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Introduction

I. Introduction

Only recently a comparably young pathogeoup,high pathogenity (HB avian influenza vires(AIV}

of subtype HFHPAIV H5has pavedits wayaround the globgesparingyet only AustralidOceaniaand
Antarctic regionslt emerged somewhere in Southern Chinatlire earlymid 1990sby spontaneous
mutation in poultry froma precursor virus of low pathogeniciflyB. This secalledGooséGuargdong
(Gs/Gd lineage of HPAIV hemagglutinin Y débtype H3nduced ahighly fatal diseasalsoreferred to

as fowl plaquejn poultry or, following spillbackransmissionin wild bird populations. Along with
ongoing spread of the diseaamong avian hosts, heavdffectedareasrepeatedly haveeported on
infections of mammalian specjesporadically even humansaising concerns about its zoonotic and

pandemic potential. As ydiPAI H¥iruses have not been brought under control

More than 15 years ago) winter 20052006,progeny othe Asian Gs/Gd lineage caused a fifRAIV

H5 epizootic in Europe, ushering a new era of global awareness and invocations for preparedness on
AlV.Over time, the genetics of the ancestral strain altered, resulting in differé@d@lkse HPAIV H5
subtypesand genotypeshat have beerphylogeneticallclassified into different cladeMeanwhile,

viruses of clade 2.3.4.4dre riding the cresbof the overall fifth wave o66s/GAHPAIIn Europe The
currently dominant HPAIV N subtype can bédeld responsibldor two events that require special

attention:

The prior epizootic circulation of clade 2.3.4.4b straindarthern European countries became
enzootic, in 2022, entailing disastrous economic consequef@espoultry production and

unpredictable impacts oseveral wild bird specigmtentially affecting biodiversity

In winter of 20212022, a transatlantic spread of HPAIV H5N1 became evidedphylogenetic
analyses revealed high similarity betwestrains emerging itNorth America andhose circulating in

Europe. However, the exact transmission routes for this event remained unclear for the time being.

Besides their role as reservoafsLPAlVand asvectors or key drivers in thveide geographic spread of
HPAIV Hbindividualwild birds also aresimply victims of the diseaseHigh infection pressure and
mortality amongprimary avian hostsn the Anseriformes and Charadriiformestail infections of
secondary hosts at the end of the food chain: raptors and scavengass tfEr preying behavioron
diseased, HPAIlinfected birds or carcasses has long emphasized (gaentific)value asndicator
species for HPAIV circulatiéqtowever HPAINH5activity now overlaps with the breeding and hatching
season of raptors in Europe, suchndmite-tailed seaeagles flaliaeetus albicilleand fr the first time,
novelagecohortsare exposed when HPAIV-pi&sitive preyisfed to nestlingsUltimately, the almost

global circulation of HPAIV H5 may pose a high risk to entire (sub)populations of aviane dqkers.
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All the worseHPAIV H5 is not the ordynergingviral threat to wild bird populationsnor is it the only

one with zoonotic potential and public health significance. Usutu (if8&)Y and West Nile virus
(WNV), both of whichrecentlybecame enzootic in (parts of) Europe, have been repeatedly detected in
wild birds, including raptor species. Germdrojds a specialecogeographicaposition due to the
possibility of spatrtemporal co-circulation of enzootic orthomyxoviruses (HPAIV H5) and flaviviruses
(USUV, WN\i avian hosts

This work addresses disease surveillance to (i) investigate the impact of HPAIV H5 on raptors and their
breeding succesgonsideringmass mortalityeventsin prey species and in the context of species
conservation. In addition to these more local observations, (ii) the suitability of these species as
indicatorsfor diseasespread on a global scatexempifiedin the context of Icelan@sa stopoversite
duringintercontinental spread of HPAIV H5 (clade 2.3.4(#ibA pilot studywas conductedo identify
overlapping hosts for HPAIV H5, USUV, and W®¥rmanyhat may provide an opportunity faven

more advanced and broad surveillargproache®n zoonotic avian pathogens in future.
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Il. Review ofiterature

1. Influenza A viruses

The variousaxonomc classification®f virusesare constantly being revaluated by thénternational
Committee on Taxonomy of Virus€kCTY, including recentadjustments within the family
Orthomyxoviridae [1]. It now includes nine genera (Alphainfluenzavirus, Betavirus,
Gammainfluenzavirus, Deltainfluenzavirus, Isavirus, Mykissvirus, Quaranjavirus, Sarcinovirus
Thogotovirus The nevy appointedgroupAlphainfluenzavirus influenzespresents the only species in
the genus oRlphaviruse§?]. Infuenza A viruse@A\) are now classified ag taxonomic entitypelow
speciedevel represeninga highly relevangroupof pathogengarticularlyfor the world of birdsbut
alsofor mammals includinbumans[1]. Somespecial characteristias IAV, includingvian influenza
viruses Al\j, are determined in the design of theverall genetic setip, featuring an eightfold
segmented singtstranded RNAenome of negative polaritgheir (non) structural proteinsandtwo
important featuresof replication,an errorprone RNAlependent RNAolymeraseandthe ability for

reassortmentshapinghe patterns onetiologyand epidemiology

1.1 Morphologicaktharacteristicand virusnomenclature

IAV are characterized laynegativesensed single strandeRNAgenome,that is organized in eight
segmentsEach segmergncodes for at least one virgbrotein, including structural and nestructural
ones[3, 4] Eachgenomic segment Bnwrappedby nucleoproteinsNP and attached t@ copy othe

viral polymerase complex, formed tine polymerase acidic protein (R£he polymerase basic protein

1 (PBJ)and thepolymerase basic protein 2 (BBA&Il eight viral ribonucleoproteacomplexegfvRNPare
engulfed by a proteinaceous shell formed by the viral mattatein 1 (M1) which in turn issnveloped

by a lipid bilayer membranéhat creates particles of around 820 nm in diameter, thudprms a
mainly spherical or occasionally filamentous, enveloped y5]¢Rigurel). Besides the vRNPs also the
nuclear export protein (onon-structural protein 2 NEPor NS3 and theM1, remain internal to the
enveloped virioli6]. The matriprotein2 (M2) forms as an ion channel within the viral envelf@en
contrary, the glycoproteineemagglutinin KlA and neuraminidase (NAare anchored in spidie
fashion within the outer membrané]. Both, HA and NA, serve essential functions in viral replication
and are utilized for further 1AV subtyping and classification: Generally, the receptor binding sites of HA
and NA are considered to remain highly conselvgdsStill, even these sites are affected by high

mutation ratesdue to the errofprone polymerase activity, lacking a prosddingfunction, during viral
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replication[8]. Thus, until now in total 16 different HA amide different NA were described among
various avian hostsvhereaswo novel HA (17,18) and NA (10,11) have bm@gdetected in fruit bats
from Midde and South Americf®, 10] Most recently,Fereidouni, Starick, Karamendin, et al. [11]
describeda furtherHA coding sequencsuggesingthe existence of aovel HA 19n an avian hosfhe

final combination of HA and Nwithin an 1AMs assigned to classify |&ibtypes addressed as HxNy
[3]-

Neuraminidase (NA)
Matrix protein 2 (M2)
Hemagglutinin (HA)

Ribonucleic acid Nucleoprotein (NP)

genome segments,
ordered in decreasing
length:

Nuclear export protein (NEP)

viral ribonucleoprotein complex
(VRNP)

Polymerase complex
Polymerase acidic protein (PA)
Polymerase basic protein 1 (PB1)
Polymerase basic protein 2 (PB2)

® N oL N
Z
o

Matrix protein (M1)

Lipid bilayer membrane

Figurel Schematic structure of an influenza A virus particle. Created with BioRender.com. For |
rights see Appendix, legal permissions.

Pathogenicityis applied as second criteria for differentiationf IAV in avian hosts (Alwhich is

substantial for the understanding of their epidemiology. ThA8&that found their reservoir among
aguaticbirdsor shorebird populations, amategorizedas AlV of loypathogenicityLFAIN) and usually

do not cae any ormerelymild clinical signs of an infection in these individgay. For the initial

process of ainfection IAVY | {1 S dzAS 27F Syl & Y Boas. TissidBpackiiRpfeaseés o0& (K
activate the HA prprotein (Hd), which is subsequenttfeavednto disulfidelinkedsubunitsHA and

HA [13, 14] The latternow presents the necessary formationitatiate the fusion process of viral and

cellular membranes aftéhe viral particlehas attachedo a host cel[15]. Theamino acidsequence at

the so-called cleavage sitiC3, of the HA decideswhich host proteases can split the ppeotein. A

monobasic CS formation matches trydgie proteases, thatxclusivelypccuron avian respiratory and
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intestinalepithelia. As aesult,the viral replication remain®strictedto these tissues and causes only

local infectiorof a generally mild clinical natudeRAIY.

H5 and H7 subtypediave been observed tmutate into ahighly pathogenicHP phenotype[16], in
most casesssociated with PAIV transmissid@a and virus replication i@alliformpoultry specie$l7].

A pontaneousmutation of the HAsegmentmight leadto a pdybasicCSthat renders it cleavabléor
furin-like proteases. Those aubiquitous hostproteasesand, thus, virus replicatias enabledn most
organs leading tasystemig clinically often fatahfections[18]. The exact mechanisms, how polybasic
CSare acquired remain yet uncledhree main hypothesesere recently reviewed bye Bruin, Funk,
Spronken, et al. [19{i) single nucleotide substitution@i) backtracking or stutténg movements of the
polymerasecomplexthat entail duplications within the nucleic acid sequencgiidnon-homologous
recombination events between viral or host Réfciesand the original HA RNA (only described for
HA H7)Polybasic sequences att@eA NHza Q / { f SIR G2 AdGa Ot aairfaolrid
Organisation for Animal Health (WQAbtmerly Office International des Epizooties [Jkgulations
[20].

Furthernore, thedecision on clustering into the HP gragm bemadeby anin vivoassayased on the
intra-venous pathogenicity indedVP). Values> 1.2 based on observations in chickens after

standardized inoculatiocharacterizehe virusisolateas HH20].

Given the numerous possibilities classify IAVa standardied nomenclaturehasbeenestablished to

cataloguenfluenza viruseseferring toisolates and sequenc§gal]:

- Groupofinfluenza virus (e.g. A, B,[Gaccording to prior taxonomical classification as génera
- Host speciefomitted, when of human origin)

- Location of the origin

- Isolate number or laboratorgepending internal sampiéentification

- Year ofsolation/detection

- Pathotype in case of H5/H7 subtyfeptional)

- Subtype composition of HA and [bftional)

For exampleanHPAINH5isolateretrieved from dufted duck(Aythyafuliguld) in Germany during the
2016 HPAekpizooticwasnamed Afufted duckGermanySHAR84442016 (HPH5NB; [22]).
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1.2 Essentiastrategiessupportinggeneticvarietyand anerging variantsf 1AV

The above described genomic and structural characteriséipge as basis for the overgkknetic

flexibility oflAV. The continuous emergence of new strains can be explained with two main mechanisms:

Genetic driftoccurs coincidentally as an effect of tbeor-prone RNAdependent RNAolymerase
lackinga proof-reading function8]. Hence, it is estimated thaipproximatelyevery 1x 10 baseis
substituted bya mismatching basger replication cycleresulting in a point mutatiof23]. Although

those changes might lead to Idaactional or noAfunctional protein structuresegarding antigenicity

they may provide an evolutionary ahtage, especially wheaffectingthe HA segmentr within the
polymeraseThe HA aminb OA R & (G NUzOGdzNB | Oda +ta YIAy GFNBSG
and changem the corresponding epitopesightaidto eludehostspecific immunity23]. The process

of genetic drift can be characterized as rather slowly, but stgatly However, compared to other
virusesit is still faste and, thus,is of immense importancg3]. Over time, mgle coding point-
mutationsaffecting the HA and NA proteingy lead to amnhancedmmune escapeKayali, Kandeil,
ElShesheny, et al. [28mphasized the potential challenges due to éneootic presence diPAY in

Egypt Since 2008, vaccination has become the main, and eventually only, measure in the pathogen
control program, that was appligd all types of poultry holdings for multiple years. Over time, novel
HA gene variations evolved in parallel as a re$gknetic drift. However, these no longer matched the
antigenic response induced by theeviously usedaccine strains. As a reswaccinationcontributed
indirectly to the emergencand positive selectiomf escape mutants, which continued to cause

outbreaks in the following yeaf25].

Another less frequent, but possibly more effective phenomenon is represented by theohlbiityo
exchange entire genome segmentferred to as reassortment, and leadingstecalledgenetic shift

[5]. This event requires the simultaneous infectiom singlecell with twolAVof different genetic set
ups(genotypes)When the genome segments are assembled during viral replication, the segments of
the two "parental” virions may mix and be randomly redistributed to form new sets of eight segments
comprised in a new reassorted virifn}. If HA or NA segmenése involved, that process may reveal
novelsubtypes withadvanced immune escageopensityin naive host populations or evenovide
options to broaden the host spectrum, whi&V of different host species become mij&dAlthough

the circumstances necessary for this to occur are highly subject to chance, high infection pressure and
the flexibility of IAV in host selection provisiechopportunities not infrequentlyf5]. Unlike genetic

drift, genetic shift majmmediately provide a clear evolutionary advantageis closely monitoredor

IAV between so far known source and sink regi@2s 2628].
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2. Avianinfluenza

2.1 Transmissiomoutesand diseaspatternsamong different host groups

2.1.1. Avianhosts

Resevoir species

Wild waterfowl and shorebisdarethe natural reservoifor LPANand until now awide range of wild
bird species hmbeen identified as hosts for various subtyfig®31]. Thelarge taxonomic ordersf
Anseriformes and Charadriiformes are thest representedhost groupsn Europ€32], species that
are alsohighly abundanin other continents[33]. Among themvarious differenbehavioralpatterns
can be found in terms of migratide.g. residerial or longdistancemigration) breedinge.g. colony or

non-colony breeders) and habitat preferences (pajagic, coastal, inlaind

The mainmode oftransmissiorof LPAINS via feco-oral exposure[23]. Therefore,many individuals
congregatingn large flocks at migration stagver sites or sharing the same feedimgoulting or
breeding groundprovideexcellent circumstances for virus transmissiorparticulardabbling duks

such agnallards(Anas platyrhynchdshave ahigh level of exposuras theyfilter the surface of water,

which may be&ontaminatedwith viruscontainingfeces in search ofood [31].

Outside the hostthe tenacity of AlV is depending on various environmental conditions. In water, the
virus remains infectivéor prolonged periods of days to montimscold temperature and neutral pH
ranges, depending also on the water salif84; 35] Moreover,Keeler, Dalton, Cressler, et al. [86{
Ramey, Reeves, Lagassé, et al. 48@hestd strainspecific differences in thgerseverancef AlV in

surface water.

LPAMNaffected waterfowl individualsoften showno clinical signs of amfection [30] or only midl to

unspecific indicatiog(e.g. diarrhea)12].

Poultry species

Poultry speciegAnseriformes andalliforme} are highlysusceptible to AlWirus transmssionfrom
wild birds to poultryd & a2 S Mdteleratests replication within a flockgiven thehigh densiy of
genetically similar hodhdividuals.LPAIV infections in poultry caither remain asymptomatic or
becomeassociated with miltb moderatedepressions antémporally limited phases decline in laying

performance or weighgain[17]. However, a describegreviously(seel.1) AlV of subtype H5 or H7
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could potentially switcfrom low pathogenicityo highpathogeniity phenotypesy de novamutation

in gallinaceouspeciesOutbreaks oHPAIn poultry arecommonly knowras fowl plague. In chicken
and turkey flocksHPAIMnfection cause acute deathwith flock mortality rates ofup to 100%within
few days[38]. Other potential(clinica) signs compriselepression respiratoryproblemsand sudden
declinesin food and water consumptidd 7]. Domestic Anseriform species, similamttd waterfow!
with HPAIV infectionmaynot exhibita clear clinical picture, baain display apectrum from unspecific

to severe neurological sig[is7].

AlVis introducedinto poultry flockseither throughdirect contactwith wild birdson e.g. freerange
farmsor backyard holdingsr indirecty through inadequateiosecurity neasures in large commercial
holdingsor viabridging hostsréfer tobelow) Within a poultry flock (HP)AIV spretiisughsecretons
and excreibns

Due tothe moderateto high tenacity of AlMecescontaminated equipment or clothing applied within
animal carecould lead tdhe transferof the pathogen between herds or holdinggecondary spread)
Likewise, thanovements of infected individuajanimal trade), their feces or possibly produets.
eggs) as well as improper disposatafcasses or slurmnight contribute to the spread of the pathogen
[39]. Those circumstancesanalsoallow HPAIV taeturn tothe environment ande-infect wild birds

0 G 30LWUAG Hsseen inthe emergenceof the Asian HPAIBoose/Guangdon@6/Gl) lineage(refer to
paragraphs.1and 3.3.

HPAIV infections in poultand in wild birdsare classifiedasa notifiable animal diseaseainlydue to

their high morbidity and mortality rates after acute disease onsetesulting in significant economic
impact Until very recently within the Europea Union outbreaks of HPAI in poultnhave been
combatedsolelybyimmediatecullingof affected flock$o prevent furtherspreadof the diseasdn view

of changing patterns in the temporal and spatial occurrence of viruses almost worldwide (see section
3.3), the possibility of vaccination campaigns has recently been regasdpportive tool for disease
control also in EuropeHowever, tis option would call for further surveillance approaches, active as
well aspassive, to avoid undetected virus alation within vaccinated flocks and identification of field

strains to guarantee the appropriate choice of vaccine strains ovef4the

Vector and victim species

Following spill back eventsfections with HPAIV H5 strainswild waterfowlmay sometimes occur
without clinical signsas described after experimental infectionnadllards[41, 42] At the same time,
many epizootics were chagterized by dieffs of those groups of host specids8, 44]pointing to

strainspecific viral pathogenicityn addition to general fatigue, infected birds can show aggravated
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respiration and neurological manifestation, such agiatar head tilting and, often, HPAI is associated

with acute death$17].

As Anseriformes and Charadriiforntiesnot necessarily show clinical signs of an infection, it could be
inferred they remain mobile, even while shedding the virus. Thus, they can become vector species and
carry the virus over particular geographical ran@dsbal Consortium for HSN8 and Related Influenza
Viruses (2016) [45Hemonstrated thespreadof the Asian &Gdlineage via migratory wild birds

following the reintroduction of HPAIV from poultry to wild bird populations.

Bridging species

Besidedong-distance migratory wild bisdas potential vectorsontributing evento the supraregional
and even transcontinentaipread of (HP)AIVor regional scenarioanother groupof hostsmust be
considered: Bridge host#és various definitionssuggest they are competenvirus hosts but not
necessarily highly susceptids, 47] Their behaviorallowsthem to become(mechanical) vectors for
virus transmissignas stated byLe GallLadevéze, Guinat, Fievet, et al. [48]d Caron, Cappelle,
Cumming, et al. [47Forinstance poultry flocks in inland areagithout adjacentopen watersource
are usuallyan unappealingenvironmentfor AlV reservoir species, suchveaterfowl Therefore the
introduction of (HP)AImight begeographically and habitapecificallyatherunlikely.Yet, bird species
that dependon an aquatic habitat anfbed near human populations &m opportunistic fashiorcould

fill this gap leading toa potentialvirus introductionRecent observationsavedemonstratedthat the
roles ofthe reservaoir, victim aniridging hostre not alwaysharply separatedndcanoverlap. A new
HPAIV H5N1 genotypealled genotype BB, dominatake current HPAI outbreaks in Europe after
reassorting with a guddapted LPAIV HI&4]. Backheaded gull¢Chroicocephalus ridibunduse the
most affected wild bird speciebowe\er, the same genotypbas also been found in poultry and fur
farms[48]. Gullspeciesnighthave been involved in the initial reassortment of the viassa reservoir.
Still, theyalso suffer severely from the infectiand are truevictims. In addition blackheadedgulls
breed in both coastal and inland areas and can be conslidareynanthropic specipt9], posing as a

bridge host by foraging in the vicinitysafttlements or agricultufanfrastructure.

Indicata species

Indicator speciegepresent target specidbat areinstrumentalizedor effective sampling strategids,
assess the occurrence of (HP)AIV circulation in a certain region or populdtisnterm is not
consistenly usedamong research groups, but mainly referthmidentification of key wild bird species,

whichmight enable a more efficient and economic surveillance of pathogen circulation within targeted
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sampling approache®ifferent criteria can be sdbr this purpose;often the species abundance in

relation to the confirmation of a (former) infection with a certain pathogen is addr§s3éd .

A generasuitability as indicator speciedieseither onthe opportunity tofrequent virus exposure as
primary host species (e.g. reservoir speaiesesult in pathogen contact when feeding on infected
primary hosts or virypositive carcasses, aritlus, becoming secondary hodtsthe current literature,
especially scavenging and hunting bird speciesdasignatedas (bio)ndicators for passive HPAI
surveillancelue totheir position at the top of the foochain[51, 5557]. There is barely any knowledge
onnatural infections witi.PAIV in rapt@peciesalthough after experimental infection seroconversion
has been observel8, 59] In contrast infections with HPAIV H5 stratgpically resulin acute fatal
disease of raptors deadto protracted severe neurological signs, that magessitateeuthanasia of
the individualif retrieved and submitted to rescue cent¢s$, 57, 53561].

Thisworkdza S & (i KaPtordi&s efdf todindd belonging tihe taxonomicabrders Accipitriformes
Falconiformes and Strigiformes, wheréhs terma 0 A NR& 2 F LINGs&hé owdifanditiest f & SE
Tytonidae and Strigidae.

2.1.2. Mammalian pill overanddeadendinfections

In the beginning of the 1980s, fifimdings ofAlVin harborseak Phoca vitulinpof the New England
coast United States of Americaignaled gotential, previously undetectethter-species transmission
potential of AIV[62]. Recenty increasingcasenumbers of currently circulatingdPAIV HStrainshave
been found inwild terrestrial and aquatic carnivorgsdifferent parts of the worlf63-74], but alsoin
livestock, e.g. pidg5], fur animalsand petssuch as catff6-83]. These individuals were either found
dead orafflicted withsevere neurological signs, includirgmors, convulsions, ataxia and opisthotonos
[66, 71, 72, 74]it remains to be determined whie¢r the majority ofthese infectionsnevitably leads
to death of the wild or domestic carnivooe whether a substantial proportion undergoes mild or even
asymptomatic infection signaled by seroconvergi®d]. The nost lkely reasonof these cases is
alimentarycontact withinfectedavian prey68], andoften these cases were restrictedgimgle reports
per species andtransmission even{85], as suchmost likely excluding carnivoreto-carnivore
transmission Therefore mammalsstill represenidead end hostdn contrary, ongecent observation
described a massive di¢f among South American sea lio@ddria flavescernsn Peruand Chilelt is
still unclear if this represents docalizedaccumulation okinglealimentary infections rather thama
intra-species transmission between mammalian hasta birds of the same region had beesssively

affectedby HPAY at the samdime [71, 72]
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Recent outbreaks in Poland stewlithat this risk of infection is not limited to wild mammals, but also
threatens domesticarnivoresHere, outbreaks in domestic céfeglis catuscould most likely be traced

back to feeding HP¥positive food €.g.,fresh chicken mea{B1].

Reportsfrom fur animal farns in Spainin October 202786] and Finlandin July 202383] are of
particular interestBoth reports describe outbreakaused byhe HPAIV H5 Bgenotype and suggesd

that the virus may have initially entered affected farms through infected wild birds (gull sfgfies;

86]). Numerous individuals (American minRgéepvison visdn foxes Yulpes sp.and racoon dogs
[Nyctereutes procyonoidgsieveloped clinical signs (lethargy, ataxia, tremors or diarrhea) an@8jed

86]. The swift spread in the affected farms cautiously suggested the possibility of HPAI H5 virus
transmission between mammalian hosithough another common source.g. contaminated feed,

could notbe excluded either

Infections with HPAIV H5 in mammals have been carefully recorded, because more effective adaptations
of the virus to mammals and thus even to humans can obwgstigations on thgiruses ofSpanish
and Finnish fur animals revealed tations within the PB2 segment, indicata potentialadjustment
to mammalian hostalreadyreportedin other infections in carnivorous spec[é9, 85, 87]Given that
mustelids such as ferret§Vustela putorius furp serve asmodel animals forinfluenzarelated
respiratory diseases in humgranypotential adaptations to thse species are dghe utmost public

health conceri88].

2.1.3. Human pill over and hmanavianinterfaces

The most recentlade 2.3.4.4Istrains seem to remain highly adapted to avian hosts up until now. Still,
there have been reports on human infections with HPAIV H5 strains, indicatiayespfiom avian
sources. SeverdlVsubtypes, including GsdG1PAIV H5 of different clades, hdeen described to
sporadicallynfect humans in Eurasia, Africa and recantfouth Americg89-91]. Clinically, disease in
infected humans varies from asymptomatically infectiorsetvere pulmonal dysfunctions exacerbating
towards the acute respiratory distress syndrome and dedthheworthy, elder HPAIV H5 strairtbat
circulated until 2014vere responsible foa greater number ohuman casesssociated withmore
severe clinicgdatterns and outcomeompared to strains of the 2.3.4.4b lineage. Thegésnplifiecby
more than 850 confirmed casesgisteredbetween 2003 and 2019 worldwid82] associated with
decreasing case fatality raté€FRpver timefrom 60% (20022009), to 54% (201R014) and 30%
(20152019). Within the last three years, the currénB.4.4bstrains could béneld responsible for a
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total of 17 confirmed cases and 3 deaths (CFR 18%), represefding@onotic potentiabiven the

unprecedented vast number of animal cases during that period

Retrospective epidemiological investigationshaman casesgenerallyrevealed close contactfo
affected patients to infectedirds. The perhaps most obvious possibility for direct or indirect contact
with birds is represented within the poultry sector, along the chain of food production: Workers in farms
(industrial, largescaled farms or privateackyardfarms), slaughterhouse workers or consumers when
handling raw eggs and meazn beexposed. Numerous sporadic cases have been described, all pointing
to spillover events originating from heavy exposure to infected po@@@1, 93] Although circulation

of HPAIMontaminated poultry products in the food chain must be avoided by all means, such events
have already been reportdfl4]. Contaminted feed for carnivorous pets and zoo animals likewise has

given rise to clustered cases of HPAI in cats and large[&dlj@&2]

Traditional hunting for waterfowl species seshio pose a particular risk for transmission from hunted
species to human®5]. For falconry, i.e. hunting via a bird of prey species, different findings regarding
the transmission of (HP)AIV from prey to predator species have been midbderyShuaib, Rhman, et

al. [96]and Kohls, Hafez, Harder, et al. [9fibwever no such transmission route is known so far for
involved humangOther studies describe the possible virus transmission from game birds to domestic
chikens, pointing out the risk of an HPAIV H5 infection of e.g. backyard paatteynted waterfowl

[98].

Another interface with avian species in captivity can be found in private holdings (e.g., exotic avian pets,
hobby breeders) or zoological gardens (e.g., care takers, veterinarians). Hereby, the variation of species
seems unlimited andowers representatives of dozens of different avian orders, many of them proven
susceptible for AlVIhe risk of HPAIV H5 incursions into zoological gardens or wild bird rescue centers
has been well documentd@®3, 99, 100] including requirements for high biosafety measures when

handling wild birds.

The latter is highly recommended for any interaction with wild birds, includingaingéng individuals
that are kept/handled for scientific purposes, such as bird ringing activities for potentially endangered
species. Hereby, fremnging birds are caught, marked/ringed and released back into nature to later on

apply gained knowledge for e.g. species eoration effort§101-103]

2.2 Diagnostic toolfor disease contradnd their challenges

The demands fahe diagnoses adn animal disease as HPAI are rapidity and precision to achieve fast

and detailed information othe occurrence ofHPAIV, their characterizatiomn terms ofsubtype and
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pathogenicityor inducedhost response (humoral immunityipepending on the diagnosikggally
prescribed measures will be initiated for cases that require notification, along with additional

surveillance or control measures.

\irus isolatiorrepresents the reference method for initial characterization of a nd¥eFAr routine
testing, meanwhile, ess time andesourceintensive approach becanestablishedthe detection of

viral RNAvia reverse transcription polymerase chain reactionRRR oftenin form ofreattime RT

PCR (RGPCIR Hereby RNA extractidnom clinicalor field samples is followed byenericscreening
targetingfragments ofthe M1 or NRgenesas highly conserved regions for IAV in gerjé4-106]
Subsequent specific tests allow the identification of H5 entdihly targeting at the HAegion[107,

108] Furthemore, combined (multiplexed or arrayedRFgPCRassag enable the simultaneous
detection and identification oAlV, different subtypes (incl. NA), pathotypes and possible differential
diagnoses such as Newcastle Disg§H3@]. Given the rapid mutation rate, especially for theseigment

[23], these methods are continuously adapted, to avoid eresstivity signals between subtygper

even false negative test results. In additimgssortnent events might include segments with so far
unknown or LPAFssociated segments, that requires a comprehensive validation of these assays. Still
they remain limited for strains of different (avian) host spetésporal and spatial occurren¢&09,

110}

Oligoucleotides used for diagnostic purposssch as primers and probes fordPICR, arselected
based on available sequences to ensure the correct detection of chosen target igiapgroach by
Hoffmann, Stech, Guan, et al. [163used orthe conservedendregions of allA\tsegments and, thus,

enabled the amplification of all eight segments with a universal primer set.

Whereas previouslgnainly partialgenome sequences were generated via Sasgguencing, during

the last yearsvholegenome sequencingVG3$via next generation sequenciffidG$became cormon

for AIV[111] Hereby,especiallynanoporeplatforms provide possibilities of higifroughputanalyses

in combination with rapid protoco[$11].

In addition to indepth characterization of the virus, the WGS aids to identify adaptations to different
hosts, trends towards an increased zoonotic potenf0] and enabls phylogenetic and

phylogeographic analysg8, 112]

Various AlV strains lead to various clinical manifestations. Therefore, not only the characterization of
the virus itself, but also thisost immune responge of particular interestAgain, gneric screenings,
targetingmainlyantibodies against the Nieveal prior exposure to IAV in geng24dl). Hereby @zyme

linked immunosorbent assays (ED.I8#plying monoclonal antibodies in competitive or blocking set

ups, allow for a speciesdependent identification of antibodieNeutralizing antibodies mainly target
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the HA surface proteif113]. There are commerciglLISA kits available for subtyping of HA antibodies,
another common method is the hemagglutination inhibition test (kthown to be highly specific the

HI requires careful choice of utilized antigaamismatchescanlead topossibletest insensitivity[20].

The preferences of AlIV for replication on mucosal surfaces within the respiratory or gastrointestinal
system, point out the suitability for oropharyngeal/tracheal and cloacal swabs as reliable samples, taken
from singleindividualsor pooled[105, 114] In combination with the neurotropism of HPAIV, from
deceased birds especially lung and brain sangblesld be considered for diagnostic screenied$

The latter is important in particulaoifthe detection of viral RNA garnivore hostssince tracheal or

rectal swabs might reveal low viral loachegativefindings onl\{63, 66, 85] although this might vary
between clade 2.3.4.4b straift4].

Furthermore, enviromental sample¢surface water, lake sediment or feces samjtes be applied

for screenings on AI\Athough often lower genomedetection ratesand fewer chances for virus
isolationcompared to direct avian samplimgere reported these methods deliverkinsights into the
diversity of subtypes circulating among different wild bird speldi@5-117] Nonethelessactive
surveillance based on environmental sampling approaches could not clearly reflect ongoing epizootics,
as described bjhrens, Selinka, Wylezich, et al. [1H5id thereforepassive surveillance on samples

from deceased animals remained the current preference.

Collectedswab and tissusamples are recommended to be instantly stored in a suitable medium, kept
cool and darkThe sorage conditions have to be chosen already with regard to the planned analyses
[20], but alsorequire compliancéor biosafetystandards and transport condition (e.g. virus cultivation

medium vs. inactivating, but genome stabilizing buffers

3. The HPAIV H&ooséGuangdongdineage

HPAIV H5 viruses currently affect wild bird populations and cause losses in poultry flocks almost
worldwide, except for Antarctica amklstraliaOceanig118]. Those wainsshare a common HA H5

progenitor, that evolved in China at the end of the twentieth century

3.10rigin
In 1996, aisolate was retrieved from a goosath clinical signs the Guangdong provinde Chindn
the context of an HPAI outbreaknong domestic geesbat revealed anorbidity rate of around 40%
[119] One year later echild succumbed to its influenza pneumonia in th®rdering Special

Administrative Region Hongkgngs causative agent an avian influenza virus was det¢t2e]
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Although lacking a direct connection between both events, later on phylogenetic investigations revealed
the human infection in 1997 causeddygenetically highly similar Misus asdetectedone year before
amongthe HPAI outbreaik the goose flocKL19] This finding marked the first confirmation oftdRAIV
infecting humar and most likely resenting the cause of severe illness and dgb20]. Within the
following monthdfive from a total of17 people that became infected witHPAIV HSlied [120]. The
reportsof humancases shortly aftethe firstoccurrence in poultry species (geese and chicken) and the
high mortality raten humandueled discussions on the zoonotic potential of HPAIV H5 strains, suitable
intermediate hostandinter-species barrierfl19-121]. In consequencethe globamotivationfor the
surveillance of avian influenza viruses stasngthened pursuingthe ideato preventspillover events

of HPAIV H5.

Genetidnvestigation®n HPAIV H5 causing further outbreaks in Chinese chicken farms gha@ed,
that despite the HA segment, the other seven genome segments did not match thedBaiGdut
genomes of furtheAlV circulating in that regidt19]. Thus, genetic shift early exemplified the future
challengesn handling this animal disease. It showthdyt the first step of all control measures, the
culling of the gotentially) affected poultry flockg121], could not remain the only solutioand

highlighted the importance of sampling wild birds for proper monitoring

Until the early years of the new millennium, findings of G4ikédHPAIV H5 occurred exclusively among
poultry species or wild birds found dead in a closer surrounding to affectethf@antheast Asid hus,

wild birds were supposed to represent victims and elmadl hosts of spibverevents[122, 123] The
developments in spring 2005 were all the more worrywihgndie-offs among wild birdaere observed

of different taxonomic orders (Anseriformes, Charadriiformes and Suliformes) caused by an HPAIV H5
around 2000 kilometers apart in a Western Chinese regi@inghai Lake. Phylogenetic analyses still
suggest an introduction from a poultry holdingwutheast Asjdut remarkably here farther adapted
Gs/Gdlike HPAIV H5 was transmitted between wild birds, confirming aquatic waterfowl for the first

time asapotential host and vectdi23].

This observation marked a next milestone in ltiitory of the spread of Gs/Gitteage HPAIV H5: If
migratory wild birds might have to be considered as vedfarPAl, this disease harkedithe potential
of going globdl123]. In fact these early descendants of t8s/Gd HPAIV HBerecapable of spreading
fast and viruses of this clade, termed 2.2, were the first HPAIV H5 of Asiathatigiaved their way
onwards to Europgl24].
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3.2Brief historical bacikound of Gs/Gdike descendantarrivingin Europe
Following spring 2005, outbreak events were reporémhg Russia and its southern neighboring
countries Kazakhstan and Mongolia, in poultry farms and wild bird sp&2¥sNot even one year
after the outbreaks at Qinghai Lake (April 2005), HPAIV H5 of thel(Bs@sbwas detetedn Central
Europe(February 2006ndcan be held responsible for the fiegtidemidn Germany126-128] Strains
of the same clad€.2)re-emerged in a second wave in 2007, but have not been reported ever since in
this country(127, 128]

Further HPAIV H=ll of which have the H5 Gs/@dcestorin common evolved reassorted and
subsequently were classified into the clademenclature system kihe WHO OIE FAO H5N1 Evolution
Working Group [129]Despite a single case in 2009 in a wild ietmany waspared from further
incursions until014, when anew clade2.3.4.4 of HPAIV occurreat the Northern coast of Germany
as its first detection in Eurogdlovember 2014ganuary 2015125, 130] It was describethitiallyin a
poultry holding, but was founds wellamong wild birds and affecting a zoological hol@dingermany
[100, 130, 131]Again, these viruses shed close similarity witAsianHPAIV HStrains thatsplit into
two closely related cluster King, Harder, Conraths, et al. [13]Jmmarized the phylogenetic
coherences, leading to € E A & Sistey lheages clustering within clade 2.3 hét were] 6 X 0
subsequently split into group A, termed Dondjkey, aka 2.3.4.4a angroup B, termed Gochatlige,
aka2.3.4.418 [132-134]

Although the scale of phylogenetic investigations was lipoteslof the main hypothesekescribeshe
introduction of HPAIV H53.4.4alike strains via infected, batigrationcompetentwild birds from Asia

to Europe[130] This wasstrengthenedby the contemporary occurrencef those virusesn North
Americg135]. Lee, Torchetti, Winker, et al. [136yestigated the possibility of HPAIV H5 clade 2.3.4.4a
spread along waterfowl migration paths between their summer and winter grounds within Asia and
between AsiandNorth Americaand highlighted the concomitant findings of reassortment events with
LPAV[136-138] Likewise, the Global Consortium for HSN8 and Related Influenza Viruses proofed the
major involvemenbf longdistance bird migratioffor the spread of this avian diseaglebally[45].
Notably, the American HPAIV H&pizooticof 2014/2015remainedlimited to the North American
continent[139].

The geneticallydistinct sisterlineage, clade 2.3.4.4b, reached Europe in 2226 130, 133, 134]
Besides numeroudfacted countries, Germany reported cases from November 2016 until March 2017
among wild birds, zoo birds and poultry holdifig), 141]In contrasta secondnfluxof clade 2.3.4.4b
causedanepidemicin 2017/2018mainlyamong wild birds¥ecember 201-May 2018) Acomparably

mild, third incursionoccurredin in Germanyn the first quarter of 202(Q112].
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Gs/Gdlike descendants ahreassortants dominate the HR/Adctivity since 2016Thefifth wave of
these straingeached Germany in October 2020 gradtsistedwith single casesntil August 202169,
142] The fifthepizooticin autumn/winter 2020/2021ed to two mainconsequencefor the European

and global HP Ailtuation

3.3HPAIV H¥clade 2.3.4.4)ecameenzootic in Northern Europe, 202022

At theEuropean level, HPAWas stillsporadicallydetectedduring summer 202[143]. The incidences
increased again during autur2021,marking a starting point of the enzootic status of the \aised

in European countriedVhen in autumn 2021 cases in wild birds increased apaimuestions arose,
whetherthis was caused by flaring of ovenmmering HPAI H5 viruses among residential bird species
or by new incursions via migratory bird specié#ereas on one hand reassortment of genotypes
outside Europe in Africa and Russ@sconfirmed, a monophyletic sublineage (calledd@hfinued to
circulatein wild birds in Northern European countrjg@44] andcompletedthe first year o HPAIV H5

enzootic during summer 2022 in Northern Eurfibs, 146]Figure 2)

This event was characterized dpresumably high virus prevalence in (certain) wild bird populations
that resulted in high losses among wild and capbivds. Especially, partially endangered, seabird
colonies were hit severely, involving mass mortality in selvexatlingcolonies along shorelines the

Baltic and the North S¢a47, 148]
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European Food Safety Aatity (EFSAWS8]. For permission rights see Appendix, legal permissions.
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3.4HPAIV Hbf clade 2.3.4.4becamepanzootic

Around the change of the year 2021/2022 HPAIV H5 viruses were contiirinethe causeof high
mortality rates among captive birds, mainly poultry and a deceased gull, in Newfoundland, Canada
[149]. As to current knowledge, this was only the sedan@duction of HPAIV H5 virusésto North
America. In 201,5G/Gdviruseshad beerintroduced by migrating water birds via the Bering strait and

spreadalong thePacificcoastling/150].

In December 2021, HPAI affectpdultry farms were foundalongthe Atlantic Oceartoast atthe

Eastern shore of North Amerida{ G @ W2 Ky Qa X b Sg T2 dzy RI49] $udsedughR [ I 6 N.
phylogenetic analyses revealed their affiliaticith clade 2.3.4.4band aclose similarity to European

viruses, that circulated within the 2020/2021 epizoat Europd149]. In consequence, the HPAIV H5
progenitor of the North American strains was most likely circulating in Eu@adiendo, Lewis,

Pohlmann, et al. [143juestionedthree main options, how wild birds could have been involved to
SyrotS GKS GANHZAQ GNIyal Gf I yidsh)Oia leetvdl dyvia HighOMdetith A 2 v &
or Greenlandicegions or iii) direct crossing of the Atlantic Ocean via the pelagicqailfgossibilities

remained unconfirmed at that tim@igure 3)

non-breeding 1

:\m area ”/,

= -

St. John's 1000 km ‘ t. John's

spring M autumn H5N1 detected == spring/summer 2021 ||||| November 2021

Figure3 Map illustrating bird migration routes that were possibly involved in the transatlantic s
highly pathogenic avian influenza virus (HPAIV) subtype H5N1 to North America in winter 202
originally published b@aliendo, Lewis, Pohlmann, ef2a49] For permission rights see Appendix,
permissions.
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3.50utlook HPAIV H¥clade 2.3.4.4)as a globahreat

After thevirusincursion during winter 2021/202¢hd its maintenance in spring and summesjdential

bird populatiors in Northern American countriamixed with avian individuals returning from over

wintering grounds in Middle and South America. In consequence, virus spread towards South America

was enablediice versaduring fall migrationin 2022, followed by outbreaks $everalatin American

countries[32, 71, 151, 152Figure 4)With respect to its established enzootic status in Europe, Asia

and Africa, entailing economic losses in poultry farms, and endiaggéld bird species conservation,

Gs/Gd HPAI viruses have sodaly sparedAustralidOceania[153] and the Antarctic regiofil54].

Populations of highly endangered species, su@aaswichern (Thalasseus sandvicensisald eagle

(Haliaeetus leucocephalusr Californian condor€symnogyps californiaig) have already suffered

badly from HPA H5 In particular, the Antarcticegion is atextraordinaryhigh riskof pathogen

incursion As described for other AIV subtypes (HENB)ratingavian speciessuch as brown skuas

(Stercorarius antarcticisight bridge South American and Antarctic regions as vectors and, thus, might

even enable the introduction of current HPAIV H5N1 strains into resident Antarctic bird populations

[155] The close geographical distance and recent outbreaks in the southern regions of South America

are depicted in Figure 5.
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4. Otherviral pathogens with zoonofpotential in European bird populations

Despite acurrent omnipresence of HPXlin wild birds and concerns of interspecies transmission to
mammals, including humarisshould not be neglected thétere are further viruses circulating in wild
bird populatons For European wild bingopulationsthe most relevant pathogens belong to the group
of arthropodborne (arbo) viruses West Nile viruWNV)and Usutu virugUSUV)likewise with certain
zoonotic potentialBoth viruses belong to the genuskdévivirusesvithin thefamily of Flaviviridae As
many representatives dhis family, both are maintained within an enzootic cycle between an avian

host and (mainly ornithophilic) mosquito€sirthercharacteristicaredescribed in Table. 1

Both arbaviruses depend on the activity of their vector species, which explains their peak occurrence
in the summer months. This is in contrast to HPAIV H5, which used to occur mainly during the winter
months but has since exfitikbd a trend of continuing intgearround presenceThe enzootic trend of

HPAI H5 viruses places Central European countries like Gextaaspecial position, with the possible
simultaneous presence of orthomyxovirusasd flaviviruses in wild birds. So far, nationwide
surveillance approaches focused on either HPAIGrHESUV and WNV, as summarized in various
reports including the announcement of their first detections in German bird populations and holdings:
HPAIV HSlade 2.2. in 2008L27], respectively clade 2.3.4.4 in 2084&]; USUV (Europe 3 lineage) in
2011[156]and WNYV (lineage 2) in 20[&H7].
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Table 1 Brief comparison of highly pathogenic avian influenza virus (HPAIV) of subtype H5 of the
Goose/Guangdong (&d-lineage, Usutu virus (USUV) and West Nile virus (WNV) with regard to their
classification, structure, geographical origiccurrence in Germany, transmission routes and host
species, including clinical appearance in humans.

HPAIV H5
(Gs/Gdineage) uUsw WNV References
Virus (_:Iassmcatlon Orthomyxoviridae, Alphavirus Flaviviridae, Flavivirus
(family, genus)
[1, 2, 158,
Genone structure Negativesensed singlstranded RNA Positivesensed single 159]
Segmented RNA stranded RNA
Genome size . .
(base pairs, bp Approximately 13.&bp Approximately 1kbp [159, 160]
Enveloped Enveloned
Virion characteristics spherical (1020 nm) offilamentous veop [159, 160]
Spherical (50 nm)
(length of >300 nm)
o . . [119, 161,
Originatingrom Asia Africa 162]
Affected host groups Examplatory:
(based on RNA Wild birds, captive birds, including poulspecies, mammals [76, 132,
confirmation) 163-169]
. . for LPAIV: Wild aquatic waterfowl an . . [23, 170,
Main reservoir : . Mainly Passeriformes
shorebird species 171]
Endemic cycle between
mosquito Examplatory:
Transmission route Fecooral and direct contact (mainlyCulex sp.and platory:
. [23, 165]
avian host,
possibly direct contact
Flulike
clinical
picture
including
Mild respiratory symptoms, severe fly fever, fever Examplatory:
Possible symptoms o asthenia, | . ' '
in humans symptoms possible myalgia in rare cases| [48, 91, 12,
(current HPAIV H5NL1 strains, at thig " | development 173]
. headache :
time) of West Nile
Neuroinvasive
Disease
(WNND
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Study Objectives

lll. StudyObjectives

Objective I:  Exploring the occurrence and impact of HPAIV H5 (clade 2.3.4.4b) in avian raptor

species in Northern Europe Publications I, II, 1l

Since 2006, the occurrence of Gd/HPAIV H5 has been associated with the migration of aquatic wild
birds and manifested in occasional epizootics during winter months. This pattern changed when current
HPAIV H5 strains of clade 2.3.4.4b became enzootic in wild bird populations of n&dhgpean
countries. Here, the resulting threats of a yeaund presence of HPAI for hunting and scavenging bird
species was examined. (i) There is an increased risk of exposure due to potentially increased availability
of HPANNfected prey and (ii) thre is an overlap of viral activity with the breeding season, exposing

novel age groups (nestlings) to the pathogen, with yet unknown future effects on species conservation.

Objective II:  Tracking the panzootic spread of HPAIV H5 activity (clade 2.3y .4klizing raptor

samples for wholgenome sequencinvVGS) Publications Ill, IV, V

In winter 2021/2022, aransatlantic spread of HPAIV H5 from Europe to North America has been
described, however, the exact routes of transmission initially remained unclear. By examining samples
of white-tailed sea eaglesi@liaeetus albicillafrom Iceland, we retrospectivetpnfirmed that Iceland

was a stopover for the now panzootic HPAIV H5 (clade 2.3.4.4b). This demonstrates how surveillance of
raptor species, used here as an indicator of virus spread, could serve as an early warning system to
increase awareness and prepdness for viruses with particular zoonotic potential and high economic

impact.

Obijective IlIl: Outlook on the suitability of raptor species as indicators for fugimergingviral

pathogens with zoonotic potential Publication VI

Zoonoticarbo-viruses sah as West Nile virus or Usutu virus have recently emerged as another
important group of avian pathogens in European wild bird populations. In combination with the enzootic
HPAIV H5 in Northern European countries, Germany is now facing the challengessibke e
circulation of these pathogens. Identifying temporal, geographic and, potentially, sqmeiec
overlaps in their occurrence, might foster harmonized and more efficient surveillance of key wild bird

species for avian diseases with zoonotiteptial.
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Results

IV. Results

The publications included in the results sectionhedf thesisare listed according to their respective
study objectives. Thereference sectiomand the numbering of tables and figures acg repeated at
the end of this thesis and remammesented in the respectivpublicationstyle All publications are
labelled with their respective Digital Object Identifier (DOI) so that supplementary meteriake

retrievedevenif it is not included in the results section of this work.
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Abstract

The 2020/2021 epidemic in Europe of highly pathogenic avian influenza virus (HPAIV) of subtype H5 surpassed all previously
recorded European outbreaks in size, genotype constellations and reassortment frequency and continued into 2022 and 2023.
The causative 2.3.4.4b viral lineage proved to be highly proficient with respect to reassortment with cocirculating low patho-
genic avian influenza viruses and seems to establish an endemic status in northern Europe. A specific HPAIV reassortant of
the subtype H5N3 was detected almost exclusively in red knots (Calidris canutus islandica) in December 2020. It caused sys-
temic and rapidly fatal disease leading to a singular and self-limiting mass mortality affecting about 3500 birds in the German
Wadden Sea, roughly 1% of the entire flyway population of islandica red knots. Phylogenetic analyses revealed that the H5N3
reassortant very likely had formed in red knots and remained confined to this species. While mechanisms of virus circulation
in potential reservoir species, dynamics of spill-over and reassortment events and the roles of environmental virus sources
remain to be identified, the year-round infection pressure poses severe threats to endangered avian species and prompts adap-
tation of habitat and species conservation practices.

DATA AND MATERIALS AVAILABILITY

All sequencing data has been deposited in the GISAID EpiFlu sequence database and can be found under the accession numbers
listed in Table S1 (available in the online version of this article).

BACKGROUND

Between mid- and end-December 2020, embedded in the most devastating and protracted highly pathogenic avian influenza
(HPAI) clade 2.3.3.4b H5 epidemic until then in Germany, Europe and beyond, thousands of red knots (Calidris canutus) were
found dead or dying along the shores or birds falling literally dead from the sky in the German Wadden Sea.

Red knots, a bird species belonging to the snipe family (Scolopacidae), are considered one of the very few species of Charadrii
with evidence of high rates of previous avian influenza virus (AIV) infection [1]. Two subspecies of red knot occur in Europe:
the canutus subspecies breeding in Siberia with a population of app. 250000 individuals (2010-2014) and the islandica subspecies
breeding in Greenland and Canada with a population of 310000-360000 individuals (2013-2017 [2]). The canutus subspecies
only visits the Wadden Sea areas of the southern North Sea en route to Western Africa during its autumn (mainly July-August
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and October) and spring migration (May), while a proportion of the islandica subspecies may spend also the entire winter season
from November to February in the Wadden Sea [3-6]. The Wadden Sea in central Europe is one of the most important staging
sites for waders such as red knot worldwide, and according to a regular monitoring scheme, about 75% of the flyway population of
red knots uses this area, i.e. a maximum of ca. 350000 individuals (both subspecies together [5]). Red knots use high tide roosts in
large flocks in various places along the entire Wadden Sea coast [6]. While the trend of the canutus population in the Wadden Sea
is stable (but in Schleswig-Holstein continuous declining since the end of the 1990s), the long-term trend 1987/1988-2019/2020
of the islandica population in the Wadden Sea remains negative, mainly due to the decline in the Schleswig-Holstein part, and the
short-term trend 2010/2011-2019/2020 is stable [5]. In the European Red List of Birds, the red knot is classified in the category
‘near threatened’ [7]. In the Wadden Sea area, red knots are exclusively molluscivore and known to primarily feed on Baltic tellins
(Limecola balthica [8]).

Wild birds of the orders Anseriformes (ducks, geese and swans) and Charadriiformes [gulls and allies (Lari), waders (Charadrii)
and auks (Alcae)] are considered the main reservoir of AIV. In Europe, the majority of low pathogenic avian influenza viruses
(LPAIV) have been found in water birds, particularly dabbling ducks [9]. Prevalences of LPAIV grossly vary in shorebirds in
different regions globally, while in Europe, AIV have only sporadically been found in waders, and LPAIV infections appear to be
more widespread in Charadrii birds in other regions of the world [10-12]. A particular AIV hotspot in waders has been reported
in North American Delaware Bay, one of the largest wintering and stop-over sites of shorebirds globally [13].

Prior to the emergence of HPAI Goose/Guangdong/1996 (Gs/Gd) lineage, isolation of HPAI viruses from Charadriiformes was
reported only once in 1961, when an HPAIV [A/tern/South Africa/61 (H5N3)] caused the death of more than 1000 common
terns (Sterna hirundo) in South Africa [14].

After the emergence and continuous evolution of Gs/Gd HPAI H5 viruses, birds of the order Charadriiformes sporadically were
found infected. Clade 2.3.4.4b of the Gs/Gd lineage was specifically successful in spreading to Europe and Africa since 2016.
The lineage caused a major epidemic in white-winged terns (Chlidonias leucopterus) along the shores of Lake Victoria, Africa,
in 2017 [15].

The 2020/2021 HPAT H5 epidemic in Europe surpassed all previously recorded European outbreaks in size, genotype constellations
and reassortment frequency, with records of over 3500 cases of lethally affected wild birds reported with laboratory-confirmed
HPAIV HS5 infection from 28 countries [16]. Many 10000 of wild birds likely succumbed to infection without being virologically
diagnosed. The 2.3.4.4b lineage proved to be highly promiscuous with respect to reassortment with cocirculating LPAIV. During
the winter/spring season of 2020/2021 and continuing in 2022, several subtypes including H5N8, H5N1, H5N5, H5N4 and H5N3
and more than 30 genotypes have been identified in Europe [17, 18]. While most sub- and many genotypes affected a range of
both poultry and wild bird species, a unique HPAI H5N3 reassortant virus caused unusually high mortality rates only within a
specific migratory wading bird niche, almost exclusively affecting red knots.

Here, we describe the brief but disastrous epidemic of a HPAIV clade 2.3.4.4b H5N3 reassortant in December 2020.

METHODS

Dead birds at the SchleswigHolstein Wadden Sea National Park were collected and documented by rangers. While the birds
were safely disposed by veterinary authorities, a batch of 513 individual red knot carcasses was collected in December 2020 and
kept frozen until August 2021 when they were dissected and assessed macroscopically under Biosafety Level 3 at the Friedrich-
Loeffler-Institut, Isle of Riems in Germany.

Organ samples and combined oropharyngeal-cloacal swabs for virological analyses were collected during post-mortem examina-
tion of ten randomly selected red knot carcasses representing 2% of the total of 513 dissected red knots. RNA-extraction from
homogenized tissue material and swab sample medium was carried out as described by Koethe et al. [19]. Initially all RNA
samples were tested for avian influenza virus genome applying generic, reverse transcription real-time PCR (RT-qPCR) targeting
the influenza A virus nucleoprotein (NP), including an internal control assay [20, 21]. In a subsequent step for each individual
carcass, one RNA-sample with the lowest cycle threshold value (Ct value) in NP-qPCR was applied for further sub- and pathotype
analyses using further previously described RT-qPCRs (RITA) [22]. The limit of detection of the subtyping PCRs is similar to
that of the generic RT-qPCRs used and ranges between 25 and 250 per reaction [22].

To pinpoint the virus target tissue and cell tropism, immunohistochemistry was performed for virus antigen detection using a
primary antibody against the matrix 1 protein of influenza A virus (ATCC clone HB-64) as specified, and the distribution of viral
antigen was recorded in an ordinal scoring scale (score 0-4) as described by Blaurock et al. [23].

Viral full-genome sequences were generated from three red knots collected in Germany-Schleswig-Holstein and one red knot
from Germany, Lower Saxony. Full-genome sequencing of AIV-positive samples was executed by a previously described nanopore-
based real-time sequencing method with prior full genome amplification [24]. For this, RNA extraction with the Qiagen Mini
Viral Kit (Qiagen, Germany) and subsequent genome amplification with universal AIV-End-RT-PCR using Superscript III
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One-Step and Platinum Taq (Thermo Fisher Scientific, USA) with one primer pair (Pan-IVA-1F: TCCCAGTCACGACGTCGTAG
CGAAAGCAGG; Pan-IVA-1R: GGAAACAGCTATGACCATGAGTAGAAACAAGG), binding to the conserved ends of the ATV
genome segments, was conducted. After purification of the PCR products with AMPure XP Magnetic Beads (Beckman-Coulter,
USA), full-genome sequencing on a MinION platform (Oxford Nanopore Technologies, ON'T, UK) using Rapid Barcoding Kit
(SQK-RBK004, ONT) for transposon-based library preparation and multiplexing was performed. Sequencing was directed
according to the manufacturer’s instructions with a R9.4.1 flow cell on Mk1C device with MinKNOW Software Core (v4.3.11).
Live basecalling of the raw data with Guppy (v5.0.13, ONT) was followed by a demultiplexing, quality check and trimming step to
remove low quality, primer and short (<50 bp) sequences. After sequencing, full-genome consensus sequences were generated in a
map-to-reference approach utilizing MiniMap2 [25]. Reference genomes are a curated collection of all haemagglutinin (HA) and
neuraminidase (NA) subtypes alongside an assortment of internal gene sequences chosen to cover all potentially circulating viral
strains. Polishing of the final genome sequences was done manually after consensus production according to the highest quality
(60%) in Geneious Prime (v2021.0.1, Biomatters, New Zealand). For phylogenetic analysis, sequences from EpiFlu were retrieved
where search was restricted to clade 2.3.4.4b H5N3 sequences or Eurasian non-GS/GD collected June 2019-May 2021. Respective
accession numbers and data source acknowledgement can be found in Table S1 (available in the online Supplementary Material).

Segment specific multiple alignments were generated using MAFFT (v7.450) [26], and subsequent maximum likelihood (ML)
trees were calculated with RAXML (v8.2.11) [27] utilizing model GTR GAMMA with rapid bootstrapping and search for the
best scoring ML tree supported with 1000 bootstrap replicates. Time-scaled trees of concatenated genomes of the same H5N3
genotype were calculated with the BEAST (v1.10.4) software package [28] using a GTR GAMMA substitution model, an uncor-
related relaxed clock with a lognormal distribution and coalescent constant population tree models. Chain lengths were set
to 10 million iterations and convergence checked via Tracer (v1.7.1). Time-scaled summary maximum clade credibility trees
(MCC) with 10% post-burn-in posterior were created using TreeAnnotator (v1.10.4) and visualized with FigTree (V1.4.4). The
robustness of the MCC trees was evaluated using 95% highest posterior density confidence intervals at each node and posterior
confidence values as branch support.

RESULTS
Mass die-off of red knots

In Germany, more than 16000 deceased or moribund waders and waterfowl had been identified in the Wadden Sea area of
Schleswig-Holstein (predominantly in the district of Nordfriesland) between 25 October 2020 and end of March 2021 (Fig. 1).
Among all avian species, the highest number of HPAI cases was found in Barnacle geese (Branta leucopsis, 46%), red knots (21%)
and Eurasian wigeons (Mareca penelope, 10%) (Figs 1 and 2). While other species were found dead in high numbers throughout
longer periods, 3329 red knots were found dead mainly within only a short period between 14 and 23 December 2020 (Fig. 2).

The mass die-off in red knots occurred at a high tide roost on the peninsula of Nordstrand in the federal state of Schleswig-
Holstein, Germany (54° 29" 15" N; 8° 49’ 04" E; Fig. 1). Although both subspecies of the red knot cannot be distinguished securely
morphologically, the virus outbreak described in this study affected exclusively individuals of the islandica subspecies as it took
place in late December and therefore affected wintering birds. Most of the birds were already dead on the beach, while a few
others were still able to fly and suddenly dropped dead from the sky to the ground. Other individuals were apathic and showed
clear signs of neurological disorder with no escape reactions. In addition to red knots, only a common buzzard in the same region
and time was detected with the same virus sub- and genotype, HPAIV H5N3. All other dead water birds were mainly HPAIV
H5N8 positive at that time.

Necropsy

A batch of 513 individual red knot carcasses was dissected and assessed macroscopically. Of these, around 80% were adults and
20% were juveniles in their first calendar year. The sex distribution was uniform among adults and juveniles, respectively (overall
49% of females and 51% of males were found). The macroscopic inspection of the 513 individuals showed a good to moderate body
condition (according to Camphuysen and van Franeker (2007))[29]. A common finding was a nearly empty gut and a varying
chest muscle thickness. In none of the individuals, the gut showed macroscopic lesions, whereas there were 10 (2%) individuals
showing lesions of the liver. Furthermore, a total of 334 individuals (65%) showed internal bleeding in the lung, and another total
of 278 individuals (54%) had kidneys that were coloured whitish or were covered with white dots.

Virologic and immunohistochemical results

As shown in Table 1, influenza A virus genome was detected in every tested individual bird in at least eight out of nine tissue
samples collected. Ct values ranged from 12.8 to 38.5. All individuals were confirmed to harbour HPAIV H5N3 RNA. The most
prominent viral loads were detected in brain samples. Consistently, viral loads were also found in all ten oropharyngeal/cloacal
swab samples, assuming virus shedding, although no virus isolation was conducted. In accordance with virus genome detection
data, the brain was consistently affected (10 out of 10 birds). Further, the air sacs (8/10), the heart (7/10) and the kidneys (6/10)
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Fig. 1. Location and species composition of collected dead birds in the period October 2020 to end of March 2021 (left) and during the mass die-off
in the period of 15 December 2020 to 15 January 2021(right) in the northern German Wadden Sea. Note: red knots are marked in orange. Seabirds I:
seaducks, mergansers, grebes, tubenoses, gannets, cormorants, auks. Seabirds II: gulls, skuas, terns.

regularly exhibited virus antigen. Individual animals (1 or 2/10) showed virus protein labelling in the liver, lung, pancreas, large
intestine and skeletal muscle. No antigen was found in the proventriculus, gizzard and small intestine. The identified target cells
comprised predominantly tissue-specific epithelial cells (parenchyma); however, some red knots presented with focal endo-
theliotropism or infection of smooth muscle cells. Details on target cells and antigen distribution are shown in Table 2, while
representative tissue slides are shown in Fig. 3.

Phylogenetic analysis

The goal of our phylogenetic analysis was to reconstruct the evolutionary relationship of HPAI H5 viruses and to identify
common ancestors and the patterns of divergence over time. The search of clade 2.3.4.4b H5N3 sequences in the phylogenetic
databases yielded a total of 13 genome sequences comprising HPAIV from ‘red knots’ (n=5), ‘knot waders’ (n=2), ‘Eurasian curlew
(Numenius arquata)’ (n=1), ‘common buzzard (Buteo buteo)’ (n=2), ‘peregrine falcon (Falco peregrinus)’ (n=2) and ‘common
kestrel (Falco tinnunculus)’ (n=1). Samples were collected in Denmark (n=1, ‘common kestrel’), France (n=2, ‘red knot, ‘curlew’),
Ireland (n=2, ‘knot wader’), Northern Ireland (n=2, ‘peregrine falcon’), The Netherlands (n=2, ‘common buzzard’) and Germany
(n=4, ‘red knots’). Exact sample details can be found in Table S1.

All respective H5N3 viruses belong to the H5 clade 2.3.4.4b while carrying a polybasic hemagglutinin cleavage site (HACS;
PLREKRRKRGLF), thus fulfilling the legal criteria for high pathogenicity. Both the HA and matrix protein are highly similar
to the previously described lineage of HPAI H5N8 viruses circulating in Central Europe from October 2020 onwards [30]. All
further six segments point towards reassortment with Eurasian avian lineage LPAIV genes as indicated by phylogenetic analyses
of each the eight segments from a broad set of viruses covering geographic locations of Eurasia affected by HPAI (Supplementary
Material; for the NA-gene, only NA3 genes were considered). The results are summarized in Fig. 4. Closest relatives of the
polymerase segments (polymerase basic 2 (PB2), polymerase basic 1 (PB1) and polymerase acidic (PA)) were found in LPAI
from wild birds, poultry, environmental and mixed samples across Europe from fall 2020 to early 2021 (PB2 and PB1 in A/
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Fig. 2. Number of dead birds allocated to different bird groups recorded in the Schleswig-Holstein Wadden Sea area within the period October 2020
to end of March 2021.

turkey/Germany-BB/AI00868/2021, A/mallard/France/20P017917/2020, A/turkey/England/018179/2021; PA in A/environment/
England/030642/2020). The NP segment was previously detected in a LPAIV H5N8 identified in Germany in September 2020
(A/guinea fowl/Germany-NW/AI01184/2020). The NA, NP and non-structural (NS) segments are most closely related to LPATV
genes detected in Europe over the past few years (A/mallard/France/20P017917/2020 (H5N3), A/turkey/England/018179/2021
(H5N3); NS in A/mallard/Denmark/12946-11/2020 (H7N5) A/Anas_platyrhynchos/Belgium/10413_0003/2020 (H5N2)). The
H5N3 reassortant was one of several reassortment events resulting in different HPAIV subtypes [17].

Segment-wise phylogenetic analyses of a broad set of sequences representative of different host species and geographical locations
affected by HPAI H5 viruses indicate, in addition to high similarities over the entire genome range between 99.85 and 99.55%
identity, a singular reassorting event generating the common ancestor of all HPAT H5N3 viruses from Germany analysed here.
This timeframe fits to the result of the Bayesian phylogenetic inference analyses where the ancestral virus was calculated to have
emerged in early November 2020.

DISCUSSION

The current study describes the first outbreak of a new reassortment of an HPAI virus subtype H5N3 of clade 2.3.4.4b causing
a mass mortality in December 2020 in a group of Charadrii bird species in the German Wadden Sea that was never affected
before in such high numbers. Mass die-offs of various bird species in the Wadden Sea have been reported before and were mainly
attributed to food shortages [31, 32] and the effects of severe weather [31, 33]. Large botulism outbreaks occurred in the Elbe
estuary in the 1980s and mid-1990s [34]. In 2019, Vibrio cholerae was identified as a cause of high chick mortality here [35]. In
winter 2016/17, a first major avian influenza outbreak in wild birds (mainly wigeons) was detected in the Dutch Wadden Sea
[36]. Otherwise, monitoring of dead birds in the Wadden Sea in the past years has revealed a low degree (incidences<5%) of
avian influenza infection [37].

The flyway population of red knots of the subspecies islandica is estimated 310 000-360 000 individuals [2] and shows a long-term
declining trend which is currently recovering slowly since 2015 [5]. The mortality described in this study affected around 3500
red knots (which must be regarded as a minimum number given that likely not all dead individuals were found and accessible
to counting) in the federal state of Schleswig-Holstein in Germany alone. Hence, the mass mortality event impacted around
1.0-1.1% of the whole flyway population. The exact numbers of red knots spending the winter in the Wadden Sea of the federal
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Table 1. (a) Distribution of viral genomic load based on NP2-RT-gPCR resp. H5-RT-qPCR in organ samples and/or swab samples of red knots found
dead in Germany. (b) Sub- and pathotyping of influenza A virus RNA detected in brain samples of ten red knot carcasses collected in Germany

(a) Red knot carcasses

Tissue sample 1 2 3 4 5 6 7 8 9 10
Brain + + +++ +++ +++ +++ +++ + +++ +++
Heart (+) + e+ ++ +4+ ++ ++ + + +
Kidney (+) + +++ +++ ++ ++ ++ + bt (+)
Liver N.A. (+) ++ (+) ++ (+) (+) (+) + (+)
Lung (+) + ++ ++ ++ ++ ++ ++ ++ +
Duodenum (+) + + + + + + (+) (+) (+)
Laying guts (+) ++ +++ ++ ++ N.E. ++ N.E. +++ +
Feather follicle (+) (+) + - (+) N.E. (+) - - -
Oph-cl swab (+) (+) + + + + (+) e + (+)

(b) Brains of Red knot carcasses

RT-qPCR 1 2 3 4 5 6 7 8 9 10
H5 ++ ++ +++ +++ +++ +++ ++ ++ +++ +++
N3 ++ ++ +++ +++ +++ +++ ++ ++ +++ +++
HP-2.3.4.4b ++ ++ ++ +++ 4+ +4+ ++ ++ ++ +++

Influenza A virus generic RT-qPCR results of red knots no. 1-10 shown as Ct values: -, 240 (negative); (+), 230-40; +, 225-30; ++, 220-25; +++,
<20. Red print indicates samples chosen for HP H5 subtype-confirmation. Liver sample of red knot no. 1 was not analysable. Feather sample of
red knot no. 6 was not examined (N.E.). Sex: #6, #8 male, all other birds female.

RT-gPCR results for further sub- and pathotyping from chosen IAV-positive samples. Ct values are shown as described in Table 1a.

state of Schleswig-Holstein are unknown, but are estimated several ten thousand individuals (K. Giinther, pers. comm.). Thus,
the affected birds likely comprise a significant proportion of the population of wintering red knots in the Wadden Sea.

More than 500 red knots were subsequently dissected. No distinct pathological findings were present and birds seemed to be in
good condition which may indicate a peracute course of the fatal disease which also was described earlier in an experimental
infection with a HPAI H5 virus in red knots [38]. A randomly selected number of samples taken for virological examinations
yielded exclusively positive results indicating systemic HPAIV H5N3 infection. Accordingly, it can be assumed that all the red
knots died of that infection. Furthermore, contemporary reports of mortalities of red knots being positive for HPAIV H5N3 in
the Netherlands, France and the UK indicate a supraregional epidemic although significantly smaller numbers of red knots were
impacted.

Red knots are known to use high tide roosts together with other Charadriiformes [6]. At the same time and location other species,
in particular barnacle geese, but in smaller numbers, also dunlins and curlews were found dying from HPAIV infection, but they
tested positive for other H5 subtypes, mostly HPAIV H5N8. The HPAIV H5N3 reassortant was almost exclusively found in the
red knots with the exception of buzzards, falcons and a kestrel that are assumed to have scavenged on the infected red knots. A
single reassortment pathway involving gene segments from different HPAI H5 and LPAI viruses generated the common ancestor
of all analysed HPAI H5N3 viruses from Germany. It was calculated that the ancestral virus emerged in early November 2020
and subsequently spread supra-regionally to other parts of northern and western Europe, but obviously on a smaller scale. After
this event, this specific reassortant has not reappeared.

Red knots form dense social groups, both on their high tide roosts and within their foraging sites [39]. This might have facilitated
intra-specific infection and restricted spread to other species. Other wader species such as oystercatchers (Haematopus ostralegus)
that were largely spared from the epidemic are known to seek out (and defend) their own foraging sites on the intertidal mudflats
separate from red knots [40-42].

Former studies have shown that red knots in the Wadden Sea are highly mobile and may switch between foraging sites and
high tide roosts, respectively, in short periods of time [43, 44]. In addition, virological investigations confirmed viral loads in
oropharyngeal and cloacal samples suggesting virus shedding and transmission. Therefore, the question arises, why the virus did
not spread to other places of the Wadden Sea and particularly to other high tide roosts in the vicinity to a greater extent. High
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Fig. 3. Influenza virus target cell tropism in red knots. Shown is the influenza A matrix 1 protein (bright red staining) in neurons and glial cells, brain (1);
cardiomyocytes, heart (2); epithelium, air sacs (3); hepatocytes, liver (4); tubular epithelium, kidney (5); bronchial epithelium, lung (6); smooth muscle
cells, caecum (7); feather follicle epithelium and vascular endothelium, skin (8); smooth muscle cells, artery (9). Green arrows indicate the region of
interest depicted in the inlay. Scale bars indicate 50 um (original) or 25 um (inlays).

virulence of the HPAIV H5N3 reassortant might provide an explanation: a peracute onset of disease with prominent neurological
disorders as judged by the massive viral infection in brain tissues and reported clinical signs could have immobilized the birds
rapidly whereby avoiding significant spread to other places in the Wadden Sea. Prominent loads of HPAIV H5N3-specific viral
RNA were also found in heart muscle samples of dead red knots. Myocardial infection also would be in support of a hypothesis
of rapid deaths as witnessed ‘birds falling dead from the sky’
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Fig. 4. Visual representation of likely reassortment pathways of HPAIV clade 2.3.4.4b and Eurasian avian lineage LPAI viruses resulting in HPAI H5N3
viruses found in red knots in Europe. Dashed lines indicate mixed samples. Virus names of the closest relatives are given. The underlying trees can
be found in Supplementary material 1-8. HPAI H5N3 of the red knots are composed of genes (in colour) of different viruses (from top to bottom: PB2,
PB1, PA, HA, NP, NA, M, NS).
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Former unrelated mass mortality events associated with starvation have shown that juvenile birds were impacted significantly
more strongly than adults [33]. Although the age composition of live red knots in the Wadden Sea during the year of the study is
not known, the low proportion of juveniles among the birds found dead suggests that both age classes died in similar proportions.
At least a high proportion of adults was concerned which is a crucial finding in terms of the impact on the overall population, as
shorebirds are relatively long-lived and mortality of experienced adult birds is known to impact population dynamics significantly
[45].

While the subtype HPAIV H5N3 seems to have completely vanished with the red knot fatalities, yet another subtype, HPAIV
H5N1, emerged as the predominant virus on the Wadden Sea coast of Lower Saxony and Schleswig-Holstein since 2021, subse-
quently dominating all other infections in Germany, Europe and beyond. Since then, more than 4600 cases of HPAIV H5N1
infection in wild birds have been reported from 34 countries of the European Union, with Germany reporting the most cases
in wild birds (EURL Avian Flu Data Portal izsvenezie.it). For the first time ever, the H5N1 subtype was still circulating during
the summer months, with multiple introductions into breeding colonies of waterbird and seabird species and subsequent mass
mortalities [46]. During these outbreaks, no cases of red knots were reported from Germany.

Red knot subspecies Calidris canutus rufa and Calidris canutus roselaari have been investigated serologically in the USA (Delaware
Bay and Alaska) with high antibody abundance against the LPAIV subtypes H3, H4, H10 and H11 [1, 47]. Serological investiga-
tions of red knots have also been carried out in the East Atlantic Flyway with positive findings, while virological investigations
yielded mostly negative results [12]. It is unknown whether the affected red knots may have been pre-exposed to AIV before
they were infected with HPAIV H5N3. Since colony-breeding seabirds or wintering populations of red knots seem to be highly
susceptible to lethal HPAIV H5 infection, they are more likely to be the victim of a spill-over event from a yet unknown source
of infection than a potential future HPAIV reservoir species. However, more information is needed on the potential for and
magnitude of survival of Charadrii species, including Scolopacidae and Sternidae.

CONCLUSION AND OUTLOOK

Since 2020, the avifauna of the Wadden Sea has been affected by HPAI H5 clade 2.3.4.4b on a larger scale. Although the incidence
of HPAIV H5N3 infections with fatal outcomes in probably around 1% of the entire flyway population of islandica red knots was
a singular and self-limiting event, similar reassortments in Charadrii species cannot be excluded in the future.

A combination of emergence of new reassortants, prolonged infection transmissions and introduction into breeding colonies of
shorebirds will likely have the potential to severely impact the bird populations breeding, wintering and resting in the Wadden
Sea World Heritage Site. In fact, such mass mortalities due to yet another gs/GD HPAIV reassortant of subtype H5N1 have
been described in summer of 2022 [46, 48]. In order to assess the resilience and level of threat of rare species, like the red knot,
serological studies are needed to provide evidence on natural immunity and to estimate survival rates.

More frequent opportunities for possible spill-over to scavenging mammals due to amassed presence of avian carcasses harbouring
high viral loads increase the risk for adaptation of HPAIV H5 clade 2.3.4.4.b viruses to mammals including humans. Hunted
mammals like foxes, raccoon dogs and stray cats shall be serologically investigated for influenza H5-specific antibodies to explore
the extent of spill-over events in the region.

Observations, bird census, collection of deceased birds and mammals and their investigations for influenza viruses are crucial
in understanding the evolution of influenza viruses and depend on strong collaboration of ornithologists, conservationists, state
veterinarians, virologists and decision-makers. Persons (rangers, bird ringers) in contact with potentially infected birds should be
vaccinated against human influenza strains to prevent reassortments. Precautionary measures avoiding human exposure during
carcass removal are indispensable.
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