).

78. Baechlein, C. et al. Neurotropic highly pathogenic avian influenza
A(H5N1) virus in red foxes, Northern Germany. Emerg. Infect. Dis.
29, 2509–2512 (2023).

79. Peacock, T. et al. The global H5N1 influenza panzootic in mam-
mals. Nature https://doi.org/10.1038/s41586-024-08054-z
(2024).

80. Jefferson, T. A., Webber, M. A. & Pitman, R. L.Marine Mammals of
the World: A Comprehensive Guide to their Identification. (Aca-
demic Press, Oxford, 2015).

81. Bennison, A. et al. A case study of highly pathogenic avian influ-
enza (HPAI) H5N1 at Bird Island, South Georgia: the first docu-
mented outbreak in the subantarctic region. Bird Study 1–12
https://doi.org/10.1080/00063657.2024.2396563 (2024).

82. Hofmeyr, G. J. G. Arctocephalus gazella. The IUCN Red List of
Threatened Species https://www.iucnredlist.org/species/2058/
66993062 (2016).

83. Hofmeyr, G. J. G. Mirounga leonina. The IUCN Red List of Threa-
tened Species http://www.iucnredlist.org/details/13583/0 (2014).

84. Braulik, G. T. et al. Red‐list status and extinction risk of the world’s
whales, dolphins, and porpoises. Conserv. Biol. 37, e14090
(2023).

85. Rimondi, A. et al. Phylogenetic analysis of H6 influenza viruses
isolated from rosy-billed pochards (Netta peposaca) in Argentina
reveals the presence of different HA gene clusters. J. Virol. 85,
13354–13362 (2011).

86. Xu, K. et al. Isolation and characterization of an H9N2 influenza
virus isolated in Argentina. Virus Res. 168, 41–47 (2012).

87. Kuiken, T., Fouchier, R. A. M. & Koopmans, M. P. G. Being ready for
the next influenza pandemic? Lancet Infect. Dis. 23, 398–399
(2023).

88. Steel, J., Lowen, A. C., Mubareka, S. & Palese, P. Transmission of
influenza virus in a mammalian host is increased by PB2 amino
acids 627K or 627E/701N. PLoS Pathog. 5, e1000252 (2009).

89. Castillo, A. et al. The first case of human infection with H5N1 avian
Influenza A virus in Chile. J. Travel Med. 30, taad083 (2023).

90. Callan, R. J., Early, G., Kida, H. & Hinshaw, V. S. The appearance of
H3 influenza viruses in seals. J. Gen. Virol. 76, 199–203 (1995).

91. Ly, H. Highly pathogenic avian influenza H5N1 virus infections of
dairy cattle and livestock handlers in the United States of America.
Virulence 15, 2343931 (2024).

92. Lindh, E. et al. Highly pathogenic avian influenza A(H5N1) virus
infection on multiple fur farms in the South and Central Ostro-
bothnia regions of Finland, July 2023. EuroSurveill.28, https://doi.
org/10.2807/1560-7917.es.2023.28.31.2300400 (2023).

93. Kareinen, L. et al. Highly pathogenic avian influenza A(H5N1) virus
infections on fur farms connected to mass mortalities of black-
headed gulls, Finland, July to October 2023. Euro Surveill. 29,
https://doi.org/10.2807/1560-7917.es.2024.29.25.2400063
(2024).

94. Nelson, M. I. et al. Stochastic processes are key determinants of
short-term evolution in influenza a virus. PLoS Pathog. 2, e125
(2006).

95. Herfst, S., Imai,M., Kawaoka, Y. & Fouchier, R.A.M.Avian influenza
virus transmission to mammals. Curr. Top Microbiol. Immunol.
385, 137–155 (2014).

96. Richard, M. et al. Mutations driving airborne transmission of A/
H5N1 virus in mammals cause substantial attenuation in chickens
only when combined. Sci. Rep. 7, 7187 (2017).

97. Campagna, C. & Lewis, M. Growth and distribution of a southern
elephant seal colony. Mar. Mammal. Sci. 8, 387–396 (1992).

98. Ferrari, M. A., Lewis, M. N., Pascual, M. A. & Campagna, C. Inter-
dependence of social structure and demography in the southern
elephant seal colony of Península Valdés, Argentina. Mar. Mam-
mal. Sci. 25, 681–692 (2009).

Article https://doi.org/10.1038/s41467-024-53766-5

Nature Communications |         (2024) 15:9516 13

https://www.argentina.gob.ar/senasa/estado-de-la-situacion-epidemiologica-en-la-argentina
https://www.argentina.gob.ar/senasa/estado-de-la-situacion-epidemiologica-en-la-argentina
https://www.argentina.gob.ar/senasa/estado-de-la-situacion-epidemiologica-en-la-argentina
https://doi.org/10.1101/2024.05.01.591751
https://doi.org/10.1038/s41586-024-08054-z
https://doi.org/10.1080/00063657.2024.2396563
https://www.iucnredlist.org/species/2058/66993062
https://www.iucnredlist.org/species/2058/66993062
http://www.iucnredlist.org/details/13583/0
https://doi.org/10.2807/1560-7917.es.2023.28.31.2300400
https://doi.org/10.2807/1560-7917.es.2023.28.31.2300400
https://doi.org/10.2807/1560-7917.es.2024.29.25.2400063
www.nature.com/naturecommunications


99. Le Boeuf, B. J. Male-male competition and reproductive success in
elephant seals. Am. Zool. 14, 163–176 (1974).

100. Lewis, M. El Elefante Marino Del Sur: Biología de La Especie,
Descripción General de La Agrupación de La Península Valdés y
Protocolos de Trabajo. 24 https://patagonianatural.org.ar/wp-
content/uploads/2021/04/255_IT16.pdf (1996).

101. World Health Organization. Protocolo del CDC para el RT-PCR en
tiempo real para el nuevo subtipo del virus de influenza A(H1N1):
Revisión 1 (30 de abril de 2009). https://www.paho.org/es/node/
36933 (2009).

102. Animal and Plant Health Agency. Detection of Eurasian H5 Avian
Influenza Virus and High Pathogenicity H5 Subtype Virus by Real
Time-PCR. 22 https://science.vla.gov.uk/flu-lab-net/Documents/
english/protocol_EurasianH5_110222.pdf (2022).

103. Zhou, B. et al. Single-reaction genomic amplification accelerates
sequencing and vaccine production for classical and swine origin
human influenza a viruses. J. Virol. 83, 10309–10313 (2009).

104. Minh, B. Q. et al. IQ-TREE 2: Newmodels and efficientmethods for
phylogenetic inference in the genomic era. Mol. Biol. Evol. 37,
1530–1534 (2020).

105. Katoh, K. & Standley, D. M. MAFFT Multiple sequence alignment
software version 7: Improvements in performance and usability.
Mol. Biol. Evol. 30, 772–780 (2013).

106. Suchard, M. A. et al. Bayesian phylogenetic and phylodynamic
data integration using BEAST 1.10.Virus Evol.4, https://doi.org/10.
1093/ve/vey016 (2018).

107. Ayres, D. L. et al. BEAGLE 3: Improved performance, scaling, and
usability for a high-performance computing library for statistical
phylogenetics. Syst. Biol. 68, 1052–1061 (2019).

108. Rambaut, A., Suchard,M. A., Xie, D. &Drummond, A. J. Tracer v1.6.
http://beast.bio.ed.ac.uk/Tracer (2014).

109. Worobey, M., Han, G.-Z. & Rambaut, A. A synchronized global
sweep of the internal genes of modern avian influenza virus.
Nature 508, 254–257 (2014).

110. Lemey, P., Rambaut, A., Drummond, A. J. & Suchard, M. A. Baye-
sian phylogeography finds its roots. PLoS Comput. Biol. 5,
e1000520 (2009).

111. Minin, V. N. & Suchard, M. A. Counting labeled transitions in
continuous-time Markov models of evolution. J. Math. Biol. 56,
391–412 (2007).

112. Lemey, P. et al. Unifying viral genetics and human transportation
data to predict the global transmission dynamics of human influ-
enza H3N2. PLoS Pathog. 10, e1003932 (2014).

Acknowledgements
Wildlife Conservation Society, University of California, Davis, and the
National Institute of Agricultural Technology (INTA) (PNSAPD114) funded
this study. This work was also partially supported by Alexander von
Humboldt Foundation, through a fellowship to A. Rimondi. Special
thanks go to M. Muñoz and A. Puebla from Unidad Genómica (INTA) for
their outstanding technical support in sequencing IAV genomes. We
thank Lic. M. Cabrera from Dirección de Conservación, Secretaría de
Turismo Municipal de Puerto Madryn, and park rangers from Área
Natural Protegida El Doradillo. We also thank H. O. Loza from Reserva

Natural de la Defensa Faro Punta Delgada (Armada de la República
Argentina) and the navy personnel who work there. We acknowledge
data shared by Red de Fauna Costera de la Provincia de Chubut. Permits
were granted by Dirección de Fauna y Flora Silvestres de la Provincia de
Chubut and Subsecretaría de Conservación y Áreas Protegidas de
Chubut. We acknowledge Servicio Nacional de Sanidad y Calidad
Agroalimentaria (SENASA) and other laboratories in South America that
submitted H5N1 virus sequence data to GISAID.

Author contributions
Author contributions were as follows: Study design: M.U. and A.R.
Funding: M.U., V.F., and A.R. Sample and data collection: M.U., R.E.T.V.,
J.C., V.Z., V.F., andC.C. Virus detection and virus sequencing:V.S.O. and
A.R. Phylogenetic analyses: M.I.N., A.R., and P.L. Data analysis and
interpretation: M.U., R.E.T.V, M.I.N., and A.R. Writing of the manuscript:
M.U., R.E.T.V., M.I.N., and A.R. All authors approved the manuscript
before submission.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-53766-5.

Correspondence and requests for materials should be addressed to
Marcela M. Uhart or Agustina Rimondi.

Peer review information Nature Communications thanks Vijaykrishna
Dhanasekaran, and the other anonymous reviewers for their contribu-
tions to the peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-024-53766-5

Nature Communications |         (2024) 15:9516 14

https://patagonianatural.org.ar/wp-content/uploads/2021/04/255_IT16.pdf
https://patagonianatural.org.ar/wp-content/uploads/2021/04/255_IT16.pdf
https://www.paho.org/es/node/36933
https://www.paho.org/es/node/36933
https://science.vla.gov.uk/flu-lab-net/Documents/english/protocol_EurasianH5_110222.pdf
https://science.vla.gov.uk/flu-lab-net/Documents/english/protocol_EurasianH5_110222.pdf
https://doi.org/10.1093/ve/vey016
https://doi.org/10.1093/ve/vey016
http://beast.bio.ed.ac.uk/Tracer
https://doi.org/10.1038/s41467-024-53766-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Epidemiological data of an influenza A/H5N1 outbreak in elephant seals in Argentina indicates mammal-to-mammal transmission
	Results
	Elephant seal mortality at Punta Delgada breeding colony, Península Valdés
	Clinical signs and post-mortem findings in elephant seals
	Detection of H5N1 HPAI clade 2.3.4.4b virus in wildlife at Península Valdés
	Evolution of H5N1 HPAI viruses in Argentina
	Spillback from marine mammals to coastal birds and one human
	Lower evolutionary rate of H5N1 HPAI viruses in marine mammals
	Global SNP analysis reveals mammal adaptation mutations and suggests two H5N1 HPAI subpopulations during mammal-to-mammal transmission in Argentina

	Discussion
	Methods
	Study species
	Study site and field observations
	Sample collection
	Virus detection
	Full genome sequencing
	Phylogenetic analysis
	Mutation analysis
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




