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Ágætu félagar
 
Hinn 9. febrúar 2023 birti höfundur í Bændablaðinu greinina ,,Áhættumat erfðablöndunar
–
hvað næst?“. Greininni var svarað af sérfræðingi Hafrannsóknastofnunar og það vakti
síðan sérstaka athygli að málinu var fylgt eftir með fréttatilkynningu á vef stofnunarinnar.
Í fylgiskjali 1 með þessum tölvupósti er að finna annan hluta þar sem málið er rakið frá
byrjun ársins 2023.
 
Gagnrýnin og staða mála
Áhættumatið hefur verið gagnrýnt af undirrituðum og fjölmörgum öðrum aðilum. 
Áhættumat Hafrannsóknastofnunar er best lýst með umsögn lögfræðings og formanns
stangveiðifélags: ,,Það er raunar með nokkrum ólíkindum að veitt sé lagaheimild fyrir því
að erfðablanda megi villtan íslenskan lax.“ Hér er vísað til laga sem samþykkt voru á
Alþingi á árinu 2019. Erfðablöndunin var síðan staðfest í skýrslu Hafrannsóknastofnunar
sem gefin var út á árinu 2023.
 
Úttekt ICES
Nýlega var haldinn vinnufundur um áhættumat erfðablöndunar og er afrakstur þeirra
vinnu að finna í ICES skýrslum, fylgiskjöl 2 og 3.   Niðurstöðu þessara vinnu má e.t.v.
draga fram í ummælum framkvæmdastjóra Landssambands veiðifélaga
„Hafrannsóknastofnun og íslenska ríkið hafa fullkomlega brugðist skyldum sínum til að
vernda villta íslenska laxastofna“.  Því miður hefur framkvæmdastjórinn rétt fyrir sér og er
tekið undir hans niðurstöðu. Þau vinnubrögð sem hafa verið viðhöfð á síðustu árum eru
öllum til tjóns, engum til gagns, nema mögulega erlendum fjárfestum.
 
Hafrannsóknastofnun til varnar
Hafrannsóknastofnun til varnar verður að taka fram að ákveðnir sérfræðingar, jafnvel
meirihlutinn, hafa viljað vinna fagleg og heiðarlega og hafa vernd íslenska laxastofna að
leiðarljósi. Þeir sérfræðingar Hafrannsóknastofnunar sem hafa mótað stefnuna og leitt
vinnuna eru smá saman að leiðast af rangri braut inn á rétt braut. Það virðist margt
jákvætt að gerast í málinu og er þar vísað til fylgiskjala 2 og 3.
 
Um
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Í þessari grein er fjallað um 
blöndun á eldislaxi við villtan lax 
sem gerist þegar eldislax sleppur 
úr sjókvíum og blandast villtum 
laxi í veiðiám. 


Það veldur 
e r f ð a b l ö n d u n 
og mögulega 
s t o f n s t æ r ð a - 
rminnkun. Greinin 
fjallar um mat á 
áhættunni af slíkri 
blöndun fyrir villta 
laxastofna. 


Áhættumat erfðablöndunar


Áhættumat erfðablöndunar eða 
áhættumat Hafrannsóknastofnunar er 
úthlutunarkerfi sem gagnast aðallega 
laxeldisfyrirtækjum í meirihlutaeigu 
erlendra fjárfesta og hefur lítið sem 
ekkert með náttúruvernd að gera.  
Strax þegar áhættumatið var gefið 
út á árinu 2017 og einnig í meðferð 
málsins á Alþingi Íslendinga á 
árunum 2018 og 2019 kom fram 
mikil gagnrýni á það. Áhættumat 
Hafrannsóknastofnunar er best 
lýst með umsögn lögfræðings og 
formanns stangveiðifélags: ,,Það 
er raunar með nokkrum ólíkindum 
að veitt sé lagaheimild fyrir 
því að erfðablanda megi villtan 
íslenskan lax.“  Erfðablöndunin 
var síðan staðfest í skýrslu 
Hafrannsóknastofnunar sem 
gefin var út vorið 2023. Nú skoða 
veiðiréttareigendur sína stöðu.


Mín gagnrýni


Hinn 9. febrúar 2023 birti 
höfundur í Bændablaðinu greinina 
,,Áhættumat erfðablöndunar – 
hvað næst?“. Hinn 9. mars kom 
andsvar frá Ragnari Jóhannssyni, 
þáverandi rannsóknastjóra fiskeldis 
hjá Hafrannsóknastofnun, í grein 
í Bændablaðinu undir heitinu 
,,Áhættumat erfðablöndunar 
útskýrt“.  Það vakti síðan sérstaka 
athygli að málinu var fylgt eftir með 
fréttatilkynningu á vef Hafrann- 
sóknastofnunar sama dag. Höfundur 
kom síðan með andsvar í sjö greinum 
í Bændablaðinu á tímabilinu 27. apríl 
til 7. september 2023. Skoðum nú ferli 
málsins frá byrjun ársins 2023 fram til 
dagsins í dag.


Fyrirhuguð endurskoðun


Í janúar 2023 gaf Ríkisendurskoðun 
út skýrslu um sjókvíaeldi þar sem 
gerðar voru alvarlegar athugasemdir 
m.a. við áhættumat erfðablöndunar.
Áður eða um mitt ár 2020 hafði
vísindanefnd sem Alþingi hafði
skipað til að rýna áhættumatið einnig 
komið með alvarlegar athugasemdir.
Í skýrslu Hafrannsóknastofnunar um
,,Samantekt vöktunar vegna áhrifa
sjókvíaeldis á íslenska laxastofna
2022“ kom  fram að endurskoðun á
áhættumatinu væri væntanlegt síðar
á árinu 2023. Það hefur þó ekkert
orðið af því og nú eru tæp fimm ár
frá síðustu efnislegri endurskoðun
á áhættumatinu en lög um fiskeldi
kveða á um að það skuli líða mest
þrjú ár á milli endurskoðana. Engin
efnisleg endurskoðun á árinu 2023
þrátt fyrir alvarlegar athugasemdir
vísindanefndar, Ríkisendurskoðunar
og fleiri aðila.


Viðbragðsáætlunin


Starfshópur matvælaráðherra um strok 
í sjókvíaeldi skilaði af sér skýrslu í maí 
2023 og þar var gerð grein fyrir vöktun 


og viðbrögðum hjá Norðmönnum í 
tilfelli stroks. Starfshópurinn lagði 
m.a. til ,,Að kannaður verði möguleiki 
þess að rekköfun verði nýtt sem
aðferð þegar fiskar eru fjarlægðir úr
veiðivötnum“.  Áður hafði áhættumat 
Hafrannsóknastofnunar opnað
fyrir þann möguleika að fjarlægja
eldislax úr veiðiám við endurskoðun 
á áhættumatinu á árinu 2020 í tilfelli 
stórra slysasleppinga eftir mikinn
utanaðkomandi þrýsting. Jafnframt
að gerð yrði viðbragðsáætlun vegna
stórra sleppinga úr sjókvíum. Það
hefur ekki komið fram hvað er átt
við með stórri slysasleppingu eða
nákvæmlega hvað viðbragðsáætlunin 
felur í sér, það hefur ekki verið
kynnt svo vitað sé.  Í þessu
samhengi er bent á að einstökum
laxeldisfyrirtækjum er gert skylt að
vera með viðbragðsáætlun sem er
aðgengileg starfsmönnum og þeim
kynnt.


Slysasleppingin


Í ágúst 2023 átti sér stað slysaslepping 
hjá Arctic Sea Farm í Patreksfirði 
sem vakti mikla athygli og olli 
mótmælum. Það voru tæplega 3.500 


stórir eldislaxar sem sluppu og 
hátt hlutfall þeirra var kynþroska. 
Viðbrögðin við slysasleppingunni í 
Patreksfirði eru athyglisverð. Hinn 
12. september 2023 var haldinn
neyðarfundur í matvælaráðuneytinu
og í framhaldinu var hvatt til veiða
á eldislaxi í ám.  Það koma því
fyrst viðbrögð um þremur vikum
eftir strokatburð, en í Noregi þar
sem móðurfélagið er staðsett þá er
strax gripið til mótvægisaðgerða
undir stjórn opinberrar stofnunar.
Fengnir voru til landsins norskir
rekkafarar til að fjarlægja sjáanlegan 
eldislax í veiðiám. Nokkrir íslenskir
aðilar fóru einnig í fjölmargar
veiðiferðir til að fjarlægja
eldislax úr ám. Slysasleppingin
í Patreksfirði varð til þess að
tillögur Hafrannsóknastofnunar
fyrir áhættumat erfðablöndunar um
framleiðsluheimildir sem voru til
umsagnar voru dregnar til baka.


Nú á að gera áhættumat


Í skýrslu Hafrannsóknastofnunar, 
,,Samantekt vöktunar vegna áhrifa 
sjókvíaeldis á íslenska laxastofna 
2023“, sem gefin var út um sumarið 
2024, kemur fram að Alþjóða 
laxaverndunarstofnunin (NASCO), 
sem Ísland gekk nýlega inn í aftur,  
hefur lagt það til við aðildarlönd sín 
að útbúa áhættumat svipað því norska. 
Hafrannsóknastofnun stefnir að því 
að birta slíka greiningu á árinu 2025 
þegar allt er komið í óefni. Skoðum 
nú um hvað áhættumat snýst og hvað 
norska aðferðarfræðin felur í sér.


Norska áhættumatið


Í Noregi er notað áhættumat þar sem 
kortlögð er og greind óvissa á frekari 
erfðabreytingum í villtum laxi vegna 
innblöndunar á eldislaxi. Áhættumatið 
er hluti af stjórnsýslunni, grundvöllur 
ákvarðanatöku til að tryggja sjálfbæra 
þróun norsks laxeldis í samræmi við 
norsk og alþjóðleg sjálfbærnimarkmið. 
Niðurstöður áhættumatsins eru birtar 
í formi áhættukorts sem ætlað er að 
veita skilning á áhættuþáttum, áhrifum 
og afleiðingum erfðablöndunar.  
Þættir sem hafa áhrif á umfang frekari 
erfðablöndunar er fyrst og fremst hátt 
hlutfall eldislaxa á hrygningarsvæðum 
og viðnámsþróttur villta laxastofnsins 
við nýrri innblöndun (mynd 1).  


Nú eru menn í vanda


Yfir 400 eldislaxar voru fjarlægðir 
úr fjölmörgum veiðiám seinni hluta 
ársins 2023 sem raktir voru til 
slysasleppingarinnar í Patreksfirði.  
Hlutfall eldislaxa fór yfir sett 
viðmiðunarmörk í nokkrum ám og 
allt bendir til þess að það þurfi að 
minnka framleiðsluheimildir. Við 


þessu var varað þegar áhættumat 
Hafrannsóknastofnunar var lögleitt, 
afleiðingin yrði m.a. færri 
atvinnutækifæri og öllum yrði 
refsað fyrir  ófullnægjandi 
frammistöðu eins rekstraraðila.  Nú er 
Hafrannsóknastofnun í vanda. Að vísu 
er alltaf hægt að breyta forsendum 
í reiknilíkaninu og fá þá niðurstöðu 
sem er hagfelld og óskað er eftir af 
þeim sem hafa af því fjárhagslegan 
ávinning. Í þessu sambandi er vert 
að benda á að Hafrannsóknastofnun 
er ekki lengur í þeirri stöðu eins 
og við endurskoðun á árinu 2020 
að hagræða forsendum eftir útgáfu 
skýrslna Ríkisendurskoðunar og 
vísindanefndar og athugasemda fleiri 
aðila. 


Nú eru fleiri byrjaðir að reikna


Landssamband veiðifélaga réði 
ráðgjafarfyrirtækið Arev til þess 
að fara yfir þann þátt áhættumats 
Hafrannsóknastofnunar sem lýtur 
að áhættumatslíkani fyrir ágengni 
eldislax í laxveiðiám á Íslandi. Arev 
gerði fjölmargar athugasemdir við 
áhættumat erfðablöndunar í skýrslu 
sinni, ,,Álitsgerð um áhættumat 
Hafrannsóknastofnunar“, sem gefin 
var út í maí 2024. Í nóvember sama 
ár gaf Arev út ,,áhættumat Arev“ 
þar sem er að finna valdar veiðiár 
sem fóru yfir viðmiðunarmörk á 
árinu 2023. Nú eru aðrir byrjaðir að 
reikna og kemur ekki á óvart að það 
standi á endurskoðun áhættumatsins 
frá Hafrannsóknastofnun þar sem 
fyrirséð er að ef það á að fylgja því 
áfram þarf að lækka heimildir, mun 
það vera mjög umdeilt, ósanngjarnt 
fyrir marga og ekki hugnast 
fjölmörgum stjórnamálamönnum, 
sveitarstjórnarmönnum og fleirum. 


Breytast vinnubrögðin?


Höfundur þekkir þetta mál mjög vel 
og hreinlega ofbýður þau vinnubrögð 
sem viðhöfð hafa verið á síðustu árum. 
Áhættumat Hafrannsóknastofnunar 
hefur valdið tjóni á íslenskum 
laxastofnum og engum til gagns 
nema erlendum fjárfestum.  Það hafa 
verið skiptar skoðanir vísindamanna 
innan Hafrannsóknastofnunar og 
virðist nú vera kominn vísir að 
skynsamlegri framþróun í málinu.  
Vonandi verður þróunin sú að taka 
upp áhættumat að norskri fyrirmynd 
og lagt verði niður núverandi 
áhættumat, a.m.k. við úthlutun 
framleiðsluheimilda. Komið verði 
á skynsömum mótvægisaðgerðum 
til að koma í veg fyrir eða lágmarka 
tjón á íslenskum laxastofnum vegna 
laxeldis í sjókvíum. Sú jákvæða 
þróun hefur einnig átt sér stað að 
á vegum atvinnuvegaráðuneytisins 
er nú hópur erlendra sérfræðinga að 
rýna áhættumat erfðablöndunar og 
munu niðurstöðurnar vonandi birtast 
fljótlega. 


Að lokum


Það á ekki að vera hlutverk örfárra 
opinberra starfsmanna að úthluta 
auðlindum sem fram að þessu 
hafa ekki valdið hlutverki sínu.  
Úthlutun auðlinda á að vera verkefni 
stjórnmálamanna eftir að hafa fengið 
ráðgjöf, s.s. frá sérfræðingum frá 
Hafrannsóknastofnun og fleiri aðilum. 
Ákvarðanataka sem á fyrst og fremst 
að taka mið af hagsmunum Íslendinga, 
s.s. veiðiréttareigenda, starfsmanna
fiskeldisfyrirtækja og almennings en
ekki erlendra fjárfesta.  Það má alltaf
deila um hvort leyfa eigi sjókvíaeldi
á norskum laxi á Íslandi en á meðan
það er leyft þarf að sýna íslenskum
hagsmunum og auðlindum landsins
virðingu,  stuðla að pólitískum
ákvarðanatökum sem hefur
náttúruvernd að leiðarljósi og að það
náist sæmileg sátt um atvinnugreinina.


Höfundur er sjávarútvegsfræðingur 
og sérfræðingur í fiskeldi.


Áhættumat erfðablöndunar – hvað næst?
– Annar hluti


Mynd 1. Dæmi um myndræna framsetningu á áhættu á erfðablöndun á villtum laxi. Áhættukort af áhættuþáttum, 
áhrifum og afleiðingum erfðablöndunar auðkennt með litakóða sem tákn fyrir hugsanlegar líkur og stöðu 
bakgrunnsþekkingar.


Valdimar Ingi 
Gunnarsson.
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Iceland request on aspects of the Genetic Intrusion Risk Assessment Framework for salmon aquaculture 
(GIRAF) 
 
Advice summary 
 
ICES reviewed available information on the latest version of the Genetic Intrusion Risk Assessment Framework (GIRAF). 
The framework is applied to evaluate the risk of genetic intrusion of aquaculture salmon into wild salmon populations in 
Iceland. 
 
In general, the types of data collected to support GIRAF are appropriate, although the current focus on sampling effort 
following escape events is unlikely to detect the presence of all escaped farmed salmon (escapees) in rivers. ICES advises 
on the establishment of a systematic, in-river monitoring programme independent of escape events to improve data 
collection.  Systematic monitoring will ensure representative sampling that accounts for river habitat, time of year, life-
history stages, and the potential large dispersal and uneven distribution of farmed salmon throughout river networks. 
 
The estimated stock size of wild Atlantic salmon currently used in GIRAF appears to include sea-ranched salmon and to be 
overestimated in comparison with available information on recent returns of wild Atlantic salmon to Icelandic rivers. Since 
an overestimation of stock size will result in an underestimation of genetic intrusion, ICES advises that assumptions and 
analytical procedures involved in stock-size estimation be reviewed to ensure that GIRAF is appropriately risk averse. ICES 
cautions against including sea-ranched salmon in the wild stock-size estimate.  
 
ICES notes that prediction uncertainty and potential bias arising from some parameter estimates or missing information 
are currently not accounted for in GIRAF. Uncertainties in the estimated numbers of escapees are a cause of concern, and 
data on dispersal and survival of farmed salmon are currently based on a limited number of escape events in Iceland. ICES 
advises that sensitivity analyses are needed to determine how missing information, or changes in various parameters, 
impact the outcomes of the risk assessment in the Icelandic context.  
 
Several small rivers and wild salmon populations that do not have a stock-size estimate are currently not included in GIRAF. 
Not including all wild salmon populations can introduce bias in the risk assessment and underestimate the genetic intrusion 
risk to small populations. ICES advises that alternative methods to obtain population size estimates for small rivers be 
explored to ensure that all wild salmon populations are ultimately included in GIRAF.   
 
ICES advises that the genetic intrusion threshold implemented in GIRAF (4% escapees relative to the wild population size) 
aligns with the precautionary approach. However, until various sources of uncertainty are explicity incorporated in GIRAF, 
ICES considers the estimation of the amount of salmon predicted to be safely reared in pens does not yet align with the 
precautionary approach. 
 
Request 
 
ICES is requested to review and provide advice on the following aspects of the Genetic Intrusion Risk Assessment Framework 
for salmon aquaculture (GIRAF), including : 


a. How data are collected to estimate genetic intrusion and introgression 
b. How the data are processed 
c. The adequacy of current monitoring programmes 
d. Are the data fit for purpose as used in GIRAF? 
e. Are mitigation measures adequately accounted for in the model? 
f. In the absence of data, how does the model account for uncertainty? 
g. Are the assumptions and the parameterization of GIRAF scientifically robust? 
h. Does the framework align with the precautionary approach in relation to: i) its estimation of genetic intrusion risk; 
and ii) its estimation of the amount salmon predicted to be safely reared in pens? 


 
Elaboration on the advice 
 
Genetic interactions between escaped farm salmon (escapees) and wild Atlantic salmon populations have been 
documented across the North Atlantic and can result in demographic decline and significant genetic change in wild 
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populations. The Genetic Intrusion Risk Assessment Framework (GIRAF) is used to advise on the level of aquaculture 
production of salmon in net pens that can be sustained without undue impact on these wild populations.  
 
In this advice, the term “wild populations” refers to harvestable salmon populations, and the term “average stock size” 
corresponds to the sum of river-specific stock size estimates prior to the fishing season. The term “genetic intrusion” refers 
to the proportion of escapees in the recipient populations in wild Atlantic salmon rivers. The ”genetic intrusion risk” is the 
risk of population-level consequences occurring as a result of intrusion and the potential for interbreeding between farmed 
and wild salmon. “Hybridization” and “genetic introgression” refer to the incorporation of genetic material from escapees 
into wild populations. Introgression results in a change in the genetic character of wild populations at the genomic level.  
 
How data are collected to estimate genetic intrusion and introgression  
 
The data necessary to estimate genetic intrusion and introgression are collected using different methodologies. These 
include methodologies for estimating the number of escapees, the distribution and size of wild populations, the presence 
of mature farmed salmon in rivers, and the subsequent levels of hybridization and introgression. 
 
Numbers of escapees are estimated based on vaccination numbers, mortality in the net pens, stocking rates in the net 
pens, changes in feeding rates, counts of fish at slaughter, and numbers extrapolated from recaptures from other escape 
events. There is uncertainty and inherent error in each of these approaches, with corresponding uncertainty in the 
estimated numbers of fish in net pens and size of escape events. ICES advises that such uncertainties should be explicitly 
acknowledged and incorporated in GIRAF. 
 
The size of wild salmon populations is determined by direct count where available but mostly by run reconstruction using 
river-specific catches and regional exploitation rates. This approach is only applicable to rivers with counters or reported 
harvest, thereby excluding many small rivers and salmon populations that do not have a stock-size estimate from the risk 
evaluation. ICES notes that smaller populations may be at greater risk of exceeding acceptable levels of intrusion than 
larger ones. A complementary approach using accessible habitat area to extrapolate population size has been employed 
elsewhere (Bradbury et al., 2020; Department of Fisheries and Oceans [DFO], 2024); this could be applied to include smaller 
or data-limited wild salmon rivers in GIRAF.  
 
Data on the presence of escaped and mature farmed salmon in rivers is collected both routinely for stock assessment 
purposes and following escape events. Data is collected using a variety of methods such as snorkelling, traps, in-river fish 
counters, netting, and targeted angling. In addition to approaches directly targeting escapees, electrofishing of juveniles is 
also carried out to estimate the distribution of escapees and the potential number of farmed parents through the detection 
of their offspring. ICES notes that visual identification of farmed salmon can be uncertain when fish escape early in their 
lives (post-smolts) or have been at large for an extended period of time. Therefore, ICES suggests that verification of 
morphological classification be substantiated through the collection of scales and tissue samples for scale patterns reading 
and genetic screening. ICES suggests that all salmon samples be screened for farmed origin, regardless of assumed origin, 
to confirm their provenance for the risk assessment. It also suggests that information on maturation status and sex be 
collected to improve estimates of the potential for introgression as the result of the expected sex bias in reproductive 
success (Fleming et al., 1996; Hindar et al., 2006). ICES advises that the current focus on sampling effort following escape 
events is unlikely to detect the presence of all escapees in rivers. ICES advises that the establishment of a systematic, in-
river monitoring programme independent of escape events would improve the data for GIRAF.  
 
Levels of hybridization and genetic introgression are estimated through the screening of juveniles with genetic markers. 
The genetic methods employed have been shown to accurately identify recent hybrids, as well as backcrosses and overall 
levels of introgression in Iceland (Guðmundsson et al., 2023; ICES, 2025).  
 
How the data are processed 
 
There are several sources of data that can be used to estimate levels of intrusion. ICES advises that all data, regardless of 
their origin, should be considered for use in GIRAF. Approaches for combining different data sources should be explored. 
Genetics data are currently processed using single nucleotide polymorphism (SNP) panels that can distinguish among 
Norwegian-origin farmed salmon, Icelandic wild salmon, and their hybrid offspring, which is consistent with best available 
evidence in terms of genetic methods. 
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Adequacy of current monitoring programme 
 
The current programme for monitoring genetic intrusion and introgression is in its infancy and does not yet accommodate 
differences in life-history stages, times of the year, or the potential large dispersal of the escapees, particularly for smolts 
that may enter fresh water to spawn one to four years after the escape event. As such, the current programme is only 
partly adequate. The information acquired so far has been largely limited to periods following escape events. ICES advises 
to enhance the monitoring programme with systematic in-river sampling independent from escape events. Systematic 
monitoring should ensure representative sampling accounting for river habitat, time of year, and the likely uneven 
distribution of farmed salmon throughout river networks.  
 
Are the data fit for purpose as used in GIRAF? 
 
In general, the types of data collected are fit for purpose in GIRAF. However, ICES advises that the uncertainty in some of 
the underlying information needs to be included in the framework, including potential bias introduced in the estimation 
of wild salmon stock sizes, the estimation of escape rates, and the estimation of dispersal and survival of escapees. 
 
There is uncertainty in the average stock size for Atlantic wild salmon used in GIRAF, and evidence that this number may 
be overestimated relative to the average number of recent returns estimated by ICES (2024). An overestimation of stock 
size will result in an underestimation of the risk of genetic intrusion. The average stock size for Atlantic wild salmon 
currently used in GIRAF also appears to include sea-ranched fish, but this does not account for the difference in the 
estimates. The differences in these estimates should be further investigated. ICES cautions against including sea-ranched 
salmon in the wild stock size estimate. ICES advises that stock size data need to take account of the observed trends in the 
returns of wild Atlantic salmon to Iceland. The sensitivity of GIRAF to these issues should be investigated in order that the 
framework be appropriately risk averse.  
 
Precision in the estimated numbers of escapees are a cause for concern. Numbers of escapees based on recapture rates 
from other escape events are uncertain and sensitive to small differences in the observed recaptures. Data on feeding 
rates can help detect an escape event, but cannot accurately estimate the number of fish escaping. ICES advises that the 
number of fish within a cage should be estimated regularly and that following a large escape event, the remaining fish 
should be counted to enumerate the escapees. This would ensure the same methodology is applied for estimating the 
number of escapees across different escape events.  
 
Available information on the frequency and magnitude of escape events is currently based on data from Norway. It should 
be viewed with caution when applied to GIRAF.  
 
Data on survival and dispersal is currently based on a limited number of escape events in Iceland. Information from 
experiments that have been undertaken in other jurisdictions show large variations in outcomes of survival and dispersal 
given variation in life stage, time of the year, and location from which the escapes occur. ICES advises to mobilize data on 
dispersal and survival of escapees available from other jurisdictions for use in GIRAF. 
 
Are mitigation measures adequately accounted for in the model? 
 
Genetic impacts caused by escapees have already occurred in some Icelandic rivers in the presence of mitigation measures, 
indicating that additional measures are warranted. Mitigation measures that are currently in place in Iceland, such as 
strategies to reduce maturation rates of farmed salmon, indirectly feed into the parameterization of the model. Explicit 
incorporation and evaluation of the effect of existing (e.g. escapee recapture) and potential (e.g. fish sterilization) 
mitigation measures in the model are needed and would increase the value of the model as a tool to inform management 
decisions.  
 
In the absence of data, how does the model account for uncertainty? 
 
Prediction uncertainty and potential bias arising from some parameter estimates or missing information are not fully 
accounted for in the model (e.g. unreported escape events and timing of escape events). ICES advises that sensitivity 
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analyses are needed to determine how missing information, or changes in various parameters, impact the outcomes of the 
risk assessment in the Icelandic context.  
 
Are the assumptions and the parameterization of GIRAF scientifically robust? 
 
The framework approach is considered appropriate; however, some of the assumptions and parameterization require 
further support and sensitivity analysis to fully understand their potential impacts on final risk valuations. This includes 
assumptions relating to the accuracy of stock-size estimates of wild salmon, as the wild stock size values used by GIRAF 
model may be high relative to ICES estimates (ICES, 2024). The focus of GIRAF on wild populations with harvest information 
and population estimates > 40 individuals means a population size bias may be present in the assessment. Smaller wild 
salmon populations are likely at greater genetic risk from intrusions, so not including them can result in biased risk 
conclusions.  
 
In its current version, GIRAF does not account for error in estimates of key parameters such as the number of fish in the 
cages, the number of escapees, the magnitude and frequency of escape events, or variation in the escapee dispersal 
distribution (e.g. seasonal differences); all of these data have been shown to be highly uncertain in other jurisdictions. The 
inclusion of sensitivity analyses to explore the impact of uncertainty in these parameters on the estimated risk is needed. 
Sensitivity analyses could also include catastrophic events, e.g. where several fish farms are impacted by the same storm. 
 
GIRAF is parameterized from three escape events in Iceland. To improve robustness, information should be included from 
experiments undertaken in other jurisdictions that show large variations in outcomes of survival and dispersal given 
variation in life stage, time of the year, and location from which the escapes occur. The escape estimates need to take 
account of the possibility of leakage and trickle events and the unreporting of escape events that may give rise to biases in 
model predictions (Skilbrei et al., 2015).  
 
Does the framework align with the precautionary approach: 
 
In relation to its estimation of genetic intrusion risk? 
 
The threshold for intrusion currently applied in GIRAF (4% farmed salmon in the wild population), is below the intrusion 
levels of 5 to 10% demonstrated in simulations to result in only weak phenotypic and demographic changes in the recipient 
wild population over 50 years. Considering that Atlantic salmon farmed in Iceland is non-local Norwegian farmed salmon, 
ICES considers the estimation of genetic intrusion risk in GIRAF to align with the precautionary approach. 
 
In relation to its estimation of the amount of salmon predicted to be safely reared in pen? 
 
GIRAF estimation of safe production levels currently deviates from the precautionary approach in terms of its treatment 
of uncertainty. Moreover, the available evidence indicates a disparity between the amount of salmon predicted by GIRAF 
to be safely reared in pens and the level of genetic changes presently observed in wild salmon populations in Iceland. On 
this basis, ICES considers that, in relation to the estimation of the amount of salmon that is predicted to be safely reared 
in pens, GIRAF does not yet align with the precautionary approach. 
 
Suggestions 
 
ICES highlights the benefits of international scientific cooperation on the parameterization and review of aquaculture risk 
assessment tools, including participation of a diverse array of stakeholder groups. ICES suggests to convene an expert 
workshop specifically dedicated to defining and testing genetic intrusion risk assessment parameters that are informed by 
historical and contemporaneous data; this should include sensitivity testing of the robustness of GIRAF conclusions to 
various assumptions and parameter values informed by industry and management data. This process would strengthen 
the scientific basis for salmon aquaculture management in Iceland, Canada, Ireland, Scotland, and Norway.  
 
ICES suggests the development and implementation of improved identification tools for farm salmon escapees. An example 
is AI-assisted identification protocols which could improve monitoring efficiency based on data from video cameras 
installed in key salmon rivers. 
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ICES suggests that consideration be given to sterilization of farmed salmon reared in sea pens as a means to mitigate the 
risk to wild populations from escapees.  
 
Basis of the advice 
 
Background  
 
GIRAF estimates the amount of fertile salmon that is considered precautionary to raise in the sea at any given time in regard 
to the risk of genetic introgression into wild salmon populations. GIRAF is based on two main factors, the intrusion of farmed 
salmon, i.e. the likelihood that farmed salmon that has escaped from sea pens will enter river systems in a given year, and 
the risk that it will be able to mix with wild salmon so that genetic mixing/introgression takes place. The framework is part 
of the formal advice from the Marine and Freshwater Research Institution (MFRI) to the Ministry regarding management 
of cage-based salmon aquaculture in Iceland. 
 
GIRAF was first published in 2017 and was developed in collaboration with two foreign experts in the field of population 
genetics. GIRAF became a legal requirement by amendments to law no. 101/2019 which amended the law on aquaculture 
no. 81/2008. In the initial legal draft, it is stated that one of the arguments for the legalization of the GIRAF is that the 
government's policy is to exercise a precautionary approach in the development of fish farming and that decisions will be 
based on the estimates of GIRAF. 
 
The 2019 law amendment also introduced provisional clause no. VII, that states that the Minister shall appoint a committee 
of three impartial scientists in the fields of fisheries, population genetics and/or ecology to review the methodology used 
by the MFRI in the assessment of carrying capacity and in the preparation of risk assessments. The scientific committee 
submitted a report in June 2021. In the report, it was stated that the model behind GIRAF stood up to a scientific scrutiny, 
but on the other hand, it remained to be seen how the framework responded to data collected from Icelandic rivers. This 
was one of main conclusion of the report, as most of the model's assumptions were based on data from Norway. 
 
The aim of GIRAF is to ensure that the intrusion of farmed salmon remains below 4% in wild salmon populations that are 
subject to harvests.  
 
Results and conclusions  
 
How data are collected to estimate genetic intrusion and introgression  
 
The monitoring programme tracks and assesses the extent of escapees in rivers, determines their origins, and evaluates 
potential hybridization. It employs several data sources, data collection methods, and monitoring techniques, which 
include 
 


• Fish counters equipped with video cameras in key salmon rivers. These counters provide real-time data on 
migration patterns and enable the detection of escapees based on physical traits.  


• Escapee detection and reporting systems. Fishermen and officials report suspicious salmon, aiding in early 
identification. 


• Scale and genetic samples collection and analyses from both adults and juveniles. These are used to differentiate 
between wild and farmed salmon and assess hybridization levels. The samples are taken both in bi-annual surveys 
and in selected rivers. 
 


Catch-and-release data from logbooks, where available, are used to estimate the size of wild salmon populations. Fish 
counter data from index rivers are used to derive estimates of the stock sizes and exploitation rates of wild salmon through 
regular angling fishing with greater accuracy. 
 
In 2023, 20 fish counters, including 13 equipped with video cameras, were operational in 17 rivers. These helped detect 
escapees in Icelandic rivers for the first time. Escapees were found in the Laugardalsá (six farmed salmon vs. 197 wild 
salmon), Langadalsá (10 farmed vs. 62 wild salmon), and Blanda rivers (53 farmed salmon were caught in the fishway, 
which was closed for up-migration). Following escapee detection, fish passage routes were closed, and farmed salmon 
were captured for analysis. Freshly escaped farmed salmon are identified by morphological traits such as damaged fins, 
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smaller tails, and silvery colouration. Scale samples from escapees help determine their age and growth patterns. Genetic 
monitoring from juvenile samples are taken to detect F1 hybrids, backcrosses, and earlier occurrences of introgression. 
 
How the data are processed 
 
Following an escape event, a preliminary estimate of the number of escapees is provided within days by the Icelandic Food 
and Veterinary Authority (MAST). This happens within days  A second estimation is done based on the specific feed rate 
(SFR) per individual analysis, processed with stocking number and mortality counts. A final estimation is done following 
harvesting and is based on vaccination number, mortality numbers and harvesting number, and the comparison of SFR 
ratios. The detection limit or error around the final estimate is ±2 000 fish.  
 
The stock sizes of most wild salmon populations are estimated based on run reconstructions from catch data and 
exploitation rates. In some rivers, more accurate estimates are available from fish counters. Stock size estimations are only 
done for rivers that have catch data available. When escapee events occur, similar methods are applied to the numbers of 
confirmed escapees to estimate the total run size for each river. This approach is uncertain, since there is currently no 
method in place to estimate the total run when increased efforts are used to catch escapees, e.g. when multiple methods 
of catching such as harpooning, extension of angling season, and netting are used. Genetic analysis of juveniles and their 
kinship is also used in the estimation of the number of farmed adults that took part in spawning in rivers. 
 
Adequacy of current monitoring programme 
 
The monitoring programme is designed to monitor and assess the potential impact of farmed salmon on wild populations, 
but monitoring efforts are principally focused on reported escape events. The monitoring of the number of escapees in 
each escape event can be improved with systematic in-river sampling at an appropriate frequency to lower detection limits 
and account for river habitat, time of year, and the likely uneven distribution of farmed salmon throughout river networks. 
Improvements in the monitoring of wild populations are also needed. These include an increase in the number of rivers 
with video counters and regular snorkeling counts, for the latter especially in rivers where catch numbers are the only data 
available. Establishing dedicated catch sampling programmes in partnership with river-specific fishing associations could 
assist with increasing the geographic scope of scale sampling and numbers of scales sampled. Tissue samples for genetic 
analysis that have been collected are numerous and span a good collection of rivers, but the sampling design could be 
improved to cover larger parts of each river. Genetic analysis of scale samples in addition to tissue samples could serve to 
increase the geographical spread of the samples. The development of an eDNA detection method could assist with the 
identification of potential occurrences of farmed salmon in wild populations. 
 
Are the data fit for purpose as used in GIRAF? 
 
GIRAF aims to incorporate new data as they become available. For example, the first versions of the framework relied 
more on data from other countries, such as those on the ratio between events with early and late escapees in Norway and 
Scotland. All events that occur, and data that become available with monitoring, are analysed in relation to GIRAF and, if 
possible, implemented and used in GIRAF.  
 
ICES identified uncertainties in the value of the average stock size for Atlantic salmon in Iceland currently used in GIRAF. A 
preliminary figure presented to ICES is more than twice the average number of returns during the last six years, even when 
the sea-ranched salmon returns are added to the wild salmon returns estimated by ICES (2024). It was estimated by ICES 
(2024) that in 2023, there were 33 900 wild Atlantic salmon that returned to the coast of Iceland and that the previous 
five-year average was 43 500. Data on stock-size estimates in wild salmon rivers are in most cases based on logbook catch 
data information; with increased monitoring and better analysis and use of data already available, this could be improved. 
There is uncertainty in the stock size estimate and whether ranched salmon were included to estimate the intrusion risk in 
all rivers in GIRAF. 
 
The level of accuracy in the approaches and assumptions used to determine the number of escapees and the magnitude 
of effect that minor adjustments can have in the escape events is a source of concern. Experience from Norway 
demonstrates that even when counting fish there can be a large degree of uncertainty in the number reported. 
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Are mitigation measures adequately accounted for in the model? 
 
Mitigation measures adopted through the regulation of aquaculture production (e.g. technical standards aiming to limit 
the number of escapees per production tonne, light manipulation, and salt feed to limit maturation) affect the intrusion 
risk of escape events in indirect ways.  
The GIRAF is reviewed every three years and updated when new data become available. Any mitigation action should be 
accounted for in the model. For example, following the major escape event of 2023 in Kvígindisdalur, regulations were put 
in place to decrease the risk of farmed salmon reaching sexual maturity. These include maturity examination 
(measurements of the gonado-somatic index) for fish over 4 kg in June and July, as monitored by a third party. Further 
evidence of the effectiveness of salt feed treatment in reducing maturation rates is needed to justify its potential inclusion 
as a mitigating factor in the model. The suggested control of gonadal somatic index (GSI) in June/July may not be the most 
reliable way of reducing the number of fish maturing in the autumn. GIRAF does not explicitly incorporate the effects of 
existing (e.g. escape recapture) or potential (e.g. fish sterilization) mitigation measures on the estimation of intrusion risk. 
 
In the absence of data, how does the model account for uncertainty? 
 
The model accounts for natural stochasticity in run-size and corresponding stock-size estimates for wild salmon. However, 
rivers that do not provide catch data are not included. If escapees are caught that are not linked to a reported event but 
can be traced back to a producer and cages, the number of escapees is estimated by back-calculation from the number of 
those caught in-river, catch effort estimations, maturation rate in pen (GSI from harvest), and estimated migration rate.  
 
Are the assumptions and the parameterization of GIRAF scientifically robust? 
 
In general, it is felt that the framework approach is appropriate; however, some of the assumptions and parameterization 
requires further support and sensitivity analysis to fully understand the potential impacts and final risk valuations. 
Gathering more data, such as those involved in estimating the size of wild salmon populations, could improve the 
robustness of certain assumptions. The following parameters are included in the model: 
 
For escape events:  
 


• The number of annual events is set at 1.75 per year. The number is based on Norwegian statistics (the average of 
escape events for the years 2009–2022, or 22 events) but is scaled to the Icelandic production rates, which are 
taken to be 12  times lower  than the Norwegian ones.   


• The number of escapees per 1 tonne produced is 0.55. This is calculated as the total number of escapees from 
Icelandic pens (113 050 individuals from four events) divided by total Icelandic production (207 407 t) in 2017–
2023 (tables 2 and 3 and Annex 8 in ICES [2025]).  


• The proportion of early and late escape events is set at 1/3 and 2/3, respectively. These numbers are based on 
statistics from Norway and Scotland. It assumes that the proportion of early escapees (fish smaller  than 1 500 g) 
is 1/3 and late escapees (fish larger than 1 500 g) is 2/3.   


• Migration rates into rivers are separated between late and early escapees and are set as 0.07% and 0.16%, 
respectively.  For the early escapees, the migration rate is based on those calculated from the Haganes event in 
2021 (Annex 8 and Table 4 in ICES [2025]). For the late escapees,  the rate is based on the Hringsdal and Laugardal 
events in 2018 (Annex 8 and Table 5 in ICES [2025]).  


• The proportion of time spent at sea for early escapees: post-smolt 0 and 1 sea winter (SW) is estimated to be 
30/56, 17/56 for 2SW, and 9/56 for 3SW. This is based on the return ratio of 1SW, 2SW, and 3SW fish from release 
experiment by Skilbrei et al. (2015).    
 


For the distribution model: 
 


• The distribution models of early and late escapees are based on Icelandic data. 
• The model assumes two exponential distribution curves for each type. The early escapee distribution is 


symmetrical around the release point (sea cage). The lat escapee distribution is skewed according to the general 
ocean currents around Iceland.  
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For estimating and simulating the stock sizes of wild populations: 
 


• In the simulation, the stock size is assumed to follow a lognormal distribution with a standard deviation of 0.5 for 
all rivers.  


• The geometric mean of each river is based on the most recent ten-year stock estimates. 
• Catch data are assumed to be representative (good correlation with fisheries independent counter data). 
• Catch-and-release corrections 25% applied for all rivers are assumed to be the most accurate (based on tagging 


studies). 
• Exploitation rate from index rivers applied (proposed change from previous assessments). The exploitation rate 


from rivers with counter data is used as a geographical index and applied to rivers with unknown exploitation rate 
according to their location. This uses location as a driver as has been applied elsewhere (e.g. in the run-
reconstruction models used by ICES (2024) wild salmon stock assessments where salmon in Iceland are split 
between the Northern and Southern North-East Atlantic Commission (NEAC) area complexes.  
 


Does the framework align with the precautionary approach in relation to: i) its estimation of genetic intrusion risk; and 
ii) its estimation of the amount salmon predicted to be safely reared in pens? 
 
The alignment of genetic intrusion risk with the precautionary approach requires that the setting of the risk threshold does 
not result in irreversibe harm to the wild populations, where harm is understood to be a negative change in the abundance 
or life-history characteristics of recipient wild popultions. 
 
In Iceland, the goal of the Aquaculture Act is to develop the Atlantic salmon net pen aquaculture industry in a manner that 
does not cause harm to the harvestable wild Atlantic salmon populations. In 2017, there was an initiative to explore the 
level of sustainable aquaculture in the country based on the modelled genetic impacts of escapees on wild populations. 
Part of this initiative was to establish a management target for the numbers of escapees that wild populations could 
tolerate without significant genetic impacts. In this context, a value of 4% for the proportion of escapees compared to the 
wild population size was established by MFRI. This was based on Taranger et al. (2015), set near the natural straying rate, 
and supported by simulations (Castellani et al., 2018; Bradbury et al., 2020; DFO, 2024). These simulations suggest that 
intrusion levels below 5 to 10% result in only weak phenotypic and demographic changes in the recipient wild population 
changes over 50 years. As the Icelandic Atlantic salmon aquaculture industry is currently using non-local Norwegian farmed 
salmon, a conservative threshold level of 4% was chosen. On this basis, ICES considers that the estimation of genetic 
intrustion risk threshold at 4% to align with the precautionary approach. 
 
The alignment of the amount of salmon predicted to be safely reared in pens with the precautionary approach requires 
that that level of production should not cause a greater than 4% genetic intrusion risk in recipient wild populations. The 
disparity between the model outputs of the safe level of production and the level of genetic change presently observed in 
wild populations from production levels lower than those proposed by the model (intrusion, hybridization, and genetic 
introgression; Working Papers 06 and 07 in annexes 10 and 11 in ICES [2025]; Guðmundsson et al., 2023) would suggest 
the estimated amount of salmon predicted by GIRAF to be safely reared in pens may not be sufficiently risk averse to 
protect all wild populations. Within the GIRAF estimation of this figure, there are some  deviations from the precautionary 
approach regarding the treatment of uncertainty, lack of a sensitivity analyses, and how these are deployed in the 
determination of vital rate parameters. On this basis, ICES considers that the amount of salmon predicted to be safely 
reared in pens in the currently configured GIRAF framework does not align with the precautionary approach. 
 
Methods 
 
ICES reviewed the latest version of the risk assessment model applied to evaluate the risk of intrusion of farmed salmon 
into wild salmon rivers in Iceland, including relevant geographical factors, farming factors, and factors related to the life 
cycle and distribution of wild salmon populations. The review process considered available evidence and information on: 
i) reported escape events and escape incidence analysis; ii) stock size estimation procedures for wild rivers included in the 
risk assessment; iii) the distribution model used to assess the intrusion of farmed salmon from designated aquaculture 
areas into Icelandic fishing rivers; iv) mitigation and preventive measures currently in place to reduce the potential for 
genetic introgression; and v) the monitoring programme currently in place to monitor and assess the risks to wild salmon 
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populations genetic integrity and overall health associated with the cultivation of Atlantic salmon of Norwegian origin in 
open sea cages in Iceland. The information and evidence basis in support of the review is available in ICES (2025).  
 
Additional information 
 
Considering the current disparity between GIRAF outputs and the observed level of genetic changes in some wild 
populations, ICES suggests consideration be given to specifying what an acceptable level of genetic introgression from 
escaped farm fish is or should be. Introgression is maladaptive and potentially contributes to eroding genetic differences 
between wild populations. The most significant factor regarding the risk of genetic introgression of farmed salmon is the 
maturity level of the escaping fish.  
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i Executive summary 


The Workshop on the Genetic Risk Assessment Framework for salmon aquaculture (WKGIRAF) 


was established at the request of Iceland to conduct an external peer review of the data collection, 


data processing, and the underlying assumptions of the GIRAF. This framework is part of the 


formal advice from Iceland’s Marine and Freshwater Research Institution (MFRI) to the Ministry 


regarding management of sea pen-based Atlantic salmon (Salmo salar) aquaculture in Iceland. As 


such, the objective of GIRAF is to estimate the amount of production of fertile salmon, consistent 


with the precautionary approach, that can be reared in the sea without causing harm to wild 


salmon populations. GIRAF is based on the consideration of the risk of two main factors, the risk 


of intrusion of farmed salmon, i.e. the likelihood that farmed salmon that have escaped from sea 


pens will enter river systems in a given year, and the risk that they will interbreed with wild 


salmon resulting in genetic mixing (hybridization) and introgression (incorporation)of farm 


genes from escaped farm salmon into recipient wild populations and thus impacting on wild 


population abundance and life history (phenotypic) traits.  


Key findings of the peer review indicate that the GIRAF framework, the existing mitigation ef-


forts, and the choice of 4% genetic intrusion are aligned with the precautionary approach, how-


ever, the data show that genetic intrusion and genetic introgression has been detected in multiple 


Icelandic rivers, highlighting the need for improved monitoring and mitigation strategies. The 


data sources used in GIRAF, including fish counters, genetic monitoring, and escapee tracking, 


are essential but require enhancements, particularly in increasing sampling coverage and ad-


dressing uncertainties in population size and escape estimates. The framework incorporates mit-


igation measures such as the opportunity to provide additional regulatory changes to improve 


the GIRAF assessment and potential for containment based on new information that would be 


acquired following escape events. The addition of sterility as a mitigation measure and improved 


data collection protocols is recommended to strengthen the GIRAFs precautionary approach to 


risk management. Additionally, the model’s assumptions regarding escape event frequency and 


dispersal patterns require refinement through sensitivity analyses. Future work should focus on 


refining population estimates, enhancing genetic monitoring efforts, and incorporating addi-


tional mitigation strategies such as sterilization of farmed salmon. A dedicated ICES expert 


workshop to assess and validate key parameters in salmon aquaculture risk assessments is rec-


ommended to improve the robustness of such frameworks and to ensure their effectiveness in 


protecting wild salmon populations. 


Keywords: Atlantic salmon (Salmo salar), risk assessment, genetic intrusion, genetic introgres-


sion, carrying capacity 
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1 Introduction 


The government of Iceland requested that ICES conduct a review of data collection, data pro-


cessing, and the underlying assumptions regarding the Genetic Intrusion Risk Assessment 


Framework (GIRAF) used for advice on the impact of aquaculture in net pens on wild salmon 


stocks. The GIRAF estimates the amount of fertile salmon that is considered precautionary to 


raise in the sea at any given time regarding the risk of genetic introgression into wild salmon 


populations. The workshop, WKGIRAF, is an ICES workshop that was organized in response to 


this request from Iceland. All working papers presented and discussed in support of WKGIRAF 


are available in this report as report annexes. This workshop report also provides a number of 


short summaries provided by the MFRI of the information presented in the working papers for 


each term of reference for WKGIRAF.  
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2 ToR 1: Review the following aspects of the Genetic 
Intrusion Risk Assessment Framework (GIRAF) 


2.1 How are data collected to estimate intrusion and 
introgression? (ToR 1a) 


The ICES Working Paper 6 is available in Annex 10. A summary of this document is provided 


below, which outlines how data are collected to estimate genetic intrusion and introgression as 


part of monitoring work done in Iceland in relation to Intrusion Risk-Assessment (ICES 


WKGIRAF 2025/WP 06) 


Working Paper 6 examines the risks posed by escaped farmed Atlantic salmon (Salmo salar) to 


Iceland’s wild salmon populations, particularly regarding genetic intrusion. The monitoring pro-


gram aims to track and assess the extent of farmed salmon escapees in rivers, determine their 


origins, and evaluate potential hybridization with wild salmon. 


Monitoring Methods 


The study employs several key monitoring techniques: 


1. Fish Counters with Video Cameras – Installed in key salmon rivers, these counters pro-


vide real-time data on migration patterns and enable the detection of escaped farmed 


salmon based on physical traits. 


2. Escapee Detection and Reporting System – Fishermen and officials report suspicious 


salmon, aiding in early identification. 


3. Scale and Genetic Analysis on both adults and juveniles – Allows differentiation be-


tween wild and farmed salmon and assesses hybridization levels. The samples are both 


taken in bi-annual surveys and in selected rivers. 


Fish Counters and Escapee Monitoring (2023 Results) 


In 2023, 20 fish counters were operational, 13 of which had video cameras. These helped detect 


farmed salmon escapees in Icelandic rivers for the first time in Laugardalsá, Langadalsá, and 


Blanda rivers. Following their detection, fish passage installations were closed and farmed 


salmon were captured for analysis. 


• Langadalsá: 10 farmed salmon vs. 62 wild salmon. 


• Laugardalsá: 6 farmed vs. 197 wild. 


• Blanda: 53 farmed salmon were caught in the fishway which was closed for up-


migration. 


Captured farmed salmon exhibited clear aquaculture traits such as damaged fins, smaller tails, 


and silvery coloration. The report suggests that AI-assisted identification could improve moni-


toring efficiency. 
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Major Escape Incident at Kvígindisdalur (2023) 


A significant escape event occurred in Patreksfjörður, where approximately 3 500 farmed salmon 


escaped from a single net-pen. The Marine and Freshwater Research Institute (MFRI) received 


465 samples of suspected escapees for genetic analysis. Results showed that 440 of these were 


farmed salmon, with 421 traced to Kvígindisdalur. 


• Escapees were found in 61 rivers, with most migrating northward, following ocean 


currents. 


• Some escapees were traced back to older escape events, such as a 2021 incident at 


Haganes. 


• Six salmon caught in 2024 indicated ongoing effects of this event. 


Mitigation measures included removal efforts led by Norwegian divers, with training provided 


for Icelandic specialists to continue these efforts in the future. 


Scale Sampling and Hybridization Monitoring 


Scale samples from escapees helped determine their age and growth patterns. The Kvígindis-


dalur escapees were three-years-old on average, while fish from Haganes (the 2020 escape event) 


were four-years-old. Some escapees had spawned successfully, raising concerns about genetic 


introgression. 


Genetic monitoring from 6 000 juvenile samples revealed: 


• F1 hybrids (first-generation) in 17 rivers. 


• Backcross hybrids in 26 rivers. 


• Most hybrids were found near aquaculture sites, though some appeared far from farm-


ing areas. 


Estimates of wild populations in rivers – data collected 


• Catch data from logbooks where available. 


• Counter data from index rivers used for estimation on exploitation rate in regular 


angling fishing. 


• Catch and Release information from log-book  


• Some rivers have more accurate estimates from counters.  


Conclusions 


The 2023 escape event was unprecedented, requiring enhanced monitoring and mitigation 


measures. Hybridization risk remains a concern, necessitating continued genetic studies and im-


proved containment of farmed salmon. 
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2.2 How the data are processed? (ToR 1b) 


Escape Events 


1. First estimation: Preliminary number provided by the Food and Veterinary Authority 


(MAST) estimate. This happens within days. 


2. Second estimation: Estimated from Specific Feed Rate (SFR) per individual analysis pro-


cessed with stocking number and mortality counts. 


3. Final estimation: After harvesting: Vaccination number, mortality numbers and harvest-


ing number, and the SFR rations are compared. 


4. Detection limit: 2 000 fish.  Error ± 2 000 fish. For example: measurement gives 1 010 fish 


= reported number 3 010 ± 2 000 fish. 


 


Stock estimates of wild-populations 


Stock size of rivers is estimated based on a run-reconstruction from catch data and exploitation 


rate, in some rivers more accurate estimates comes from fish counters. Stock estimations are only 


done for rivers that have catch data available. When escape events occur, similar methods are 


applied on the numbers of confirmed escapees to estimate the total run-size for each river. It was 


discussed during WKGIRAF that this comes with uncertainty and that there is no method in 


place to estimate the total run when increased efforts are used to catch escapees – e.g. when 


multiple methods of catching such as harpooning, extension of angling season, and netting are 


used.  Genetic analysis of juveniles and their kinship is also used in the estimation of the number 


of farmed adults that took part in spawning in rivers. 


2.3 The adequacy of current monitoring programmes (ToR 
1c) 


The monitoring of the number of escapees in each event is adequate but can be improved to 


lower detection limits. The Food and Veterinary Authority (MAST) has suggested regulatory 


changes in connection with a proposed new bill on aquaculture laws to do so. For example, video 


recording of transport and counting of fish in the process of transporting. 


The monitoring of wild populations is also an important part of the GIRAF and can also be im-


proved. The number of rivers with video-counters can be increased, regular snorkeling counts 


in selected monitoring rivers can be added, similar to the monitoring program in Norway. Snor-


keling counts can also improve the estimates of stock size – especially in rivers where catch num-


bers are the only data available.   


Sampling of scales from the catch is dependent on the participation of guides (anglers) but with 


increasing Catch and Release (C&R) the numbers each year have been going down. This is due 


to the risk of harming salmon that is destined to be released. However, if it is done carefully, and 


handling is limited it should not produce too much harm to the fish.  There exist special programs 


in particular rivers in association with the Fishing Association of the rivers with the aim of in-


creasing the sample size of scales e.g. in River Norðurá. This could be adopted in more rivers, 


also with the aim of increasing the geographic span of the scales being sampled.   


Tissue samples for genetic analysis that have been collected are numerous and span a good col-


lection of rivers, but the sampling design could be improved for example with the aim of cover-


ing larger parts of each river. The genetic analysis could also be accomplished by using the scale-
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samples mentioned above as tissue samples, therefore increasing the geographical spread of the 


samples. The development of an eDNA detection method to identify potential occurrences of 


farmed salmon is currently underway.  


2.4 Are the data fit for purpose as used in GIRAF? (ToR 1d) 


The GIRAF has the aim of updating the use of data as they become available. For example, the 


first versions were more relying on data from other countries, such as data on the ratio between 


events with early and late escapees in Norway and Scotland. All events that occur, and data that 


becomes available with monitoring are analysed in relation to the GIRAF and if possible, they 


are implemented and used in the GIRAF. The data on stock-size estimates in rivers are in most 


cases based on logbook catch data information and as discussed in response to ToR 1f, below 


with increased monitoring and better analysis and use of data already available, could be im-


proved.  


2.5 Are the mitigation measures adequately accounted for 
in the model? (ToR 1e) 


The GIRAF model is to be updated at least every three years, or more often if needed. Escape 


events and detection of introgression may be used as a measurement of the success of the GIRAF. 


They can be used to adapt the model, and any mitigation action should be accounted for in the 


model by law. For example, after the 2023 event in Kvígindisdalur, there are now in place regu-


lations to decrease the risk of having sexually mature fish. The regulations state that measure-


ments of maturity (GSI index) should be monitored by a third party and overseen by MAST. This 


applies for fish over 4 kg, after mid-June. 


2.6 In the absence of data, how does the model account 
for uncertainty? (ToR 1f) 


If escapees are caught which are not linked to a reported event but can be traced back to a pro-


ducer and cages. The number is estimated by back-calculation from the number of escapees 


caught in-river, catch effort estimations, maturation rate in pen (GSI from harvest) and estimated 


migration rate.  


Stochasticity in stock estimates are simulated to account for variance in the run-size. Rivers that 


are not providing catch data are not included. Increased monitoring and fisheries independent 


data collection of rivers could improve this part. 
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2.7 Are the assumptions and the parameterization of 
GIRAF scientifically robust? (ToR 1g) 


There are several assumptions that need to be made in the parameterization of the GIRAF. They 


are supported by available data and/or by referring to scientific literature. Gathering more data 


could improve the robustness of the assumptions, for example, on the stock estimates, there are 


several assumptions made:  


The number of parameters in the model are few and are as follows.  


• For escape events: 


1. Number of events is set at 1.75 per year 


2. Number of escapees per 1 000 t produced is 0.5 


3. Proportion of early and late escape events is set at 1/3 and 2/3, respectively.   


4. Migration rate into rivers is separate between late and early escapees, and cur-


rently both set at 0.17% 


5. Proportion of time spent at sea for early escapees (post-smolt: 0, 1SW: 30/56, 


2SW: 17/56, 3SW: 9/56 


• For the distribution model: 


1. The distribution models of early and late escapees are based on Icelandic data 


2. The model assumes two exponential distribution curves for each type. The early 


escapee distribution it is symmetrical around the release point (sea-cage). The 


late escapee distribution is skewed according to the general ocean currents 


around Iceland.  


• For estimating, and simulating stock-size of wild population: 


1. In the simulation the stock-size is assumed to follow a log-normal distribution 


with a standard deviation of 0.5 for all rivers.  


2. The mean of each river is based on the most recent ten-year stock estimates with 


a geometric mean. 


3. Catch data are assumed to be representative (good correlation with fisheries in-


dependent counter data). 


4. C&R corrections 25% applied for all rivers are assumed to be the most accurate 


(based on tagging studies). 


5. Exploitation rate from index rivers applied (proposed change from previous as-


sessments). 


6. Geographical location used (applied elsewhere, split between N-NEAC and S-


NEAC at WGNAS and there is geographical correlation in catch data). 


These assumptions are considered robust, but there is room for improvement, both by analysing 


the available data and collecting more information. 
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3 ToR 2: Does the framework align with the 
precautionary approach?  


3.1 Does the framework align with the precautionary 
approach in relation to its estimation of genetic 
intrusion risk? (ToR 2a) 


Although not a part of the GIRAF, the decision of having the allowed areas for production lim-


ited to areas distant from the major salmon rivers could be considered as precautionary. 


The 4% levels may be identified as being precautionary. The approach of requiring revision of 


the GIRAF every three years or more often could be considered as being precautionary. 


3.2 Does the framework align with the precautionary 
approach in its estimation of the amount salmon 
predicted to be safely reared in pens? (ToR 2b) 


The idea with the setting risk assessment of intrusion is considered as a tool to have a legal 


framework to reduce the potential risk of intrusion in wild populations. This kind of framework 


is the only one available in countries that have aquaculture of Atlantic salmon – having such a 


framework should be considered as an approach to regulate the aquaculture operations and in-


corporate precaution. 
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4 Conclusions 


The workshop, convened in Iceland, was well attended by a diverse group of stakeholders in-


cluding government ministries, research institutes, the aquaculture industry, proprietors of wild 


salmon fisheries, salmon anglers, and conservationists, as well as scientists with substantial ex-


pertise in the general area of Atlantic salmon management and in particular, farm salmon, wild 


salmon, interactions. National experts (Iceland) submitted working papers for the workshop’s 


consideration. These papers are available in the annexes of this report and summarized above in 


Section 2. There were also a series of presentations to the workshop followed by substantive 


engagement from participants throughout, resulting in productive discussions and positive ex-


changes.  Risk assessment frameworks, such as the GIRAF, are critical tools to support the regu-


lation of salmon aquaculture operations and provision of advice for the setting of sustainable 


levels of salmon farm production, while also, by adhering to the precautionary approach, ensur-


ing the protection of wild salmon populations. The workshop findings underscore the im-


portance of maintaining and strengthening data collection and processing methodologies, refin-


ing mitigation measures, and ensuring ongoing scientific review.  
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Annex 2: Resolutions 


A Workshop on the Genetic Intrusion Risk Assessment Framework for salmon aquaculture 


(WKGIRAF), chaired by Phillip McGinnity (Ireland) and reviewed by Kjetil Hindar (Norway), 


Ian Bradbury (Canada), and Monica Solberg (Norway), will work on ToRs and generate deliver-


ables as listed in the table below. 


 


 MEETING DATES VENUE REPORTING DETAILS 


Year 2025 17-21 February 


2025 


Fornubúðir 5, 220 


Hafnarfjörður, 


Iceland 


                   Report by 24 February 2025 


ToR descriptors 


TOR 


 


DESCRIPTION  SCIENCE PLAN CODES 


EXPECTED 


DELIVERABLES 


1 Review the following aspects of the GIRAF:  


a. How are data collected to estimate intrusion and 


introgression 


b. How are the data processed 


c. Is current monitoring adequate? 


d. Are the data fit for purpose as used in GIRAF? 


e. Are mitigation measures adequately accounted 


for in the model? 


f. In the absence of data, how does the model 


account for uncertainty? 


g. Are the assumptions and the parameterization of 


GIRAF scientifically robust? 


 


6.3 


5.6 


 


A workshop and 


review group 


report with a 


detailed discussion 


and review of each 


item, to be 


delivered by 24 


February for 


ACOM’s 


consideration. 


2 Does the framework align with the precautionary 


approach in relation to: 


a. its estimation of genetic intrusion risk  


b. its estimation of the amount salmon predicted to 


be safely reared in pens? 


See above See above 



https://ices.dk/about-ICES/Documents/Resolutions/Science_plan_codes.pdf
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Supporting Information 
  


Background The government of Iceland requests that ICES conduct a review of data collection, 


data processing, and the underlying assumptions regarding the Genetic Intrusion 


Risk Assessment Framework (GIRAF) used for advice on the impact of aquacul-


ture in net pens on wild salmon stocks.  


The GIRAF estimates the amount of fertile salmon that is considered precaution-


ary to raise in the sea at any given time regarding the risk of genetic introgression 


into wild salmon populations. GIRAF is based on two main factors, the intrusion 


of farmed salmon, i.e. the likelihood that farmed salmon that has escaped from sea 


pens will enter river systems in a given year, and the risk that it will be able to mix 


with wild salmon so that genetic mixing/introgression takes place. The above-


mentioned framework is part of the formal advice from the Marine and Freshwa-


ter Research Institution (MFRI) to the Ministry regarding management of cage-


based salmon aquaculture in Iceland.  


The GIRAF was first published in 2017 and was developed with consultation from 


foreign experts in the field of population genetics. GIRAF became a legal require-


ment by amendments to law no. 101/2019 which amended the law on aquaculture 


no. 81/2008. In the initial legal draft, it is stated that one of the arguments for the 


legalization of the GIRAF is that the government's policy is to exercise a precau-


tionary approach in the development of fish farming and that decisions will be 


based on the estimates of GIRAF. 


The 2019 law amendment also introduced provisional clause no. VII, that states 


that the Minister shall appoint a committee of three impartial scientists in the 


fields of fisheries, population genetics and/or ecology to review the 


methodology used by the MFRI in the assessment of carrying capacity and in 


the preparation of risk assessments. The scientific committee submitted a report 


in June 2021. In the report, it was stated that the model behind GIRAF stood up 


to a scientific scrutiny, but on the other hand, it remained to be seen how the 


framework responded to data collected from Icelandic rivers. This was one of 


main conclusion of the report, as most of the model's assumptions were based 


on data from Norway. 


Priority The GIRAF is part of the management of Atlantic salmon aquaculture in 


Iceland. As such its outcome is used for deciding if pens can be in a certain area 


and also the amount of salmon reared in a given area. Independent, consensus-


driven advice based on the best available science, as provided by ICES, is 


invaluable in this process. This workhop is supported by long-standing ICES 


expert groups, the Working Group on North Atlantic Salmon (WGNAS), the 


Working Group on Risk assessment of Environmental Interactions of 


Aquaculture (WGREIA) and the Working Group on the Application of Genetics 


in Fisheries and. Aquaculture (WGAGFA). Consequently, these activities are 


considered to have a very high priority. 


Resource requirements The research programmes which provide the main input to this group are 


already underway, and resources are already committed. The additional 


resource required to undertake additional activities in the framework of this 


group is negligible. 


Secretariat facilities ICES Secretariat support and ICES advisory process 


Financial Covered by the Icelandic Ministry of Food, Agriculture and Fisheries special 


requests (4025-17) to ICES 


Linkages to advisory 


committees 


To ACOM through the advisory process. 
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Linkages to ICES 


committees or groups 


There is a very close working relationship with  groups under the FRSG and 


ASG. Specifically, it is very relevant to the Working Group on North Atlantic 


Salmon (WGNAS), the Working Group on Risk assessment of Environmental 


Interactions of Aquaculture (WGREIA), and the Working Group on the 


Application of Genetics in Fisheries and. Aquaculture (WGAGFA). 


Linkages to other 


organizations 


None.  
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Annex 3: Agenda 


WKGIRAF – ICES Workshop on the Genetic Intrusion Risk Assessment Framework for salmon aquaculture 


(WKGIRAF) 


 


Meeting – 17-21 February 2025, starting at 9:00 GMT (10:00 CET) each morning 


 


Venue – Fornubúðir 5, 220 Hafnarfjörður, Iceland and online access via MS Teams link for all registered 


participants (click this link to join the virtual meeting) 


 


Please note that each agenda item should have time for presentation, discussion, and Q&A, reviewer 


feedback, and reviewer recommendations. 


 


Monday 17 February 


0900-1000    Welcome from hosts    


  Guðni Guðbergsson 


Welcome from ICES Secretariat   


  Anne Cooper 


Introduction of participants 


    ICES Code of Conduct    


  Colm Lordan 


    Workshop ToRs and ‘ways of working’   


  Phillip McGinnity 


    Agenda overview 


 


 


1000-1130 Setting the context: Icelandic management objectives with industry history (including 


 a description of the nature of the industry over time including locations, distribution, 


 etc.) 


Document: “wp_1_Introduction”                      Ragnar Jóhannsson - HAFRO 


 


1130-1230  Lunch break 


 


1230-1315 Status of wild populations in Iceland, how stock status is estimated,  


Document: “wp_3_Stock Status of Rivers”                         Hlynur Bardarson  - HAFRO 


 


Context and supporting information:  


 


1315-1355 Analysis of Iceland’s data on introgression  


 Sten Ola Karlsson - Norwegian Institute of Nature Research 


 


1355-1420 How estimates of wild stock size are used in the risk assessment  


Jóhannes Guðbrandsson - HAFRO 


 


Break 


 



https://teams.microsoft.com/l/meetup-join/19%3ameeting_MDY2MTQ2ODAtODczOS00NmZlLThkMGYtYzZhN2E3ODcwNTNm%40thread.v2/0?context=%7b%22Tid%22%3a%22e0b220ce-5735-4468-91df-05cae5ff1fdc%22%2c%22Oid%22%3a%2228f1a5ab-e732-4d1f-b6af-1c3d7be6e547%22%7d
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1450-1600 Icelandic Monitoring for escapes and introgression 


Documents: “wp_2_Escape_events” and “wp_6_Monitoring” 


Leó Alexander Guðmundsson - HAFRO 


 


1600-1645 Norwegian wild populations, monitoring, genetics, risk assessment  


Monica Solberg, Havforskningsinstituttet 


 


1700  End of day 
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Tuesday 18 February 


 


0900-1000 Escape events “wp_2”                      


Ragnar Jóhannsson – HAFRO 


 


1005-1020 Break 


 


1020-1130 Discussion of the presentation, Escape events. 


 


1130-1230 Lunch 


 


1230-1430 Risk assessment “wp_4”         Ragnar Jóhannsson – HAFRO 


        Jón Fridriksson 


With explanation of how was the 106,000 tonnes was set and demonstration of the 


model 


 


1315-1430 Discussion of the presentation, Risk assessment. 


 


1430-1450 Break 


 


Context and supporting information:  


 


1450-1530 Canada’s use of a similar model, data collection, and utilization 


Mark Coulson - DFO Canada 


 


1530-1600 Norway’s use of similar data in their risk assessment model: Factors affecting escaped 


farm salmon occurrence  


Ola Diserud - Norwegian Institute of Nature Research 


 


1600-1700 Discussion 


 


1700  End of day 
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Wednesday 19 February 


 


0900-1130 Recap and continued discussion of the Icelandic model and risk assessment, model 


design, and parameters.  


 


1000-1015 Break 


 


1015-1100  Stochastic simulating model for escape events for the River Owners Association 


Jón Scheving Thorsteinsson - AREV 


 


1100-1130 Atlantic salmon river stock size estimates in Iceland 


Jóhannes Guðbrandsson - HAFRO 


 


1130-1230  Lunch break 


 


1230-1430 The Precautionary approach; explanation and specific considerations. 


 


Uncertainties in reported escape numbers and the estimation of fish numbers in cages 


Olav Moberg, Norwegian Fisheries Directorate 


 


1430-1500 Break 


 


1500-1700 AOB / continued discussions on previous agenda items 


 


1700  End of day 
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Thursday 20 February 


 


0900-1040 Mitigation – scenarios and potential risk reduction 


Document: “wp_5_Mitigation and Preventive Measures”  


 


1040-1100 Break 


 


1100-1130 Continued discussion, AOB 


 


1130-1230  Lunch break 


 


1230-1700 Report drafting (non-plenary)    


 


1700  End of day 
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Friday 21 February 


 


0900-0930 Report drafting (non-plenary) 


 


0930-1130 Presentation of draft reviewer’s summary on the terms of reference (detailed list 


provided on the next page of this document)    


Chair and Review Group 


 


 


1130-1230  Lunch break  


 


1230-1700 The expectation is that the session after lunch will be non-plenary time for experts and 


reviewers to draft the report  


 


AOB and report drafting 
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Annex 4: Report of the WKGIRAF Review Group 


WKGIRAF Review Group Report 
 


Authored by Ian Bradbury, Kjetil Hindar, Philip McGinnity, and Monica Solberg  


Edited by Philip McGinnity 


Summary 


The Review Group (RG) would like to compliment the workshop participants for their well-


considered contributions and engagement in helpful and productive discussion. The RG has 


made several recommendations below to improve the GIRAF and the effectiveness of the asso-


ciated monitoring programme. The recommendations provided are not meant to be an exhaus-


tive list of adjustments to the risk assessment framework and monitoring programmes but rather 


to identify and provide examples in areas that require attention. However, to provide a more 


thorough examination of model uncertainty and sensitivity, the RG recommends that ICES con-


vene an expert workshop specifically dedicated to defining and testing parameters in risk assess-


ments that are informed by historical and contemporaneous data. The RG recognizes that there 


has been significant effort put in to developing the GIRAF particularly in identifying and param-


eterizing those risk factors most important for determining levels of potential genetic intrusion. 


However, the RG is concerned that the data inputs for several important aspects of the assess-


ment of the risk of genetic intrusion are possibly more uncertain than portrayed in the existing 


framework and consequently not sufficiently cautious to be considered protective of Icelandic 


wild salmon populations. Given the level of impacts that have been recently observed in terms 


of intrusion, hybridization, and genetic introgression, it is apparent that levels of intrusion and 


introgression have already been high in some rivers during times when production levels were 


lower than today. These observations suggest that the present Icelandic salmon farming man-


agement regime may not be sufficiently risk adverse to protect wild salmon populations. How-


ever, the RG recognizes substantial Icelandic efforts from management and all stakeholders to 


lessen the rate of intrusion and genetic risk to wild populations from escaped farm salmon (i.e. 


adherence to technical standards, designation of exclusion areas, the GIRAF, the adaptability of 


the regulatory framework, surveillance by MAST, strategies to reduce maturation rates prior to 


slaughter, rapid in-river response to remove escaped farm salmon when escape events occur). 


The RG recommends that consideration be given to the sterilization of farmed salmon grown in 


sea pens taking advantage of efforts made by Icelandic companies to produce high quality trip-


loids. Finally, the RG sees the benefit of international scientific cooperation on the parameteriza-


tion and review of risk assessment tools, with participation of a diverse array of stakeholder 


groups. 


Introduction 


Genetic interactions between escaped farm salmon and wild Atlantic salmon populations have 


been documented across the North Atlantic and can result in demographic decline and signifi-


cant genetic change in wild populations (e.g. Karlsson et al. 2016; Glover et al. 2017; Besnier et al. 


2022; Bolstad et al. 2017, 2021; San Roman et al. 2025, Diserud et al. 2023). Accordingly, mitigation 


and risk reduction measures are increasingly implemented to reduce the direct genetic impact 


of escaped farm salmon on wild populations (e.g. DFO 2016, 2018, Glover et al. 2020). In Iceland, 


the goal of the Aquaculture Act is to develop the Atlantic salmon net pen aquaculture industry 
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in a manner that does not cause harm to the wild Atlantic salmon populations. In 2017, there was 


an initiative to explore the level sustainable aquaculture in the country based on the modelled 


genetic impacts of escaped farm salmon on wild populations. Part of this initiative was to estab-


lish a management target for the numbers of escapees that wild populations could tolerate with-


out significant genetic impacts. In this context, a value of 4% for the proportion of escapees com-


pared to the wild population size was established by Marine and Freshwater Research Institute 


in Iceland (MFRI). This was based on Taranger et al. (2015), set near the natural straying rate, and 


supported by simulations (Castellani et al. 2018; Bradbury et al. 2020; DFO 2024). These simula-


tions suggest that intrusion levels below 5% to 10% result in only weak phenotypic and demo-


graphic changes in the recipient wild population changes over 50 years. As the Icelandic Atlantic 


salmon aquaculture industry is currently using non-local Norwegian farmed salmon, a threshold 


level of 4% was chosen and viewed as being consistent with a precautionary approach. 


In conjunction with this threshold, MFRI further developed a Genetic Intrusion Risk Assessment 


Framework (GIRAF) to advise on the level of aquaculture production that could be sustained 


without undue genetic impact on wild populations. In 2020, Iceland commissioned an independ-


ent committee to review the methodology, risk assessments, and aquaculture carrying capacity 


analyses that were performed by the Marine and Freshwater Research Institute in Iceland (Stef-


ánsson et al. 2020). The RG recognizes that Stefánsson et al. (2020) were generally satisfied with 


the GIRAF, and the MFRI have subsequently followed up on their recommendations. Improve-


ments made include increased consideration of stochasticity in escape event characteristics and 


wild population size, inclusion of small populations, and consideration of risk levels given the 


origin of the farmed salmon used in Iceland. In January 2025, Iceland requested that ICES con-


duct an independent peer review of the current version of the GIRAF and provide advice on the 


following eight terms of reference: 


1. How data are collected to estimate genetic intrusion and introgression; 2. How the data 


are processed; 3. The adequacy of current monitoring programmes; 4. Are the data fit for 


purpose as used in GIRAF?; 5. Are mitigation measures adequately accounted for in the 


model?; 6. In the absence of data, how does the model account for uncertainty?; 7. Are the 


assumptions and the parameterization of GIRAF scientifically robust?; 8. Does the frame-


work align with the precautionary approach in relation to: its estimation of genetic intru-


sion risk and its estimation of the amount salmon predicted to be safely reared in pens? 


The RG reports below on the WKGIRAF’s terms of reference and how well the current GIRAF 


informs the number of farmed Atlantic salmon that can be safely reared in Icelandic waters with-


out inducing demographic and genetic change in local wild populations. In this report, intrusion 


is understood to be the proportion of escaped farm salmon in the potential breeding populations 


of Atlantic salmon in Icelandic rivers. Hybridization and genetic introgression are a direct result 


of intrusion (Diserud et al. 2022) and defined as the incorporation of genetic material from es-


caped farm salmon into the wild population. 


Terms of Reference Evaluation 


How data are collected to estimate genetic intrusion and introgression (ToR 1a) 


Data necessary to understand the genetic risks of farmed salmon into Icelandic wild salmon in-


cludes the number of escaped farm salmon, the distribution and size of wild populations, the 


presence of mature farmed salmon in rivers, and subsequent levels of hybridization and intro-


gression. Each of these data types contribute to the risk evaluation but are collected using differ-


ent methodologies as described in the framework. 
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Numbers of escaped farm salmon. It is mandatory for the fish farmer to report escaped farm 


salmon to the authorities. The authorities estimate the numbers of escapees based on vaccination 


numbers, mortality in the net pens, stocking rates in the net pens, changes in specific feeding 


rates, counts of fish at slaughter, and numbers extrapolated from recaptures from other escape 


events. There is uncertainty and inherent error in each of these approaches to the estimation of 


the numbers of fish in net pens and size of escape events. The RG recommends that a greater 


recognition and incorporation of these sources of uncertainty be explicitly considered in the 


model. 


Wild salmon populations. Iceland has 100 rivers that contain recognized harvestable salmon 


populations, and more rivers with small salmon populations. The size of wild populations is 


determined by direct count where available, but mostly by run reconstruction using river specific 


catches and regional exploitation rates. ICES (2024) estimated that in 2023, 33 900 wild Atlantic 


salmon returned to the coast of Iceland, and that the previous five-year average was 43 5001. 


During the same years, 13 100 sea-ranched salmon returned to the coast in 2025, and the previous 


five-year average of sea-ranched salmon was 18 200. Most of the sea-ranched salmon come from 


smolt releases in River Rangá in the south of Iceland. 


This approach has the limitation of being applicable only to rivers with reported harvest, which 


does not include many small rivers/populations of salmon that are currently not included in the 


risk evaluation and likely at a larger risk compared to larger populations (Diserud et al. 2022; San 


Roman et al. 2025). A complimentary approach using accessible habitat area to extrapolate pop-


ulation size has been employed elsewhere and would allow the inclusion of rivers without har-


vest data (see Bradbury et al. 2020; DFO 2024). It was not entirely clear which of these smaller 


rivers contain salmon populations, as opposed to rivers dominated by trout or Arctic char, in the 


materials provided so additional survey data would be useful here.  


Presence and distribution of escaped farm salmon. Monitoring data on the distribution and 


abundance of escaped farm salmon represents one of the best metrics of risk of genetic interac-


tions (Diserud et al. 2022) and has been extensively employed elsewhere (e.g. in Norway (Diserud 


et al. 2019, Glover et al. 2019)). In Iceland, information on number of escaped farm salmon is 


collected both routinely and following escape events using a variety of methods such as snorkel-


ling, traps, in-river fish counters, netting, and targeted angling. In addition to approaches di-


rectly targeting escapees, electrofishing of juveniles is also carried out to estimate the distribution 


of escapees and the potential number of farmed parents through the detection of their offspring.  


The RG recommends some improvements to data collected during the monitoring of escape 


events that may add substantially to the data-collection program. For example, scales should be 


collected from all killed salmon during the angling season, and the use of trained fishing guides 


would be one way of collecting scales to minimize the risk of harming salmon as part of catch-


and-release.  


The RG recommends a systematic monitoring programme that is independent of escape events. 


A strategic in-river sampling program should be established to ensure representative sampling 


regarding river habitat, timing of the year, and taking account of the likely uneven distribution 


of farmed salmon throughout river networks. The monitoring program after an escape event 


should accommodate different life-history stages, times of the year, and the potential large dis-


persal of the escaped farm salmon, particularly for smolts that may enter fresh water to spawn 


one to four years after the escape event.  


 


1 In ICES (2024) see Tables 3.3.4.1, 3.3.4.2, 3.3.4.5 and 3.3.4.6, which give the estimates for number of salmon returning as 


1SW and MSW to SW Iceland and NE Iceland. 
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The visual identification of farmed salmon can be difficult in many cases given the large variation 


in the duration an escaped farm salmon has been at large. Early escapees that have been in the 


wild for a long period of time might be difficult to distinguish from wild salmon based on mor-


phology alone. Verification of morphological classification can be substantiated through reading 


of scale patterns or genetic screening of tissue samples. The RG recommends that all salmon 


samples be screened for farmed origin, regardless of assumed origin to confirm their provenance 


for the risk assessment. Moreover, the RG recommends that information on maturation status 


and sex be collected to improve estimates of the potential for introgression due to the expected 


sex bias in reproductive success (Fleming et al. 1996; Hindar et al. 2006). It is appreciated that it 


is difficult to determine sex based on morphological assessment early in the angling season, but 


this could be improved using genetic methods (Robertson et al. 2024; Robertsen et al. 2025).  


Genetic monitoring. Levels of hybridization and genetic introgression are estimated through the 


screening of juveniles with genetic markers which characterize the differences among the farmed 


salmon used in Iceland and local wild Atlantic salmon. The genetic methods employed here have 


been shown to accurately identify recent hybrids, as well as backcrosses and overall levels of 


introgression in Iceland (see WKGIRAF Working Papers 06 and 07 in Annex 10 and 11; 


Guðmundsson et al. 2023). This information directly informs the outcome of intrusion and sub-


sequent reproduction, and hence the magnitude of genetic change in the recipient populations. 


The RG recommends monitoring of levels of hybridization and introgression across a range of 


populations including small rivers.  


How the data are processed (ToR 1b) 


In the current program there are several sources of data that can be used for estimating the level 


of intrusion. The RG recommends that all data, regardless of origin, should be utilized and sev-


eral potential approaches for combining the data could be explored.   


The RG is satisfied that the type of data being generated for estimating genetic introgression are 


consistent with the state-of-the-art methods. Data are processed using single nucleotide poly-


morphism (SNP) panels that can distinguish among the progeny of Norwegian-origin farmed 


and Icelandic wild salmon, including their hybrid offspring (see WKGIRAF Working Papers 06 


and 07 in Annex 10 and 11; Guðmundsson et al. 2023).  


The adequacy of current monitoring programme (ToR 1c) 


The information acquired from the intrusion assessments has so far been largely limited to peri-


ods following escape events. The information needs to be enhanced by a systematic monitoring 


program which provides the opportunity to deliver the best evidence necessary to support man-


agement (see text above for ToR 1). The program for monitoring genetic introgression is in its 


infancy. The RG recommends that genetic monitoring for introgression be included with escapee 


monitoring as part of an integrated program annually examining both the presence and the im-


pact of intrusion on the wild populations.  


Are the data fit for purpose as used in GIRAF?   (ToR 1d) 


In general, the types of data collected are fit for usage in GIRAF. However, the RG would like to 


see increased recognition of uncertainty in the parameters estimated in a number of areas, for 


example: the potential for overestimating wild stock size, over and underestimating escape rates, 


and underestimating dispersal and survival of escapees. 


The average stock size for Atlantic salmon in Iceland used in the GIRAF model shown at the 


meeting was 127 000. This preliminary figure is more than twice the average number of returns 


during the last six years, even when the sea-ranched salmon returns are added to the wild salmon 


returns estimated by ICES (2024). ICES (2024) estimated that in 2023, 33 900 wild Atlantic salmon 


returned to the coast of Iceland, and that the previous five-year average was 43 500. 
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The RG is concerned as to the level of accuracy used in the approaches and assumptions used to 


determine the number of escaped farm salmon and the magnitude of effect that minor adjust-


ments can have in the escape events presented. 


When estimating the numbers of escaped farm salmon based on recapture rates from other es-


cape events, one should take into consideration the sensitivity of calculations resulting from 


small differences in the observed recaptures (e.g. 12 recaptures in Hringsdalur versus three re-


captures in Laugardalur, see WKGIRAF Working Paper 02 in Annex 6). Experience from Norway 


has shown that the specific feed ratio may not be reduced even in documented escape events, 


and although the method may be able to detect an escape event, it cannot accurately estimate the 


number of fish escaping (Olav Moberg, Norwegian Directorate of Fisheries, pers. comm.).  


The RG recommends that the number of fish within a cage should be known at all times and that 


remaining fish should be counted after potentially large escape events, thus using the same meth-


odology for estimating the number of escapees across different events. Experience from Norway 


demonstrates that even when counting fish there can be a large degree of uncertainty in the 


number reported. The frequency and magnitude of escape events that are used by MFRI are 


based on data from the Directorate of Fisheries, Norway and therefore should be implemented 


in the GIRAF with the degree of caution that the Directorate of Fisheries, Norway attach to these 


data (see https://www.fiskeridir.no/statistikk-tall-og-analyse/data-og-statistikk-om-akvakul-


tur/rommingshendelser/om-dataene-rommingshendelser).  


The model is parameterized from a limited number of escape events in Iceland. To improve the 


robustness of the model, the RG recommends that information should be included from experi-


ments that have been undertaken in other jurisdictions that show large variations in outcomes 


of survival and dispersal given variation in life stage, time of the year, and location from which 


the escapes occur. All sources of available data are not utilised (see e.g. Heggberget et al. 1993; 


Hansen 2006; Hansen and Youngson 2010; Chittenden et al. 2011; Solem et al. 2013; Skilbrei et al. 


2015; Sporbarhet 2025). 


The RG feels that there are insufficient published data at present to make a statement about the 


potential effect of the salt feed treatment in reducing maturation rates (see Myklatun et al. 2023). 


Further evidence of its effectiveness would need to be provided to justify its potential inclusion 


as a mitigating factor in the model. 


The suggested control of gonadal somatic index (GSI) in June/July according to regulation of 01 


May 2024 seems to be a well-documented way of reducing the number of fish maturing in the 


autumn. However, under some environmental conditions in August/September, a significant 


percentage of mature males have been reported to be late-developing having not previously been 


detected by the GSI assessment. These conditions occur when long days coincide with seawater 


temperatures above 15ºC degrees Centigrade (Tom Hansen, Institute of Marine Research, Nor-


way, pers. comm.). 


The assumptions of the model need to take account of the possibility of leakage/trickle events 


and unreported escape events that may give rise to biases in the predictions of the model. Testing 


the model assumptions is also part of the sensitivity analysis e.g. assuming the Skilbrei et al. 


(2015) are a reasonable estimate of unreported escapes Similarly, sensitivity analyses could also 


include catastrophic events where several fish farms are impacted by the same storm.  



https://www.fiskeridir.no/statistikk-tall-og-analyse/data-og-statistikk-om-akvakultur/rommingshendelser/om-dataene-rommingshendelser

https://www.fiskeridir.no/statistikk-tall-og-analyse/data-og-statistikk-om-akvakultur/rommingshendelser/om-dataene-rommingshendelser
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Are mitigation measures adequately accounted for in the model? (ToR 1e) 


Mitigation measures are incorporated into the model in indirect ways through the use of data 


collected in Iceland (e.g. technical standards aiming to limit the number of escapees per produc-


tion tonne, light manipulation to limit maturation, and examination of gonadal-somatic index in 


June and July to avoid maturing salmon in the farms). When updating these model parameters, 


mitigation measures will be included in the model parameters indirectly. Exploration of direct 


mitigation measures and their potential effects through model-based sensitivity analyses would 


increase the value of the model as a tool to inform management decisions. As the available data 


suggests genetic impacts due to escapees have occurred already in some Icelandic rivers in the 


presence of mitigation measures, additional measures are warranted. Explicit incorporation and 


evaluation of the effect of any additional mitigation measures in the model are needed (e.g. in-


crease the maximum dispersal distance in the model). Evaluation of the contribution of direct 


mitigation measures such as sterility to lowering the amount of intrusion has not been incorpo-


rated at present but should be in future. 


In the absence of data, how does the model account for uncertainty? (ToR 1f) 


The model accounts for natural stochasticity, but prediction uncertainty and potential bias aris-


ing from uncertain parameter estimates and factors not included in the model (e.g. unreported 


escape events, timing of escape events). This can be addressed through sensitivity analysis as 


done elsewhere (see Bradbury et al. 2020). 


The RG recommends that an exploration of the sensitivity is needed in order to determine how 


changes in various parameters impact the outcome of the risk assessment. In lieu of Icelandic 


information, some of the sensitivity analyses from Canada can be used, but further evaluation in 


the Icelandic context is desired. 


Are the assumptions and the parameterization of GIRAF scientifically robust? (ToR 1g) 


In general, the RG felt that the framework approach is appropriate, however some of the as-


sumptions and parameterisation requires further support and sensitivity analysis to fully under-


stand the potential impacts and final risk valuations. Of the assumptions included in GIRAF, 


some of the most important are with respect to the accuracy of the salmon stock size estimates. 


An average stock size at 127 000 in the preliminary run of the model is unrealistically high rela-


tive to the official ICES estimates of approximately 42 000 wild Atlantic salmon returning to the 


coast (ICES, 2024), and still high when adding 18 000 sea-ranched returns to a total at ca. 60 000. 


The RG recommends that recent data be used in the risk assessment to take account of the ob-


served declines in returns of wild Atlantic salmon to Iceland. The RG cautions against including 


sea-ranched and wild salmon returns as large-scale hatchery smolt production may have un-


wanted genetic consequences for salmon populations (e.g. Hagen et al. 2019).  


The focus of GIRAF on wild populations with harvest information and population estimates >40 


individuals means that a population size bias may be present with smaller wild salmon popula-


tions not being included in the model. As smaller populations are likely at greater genetic risk 


(Diserud et al. 2022; San Roman et al. 2025), model conclusions of risk may therefore be biased. 


Another implication of not including all rivers to contain Atlantic salmon in the model is that the 


simulated escapees will not be allocated to these small rivers thereby potentially elevating the 


risk estimate for populations considered. 


Other key parameters are the rate and magnitude of escape events, number of fish in the cages, 


and the dispersal distribution of escapees. In the current version, the framework does not ac-


count for error in either the estimates of fish in the cages or the magnitude and frequency of 


escape events, or variation in escapee dispersal (e.g. seasonal differences). These sorts of data 


have been shown in other jurisdictions to be error prone and as such the inclusion of sensitivity 


analyses to explore the impact of uncertainty on potential impacts is warranted.  
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To ensure assumptions and model parameters are robust the RG recommends an ICES technical 


workshop on defining and testing parameters in the risk assessment, informed by industry and 


management data. This would benefit the work in Canada, Ireland, Scotland, and Norway. This 


workshop should include experts within the relevant authorities dealing with escape events, fish 


counts, and the collection of data in the field. The ToRs for the expert-led workshop could include 


the following: 1. Level of escapes, 2. Estimating population size, 3. Dispersal of escapees. The 


ICES stock assessment benchmark process could be a good working model here. 


Does the framework align with the precautionary approach in relation to its estimation of ge-
netic intrusion risk (ToR 2a) 


The RG recognizes that there has been significant effort put in to developing the GIRAF particu-


larly in identifying and parameterizing those risk factors most important for determining levels 


of potential genetic intrusion. However, the RG is concerned that the data inputs for several 


important aspects of the assessment of the risk of genetic intrusion are possibly more uncertain 


than portrayed in the existing framework and consequently not sufficiently cautious to be con-


sidered protective of Icelandic wild salmon populations. The RG has made several recommen-


dations above on how these limitations may be addressed, among these, the convening of a tar-


geted ICES expert workshop or benchmark programme. 


Does the framework align with the precautionary approach in relation to its estimation of the 
amount salmon predicted to be safely reared in pens? (ToR 2b) 


The RG considers the GIRAF to align generally with the Precautionary Approach as it seeks to 


determine safe levels of production based on information gathered from multiple sources. There 


are some deviations from the precautionary approach regarding the treatment of uncertainty, 


lack of a sensitivity analyses, and how these are deployed in the determination of vital rate pa-


rameters. 


The disparity between the model outputs and the level of genetic change in wild populations 


observed would suggest the present Icelandic salmon farming management regime may not be 


sufficiently risk adverse to protect all wild populations. However, the RG recognizes substantial 


Icelandic efforts from all stakeholders to lessen the rate of intrusion and genetic risk to wild pop-


ulations from escaped farm salmon (i.e. adherence to technical standards, designation of exclu-


sion areas, the GIRAF, the adaptability of the regulatory framework, surveillance by MAST, 


strategies to reduce maturation rates prior to slaughter, rapid in river response to remove es-


caped farm salmon when escape events occur). The RG recommends that consideration be given 


to the sterilization of salmon grown in sea pens.  


Given the level of impacts that have been recently observed in terms of intrusion, hybridization 


and genetic introgression (see WKGIRAF Working Papers 06 and 07 in Annex 10 and 11; 


Guðmundsson et al. 2023), it is apparent that levels of intrusion and introgression have already 


been high in some rivers during times when production levels were lower than today (Data on 


F1 hybrids and back-crosses in juvenile samples collected 2017-2020). The RG does not have a 


direction from Iceland on what is considered to be ‘safely reared’. In lieu of a specific direction 


the RG understands that the 4% intrusion level identified in the GIRAF is the ‘safely reared’ 


threshold, which if exceeded would potentially result in a change in the abundance or life history 


make-up of a recipient population.  
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Given the observed genetic changes in some Icelandic populations, the RG suggests that the Ice-


landic authorities consider what is an acceptable level of genetic introgression. Introgression is 


the incorporation by hybridization and backcrossing of novel genetic variants (alleles) from es-


caped farm salmon into the gene pool of the recipient wild salmon populations, which results in 


a change in the genetic character of the recipient population at the genomic level (i.e. increasing 


the fraction of fish with farm ancestry). It has been shown that introgression is maladaptive and 


potentially eroding genetic differences between populations (McGinnity et al. 2003; Fleming et 


al. 2000; Skaala et al. 2006, 2019; Wringe et al. 2018; Sylvester et al. 2019; Wacker et al. 2021).  
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Introduction 
Atlantic salmon aquaculture is expanding in Iceland. Since 2017, the Marine and Freshwater Re-


search Institute (MFRI) has been tasked with assessing the environmental impacts associated 


with the risk of genetic introgression from escaped farmed salmon into wild populations, mod-


elling the potential intrusion of these escapees in native salmon stocks. This research provides a 


vital foundation for informed political decisions regarding the regulation and development of 


the aquaculture industry in Iceland. 


Genetic interactions between domesticated farmed salmon and wild salmon populations pose 


an environmental challenge.  Studies from Norway, Ireland and Canada have shown that intro-


gression of escapees occurs in numerous rivers, risking the genetic variation and future viability 


of these wild populations. Similar evidence suggests that escaped salmon could also pose risks 


in Iceland. 


MFRI has developed a model to estimate the number of farmed salmon that may escape and 


enter rivers. The model evaluates various production levels across different farms and fjords, 


comparing the results against thresholds for low (0-4%), moderate (4-10%), and high (>10%) pro-


portions of intrusion in river systems. 


The model is grounded in an intuitive framework of interlinked key factors known to influence 


the number of escapees likely to infiltrate rivers post-escape. While inherent uncertainties exist 


in all parameters of such models, the chosen parameters are well-documented and are based on 


literature values and monitoring results collected over the past eight years. 


 


Model for the Intrusion of Farmed Salmon into Wild Salmon Populations  


This report presents the latest version of a risk assessment model for the intrusion of farmed 


salmon into salmon rivers. The purpose of the model is to predict the number of farmed salmon 


that could participate in spawning each year. The risk of genetic introgression increases in direct 


proportion to the intrusion of salmon in the river (Glover et al., 2012, 2013).  


In the model, the maximum value for farmed salmon intrusion is set at 4%, based on the findings 


of Taranger et al. (2015). Below this threshold, insignificant changes in the genetic variability of 


natural populations are anticipated (Castellani, 2018). Effect of up to 10% intrusion is assessed 


as weak, while the impact is deemed significant if intrusion exceeds 30% over a 50-year period. 


However, it should be noted that wild Icelandic salmon populations and the Norwegian farmed 


salmon (the so-called SAGA stock) used in farming are more distantly related to each other than 


natural populations in Norway are to Norwegian farmed stocks. Therefore, caution must be ex-


ercised when determining thresholds. In Norway, natural populations are considered to be in 


good condition if intrusion does not exceed 4%.  


The goal is to ensure that the production of farmed salmon in sea pens does not adversely affect 


the fitness of natural salmon populations. The decision was made to assess the risk of genetic 


introgression using a risk model based on information from an annual monitoring project, along 


with data from international studies and monitoring. This approach allows for the adaptation of 


regulatory frameworks for aquaculture in accordance with the latest information to minimize 


the effects of farming on wild Icelandic populations. 
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Pathway of Genetic Introgression  


The progression of genetic introgression can be divided into two stages:  


i. Escaped salmon from sea pens and their likelihood of migrating into rivers. This is 


referred to as intrusion and constitutes the precursor to genetic introgression. 


ii.  The spawning of escaped salmon in rivers, the life cycle of their offspring (pure 


farmed salmon and hybrids), and their effects on the genetics of the local population. 


Two separate models are used to predict these stages. Previous international models have pri-


marily focused on the latter stage, genetic introgression (Castellani et al., 2015, 2018; Verspoor, 


2017). The risk assessment model is the first to predict the intrusion of farmed salmon into rivers 


and has now also been adopted in Canada (Bradbury et al., 2020), following the Icelandic model.  


In Norway and Scotland, salmon farming has been conducted in close proximity to fishing rivers 


for decades. In those regions, it is not possible to trace escaped salmon back to farmed pens as it 


is in Iceland due to regulations for fish farming (0540/2020, Article 19). For this reason, it has not 


been feasible to establish a predictive model of this kind in those countries.  


However, this seems to be changing in Norway, where companies like Sporbarhet AS and Blue 


Analytics AS have set up comparable systems for DNA analysis of escaped salmon, similar to 


what is done in the Icelandic risk assessment. Aquaculture companies and Norwegian authori-


ties (Fiskeri-direktoratet) jointly aim to trace all escaped fish back to their pens. More information 


is available on the Blue Analytics website. Nonetheless, this project appears to be progressing 


slowly in Norway. 


With few exceptions, salmon farming areas in Iceland are located far from salmon rivers, and the 


distribution and intrusion of farmed salmon decreases significantly the further away they are 


from these rivers. Salmon farming has been prohibited in fjords near key salmon rivers to protect 


natural populations from genetic introgression, parasites, and diseases (Gudjonsson and Scar-


necchia, 2013). Therefore, a predictive model plays an important role in assessing the risk of in-


trusion and thereby genetic introgression of farmed salmon in individual rivers. As Atlantic 


salmon farming in open sea pens is newly commenced in Iceland, the conditions are unique for 


monitoring the quantity, movement, and fate of farmed salmon in the Icelandic environment 


following an increase in production. 


This predictive model is thus valuable for assessing the impacts of salmon farming on natural 


salmon populations in Iceland. A predictive model of this kind has been developed for farming 


in Newfoundland and Nova Scotia, where conditions are similar in many ways to those in Ice-


land. The Institute of Marine Research and Fisheries and Oceans Canada have collaborated on 


the development and application of the models. 


The use of the methodology sheds light on numerous factors, such as the number of escaped 


salmon, their survival, behavior, and life cycle in the sea. Technical advancements in genetic 


research allow us to monitor the distribution and survival of escaped salmon from specific farm-


ing sites.  


The model assesses the effects of all marine farming facilities on salmon populations in all rivers 


where population size can be estimated. The impacts are evaluated both in terms of the of es-


caped salmon and as a proportion of the average size of spawning populations in the rivers. 


The development of this predictive model is based on the best available information from mon-


itoring, peer-reviewed scientific articles, and reports, along with other relevant data from Ice-


landic, Norwegian, Canadian, and Scottish aquaculture. 
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General Assumptions of the Risk Model 


The risk model calculates the number of escaped salmon that migrate into rivers based on factors 


that can be categorized into three groups: geographical factors, farming factors, and factors re-


lated to the life cycle and distribution of wild salmon populations. 


Geographical Factors 


 


Figure 1.1 Map Showing Ocean Currents Around Iceland (Jón Ólafsson, 2006, Vísindavefur) 


The model incorporates geographical factors such as the direction of ocean currents (Figure 1), 


salmon abundance in specific rivers, their locations, and other physical characteristics. 


Monitoring results indicate that the distance of farming areas from salmon rivers is a significant 


factor in the intrusion of farmed salmon into these rivers. The protected areas were specifically 


selected to safeguard salmon rivers against genetic introgression, as decided by the Minister of 


Agriculture in 2004. 


Defining Population Units of Salmon Stocks: Canadian Methodology 
The Committee on the Status of Endangered Wildlife in Canada (COSEWIC) has adopted a meth-


odology for defining population units of salmon stocks within a specific region. The first version 


was published in 2010 (COSEWIC, 2010). 


These guidelines emphasize that a stock or group of stocks may be defined as a designable unit 


if it possesses characteristics that make it distinct and evolutionarily significant compared to 


other stocks. Examples of such characteristics include genetic factors such as morphology, life 


history, behaviour, and neutral genetic markers, along with significant differences between 


stocks in different ecological regions. Designable units of salmon stocks have been identified for 


the eastern coast of Canada and were revised in May 2023 (Lehnert et al., 2023). It was noted that 


there are 19 designable units along the eastern coast of Canada, spanning an area of approxi-


mately 8,500 km of coastline. 
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Figure 1.1 Areas Where Salmon Farming is Prohibited Along the Coasts of Iceland (in Red). 


 


The average coastline length for each unit is approximately 450 km. Since similar ecological fac-


tors are found in the western part of the Westfjords and the salmon-abundant coastline is about 


450 km long, it may be possible to consider all the rivers in this region as a single genetically 


distinct unit (designable unit). However, further research is needed, and the Institute of Marine 


Research intends to collaborate with Canadian scientists to investigate genetically distinct units 


of Icelandic salmon stocks. 


Farming Factors 


Information regarding sea cage farming includes the precise location of the pens, biomass at each 


site, the size and age of the salmon raised in the pens, as well as details on salmon escapes, the 


number of escaped fish, and the dates of the escapes.  


Salmon farming is permitted only in limited areas around Iceland, in most cases distant from 


major salmon rivers, with the exception of three rivers: Langadalsá/Hvanná, Laugardalsá in 


Ísafjarðardjúp, and Breiðdalsá in Breiðdal. The prohibited areas were specifically chosen to pro-


tect salmon rivers from genetic introgression, as outlined in the announcement by the Ministry 


of Agriculture in May 2004 (Ministry of Agriculture, 2004). Consequently, the salmon farming 


areas are largely restricted to the Westfjords and Eastfjords (Figure 2). 


Release of Smolts into Net-pens 
The risk model utilizes information regarding the release of smolts into sea pens and the number 


of salmon subsequently slaughtered. This data is obtained from the aquaculture management 


software "Fishtalk," which salmon farming companies use. Part of this data is published on the 


"Aquaculture Dashboard." The Food and Veterinary Authority (MAST) has access to more de-


tailed information than what is displayed on the dashboard, along with data from the DNA da-


tabase Benchmark Genetics, allowing for tracing escaped salmon back to their pen. 


Estimate of the Number of Escaped Fish 
There has been a steady increase in the level of technical advances in monitoring feeding rates in 


fish farming. Most recent advances include the use of AI in the estimation of fish feeding rates 


on growth but also gives better estimates of the number of fish and any of the fish have escaped 


from the cage. Fishfarmes today have powerful tools to monitor feed rate, well-being, growth 


and number of fish in each cage with considerable accuracy.  
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Here we describe two methods which have been used by MAST and MFRI to estimate number 


of escapees in events.   


The number of escapes is assessed based on vaccination and slaughter numbers:  
When estimating the number of escaped salmon from pens, one can compare mortality rates in 


sea pens with and without escape events. Salmon smolts are vaccinated a few weeks prior to 


being placed in pens, typically achieved manually using a vaccination gun, which counts the 


smolts and provides an accurate number of vaccinated smolts in each tank. Usually, all smolts 


from the same tank are put into the same sea pen, but if they are split between pens, they are 


recounted into the pen with a fish counter which typically have a counting error of 2-3%. Fish 


are counted mechanically during slaughter, resulting in low uncertainty in vaccination and 


slaughter. 


In a pen where an escape has occurred, the number of escaped fish, N escape, is calculated as fol-


lows: 


N escape = N vaccinated – N mortality – N harvest  (1) 


 


Since both mortality and escape are unknown variables in the pens where escapes have occurred, 


data from mortality in comparison pens, such as other pens in the same site where an escape did 


not occur, can be used. Thus, N mortality can be estimated based on average mortality in comparison 


pens, that is: 


𝑁𝑚𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑦
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ = 𝑁vaccinated


̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ − 𝑁ℎ𝑎𝑟𝑣𝑒𝑠𝑡
̅̅ ̅̅ ̅̅ ̅̅ ̅̅  (2) 


 


Where 𝑁𝑚𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑦
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅  is the average mortality in other pens where escape pens. Using the approxi-


mation N mortality = 𝑁𝑚𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑦   gives: 


 


N escape = N vaccinated - 𝑁𝑚𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑦
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ - N harvest   (3) 


 


Given that the uncertainty in vaccination and slaughter is low, the uncertainty in the number of 


escapes is primarily determined by the standard deviation of mortality in comparison pens.  


This method was used to assess the escape that occurred from the pens in Hringsdal in February 


2018. As previously mentioned, three escape incidents were reported in 2018 (Table 4), and all 


the farmed salmon caught in rivers in 2018-2019 originated from these accidental releases. 


Escape Numbers Estimated Based on Specific Feed Ratio (SFR):  


It is also possible to determine whether escapes have occurred by examining the feed ratio rela-


tive to the feeding ratio in other pens in the same facility. This method was used to assess the 


number of escapes in pen #11 at the Haganes facility in 2021. Feeding is closely monitored via 


video surveillance to ensure that fish are neither overfed nor underfed. The feed ratio is recorded 


through automated logging relative to the estimated biomass. When examining the ratio (SFR)es-


cape/(SFR)average (where (SFR)escape refers to the SFR in the escape-pen and (SFR) average 


refers to the average SFR in other pens within the facility), it enables the identification of both 


the timing of the event and the estimation of the number of escapees. 
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Figure 1.2 Ratio of (SFR)escape/(SFR) average by Month in the Suspected Escape Cage No. 11 at Haganes 


in 2021 


It is clear that at the beginning of June 2021, a significant event occurred where a large portion 


of the fish in the cage escaped. Prior to this event, the SFR was the same as in the comparison 


pens, but after early June it dropped to 38% of its previous value. 


Estimating Escape Frequency 
Estimating the probability of escape frequency as a function of their size is a crucial variable in 


risk assessment based on stochasticity (vide infra). As escape events in Iceland have been few, it 


is practical to consult the Norwegian Directorate of Fisheries database. Data were utilized from 


this database over all registered escape events (Rømmings-statistikk alle hendelser) from 2009 to 


2022. The Norwegian Aquaculture standard in place as of 2008, with updates, remains consistent 


over these 14 years. A total of around 300 events were recorded, with two or more escaping fish 


during this period. Events are categorized into size classes based on the number of escaped fish 


per event and the event frequency as a function of a sum of escapees plotted.  


Table 1.1 Escape events between the years 2009-2022 grouped into frequency classes using data from 


Fiskeridirekoratet. 


 


 


As observed in Table 1.1 The duration between events of around 180 thousand fish escaping is 


around 6 years and becomes subsequently shorter for smaller events. If the interval length be-


tween is plotted as a function of interval length a linear relationship is observed.  
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Figure 1. 3. Interval between Norwegian escape events has a linear relationship with event size.  


 


The event frequency however, falls with exponential decay with the sum of escapees in events 


i.e. the larger the event thus more infrequent it is.   


 


Figure 1.4. Exponential decrease of frequency is observed as the event size becomes larger. The function is 


based on events of Escape Sizes in Norway from 2009 to 2022. All escapes involving more than 5 fish are 


included, a total of around 300 events. 


The frequency function 𝑓(𝑛),  where n is the Number of escapees in an event follows an expo-


nential decay: 


 


𝑓(𝑛) = 𝐴𝑒−𝐵𝑛 + 𝐶 


 


where  𝐴 is a scaling factor proportional to the extent of farming, 𝐵 decay rate factor and 𝐶 is 


frequency of the maximum number of escapees. The maximum is limited by the maximum num-


ber of fish in net-pens.  


y = 30,633x - 5,7374
R² = 0,9946
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Given that Norway's production has been on around 1.2 million tons per year in the period 2009-


2022 and the maximum farming in Iceland about 12 times lower which proportional affects  fac-


tor A. The factor C will be lower in Iceland due to the fact that max stocking in Iceland is around 


130 thousand fish  vs  180 thousand fish per pen in Norway.  The factor B should remain unaf-


fected the by sum of production, i.e. should be the same number in Norway and Iceland. 


The Effect of Maturation on Migration to Freshwater 


Maturation significantly influences the migration tendency of farmed fish into rivers, as was 


clearly demonstrated by the escape from Kvígindisdal, where a high percentage of fish in the 


pens were mature.  


Effectiveness of Photoperiod Manipulation in Reducing Early Maturation 
In a study by Peterson and Harmon published in 2005 (Peterson, 2005), the Gonadosomatic Index 


(GSI) was analysed for fish reared in sea pens. The GSI is a biological concept, calculated as the 


ratio of gonad mass to the total body mass of the fish, expressed by the formula GSI = [gonad 


weight / total tissue weight] × 100. 


Comparisons were made between GSI values in July and maturation rates at slaughter, which 


took place from late August to February of the following year. The pens in this study contained 


salmon that had been released as smolts in April 2001. Six reference pens were under natural 


lighting, three received continuous lighting from November 3, 2001, to May 31, 2002, and three 


received continuous lighting from February 15, 2001, to May 31, 2002. 


In mid-July 2002, a sample was taken from each cage, and sex, weight, fork length (FL), average 


fat content in muscle, and gonad weight were recorded for each sample fish. 
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Figure 1. 1 From the Article by Peterson and Harmon. The figure shows the frequency distribution of 


the GSI index according to light control treatment. The red line (0.3) marks the threshold beyond which 


fish are likely to become sexually mature by autumn. 


 


During slaughter (August 2002 to February 2003), sex, maturation stage, weight, and FL were 


measured for samples from each cage. The frequency distribution of GSI values from fish meas-


ured in July indicated that a GSI value above 0.3% for both sexes suggested that the fish would 


reach maturation that autumn. 


Although utilization of Photoperiod manipulation is obliged in all issued Permits of Operation, 


there were indications that light control in the net pens of Arctic Fish in Kvígindisdal were not 


properly implemented. As a result, the following provisions regarding light control were added 


to Article 38 of the Aquaculture Regulation on May 1, 2024: 


When farming fertile salmon in sea cages, the operator is required to minimize the proportion of 


sexually mature fish during the farming period. Light control must be implemented from No-


vember 15 to April 30 to prevent the development of reproductive organs in farmed fish. 
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The Food and Veterinary Authority, in consultation with the Marine Research Institute, may 


impose additional conditions regarding light control. The Food and Veterinary Authority is au-


thorized to monitor the sexual maturation of salmon in both net-pens and slaughterhouses.  


Effects of smoltification on the onset of sexual maturation 


It has been evident that photoperiod regulates the occurrence of unwanted male post-smolt mat-


uration during the production of large Atlantic smolts However, the optimal daylength for trig-


gering smoltification, but not male puberty, has yet to be established”. (Frazer 2023).    Atlantic 


salmon typically smolt when they reach a size of about 12 to 15 centimetres in length (15-25 


grams). Smoltification is the process where young salmon prepare to transition from freshwater 


to saltwater, during which they undergo physiological and behavioural changes. This stage usu-


ally occurs when they are around 1 to 3 years old, depending on factors like growth rate and 


environmental conditions. In Iceland, which has cold rivers, this state usually occurs later or 


around 2-5 years. In farming, smolts are reared to much bigger sizes before smoltification or 


above 60 grams or in the case so-called super smolts, higher weight >100g.   Post-smolt matura-


tion was evident in domestic stocks of Atlantic salmon from the early 1990s but has become more 


prevalent recently due to technological changes that allow for the greater control of environmen-


tal conditions in on-land operations. For instance, approx. 15% male post-smolt maturation was 


observed in fish smoltified on a simulated natural photoperiod at 8–11 °C and transferred to sea 


at approx. 100 g in May (Stefansson et al., 1993). More recently, 50–80% of males matured at <1 


kg when kept at 12°C (Imsland 2014). However, it has not been established how long the post-


smolts must stay at 12°C to trigger the onset of early maturation.   


Methods for Smoltification on Icelandic Salmon Aquaculture 
In salmon farming, stimulation and timing of parr-smolt transformation (PST) has traditionally 


been achieved by mimicking a natural photoperiodic regime; continuous light (LL) used in the 


parr stage is interrupted by 6 weeks of short photoperiod (SP, ≤12 h of daylight), after which PST 


is completed during a subsequent exposure to LL for another 6 weeks. This method is called 


Zeitgeber or “light stimulated smolting”. Post-smolt mortality and stunted growth is a problem 


has triggered changes in smolt production practices (Striberny 2021). Results by Stirberry et al. 


showed that continuous light groups experienced the highest mass gain, while light-treated fish 


exhibited true smolting indicators. Dietary treatment improved hypo-osmoregulatory ability but 


did not affect gill NKA α1a gene expression, which shifted to a saltwater-type. All groups 


showed good hypo-osmoregulatory capacity, but growth in SW varied by treatment.  


In many companies, the light stimulated smolting has been replaced by a dietary treatment, in 


which pre-smolts are maintained on LL throughout the freshwater phase and given a salt/ion 


mixture supplemented feed during the last weeks before seawater transfer.  


In Iceland, Arctic Fish uses light-stimulated smolting at 12°C, whereas Arnarlax and Kaldvik 


employ smoltification using super smolt feed and constant light, keeping the temperature below 


9°C. A comparable method is used by Háafell (i.e., the smolt feed method), which employs con-


stant light and gradually adds increasing amounts of seawater to the tanks until full salinity is 


reached. The temperature is maintained between 9-10°C. 


Lifecycle Data 


Distribution of Farmed Salmon 
Monitoring results indicate that the distance of farming areas from salmon rivers is an important 


factor in the intrusion of farmed salmon into these rivers. The prohibition zones were specifically 


chosen to protect salmon rivers from genetic introgression, as the Minister of Agriculture de-


cided in 2004. 


Rivers within farming areas, as shown in Figure 1.2, are not salmon rivers, with the exceptions 


of river Langadalsá, river Laugardalsá in the Westfjords, and river Breiðdalsá in the Eastfjords. 



https://www.sciencedirect.com/science/article/pii/S0044848622008894

https://www.sciencedirect.com/science/article/abs/pii/0144860993900143

https://link.springer.com/content/pdf/10.1007/s10499-014-9750-1.pdf?utm_source=sciencedirect_contenthosting&getft_integrator=sciencedirect_contenthosting

https://www.sciencedirect.com/science/article/pii/S0044848620325096#bb0010
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Salmon in these rivers may constitute part of designatable units within the species. Methods for 


defining such units can be found in the Committee on the Status of Endangered Wildlife guide-


lines in Canada (COSEWIC). These are guidelines emphasize that a stock or group of stocks may 


be defined as a designatable unit if it possesses characteristics that make it distinct and evolu-


tionarily significant compared to other stocks. Examples of such characteristics include genetic 


factors such as morphology, life history, behaviour, and neutral genetic markers, along with sig-


nificant differences between stocks in different ecological regions. 


Designatable units of salmon stocks have been identified for the eastern coast of Canada and 


were revised in May 2023 (Lehnert et al., 2023). The document discusses that there are 19 desig-


natable units along the eastern coast of Canada, spanning an area of approximately 8,500 km of 


coastline. The average length of each unit is thus about 450 km. Given similar ecological factors 


are present in the western Westfjords and that the salmon-abundant coastline is about 450 km 


long, it may be possible to consider all the rivers in this area as a single genetically distinct unit 


(DU). However, further research is required, and the Marine Research Institute intends to col-


laborate with Canadian scientists to investigate genetically distinct units of Icelandic salmon 


stocks. 


Distribution of Early Escapes 
Understanding the behaviour and distribution of salmon after escape is crucial for the predictive 


value of this model. The behaviour and migration paths of smolts differ from those of larger 


salmon. Therefore, we define escaped salmon as early escapes if they escape before reaching 1.5 


kg and as late escapes if they are heavier. Wild smolts migrate to the sea over a relatively short 


period and remain in feeding grounds until returning to their natal river after 1-3 years at sea 


(Jensen, 2013). In contrast, farmed smolts that escape from cages do not undergo river migration 


and thus exhibit a different behavioural pattern upon reaching maturity. 


It is assumed that early escaped fish have better homing abilities than late-escaped fish. Salmon 


are known for their precise homing to their natal rivers, using imprinted olfactory memories of 


their spawning rivers. The sensitive period for developing this olfactory imprinting is linked to 


the transition from parr to smolt (Lema and Nevitt, 2004), which occurs while the fish are still in 


the river. The scent imprinted in the fish's memory allows navigation to the correct river; how-


ever, as the fish swim further from their home river, the scent becomes too diluted to detect 


amidst varying and dynamic ocean currents. Research suggests that salmon also imprint on 


Earth's magnetic fields at feeding grounds and potentially on landscape features near the river 


mouth. Other factors such as collective navigation and the perception/imprinting of magnetic 


field strength and direction are also part of the navigation skills of wild fish. Smolts navigate to 


feeding grounds and their natal rivers upon reaching sexual maturity, employing multifaceted 


navigation methods (Putman et al., 2013; Berdahl et al., 2016). 


Results from monitoring suggest that early escaped salmon largely follow natural instincts. They 


memorize the magnetic field direction and strength at the escape location, sniff nearby rivers, 


and then head out to sea. After a year, they return to the escape site, i.e., move toward the cage 


location and subsequently to rivers near the cages. The model assumes that early escapes have a 


symmetrical or bell-shaped distribution and that escaped fish return near the escape site. Hence, 


the model predicts that early escaped salmon will predominantly migrate back towards the re-


lease point. They enter nearby rivers upon reaching maturity, aiming to spawn after one or two 


winters at sea, as shown in the Haganes escape in 2021. 


Distribution of Late Escapes 
The distribution pattern and migration path of late escaped fish differ. They do not migrate to 


feeding grounds as smolts do, which is evident from fatty acid profile data (discussed later). If 


they survive to maturity post-escape, they attempt to enter rivers for spawning. They tend to 


follow coastal currents (Hansen, 2006) from their cages. For example, if escapes occur in the 
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Westfjords, they follow the main currents and are more likely to enter rivers in North Iceland 


than in Breiðafjörður. The distribution range is broader than that of early escapes, extending 


about 500-600 km, with the distribution shape stretched in the direction of currents. 


In their search for natural rivers, they can travel long distances, up to 1000 km (Gudjonsson, 1991; 


Piccolo and Orlikowska, 2012). Most enter nearby rivers, and the number of late escaped fish in 


rivers correlates with local farming activity (Fiske et al., 2006). For instance, in Scotland, fewer 


escaped salmon enter rivers on the eastern coast, where farming is absent, compared to the west-


ern coast, where farming takes place (Green et al., 2012; Youngson et al., 1997). 


The distance from farming areas to each river is measured and factored into the distribution 


model, with the farming area as the center. The likelihood of fish entering a specific river at a 


given distance is assessed as quare root of proportion of the river's population size. This means 


that if two rivers, A and B, are adjacent and river A has a population twice the size of river B, it 


is assumed that fish are 1,4 as likely to enter river A than river B. 


Population Sizes of Wild Exploitable Stocks 
In earlier risk assessments, based on information from fishing logs documenting the catch and 


release of salmon, and fish counters (Jónsson et al., 2008), the fishing pressure is assumed to be 


about 50%. In this new version this has been revalued, see chapter 3 on stock status.  Hence, in 


the new version, stocks are more rigorously estimated. On average we use 30% for exploration 


rate i.e. 30% of the fish is examined by anglers.  If it assumed that 8/10 of the fish is correctly 


determined to be either farmed or wild and removed in the case it is farmed, the number of 


farmed fish can be estimated as of farmed fish can be the  3/30 x 8 /10 = 24/100 or 24%.  


Model  


Variables and equations 


The predictive model estimates the number of escaped salmon based on the scope of aquaculture 


in each fjord and predicts their intrusion from the sea and distribution into freshwater systems. 


The model is built upon the assumptions outlined previously. This section describes the various 


variables the model relies on and evaluates their magnitude based on monitoring results. 


The variables of the predictive model are as follows: 


• Aquaculture Production (Px) is expressed in tons per year at site x.   


• Escape Ratio (S) is given as the number of escaped salmon per ton produced annually. 


• The proportion between late and early escapee’s total numbers. The proposition 2/3; 1/3 


is used for late vs early escapee event respectively denoted as GP for grow-outs and 1-GP 


for early escapes.  


• Migration rate of Early Escaped Fish (LS), representing the proportion of fish from early 


escapes entering freshwater. LS is mainly depending on survival ratio of the fish at feed-


ing grounds.   


• Early escapes will not run the same year as the escape even occurred (0SW) but return 


after one winter in sea (1SW), two winters (2SW) and possibly 3SW. This is denoted as 


EARLY_YEARLY_DISTR in the program. 


• Migration Rate of Late Escaped Fish (LG), representing the proportion of fish from late 


escapes entering freshwater. LG is highly dependent on the rate of maturation at the 


timepoint of the escape event. 


• Number of events per year (EVENTS_PER_YEAR) denotes frequency of an event to oc-


cur irrespectively of its size. The number of escape events of the size 5 fish or more 
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according to Norwegian statistics is 304 fish over the years 2009-2022 giving an annual 


average of 22 events.  The farming in Iceland is expected to be in the order of 12 times 


less that the farming in Norway and therefore the guess for Number of events per year 


1,8.  


Based on variables above, the total Number of escaped salmon entering freshwater (E) is ex-


pected as: 


𝐸 = 𝑃(𝑆(1 − 𝐺𝑃)𝐿𝑆 + 𝑆𝐺𝑃𝐿𝐺) 


 


The distribution of escapees 


For each year in the simulation the number of escape events is drawn from a Poisson distribution 


with a mean number of events of 1.8 per year. Each farm event is assigned a farm site at random 


with the likelihood of each farm site being the production at each site. Each event is then ran-


domly marked as an early or late escapee event based on 𝐺𝑃 proposition. Finally, the number of 


escapees in each event is drawn from an exponential distribution with a mean of S (= 0,5) salmons 


per ton of total production each year. 


To predict which river an escaped salmon returns to, the rivers' stock sizes (Rx) and distances 


(D) to the escape farm are used. Both values are transformed and then scaled by dividing by the 


maximum value of each feature. The stock size is transformed using a square root and the dis-


tance using the function 𝑇(𝐷) = 𝑒−(𝐷 𝑏⁄ )2 . The parameter b controls how far from the escape farm 


the salmons will swim. A special case is used for late escapees as they tend to follow currents; 


therefore, one would expect the distribution to be skewed. A different b is used for D>0 and D<0 


to account for that. The b’s are chosen so that the proportion of the integral of F from −∞ to 0 


compared to the whole integral is equal to the proportion of salmon that are expected to swim 


against the current. If the distribution is expected to be symmetrical the same b can then be used 


for both D>0 and D<0. The transformed and scaled features are then multiplied and used as 


weights for each river as a river is drawn randomly for each escaped salmon. 
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The Model and readme file with further explanation can be found at: 


Ahaettumat2024/README.md at main · Ahaettumat2024/Ahaettumat2024 · GitHub 


 



https://github.com/Ahaettumat2024/Ahaettumat2024/blob/main/README.md
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Reported Escape incidences 


The first escape event after the risk assessment for genetic introgression was established, oc-


curred during a storm on February 11, 2018, when salmon escaped from cages in Hringsdal in 


Arnarfjörður and Laugardal in Tálknafjörður. In total, about 27,000 fish was estimated to have 


escaped during these two events. 


Two years later, there was an escape event from Arctic Fish at Eyrarhlíð, but of much smaller 


scale, and one fish caught in rivers was conformed to be from this escape event. Based on the 


rate of incursion, it is estimated that the magnitude of the escape was around 1,000 fish. 


The largest escape occurred likely on June 11, 2021, during a net transfer at cage number 11 near 


Haganes, when about 83,000 smolts, weighing on average 850 grams, escaped from the net pen 


of the company Arnarlax. This is the only early escape that has been traced to escaped fish in 


rivers. 


Undoubtedly, the most consequential escape was a relatively small one from Arctic Fish in 


Kvígindisdalur in Patreksfjörður, likely around August 8, 2023, where it is estimated that about 


3,500 fish escaped. A significant number of the escapees entered freshwater in the autumn of 


2023, with over 400 caught during control operations comprising of drift diving and other efforts 


that same autumn and six salmon escapees were caught in 2024, which could be traced back to 


this escape event.  


Table 2.2 Reported escape incidents during the period from 2018 to 2023. The reasons for escapes are 


categorized in accordance with the classification in Norway. The table is based on data from MAST (The 


Food and Veterinary Authority), excluding the estimated number of escaped fish that is assessed. 


 


 


Individual Events 


The escape incidents where farmed salmon have verifiably returned to freshwater each have 


their unique circumstances. This section discusses the events of 2018 in Hringsdalur in Arnarfjör-


ður and from cages in Laugardalur in Tálknafjörður together, as they share similar characteristics 


and occurred during the same storm. The fish involved in these escapes were nearing slaughter 


weight and were at an early stage of sexual maturation. Next, the escape at Haganes in 2021 is 


addressed, involving post-smolts that follow migration patterns of wild fish and hunt pray, ex-


hibiting a different behavioural pattern from grow-out fish. Finally, the escape in Kvígindisdal 


is considered, where there was significant sexual maturation in the cage, and the fish were at 


Company Fjord Site
Date 


incident
Date report


Estimatd 


number


Average 


weight
Course Further


Arnarlax Arnarfjörður Hringsdalur 11.2.2018 12.2.2018 21.000 7.2 kg General operation Bad weather


Arnarlax Tálknafjörður Laugardalur 11.2.2018 12.2.2018 5.250 3.5 kg General operation Bad weather


Arnarlax Tálknafjörður Laugardalur 6.7.2018 7.7.2018 300 3.5 kg Work on pen Hole in net


Arnarlax Arnarfjörður Hringsdalur 21.1.2019 22.1.2019 1.3 kg Work on pen Hole in net


Arnarlax Tálknafjörður Laugadalur 16.8.2019 17.8.2019 280 g Unknown


Kaldvík Glímeyri Berufjörður 17.9.2019 17.9.2019 10 Work on pen Hole in net


Arctic Sea Farm Dýrafjörður Eyrarhlíð 1.2.2020 1.2.2020 1.000 2.4 kg General operation Bad weather


Arnarlax Arnarfjörður Hringsdalur 2.4.2020 2.4.2020 7.2 kg General operation Bad weather


Arnarlax
Patreksfjarðarfló


i
Eyri 15.4.2020 15.4.2020 General operation Bad weather


Arnarlax Tálknafjörður Laugardalur 8.5.2021 8.5.2021 1 Work on pen Lice counting


Arnarlax Arnarfjörður Haganes 29.8.2021 29.8.2021 82.000 800 g Work on pen Change of net


Arnarlax Tálknafjörður Laugadalur 29.10.2022 29.10.2022 105 g Unknown Hole in net


Háafell Ísafjarðardjúp Skarðshlíð 27.2.2023 27.2.2023 500 g Work on pen Hole in net


Arctic Fish Patreksfjarðarflói Kvígindisdalur ágú.23 20.8.2023 3.500 6.2 kg Work on pen Hole in net


Total: 113.061
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harvest size. Additionally, escaped salmon that were not traced to specific escape events will be 


discussed separately. 


Escapes from Hringsdalur and Laugardalur 2018 


This involved fish that were nearing harvest size but exhibiting an early stage of sexual matura-


tion. The escape incident occurred in February 12, 2018. 


Number of Escaped Fish from Hringsdal/Laugardal 
The number of escaped fish was estimated based on vaccination and slaughter rates as described 


in section 1.2.2.2, "Assessment of Escapes." Data from Arnarlax cages at Steinanes, where there 


was no suspicion or report of escapes, were used to assess variability in average mortality be-


tween farming cages. The observed average reduction was 18.9% with a standard deviation of 


3.2%. In Hringsdal, escapes were reported from cages number 2 and number 6. 


Table 2.1. Arnarlax farming site at Hringsdalur. Numbers of smolts stocked and numbers at harvest. Holes 


were found in cages number 2 and 6. The loss from cage 2 is greater than expected (bolded). The average 


is taken from cages other than cage 2. 


Pen N° stocked Harvested Losses % 


1 170.000 135.547 34.453 20,30% 


2 159.000 103.683 55.317 34,80% 


3 182.644 132.790 49.854 27,30% 


4 167.000 142.179 24.821 14,90% 


5 152.000 116.742 35.258 23,20% 


6 157.000 125.123 31.877 20,30% 


   
µ 21,20% 


   
s 4,10% 


 


Natural Losses and Assessment of Escaped Fish 
Natural losses were comparable in five of the six sea cages in Hringsdal (Table 2.2 and similar to 


the reduction observed at Steinanes (18.9%), where no escape occurred. The average losses in 


these five cages were 21.2% with a standard deviation of 4.1%. Cage #2 was excluded from this 


calculation as it was evident that fish had escaped from there; as previously mentioned, a poten-


tial escape was reported from cages #2 and #6. However, the fish loss did not appear to be greater 


in cage #6 compared to other cages, concluding that any escape from this cage was negligible. 


Therefore, it is assumed that all escapes in Hringsdal originated from cage #2. The number of 


escaped salmon is estimated by subtracting natural losses from total losses using Equation (4): 


Number of escaped salmon = total losses – natural mortality = (34.8% - 21.2% = 13.6%). 


Given that 159,000 fish were placed in the cage, the number of escaped salmon is estimated to be 


21,600. This method could not be used for the cages at Laugardal due to two escapes and fish 


transfers between cages, which introduced uncertainty in loss assessments. By assuming com-


parable recovery rates in rivers from both escapes, escape estimates from Laugardal can be indi-


rectly assessed based on the recovery number of escaped salmon in rivers for each cage site. Since 


three escaped salmon can be traced to Laugardal, compared to 12 from Hringsdal, it is estimated 


that 1/4 of the number from Hringsdal escaped from the Laugardal site, bringing the total 
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number of farmed salmon that escaped from Haganes and Laugardal in February 2018 to an 


estimated 27,000 fish. 


Capture of Escaped Salmon from Hringsdal and Laugardal Escapes 
A total of 15 salmon were traced to these two escape events. Ten of these fish were caught the 


same year, and five were fish the following year. 


Table 2. "Escaped salmon traced to the 2018 escapes at Hringsdal and Laugardal. Ten fish were caught in 


2018 and another five in 2019. 


Fish Nr. River (place) 
Smolt station (com-


pany) 
Pen site (fjord) Day: 


F2018001 Selá (Ísafjörður) 
Bæjarvík, 


(Arnarlax) 
Laugardalur( Tálknafjörður) 24.7.2018 


F2018002 
Staðará 


(Steingrímsfjörður) 
Ísþór (Arnarlax) Hringsdalur (Arnarfjörður) 30.7.2018 


F183110 
Staðarhólsá/Hvolsá 


(Breiðafj.) 


Bæjarvík, 


(Arnarlax) 
Laugardalur (Tálknafjörður) 18.8.2018 


F181303 Mjólká (Arnarfjörður) 
Bæjarvík, 


(Arnarlax) 
Hringsdalur (Arnarfjörður) 31.8.2018 


F183504 Vatnsdalsá (Húnaflói) 
Bæjarvík, 


(Arnarlax) 
Laugardalur (Tálknafjörður) 31.8.2018 


F183503 Eyjafjarðará (Eyjafjörður) 
Bæjarvík, 


(Arnarlax) 
Hringsdalur (Arnarfjörður) 9.6.2018 


F2018009 
Laugardalsá 


(Ísafjarðardjúp) 


Bæjarvík, 


(Arnarlax) 
Hringsdalur (Arnarfjörður) 16.9.2018 


F2018010 
Fjarðarhornsá 


(Breiðafjördur) 


Bæjarvík, 


(Arnarlax) 
Hringsdalur (Arnarfjörður) 25.9.2018 


F2018011 
Fífustaðadalsá 


(Arnarfjörður) 


Bæjarvík, 


(Arnarlax) 
Hringsdalur (Arnarfjörður) 15.10.2018 


F2018012 
Fífustaðadalsá 


(Arnarfjörður) 


Bæjarvík, 


(Arnarlax) 
Hringsdalur (Arnarfjörður) 15.10.2018 


F192504 Mjólká (Arnarfjörður) Ísþór (Arnarlax) Hringsdalur (Arnarfjörður)1 30.8.2019 


F192514 Mjólká (Arnarfjörður) Ísþór (Arnarlax) Hringsdalur (Arnarfjörður)1 30.8.2019 


F192503 Mjólká (Arnarfjörður) 
Bæjarvík 


(Arnarlax) 
Hringsdalur (Arnarfjörður)1 30.8.2019 


F192515 Mjólká (Arnarfjörður) 
Bæjarvík 


(Arnarlax) 
Hringsdalur (Arnarfjörður)1 30.8.2019 


F192515 Mjólká (Arnarfjörður) 
Bæjarvík 


(Arnarlax) 
Hringsdalur (Arnarfjörður)1 30.8.2019 
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The distribution pattern of escaped salmon from this incident followed the expected trend for 


late-stage escapes, moving primarily northward with a distribution range of approximately 600 


kilometres. Most fish were found near the escape site. Six fish were found in rivers with estab-


lished populations, while nine were in rivers near the escape site, which are not considered to 


have such populations. 


Fatty Acid Analysis of Escapes from Hringsdalur / Laugardalur to Determine Life His-
tories 
A relatively new method has been developed to determine at which life stage the farmed fish 


escaped at, based on the relative proportion of linoleic fatty acid of the total fatty acids (FA). This 


allows differentiation between fish that have fed on wild food sources compared to those that 


escaped late in the production cycle. The analysis of FA ratios relies on the presence of linoleic 


acid (18:2n6), which originates primarily from terrestrial plants, with oils and meals made from 


them (such as soybean and rapeseed) used in salmon feed. Wild fish food contains little linoleic 


acid, resulting in much lower levels in wild salmon. In comparison, wild fish has a typical 


C18:2n6 ratio (of total fats) of 1,0 but farmed salmon in cages have approximately ten times the 


amount of linoleic acid or about 10-15%. If farmed salmon escape early and feed on wild sources, 


the ratio becomes comparable to that of wild fish, which is around 1%. Fish from these late escape 


events were caught in 2019, which was more than a year of freedom. This would be reflected in 


their fatty acid composition if they had consumed wild food. However, the results strongly in-


dicated that the fish had fed exclusively on aquaculture feed during their year of freedom, as 


seen in table 2.4. 


Table 2.4. Fatty acid analysis of escaped fish from the Hringsdal escape. The fish were caught 


one year after they escaped and only ate feed during that period, presumably near the farming 


cages. In comparison, wild fish has a typical C18:2n6 ratio of 1,0. 


Sample 


N° 


Ratio  


C18:2n6  


Escape     


type:    River Pen site Day of catch 


F192514 13,7 Late escape Mjólká  


Hringsdalur (Arnarfjör-


ður) 30.8.2019 


F192504 15,4 Late escape Mjólká  


Hringsdalur (Arnarfjör-


ður) 30.8.2019 


F192515 15,3 Late escape Mjólká  


Hringsdalur (Arnarfjör-


ður) 30.8.2019 


F192513 15,0 Late escape Mjólká  


Hringsdalur (Arnarfjör-


ður) 30.8.2019 


F192503 15,5 Late escape Mjólká  


Hringsdalur (Arnarfjör-


ður)  30.8.2019 


 


Escape from Haganes 2021 


This section concerns fish that escaped as smolts, with an average weight of 850 grams. The es-


cape is, therefore classified as an early-stage event, and the fish typically migrate to feeding areas 


during the winter, where they consume wild food, returning in the spring to seek upstream mi-


gration routes near the escape site. The escape occurred in June 2021, and their presence in rivers 


was not expected until spring 2022. 
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Number of Escaped Fish from Haganes 


 


Table 2.3 Calculation of number of escapes from Haganes 2021 


 


 


 


 


 


 


Table 2.2 shows the escapes from Haganes in 2021 calculated using the ratio (SFR)es-


caped/(SFR)average. For the escape, there were 105,181 fish in the cage, and the SFR was the 


same as the average of other cages. After the escape, the ratio had fallen to 38%, although 16,000 


fish had already been added in early July, which increased the ratio. Subtracting these 16,000 fish 


suggests that approximately 23,000 fish remained after the escape. Therefore, the estimated num-


ber of escaped fish is around 82,000. A similar result is obtained when comparing the slaughter 


numbers from this cage with those from comparison cages (=81,000 fish) or using vaccination 


and slaughter rates as was done in Hringsdal (=80,000 fish). 


Assessment of Returns After Wintering in Feeding Areas 
The Institute of Marine Research of Norway conducted a series of organized releases of farmed 


salmon from sea cages between 2005 and 2008. Large smolts (post-smolts) and adult Atlantic 


salmon were released from various locations at different times of the year (Skilbrei et al., 2015). 


The large smolts released in their first summer migrated relatively quickly to the open sea. Some 


of these returned to spawn and were caught at sea after 1-3 years. In the risk assessment report 


of 2020, data from this study were further analysed. The number of salmon caught in rivers after 


1-3 years decreased as the average size at release increased (50-1900 g). It is assumed that the 


catch rate was 60. The total number of large smolts (post-smolts) released in these trials was 


61,344 salmon. 


The recapture rate of fish from the escape decreases exponentially with fish size (Figure 2.1, blue 


dots). Each point represents % recapture split into size classes. The decline was modelled using 


the equation L = Ae (-Bx) + C.  


 


Number of fish June 1 105.801 


Ratio after escape: 38% 


Number after 16000 added in July 39.522 


Number with addition subtracted 23.522 


Number of escapees 81.659 
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Figure 2.1 The recapture of large smolts 1-3 years after release in rivers. Blue dots: %Recapture as a func-


tion of fish weight grouped in size classes. Data from the results of release trials conducted by IMR from 


2005-2008 (60,000 fish) (Skilbrei 2015). The blue curve approximates the equation E = Ae-Bx + C. 


The results were used to predict the recapture from the escape event at Haganes in 2021, where 


approximately 82,000 smolts with an average weight of 850 grams escaped on June 11, 2021. 


According to the coefficients derived from the equation, it was expected that a total of 78 fish 


should be caught in total 1-3 years after the escape of the 82,000 smolts of size 850 g. 


 


Capture of Escaped Salmon from the Haganes Escape 2021 
The prediction and the actual number of escaped salmon that returned to rivers after 1-3 SW is 


presented in table 2.5. The actual number returning was in line with the estimates, although 


lower. It is assumed in the Skilbrei experiment that rate of recovery of escapees had been around 


65%. According to Directorate of Fisheries in Iceland, fish recovery rate from fishing was around 


60% (Guðni Magnús Eiríksson 2022).    
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Table 2.3  Comparison of Estimated Number of Fish Returning from Feeding Areas vs. Actual Catches 


 


Most of the fish were caught near the farming site, as shown in Table 2.5. The majority of fish 


were caught after 1SW in Mjólká (20), followed by Ósá in Patreksfjörður (4), and Sunndalsá (2). 


In 2023 five fish were caught, including in Kársstaðaá in Snæfellsnes (1) in Hússadalsá in 


Steingrímsfjörður (1) and in rivers in Tálknafjörður and Arnarfjörður (3). Most of the fish were 


caught close to or less than 50 km from the cage site (30). Two fish were caught further away i.e 


Kárastaðaá and Hússadalsá, after 2SW. 
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Table 2.4  Escaped Salmon from the Early Escape at Haganes 2021 Caught in Mjólká, Sunndalsá in 


Arnarfjörður, and Ósá in Patreksfjörður 2022. Five fish caught in 2023, including one in Kársstaðaá in 


Snæfellsnes and one in Hússadalsá in Steingrímsfjörður. 


Fish No. Waterbody Region Farming Site (Fjord) Date 


F181507 Mjólká Arnarfirði  Haganes (Arnarfjörður) Autumn  2022 


F181509 Mjólká Arnarfirði  Haganes (Arnarfjörður) Autumn  2022 


F181511 Mjólká Arnarfirði  Haganes (Arnarfjörður) Autumn  2022 


F181512 Mjólká Arnarfirði  Haganes (Arnarfjörður) 24.8.2022 


F181513 Mjólká Arnarfirði  Haganes (Arnarfjörður) Autumn  2022 


F181516 Mjólká Arnarfirði  Haganes (Arnarfjörður) 30.8.2022 


F181518 Mjólká Arnarfirði  Haganes (Arnarfjörður) 30.8.2022 


F181519 Mjólká Arnarfirði  Haganes (Arnarfjörður) 30.8.2022 


F181521 Mjólká Arnarfirði  Haganes (Arnarfjörður) 30.8.2022 


F181522 Mjólká Arnarfirði  Haganes (Arnarfjörður) 30.8.2022 


F181527 Mjólká Arnarfirði  Haganes (Arnarfjörður) 30.8.2022 


F181531 Mjólká Arnarfirði  Haganes (Arnarfjörður) 30.8.2022 


F181532 Mjólká Arnarfirði  Haganes (Arnarfjörður) 30.8.2022 


F181533 Mjólká Arnarfirði  Haganes (Arnarfjörður) 25.8.2022 


F181555 Mjólká Arnarfirði  Haganes (Arnarfjörður) 30.8.2022 


F181535 Mjólká Arnarfirði  Haganes (Arnarfjörður) 17.9.2022 


F214310 Mjólká Arnarfirði  Haganes (Arnarfjörður) 14.9.2022 


F214311 Mjólká Arnarfirði  Haganes (Arnarfjörður) 14.9.2022 


F214312 Mjólká Arnarfirði  Haganes (Arnarfjörður) 15.9.2022 


F214313 Mjólká Arnarfirði  Haganes (Arnarfjörður) 15.9.2022 


F214336 Ósá Patreksfirði  Haganes (Arnarfjörður) 16.9.2022 


F214339 Ósá Patreksfirði  Haganes (Arnarfjörður) 21.9.2022 


F214340 Sunndalsá Arnarfirði  Haganes (Arnarfjörður) 12.9.2022 


F214342 Sunndalsá Arnarfirði  Haganes (Arnarfjörður) 13.9.2022 


F238205 Botnsá Tálknafirði  Haganes (Arnarfjörður) 24.10.2023 


F231971 Húsadalsá Steingrímsfirði  Haganes (Arnarfjörður) 26.10.2023 


F237132 Sunndalsá Arnarfirði  Haganes (Arnarfjörður) 16.10.2023 


F237177 Kársstaðaá Snæfellsnes  Haganes (Arnarfjörður) 5.11.2023 


LaxF_F8 Fífustaðadalsá Arnarfirði  Haganes (Arnarfjörður) 18.9.2023 
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Fatty Acid Analysis from Haganes 2021 to Determine Life Histories 
To further confirm life histories, a fatty acid analysis was conducted on the fish that originated 


from the Haganes escape, as well as on fish that could not be identified via genetic analysis but 


may have been from the same escape. Additionally, four samples of wild fish were measured for 


comparison.  


Table 2.5: Fatty Acid Ratios of Fish from the Early Escape at Haganes on June 11, 2021. The ratio of 


linoleic acid (18:2n6) in wild fish caught in Mjólká on the same day is presented for comparison. The 


average ratio in wild fish and farmed fish caught in Ósá is the same, but slightly higher in fish caught in 


Mjólká. 


 


 


The results clearly indicate that all the fish analysed showed signs of consuming wild food ex-


clusively. However, a sample of fish caught in Mjólká exhibited a slightly higher ratio of linoleic 


acid, which could suggest that they may have grazed on salmon feed while passing by their 


home cages in Haganes. 


Escape from Kvígindisdal 2023 


The escape originated from Arctic Fish in Kvígindisdal in Patreksfjörður, likely around August 


8, 2023. Approximately 3,500 fish escaped. 
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Figure 2. 2  SECUDA registration for Fish from Cage 8 in Kvígindisdal. The ratio of maturity was iden-


tified as 1.45%. 


A significant number of these fish migrated to freshwater in the autumn of 2023, with over 440 


caught during the autumn operations, and six salmon were captured in 2024 that could be traced 


back to this escape.  


It quickly became apparent that the escape was not large, significantly smaller than the escapes 


from Hringsdal, Laugardal, and Haganes. Nevertheless, reports of escaped salmon began to sur-


face in various rivers. Suspicions arose regarding significant maturation among these fish, 


prompting requests for slaughter reports, referred to as Secondary Reports, from Arctic Fish. 


According to the report, the ratio of mature fish was estimated as 1.45% of the total. It should be 


noted that this assessment is based solely on a visual evaluation of external characteristics of the 


sexual maturity of slaughtered fish, and the maturity of females may have been underestimated.  


Subsequently, personnel from the Marine and Freshwater Research Institute were sent to the 


Dimla slaughterhouse in Bolungarvík, where fish were still being processed from the Kvígindis-


dal site. 


Measurements of Maturation at Slaughter in Dimla and of Escaped Salmon in 
Captured Rivers 
During the measurement of the maturation ratio of fish from Kvígindisdal conducted at the 


Dimla slaughterhouse, it was discovered that a significant portion of the fish was mature, com-


prising approximately 80% males and 20% females, resulting in an average maturation rate of 


40%. This was considerably higher than what the SEKUNDO report had indicated. 


Table 2.6  Measurements of the Maturation Ratio of Fish from the Kvígindisdal Farming Site Conducted 


at the Dimla slaugherhouse. 
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It is evident that this high maturation level will significantly impact the migration ratio as mat-


uration is the main driver of salmon runs. This fact should be considered as a case distinct from 


the escapes in Hringsdal and Laugardal in 2018. Measurements were taken of the gonadosomatic 


index (GSI) of 103 farmed fish from the escape that migrated this year. All the fish were sexually 


mature and capable of participating in spawning in the autumn of 2023. 


Table 2.7  Ratio of Sexes in 103 Escaped Salmon that Migrated in 2023 from sampled escaped fish in 


captured in rivers 


 


The sex ratio of the escapes in rivers was measured. As expected, the ratio of females was lower 


than that of males but higher than measured during slaughter at Dimla. It cannot be concluded 


whether this difference is statistically significant due to the limited sample size during the meas-


urements at Dimla. 


 


Figure 2.3:  Gonadosomatic Index (GSI) of About 100 Fish that Migrated Following the Escape 


in Kvígindisdal. All these fish could participate in spawning. Orange: females Blue: males 
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Capture of Escaped Salmon from Kvígindisdalur 2023 
 


 


Figure 2.4: Distribution of Escaped Salmon Caught in Rivers in 2023 with Confirmed Farmed 


Origins (N=440). The inset shows the main ocean currents around Iceland (Steingrímur Jónsson and 


Sólveig R. Ólafsdóttir, 2021). 


The distribution of escaped salmon was consistent with the distribution from the escapes in 


Hringsdal and Laugardal in 2018, which were also late-stage escapes. 


Escaped Fish Not Traced to Farming in Iceland 


Some escapees have not been traced back to farming in Icelandic fjords. They are shown  in Table 


2.3 below. In most cases, the fish have been traced to producers, but this has not been done for 


three fish. One fish, caught in Breiðdalsá, matched the broodstock of Salmobreed (now Bench-


mark Norway), which has never been used in Iceland. To determine the origin of these uniden-


tified escapees, samples were sent for analysis using the same method Benchmark Iceland em-


ploys at Identigen in Ireland. Since the same genetic markers are used, we are able to send our 


results to Benchmark and received feedback on whether the broodstock male had been used for 


roe sales domestically or internationally. If the broodstock male had been used for sales abroad, 


it is only noted that the roe was sold internationally without specifying country or company, as 


this information is confidential. 


Eight of the samples in the table below, which were sent for this analysis at Identigen, were found 


to be descended from broodstock males from Benchmark, of which the roe had been sold inter-


nationally and not used for production in Iceland. Further analyses are needed to confirm this 


more thoroughly. This could be done with a 16-marker microsatellite analysis of the correspond-


ing females, as genetic samples are available at MAST. 
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Table 2.4 Fish that could not be traced to Icelandic producers using Salsea microsatellite markers. New 


samples were made for 8 fish and send to Identigen on Irland and compared to Benchmark database. Ac-


cording to the database the broodfish was used for export of eggs. 


Fish  No. River (Region) Father  Producer Customer Date: 


F181304 Mjólká (Arnarfjörður) Unknown Benchmark Iceland Unknown 31.8.2018 


F183113 Breiðdalsá (Breiðdalur) Unknown Salmobreed  Unknown 15.9.2018 


F192520 Ytri Rangá (South Iceland) Unknown Benchmark Iceland Unknown 15.8.2019 


F204913 Víðidalsá  (Steingrímsfjörður) Unknown Unknown Unknown 18.12.2020 


F181508 Mjólká (Arnarfjörður) Unknown Unknown Unknown Aut. 2022 


F214337 Ósá (Patreksfjörður) Unknown Unknown Unknown 21.9.2022 


F230084 Kálfá (South Iceland) Male A Benchmark Iceland NON-ICE 18.9.2023 


F231926 Hrútafjarðará  (V-Hún.) Male A Benchmark Iceland NON-ICE 1.10.2023 


F237077 Hvítá í Borgarf (West Iceland) Male A Benchmark Iceland NON-ICE 26.9.2023 


F237117 Hvannadalsá (Ísafjarðardjúp) Male A Benchmark Iceland NON-ICE 9.10.2023 


F237168 Búðardalsá (Dalasýsla) Male A Benchmark Iceland NON-ICE 30.10.2023 


F237197 Botnsá (Tálknafjörður) Male A Benchmark Iceland NON-ICE 25.10.2023 


F214313 Mjólká (Arnarfjörður) Male A Benchmark Iceland NON-ICE 15.9.2022 


F211960 Varmá (South Iceland) Male B Benchmark Iceland NON-ICE   


 


Although it would certainly be better to have more detailed confirmation with further analyses, 


and in light of results regarding BKW (vide infra), it seems clear that some salmon, likely from 


foreign producers, are appearing in Icelandic rivers. It is known that salmon occasionally get 


caught in pelagic trawl nets of ships fishing for mackerel east of Iceland. Reports from fishermen 


and observations from fisheries inspectors show that over 400 salmon were caught as bycatch 


during mackerel fishing in two fishing seasons 2012. This corresponds to 5.5 salmon per thou-


sand tons of mackerel and herring (Olafsson et al. 2015). Interestingly, only about 5% of these 


salmon are believed to originate from Icelandic salmon rivers. Therefore, it is not unlikely that 


among the foreign salmon around Iceland are escaped salmon that could find their way into 


Icelandic rivers.  


 


General Status of Maturation in Farmed Cages 


Measurements of Gonadosomatic Index (GSI) from Other Producers  
It was essential to determine whether this was an isolated incident or part of a broader condition 


observed in cages throughout the fjords. Therefore, samples were collected from all producers 


by staff from the Marine Research Institute from autumn 2023 through early spring 2024 in cages 


where fish had reached a size indicative of impending maturation. Samples were taken from a 


total of 1,128 fish across 11 cages from all producers. 
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Table 8 Sampling for GSI Measurements from Producers Conducted in Autumn 2023 and Early Spring 


2024


 


 


The results indicated that there was no sign of maturation in the cages where the GSI index was 


measured (see Figure 3). It appears that maturation is not a widespread phenomenon, but if pos-


sible, further risk factors must be examined to rule out events similar to the escape event in 


Kvígindisdal in 2023. 


 


 


Figure 2.5 : GSI Index in 11 Cages Across All Farming Areas. Red bars represent females, while blue 


bars represent males. Notice the scale on the x-axis. 


Effect of  smolting on sexual maturation in later stages 
In accordance with regulatory changes made on May 1, 2024, the GSI index was monitored in 


fish in cages from late June through July. Significant maturation was evident only in measure-


ments from Cage C8 at Háafell, where clear signs indicated that some of the fish would mature 


by autumn, closely following the criteria outlined in Peterson et al. (2005). The smolts in this cage 


came from Arctic Smolt's smolt facility in Tálknafjörður. It is known that light regulation was 


appropriate, as fish from the Háafell facility in Nauteyri in nearby pen did not show similar signs 


of maturity. Thus, the explanation likely lies in other factors. All fish were slaughtered a few 


weeks later, and monitoring of the net bags was conducted every 14 days. 
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Figure 2.6 GSI Measurements in Cage C8 at Háafell Compared to Measurements from Fish in Natural 


Light (Non-Light-Regulated) in Peterson et al. (2005). The blue line represents the GSI of fish from Cage 


8, and the yellow line represents fish that are not light regulated. 


Following these results, monitoring continued for fish in other cages within the same farming 


facility until the turn of the year. There is a notable difference in the smoltification methods em-


ployed at the Arctic Fish facility compared to those used by Háafell at Nauteyri. 


Cages with Fish from Arctic Smolt (Cages C5, C8, C10): 
• Smoltification: A light-regulated smoltification process is used with six weeks of con-


tinuous darkness (winter), followed by an 18:6 (light:dark) cycle (spring). The tempera-


ture for fish from 10 grams to smoltification is set at 12°C. 


• Cage 5: According to the company’s report, the maturation rate was approximately 


1.2%. It should be noted that this is based on external examination of slaughtered fish 


and does not significantly highlight signs of maturation in females. Therefore, it may be 


estimated that the actual maturation rate could have been about 2.4%. 


• Cage 8: As previously mentioned, this cage was slaughtered during the summer. GSI 


measurements indicated that 40% of males were approaching maturation, while approx-


imately 20% of females could have reached maturation, accounting for about 30% of the 


total. 


• Cage 10: According to the company’s report, the maturation rate was around 16%. As 


with the previous example, this is based on external examinations of slaughtered fish, 


and the maturation of females is likely underestimated. Therefore, it may be estimated 


that the maturation rate could have been about 30%. 
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Cages with Fish from Nauteyri Station (Cages C1, C2, C3, C4): 
• Smoltification: The temperature for fish from 10 grams to smoltification ranges from 9-


10°C. A small amount of seawater is initially added to the tanks and gradually increased 


over a long period until full salinity is achieved. No smolt feed or light-regulated smol-


tification is utilized. Continuous light is maintained from the point of 10 grams until 


exposure. 


• Visible maturation: No visible signs of maturation 


 


Smoltification Methods of Other Producers 
• Arnarlax: I hereby confirm that all our smolts are smoltified with salt feed and are sub-


jected to a 24-hour light regime throughout the production cycle, from start-feeding until 


the smolt/post-smolt is delivered to the well boat." (Björn Hembre, CEO) The tempera-


ture remains below 10°C from 10 grams until smoltification. 


• Kaldvík: Uses only salt feed and a 2-hour light period, similar to Arnarlax. The temper-


ature remains below 10°C from 10 grams until smoltification  


• Háafell: As described above for cages C1-C4. A small amount of seawater is initially 


added to the tanks and gradually increased over a long period until full salinity is 


achieved. No smolt feed or light-regulated smoltification is utilized. Continuous light is 


maintained from the point of 10 grams until exposure. 


Conclusions 
• Both light regulation in cages and the methodology of smoltification can significantly 


impact maturation. 


• If maturation is absent, the migration ratio (LG) is very low, or 2-3 ‰. 


• Smoltification at excessively high temperatures, combined with a six-week darkness pe-


riod followed by an 18:6 light cycle, appears to be highly questionable. 


• If precautionary measures are implemented, this method should be banned until further 


research demonstrates that it can be applied safely. 


• Mitigation measures must be established to ensure that fish do not mature during the 


farming period in cages. 


 


Appendix to Working Paper 02 


Escape 


Initial response: If an escape has occurred or if there is reason to believe that the operator of the 


fish farming facility has lost farmed  fish from the fish farming facility, the staff at the facility 


must immediately begin searching for the causes and prevent more fish from escaping, and no-


tify the Fisheries Directorate, the Food and Veterinary Authority, local municipalities, and the 


nearest fishing associations. The operator must start fishing for the escaped fish as quickly as 


possible. The notification to the Fisheries Directorate about the escape must be both verbal and 


written, using designated forms, and should be sent to the Fisheries Directorate in accordance 


with the guidelines on the Fisheries Directorate's website (fiskistofa.is). 
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Implementation of fishing: According to the fisheries law, the operator of the fish farm is obliged 


to take all necessary measures that are within their power to prevent the escape from causing 


ecological damage. For this purpose, they are also required, despite the protection of wild fish in 


the area and regardless of the rights of owners of coastal farms in net laws, to do everything in 


their power to ensure that such fish are caught in an area within 200 meters of the facility. Each 


fish farming facility must own and maintain the necessary equipment for this purpose. 


The obligation to fish is limited to three days from the moment it is clear that fish have escaped, 


if such an event occurs during the salmonid migration period, but the fishing time in such cases 


shall otherwise be determined by the Fisheries Directorate. The fishing referred to here must 


always be conducted in coordination with a representative of the Fisheries Directorate. 


Written report to the Fisheries Directorate: The operator must send a report to the Fisheries Direc-


torate within a week of the escape, which should include the following points: 


• Estimated time and location of the escape. 


• Fish species, average size, and estimated number of fish that escaped. 


• Information on medication use and withdrawal time for the escaped aquaculture fish. 


• Origin of the fish, stock, and from which fish farming facility the fish came. 


• When the fish was received into the facility. 


• Cause or likely cause of the escape. 


• Report on the results of fishing for the escaped aquaculture fish. 


• Report on what preventive measures will be taken to avoid further escapes. 
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Introduction 


Reliable estimates of Atlantic salmon (Salmo salar) stock status in Icelandic rivers are critical for 


assessing the potential ecological risks of salmon aquaculture. As a key component of freshwater 


ecosystems, wild Atlantic salmon populations are increasingly vulnerable to multiple stressors 


such as climate change, habitat degradation and aquaculture activities, including the escape of 


farmed salmon (Thorstad et al., 2008; Forseth et al., 2017). Understanding the status of these pop-


ulations is essential to predict and mitigate the potential for genetic introgression and ecological 


disruption caused by interactions with aquaculture escapees (Hindar et al., 1991; Glover et al., 


2017). Getting the most precise stock estimate possible is important for evaluating the intrusion 


risks associated with salmon aquaculture. Furthermore, robust stock assessments provide scien-


tific input for effective management strategies and policy development for balancing aquacul-


ture expansion and conservation of wild Atlantic salmon. 


The rivers being estimated 


Before estimating the stock status of the rivers in Iceland, it is essential to define which rivers 


should be assessed as a part of the risk assessment. The law on intrusion risk assessment does 


not specify which rivers should be included in the assessment. Still, it states that the rivers that 


need protection from intrusion should have wild Atlantic salmon and hold a salmon stock that 


is, or can be, harvested (Icelandic: nytjastofn). Therefore, there are two criteria that a river needs 


to fulfill to be incorporated into the risk assessment. 


Minimal stock size 


Franklin (1980) suggested that an effective population size (Ne) of 50 is necessary to prevent in-


breeding depression in the short term and preserve genetic diversity. This aligns with guidelines 


developed by the North Atlantic Salmon Conservation Organization (NASCO) for stocking At-


lantic salmon, where they emphasize the importance of maintaining genetic diversity and effec-


tive population size (NASCO, 2024), and the Food and Agriculture Organization (FAO, 1999) 


which references the minimal number proposed by Franklin (1980) in its guidelines for the con-


servation of animal genetic resources. Effective population size can be smaller than the number 


of breading adults due to the combined effects of unequal reproductive success, skewed sex ra-


tios, fluctuations in stock size, and non-random mating. These factors collectively narrow the 


number of individuals effectively contributing to the next generation’s gene pool and therefore 


limiting genetic diversity. To address this, the spawning stock needs to be around 200-250 indi-


viduals on average to achieve an effective population size close to 50 (Frankham, 1995).   


In Norway a new classification framework for a systematic approach to distinguish between riv-


ers that host self-sustaining Atlantic salmon populations and those with only sporadic occur-


rences of salmon has been proposed and is currently in the process of being implemented (Karls-


son et al., 2023). The framework integrates biological, ecological, and practical considerations to 


create a set of thresholds and criteria for river categorization. The criteria include water dis-


charge, presence of lakes, the area of anadromous habitat, and productivity (egg density). The 


Norwegian framework suggests a management prioritization for rivers in Norway that looks at 


fishing regulations, habitat restoration efforts, removal of escaped farmed salmon and inclusion 


in national monitoring programs. Rivers failing to meet the self-supporting salmon population 


classification criteria are deprioritized for active management.  Like in the examples above, the 


effective population size (Ne) is a key metric in determining conservation needs for Atlantic 


salmon. For species with overlapping generations estimating Ne from a single-cohort sample can 


be problematic and bias the estimates significantly (Waples 2014). It has been proposed that for 


salmon it might be appropriate to multiply the number of breeders per season (Nb) by the gen-


eration time (typically five years for salmon) to get closer to the actual Ne (Hindar et al., 2004). 
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This has also been demonstrated empirically in a study by Ferchaud et al. (2016) where they 


showed that the ratio between Ne, the number of breeders (Nb), and the census population size 


(Nc) can vary significantly among Atlantic salmon populations and that Ne estimated from mul-


tiple cohorts can be significantly larger than Nb from a single cohort. The authors observed a 


significant correlation between Nb and Nc and between Nb and Ne and suggested that in the 


case of Atlantic salmon populations, measuring Nb offered potential to be used for tracking pop-


ulation abundance and effective population size.   


In all cases, finding the actual size of the effective population requires a genetic study that aims 


to study population genetics on a river-by-river basis and whether salmon stocks in neighboring 


rivers originate from a shared gene pool (Waples, 2010). It is essential, especially for smaller riv-


ers that can become vulnerable to fluctuation in environmental factors and anthropogenic stress-


ors, such as those that can arise from aquaculture and fishing pressure. The authors recommend 


genetic monitoring in the Norwegian framework, particularly small rivers, to confirm popula-


tion origin and identify potential risks from interbreeding with aquaculture salmon (Karlsson et 


al., 2023). Furthermore, since Atlantic salmon in the North Atlantic has experienced significant 


declines over the past several decades and some populations are considered endangered and 


some have become distinct (NASCO, 2019), there is a reason to apply precautionary principle for 


management to conserve biodiversity. Protecting and conserving small salmon stocks can be vi-


tal to preserving genetic variability. It is worth noting a recent paper by Lehnert et al. (2023), 


presenting a comprehensive approach to delineating conservation units for Atlantic salmon in 


Canada. In Canada, the Committee on the Status of Endangered Wildlife in Canada (COSEWIC) 


identifies conservation units below the species level, termed designable units (DUs), based on 


discreteness and evolutionary significance criteria. In some regions in Northern Canada there 


are limited data available on the populations of Atlantic salmon and often the areas are defined 


as a single, large DU. The authors used new genetic and genomic information. They applied a 


multifaceted, weight-of-evidence framework to propose a subdivision of the previously men-


tioned DU into three distinct DUs, reflecting a more accurate representation of the species' pop-


ulation structure. This highlights the need for an informed approach when it comes to conserva-


tion plans and, in the context of the risk assessment, the requirement of carrying out a genetic 


study to understand the population structure better and define the units, in this case, rivers, that 


need protection either as single river populations or a single stock in a larger meta-populations 


for rivers in the same area e.g. several rivers in the same fjord.  


In the first version of the risk assessment (Ragnar Jóhannsson et al., 2017), the minimal size of 


stock to be included in the assessment was set at 60 fish in the number of returning adults. As-


suming that, on average, the exploitation rate (retained and released catch) in Icelandic rivers is 


close to 50%, the reported catch had to be at least 30 fish. This might include rivers that are being 


fished but potentially have a stock size that is below the effective population size of 50 (200-250 


spawners), which, as mentioned earlier, was the minimum size needed for preventing inbreed-


ing depression. However, in an external review of the risk assessment (Stefánsson et al., 2020) 


the reviewers point out a potential need for including rivers with even smaller stocks, referring 


to studies in both Norway and Canada that demonstrate the vulnerability of smaller stocks to 


deal with introgression (Heino et. al., 2015, Glover et al., 2013 and Karlsson et al., 2016). This has 


also been raised as a potential issue with the assessment by stakeholders. Since there is no avail-


able reference point that could be applied to define at what stock size this minimum threshold 


for the assessment should be set, and since there are no definitions available for the appropriate 


conservation units that are discreet and evolutionary significant, it is proposed that precaution 


should be applied and the concerns mentioned above should be considered. The minimal stock 


size of rivers that should be included in the risk assessment should therefore be lowered to 40 


fish.    
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Efficient reporting of catch 


Secondly, since the rivers need to have a harvestable stock (i. nytjastofn), the second criterion is 


efficient reporting of catch statistics, which indicates that the stock is being harvested. Further-


more, efficient reporting is also important and needs to be available to reliably estimate the stock 


size through information from the catch statistics. The available catch statistic database, the MFRI 


is using, dates to 1974, or a total of 51 years. To be included in the risk assessment the catch data 


needs to be available for the most recent years. If a river had no data for these years in the data-


base, it was not considered a river with a stock being harvested and therefore not included in the 


risk assessment.  


River Specific Stock Estimates  


Catch statistics 


Stock status estimates for Atlantic salmon rivers in Iceland rely on several data sources and meth-


odologies to ensure accuracy and applicability across rivers with varying monitoring efforts. The 


primary source of, and the only data in most rivers, is the catch statistics, which provide an initial 


baseline for assessing trends in the stock size. However, the numbers in the catch data can be 


influenced by factors such as fishing effort and practices that vary between rivers and between 


years, necessitating the use of additional methods to refine these estimates. A study on the rela-


tionship between the adult run and the catch statistics in Iceland using fisheries independent 


data from fish counters indicated a strong correlation between the numbers in run and the re-


ported catch (Jónsson et.al., 2008). Furthermore, in the same study the average exploitation rate 


for 1SW and 2SW salmon were estimated based on information from fish counters that had been 


in use since the '90s. In earlier versions of the risk assessment, it was therefore decided that the 


exploitation rate used to estimate the number of fish in the run based on catch statistics should 


be set at 50%. Since that study, more counters have been added and these in combination can 


provide information to better estimate the variation in exploitation rate between rivers and years.   


The applicability of counters 


The fish counters in Icelandic rivers are not equally applicable for estimating information on 


exploitation rate from the adult run. There are several reasons why this is the case:  


1. Distance from the river mouth. Some of the counters are situated too far from the river 


mouth to give detailed information on the total run and there is a need to rely on catch 


information below the counter (e.g. Laxá í Leirársveit, Langadalsá, Norðurá í Borgarfirði, 


Langá Sveðjufoss). These counters can, however, give useful information on exploitation 


rate in the system with the assumption that the efforts (number of rods per available 


pool) are evenly distributed below and above the counter throughout the season. 


2. Partial migration covered. Some counters are placed in fish pathways that are only used 


by a part of the run as fish can migrate up partial barriers such as small waterfalls, which 


is the case for example in river Blanda. In river Blanda, a fish ladder is next to the water-


fall Ennisflúðir in which a counter has been operated since 1994 and prior to that all fish 


that migrated up the fish ladder were handled and tagged to get estimates on the per-


centage of fish that successfully migrated up the waterfall. The ratio of tagged vs. not 


tagged fish in the catch above the waterfall indicated that there are around 20% that do 


this migration, and this information has since been used as a correction factor when the 


exploitation rate above the counter is estimated (Jónsson et al., 2023).   


3. Species identification. In many rivers, the counter is not, or has only recently been, 


equipped with a video camera. The video camera makes identification of fish species in 


the run possible. Before using a camera, the only information that could be used to 
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separate between species was length distributions of the fish. The criteria being that fish 


above a certain threshold size were Atlantic salmon and fish below that same threshold 


were considered other salmonids (Arctic charr or Brown trout). There can, however, be 


considerable overlaps in sizes between small 1SW Atlantic salmon and large salmonids. 


This is, for example the case in river Selá in the Northeast which has only been equipped 


with a video camera from 2021, but an older version of the counter has been in place 


from 2006 (Svavarsdóttir et al., 2024). The information from the 2021 and 2022 adult run 


in river Selá gives an indication that prior to the camera installation the large Arctic charr 


have been underestimated and Atlantic salmon overestimated resulting in the estimated 


exploitation rate on 1SW salmon being lower than what they were. Unfortunately, the 


information in 2023 is not applicable because of troubles with operating the counter due 


to a low water flow during a large part of the season and the data therefore not reliable.  


4. Significant change in fishing management. In few cases there are examples of a counter 


that has been in place for several years in the same river, but the fishing efforts have 


changed to a degree that the information from the catch and the counter can only be 


used to estimate exploitation rate for that particular river and cannot be used as a proxy 


for other rivers that have more common fishing effort. This for example applies to River 


Vesturdalsá which was first installed with a counter in 1994 and updated into a video 


camera system in 2006. The exploitation rate in the river has gone down to a single rod 


being used for a very limited time of the season.  


5. Occasional operational errors. Finally, some periods or even full years are missing in 


the time-series of a counter because of operational failures or errors that can occur. These 


are sometimes mechanical or software issues that can arise, but environmental factors 


such as very low water flow due to drought can disrupt the counter, making identifying 


fish migration difficult or even impossible. There are also examples of extensive flooding 


due to heavy rain that has caused trouble with counting due to salmon being able to use 


the overflow to migrate above the obstacle that would otherwise force the fish to swim 


through the counter.   


Using counters to estimate exploitation 


Considering all these five different scenarios for counters in Iceland, and the ability to correct for 


any known inaccuracy, a subset of counters that could best represent the exploitation rate were 


chosen. The data from these rivers were then subsequently divided into three groups, first a 


group of rivers that would be serving as a proxy of exploitation rate for rivers in south and 


southwest Iceland, secondly a pair of rivers that would serve as proxy for the Westfjords and the 


northwest, and finally a pair of rivers that are proxy for Northeast and the Eastfjords.  


1. South and West: The rivers that will be serving as the proxy for rivers in the south and 


southwest were Rivers Elliðaár, Norðurá, Langá á Mýrum (Sveðjufoss), Krossá and 


Búðardalsá. Most of these rivers have been monitored by the MFRI for some time, with 


River Elliðaár being monitored since 1988 with more sporadic data dating further back 


to 1935, and river Norðurá, Langa á Mýrum and Krossá being monitored annually. River 


Búðardalsá has not been routinely monitored besides having a fish counter with data 


that dates to 2016. There is some variation in the exploitation rate between the five rivers 


but there has been a general downward trend in all rivers over the past ten years (Figure 


1). One of the factors explaining the trend is a change in the fishing management that 


has moved to fly-fishing only and an increase in catch & release. The exploitation rate 


that will be used is the annually calculated average of these five rivers.  
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2. Northwest and the Westfjords. Rivers Blanda and Laugardalsá will be used as a proxy 


for other rivers in the northwest and the Westfjords. The former river is in the northwest 


and is one of the most studied rivers in Iceland with extensive research and monitoring 


carried out before and after construction of a dam and reservoir in river Blanda and the 


building of hydroelectric power plant, Blönduvirkun (Ingi Rúnar Jónsson et al., 2024). 


There are monitoring data available for River Blanda that date back to 1983, and a coun-


ter has been operated since 1994 with camera installed in 2023. As mentioned above there 


is always a part of the run in River Blanda that migrates up the waterfall (Ennisflúðir) 


and are not represented in the counter data, furthermore accurate species identification 


using camera is not available until 2023. The latter river is in the Westfjords and is being 


monitored by the MFRI, but the time series is much shorter with only periodic surveys 


in the 1990s and a standard annual survey from 2017. The river has a fish ladder close to 


the river mouth (c. 260 meters) and a counter with camera for species identification has 


been installed at the fish ladder since 2018. The comparison of the exploitation rate be-


tween these two rivers are only available for five years (2019-2023) and during that pe-


riod there has been a downward trend in the efforts in River Blanda while the efforts in 


River Laugardalsá are more like the period before 2019 in Blanda (Figure 1). The trend 


in River Blanda may be explained to some extent by changes in fisheries management 


with focus on more fly fishing only and higher percentage of catch and release in the 


most recent years. There is a large environmental difference between these two rivers 


with River Blanda being a much larger river system and a large part of the fishing area 


being affected by glacial water input, especially when the reservoir for the hydroelectric 


power plant reaches overflow at its maximum water level during the summer, which is 


an event that varies in time between years and has negative effect on the catchability of 


salmon below. River Laugardalsá is much smaller and shorter river. The rivers in the 


northwest and the westfjords are a combination of larger rivers like Blanda and smaller 


rivers like Laugardalsá. Using the average of these two should therefore give a more 


representative estimate of exploitation rate than using only one of them.   


 


3. Northeast and the Eastfjords.  Rivers Selá and Vesturdalsá will be used as a proxy for 


the Northeast and Eastfjord rivers. Both rivers have been extensively monitored by the 


MFRI with standard annual surveys since 1979 (Hlynur Bárðarson et al., 2024). These 


counters are being operated in rivers in the Northeast and the Eastfjords. As mentioned 


in section 2.2 the data from these two counters have issues that need to be considered 


when estimating exploitation rate. The usable data for estimating exploitation rate for 


1SW salmon in River Selá is only for the years 2021 and 2022 because before that, the 


counter was not equipped with a camera, and in the most recent years the exploitation 


rate in River Vesturdalsá is not representative for other similar rivers in the area because 


the fishing management of the river has changed. Therefore, the data used to give a 


proxy of exploitation rate is based on reliable data on the exploitation rate of 2SW salmon 


from 2014 to 2022, and reliable estimates of the exploitation rate of 1SW salmon in 2021 


and 2022 in River Selá (Figure 1). For all other years, the exploitation rate of 1SW fish is 


assumed to be on average 50% based on a study conducted in River Vesturdalsá by 


Jónsson et al. (2008).     
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Figure 5. Exploitation rate estimated with data from fish counters and the catch records, corrected for 


multiple recordings due to catch and release – see section 2.4. The rivers are separated intro three areas, 


Northeast (NE) with data from Rivers Selá and Vesturdalsá (not shown), Northwest (NW) with data from 


Rivers Blanda and Laugardalsá, and Southwest with data from Rivers Búðardalsá, Elliðaár, Krossá, Langá 


(Sveðja) and Norðurá (Glanni).  


 


Catch & Release corrections 


Further adjustment to the catch statistics is needed to incorporate the effects of catch-and-release 


practices, which are increasingly applied in Iceland with the most recent figures being around 


70% of the wild salmon catch released on average (60% on 1SW and 90% for 2SW, Guðmunda B. 


Þórðardóttir and Guðni Guðbergsson, 2024).  Studies carried out by tagging salmon have shown 


that approximately 25% of the fish released during catch-and-release fishing are recaptured later 


in the same season (Guðbergsson and Einarsson, 2007), leading to potential overestimation of 


catch numbers if not adequately accounted for. Integrating these recapture rates into stock as-


sessments, achieves more realistic estimates of the total number of salmon in the rivers. 


The study by Guðbergsson and Einarsson (2007), indicated that the recapture rate of caught and 


released salmon can vary considerably between rivers. The four rivers in the study were Rivers 


Selá and Hofsá in the northeast, and rivers Haffjarðará and Grímsá in the west. The first three 


rivers had similar percentages of recapture rates of caught and released salmon at around 25%, 


but River Grímsá had an average of 5% recapture rate for the four years that the study was car-


ried out. Several factors could explain the difference, the authors mention the possibility of arti-


fact due to lower numbers tagged in River Grímsá, but also the possibility that the difference in 


the sea-age composition between these rivers might explain the difference. The average percent-


age of MSW salmon in River Grímsá is 9%, while it is between 15% - 29% on average in the other 


three. The 2SW salmon arrives earlier in the summer than the 1SW salmon and they are subject 


to fishing for a longer period and therefore to higher fishing pressure. The recapture rate also 


varied between years but to a lesser extent than the between-river variation. The difference be-


tween years may have been related to a difference in the size of the run, or a change in the com-


position of sea-age stock components which can vary between years. It is noted that this kind of 


study needs to be repeated.  
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Similar studies have also been conducted elsewhere, e.g. in Norway where the recapture rate 


was estimated in eight rivers and the results indicated that around 10% were caught twice and 


around 3% were captured three times (Thorstad et al., 2020).  Variation between rivers was ob-


served with the recapture rate in Verdalselva and Lærdalselva being on average at 3% and 4% 


to an average of 19% in Gaula. The authors point out that this might be influenced by few fish 


being tagged. However, they also point out the possibility that this might be explained by differ-


ences in the gear type allowed with rivers Lærdalselva and Alta being fly-fishing only whilst in 


most other Norwegian rivers a variety of gears can be used, such as spoons, spinners, wobblers 


and worms. There were also large differences between years e.g. in Gaula where the recapture 


rate was 4% in 2014 but 37% in 2012. There is a need to study the recapture rate related to catch 


and release more thoroughly. Currently there is a marking study being carried out in rivers in 


the Northeast and the preliminary unpublished results indicate a similar pattern as seen in the 


Guðbergsson and Einarsson (2007) study with a recapture rate between 17% and 25% (Lauridsen, 


R. pers. comm). The results in the 2007, with River Grímsá having consistently lower recapture 


rate, highlights a need to understand whether this could be explained by environmental factors, 


differences in stock components (e.g. 1SW/MSW), in fisheries management (i.e. fly fishing only, 


guided fishing, constant fishing pressure, number of rod days etc.), or if it was an artifact of the 


study setup as the authors mentioned above (low numbers tagged). Thorstad et al. (2020) point 


out that using tagging studies with T-bar tags need to account for the effects of tag loss which 


they estimate to be resulting in around 12.7% underestimation of recapture if there is a single tag 


used, which lowers down to 1.6% when double tags are applied. This could also be limited by 


using other methods such as genetic assignment of all the fish caught. The length of the fishing 


season and time between capture and recapture need to be considered.   


Stock stochasticity 


There are fluctuations in the size of the salmon stocks that are being estimated for risk assess-


ment. These stocks can exhibit significant year-to-year variation in recruitment, survival, spawn-


ing stock size, sex-ratios and in the 1SW and 2SW components. The external reviewers of the first 


version of the risk assessment pointed out a weakness that was not allowing for variability (ran-


dom components) and confidence intervals (or random intervals) in the variables estimated and 


too much emphasis on using only average numbers (Stefánsson et al., 2020). Data from counters 


in seven rivers and catch data from logbooks from 32 rivers was used to analyze the variability 


in stock sizes. The rivers in the logbook dataset are distributed across Iceland and have reported 


catch for more than 40 years (42-49 years). These rivers were also chosen because of limited stock-


ing interventions, the rivers are variable in run sizes, and the catch data is assumed to be reliable 


with very small or no fraction of unreported catch. Counter data was used in rivers where it was 


assumed that other species (trout, charr) have limited effect on the estimates of the salmon run 


as species identification was not available for all the time series.  


Residuals from linear models from both datasets were analyzed with a simple Anova and when 


taking five-year running mean of the previous years into account. There was a clear sign of het-


eroscedasticity in counts and catch numbers on the original scale which was not present when 


the numbers were log-transformed. The five-year running mean was significantly correlated 


with both catch and count numbers (F-test p<0.001 for both datasets). The standard error of re-


siduals for the count data was 0.50 on log-scale when five-year running mean was considered 


and 0.499 for the logbook data. For the logbook data ten-year running mean was also significant. 


Based on these results we choose to simulate the stock sizes as a log-normal variable with a 


standard variation of 0.5 and use the log of the geometric mean (arithmetic mean on log-scale) 


of stock size estimates from the last 10 years for each river as the input value in the risk assess-


ment simulations. 
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Equations 


The stock size Sy for each river per year (y) was calculated using the following formula, where 


CL,y is the landed (retained) catch and CR,y is the released catch. pAy is the estimated exploitation 


rate for each area (A) and year (y) 


Formula 1: 


 


 


The average for each river used in simulations was calculated using the geometric mean 


𝜇̂ =
1


𝑛
∑ log(𝑆𝑦)


𝑛


𝑦=1


 


  







ICES | WKGIRAF   2025 | 77 
 


 


References 


Ferchaud, A. L., Perrier, C., April, J., Hernandez, C., Dionne, M., & Bernatchez, L. (2016). Making 


sense of the relationships between Ne, Nb and Nc towards defining conservation thresh-


olds in Atlantic salmon (Salmo salar). Heredity, 117(4), 268-278. 


Fjóla Rut Svavarsdóttir, Guðni Guðbergsson, Hlynur Bárðarson, Ingi Rúnar Jónsson, Sigurður 


Már Einarsson, Sigurður Óskar Helgason and Leó Alexander Guðmundsson. (2024). Sa-


mantekt vöktunar vegna áhrifa sjókvíaeldis á íslenska laxastofna 2023. Marine and Fresh-


water Research in Iceland. HV 2024-29, 29. 


Food and Agriculture Organization of the United Nations (FAO). (1999). Management of Global 


Animal Genetic Resources: Proceedings of the FAO Expert Consultation. Retrieved from fao.org 


Forseth, T., Fiske, P., Gjøsæter, H., et al. (2017). The major threats to Atlantic salmon in Norway. 


ICES Journal of Marine Science, 74(6), 1496–1513. 


Frankham, R. (1995). Effective population size/adult population size ratios in wildlife: A review. 


Genetical Research, 66(2), 95–107. doi:10.1017/S0016672300034455 


Franklin, I. R. (1980). Evolutionary change in small populations. In M. E. Soulé & B. A. Wilcox 


(Eds.), Conservation Biology: An Evolutionary-Ecological Perspective (pp. 135–149). Sinauer 


Associates. 


Glover, K. A., Pertoldi, C., Besnier, F., Wennevik, V., Kent, M., & Skaala, Ø. (2013). Atlantic 


salmon populations invaded by farmed escapees: quantifying genetic introgression with 


a Bayesian approach and SNPs. BMC genetics, 14, 1-19. 


Glover, K. A., Solberg, M. F., McGinnity, P., et al. (2017). Half a century of genetic interaction 


between farmed and wild Atlantic salmon: Status of knowledge and unanswered ques-


tions. Fish and Fisheries, 18(5), 890–927. 


Guðmunda B. Þórðardóttir and Guðni Guðbergsson. (2024). Salmon, trout and charr catch sta-


tistics 2023. Marine and Freshwater Research in Iceland. HV 2024-27, 39. 


Guðni Guðbergsson and Sigurður Már Einarsson. (2007). Áhrif veiða og sleppa á laxastofna og 


veiðitölur. Fræðaþing Landbúnaðarins. 4, 196-204.   


Heino, M., Svåsand, T., Wennevik, V., & Glover, K. A. (2015). Genetic introgression of farmed 


salmon in native populations: quantifying the relative influence of population size and 


frequency of escapees. Aquaculture Environment Interactions, 6(2), 185-190. 


Hindar, K., Ryman, N., & Utter, F. (1991). Genetic effects of aquaculture on natural fish popula-


tions. Aquaculture, 98(1-3), 259–261. 


Hindar, K., Tufto J., Sættem, L. M. & Balstad T. (2004). Conservation of genetic variation in har-


vested salmon populations. ICES Journal of Marine Science 61: 1389-1397 


Hlynur Bárðarson, Sigurður Óskar Helgason and Eydís Njarðardóttir. (2024). Research on fish 


stocks in several rivers at Nort-East Iceland 2023. Marine and Freshwater Research in Iceland. 


HV 2024-10, 112. 


Ingi Rúnar Jónsson, Friðþjófur Árnason and Eydís Njarðardóttir. (2023). Vatnakerfi Blöndu 2022. 


Seiðarannsóknir, stangveiði og göngufiskur. Marine and Freshwater Research in Iceland. HV 


2023-34, 32.  


Jonsson, I. R., Antonsson, Þ., & Guðjónsson, S. (2008). Relation between stock size and catch data 


of Atlantic salmon (Salmo salar) and Arctic charr (Salvelinus alpinus). 



https://www.fao.org/4/t0665e/T0665E05.htm





78 | ICES SCIENTIFIC REPORTS 7:31 | ICES 
 


 


Karlsson, S., Diserud, O. H., Fiske, P., Hindar, K., & Handling editor: W. Stewart Grant. (2016). 


Widespread genetic introgression of escaped farmed Atlantic salmon in wild salmon pop-


ulations. ICES Journal of Marine Science, 73(10), 2488-2498. 


Karlsson, S., Hindar, K., Diserud, O. H., Bolstad, G. H., Fiske, P., Jensen, A. J., & Urdal, K. (2023). 


Forslag til definisjon av laksebestander [Proposal for the definition of salmon popula-


tions]. NINA Rapport 2266. Norwegian Institute for Nature Research. 


Lehnert, S. J., Bradbury, I. R., Wringe, B. F., Van Wyngaarden, M., & Bentzen, P. (2023). Multi-


faceted framework for defining conservation units: An example from Atlantic salmon 


(Salmo salar) in Canada. Evolutionary Applications, 16(9), 1568-1585. 


NASCO (North Atlantic Salmon Conservation Organization). (2019). State of North Atlantic 


salmon: Report of the Atlantic salmon stock assessment committee (2019). Retrieved from 


https://nasco.int/wp-content/uploads/2020/05/SoS-final-online.pdf 


NASCO (North Atlantic Salmon Conservation Organization). (2024). Guidelines for Stocking At-


lantic Salmon. NASCO Document CNL(24)61. Retrieved from nasco.int 


Ragnar Jóhannsson, Sigurður Guðjónsson, Agnar Steinarsson and Jón Hlöðver Friðriksson. 


(2017). Áhættumat vegna mögulegrar erfðablöndunar milli eldislaxa og náttúrulegra lax-


astofna á Íslandi. Marine and Freshwater Research in Iceland. HV 2017-27, 38. 


Stefánsson, G., McAdam, B. J., and Glover, K. (2020). Skýrsla óháðrar nefndar um athugun á 


aðferðafræði, áhættumati og greiningum á fiskeldisburðarþoli á vegum 


Hafrannsóknastofnunar. Retrieved from: www.althingi.is/altext/pdf/150/s/2029.pdf 


Thorstad, E. B., Diserud, O. H., Solem, Ø., Havn, T. B., Bjørum, L. O., Kristensen, T., Urke, H. A., 


Johansen. M. R., Lennox, R. J., Fiske, P. and Uglem, I. (2020). The risk of individual fish 


being captured multiple times in a catch and release fishery. Fisheries Management and Ecol-


ogy, 27(3), 248-257. 


Thorstad, E. B., Fleming, I. A., McGinnity, P., et al. (2008). Incidence and impacts of escaped 


farmed Atlantic salmon (Salmo salar) in nature. NINA Special Report, 36, 1–110. 


Waples, R. S., & Do, C. (2010). Linkage disequilibrium estimates of contemporary Nₑ using 


highly variable genetic markers: A largely untapped resource for applied conservation 


and evolution. Evolutionary Applications, 3(3), 244–262. doi:10.1111/j.1752-


4571.2009.00104.x 


Waples, R. S., Antao, T., & Luikart, G. (2014). Effects of overlapping generations on linkage dis-


equilibrium estimates of effective population size. Genetics, 197(2), 769-780. 



https://nasco.int/wp-content/uploads/2020/05/SoS-final-online.pdf





ICES | WKGIRAF   2025 | 79 
 


 


Annex 8: WKGIRAF Working Paper_04; Risk 
assessment of intrusion of escapes in 
rivers 


Not to be cited without permission of the authors  


  


International Council for   Genetic Intrusion Risk Assessment  


the Exploration of the Sea   GIRAF  


Working Paper 2025/WP ##  


 


 


Risk assessment of intrusion of escapes in rivers:  


   


 


 


 


 


 


 


Ragnar Jóhannsson, Theódór Kristjánsson 


    


 


 


Marine and Freshwater Research Institute  


Fornubúðir 5, 220 Hafnafjörður  


 


  







80 | ICES SCIENTIFIC REPORTS 7:31 | ICES 
 


 


Risk assessment of intrusion of escapes in rivers: 


Purpose of the Risk Assessment Model 


This report introduces a new version of risk assessment model for the intrusion of farmed salmon 


into rivers with wild Icelandic salmon populations. The model aims to accurately reflect the 


number of escaped fish that could participate in spawning in each river. This number is directly 


related to the risk of genetic introgression. If the number exceeds threshold levels each year, there 


is a risk that genetic introgression will accumulate over time and affect the genetic structure of 


natural populations. We have opted to use values of natural straying since it is evident that pop-


ulations have persisted despite this. The intent is to ensure that Icelandic salmon farming does 


not have adverse effects on wild populations and to enhance the image of Icelandic salmon farm-


ing. The goal is to maximize the economic and social benefits of salmon farming without nega-


tively impacting salmon and trout fishing in the country. 


We present the monitoring results and the use of coefficients in a distribution model to assess 


the intrusion of farmed salmon from designated aquaculture areas into Icelandic fishing rivers. 


The model predicts the magnitude in the form of % intrusion and predicts the distribution of 


escaped salmon in Icelandic fishing rivers. In the latest version of the model, which was pre-


sented 2022, variables were set based on results from 4 years of monitoring and the best available 


results from international studies.  


A bill was passed in the Icelandic Parliament on June 20, 2019, proposing changes to various 


legislative provisions related to fish farming. According to a temporary provision, the minister 


was tasked with appointing a committee of three impartial scientists to review the methodology 


used by the MFRI in assessing carrying capacity and conducting risk assessments of genetic in-


trogression. The minister appointed the committee on March 9, 2020, and Gunnar Stefánsson, 


professor of statistics at the University of Iceland, was appointed as its chairman. In addition to 


Gunnar, the committee included Kevin Glover, head of the population genetics group at the 


Norwegian Institute of Marine Research and an associate professor at the University of Bergen, 


and Bruce McAdam, at the University of Stirling’s Institute of Aquaculture in Scotland. The com-


mittee delivered its report to the minister on May 21, 2020. 


The committee concluded that the model was novel and useful for evaluating the likely numbers 


of farmed salmon that may escape into the wild and thereafter enter rivers. The parameters cho-


sen to build the model upon are largely well documented, correctly applied, and parameterized. 


The committee highlighted possible improvements in the model, including adjustments of sev-


eral parameters, introduction of stochasticity, and inclusion of rivers containing wild spawning 


populations <60 adults/year. 


According to regulation, salmon ova producers are required to maintain databases of the genetic 


markers of farmed salmon so that the origin of farmed salmon, which escape and are later caught, 


can be traced back to specific sea cage farming operations. Additionally, ova producers must 


preserve genetic material from parent fish in databases and keep records of which parent fish 


are sold to each operation. This ensures that the origin of farmed salmon caught can always be 


traced back to specific farming facilities. This gives us unique position to trace the effect of indi-


vidual escape events and fine-tune the model according to data. 


In this latest version of the Risk assessment, we have adjusted the model variables based on 


mounting data on escape events, recapture of farmed fish and genetic sampling in rivers. We 


have also considered the recommendations of the independent committee and incorporated sto-


chasticity, both for escape events and stock sizes in rivers, and we aim to include more rivers in 


the risk assessment. 


 



https://www.althingi.is/altext/pdf/150/s/2029.pdf
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Adjustment of parameters in the risk assessment: 


Production in fjords (P) 
The carrying capacity of a fjord limits the maximum biomass that can be sustained in it. The 


MFRI has previously assessed the Carrying capacity for open cage farming in terms of maximum 


allowable biomass for each fjord. In the first Risk Assessment Model (2017), the results from the 


model were presented in terms of recommended maximum yearly production numbers for each 


fjord, assuming a 1:1 ratio between yearly production and maximum biomass. However, infor-


mation indicates that this ratio may typically be close to 0.8:1 for Icelandic salmon farming, i.e. 


the yearly production level is about 80% of the maximum biomass. 


The ratio between production and Maximum Biomass of each production area i.e. Westfjords 


(PW) and East fjords (PA) is shown in Table 1. There were considerable variations between years 


due to external factors. In the PW area sea lice numbers exploded in 2022 and continued 2023 


which disturbed the stocking and increased the ratio. In the East fjords (PA) area ISA infection 


was detected in 2022 with massive slaughtering and resting of fjords. 


Table 4.5 Production and Maximum Biomass of each production area i.e. Westfjords (PW) and East 
fjords (PA) and the ratio calculated for each area. Big variations are due to instable conditions.  


Year Maximum biomass Production Prod:MaxBio ratio 


 PV PA PV PA PV PA 
2020 21,9 12,2 22,5 10,2 1,03 0,84 
2021 26,3 12,86 27,5 17,5 1,05 1,36 
2022 27,5 8,7 30,3 13,9 1,10 1,59 
2023 25,9 16,2 36,3 5,2 1,40 0,32 
2024 29,0 22,5 27,9 17,7 0,96 0,79 


 


The values in the dataset "eldisstadir.csv" are set as stock biomass values (Stock) in the table for 


all farming fjords, up to the fjord's carrying capacity (max), and the outcome is assessed. Suppose 


calculated values for any river exceed the 4% threshold for introgression. In that case, the bio-


mass values are revised and optimized for the highest allowable production level that can be 


achieved without exceeding the average introgression rate. 


Estimation of the Escape Ratio (S) 
All incidents where an escape is possible are reported to MAST, as stipulated by Article 33 of the 


regulation on fish farming (regulation 540/2020). When the report is submitted, it is usually dif-


ficult to assess the number of salmon that have escaped or even whether an escape has occurred.   


The number of escaped fish is not revealed until either they are slaughtered from the cage or 


when specific feed rate (SFR) data for the months before and after the event are available. The 


number of escaped farmed salmon from cages has been determined using two methods, as de-


scribed in the section 1.2.2.2.   
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Table 3.6  Production and escapee number over the first 7 years of the risk assessment. All events are 
late escape exept for the event 2018. 


Year 
Production 


(ton) 
Escapes 
(number) 


2017 9.701  
2018 11.780 26.550 


2019 25.316  
2020 32.267 1.000 
2021 44.503 82.000 


2022 42.993  
2023 40.847 3.500 
Sum: 207.407 113.050 


 


In Table 3.2 production of the first 7 years of the risk assessment in summed and the number of 


escapees. All events were late escape events except for the event at Haganes 2021 where the size 


of escapees was, on average 850 grams.  


Table 3.7 Calculation of Escape Ratio (S) 


 


 


 


 


 


 


During the first seven years of the risk assessment, the apparent escape ratio (S) was 0,55 fish per 


ton produced. This is in line with the earlier estimates.  


It is interesting to compare that number with the figures provided and published on the Norwe-


gian Directorate of Fisheries' website. Those figures were grouped (binned) in Table 1.1 and, as 


seen in Figure 1.1, show that the time interval between events increases linearly with their size. 


Calculating an escape factor from this data indicates that about 180,000 fish escape annually in 


Norway on average, with an average production of approximately 1.2 million tons annually. 


Thus, the escape ratio is around 0.2 fish per ton. According to the study by Skilbrei et al. (2015), 


they concluded from simulated escapes and fish return experiments that the actual number of 


escaping fish could be 2-4 times higher. However, this seems unlikely since the uncertainty in 


large escapes is unlikely to be that high and cannot be 2-4 times greater. The correlation between 


the duration of intervals and size appears to be very significant. Therefore, it is likely that another 


explanation lies behind this, which will be discussed later. The conclusion is that the number of 


escaped fish here is about three times higher than the average of the last 14 years in Norway 


suggests. 


The reason for this could be twofold. On one hand, local conditions (worse weather and less 


experienced personnel) may lead to more frequent escapes. Additionally, because there have 


been few escapes, randomness might mean that significant events, which typically occur over 


many years, have happened quickly. 


 


Escape Ratio (S) 
(fish/ton) 


Early escapes 0,40 


Late escapes 0,15 
S= 0,55 
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Proportion between late and early escape  
So far, the events in Iceland have been few and do not support statistical analysis. Statistics from 


Scotland and Norway indicate that the proportion is 2:1 for the late and early escape events, 


respectively. This ratio will be used in the risk modelling. 


Migration rate (L)    
Migration rate is determined by the proportion of farmed salmon entering freshwater rivers, 


regardless of whether they are rivers with recorded catches or not. Therefore, all waterways are 


included to obtain an accurate coefficient. In this context, it is vital to conduct monitoring of 


caches in small rivers in aquaculture areas, as escaped salmon are most likely to be found there. 


The numbers obtained from river angling and other fishing measures are then used to determine 


the migration rate for early and late escape events. The total catch numbers of farmed salmon, 


traced to specific escape events where the number of escapees is known, are utilized. 


However, as not all escaped salmon are caught, it is necessary to estimate the catch proportion 


to get the most accurate picture of the total number of escapees running into the rivers from a 


specific escape event. 


Catch proportion of escapees in rivers with recorded salmon fishing (CARF): 


Catch propotion is estimated 30% as the average number of exploitation rate, see charpter 3. 


Catch proportion of escapees in rivers in aquaculture areas (CAAA): 


Use 50%. 


 


Migration rate of Early Escaped Fish (LS) 
This parameter represents the proportion of fish from early escapes running to freshwater rivers. 


As mentioned earlier, LS mainly depends on the fish's survival ratio at feeding grounds.   Early escapes 


will not run the same year as the escape occurred but return after one winter in sea (1SW), two 


winters (2SW) and possibly three winters but none have been detected so far. For the determina-


tion of the escape event from Haganes 2021 is used (2.1.3) 


NR is calculated as: 


𝑁𝑅 =
𝑁𝑅𝑅


𝐶𝑅𝑅
+
𝑁𝑁𝑅


𝐶𝑁𝑅
 


 


Where NR denotes total number of famed fish in rivers, NRR caught fish in rivers with registered 


fishing, NNR numbers caught in farming areas, and CRR and CNR estimates of catch proportion in 


these river types.  
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Table 8. Calculation of migration rate for early escapees (LS) 


Haganes event 2021  (Early escapees) 
  N C Ntot 
Escapees in rivers with registrated fishing  (RR) 2 24% 8 
Escapees in  small rivers near  site (NR) 30 60% 50 
Sum: ( NR ) sum 1-3 SW   58 


    
Number of escapees (Nescapted)   82.000 
Migration rate LS   0,07% 
    


 


LS is calculated as: 


𝐿𝑆 =
𝑁𝑅


𝑁𝑒𝑠𝑐𝑎𝑝𝑒𝑑


 


 


Where Nescaped denotes the total number of fish that escaped in the event. It is worth noting that 


NR is the sum of farmed fish in rivers over 3 years i.e. 1SW-3WS.  


 


Migration Rate of Late Escaped Fish (LG) 
Representing the proportion of fish from late escapes entering freshwater. LG is highly dependent 


on the rate of maturation of fish in the net-pens. Two scenarios are calculated i.e. event with low 


or no maturation (event at Hringsdalur and Laugardalur 2018 (2.1.1)) and event for maturated 


fish (event at Kvígindisdalur 2023). LG is calculated with the same formula as LS. 


Migration Rate of Late Escaped Fish (LG):  Non – mature event  


Table 9 Calculation of migration rate for late escapees (LG) with light and smolting control 


Hringsdal/Laugardal  events 2018 
  N C Ntot 
Escapees in rivers with registrated fishing  (RR) 6 24% 25 
Escapees in  small rivers near  site (NR) 9 50% 18 
Sum: ( NR )   43 


    
Number of escapees   26.550 
Migration rate LG   0,16% 
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Migration Rate of Late Escaped Fish (LG)  Mature fish event  
In table 6  LG is calculated of the event at Kvígindisdalur where mature fish escaped. It is evident 


beyond all doubt that maturation is the key factor in itrogression of farmed fish into rivers 


Table 10 Calculation of migration rate for late escapees (LG) where maturity the fish is mature. 


Kvígindisdalur  event  2023  - matured fish 
  N C Ntot 
Escapees in all rivers 421 50% 842 
Sum: ( NR )   842 


    
Number of escapees   3.500 
Migration rate LG   24% 
    


 


 


 


Distribution characteristics of early and late escapees. 


Distribution of early escapees 
The behaviour of smolts and post-smolts differs from grow-out fish that escape. Therefore, we 


treat them separately as early escape, where post-smolts escape. They swim out to sea in search 


of feed, for at least one year, and then return close to their original location. In nature, smolts 


leave their natal river relatively quickly, usually in just a few days. Imprinting on the natal river 


may occur when the smolt undergoes physiological changes for seaward migration, and their 


navigational ability is very good. When a smolt escapes from a sea cage, a similar process occurs. 


It seems the smolt returns as a mature salmon to its point of origin, that is, to the escape location 


(the cage), and then attempts to migrate into rivers near the escape location. The river flow seems 


to have the most attraction as most fish run into Mjólká, an outlet of a hydro power plant, the 


largest water body in the area but lacing a salmon stock.   
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Figure 6 Migration of escaped fish from the Haganes escape in 2021. Most fish enter Arnarfjörður after 
1SW, and end up in Mjólká, two are caught in Sunndalsá, but four fish stray off course and are caught 
in Ósá in Patreksfjörður. 5 fish were caught after 2SW whereof one in Breiðarfjörður and one in 
Steingrímsfjörður. 


 


Distribution of late escapees 
Grow-out fish that escape exhibit different behaviour than smolts and seek rivers as they ap-


proach maturity. They typically search downstream (Hansen 2006) in search of a river and can 


travel very far during their migration, over 1,000 kilometres (Gudjonsson 1991; Piccolo & Or-


likowska 2012). However, the likelihood of finding farmed fish in a river is strongly correlated 


with the amount of aquaculture in the area (Fiske et al. 2006), and significantly fewer farmed 


salmon are found in rivers on the east coast of Scotland, where there is no fish farming, compared 


to the west coast where aquaculture is present (Green et al. 2012; Youngson, Webb, MacLean & 


Whyte 1997).   


This behaviour was observed in the two late escape events i.e. events in Laugardalur /Hringsda-


lur 2018 and Kvígindisdalur 2023. Both events show similar distribution patter although number 


of escapees are an order of magnitude more in the Kvígindisdalur event. 


Distribution is in the order of 600 km and skewed in the direction of the main current. Figure 4.2 


shows the distribution of late escapees from the Kvigindisdalur incident. Orange dots are a num-


ber of fish in a collection of rivers at the same distance range and blue curve estimated distant 


function. Positive numbers show distribution in the current direction (north) and negative num-


bers counter current (south). Point at 90 km north is escapees in rivers in Ísafjarðardjúp. 90% of 


the current goes past Ísafjarðardjúp and only part of the fish migrates into the fjord. On the small 


picture is the distribution of the fish from Laugardalur/Hringsdalur exhibiting similar pattern 


(green bars) Red bar show fish that survive more than a year in the sea and migrate in rivers 


close to the farm site. 
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Figure 7  Distribution of late escapees from the Kvigindisdalur incident. Orange dots are number of fish 
in collection of rivers at the same distance range and blue curve estimated distant function. Positive 
numbers show distribution in current direction (north) and negative numbers counter current (south). 
Point at 90 km north is escapees in rivers in Isafjarðardjup. 90% of current goes past Isafjarðardjup and 
only part of the fish migrates into the fjord.  


 


Coefficients based on monitoring results: 


Table of parameters:     
Escape parameters     
Escape rato: (S) 0,55 Number of fish that escape per ton produced 
Events per year: 1,75 Average number of escape events per year 
Late/Early  escape ratio 0,67 Proportion of Early  vs Late escapees 
Late_Rreturns_Prop    (LS) 0,00072 Migration rate of late escapees (0,7 permille) 
Early_Rreturns_Prop  (LG) 0,0016* Migration rate of early escapees (1,6 permille) 
Early_yearly distrbuton  [0, 30/56, 17/56, 9/56] Early returns distributed over four years 
Distripution parameters:     
Late_Propotion 0,2 Propagation counter current (20% ) 
LATE_LENGTH 240 Distribution in each direction tot  = 2x240 
Early _Proposion 0,5 Equal both directions 
EARLY_LENGTH 140 Distribution  


 


Link to Risk Assessment 2025  - Link to the GitHub site of the model 


 


22 Value updated in the final working paper. 
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https://ahaettumat2024.streamlit.app/

https://github.com/Hafro/Ahaettumat
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Mitigation and Preventive Measures 


Introduction 


The Icelandic aquaculture law nr. 71/2011, paragraph no. six states that the Risk Assessment for 


Genetic Intrusion shall take onto consideration mitigation measures that reduce the potential for 


genetic introgression, including light control, size of fry, and mesh size of pens. The Marine Re-


search Institute shall seek proposals from aquaculture companies for such mitigation measures.  


The allowed production volume can be based on conditional mitigation measures for the aqua-


culture companies.  


In light of the analysis presented in this report, it has become apparent after the escape in Kvígin-


disdalur 2023 that the most significant factor regarding the introgression of farmed salmon is the 


maturity level of the fish. Preventing maturation must be adequately ensured.  


As seen in analysis of escape event in Kvigindisdalur in chapter 2, both light regulation in cages 


and the methodology of smoltification can significantly impact maturation. If maturation is ab-


sent, the migration ratio (LG) is low, or in the order of 2-3 ‰. In absence of proper control, LG can 


be as high as 25-50% or two order of magnitude higher. 


Effect of light control: 
A possible course is a failure in artificial light settings during winter. Although utilization of 


Photoperiod Manipulation is obliged in all issued Permits of Operation, there were indications 


that light control in the net pens of Arctic Fish in Kvígindisdal were not properly implemented. 


As a result, the following provisions regarding light control were added to Article 38 of the Aq-


uaculture Regulation on May 1, 2024: 


"When farming fertile salmon in sea cages, the operator is required to minimize the proportion 


of sexually mature fish during the farming period. Light control must be implemented from No-


vember 15 to April 30 to prevent the development of reproductive organs in farmed fish.  


The Food and Veterinary Authority, in consultation with the Marine Research Institute, may 


impose additional conditions regarding light control. The Food and Veterinary Authority is au-


thorized to monitor the sexual maturation of salmon in both net-pens and slaughterhouses. “ 


Furthermore, if fish are over 4 kg in the period from July 1 to November 30 nets are to be in-


spected for any failures every 14 days. In that period Gonadosomatic Index (GSI) of the fish shall 


be lower than 0,3 for both males and females.   


Effect of smolting methods on sexual maturation in later life stage. 
The methods used in fry farming and smoltification can promote maturation in later live stage, 


while the fish are in cages as seen in section 2.3.1.2 Effect of smolting.  Smoltification at exces-


sively high temperatures, combined with a six-week darkness period followed by an 18:6 light 


cycle so called Zeitgeber, appears to be highly questionable.   Although it is likely that the main 


effect is temperature related, due to precautionary principle the Zeitgeber method should be 


restricted until further research demonstrates that it can be applied safely.  


Measures must be taken to mitigate the risk of such events through stricter regulations on smolt 


production, electronic hatchery monitoring, and other inspections. MFRI suggests seeking pro-


posals from aquaculture companies for such countermeasures as outlined in Article 6, paragraph 


2 of the laws governing fish farming. 
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Mitigation methods already implemented: 
The law states that a regulation including a list of mitigation measures is to be set by the Minister 


of Food, Fisheries and Aquaculture. The regulation now in force is no. 540/2020. 


• Aquaculture operations in an area need to go through official environmental impact as-


sessment.       


• Aquaculture companies operating with open sea cages are obliged to operate according 


to the NS 9415:2021+AC:2024 standard. 


• A minimum distance of five km needs to be between companies operating in the same 


area/fjord before getting a license for the operation from the Icelandic Food and Veteri-


nary Authority (MAST). 


• Icelandic Food and Veterinary Authority (MAST) is the responsible agency to supervise 


aquaculture operations and fish health. 


• In case of event with a possibility of escapes a mitigation, procedure is to be activated. 


o Inform the competent authorities, the Food and Veterinary Authority, nearby 


fishery associations, fishing right owners and the Directorate of Fisheries (DF). 


o Prevent further escapes. 


o Use of gillnets with mesh size suited to catch escaped fish in the area close to the 


place of incident.  


The Directorate of Fisheries can allow the removal of fish in nearby rivers if escaped fish is de-


tected in rivers or take other actions regarded necessary to minimize impacts after consulting 


with the Marine and Freshwater Research Institute (MFRI). 


Genetic tracing of aquaculture fish 


Producers of eggs for aquaculture in Iceland are legally required to maintain a database contain-


ing genetic information for all parental fish used in open sea cages. Additionally, they must keep 


DNA samples from the parental fish and maintain records of all transfers of fish between rearing 


facilities. This ensures the traceability of fish, allowing them to be linked to the company and the 


specific location of operation if caught in a river or the sea.  


Genetic information and DNA samples must be submitted to the Food and Veterinary Authority 


(MAST), which keeps records of all transfers of eggs and fish between locations, as certification 


of fish health is required prior to transport. 


This legal provision has made it possible to carry out a risk assessment for genetic introgression 


in the manner described in this report. 


Mitigation measures following escapes of aquaculture fish 


Following the consequences of the escape incident in Kvígindisdalur where farmed fish was de-


tected in several rivers over large area, the Directorate of Fisheries (DF) considered in-river mit-


igations measures. After consulting with the MFRI actions were taken by: 


• Allowing angling targeted on farmed fish in rivers after the season closure at the end of 


September in rivers where farmed fish had been seen or expected. 


• Closure of fish ladders to block upriver migration of farmed fish to the upper regions of 


rivers. 


• Removal of fish by trained surface snorkelers using harpoons.    
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For the fish removal, the DF contacted two Norwegian research companies with skilled divers 


having years of experience in detecting and removing farmed fish from Norwegian rivers as well 


as estimating the spawning stock size of adult salmon in the rivers. Rivers and river parts where 


escaped fish had been caught in the angling fishery or had been seen were prioritized.   


The results from the fish removal are described in GIRAF WP 2025/06. 


Learning by experience 
In 2023, following insights from fish removal efforts in an Icelandic river by Norwegian divers, 


the Marine and Freshwater Research Institute (MFRI) initiated a project to train individuals in 


counting wild fish in rivers and identifying and removing escaped farmed fish. A course was 


conducted in autumn 2024, led by experts from NORCE in Norway. Several rivers were sur-


veyed, resulting in the removal of 23 farmed-origin salmon. 


The MFRI now considers it highly important to have trained personnel for counting wild salmon 


to estimate stock sizes and remove farmed escapees. However, it is evident that such counting 


and removal methods cannot be fully applied in larger rivers, certain river sections, and rivers 


with glacial water that has high turbidity and low visibility. The methodology needs benchmark-


ing to optimize efficiency in Icelandic rivers. 


 


New laws  
A bill for new law on aquaculture was sent to the Icelandic parliament in 2024. Unfortunately, it 


was not accepted at that time. Several new and increased requirements were proposed for the 


aquaculture companies with the introduction of new and better practices to prevent escapes from 


fish farms. The new Government in Iceland has a revision of the aquaculture laws now on its 


priority list.  


 


Preventive measures 


It is recommended that emphasis should be placed on the following factors to reduce the likeli-


hood of genetic introgression between farmed fish and wild Icelandic salmon populations: 


Preventive methods include: 


• Temperature and light management should be monitored remotely in smolt production, 


from fry size of 10 grams until transferred to pens. MAST should oversee this monitor-


ing. 


• Use of sterile fish. Emphasis should be placed on research into the use of sterile fish in 


Icelandic aquaculture. Several methods are being developed for producing sterile fish, 


including triploidization which is the most used method for producing sterile salmonids 


involves creating triploid salmon, organisms with three sets of chromosomes instead of 


two. 


• Production of reproductive sterile fish through genetic expression control involves an 


immersion-based gene silencing technology applied to eggs, resulting in a significant 


portion of the offspring being rendered sterile. The method was developed by Ten-Tsao 


Wong and Yonathan Zohar at the University of Maryland, and experiments are currently 


underway in BNA and in Norway (Wong and Zohar 2015, Zohar and Wong 2016). The 


Marine and Freshwater Research Institute has actively participated in this research for 


the last 5 years.  
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• The healthy condition of natural populations must be ensured through proper manage-


ment. Maintaining the good condition of the natural spawning stock in the river is es-


sential, and fishing pressure should remain within sustainable limits. Excessive fishing 


pressure creates vacant territories that farmed salmon can exploit (McGinnity et al. 


2003). Research also shows farmed fish have more difficulty migrating as the density 


and competition from wild fish increase (Skaala et al. 2012). It must be drawn into law 


that it is not permissible to use fish for broodstock unless a genetic analysis has been 


conducted confirming that the fish is not of farmed origin or a hybrid with a farmed 


stock 


 


• Better DNA traceability from broodstock: Salmon egg producers are required by law to 


store biological samples from broodfish (both male and female) used in Icelandic salmon 


farming. Biopsies, such as fin or tissue samples, should be stored in 96% ethanol. The 


Icelandic Food and Veterinary Authority (MAST) needs to oversee the tracking and 


management of production from egg to harvest in an accessible database.  


 


Salmon egg producers in Norway and Iceland are now utilize the SPORBARHET gene bank, 


established for DNA traceability in farmed salmon. The gene bank stores SNP (18K) data, the 


same as Benchmark Genetic in Iceland currently uses. Using the same SNP as in SPORBARHET 


and Benchmark genetic Iceland will increase the accuracy of tracking escaped salmon and give 


better information for updating the risk assessment and can facilitate tracking to escape events 


in neighbouring countries if all producers of fish eggs participate.  


 


Origin of fish used as broodstock for enhancement 


Enhancement programs have been implemented in several Icelandic rivers to boost wild salmon 


runs and improve rod fisheries. A recent discovery of farmed-origin fish in a hatchery, intended 


for smolt production and release into rivers, highlights the crucial need for screening all brood-


stock intended for river release. This screening is equally important for fish used in ocean ranch-


ing. It is recommended that regulations be established by the authorities to enforce this practice, 


and the regulations should specify who will be responsible for covering the cost of genetic anal-


ysis.  


Gene bank for wild stocks 


One of the mitigation methods listed in the risk assessment is setting up a gene bank by collecting 


milt from wild Atlantic salmon males. Milt was collected from few Icelandic salmon stocks in 


the late 1980´s and are kept frozen in a tanka with liquid nitrogen. The Federation of River Own-


ers have been promoting further collecting of milt for later use. This is now under consideration 


by the MFRI. However, the intention of the Risk assessment set the goal that it would not come 


to the situation for future use of genetic material from the gene bank to restore fish stocks.       
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1. Introduction 
In recent years, there has been a significant increase in the production of farmed Atlantic salmon 
(Salmo salar) in Iceland. While this growth marks a positive development for the aquaculture 
industry, it simultaneously raises concerns regarding the potential impacts on wild salmon 
populations, specifically those native to Iceland. The primary source of these concerns is the 
cultivation of Atlantic salmon of Norwegian origin in open sea cages, which poses risks to wild 
salmon's genetic integrity and overall health through potential admixture. A monitoring program has 
been established to address these risks. The program is designed to systematically monitor and 
assess the potential impact of farmed salmon on wild populations.  


The report outlines the main results of monitoring the potential effects of sea cage salmon farming 
on Icelandic salmon stocks and is mainly based on the monitoring report published in 2024 (Fjóla 
Rut Svavarsdóttir et al., 2024). The report has been published annually since 2021, providing updated 
information and discussions on the events of each year.  


2. Methods 
The monitoring program includes several factors: 


• Salmon River Monitoring: Fish counters with video cameras will be deployed to track and 
record salmon movements in key rivers continuously. 


• Detection of Fish Farm Escapees: Identifying and reporting potential fish farm escapees 
captured in river fisheries, aiding in early detection and mitigation. 


• Tracing Salmon Origin: Scale and genetic analysis are used to accurately determine the origin 
of salmon found in river systems, distinguishing between farmed and wild individuals. 


Methodology: 


• Fish Counters equipped with Video Cameras: These devices are strategically placed in 
salmon rivers to count and record fish movements, providing real-time data on salmon 
populations and behaviour. 


• Reporting System: Fishermen and fishing rights owners are encouraged to report any 
suspicious catches that may indicate the presence of farmed salmon escapees. This system 
helps with the immediate identification and response to potential incidents. 


• Scale and Genetic Analysis: Collected samples from salmon are analysed to determine their 
origin. This process helps understand the extent of interaction between farmed and wild 
salmon populations. 


 


 







3. Fish counters 
Fish counters have been operated in Iceland for some time now and have been used to assess the 
condition of wild salmon populations in rivers. In 2023, 20 fish counters were operating in Iceland, 
and 13 were equipped with video cameras (Figure 1). They can estimate fish size, migration time 
and save videos for species identification. Counters equipped with cameras provided the 
opportunity to monitor in real-time whether fish exhibiting external farming characteristics (e.g., on 
their tails and fins) are entering the rivers. Operating camera-equipped counters in rivers is an 
important part of monitoring the effects of sea cage farming on wild salmonid stocks.  


 


Figure 1. Locations of fish counters in Iceland. The figure includes counters with some years of data series and were 
operated in 2023. 


The fish counters are located in lower reaches of rivers, within barriers that direct migrating fish 
through the counter. Often, this involves fish ladders built in rivers, while in other cases, a threshold 
barrier has been constructed specifically to guide fish through the counter (Figure 2). 


In recent years, the number of camera-equipped counters in rivers has been increasing, focusing 
on salmon rivers in areas where escapees from fish farming are most likely to appear. However, the 
data series from these counters are still relatively short. The counters that are closest to the 
farming areas in the Westfjords are in Laugardalsá and Langadalsá rivers in Ísafjarðardjúp and to 
the west in Krossá river on Skarðsströnd in Breiðafjörður and east in Blanda river in Húnaflói. These 
counters have been operated with a camera since 2018/19, except for the one in Blanda river, which 
was upgraded to a camera-equipped counter in the spring of 2023. The counters closest to the 
farming areas in the Eastfjords are in Vesturdalsá and Selá rivers in Vopnafjörður, north of the 
farming facilities. South of the farming areas, the counter in Grenlækur river in Landbrot is the 
closest one (Figure 1).  







 


Figure 2. A fish ladder in river Laugardalsá in Ísafjarðardjúp (left) and a threshold barrier in Langadalsá in Ísafjarðardjúp 
(right).  


3.1. Results of 2023 
In late August 2023, farmed salmon were observed in the counters for the first time. They were 
observed in three rivers: Laugardalsá, Langadalsá and Blanda. The salmon displayed external 
characteristics typical of farmed fish from sea cages. Following this, the pathways for fish to pass 
through these counters were closed, and farmed salmon were captured either in the fishways or 
below them.  


In river Langadalsá, ten farmed salmon and 62 wild salmon passed through the counter in 2023. In 
river Laugardalsá, 197 wild salmon and 6 farmed salmon passed through the counter. In Blanda, 
four farmed salmon passed through the counter before the passage was closed; 53 farmed salmon 
were caught in the fishway. In total 935 wild salmon passed through the passage in Blanda in 2023.  


The salmon observed in the counters in 2023 were from a late-stage escape event and had reached 
harvest size when they escaped. Their external farming characteristics were, therefore, distinct, 
such as fin damage. Additionally, they appeared more silvery than wild salmon at this time of year 
(late summer). The tails of farmed salmon are proportionally smaller, rounded and lack the sharp 
outlines and pointed tail tips typical of wild fish (Figure 3).  







 


Figure 3. Fish counter in river Laugardalsá (left) in Ísafjarðardjúp is equipped with scanners, a camera, and lights. A wild 
salmon (above) and a farmed salmon (below) in the fish counter in river Langadalsá in Ísafjarðardjúp in early September 


2023 (right).  


Usually, fairly clear images were captured of the fish passing through the counters and the escapees 
appeared relatively easy to distinguish from wild salmon. (Figure 3). To monitor whether farmed 
salmon are passing through the counters, video recordings must be regularly reviewed. The speed at 
which information about escaped fish is obtained, depends on how frequently these visual reviews 
are conducted. Some of the counters are open live on the web, which has created interest and 
comments from the public of possible farmed fish in the run. With the development of AI 
identification of species and external farming characteristics, an instant notification occurs when 
farmed salmon pass through could reduce response time. Automated detection could allow for 
equipment to block farmed salmon while allowing wild fish to pass. 


The farmed salmon detected in the counters in 2023 displayed external farming characteristics, 
typically prominent in late escapees from cages and easily detected. It is still uncertain whether all 
salmon from early-stage escape events would be as easily identified, as their external farming 
characteristics may be less pronounced. The counters provided valuable information during the 
summer of 2023 for monitoring fishing rivers for escapees from sea cages.  


4. Escapees 
To determine their origin, the MFRI examines suspected escaped farmed salmon, such as those 
caught by the Directorate of Fisheries or anglers. The MFRI identifies whether the fish are wild or of 
farmed origin using appearance and genetic analysis. Since 2018, the MFRI has traced escapees to 
specific cages or farming sites using parentage analysis, most often with good results. This 
information is essential for monitoring the impact of sea-cage salmon farming on Icelandic salmon 
stocks and improving aquaculture practices. 


In 2023, a significant escape occurred at the farming site of Kvígindisdalur, Patreksfjörður, when 
around 3,500 fish escaped. Many of these fish migrated to freshwater in the autumn of 2023, leading 
to the most escaped fish ever reported to the MFRI (Figure 4). 







 


Figure 4. Number of farmed salmon escapees brought to the MFRI for analysis of origin 2014-2024. 


4.1. Results of 2023 
In 2023, a record number of escaped Norwegian-origin farmed salmon were detected and caught in 
various rivers. Between August 25 and December 8, the MFRI received 465 samples for analysis of 
origin, including 358 whole salmon, 15 gutted salmon, and 92 other samples like fillets and genetic 
material. The samples were provided by anglers, fishing rights holders, environmental organizations 
(236 fish), the research company Laxfiskar (34 fish), Directorate of Fisheries inspectors (17 fish), and 
Norwegian divers specialized in catching escapees (178 fish). An escape event from a sea cage in 
Kvígindisdalur, Patreksfjörður, in late summer 2023 was the main source of escapees in rivers. 


Of the 465 fish analyzed, 440 were of farmed origin, with 421 coming from the Kvígindisdalur escape 
event (Appendix 1). Farmed salmon were found in 61 rivers. Fish from Kvígindisdalur were caught in 
56 rivers Álftá in West Iceland to Fnjóská in North Iceland. Of these fish, 14% were caught in 
Patreksfjörður, 18% moved south to Breiðafjörður and Faxaflói, and 68% headed north to rivers in the 
Westfjords and North Iceland. Notably, 46% of them, or 195 fish, were caught in rivers in Húnaflói 
and further east. This pattern suggests that the salmon followed ocean currents, consistent with 
known migration behaviors of escaped farmed salmon (Hansen and Youngson, 2010). According to 
SkandNat's report, a local resident caught about 55 farmed salmon in Botnsá (in Tálknafjörður, the 
next fjord to Patreksfjörður) (Kanstad-Hanssen et al., 2023). They were not included in the MFRI's 
statistics. 







 


Figure 5. The distribution of escaped salmon caught in rivers in 2023 (N=440). The map does not include three fish that 
were caught in Stöðvará (East Fjords) and in Kálfá and Geirlandsá (South Iceland). Yellow star shows the location of the 
Kvígindisdalur farming site where the major escape event occurred in 2023. The inset map shows the main ocean currents 
around Iceland (Steingrímur Jónsson and Sólveig R. Ólafsdóttir, 2021). 


Fish from Kvígindisdalur averaged 75.3 cm in length (±5.1 SD) and 5,000 g in weight (±981.8 SD). 
Among the 383 fish examined, 68% were male and 32% female. Maturity stages were assessed in 343 
salmon, with 97% at stage 3 or higher, indicating the development of reproductive organs. By late 
October and November, not all had fully developed gonads, making it uncertain how many spawned 
after escaping.  


Of the 440 analyzed escaped salmon, 19 could not be traced back to the Kvígindisdalur cages.  
Among them, six escpees could be linked to older escape events. Specifically, five fish (81–86 cm) 
originated from the Haganes cage site in Arnarfjörður, where approximately 80,000 juvenile salmon 
escaped in a major event in 2021 (Icelandic Food and Veterinary Authority), and scale analysis 
supports their link to this event. One fish was traced back to Eyrarhlíð in Dýrafjörður, where a related 
fish measuring 70 cm was caught in 2022, while the 2023 catch measured 79 cm. No escape events 
have been reported at Eyrarhlíð, leaving the possibilty of either missing information on the use of 
offspring or an unreported escapee event. These sex fish from older escape events were caught from 
Kársstaðaá in Breiðafjörður to Vatnsdalsá in Húnaflói, with four also caught in rivers in the 
Westfjords. 


The origin of 13 fish could not be confirmed. They had external characteristics of farmed salmon and 
were Norwegian-origin according to genetic analysis. Four of these fish were found in rivers outside 
the known distribution range of escaped salmon from Kvígindisdalur. The rest was found in rivers 







where salmon from Kvígindisdalur were also caught, except for one fish in Miðá in Breiðafjörður, the 
only farmed salmon brought to MFRI from that river. According to the Icelandic Food and Veterinary 
Authority, all male broodfish used for sea cage salmon farming in Iceland in recent years have been 
genotyped. Therefore, gaps in the genetic database do not likely cause the unidentified origins, 
though errors in genotyping can not be excluded. Part of the explanation may lie in the high mutation 
rate of microsatellites and technical issues related to the amplification of relatively large alleles 
(large-allele dropout). Work is ongoing to trace the origins of these fish. [Update 10.02.2025: Three of 
the 13 fish experienced large-allele-dropout at one or more loci. After a second round of genotyping 
they could be traced to Kvígindisdalur. Other three fish had 4bp difference at one loci from male 
broodfish genotypes used for Kvígindisdalur suggesting mutations. See discussion in document 
2.2.1 Escaped Fish Not Traced to Farming in Iceland about few of these fish which could not be traced 
to male broodfish used in Iceland].   


In 2023, as it became clear that many farmed salmon were entering Icelandic rivers, the Directorate 
of Fisheries enlisted experienced surface divers from SkandNat and NORCE to remove them. Their 
findings were documented in reports (Kanstad-Hanssen et al., 2023; Skoglund et al., 2023). This 
mitigation measure was effective, highlighting the importance of having the expertise to remove 
farmed salmon from rivers in Iceland. Since 2018, the MFRI has annually attempted to secure funding 
for a project that would involve the necessary training to remove escaped farmed salmon in this 
manner and count salmonids in rivers. The 2023 event possibly led to the necessary funding finally 
being secured, and two experts from NORCE came to Iceland for a week to train four MFRI staff 
members. During this trip, 17 rivers in the Westfjords were visited, fish were counted, and escaped 
farmed salmon were caught in six rivers, totaling 23 salmon. The plan is to repeat such a project this 
year if funding is obtained. 


The migration of escaped salmon into rivers in 2023 was unprecedented. In 2024, six salmon from 
this escape event were caught and brought to the MFRI. The full consequences of the Kvígindisdalur 
escape and the Haganes escape in 2021 remain to be seen. The migration of farmed salmon in 2023 
coincided with historically poor runs of wild salmon, which could make genetic introgression more 
severe. The MFRI will investigate the potential consequences of the escape and has already sampled 
0+ juveniles in multiple rivers in October and November 2024.  


5. Fish scales sampling 
Studies on salmon scales is a prevalent method for age determination and age composition of wild 
salmon populations (ICES 2011). It reveals growth patterns from freshwater and sea cage 
environments, aiding in monitoring the impact of sea cage farming on Icelandic salmon. 


Scale collection by anglers and guides in fishing rivers has yielded long-term data, such as from the 
Þjórsá River since 1986 and Norðurá River since 1988 (Sigurður Óskar Helgason et al., 2023). The 
shift to fly fishing and prevalent catch-and-release practices has reduced scale sampling, 
especially for large salmon, which are mostly released to protect the spawning stock of the rivers. 
Scales are also useful for genetic analysis (Nielsen et al. 1999, Leó Alexander Guðmundsson et al. 
2013). These extensive data series are invaluable for understanding changes in salmon 
populations. 







In 2023, the MFRI analyzed scales from 55 of the 450 farmed-origin salmon, assessing both early 
and late-stage escapees (see chapter 4). These samples included salmon traceable to their farming 
sites and others with no genetic links to the broodstock males used for farming in Iceland. 


5.1. Results of 2023 
A total of 41 scale samples from the major escapee event in 2023 (Kvígindisdalur) d and four from 
an early escape event from Haganes 2020 were analyzed. Other analyzed salmon were confirmed 
from farmed origins, though their exact sources remain unknown. 


Kvígindisdalur Salmon was three years old in the fall of 2023, and the average length was 75.1 cm at 
length. Back-calculated lengths were 27.3 cm at smolt release to sea, 43.2 cm after their first sea 
winter, and 66.1 cm after the second winter (Table 1). 


Table 1. Age determination and length back-calculation on scale samples from fish caught in 2023 from Kvígindisdalur 
(late escape) and Haganes (early escape). FA is the average smolt length at release to sea cages, S1 is the length at the 
end of first sea winter, S2 after the second winter at sea. G stands for spawning mark. 


 


An example of fish from Kvígindisdalur (smolt to sea cage in 2021) is shown in Figure 6. The scale 
image shows that growth in sea cages decreases significantly during the wintertime, which is 
reflected in the compression of growth rings. Sea temperatures drop to low levels during the 
harshest winter months in the Westfjords, and this is evident in the growth of the salmon during 
that time of year. 


 


Figure 6. Scale analyzes from a farmed salmon caught in river Hrútarfjarðará in 2023 (late-stage fish farm escapee). FA is 
the length at smolt release to sea cages, S1 is the length at the end of first sea winter, S2 after the second winter at sea.  


Origin
Age 


(freshwater)
Age 


(sea)
Sample 


size
FA S1 S2 G Length at capture


Kvígindisdalur 2021 1 2 41
27,3 cm 


± 2,9
43,2 cm  


± 4,2
66,1 cm ± 


5,2 75,1 cm ± 6,5


Haganes 2020 1 2 4
25,1 cm  


± 2,3
48,8 cm  


± 4,1
72,4  cm 


± 5,5
80,1 cm  


± 2,4 83,0 cm  ± 2,2


Length back-calculation (cm ± SD)







Salmon from the early escape event at Haganes in 2020, released as smolts and caught in 2023, 
was 4 years old (Table 1). Back-calculated lengths averaged 25.1 cm at sea release, 48.8 cm after 
the first sea winter, and 72.4 cm after the second. 


Spawning marks were observed in all samples from fish originating in Haganes and caught in 2023 
(see example in Figure 7b). That indicated that the salmon reached sexual maturity in the fall of 
2022 and may have participated in spawning that year. The fish returned to sea in the spring of 2023 
and were caught the following summer. This behavior is typical: post-spawning salmon that return 
to sea have a short marine phase, maturing again with minimal growth. 


For comparison, spawning marks are not found in scales of fish caught in 2022 from that same 
early-stage escape event (Figure 7a).  


 


Figure 7. Scale analyzes from a farmed salmon caught in Patreksfjörður in 2022 (a) and Kársstaðaá in 2023 (b) (early-stage 
fish farm escapees). FA is length at smolt release to sea cages, S1 is the length at the end of first sea winter, S2 after the 
second winter at sea. G stands for spawning mark.  


Scales from farmed salmon of unknown origin were also examined. Among them was the scale of a 
presumed farmed salmon from Geirlandsá, caught in the fall of 2023. This salmon was 4 years old, 







i.e., it was 1 year old at sea release (FA), spent two winters at sea (S1 and S2), and then showed a 
spawning mark in its scale (Figure 8a). The scale pattern of the salmon from Geirlandsá differed 
from the growth pattern of escapee salmon from the Westfjords. The winters in its scales appeared 
much shorter, suggesting warmer temperatures, indicating a different origin than the Westfjords 
escapees. Analysis of the fish's origin is not complete.  


A fish of unknown origin, caught in Mjólká in Arnarfjörður in the fall of 2022, was one of the fish 
examined. Age determination and scale pattern suggest that the salmon was of natural origin, as it 
spent four years in freshwater before migrating to the sea (Figure 8b). Additionally, no strong farmed 
characteristics were observed in the fish’s appearance and fatty acid analysis indicated that it had 
not recently escaped from aquaculture. When compared to various salmon populations across 
Europe using SalSea genetic markers, the fish were grouped with the benchmark Iceland. The same 
result was found using SNP (Single Nucleotide Polymorphism) analysis, where it grouped with 
Stofnfiskur rather than Icelandic wild salmon. 


If the fish is of farmed origin, it is likely a descendant of escaped farmed salmon that spawned in a 
river and then grew up under natural conditions. Notably, pure farmed salmon juveniles were 
detected in Botnsá in Tálknafjörður, near Mjólká in Arnarfjörður, during sampling in 2016 and 2019. 
Further analysis of the fish’s origin is not complete. 


 


Figure 8. Scale analyzes from a farmed salmon caught in Geirlandsá in 2023 (a) and Mjólká 2022 (b). Both of unknown 
origin. FA is length at smolt release to sea cages, GA is length at smolt going to sea, S1 is the length at the end of first sea 
winter, S2 after the second winter at sea. G stands for spawning mark. 







Sampling of scales from salmon caught in the rivers of Iceland is an important part of the 
monitoring on the effects of sea cage farming on Icelandic salmon stocks. It gives insight into their 
life history and can be useful if their origin is not known.  


6. Monitoring of Wild-Farmed Salmon Hybridization  
Since 2015, the Marine and Freshwater Research Institute (MFRI) has collected genetic samples from 
juvenile salmon to monitor hybridization between wild and farmed salmon. Efforts have focused on 
salmon rivers in farming areas with the highest risk of hybridization. Sampling has been conducted 
almost annually in smaller rivers within farming regions, while larger rivers nationwide are monitored 
biennially. 


In 2017, MFRI reported hybridization in rivers in the Westfjords (Leó Alexander Guðmundsson et al., 
2017). This study relied on 14 microsatellite markers (SalSea marker set), which had limited power 
for detecting hybridization between wild Icelandic and farmed salmon of Norwegian origin. In recent 
years, the institute has used 60,250 SNP genetic markers, allowing for much higher analytical 
accuracy. A 2023 report reanalysed few of the 2017 samples, confirming hybridization between 
farmed Norwegian-origin salmon and wild Icelandic salmon. 


The 2023 report, based on over 6,000 juvenile salmon analysed (with the most recent samples from 
2020), identified first-generation hybrids (F1) in 17 rivers and backcross hybrids (BC) in 26 rivers, 
primarily near farming areas. This document presents the results of hybridization analysis for 3,194 
juvenile salmon samples collected in 2021 and older samples not included in the 2023 report. The 
NewHybrids software (Anderson and Thompson, 2002) was used to classify the samples as wild, 
farmed, F1, F2, or BC hybrids (with a posterior probability threshold of P ≥ 0.95 for assignment to a 
hybrid class). For the analysis we used a set of 200 highly informative SNP’s (wild-farmed FST = ~0.65) 
and a farm reference sample of 195 individuals; 164 male broodstock (year-classes 2014-2016) and 
31 farmed escapees caught in 2021-2022. Detailed descriptions of sampling and data processing 
methods can be found in Leó Alexander Guðmundsson et al. (2023).  


 


6.1 Results and Discussion 
Analysis of 3,194 juvenile salmon samples from 64 rivers revealed: 


• 51 first-generation hybrids (F1) in 12 rivers. 
• 79 backcross hybrids (BC) in 16 rivers. 
• 21 fish with uncertain classifications in nine rivers (Table 7). 


 
Among 943 samples collected from 18 rivers, spanning from Úlfarsá near Reykjavík to Suðurfossá in 
the Southwest Westfjords, no F1 or BC hybrids were detected. Previous studies had reported a small 
number of F1 hybrids in two salmon rivers in this region (Leó Alexander Guðmundsson et al., 2023). 


In the Westfjords, F1 hybrids were found in four rivers where they had previously been detected and 
in four rivers where they had not. In Northwest Iceland, few F1 hybrids were found in Hrútafjarðará 
(~275 km from sea-cage farming). Still, none were detected in other northwest or northeast rivers 







(598 samples from seven rivers), except for one hybrid in Selá in Vopnafjörður (~140 km from 
farming). In the East Fjords and South Iceland, F1 hybrids were found in one river in each region. 
Juveniles of pure farmed origin were identified in Arnarfjörður in the Westfjords (near sea-cage 
farming) and in one southern river near land-based salmon farming facilities. 


Most BC hybrids were detected in rivers in the East Fjords, consistent with prior findings. In the 
salmon river Breiðdalsá, 14 of 73 samples (19%) were classified as BC hybrids, with four uncertain 
cases. Similar proportions were observed in Jökulsá á Dal (22%) and its tributary Laxá in Jökulsárhlíð 
(35%). 


Further research is needed to refine the classification of older hybrids, including second- and third-
generation hybrids, and their origin. Developing new methods to analyse older samples, such as 
scales, could help track changes in genetic composition over time. This work is ongoing. 


The 2021 samples likely reflect spawning years 2017–2020, during which sea-cage salmon farming 
production averaged 20,000 tons annually (ranging from 9,701 to 32,735 tons). Genetic analyses of 
the 2021 samples showed that hybridization occurred even during relatively low farming activity 
periods. They also show that hybridization is not limited to rivers near farming areas. 


  


Figure 9. Results of NewHybrids analysis on hybridization between wild and farmed salmon among juvenile samples, 
collected from rivers across the country, mostly in 2021. The colors of the pie charts represent the proportions of different 
genotype classes: wild, F1 and BC hybrids, pure farmed, and fish with uncertain classification. For clarity, the embedded 
image presents the same results without wild salmon. River names and sample sizes are provided in Table 2. 


 







Table 2. Results of the NewHybrids analysis on hybridization between wild and farmed salmon among juvenile samples, 
collected from rivers across the country, mostly in 2021. Rivers are divided by region and arranged clockwise from Ulfarsa 
near Reykjavik. The number of rivers in the table correspond to the numbers in the figure 9. 


 


  


Region Nr. River Year N° W° NewHybrids classification
Wild F1 BC Farm Uncertain


Southwest and west 1 Úlfarsá 2021 64.11864 -21.64730 75
2 Laxá í Leirársveit 2021 64.42772 -21.64796 73
3 Grímsá 2021 64.53430 -21.29860 14
4 Kjarará 2021 64.75650 -21.13156 78
5 Þverá 2021 64.68853 -21.52735 80
6 Norðurá 2021 64.76258 -21.50752 35
7 Gljúfurá 2021 64.66234 -21.68120 80
8 Langá 2021 64.59240 -21.99064 21
9 Hörðudalsá 2021 64.94205 -21.65252 12


10 Laxá í Dölum 2021 65.10725 -21.71997 96
11 Krossá 2021 65.25151 -22.21537 21
12 Hvolsá 2021 65.35538 -21.77184 26


Westfjords 13 Geiradalsá 2021 65.47266 -21.91225 17
14 Þorskafjarðará 2021 65.60928 -22.08711 42
15 Djúpadalsá 2021 65.60809 -22.24573 42
16 Fjarðarhornsá 2021 65.64846 -22.54891 22
17 Móra 2021 65.52090 -23.41537 93
18 Suðurfossá 2021 65.46008 -23.91368 116
19 Botnsá í Tálknafirði 2021 65.58662 -23.75528 19 5 3
20 Selárdalsá 2021 65.77152 -24.01311 85
21 Litlueyrará 2021 65.66986 -23.61725 33
22 Dufansdalsá 2021 65.61528 -23.59474 54 6
23 Sunndalsá 2021 65.61387 -23.39913 64 3
24 Dynjandisá 2021 65.73719 -23.20911 23 10 1
25 Mjólká 2021 65.77426 -23.16920 2 3 1
26 Botnsá í Dýrafirðir 2021 65.83866 -23.18170 5 5 3
27 Sandsá 2021 66.02701 -23.68271 31
28 Bjarnadalsá 2021 65.97480 -23.43608 4
29 Staðará í Súgandaf. 2021 66.11321 -23.54699 106 4 1
30 Heydalsá 2021 65.84174 -22.67224 31
31 Laugardalsá 2021 65.93027 -22.68146 83 6 2
32 Langadalsá 2021 65.77316 -22.30327 98
33 Hraundalsá 2021 66.02449 -22.33666 7 1
34 Staðará í Steingrímsf. 2021 65.76383 -21.83755 84 7 3 1
35 Húsadalsá 2021 65.67949 -21.70275 23
36 Víðidalsá í Steingrímsf. 2021 65.67892 -21.68822 59 2 1


Northwest and north 37 Víkurá 2021 65.45592 -21.26893 90
38 Hrútafjarðará 2021 65.09572 -21.08775 74 8 1 1
39 Vatnsdalsá 2021 65.50079 -20.34082 82
40 Sæmundará 2021 65.65209 -19.56353 58


Northeast and East fjords 41 Laxá í Aðaldal 2020, 21 65.87889 -17.39243 111 1
42 Hafralónsá 2020 66.13429 -15.39579 97 2
43 Miðfjarðará á Bakka 2021 65.99770 -15.16940 88
44 Selá 2021 65.70570 -14.98899 102 1 1
45 Hofsá 2020 65.71141 -14.85660 53 2
46 Laxá í Jökulsárhlíð 2021 65.45496 -14.59695 32 19 3
47 Jökulsá á Dal 2021 65.31410 -15.11941 52 16 7
48 Norðfjarðará 2021 65.11695 -13.80807 6 1 1
49 Breiðdalsá 2021 64.78352 -14.15406 55 14 4


South 50 Tungá 2021 64.07820 -20.17224 4
51 Kálfá 2021 64.03609 -20.31741 15
52 Þjórsá 2021 64.02860 -20.35907 61
53 Dalsá 2021 64.27201 -20.19714 9
54 Litla-Laxá 2020, 21 64.15657 -20.25254 11
55 Stóra-Laxá 2020, 21 64.06031 -20.33615 57
56 Tungufljót 2020, 21 64.17984 -20.40986 23
57 Fullsæll 2021 64.22697 -20.52778 6
58 Brúará 2021 64.15934 -20.55841 9
59 Hvítá 2017, 21 64.26937 -20.20462 44
60 Ásgarðslækur 2017 64.05591 -20.97754 15
61 Tunguá 2017 64.04366 -20.98621 14
62 Sog 2017, 21 64.00323 -20.97113 32 1 1
63 Varmá 2021 63.98721 -21.17473 0 5
64 Ölfusá 2017, 20, 21 63.93993 -21.01170 83
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Appendix 1 


 


Veiðivatn N W Greindir eldislaxar Kvígindisdalur Eldra strok Uppruni ógreindur


Vesturland
Hvítá 64,60260 -21,71058 1 1


Álftá 64,58568 -22,22868 1 1


Hítará 64,69161 -22,33968 1 1


Haffjarðará 64,81242 -22,41454 11 11


Holtsá 64,92277 -23,50243 1 1


Kársstaðaá 64,972406 -22,571878 5 4 1


Svínafossá 65,031896 -22,210853 2 2


Laxá á Skógarströnd 65,027192 -22,12239 1 1


Miðá 65,028182 -21,778856 1 1


Haukadalsá 65,03873 -21,77298 5 5


Laxá í Dölum 65,09784 -21,75877 13 13


Krossá 65,27128 -22,36376 1 1


Búðardalsá 65,31017 -22,22691 10 8 2


Staðarhólsá og Hvolsá 65,39306 -21,93518 10 10
Vestfirðir
Þorskafjarðará 65,60421 -22,09366 1 1


Djúpadalsá 65,573533 -22,28813 3 3


Fjarðarhornsá 65,643547 -22,54375 2 2


Kjálkafjarðará 65,618016 -22,93989 2 2


Vatnsdalsá 65,58577 -23,13299 3 3


Móra 65,50186 -23,38313 3 3


Suðurfossá 65,455143 -23,98690 5 5


Örlygshöfn 65,57953 -24,10281 4 4


Mikladalsá 65,528186 -23,912959 3 3


Patreksfjörður 65,56971 -23,96096 6 6


Ósá 65,533749 -23,770578 4 4


Botnsá 65,592406 -23,780223 44 42 1 1


Selárdalsá 65,787693 -23,985597 1* 1


Fífustaðadalsá 65,760145 -23,900291 25* 24 1


Bakkadalsá 65,735808 -23,809717 1* 1


Sunndalsá 65,62094 -23,39303 20 19 1


Norðdalsá 65,632028 -23,37420 1 1


Dynjandisá 65,73729 -23,21110 4 4


Mjólká 65,77442 -23,17101 4 4


Ísafjarðará 65,78213 -22,58123 21 21


Laugardalsá 66,01219 -22,64368 2 2


Langadalsá 65,90127 -22,34840 9 9


Hvannadalsá 65,90681 -22,33974 3 2 1


Selá 66,04162 -22,44985 2 2


Kjósará 65,94076 -21,58798 1 1


Selá Steingrímsfirði 65,777571 -21,731236 1 1


Staðará Steingr. 65,76681 -21,78488 6 6


Húsadalsá 65,68239 -21,686753 11 9 1 1


Víðidalsá 65,68437 -21,67342 1 1


Hrútafjarðará 65,15429 -21,07355 34 33 1


Síká 65,13551 -21,07377 12 12
Norðurland
Miðfjarðará 65,34607 -20,90865 26 25 1


Tjarnará 65,64550 -20,78126 3 3


Hóp 65,53696 -20,51423 1 1


Víðidalsá 65,49210 -20,54410 3 3


Vatnsdalsá 65,53865 -20,38503 18 17 1


Blanda 65,66121 -20,29713 54 54


Laxá á Refasveit 65,72462 -20,26118 14 13 1


Hallá 65,785776 -20,27705 1 1


Héraðsvötn 65,74251 -19,54761 1 1


Húseyjarkvísl 65,59422 -19,44651 6 6


Norðurá 65,433612 -19,18388 1 1


Hjaltadalsá/Kolka 65,82084 -19,36955 3 3


Fljótaá 66,047645 -19,027557 1 1


Eyjafjarðará 65,65002 -18,06502 1 1


Fnjóská 65,89088 -18,09438 2 2
Austfirðir
Stöðvará 64,840066 -13,95446 1* 1
Suðurland
Kálfá 64,03235 -20,32368 1 1
Geirlandsá 63,814603 -17,965364 1 1


Samtals 440 421 6 13


*Fiskar frá Laxfiskum (Jóhannes Sturlaugsson og Snæbjörn Pálsson 2024)


Staðsetning
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Abstract 


Genetic hybridization and introgression from farmed salmon can alter the genetic composition 


of wild populations, lead to changes in life-history traits, and even contribute to population 


declines. In Iceland, sea cage farming of salmon of Norwegian origin is a growing industry. 


Production of farmed salmon has increased from being nearly non-existent in 2010 to 43,000 


tons in 2022. According to the current genetic intrusion risk assessment by the Marine and 


Freshwater Research Institute, it is estimated that up to 85,200 tons of farmed salmon can be 


produced annually without negatively impacting wild salmon populations. A genetic study 


from 2017, using 15 microsatellites, detected signs of hybridization in rivers near sea cage 


farming sites in the Westfjords. In this study, salmon samples were collected from rivers around 


the country, with a sample size nearly ten times larger. A total of 6,348 salmon juveniles from 


89 rivers were analysed, with a focus on areas near sea cage farms. Most of the samples 


belonged to spawning cohorts from 2014 to 2018, during which the average production of 


farmed salmon was approximately 6,900 tons. The samples were genetically analysed using 


60,250 single nucleotide polymorphisms (SNPs), and genetic information from 250 farmed 


salmon was used for comparison. The genetic differentiation (FST) between Icelandic salmon 


and farmed salmon was on average 0.14 (based on 34,700 SNPs) and 0.62 for the markers that 


showed the highest differentiation between the two groups (196 SNPs). Genetic introgression 


was detected using principal component analysis (PCA) and models of the programs 


ADMIXTURE, STRUCTURE, and NewHybrids. A total of 133 first-generation hybrids 


(offspring of farmed and wild salmon) were identified in 17 rivers (2.1% of samples, within 


18% of rivers). Older introgression (second-generation or possible older) was detected in 141 


juveniles in 26 rivers (2.2% of samples, within 29% of rivers). First-generation hybrids were 


more common in the Westfjords than in the East Fjords, consistent with the fact that aquaculture 


in the East Fjords started later and has been of a smaller scale. First-generation hybrids were 


generally detected within 50 km of farming sites, but some hybrids were found up to 250 km 


away. However, older genetic introgression was more frequent in the East Fjords than in the 


Westfjords, likely related to the aquaculture that was operated there in the early 2000s. Older 


genetic introgression was most prominent in the Breiðdalsá River, where it was detected in 


32% (72 out of 228) of the juveniles. Further research is needed on the generational structure 


of hybrids, the extent, and the causes of the distribution of older introgression. This study 


primarily examined the effects of the early years of the current aquaculture industry, when 


production was still relatively low, as well as earlier sea cage farming experiments. The 


findings in this report demonstrate that genetic introgression has occurred despite relatively 


low farming production levels. 
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Introduction 


The production of Norwegian-origin farmed salmon (Salmo salar) in sea cages has grown 


rapidly in Iceland in recent years, increasing from nearly non-existent in 2010 to 43,000 tons 


in 2022. In Iceland, sea cage farming, as well as the rapid expansion of the industry, is a cause 


of concern for many due to the various environmental impacts associated with its operations, 


particularly the negative effects on wild salmon stocks. In general, the environmental impact 


of salmon farming in sea cages can be multi-faceted, but the main factors affecting wild salmon 


and other salmonids include genetic introgression, disease transmission, and an increase in sea 


lice populations (Naylor et al. 2005; Svåsand et al. 2016; Vitenskapelig råd for lakseforvaltning 


2022). 


In Iceland, sea cage salmon farming occurs primarily in the Westfjords (68% of production in 


2022) and the East Fjords (32%), whereas in most other areas around the country, such 


operations are prohibited to protect Icelandic salmon populations (Guðjónsson & Scarnecchia 


2009) or due to unfavourable environmental conditions. Norwegian-origin salmon farming has 


been attempted in Iceland before, with the largest trial conducted in the East Fjords at the 


beginning of the century, reaching a peak production of around 6,000 tons. In 2019, a genetic 


introusion risk assessment was introduced into legislation as a regulatory tool to control 


production levels, with the aim of preventing potential harm to wild salmon populations (Act 


on Aquaculture No. 71/2008, with later amendments). According to this risk assessment, up to 


106,500 tons of biomass per year of farmed salmon production is permitted in Iceland which 


translates into 85,200 tons harvested. Current estimates suggest that the existing production 


capacity for salmon sea cage farming is about half of that, or 50,000 tons per year (MAST 


2022). 


Studies indicate that Icelandic salmon stocks are genetically distinct from other Atlantic salmon 


populations across their range and form a unique evolutionary lineage (Daníelsdóttir et al. 


1997; King et al. 2001; Verspoor et al. 2005; Ozerov et al. 2013; Rougemont & Bernatchez 


2018). Different evolutionary lineages exist among wild salmon in Europe, reflecting their 


separation before or around the end of the last Ice Age (Finnegan et al. 2013). 


It is generally believed that wild salmon populations are adapted to their local environmental 


conditions, including specific river and marine habitats (Garcia de Leaniz et al. 2007; Fraser et 


al. 2011; O’Toole et al. 2015; Kjærner-Semb et al. 2016; Lehnert et al. 2020). Farmed salmon, 


on the other hand, are adapted to aquaculture conditions, where selective breeding and captive 


environments result in changes to their genetic composition (Waples 1999; Garcia de Leaniz 


et al. 2007; Jonsson & Jonsson 2011). These genetic differences manifest in behavioral traits, 


morphology, and physiological processes (Jonsson & Jonsson 2011). Additionally, genetic 


differences may reflect older evolutionary divergences between the ancestral populations of 


farmed and wild salmon, as seen in Iceland and Scotland, where Norwegian-origin salmon is 


farmed (Guðjónsson & Scarnecchia 2009; Gilbey et al. 2021; Bradbury et al. 2022). 


Concerns over genetic introgression between farmed and wild salmon populations were raised 


decades ago (Behnke 1972; Maitland 1986; Hindar et al. 1991). Research has since shown that, 


despite lower reproductive success of farmed salmon and natural selection against hybrids, 


genetic introgression from farmed salmon has altered the genetic composition of many wild 


salmon populations (Fleming et al. 1996; Skaala et al. 2006, 2019; Glover et al. 2012, 2013; 


Wacker et al. 2021). Furthermore, genetic introgression has been linked to changes in life-


history traits and fitness, potentially leading to population declines (Fleming et al. 2000; 
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McGinnity et al. 2003; Bourret et al. 2011; Bolstad et al. 2017, 2021; Besnier et al. 2022). 


Genetic introgression has been detected wherever sea cage salmon farming occurs within the 


range of wild Atlantic salmon and where monitoring has been conducted. This includes 


numerous rivers in Norway, Scotland, and Canada (Wringe et al. 2018; Diserud et al. 2020; 


Gilbey et al. 2021). The extent of genetic introgression appears to be primarily influenced by 


production volume, distance from farms, and the proportion of escapees in wild populations 


(Karlsson et al. 2016; Keyser et al. 2018; Diserud et al. 2022). 


In Iceland, evidence of genetic introgression was first observed in 2017 in the Westfjords (Leó 


Alexander Guðmundsson et al. 2017a). That study analysed around 700 juvenile salmon using 


15 microsatellite markers. However, the results were not always conclusive, and it was not 


possible to distinguish between first-generation hybrids and backcrosses to wild (BCW) due to 


the limited genetic differentiation between groups given the number of microsatellite markers 


used (Vähä & Primmer 2006). This highlighted the need for more powerful methods to assess 


genetic introgression. 


In the present study, 6,348 juvenile salmon from 89 rivers were analysed using 60,250 SNP 


markers, with a focus on areas near sea cage farming operations. For comparison, genetic data 


from 250 farmed salmon were used in the analysis. Most of the samples came from spawning 


year classes 2014–2018, when the average production of farmed salmon was about 6,900 tons. 


Methodology 


Samples and Genetic Analysis 


In recent years, the Marine and Freshwater Research Institute (MFRI) has collected genetic 


samples from juvenile salmon in rivers across Iceland (sampling procedures are described in 


Leó Alexander Guðmundsson et al. 2017a). The purpose of this sampling has been to detect 


potential genetic introgression and to map the genetic composition and population structure of 


Icelandic salmon populations. Special emphasis has been placed on collecting samples from 


rivers near aquaculture sites, where the risk of genetic introgression is higher, as well as from 


rivers farther away from farming areas to assess the potential spread of genetic introgression. 


Samples from aquaculture regions analysed with SNP genetic markers in this study were 


primarily collected during surveys in 2018 and 2019 in the Westfjords and in 2017 and 2020 


in the East Fjords. In 2020, in addition to sampling in the East Fjords, samples were collected 


from various rivers nationwide. These were all analysed in this study, except for 384 fish from 


rivers in Northeast and South Iceland, whose genetic analysis failed due to equipment 


malfunction—these samples will be reanalysed later. 


The genetic samples sent for analysis were distributed as follows: 


• 751 samples from seven rivers in Southwest and West Iceland 


• 4,220 samples from 39 rivers in the Westfjords 


• 598 samples from seven rivers in Northwest and North Iceland 


• 602 samples from 13 rivers in Northeast, East Fjords, and Southeast Iceland 


• 225 samples from eight rivers in South Iceland 
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Figure 1. Annual production volume (in tons) of Norwegian-origin farmed salmon from sea cages in 
Iceland, divided by production areas. A dashed-line box outlines the period most relevant to the project's 
samples, and a vertical dotted line indicates the youngest spawning cohort from which samples were 
taken. The horizontal dashed lines at the top of the figure represents the permitted production volume in 
biomass and harvest according to the revised genetic intrusion risk assessment of 2020. 


In general, samples were collected from multiple year classes at each sampling location, 


typically from three to five cohorts. As a result, the sampled fish belong to spawning year 


classes from 2012 to 2019, though older cohorts (3–5+ parr) were less frequently represented.  


Additionally, considering that 0+ parr are less widely distributed within rivers than older year 


classes (leading to a higher likelihood of collecting sibling groups), and given that sampling 


took place in specific localized areas, it can be concluded that the spawning year classes from 


2014 to 2018 are best represented in this study. During these years (2014–2018), the production 


of farmed salmon in sea cages ranged from 2,500 to 12,200 tons, with an average production 


of 6,900 tons (Figure 1). An overview of the number of genetically analysed samples and 


sampling locations can be found in Appendix 1a of this report. 


In addition, 175 samples from 2015–2017, collected from two rivers in West Iceland and 25 


rivers in the Westfjords, were sent for analysis. These samples, along with the previously 


mentioned 2017 East Fjords samples, had already undergone genetic analysis using 15 


microsatellite markers (SalSea genetic markers; Ellis et al. 2011), covering a total of 2,463 fish. 


Some of the results from these analyses had already been published in a report (Leó Alexander 


Guðmundsson et al. 2017a, 2018a). Samples from these years were selected based on 


indications of potential genetic introgression (not an exhaustive assessment), derived from 


SalSea marker analysis, or were chosen to strengthen the genetic data repository on Icelandic 


salmon populations. In certain cases, existing genetic data were used to identify and remove 


sibling groups from the sample set before SNP analysis. Appendix 2a provides an overview of 


these specific samples and sampling locations. The appendix also includes a summary of all 


samples analysed with SalSea genetic markers by the MFRI within this time frame. 
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Figure 2. Location of 89 rivers and the sampling years of 6,614 genetic samples of salmon juveniles. Gray 


triangles indicate a small number of fish selected based on evidence of possible hybridization (microsatellite 


analysis) or to enhance the genetic database of wild salmon (N = 218). Each river was sampled at one or more 


locations, with up to eight sampling sites. More detailed sampling information can be found in appendices 1a, 2a, 


and 3a. 


It is worth noting that the 2017 samples were the last ones analysed with SalSea markers 


specifically for detecting genetic introgression. 


Additionally, 43 samples from 2004, collected from 14 rivers across Iceland, were sent for 


genetic analysis. These samples belong to a larger dataset (N = 2,203) from a PhD research 


project by Kristinn Ólafsson on the population structure of Icelandic salmon and had previously 


been analysed using SalSea genetic markers. The samples were taken shortly after Norwegian-


origin salmon farming began on a larger scale in Iceland and were therefore initially assumed 


to be free from genetic introgression caused by farmed escapees. However, a review of the 


SalSea genetic data for these samples suggested genetic introgression in some cases. Several 


such cases were selected for further analysis using SNP genetic markers, along with a set of 


samples where no genetic introgression was suspected. The SNP analysis of the fish from 2004 


can be considered a preliminary study, as there was uncertainty regarding the quality of their 


genetic samples due to age. An overview of the 2004 samples and how many have been 


analysed using SalSea and SNP markers is provided in Appendix 3a. Additionally, the results 


of genetic introgression analyses for all fish studied with SalSea markers by the MFRI can be 


found in Appendices 2b and 3b. These results will not be discussed in detail in this study, 


except for specific cases mentioned in the discussion.  
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Summarizing all years, a total of 6,998 juvenile salmon from 89 rivers were sent for SNP 


analysis. Sampling locations and instances numbered at least 263, and the combined area of 


electrofishing sites exceeded 50,000 m². 


A reference sample of 193 Norwegian farmed salmon, which had already been genetically 


analysed using the same SNP markers as in this study, was included in the project. These fish 


were broodfish from Stofnfiskur (now Benchmark Genetics Iceland) from year classes 2014–


2017. In addition, samples from 69 escaped farmed salmon were sent for analysis. These fish 


had been submitted to the Marine and Freshwater Research Institute (formerly the Institute of 


Freshwater Fisheries) between 2014 and 2020. 


DNA was extracted from tissue samples at the BioBank AS company in Norway and diluted 


to the appropriate concentration. Subsequently, genetic analysis using 60,250 SNP markers 


(Affymetrix SNP array) was conducted by the Norwegian company CIGENE. CIGENE 


performed quality control on each SNP marker and classified them into six different groups 


based on characteristics and quality of analysis (Thermo Fisher 2023). The salmon samples 


were analysed in two batches, with approximately half of the fish processed in each round—or 


in three batches if the reference samples from Stofnfiskur are included. 


Data Processing 


SNP genetic data were converted from 012 format to ATGC PLINK format (.ped and .map) 


using the snptranslate program, available at https://github.com/haraldgrove/snptranslate. The 


three datasets were merged following data cleaning, which primarily involved the removal of 


specific SNP categories and SNPs that were not genotyped consistently across batches (i.e., 


batch effect). More specifically, the SNP categories "MonoHighResolution," "OTV," 


"CallRateBelowThreshold," and "Other" were removed following CIGENE's 


recommendations, while "PolyHighResolution" and "NoMinorHom" were retained (categories 


explained in Thermo Fisher 2023). Additionally, SNPs without known genomic locations were 


excluded. 


A total of 159 SNP markers located on the mitochondrial chromosome were extracted but not 


used in the genetic introgression analysis, as the mitochondrial chromosome is haploid and 


inherited exclusively from the mother. However, these markers were used for other purposes, 


as described later. 


Inconsistencies or errors in allele designation between batches or datasets (scoring errors), i.e., 


discrepancies in whether an allele was classified as the major or minor allele, were examined 


using Hardy-Weinberg equilibrium (HWE) analysis and genetic differentiation of individual 


SNPs among fish belonging to the same populations but analysed in different batches (UK 


BioBank 2015; Pritchard et al. 2016). SNP markers that showed signs of inconsistency were 


excluded. Hardy-Weinberg equilibrium was calculated in PLINK v. 1.9 (Chang et al., 2015) 


using the command –hwe 0.0001, and genetic differentiation (p < 0.0001) was assessed in 


GENEPOP v. 4.7.5 in R (Raymond and Rousset 1995; Rousset 2008).  


Subsequently, SNPs with >10% missing data and those with <1% minor allele frequency were 


removed in PLINK using the commands –geno 0.1 and –maf 0.01, first for the Stofnfiskur dataset 


and then for all samples combined. Finally, SNPs in linkage disequilibrium were removed from 


the complete dataset using the command indep-pairwise 50 5 0.5 in PLINK. Prior to these steps, 



https://github.com/haraldgrove/snptranslate
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CIGENE had already excluded fish with >10% missing data, and those individuals were not 


included in the analyses. 


Analysis of Hybridization  


Analysis of hybridization or genetic introgression was carried out using several different 


methods. First, the complete dataset (after cleaning) was examined using principal component 


analysis (PCA) in PLINK. All juvenile fish from rivers, along with escaped farmed salmon and 


farmed broodfish, were analysed together. Next, the program ADMIXTURE (Alexander et al. 


2009) was used on the same dataset to assess ancestry or genetic admixture proportions, 


determining whether fish were of Icelandic and/or Norwegian origin and to what extent. 


ADMIXTURE, which is specifically designed for analysing large SNP datasets, is based on a 


maximum likelihood approach and estimates the genetic contribution of each individual (q-


values ranging from zero to one) to genetic clusters (K). The analysis was performed using 


default settings, with two genetic clusters in the dataset (K = 2) and no prior information on the 


origin of the fish. Populations from southern Iceland were analysed separately, as they differ 


significantly from other Icelandic populations (Ólafsson et al. 2014), and this classification 


approach improved the accuracy of the results (see also Karlsson et al. 2016). 


After the ADMIXTURE analysis was completed, the dataset was reduced, and 196 SNPs were 


selected that showed the greatest differentiation between Icelandic salmon and farmed salmon 


of Norwegian origin. The SNPs were chosen based on FST values calculated in PLINK between 


juveniles of Icelandic origin (fish with q ≥ 0.90 from the ADMIXTURE analysis) and farmed 


salmon (escapees and broodfish). In these analyses, South Iceland was kept separate as 


described above. The reduced dataset was analysed in the programs STRUCTURE v. 2.3.4 


(Pritchard et al. 2000; Falush et al. 2003) and NewHybrids (Anderson and Thompson 2002). 


Like ADMIXTURE, STRUCTURE estimates the genetic contribution of each individual (q-


value ranging from zero to one) to genetic groups (K), along with 90% probability limits, using 


Bayesian statistics and Markov chain Monte Carlo (MCMC) simulations. No prior information 


about the origin of the fish was provided in the analysis, and the following settings were used: 


Admixture model, allele frequencies correlated among populations. Scientists at NINA 


(Norwegian Institute for Nature Research) analysed the genetic composition of the same fish 


in STRUCTURE using a different approach. From the cleaned full dataset, 50 SNPs that 


showed the greatest differentiation between farmed and wild salmon were selected, and the 


genetic contribution, or P(wild), was calculated according to the methodology described in 


Karlsson et al. (2014; 2016). In simple terms, P(wild) is equivalent to the q-value, but the 


approach differs in that each fish is analysed individually, and the reference samples (farmed 


and wild salmon) are generated through simulation. 


 


The program NewHybrids, which also relies on Bayesian statistics and MCMC simulation, was 


used to classify fry into six different groups based on their origin. Specifically, the program 


estimates the posterior probability of whether a fish belongs to one of two parental groups (wild 


salmon or farmed salmon), first-generation hybrids (F1; offspring of wild and farmed salmon), 


second-generation hybrids (F2; offspring of two F1 hybrids), and finally, hybrid groups where 


F1 hybrids backcross either with wild salmon (BCW) or farmed salmon (BCF). Both 


STRUCTURE (q-values and P(wild)) and NewHybrids were run without prior information 


about the origin of the fish, using 100,000 MCMC iterations and 50,000 burn-in runs. 
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Analysis of the Number and Sex of Escaped Farmed Salmon Contributing to 


Spawning 


The number of farmed-origin parents of the fish identified as F1 hybrids or pure farmed 


juveniles was estimated. This was done using the software COLONY v. 2.0.6.8 (Wang 2004; 


2018), which applies a maximum likelihood method to simultaneously analyse sibling and 


parent-offspring relationships among fish. All F1 hybrids and farmed juveniles (caught in 


rivers) were analysed together using 4,681 SNP markers. The analysis accounted for polygamy 


in both sexes, using the Full-Likelihood (FL) method with medium precision and medium run 


settings. Since the age of F1 hybrids and farmed juveniles had been determined or estimated, 


it was possible to assess when farmed salmon spawned in rivers and compare their numbers to 


those previously confirmed by the MFRI for specific years based on the identification of 


escaped farmed salmon. 


Finally, the sex of the parents of F1 hybrids was analysed by examining 159 SNPs on the 


mitochondrial genome, which, as previously mentioned, is maternally inherited. First, the 


variability of haplotypes was assessed to determine whether there were differences between 


Icelandic salmon and farmed salmon. This information was then used to analyse the maternal 


origin of F1 hybrids. Since haplotype variation can be influenced by a few or even a single 


mutation, the data are sensitive to potential scoring errors between sequencing batches (as 


noted earlier). For this reason, the analysis was limited to escaped farmed salmon (N = 30), F1 


hybrids, and wild salmon (with q ≥ 0.95 from STRUCTURE) from the same batch (only fish 


with complete data were used). The analysis was divided by region, with reference samples of 


wild salmon consisting of 472 individuals from the Westfjords and Northwest Iceland and 186 


from East Iceland. 


Results 


Genetic analysis using up to 60,250 SNP markers was successfully conducted on 6,405 out of 


7,067 fish. It was previously mentioned that genetic analysis of 384 fish failed due to equipment 


failure at CIGENE. Of the remaining 278 fish that could not be genetically analysed, 110 failed 


to yield sufficient genetic material (at least not in adequate concentration), and 168 fish had 


more than 10% missing data, including 266 juvenile salmon from rivers and 12 escaped farmed 


salmon. The fish that could not be genetically analysed came from multiple rivers, with the 


highest number from Kaldeyrará in Tálknafjörður, where 18 out of 19 submitted samples failed. 


It was known in advance that the quality of these samples might be poor due to handling in a 


separate study. Genetic analysis was successful for all 43 fish from 2004. The total number of 


fish used for hybridization analysis was 6,598, including 6,348 juvenile salmon from rivers and 


250 farmed salmon (193 broodfish and 57 escapees). The appendices 1a, 2a, and 3a provide 


details on the number of genetically analysed fish by river, year, and sampling site. 


Of the 60,250 SNP markers, 5,917 belonged to categories that were removed. A total of 388 


SNPs were excluded due to inconsistencies in genetic analysis between batches or datasets, 


and 3,810 were removed due to missing data or low variability. After filtering for linkage 


disequilibrium in the dataset, 34,700 SNPs remained for further analyses. 
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Figure 3. Results of the principal component analysis (PCA) for all salmon analysed in the study using 34,700 


SNP markers. Juvenile salmon from rivers (N = 6,348) are shown in pastel red, while farmed salmon of Norwegian 


origin (adult escapees and broodstock, N = 250) are displayed in sea green. The figure presents dimensions PC1 


and PC3. A distinct group of fish appears positioned between the Icelandic salmon and farmed salmon, indicating 


genetic admixture. 


The genetic differentiation (FST) between Icelandic salmon and farmed salmon of Norwegian 


origin was on average 0.16 (for fish outside South Iceland) and 0.12 (for fish in South Iceland) 


based on 34,700 SNP markers. However, the genetic differentiation of the 196 SNP markers 


that showed the greatest distinction was 0.60 (for fish outside South Iceland) and 0.64 (for fish 


in South Iceland) on average, with 67 SNPs shared between both datasets. These 196 SNP 


markers were distributed across all 29 chromosomes in the dataset of fish from South Iceland 


(1–16 SNPs per chromosome) and across 28 chromosomes in the dataset of fish from outside 


South Iceland (2–19 SNPs per chromosome). 


A principal component analysis (PCA) of all fish using 34,700 SNP markers revealed genetic 


admixture between Icelandic salmon and farmed salmon of Norwegian origin (Figure 3). The 


first dimension (PC1) explained the largest portion of variation in the data, accounting for 


38.4%, and clearly differentiated Icelandic salmon from farmed salmon. In Figure 3, wild 


salmon (juveniles) appear on the left side, farmed salmon on the right, and hybrids in the 


middle. The figure also shows that several juveniles fall between the hybrids in the center and 


the main group of Icelandic salmon, indicating older genetic admixture. Likewise, some farmed 


salmon (both broodstock and escapees) deviate from the main farmed salmon group and shift 


toward the middle, suggesting that some farmed salmon are not purely of Norwegian origin. 


Among the farmed salmon, juvenile fish of farmed origin can be seen, representing the 


offspring of farmed males and farmed females that have reproduced in rivers. 


The second and third dimensions (PC2 and PC3) each explained approximately 6-7% of the 


genetic variation, with PC3 being shown in the figure as it better illustrated the primary 


differentiation among salmon populations in Iceland (Ólafsson et al. 2014). Specifically, 


populations from South Iceland ranged between -0.06 and -0.04, populations from 
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Borgarfjörður between -0.04 and -0.02, and other populations from the rest of the country 


positioned above these values in the figure. 


The analysis of genetic admixture (q-values) of juvenile salmon in ADMIXTURE using 34,700 


SNPs and in STRUCTURE using 196 SNPs yielded comparable results (Figure 4a). The 


difference in q-values for the same fish, based on the division of data into two genetic groups 


(K = 2), averaged 0.014 (±0.018 SD) between methods, with a correlation of R² = 0.993, which 


aligns with the findings of the ADMIXTURE authors (Alexander et al. 2009). A comparison 


of q-values and P(wild) from STRUCTURE also showed similar results (Figure 4b), with an 


average difference of 0.009 (±0.023) and a correlation of R² = 0.987. 


The analyses in ADMIXTURE and STRUCTURE revealed a pattern similar to the principal 


component analysis, showing a division of fish into two main groups (Icelandic salmon and 


farmed salmon) with hybrids in between. Pure farmed juveniles were identified, and signs of 


older admixture between farmed and wild salmon were found among river juveniles and in the 


farmed population. In general, the distinction between Icelandic and farmed salmon was strong, 


with approximately 94% of juveniles having q ≥ 0.90 in both methods. Many juveniles had q-


values in the range of 0.95-1.00, with 89.4% identified in ADMIXTURE and 91.3% in 


STRUCTURE (Figure 5). 


A total of 30 juveniles (0.5% of the dataset) had q < 0.20 in both analyses and fell within the 


q-value distribution of known farmed salmon (Figures 4a and 4b). Other juveniles exhibited q-


values in between, indicating genetic admixture; about 3% of juveniles (197 in ADMIXTURE 


and 181 in STRUCTURE) had q-values between 0.71-0.89, while 2.3% (143 in ADMIXTURE 


and 148 in STRUCTURE) had q-values between 0.40-0.70. 


The classification of juvenile salmon using the NewHybrids program into a parental group 


(wild salmon or farmed salmon) or one of four hybrid groups was generally associated with 


high probabilities. Among the juveniles analysed, 6,274 (98.8% of the dataset) were assigned 


to a specific group with 100% probability. A high classification threshold was applied, and a 


fish was considered to belong to a particular group if the probability was ≥ 95%. 


Out of 6,346 juveniles, 5,999 (94.5% of the dataset) were classified as wild, 29 juveniles (0.5%) 


as farmed salmon (both parents from aquaculture), 133 juveniles (2.1%) as F1 hybrids, five 


juveniles as F2 hybrids, and 136 juveniles (2.1%) as BCW. No juveniles were classified as 


BCF or backcrossed F1 hybrids with farmed salmon. The fish with the highest probability of 


classification into that group had a 9% probability, but the same fish had a 91% probability of 


being classified as farmed, which was comparable to some known farmed salmon. Therefore, 


it was considered to be of pure farmed origin. 
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Figure 4. The upper image (a) shows a comparison of genetic admixture proportions (q-values) for all analysed 


salmon (N = 6,598) from the programs ADMIXTURE (34,700 SNP) and STRUCTURE (196 SNP) based on two 


genetic groups (K = 2). The lower image (b) presents the same q-values from STRUCTURE as in the upper image 


but compared to P(wild) from the same program using 50 SNP, according to the method by Karlsson et al. (2014). 


Q-values and P(wild) range from 0 to 1, where 0 represents farmed salmon with the greatest genetic separation 


from wild salmon, and 1 represents wild salmon with the greatest genetic separation from farmed salmon. Q-


values and P(wild) that do not remain close to 0 or 1 indicate potential genetic admixture. Juvenile salmon from 


rivers are pastel red, while farmed salmon of Norwegian origin are sea green. 
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Figure 5. The admixture proportions (q-values) of all salmon juveniles (N = 6,348) from the ADMIXTURE and 


STRUCTURE analyses. Q-values are arranged in descending order from high to low. The plot is based on the 


same values as Figure 4. Q-values that deviate from 0 and 1 indicate potential genetic admixture 


Among other fish that did not reach the 95% threshold, 22 juveniles had a greater than 50% 


likelihood of classification as wild salmon, two juveniles had a greater than 50% likelihood of 


classification as F1 hybrids, and 21 juveniles had a greater than 50% likelihood of classification 


as BCW hybrids. In total, 45 juveniles, or 0.7% of the juvenile dataset, had uncertain 


classification according to this criterion. 


When comparing the classification results from NewHybrids with the q-values from 


STRUCTURE analyses, it was observed that fish classified as wild all had q-values of at least 


0.89, except for three fish with a q-value of 0.88. BCW hybrids ranged from 0.65 to 0.88, F1 


hybrids ranged from 0.42 to 0.59, F2 hybrids ranged from 0.41 to 0.62, and pure farmed 


juveniles had q-values of 0.07 or lower. Juveniles with uncertain classification in NewHybrids 


according to the set threshold were generally in the range of 0.87 to 0.89 (41 out of 46 


juveniles), with one juvenile at 0.90 and the others with lower values. 


When examining the geographical distribution of genetic admixture according to NewHybrids, 


it is evident that it occurs in both the Westfjords and the East Fjords, as well as in other regions 


of the country (Figure 6). 
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Figure 6. The distribution of wild-farmed hybridization (old and new) in rivers according to the NewHybrids 


analysis of all juvenile salmon. Blue dots indicate that no genetic admixture was detected. Orange dots indicate 


that genetic hybridization was detected in one or more fish. Orange dots with a cross represent samples from 2004. 


Further information on the samples and results can be found in Appendices 1-5. 


Of the 133 F1 hybrids identified, most were found in the Westfjords, with a total of 118 in 10 


rivers, while 10 were found in four rivers in the East Fjords. In other regions, three F1 hybrids 


were detected in Krossá on Skarðsströnd (West Iceland), and one in Víðidalsá in V-


Húnavatnssýsla (Northwest Iceland) (Figure 7). Of the 136 older hybrids, specifically BCW 


hybrids, 44 were detected in 13 rivers in the Westfjords and 85 in eight rivers in the East Fjords. 


The highest number of BCW hybrids was found in Breiðdalsá (71 out of 228 identified fish), 


with their proportion being 40% in 2017 and 24% in 2020. NewHybrids also identified such 


hybridization in Hvolsá on Skarðsströnd (West Iceland), in Laxá in Aðaldalur, and in Hofsá in 


Vopnafjörður (Northeast Iceland), but in small amounts. 


F2 hybrids were found in Botnsá in Tálknafjörður (Westfjords), in Fjarðará in Borgarfjörður 


eystra and Mjóifjörður, as well as in Breiðdalsá and Berufjarðará (East Fjords). Five F2 hybrids 


were identified, all of which were found in samples from 2016 and 2017. Of the 43 samples 


from 2004, one F1 hybrid was found in River Sog, one hybrid of an F1 hybrid and a wild 


salmon was found in Ölfusá (both in South Iceland), and another similar hybrid was identified 


in Svalbarðsá (Northeast Iceland). Figures 8 and 9 present the results of NewHybrids analyses 


for samples collected in 2018 and 2019 in the Westfjords and in 2017 and 2020 in the East 


Fjords. Results of genetic admixture analyses using STRUCTURE, ADMIXTURE, and 


NewHybrids for each river can be found in Appendices 1b, 2b, and 3b. 


Sibling analysis in COLONY of 162 juveniles (132 F1 hybrids, excluding the hybrid from Sog 


in 2004, and 30 farmed juveniles) showed that 132 fish belonged to full-sibling groups (ranging 


from 2 to 26 fish per group), with a total of 21 groups identified.  
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Figure 7. Distribution of F1 hybrids between wild salmon and farmed salmon of Norwegian origin according to 


analysis in NewHybrids. The samples cover spawning cohorts from 2012 and 2014–2019. Further details on the 


results can be found in Appendices 1b, 2b, and 4. 


The fish identified as full siblings always belonged to the same river, meaning no siblings were 


found between different rivers (this also applied to half-siblings). In general, there was a strong 


correspondence between the grouping of juveniles into sibling groups and their age, i.e., 


siblings were convincingly divided according to year classes. An exception was found in 


Botnsá, where one juvenile in a four-sibling group measured 7.0 cm, another measured 10.1 


cm, while the remaining two were 8.6–8.8 cm. The largest full-sibling group was found in 


Mjólká, where all 26 farmed juveniles shared the same parents. Other large sibling groups were 


identified in Hraundalsá (21 hybrids), Sunndalsá (11 and 13 hybrids), and Botnsá (11 


hybrids).Botnsá, where one juvenile in a four-sibling group measured 7.0 cm, another 


measured 10.1 cm, while the remaining two were 8.6–8.8 cm. The largest full-sibling group 


was found in Mjólká, where all 26 farmed juveniles shared the same parents. Other large sibling 


groups were identified in Hraundalsá (21 hybrids), Sunndalsá (11 and 13 hybrids), and Botnsá 


(11 hybrids). 


In one river, siblings from the same hybrid groups were caught in sampling events separated 


in time. This occurred in Sunndalsá, where siblings (both full and half-siblings) from the same 


two groups were caught in both 2018 and 2019. In 2018, juveniles in one of the groups 


measured 3.0 cm (N=2) and 6.1 cm (N=17) on average, while a year later, they measured 7.7 


cm (N=16) and 10.2 cm (N=3) on average. 
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Figure 8. Results of NewHybrids analysis on hybridization between wild and farmed salmon among juveniles in 


the Westfjords from samples collected in 2018 (a-b) and 2019 (c-d). The first images of both sampling years 


(images a and c) show the proportion of wild juveniles (blue), hybrids (orange), and farmed juveniles (turquoise), 


as well as fish with uncertain identification (white). The sizes of the black circles represent the relative number of 


samples. In the second images (b and d), the proportion of F1 hybrids (red) and older hybrids is shown, i.e., BCW 


hybrids (yellow). F2 hybrids were not detected in these samples, but such a hybrid was found in Botnsá in 


Tálknafjörður (Westfjords) in a sample collected in 2016. 







16 
 


 


Figure 9. Results of NewHybrids analysis on hybridization between wild and farmed salmon among juveniles in 


the East Fjords from samples collected in 2017 (a-b) and 2020 (c-d). The first images of both sampling years 


(images a and c) show the proportion of wild juveniles (blue), hybrids (orange), and farmed juveniles (turquoise), 


as well as fish with uncertain identification (white). The sizes of the black circles represent the relative number of 


samples in comparison to samples from the Westfjords (i.e., samples in Figure 8). In the second images (b and d), 


the proportion of F1 hybrids (red) and older hybrids is shown, i.e., BCW (yellow) and F2 hybrids (green). 


The analysis of the number of parents in COLONY among 162 farmed and F1-hybrid juveniles 


identified a total of 88 parents, where 37 fish mated with 51. The discrepancy in numbers is 


explained by the fact that one fish could mate with two or more fish, as polygamy is well-


documented in salmonids. Typically, an adult male and a female mate, while one or more 


precocious males (juveniles) fertilize a portion of the eggs, sometimes nearly half (Thomaz et 


al. 1997). A possible example of this was observed in Botnsá, Berufjarðará, Fjarðará in 


Borgarfjörður eystra, Hraundalsá, and was most prominent in Sunndalsá, where one fish mated 


with seven others. In the cases from Fjarðará and Sunndalsá, hybrids exhibited mitochondrial 


haplotype variation found only in escaped farmed salmon, supporting this interpretation (see 


below). Assuming that all instances where more than two fish participated in spawning were 


due to contributions from wild precocious males, the total number of farmed salmon involved 


in the reproduction of the juveniles studied was 42. Of these, 32 mated only with wild salmon, 


four farmed salmon pairs mated, and one farmed salmon mated both with another farmed 
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salmon and two wild salmon in Fjarðará in Borgarfjörður eystra. Table 1 provides a summary 


of the number of identified farmed juveniles in rivers, hybrid juveniles of wild and farmed 


salmon, the size of full-sibling groups, and the number of farmed salmon that participated in 


spawning, categorized by year. 


Table 1. An assessment of the number of farmed salmon that participated in the spawning of the juveniles 


analysed, categorized by river and year. The number of farmed and F1 hybrid juveniles is provided, along with 


information on sibling groups (as determined in COLONY). At the bottom of the table, the number of escaped 


farmed salmon submitted to the MFRI. 


River Farmed* F1-hyb* 2012 2014 2015 2016 2017 2018 2019 
All 


years 


Krossá  3 (3)       1 1 


Móra  6 (2,4)   1 1    2 


Botnsá 3 34 (2-11)  6 3 3 6   18 


Kaldeyrará**  1        1 


Fífustaðad.  4 (4)     1   1 


Litlueyrará  2 (2)    1    1 


Þernudalsá  6 (6)  1      1 


Sunndalsá  41 (2-13,19)   1 1 2   4 


Mjólká 26 (26)       2  2 


Kirkjubólsá  1   1     1 


Hraundalsá  22 (21,22)    1    1 


Staðará  1    1    1 


Víðidalsá  1     1   1 


Fjarðará BE 1 2 (,3)       2 2 


Breiðdalsá  3 (2)   1   1  2 


Berufjarðará  4 (2) 1     1  2 


Selá  1      1  1 


Farmed 


spawners 


  
1 7 7 8 10 5 3 42 


Analysed 


escapees 


  
0 64 10 0 7 10 6 97 


*The sizes of sibling groups are shown in parentheses, with full siblings listed first, followed by the largest group 


of full and half-siblings after a comma, if applicable. In Fjarðará in Borgarfjörður Eystri (BE), the farmed juvenile 


and the two hybrids were half-siblings. 


**age not assessed. 


The variability of mitochondrial haplotypes was examined in 47 F1 hybrids, 41 from the 


Westfjords and six from the East Fjords, and compared to the variability found in wild and 


farmed salmon. As previously mentioned, mitochondrial DNA is inherited from the mother. A 


total of seven haplotypes were identified among escaped farmed salmon (N = 30), 16 among 


wild salmon in the Westfjords/Northwest Iceland (N = 472), and 11 among wild salmon in the 


East Fjords (N = 186). Four haplotypes unique to farmed salmon were found among 27 F1 


hybrids. Two different haplotypes were identified in Sunndalsá (N = 23) and were divided 


between two sibling groups, one haplotype was found in a single fish in Kaldeyrará in the 


Westfjords, and another was present in three juveniles in Fjarðará in Borgarfjörður eystra in 


the East Fjords. Four haplotypes unique to wild salmon were found in five juveniles. Three 


haplotypes were present in four juveniles in Sunndalsá, and one haplotype was found in a single 


juvenile in Staðará in Steingrímsfjörður. Other hybrids exhibited variability found in both 


farmed and wild salmon (three haplotypes among 13 fish), or had haplotypes not found in the 


reference samples (two haplotypes in two juveniles). 
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Discussion 


Genetic introgression between farmed and wild Atlantic salmon has long been considered a 


significant threat to wild salmon populations and is now recognized as one of the most severe 


risks they face. Introgression can alter the genetic composition of populations, modify life-


history traits, cause population decline, and ultimately harm biodiversity. Genetic introgression 


has been detected in countries where open-net salmon farming is practiced within the natural 


range of the Atlantic salmon, that is, wherever it has been studied (Glover et al. 2017; Wringe 


et al. 2018; Gilbey et al. 2021). 


By comparing genetic data from farmed salmon of Norwegian origin, which is the strain used 


in Icelandic aquaculture, genetic introgression was identified in 36 out of 89 rivers to varying 


degrees (Figure 6; Appendix 4). This study supports previous findings from the MFRI in 2017 


and preliminary results from Laxfiska ehf., both of which indicated that genetic introgression 


from Norwegian-origin farmed salmon had occurred in the Westfjords (Leó Alexander 


Guðmundsson et al. 2017a; Jóhannes Sturlaugsson & Snæbjörn Pálsson 2023). The current 


study employed a much stronger methodological approach than the 2017 study, particularly in 


terms of the number and type of genetic markers used, the number of samples, and their spatial 


and temporal distribution. Nearly ten times more genetic samples from juvenile salmon were 


analysed, and the sampling was not limited to the Westfjords, although the majority of samples 


still came from this region. A substantial number of samples from the East Fjords and 


surrounding areas were analyzed, revealing evidence of genetic introgression, similar to 


findings in the Westfjords. Farmed-origin juveniles were identified in several rivers, though 


such occurrences have been rarely documented (Wringe et al. 2018; Jóhannes Sturlaugsson & 


Snæbjörn Pálsson 2023).  


Genetic introgression was detected using multiple analytical methods, and the results were 


largely consistent and clear. The significant genetic differentiation between Icelandic wild 


salmon and Norwegian farmed salmon facilitates the detection of introgression, making it 


easier to identify in Iceland than in Norway. In Norway, only farmed strains of Norwegian 


origin are used, meaning the genetic differences between farmed and wild salmon are smaller, 


which can complicate the identification of introgression, especially when assessing historical 


introgression. 


The approach of analysing all samples together, while separating South Iceland from other 


regions, did not appear to have a significant impact on the results compared to analysing each 


fish individually along with reference samples, as is now standard practice in Norway using 


P(wild) estimates. The single-fish approach in STRUCTURE (or NewHybrids) is designed to 


standardize the genetic analysis of individual fish, as it is well known that population structure, 


sample size, and sibling groups can bias admixture proportion estimates (Besnier & Glover 


2013; Karlsson et al. 2016; Wringe et al. 2017). Given the relatively low genetic differentiation 


between farmed and wild salmon in Norway, minimizing such biases is critical. In this study, 


NINA scientists (who oversee genetic introgression monitoring in Norway and co-author this 


report) analysed the data according to their standard methodology, and the results were highly 


comparable, nearly always falling within confidence limits (Figure 4b; Appendix 5), despite 


their analysis using only 50 SNPs, compared to 196 SNPs in this study. This result highlights 


the robustness of the dataset and supports the validity of analysing samples collectively. 


A total of 132 F1 hybrids were identified in 16 rivers. F1 hybrids were most frequently found 


near salmon farming areas, in both the Westfjords and East Fjords, which aligns with general 
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knowledge on the spatial distribution of introgression relative to farming sites and the migration 


patterns of escaped farmed salmon into rivers (Diserud et al. 2022). However, it is important 


to note that sampling in this study was not evenly distributed across the country, with more 


samples collected near salmon farming sites. In the Westfjords, F1 hybrids were found in 10 


rivers, while in the East Fjords, they were detected in four rivers. One potential reason for this 


difference is that salmon farming operations began earlier in the Westfjords, with the first 


harvest occurring in 2011. According to data from MAST (2022), production in the East Fjords 


increased from zero in 2017 to 3,700 tons in 2018 and 9,700 tons in 2019. Another factor could 


be the geographic characteristics of the East Fjords, where the coastline is shorter, and fewer 


rivers are available for salmon spawning, as cold Arctic char-dominated rivers are more 


prevalent north of Stöðvarfjörður (Leó Alexander Guðmundsson et al. 2018b). 


It is worth noting that the results of this study indicate that escaped farmed salmon do not 


exclusively spawn in large, high-flow salmon rivers, which might be more common in some 


areas with higher and more widespread salmon production (see, e.g., Mahlum et al. 2021). 


Instead, they also spawn in smaller rivers, where salmon spawning may, in some cases, be 


sporadic. Examples of such rivers in the Westfjords could include Kaldeyrará and Þernudalsá, 


while in the East Fjords, Fjarðará in Borgarfjörður eystra and Berufjarðará might fit this pattern 


(Leó Alexander Guðmundsson et al. 2018b; MFRI, unpublished data). Similar cases of 


introgression in small rivers have been documented in Norway, where it has been suggested 


that the importance of small rivers for farmed salmon spawning and the spread of introgression 


should be further investigated (Pulg et al. 2021). The spread of introgression refers to evidence 


that adult hybrids have poorer homing abilities than wild salmon, meaning that hybridization 


in one river may lead to introgression in another river (Jonsson & Jonsson 2017). Small salmon 


rivers are considered important for maintaining genetic diversity within larger metapopulations 


(Hindar et al. 2004; Schtickzelle & Quinn 2007), and introgression could potentially disrupt 


such systems (Mahlum et al. 2021). 


F1 hybrids were most often detected within the same fjord system where salmon farming takes 


place, or within 50 km of aquaculture sites. However, introgression was also identified at 


greater distances, including Móra on Barðaströnd, Hraundalsá in Ísafjarðardjúp, and Fjarðará 


in Borgarfjörður eystra, all of which are approximately 100 km from salmon farms. At even 


greater distances, introgression was found in Krossá on Skarðsströnd (~140 km), Staðará in 


Steingrímsfjörður, and Víðidalsá in Vestur-Húnavatnssýsla (~250 km from farming areas). 


This pattern is consistent with other studies, which show that the highest levels of introgression 


are found near farming sites, but escaped farmed salmon can migrate into rivers hundreds of 


kilometers away from their escape site (Hansen & Youngson 2010; Keyser et al. 2018; Diserud 


et al. 2022). 


The number of detected F1 hybrids per river ranged from one individual up to 41 in Sunndalsá 


in Arnarfjörður (2018–2019), where they accounted for 16% of the analysed fish. A higher 


proportion was found in Botnsá in Tálknafjörður (32%) and Hraundalsá in Ísafjarðardjúp 


(45%), with even higher levels recorded in two other rivers, though sample sizes in those cases 


were very small. The presence of F1 hybrids in samples is not always a reliable indicator of the 


actual number of farmed salmon that spawned in rivers. For example, only four farmed salmon 


likely contributed to the F1 hybrids in Sunndalsá, while in Hraundalsá, only one farmed salmon 


was responsible for the detected hybrids, as the samples contained large full-sibling groups. 


Parallel to the COLONY analysis of full and half-sibling relationships among age-determined 


F1 hybrids and pure farmed juveniles, the number of parents involved in spawning was 


estimated. Notably, juveniles from some sibling groups had more than two parents, and in one 
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case, a single fish spawned with seven others. The most plausible explanation is the 


contribution of precocious male parr, a hypothesis supported by mitochondrial analysis in this 


study. Instances have been documented where over 30 males fertilize the eggs of a single 


female, and precocious male parr are generally considered to play a significant role in 


maintaining genetic diversity in small populations by effectively increasing the breeding 


population size, potentially up to threefold (Martinez et al. 2000; Richard et al. 2013). 


Assuming that the observed polygamy was due to wild precocious males, the total number of 


escaped farmed salmon that successfully spawned in rivers was 42, of which 33 interbred with 


wild salmon, and ten spawned exclusively with other farmed salmon (it should be noted that 


one farmed salmon mated with both wild and farmed salmon). The authors are aware of only 


one other study that has estimated the number of farmed-origin parents among juveniles caught 


in rivers. In Wringe et al. (2018), a significantly higher number of farmed-origin parents—164 


in total—was detected using the same method (based on the genetic analysis of 1,700 


juveniles). In that case, the farmed salmon spawned within the same year following a large-


scale escape event involving 20,000 adult fish. 


According to the findings of this study, escaped farmed salmon have spawned annually in rivers 


between 2012 and 2019, with one exception (Table 1). The number of spawning escapees 


ranged from one in 2012 to ten in 2017, with the highest number of affected rivers occurring 


in 2016, when spawning was detected in six rivers. This study does not attempt to link specific 


spawning events of escapees to particular escape incidents or reported "events." However, 


several key observations can be highlighted. On the East Fjords, farmed salmon spawned in 


2012 and 2015, even though, according to data from MAST, there was no recorded production 


in this region during those years. However, a small tonnage of farmed salmon production was 


recorded in the years between these events and in 2010, so it cannot be ruled out that genetic 


introgression is related to aquaculture activity in the area. Another possibility is that the farmed 


salmon originated from the West Fjords (700 km away) or from another country where salmon 


farming is practiced (Ingi Rúnar Jónsson 2005). The distance from the southern part of the East 


Fjords to the Faroe Islands is approximately 450 km, 800 km to Scotland, and 1,000 km to 


Norway, and there are documented cases of escaped salmon traveling these and even longer 


distances (Diserud et al. 2022). Ocean currents may play a role in such dispersal (Hansen 2006). 


In 2018, a farmed salmon was caught in broodstock fishing in the Breiðdalsá river, but it could 


not be traced back to Stofnfiskur broodfish. Genetic analysis using SalSea markers indicated 


that the fish belonged to a different Norwegian farmed strain than the one used in Iceland 


(Marine and Freshwater Research Institute Technical Report 2020). However, SalSea markers 


do not always have high resolution; for example, they are not always capable of accurately 


determining the country of origin of wild salmon within Europe (Gilbey et al. 2018). 


Furthermore, the ability of SalSea markers to detect introgression between Icelandic wild 


salmon and Norwegian-origin farmed salmon has shown varying reliability (e.g., see the 2017 


results for Breiðdalsá and Berufjarðará in Appendix 2b). Further research is necessary to 


determine the exact origin of the fish found in Breiðdalsá and to investigate the possibility that 


escaped salmon from other countries are spawning in Icelandic rivers. 


The number of escaped farmed salmon reported to the MFRI by anglers and the Directorate of 


Fisheries between 2012 and 2019 is 97. In addition, four farmed salmon were caught in 


Fífustaðadalsá between 2015 and 2018 as part of monitoring fishing conducted by Laxfiskar 


ehf. (Jóhannes Sturlaugsson 2021). This total is more than twice the number of farmed-origin 


parents that contributed to the F1 hybrids and farmed-origin juveniles identified in this study. 


The majority of reported escapees—64 individuals—were caught in and around Ósá in 
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Patreksfjörður in 2014 following an escape incident in 2013. However, F1 hybrids from the 


2014 spawning cohort were detected in only two rivers in the Westfjords. By contrast, F1 


hybrids from the 2016 spawning cohort were found in six rivers in the Westfjords, including 


Staðará in Steingrímsfjörður (~250 km from the nearest aquaculture site). Notably, in 2016, no 


escaped farmed salmon were reported to the MFRI. 


It is not possible to conclude from these data that the spawning success of escapees was higher 


in 2016 than in 2014, as only a small portion of salmon habitats were surveyed, and the total 


number of escapees remains unknown. However, these findings suggest that the number of 


escaped farmed salmon caught or identified in rivers does not necessarily provide an accurate 


picture of the overall extent and distribution of escapees. Several factors may contribute to this 


discrepancy: limited or absent salmon fishing in many smaller rivers in the Westfjords, 


unreported captures of escapees, misidentification of farmed fish, and the possibility that some 


escapees enter rivers late in the season, potentially after the fishing period has ended (Madhun 


et al. 2017). 


The rivers with the highest number of confirmed spawning escapees were Botnsá in 


Tálknafjörður, where 18 escapees were identified, followed by Sunndalsá in Trostansfjörður 


(Arnarfjörður), where four were found. Both rivers are located at the innermost parts of fjords 


where significant salmon farming activity takes place. It is noteworthy that no offspring of 


escaped farmed salmon were detected in Selárdalsá in Ketildalir, which is located at the 


outermost part of Arnarfjörður, despite the genetic analysis of 452 juveniles. This finding aligns 


with a study conducted by Laxfiskar ehf., which analysed 74 juveniles from the same river and 


found no F1 hybrids, although one juvenile showed potential signs of older genetic 


introgression (Jóhannes Sturlaugsson & Snæbjörn Pálsson 2023). Similar to Sunndalsá, 


Selárdalsá has a high density of juvenile salmon, and its populations (or subpopulations in the 


context of a metapopulation structure) are likely relatively strong within the region (Leó 


Alexander Guðmundsson et al. 2017b; MFRI, unpublished data). Given this, the results may 


be consistent with observations from Mahlum et al. (2021) regarding the distribution of farmed 


escapees in Norwegian fjord systems. That study also found evidence of an inverse relationship 


between wild population size and the presence of escapees, with more escaped farmed salmon 


observed in rivers further out in the fjords where wild salmon populations were smaller. The 


authors concluded that this pattern might be linked to both migratory behavior and ecological 


interactions (Mahlum et al. 2021).  


Only 500 meters further inside Arnarfjörður from Selárdalsá flows Fífustaðadalsá, where F1 


hybrids were identified in this study, as well as signs of older genetic introgression in the study 


by Jóhannes Sturlaugsson and Snæbjörn Pálsson (2023). In Fífustaðadalsá, eight escaped 


farmed salmon were removed as part of targeted monitoring between 2015 and 2020, whereas 


no escapees were recorded in similar monitoring efforts in Selárdalsá (Jóhannes Sturlaugsson 


2021; Jóhannes Sturlaugsson, personal communication). It remains unclear why farmed 


escapees appear to be more likely to enter Fífustaðadalsá than Selárdalsá, given that both rivers 


likely support a similar number of spawning adults (Jóhannes Sturlaugsson 2017; Jóhannes 


Sturlaugsson, personal communication). One possible explanation is that escapees originating 


from the inner fjord arrive at Fífustaðadalsá first and are therefore more likely to enter that 


river. 


In 2018, a total of 10 escaped farmed salmon were caught in nine different rivers, with a 


widespread distribution. Farmed salmon were caught in rivers across West Iceland, the 


Westfjords, North Iceland, and East Iceland. Never before had escaped farmed salmon been 
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detected in such a high number of rivers with documented angling records (eight out of the 


nine) and with such broad geographical spread. However, a higher total number of escapees 


had been previously recorded in rivers with documented catches. This occurred in 2003 


following an escape incident in Norðfjörður (East fjords) that same year. At that time, 12 


escaped farmed salmon were caught (identified based on external characteristics, scale 


analysis, and in four cases, microtags). These included six fish caught in Breiðdalsá, five in 


Hofsá, and one in Selá (both in Vopnafjörður). Nine of these fish were caught by rod and line, 


while three were recovered during broodstock collection—two in Breiðdalsá and one in Hofsá 


(Ingi Rúnar Jónsson & Þórólfur Antonsson 2004). The following year, in 2004, a farmed 


salmon was caught in Laxá in Aðaldalur, identified as an escapee from a sea pen based on its 


external appearance and scale characteristics (Ingi Rúnar Jónsson 2005). As mentioned in the 


introduction, sea-cage farming of Norwegian-origin salmon had previously been attempted in 


East Iceland. This began in 2001 but largely ceased by the end of 2007, with peak production 


reaching approximately 6,000 tons. 


There were clear indications of older genetic admixture in the data. A total of 136 juvenile 


salmon were identified as backcrosses (BCW), based on NewHybrids analysis. Additionally, 


five F2 hybrids were detected. In the classification, 43 juveniles had uncertain status, with most 


having the highest probability of belonging either to the wild or the BCF group. Most of these 


uncertain cases in NewHybrids had q-values from STRUCTURE ranging between 0.87 and 


0.89, which would correspond to an 11–13% genetic contribution from the farmed strain, 


assuming that reference samples were truly representative and that genetic groups could be 


perfectly distinguished. This level of genetic contribution is consistent with third-generation 


admixture, meaning that an F1 hybrid reproduced with a wild salmon, and their offspring 


(BCW) subsequently interbred with another wild salmon. This study followed the six genotype 


frequency classes recommended by the NewHybrids developers for classifying hybrids. These 


included two parental groups (wild and farmed) and four different hybrid categories that can 


result from two generations of interbreeding (Anderson & Thompson, 2002). If a third 


generation of hybridization were introduced into the classification model, the number of 


genotype frequency groups would increase from six to 21, including 15 distinct hybrid 


categories, making it much harder to differentiate between them (Anderson & Thompson, 


2002; Pritchard et al., 2016). However, this has been successfully done in studies on genetic 


admixture between farmed and wild salmon, where the classification accuracy was tested using 


simulated hybrids (Pritchard et al., 2016). A similar analysis is planned for this dataset in the 


future. Until then, caution should be taken when interpreting fish classified at the lower end of 


the STRUCTURE q-value range for wild salmon, as well as those at the upper range for BCW 


hybrids. For example, genetic admixture results for juvenile salmon from Botnsá 


(Tálknafjörður) in 2019 (see Appendix 1b) illustrate these cases. It is possible that some of 


these fish, along with those classified as uncertain, actually represent third-generation hybrids 


of the type described above. 


Another important factor to consider is that some farmed salmon in the reference samples (both 


from the escapees and broodfish) showed clear indications of admixture with Icelandic wild 


salmon (Figures 3 and 4ab). It is known that experiments involving hybridization between 


Norwegian farmed salmon and Icelandic wild salmon were conducted in the 1990s (Valdimar 


Ingi Gunnarsson & Eiríkur Beck, 2004). In the NewHybrids analysis, 232 out of 250 farmed 


salmon (93%) were classified as pure farmed fish, while the remaining farmed salmon 


exhibited signs of past admixture or had uncertain classification (data not shown). If a portion 


of the genetic makeup of the escaped farmed salmon that interbreed with Icelandic wild salmon 


is already Icelandic, this could potentially influence the results of admixture analysis. While 
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the findings of this study suggest that this applies to only a minority of farmed salmon, further 


investigation is needed to assess the extent of this genetic influence and determine whether the 


genetic composition of the farmed strain has changed over time. In this context, it is also 


essential to conduct a more detailed analysis of the mitochondrial genetic variation within the 


farmed strain to better understand the maternal lineage and potential historical admixture 


events. 


Most of the juveniles that NewHybrids classified as backcrosses were found in the Breiðdalsá 


River, totalling 71 individuals (31%) out of 228 juvenile salmon sampled in that river. These 


hybrids were detected in all 13 sampling events between 2017 and 2020 (Appendix 4). Their 


numbers ranged from one to twelve individuals per sampling event, and in some cases, their 


proportion exceeded 50% of the sample. Notably, these hybrids in Breiðdalsá accounted for 


52% of all such fish identified in the study. NewHybrids classified only 139 juveniles (61%) 


as purely wild in the river, and compared to other rivers, many of these fish had relatively low 


q-values (Appendix 1b). Additionally, a relatively high number of fish had uncertain 


classifications, with 14 individuals (33% of all uncertain classifications) originating from 


Breiðdalsá. As previously mentioned, six escaped farmed salmon were caught in Breiðdalsá in 


2003. In addition, two salmon from the rod fishery that same year and one in 2005 were 


identified as farmed based on their external features and later confirmed by SalSea genetic 


markers (not an exhaustive analysis of all fish caught; data not shown). The possibility that 


39% of the sampled juveniles may be some form of hybrid (see Anderson & Thompson, 2002) 


requires a specific explanation, particularly since a comparable level of admixture was not 


observed in other salmon rivers. In Hofsá in Vopnafjörður, located 170 km from Breiðdalsá, 


where escaped farmed salmon were also caught in 2003, only minor traces of older admixture 


were detected. One possible explanation is that the Breiðdalsá salmon population is 


significantly smaller than the Hofsá population (Guðmunda Þórðardóttir & Guðni 


Guðbergsson, 2022). Consequently, a smaller number of farmed salmon escapes would have 


had a relatively larger genetic impact on the Breiðdalsá population (Diserud et al., 2022). 


Additionally, Breiðdalsá was geographically closer to the fish farming operations at the time, 


which may have led to a higher number of escaped farmed salmon entering the river. 


Another possible explanation for the relatively high genetic introgression in Breiðdalsá is that 


it may have been amplified in the river through the release of hatchery-reared juveniles. In a 


study by Hagen et al. (2019), it was shown that smolts of farmed origin (hybrids of farmed and 


wild salmon) were up to four times more likely to return to the fishery than smolts from wild 


salmon. The adaptation of farmed salmon (and hybrids) to rearing conditions at the juvenile 


stage thus outweighed the expected lower marine survival of hybrids (Hagen et al. 2019). 


Juvenile salmon have been released into Breiðdalsá for over 20 years to enhance the fishery. 


Between 1997 and 2018, over 1.8 million smolts were released, including approximately half 


a million during the first period of salmon farming using Norwegian-origin stocks. This 


estimate assumes that the first farmed salmon reached maturity in 2003 and that smolts took 


about one and a half years to reach migration size. According to law, smolts for release may 


only be bred from broodstock (spawning salmon) originating from the respective river to 


prevent genetic mixing among Icelandic salmon populations. There are two known cases of 


farmed salmon appearing in broodstock captures in Breiðdalsá. Although these fish were 


removed, it cannot be ruled out that farmed salmon may have been used unknowingly since 


they may lack external distinguishing features, especially if they escaped as juveniles. 


Likewise, hybrids of farmed and wild salmon may have been used for breeding, as they 


resemble wild salmon. It is noteworthy that during the same period, no smolt releases appear 


to have taken place in Hofsá, at least none are mentioned in fisheries research reports on the 
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river (e.g., Þórólfur Antonsson 2006, 2010). Further research is needed to clarify the extent of 


genetic introgression in Breiðdalsá. Part of this research could include further analysis of the 


generations of introgression in conjunction with the age of juveniles, the relatedness of hybrids, 


genetic analysis of adult salmon from the fishery (DNA extracted from scales), and possibly 


broodstock samples if available biological material is of sufficient quality.  


In 2014, Norway introduced regulations requiring the genetic screening of all potential 


broodstock that did not bear clear indications of being wild. This measure has successfully 


prevented hundreds of farmed salmon (or hybrids) from being used in hatchery breeding each 


year (Karlsson et al. 2018 and references therein).  


Older hybridization was detected in several rivers in East Iceland and adjacent areas. South of 


Breiðdalsá, traces of older hybridization were found in Berufjarðará and Selá in Álftafjörður, 


but not in Laxá in Nesjum or Smyrlabjargará, which are located farther away. North of 


Breiðdalsá, some older hybrid individuals were identified in Stöðvará, although the majority 


of juveniles were of wild origin. In 2020, the results from Stöðvará showed a distribution of q-


values from STRUCTURE similar to that of Breiðdalsá, but the river mouths are only 20 km 


apart. A particularly noteworthy finding was that in five Arctic char (Salvelinus alpinus) rivers 


north of Stöðvará, 16 juvenile Atlantic salmon were caught. Apart from one fish, all were 


classified as older hybrids. Additional samples from Hofsá and other rivers in Northeast Iceland 


are still undergoing genetic analysis, which will provide a more complete picture of the extent 


and distribution of genetic introgression in the region. In Laxá in Aðaldalur, one BCW hybrid 


was identified among 43 juvenile salmon analysed. A similar hybrid was also detected in a 


separate study by Jóhannes Sturlaugsson and Snæbjörn Pálsson (2023). Notably, a farmed 


salmon was caught in Laxá in Aðaldalur in 2004, but its origin is unknown. It may have escaped 


from sea cages in East Iceland or possibly from Lón in Kelduhverfi (a lagoon with connection 


to sea), which is less than 50 km from the river. At Lón, a Norwegian-origin salmon farming 


operation was permitted and operated from the mid-1980s (Valdimar Ingi Gunnarsson, 2002). 


The maximum production volume may have reached around 500 tons per year. While no 


documented reports exist of Norwegian-origin escapees from the facility, an earlier escape of 


30,000 Icelandic-origin farmed salmon in 1981 was recorded (Eyjólfur K. Jónsson, 1987, as 


cited in Valdimar Ingi Gunnarsson, 2008). 


Analysis of samples from 2004, which were examined due to suspicions of genetic 


introgression, revealed one BCW hybrid in Svalbarðsá in Þistilfjörður, approximately 110 km 


from Lón in Kelduhverfi. Additionally, an F1 hybrid was identified in River Sog in South 


Iceland, and one BCW hybrid was found in Ölfusá, which is part of the same watershed (see 


Appendices 3b and 4). In the land-based aquaculture facilities in Ölfusá, Norwegian-origin 


salmon juveniles have been produced for decades. However, no official records exist of escapes 


from these facilities. Despite this, such leaks from land-based farms have been documented in 


other countries (Carr and Whoriskey, 2006). In contrast, no signs of genetic introgression were 


found in more recent samples from South Iceland, suggesting either a lack of sustained 


hybridization in the region or limitations in available data on past farmed salmon escapes. 


Older hybridization was detected in 13 out of 44 rivers in the Westfjords and just outside the 


region, including Hvolsá on Skarðsströnd (Appendices 1b and 4). BCW hybrids were 


particularly prominent in Staðará in Súgandafjörður, where five juveniles were identified, 


making up 1.6% of the samples. In Staðará in Steingrímsfjörður, twelve juveniles were 


detected, representing 10% of the samples, and in Múlaá in Ísafjörður, eight juveniles were 


found, constituting 19.5% of the samples. In Bjarnadalsá in Önundarfjörður, four BCW hybrids 
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were identified in samples from 2015 and 2016. Three out of these four hybrids belonged to 


the 2011 spawning cohort, making it impossible to link them to the current sea cage aquaculture 


in the Westfjords (assuming the hybridization was second-generation and that Norwegian-


origin farmed salmon was not admixed with Icelandic salmon). Similarly, it was not possible 


to associate older introgression in Botnsá in Tálknafjörður, Sunndalsá and Mjólká in 


Arnarfjörður, Djúpadalsá, and Gufudalsá, both located in inner Breiðafjörður, with current 


aquaculture operations. In Staðará in Steingrímsfjörður, most if not all hybrids belonged to the 


2016 and/or 2017 spawning cohorts. In Víðidalsá in Steingrímsfjörður, BCW hybrids were 


identified, all belonging to the same spawning cohorts. There are also indications of older 


introgression in Selá in the same fjord, based on samples from 2019, though the age of the 


juveniles was not specified (Jóhannes Sturlaugsson and Snæbjörn Pálsson, 2023). It is not 


entirely impossible that part of this introgression could be linked to current aquaculture in the 


Westfjords, given certain assumptions. Farmed salmon were sexually mature in 2013 and 2014, 


the hybridization is second generation, and F1 hybrids from the 2013 and 2014 spawning 


cohorts participated in reproduction as early maturing 2+ or 3+ male parr. No definitive 


assessment will be made regarding the likelihood of this scenario, especially since older genetic 


introgression in several rivers could not be linked to current aquaculture operations. However, 


it is worth noting that farmed escapees were sexually mature in 2014 (Leó Alexander 


Guðmundsson et al., 2014), male parr can reach sexual maturity at age 2+ (as seen in seven 


juveniles in this study), and F1 hybrids can also mature early despite selective breeding efforts 


against this trait in farmed salmon. One such early maturing hybrid juvenile was found in 


Berufjarðará. Additionally, a relatively high proportion—possibly even the majority—of male 


F1 hybrid juveniles may mature early (Holborn et al., 2022), and their reproductive success 


can be higher than that of wild male juveniles (Garant et al., 2003). 


In a comprehensive study conducted in Canada, a high proportion of F1 hybrids was detected 


following a large-scale accidental release of farmed salmon. Over time, the proportion of F1 


hybrids decreased, but shortly thereafter, the proportion of second-generation hybrids 


increased. This was attributed to the spawning of early-maturing F1 hybrids (Holborn et al., 


2022). Further analysis of the data, along with anticipated additional data from younger 


samples, may shed light on the significance of this factor in Iceland. It is unlikely that clear 


explanations will be found for all cases of older genetic introgression, as many uncertainties 


remain. The history of the use of the aquaculture strain does not appear to be fully documented, 


and not all escapes or incidents are known. For example, it was revealed 15 years after the 


event that 160,000 juvenile salmon of Norwegian origin had been released into the sea in 


Tálknafjörður in 2002 (Magnús Jóhannsson and Sigurður Már Einarsson, 2001, as cited in 


Valdimar Ingi Gunnarsson, 2002; Leó Alexander Guðmundsson et al., 2017a). 


Conclusion 


This study demonstrates that genetic introgression between farmed and wild salmon is 


occurring in Iceland, as it has in other countries where open-net salmon farming is conducted 


within the Atlantic salmon’s range. First-generation hybrids were most prevalent in rivers near 


fish farms but were also detected at considerable distances. The study primarily analysed 


juvenile salmon from years when the average production of farmed salmon was approximately 


6,900 tons. Production is now significantly higher and is expected to continue increasing in the 


coming years. 


The study assessed the number of farmed salmon that spawned in rivers, i.e., the number of 


parents of F1 hybrids, but uncertainty remains regarding the total number of farm-origin 
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spawners, as only a small portion of salmon habitats was examined. Older genetic introgression 


was detected in rivers that can at least be linked to the early years of open-net farming in 


Iceland. The reasons why older introgression was detected at varying levels and in different 


locations require further investigation. In this context, it is essential to evaluate the impact of 


early-maturing hybrid males on the amplification of genetic introgression (Holborn et al., 


2022). 


An increase in genetic introgression is expected to accompany higher production levels 


(Mahlum et al., 2021; Diserud et al., 2022). With current open-net farming technology, escapes 


will always be a risk, and as long as sterile salmon are not used in farming, escaped fish must 


be removed from rivers before they spawn. In Norway, this is considered a necessary measure 


until the industry implements solutions to eliminate escapes (Glover et al., 2020). The company 


Laxfiskar ehf. has been removing escaped salmon from a river near an aquaculture site since 


2015, thereby reducing the likelihood of genetic introgression. The MFRI has applied for 


funding from the Aquaculture Environmental Fund for seven years to carry out similar actions 


in more rivers near aquaculture sites, but without success. These efforts included the removal 


of farmed salmon from rivers in the Westfjords using drift diving, modelled after Norwegian 


methods (Skoglund et al., 2021). 


It is crucial to secure funding for such initiatives to reduce the risk of genetic introgression in 


salmon populations within aquaculture zones that are not included in the genetic introgression 


risk assessment. Additionally, it must be ensured that farmed salmon or hybrids are not used in 


hatchery programs for stock enhancement in Iceland. The genetic screening of all breeding 


salmon should therefore be made a mandatory requirement. 


This study provides essential information on the status of genetic introgression between 


Norwegian-origin farmed salmon and wild salmon in Iceland at the outset of the current 


farming era. Genetic data from 4,000 juvenile salmon from rivers across the country are 


expected to provide a clearer picture of genetic introgression from 2019, when production 


exceeded 25,000 tons, and offer insights into the situation in 2020, when production was even 


higher. Although the effects of a given production volume may take time to manifest (Genetic 


Committee of Agriculture, 2019), robust monitoring of genetic introgression is essential for 


assessing whether its impacts are acceptable, particularly in relation to the conservation of 


biological diversity. 


With increasing knowledge of how genetic introgression occurs, it is likely that models can be 


developed to predict genetic introgression under different aquaculture scenarios, considering 


the size and proximity of wild salmon populations to farming sites. However, such studies may 


take a long time to complete. 
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Appendix 1a. Overview of the main samples in the study. The table includes information on 


sampling locations (region, river, and coordinates), date of collection, size of sampling areas 


(m²; NA = not availabe), and the number of salmon juveniles analyzed with 60,250 SNP 


markers. The samples are arranged geographically, in a clockwise direction from the Elliðaár 


rivers. 


Territory, river Location Year Date 
Coordinates and size of sampling 
sites Number of 


genotyped fish 
N° W° m2 


Southwest and West 
      


Elliðaár Kollafjörður 2017 26.11 65,42310 19,79121 NA 16 
- - 2020 09.10 64,12087 21,84028 98 64 
- - 2020 09.10 64,12237 21,84073 72 36 
Langá Borgarfjörður 2020 30.09 64,59705 21,99015 NA 35 
- - 2020 30.09 64,60617 21,97044 NA 64 
Grímsá Borgarfjörður 2020 24.09 64,59180 21,63157 NA 18 
- - 2020 24.09 64,59196 21,62605 635 80 
Norðurá Borgarfjörður 2020 24.09 64,74935 21,55258 435 99 
Haukadalsá Dalir 2016 02.11 65,05148 21,68171 694 17 
- - 2016 02.11 65,03947 21,73136 720 19 
Krossá Skarðsströnd 2020 03.09 65,26741 22,35913 176 50 
- - 2020 01.10 65,26585 22,35427 NA 49 
Hvolsá Skarðsströnd 2019 29.09 65,35992 21,80522 225 73 
- - 2019 29.09 65,35764 21,78503 111 51 
- - 2019 30.09 65,35542 21,77181 113 57 
- - 2019 29.09 65,38092 21,88403 172 1 


Westfjords 
       


Geiradalsá Reykhólahreppur 2019 30.09 65,50330 21,84530 100 11 
- - 2019 30.09 65,48351 21,89078 266 60 
- - 2019 30.09 65,47259 21,91259 357 59 
Þorskafjarðará Þorskafjörður 2019 01.10 65,61382 22,08245 242 61 
- - 2019 01.10 65,63438 22,06827 228 32 
- - 2019 01.10 65,60900 22,08730 432 82 
Djúpadalsá Djúpifjörður 2019 02.10 65,58916 22,26626 220 62 
Fjarðarhornsá Kollafjörður 2019 02.10 65,66729 22,52158 210 40 
- - 2019 02.10 65,64714 22,54898 604 81 
Móra Barðaströnd 2018 27.08 65,54261 23,42298 54 29 
- - 2018 27.08 65,52128 23,41554 95 53 
- - 2019 03.10 65,54152 23,42147 136 14 
- - 2019 03.10 65,52111 23,41496 308 85 
- - 2019 03.10 65,52793 23,41087 225 75 
Suðurfossá Rauðisandur 2019 04.10 65,46161 23,92577 297 34 
- - 2019 04.10 65,46009 23,91370 192 60 
- - 2019 04.10 65,46319 23,92841 171 49 
Botnsá Tálknafjörður 2019 07.10 65,58651 23,75798 179 10 
- - 2019 07.10 65,58727 23,75729 85 43 
- - 2019 07.10 65,58743 23,76014 84 27 
- - 2019 07.10 65,59208 23,77898 168 9 
- - 2019 07.10 65,59161 23,77800 39 1 
- - 2019 07.10 65,59165 23,77692 161 7 
- - 2019 07.10 65,59153 23,77659 NA 3 
Kaldeyrará Tálknafjörður 2018 30.08 65,60292 23,78102 NA 1 
Selárdalsá Arnarfjörður 2018 29.08 65,78509 23,98880 409 112 
- - 2018 29.08 65,77156 24,01308 96 86 
- - 2019 05.10 65,77439 24,00787 98 104 
- - 2019 05.10 65,77649 23,99687 66 33 
- - 2019 05.10 65,77534 24,00463 143 117 
Fífustaðadalsá Arnarfjörður 2018 29.08 65,76001 23,90106 485 148 
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Bakkadalsá Arnarfjörður 2018 31.08 65,73478 23,81379 86 1 
- - 2018 31.08 65,73600 23,81197 89 14 
- - 2018 31.08 65,73618 23,81107 170 35 
Litlueyrará Arnarfjörður 2018 30.08 65,66992 23,61728 212 83 
Dufansdalsá Arnarfjörður 2018 28.08 65,61520 23,59501 81 27 
- - 2018 28.08 65,62019 23,57238 115 147 
- - 2019 06.10 65,62025 23,57379 276 67 
- - 2019 06.10 65,62022 23,57232 130 54 
Þernudalsá Arnarfjörður 2018 31.08 65,60691 23,56497 140 7 
Sunndalsá Arnarfjörður 2018 31.08 65,61026 23,39869 159 54 
- - 2018 28.08 65,61431 23,39909 88 69 
- - 2019 06.10 65,61433 23,39918 65 42 
- - 2019 06.10 65,61375 23,39939 120 41 
- - 2019 06.10 65,61298 23,39973 72 52 
Dynjandisá Arnarfjörður 2018 01.09 65,73734 23,20904 137 18 
- - 2019 08.10 65,73708 23,20892 144 6 
Mjólká Arnarfjörður 2019 08.10 65,77424 23,16920 195 40 
Hófsá Arnarfjörður 2018 01.09 65,78548 23,18064 112 1 
Langá Dýrafjörður 2018 02.09 65,90969 23,73522 800 38 
- - 2018 02.09 65,90897 23,73491 143 11 
Kirkjubólsá Dýrafjörður 2018 02.09 65,85443 23,53730 352 6 
Botnsá Dýrafjörður 2018 02.09 65,83855 23,18134 198 1 
Núpsá Dýrafjörður 2018 03.09 65,92278 23,57191 439 60 
- - 2019 08.10 65,92316 23,57229 324 27 
Sandsá Önundarfjörður 2018 03.09 66,03273 23,68457 204 63 
- - 2019 09.10 66,03287 23,68483 102 49 
- - 2019 09.10 66,04562 23,68726 53 41 
- - 2019 09.10 66,04534 23,68773 56 29 
- - 2019 09.10 66,04506 23,68788 55 15 
Bjarnadalsá Önundarfjörður 2018 03.09 65,97481 23,43600 563 5 
Staðará Súgandafjörður 2018 04.09 66,10952 23,51587 60 53 
- - 2018 04.09 66,12227 23,56629 147 53 
- - 2019 10.10 66,11320 23,54683 40 31 
- - 2019 10.10 66,11256 23,52480 59 51 
- - 2019 10.10 66,11227 23,52380 26 42 
- - 2019 10.10 66,11211 23,52356 26 56 
- - 2019 09.10 66,12233 23,56632 96 32 
Laugardalsá Ísafjarðardjúp 2019 04.09 66,01144 22,64368 140 30 
- - 2019 04.09 65,96817 22,66265 132 78 
- - 2019 04.09 66,00708 22,64496 147 84 
- - 2020 01.09 66,01164 22,64363 135 44 
- - 2020 01.09 66,01092 22,64378 225 34 
- - 2020 01.09 66,01199 22,64339 NA 7 
Heydalsá Mjóifjörður 2019 11.10 65,84166 22,67342 106 8 
- - 2019 11.10 65,84153 22,67459 106 19 
- - 2019 11.10 65,84134 22,67500 169 8 
Ísafjarðará Ísafjörður 2016 16.08 65,77850 22,60648 268 10 
Múlaá Ísafjörður 2016 16.08 65,79476 22,41940 214 12 
- - 2019 06.09 65,78532 22,42478 286 14 
- - 2019 06.09 65,81067 22,42286 350 15 
Langadalsá Ísafjarðardjúp 2019 03.09 65,79406 22,33308 271 52 
- - 2019 03.09 65,77308 22,30327 294 31 
- - 2019 03.09 65,89845 22,34747 210 53 
- - 2019 03.09 65,82747 22,35222 189 72 
- - 2020 02.09 65,89842 22,34769 228 38 
- - 2020 02.09 65,89310 22,33997 300 59 
Lágadalsá Ísafjarðardjúp 2019 11.10 65,89008 22,29782 38 1 
Hvannadalsá Ísafjarðardjúp 2019 11.10 65,88931 22,30519 77 20 
- - 2019 11.10 65,89661 22,33490 110 5 
Hraundalsá Ísafjarðardjúp 2018 05.09 66,02436 22,33676 800 27 
- - 2018 05.09 66,02586 22,33544 184 23 
Goðdalsá Bjarnarfjörður 2018 14.08 65,80652 21,59261 227 20 
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Staðará Steingrímsfjörður 2018 17.08 65,76286 21,84246 211 30 
- - 2019 12.10 65,76391 21,86397 45 9 
- - 2019 12.10 65,74432 21,97680 77 9 
- - 2019 12.10 65,76044 21,84719 70 4 
- - 2019 12.10 65,75901 21,86059 162 7 
- - 2019 12.10 65,75911 21,85987 300 21 
- - 2019 12.10 65,75986 21,86119 266 10 
- - 2019 12.10 65,74712 21,92322 266 28 
Víðidalsá Steingrímsfjörður 2018 16.08 65,68249 21,68653 144 36 
Arnkötludalsá Steingrímsfjörður 2018 13.08 65,63376 21,70688 205 35 
Krossá Bitrufjörður 2018 16.08 65,47180 21,48695 163 35 
Norðdalsá Bitrufjörður 2018 15.08 65,42844 21,48882 157 36 


Northwest and North 
     


Víkurá Hrútafjörður 2018 15.08 65,43086 21,29573 128 30 
- - 2019 13.10 65,42923 21,29825 80 28 
- - 2019 13.10 65,42920 21,29816 371 6 
- - 2019 13.10 65,42914 21,29986 189 4 
- - 2019 13.10 65,43687 21,29280 746 80 
- - 2019 13.10 65,45591 21,26897 204 29 
Prestbakkaá Hrútafjörður 2018 15.08 65,31468 21,19508 216 36 
Laxá í Hrútafirði Hrútafjörður 2018 15.08 65,25160 21,15137 223 23 
Víðidalsá V-Húnavatnssýsla 2020 28.08 65,33479 20,58719 648 117 
Vatnsdalsá A-Húnavatnssýsla 2017 03.09 65,29647 20,08947 108 5 
- - 2017 03.09 65,30736 20,12337 110 5 
- - 2017 04.09 65,33755 20,19336 116 5 
- - 2017 04.09 65,36507 20,20438 141 5 
- - 2017 04.09 65,38367 20,23404 112 5 
- - 2017 04.09 65,50079 20,34081 52 6 
- - 2017 04.09 65,33147 20,19056 116 5 
- - 2017 04.09 65,34959 20,17948 76 5 
- - 2020 26.08 65,29652 20,08968 110 3 
- - 2020 26.08 65,30741 20,12356 170 11 
- - 2020 26.08 65,33754 20,19335 149 4 
- - 2020 27.08 65,36501 20,20449 123 3 
- - 2020 26.08 65,50079 20,34082 72 4 
- - 2020 27.08 65,33111 20,19039 299 42 
- - 2020 27.08 65,34972 20,17960 92 4 
- - 2020 26.08 65,30773 20,12478 303 33 
Blanda A-Húnavatnssýsla 2020 07.07 65,51650 19,87857 319 19 
- - 2020 07.07 65,61370 20,14413 248 10 
- - 2020 07.07 65,63667 20,16305 190 19 
Svartá A-Húnavatnssýsla 2020 08.07 65,41520 19,68052 190 5 
- - 2020 08.07 65,44714 19,71812 162 3 
- - 2020 08.07 65,46638 19,73948 259 11 
- - 2020 08.07 65,50449 19,77517 161 12 
- - 2020 08.07 65,52476 19,87111 176 10 
- - 2020 09.07 65,53069 19,89113 213 3 


Northeast, East Fjords and Southeast 
    


Laxá í Aðaldal S-Þingeyjarsýsla 2020 31.08 65,97093 17,40413 >180 43 
Hofsá Vopnafjörður 2017 21.08 65,56758 15,24912 62 11 
- - 2017 21.08 65,57784 15,16702 90 2 
- - 2017 21.08 65,58653 15,13809 153 10 
- - 2017 21.08 65,59236 15,13640 153 8 
- - 2017 21.08 65,65246 15,06543 95 6 
- - 2020 23.08 65,61251 15,07778 64 21 
- - 2020 21.08 65,65246 15,06543 90 13 
Fjarðará Borgarfjörður eystri 2017 15.08 65,46936 13,85968 143 1 
- - 2020 10.09 65,46977 13,85817 215 1 
- - 2020 10.09 65,47558 13,85099 88 4 
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- - 2020 10.09 65,46590 13,83715 77 2 
Fjarðará Loðmundarfjörður 2020 10.09 65,36022 13,91197 67 1 
- - 2020 10.09 65,35219 13,93057 102 1 
Fjarðará Seyðisfjörður 2020 09.09 65,25392 14,01406 80 1 
- - 2020 09.09 65,25771 14,01156 45 1 
Fjarðará Mjóifjörður 2017 13.08 65,18707 14,02222 192 2 
Eskifjarðará  Eskifjörður 2017 13.08 65,08353 14,06541 140 2 
Stöðvará Stöðvarfjörður 2017 12.08 64,83856 13,95886 170 11 
- - 2020 04.09 64,85235 14,00729 178 21 
- - 2020 04.09 64,85482 14,01935 172 8 
Breiðdalsá Breiðdalur 2017 28.08 64,82883 14,26969 15 8 
- - 2017 28.08 64,82848 14,26552 93 2 
- - 2017 28.08 64,80640 14,18406 389 20 
- - 2017 28.08 64,79656 14,19803 408 17 
- - 2017 28.08 64,78635 14,18027 260 20 
- - 2017 28.08 64,78352 14,15406 238 20 
- - 2017 28.08 64,84416 14,20696 668 15 
- - 2020 08.09 64,78326 14,15285 343 28 
- - 2020 08.09 64,78636 14,18025 192 28 
- - 2020 09.09 64,84414 14,20700 189 16 
- - 2020 09.09 64,84476 14,39758 113 12 
- - 2020 08.09 64,79651 14,19785 380 29 
- - 2020 08.09 64,80630 14,18405 378 13 
Berufjarðará Berufjörður 2017 12.08 64,79443 14,52398 103 12 
- - 2020 06.09 64,79491 14,52453 NA 2 
- - 2020 06.09 64,79452 14,52356 199 6 
Selá Álftafjörður 2017 11.08 64,51822 14,53580 >167 27 
- - 2020 05.09 64,51084 14,57090 198 35 
- - 2020 05.09 64,51791 14,53637 139 10 
Laxá í Nesjum Hornafjörður 2017 10.08 64,30545 15,22818 230 18 
- - 2020 03.09 64,30555 15,22785 218 10 
Smyrlabjargará A-Skaftafellssýsla 2020 02.09 64,22650 15,71199 180 17 
- - 2020 02.09 64,23026 15,69569 >105 31 


South 
       


Þjórsá Suðurland 2020 26.08 64,02444 20,42077 90 29 
- - 2020 26.08 63,94255 20,61706 65 13 
- - 2020 26.08 64,00833 20,33554 45 30 
- - 2020 26.08 63,85721 20,70961 49 8 
Dalsá Hrunamannahreppur 2020 27.08 64,27197 20,19835 67 10 
Litla-Laxá Hrunamannahreppur 2020 27.08 64,15611 20,25281 84 17 
Stóra-Laxá í Hreppum 2020 25.09 64,19860 20,09304 88 4 
- - 2020 25.09 64,13332 20,21087 75 3 
- - 2020 25.09 64,09028 20,27780 61 1 
- - 2020 16.09 64,06103 20,33434 116 1 
Brúará Árnessýsla 2020 27.08 64,15934 20,55841 185 19 
Hvítá Árnessýsla 2020 27.08 64,25949 20,22439 88 15 
- - 2020 27.08 64,17222 20,31936 95 9 
Sog Árnessýsla 2020 25.08 64,04112 20,98256 101 1 
- - 2020 28.08 64,00497 20,97448 65 30 
Ölfusá Árnessýsla 2020 05.10 63,95167 20,98605 45 8 
- - 2020 05.10 63,94195 20,99793 209 7 
- - 2020 05.10 63,94030 21,01120 95 5 
- - 2020 16.10 63,93719 21,05334 55 11 
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Appendix 1b. Results of the analysis of hybridization between wild and farmed salmon for 


juveniles listed in Appendix 1a. Each figure presents results for a single river, separated by 


sampling year when applicable. The figures display the results of STRUCTURE, 


ADMIXTURE, and NewHybrids analyses for each fish. The position of the dots represents the 


genetic admixture proportion (q-value) of the fish according to STRUCTURE, with values 


shown alongside 90% probability limits. Crosses indicate the q-values of the fish based on 


ADMIXTURE analysis. Crosses are often located beneath dots and may not be visible. Q-


values are sorted from high to low based on STRUCTURE results. The colors of the dots 


represent NewHybrids classification results: blue denotes wild juveniles, turquoise represents 


juveniles of pure farm, red indicates F1 hybrids, yellow and green signify older hybridization—


yellow for backcrosses with wild fish (BCW hybrids) and green for F2 hybrids. Fish with 


uncertain classification in NewHybrids are shown in white. Each figure includes an information 


box (in Icelandic) with symbols for different analyses and corresponding results. If the sample 


contains many fish, individuals with the highest q-values may not be displayed. 


Southwest and West 
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Appendix 2a. Overview of all the salmon juvenile samples collected by the Marine and 


Freshwater Research Institute (formerly the Institute of Freshwater Fisheries) between 2015 


and 2017 which were analysed using SalSea genetic markers (15 microsatellites). Some of 


these juveniles were also analysed with SNPs in this study. The appendix includes information 


on the sampling location (region, river, and coordinates), date of collection, sampling area size 


(m²; NA = not available), and the number of salmon juveniles analysed using SalSea and SNP 


markers. The samples are listed geographically, in a clockwise order starting from Holtsá on 


the Snæfellsnes Peninsula. 


Territory, river Location Year Date 


Coordinates and size of 
sampling sites 


 Number of 
genotyped fish 


N° W° m2  SalSea 60K SNP 


West 
         


Holtsá Snæfellsnes 2016 01.11 64,91929 23,49462 1838  52 0 


Laxá/Blankur Skógarströnd 2016 01.11 65,02582 22,10995 910  52 1 


- - 2016 01.11 65,02661 22,10729 280  20 0 


Laxá í Hvammssveit Dalir 2016 02.11 65,23109 21,78613 872  72 0 


Búðardalsá Skarðsströnd 2016 03.11 65,29971 22,22077 746  53 2 


Westfjords 
         


Geiradalsá Reykhólahreppur 2017 15.08 65,47324 21,91264 142  60 0 


Laxá í Reykhólasveit Reykhólahreppur 2017 16.08 65,53717 22,05033 149  57 1 


Þorskafjarðará Þorskafjörður 2016 03.11 65,60833 22,08878 1596  50 3 


- - 2017 16.08 65,61414 22,08124 178  29 0 


Djúpadalsá Djúpifjörður 2017 16.08 65,58929 22,26623 173  54 1 


Gufudalsá Gufufjörður 2017 17.08 65,56664 22,41490 167  31 1 


Múlaá Kollafjörður 2017 20.08 65,61154 22,50461 214  49 1 


Fjarðarhornsá Kollafjörður 2017 17.08 65,64637 22,54808 210  36 0 


Vattardalsá Vattarfjörður 2017 17.08 65,63527 22,76853 257  42 0 


Vatnsdalsá Vatnsfjörður 2016 05.11 65,62794 23,10575 770  26 0 


 - 2016 05.11 65,58871 23,12731 372  54 0 


- - 2017 19.08 65,62660 23,10523 155  19 0 


Móra Barðaströnd 2016 04.11 65,52855 23,41164 1200  56 0 


- - 2017 19.08 65,53619 23,41844 170  20 2 


Arnarbýla Barðaströnd 2017 18.08 65,51431 23,45252 158  64 0 


Suðurfossá(*) Rauðisandur 2016* 04.11 65,46214 23,92647 990  59 0 


- - 2017 18.08 65,46246 23,92677 248  19 1 


Botnsá* Tálknafjörður 2015 21.08 65,59258 23,78022 192  12 0 


- - 2016 22.08 65,59187 23,77900 69  19 4 


- - 2016 22.08 65,58645 23,75679 54  20 3 


Selardalsá* Arnarfjörður 2016 21.08 65,78509 23,98881 88  39 2 


Fífustaðadalsá* Arnarfjörður 2016 21.08 65,75375 23,91264 88  9 0 


Bakkadalsá* Arnarfjörður 2016 22.08 65,73478 23,81381 88  42 2 


Dufansdalsá* Arnarfjörður 2015 20.08 65,62028 23,57219 134  34 0 


- - 2016 21.08 65,62019 23,57249 71  40 0 


- - 2016 21.08 65,61546 23,59218 90  14 0 


Sunndalsá* Arnarfjörður 2015 20.08 65,61431 23,39912 138  17 0 
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- - 2016 20.08 65,61430 23,39924 61  93 1 


- - 2016 20.08 65,60807 23,39768 90  39 0 


Mjólká* Arnarfjörður 2016 19.08 65,77438 23,16926 83  16 7 


Hófsá* Arnarfjörður 2015 19.08 65,78492 23,18158 370  4 4 


Kirkjubólsá* Dýrafjörður 2015 19.08 65,85458 23,53705 367  1 1 


- - 2016 19.08 65,85446 23,53725 203  9 6 


Lambadalsá* Dýrafjörður 2015 19.08 65,85921 23,30688 101  5 5 


Núpsá* Dýrafjörður 2015 18.08 65,92329 23,57084 214  2 2 


Sandsá* Önundarfjörður 2015 18.08 66,03264 23,68468 213  24 0 


- - 2016 18.08 66,03271 23,68448 143  26 0 


- - 2016 17.08 66,04556 23,68729 80  8 0 


Bjarnadalsá* Önundarfjörður 2015 18.08 65,97476 23,43614 242  22 10 


- - 2016 17.08 65,99501 23,43692 319  6 3 


  2016 17.08 65,97491 23,43613 294  10 4 


  2016 17.08 65,94956 23,42529 157  2 1 


Hestá* Önundarfjörður 2015 18.08 65,97891 23,35021 292  3 3 


Staðará* Súgandafjörður 2015 17.08 66,12190 23,56638 200  20 0 


- - 2016 16.08 66,12234 23,56642 175  23 0 


- - 2016 16.08 66,11348 23,53491 153  25 0 


- - 2016 16.08 66,10953 23,51593 117  11 0 


Laugardalsá Ísafjarðardjúp 2016 19.08 65,96815 22,66257 198  28 0 


- - 2017 13.09 65,96812 22,66260 96  11 0 


- - 2017 13.09 66,00713 22,64490 152  70 2 


- - 2017 13.09 66,01135 22,64359 97  24 0 


Heydalsá Mjóifjörður 2016 15.08 65,84434 21,66282 169  47 24 


Bessadalsá Mjóifjörður 2016 18.08 65,81293 22,66479 360  40 32 


Langadalsá Ísafjarðardjúp 2016 19.09 65,82748 22,35217 NA  16 0 


- - 2017 13.09 65,77305 22,30322 175  19 0 


- - 2017 13.09 65,79401 22,33299 181  20 0 


- - 2017 12.09 65,82747 22,35222 176  18 0 


- - 2017 12.09 65,84237 22,35435 346  18 1 


  2017 12.09 65,89946 22,34754 225  19 0 


Lágadalsá Ísafjarðardjúp 2016 19.08 65,88979 22,29713 255  43 34 


Víðidalsá Steingrímsfjörður 2016 05.11 65,68358 21,67476 2200  76 1 


Arnkötludalsá Steingrímsfjörður 2016 20.08 65,63393 21,70606 226  53 1 


Northwest 
         


Víkurá Strandir 2016 11.06 65,45651 21,26701 1344  76 0 


Víðidalsá** V-Húnavatnssýsla 2016    NA  79 0 


Northeast, East Fjords and Southeast 
       


Fjarðará Borgarfjörður eystri 2017 Information in appendix 1a  1 1 


Fjarðará Mjóifjörður 2017 Information in appendix 1a  1 1 


Eskifjarðará Eskifjörður 2017 Information in appendix 1a  2 2 


Stöðvará Stöðvarfjörður 2017 Information in appendix 1a  31 11 


Breiðdalsá Breiðdalur 2017 Information in appendix 1a  98 93 


Berufjarðará Berufjörður 2017 Information in appendix 1a  12 12 


Selá Álftafjörður 2017 Information in appendix 1a  50 27 
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Laxá í Nesjum Hornafjörður 2017 Information in appendix 1a  42 18 


*Samples used in a previous study on wild-farmed salmon hybridization (Leó Alexander Guðmundsson et al. 


2017). 


**Information missing, but sampling sites likely exceed 10. 


 


 


Appendix 2b. Results of genetic analysis on hybridization between wild and farmed salmon 


for juveniles in Appendix 2a. Each figure presents the results for a single river. Triangles 


represent the genetic proportion (q) from STRUCTURE (each fish analysed separately) using 


SalSea genetic markers, with values sorted from high to low. The results for fish that were also 


genetically analysed using SNP markers are shown in figures as described in Appendix 1b. 


Each figure includes an information box (in Icelandic) with symbols representing different 


analyses and their respective results, where applicable.  
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Westfjords 2015-2017 
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Northeast, East Fjords and Southeast 2017 
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Appendix 3a. Overview of juvenile salmon samples collected by the Institute of Freshwater 


Fisheries (now the Marine and Freshwater Research Institute) in 2004 and analysed using 


SalSea genetic markers (15 microsatellites). Some of these juveniles were also analysed with 


SNP markers in this study. The table includes information on the sampling location (region, 


river, and coordinates) and the number of fish analyzed with SalSea and SNP markers. Samples 


are arranged geographically in a clockwise direction from the Elliðaár rivers. 


Territory, river Location 


Coordinates of sampling 
sites 


 Number of genotyped 
fish 


N° W° SalSea 60K 
SNP 


Southwest and West  
     


Elliðaár Kollafjörður 64,12233 -21,84022  92 0 


Leirvogsá Kollafjörður 64,19253 -21,66751  93 3 


Grímsá Borgarfjörður 64,53600 -21,31800  80 0 


Kjarrá Borgarfjörður 64,75452 -21,11860  87 1 


Litla-Þverá Borgarfjörður 64,78430 -21,32469  69 2 


Langá Borgarfjörður 64,66392 -21,88480  92 5 


Laxa í Dölum Dalir 65,13571 -21,60827  94 4 


Haukadalsá Dalir 65,05009 -21,68762  88 2 


Krossá Skarðsströnd 65,26030 -22,29861  92 2 


Westfjords and North 
  


   


Laugardalsá Ísafjarðardjúp 65,96883 -22,66338  90 0 


Blanda A-Húnavatnssýsla 65,51846 -19,87940  93 3 


Svartá A-Húnavatnssýsla 65,52178 -19,82447  89 0 


Laxá í Aðaldal Skjálfandi 65,95989 -17,40351  72 0 


Reykjadalsá Skjálfandi 65,74664 -17,38752  90 0 


Northeast 
  


   


Svalbarðsá Þistilfjörður 66,18639 -15,72615  66 4 


Hafralónsá Þistilfjörður 66,10152 -15,42570  94 0 


Miðfjarðará Bakkaflói 66,03693 -15,11218  83 0 


Selá Vopnafjörður 65,82453 -14,84708  90 6 


Vesturdalsá Vopnafjörður 65,70072 -15,00062  92 0 


Hofsá Vopnafjörður 65,61893 -15,06377  93 0 


South 
 


  
   


Kálfá Gnúpverjahreppur 64,03706 -20,30198  81 1 


Dalsá Hrunamannahreppu
r 64,26968 -20,18630 


 81 0 


Litla-Laxá Hrunamannahreppu
r 64,13480 -20,32912 


 54 1 


Hvítá Árnessýsla 64,27528 -20,19538  76 0 


Sog Árnessýsla 64,06164 -20,98923  88 4 


Ölfusá Árnessýsla 63,95208 -20,98320  84 5 
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Appendix 3b. Results of genetic analysis on hybridization between wild and farmed salmon 


for juveniles in Appendix 3a. Each figure presents the results for a single river. Triangles 


represent the genetic proportion (q-value) of fish according to STRUCTURE analysis using 


SalSea genetic markers, with q-values sorted from high to low. The results for fish that were 


also genetically analysed using SNP markers are shown in figures as described in Appendix 


1b. Each figure includes an information box with symbols representing different analyses and 


their respective results, where applicable. 
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Westfjords and North 2004 
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South 2004 
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Appendix 4. Results of the NewHybrids analysis on the classification of juveniles into wild, 


farmed (turquoise), F1 hybrids (red), BCW hybrids (yellow) and F2 hybrids (green), and an 


uncertain category. The results are shown for each sampling site, and the order of the samples 


follows the same order as presented in Appendices 1a-3a. 


Territory, river Location Year Sample 
size 


NewHybrids analysis 


Wild Farm F1 F2 BCW Uncert. 


Samples in appendix 1a       


Southwest and West         


Elliðaár Kollafjörður 2017 16 16      
- - 2020 64 64      
- - 2020 36 36      
Langá Borgarfjörður 2020 35 35      
- - 2020 64 64      
Grímsá Borgarfjörður 2020 18 18      
- - 2020 80 80      
Norðurá Borgarfjörður 2020 99 99      
Haukadalsá Dalir 2016 17 17      
- - 2016 19 19      
Krossá Skarðsströnd 2020 50 49  1    
- - 2020 49 47  2    
Hvolsá Skarðsströnd 2019 73 72     1 
- - 2019 51 50    1  
- - 2019 57 57      
- - 2019 1 1      


Westfjords          


Geiradalsá Reykhólahreppur 2019 11 11      
- - 2019 60 60      
- - 2019 59 59      
Þorskafjarðar
á 


Þorskafjörður 2019 61 61      


- - 2019 32 32      
- - 2019 82 81    1  
Djúpadalsá Djúpifjörður 2019 62 62      
Fjarðarhornsá Kollafjörður 2019 40 40      
- - 2019 81 81      
Móra Barðaströnd 2018 29 25  4    
- - 2018 53 53      
- - 2019 14 14      
- - 2019 85 85      
- - 2019 75 75      
Suðurfossá Rauðisandur 2019 34 34      
- - 2019 60 60      
- - 2019 49 49      
Botnsá Tálknafjörður 2019 10 6  4    
- - 2019 43 24  18  1  
- - 2019 27 19  6  1 1 
- - 2019 9 8  1    
- - 2019 1 1      
- - 2019 7 4 1 2    
- - 2019 3 2  1    
Kaldeyrará Tálknafjörður 2018 1   1    
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Selárdalsá Arnarfjörður 2018 112 112      
- - 2018 86 86      
- - 2019 104 104      
- - 2019 33 33      
- - 2019 117 117      
Fífustaðadals
á 


Arnarfjörður 2018 148 143  4   1 


Bakkadalsá Arnarfjörður 2018 1 1      
- - 2018 14 14      
- - 2018 35 35      
Litlueyrará Arnarfjörður 2018 83 74  2  3 4 
Dufansdalsá Arnarfjörður 2018 27 27      
- - 2018 147 147      
- - 2019 67 67      
- - 2019 54 54      
Þernudalsá Arnarfjörður 2018 7 1  6    
Sunndalsá Arnarfjörður 2018 54 38  15  1  
- - 2018 69 66  3    
- - 2019 42 34  7   1 
- - 2019 41 33  8    
- - 2019 52 44  8    
Dynjandisá Arnarfjörður 2018 18 18      
- - 2019 6 6      
Mjólká Arnarfjörður 2019 40 14 26     
Hófsá Arnarfjörður 2018 1 1      
Langá Dýrafjörður 2018 38 38      
- - 2018 11 11      
Kirkjubólsá Dýrafjörður 2018 6 5  1    
Botnsá Dýrafjörður 2018 1 1      
Núpsá Dýrafjörður 2018 60 60      
- - 2019 27 27      
Sandsá Önundarfjörður 2018 63 63      
- - 2019 49 49      
- - 2019 41 41      
- - 2019 29 29      
- - 2019 15 15      
Bjarnadalsá Önundarfjörður 2018 5 5      
Staðará Súgandafjörður 2018 53 53      
- - 2018 53 53      
- - 2019 31 30    1  
- - 2019 51 48    3  
- - 2019 42 42      
- - 2019 56 55     1 
- - 2019 32 31    1  
Laugardalsá Ísafjarðardjúp 2019 30 30      
- - 2019 78 78      
- - 2019 84 84      
- - 2020 44 43     1 
- - 2020 34 34      
- - 2020 7 7      
Heydalsá Mjóifjörður 2019 8 8      
- - 2019 19 19      
- - 2019 8 8      
Ísafjarðará Ísafjörður 2016 10 10      
Múlaá Ísafjörður 2016 12 8    4  
- - 2019 14 9    4 1 
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- - 2019 15 15      
Langadalsá Ísafjarðardjúp 2019 52 50     2 
- - 2019 31 29    2  
- - 2019 53 53      
- - 2019 72 72      
- - 2020 38 38      
- - 2020 59 58      
Lágadalsá Ísafjarðardjúp 2019 1 1      
Hvannadalsá Ísafjarðardjúp 2019 20 20      
- - 2019 5 5      
Hraundalsá Ísafjarðardjúp 2018 27 9  18    
- - 2018 23 18  4   1 
Goðdalsá Bjarnarfjörður 2018 20 20      
Staðará Steingrímsfjörður 2018 30 24    6  
- - 2019 9 9      
- - 2019 9 9      
- - 2019 4 4      
- - 2019 7 5    2  
- - 2019 21 19    2  
- - 2019 10 10      
- - 2019 28 25  1  2  
Víðidalsá Steingrímsfjörður 2018 36 32    2 1 
Arnkötludalsá Steingrímsfjörður 2018 35 34     1 
Krossá Bitrufjörður 2018 35 35      
Norðdalsá Bitrufjörður 2018 36 36      


Northwest and North         


Víkurá Hrútafjörður 2018 30 30      
- - 2019 28 28      
- - 2019 6 6      
- - 2019 4 4      
- - 2019 80 80      
- - 2019 29 29      
Prestbakkaá Hrútafjörður 2018 36 36      
Laxá í 
Hrútafirði 


Hrútafjörður 2018 23 23      


Víðidalsá V-Húnavatnss. 2020 117 116  1    
Vatnsdalsá A-Húnavatnss. 2017 5 5      
- - 2017 5 5      
- - 2017 5 5      
- - 2017 5 5      
- - 2017 5 5      
- - 2017 6 6      
- - 2017 5 5      
- - 2017 5 5      
- - 2020 3 3      
- - 2020 11 11      
- - 2020 4 4      
- - 2020 3 3      
- - 2020 4 4      
- - 2020 42 42      
- - 2020 4 4      
- - 2020 33 33      
Blanda A-Húnavatnss. 2020 19 19      
- - 2020 10 10      
- - 2020 19 19      
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Svartá A-Húnavatnss. 2020 5 5      
- - 2020 3 3      
- - 2020 11 11      
- - 2020 12 12      
- - 2020 10 10      
- - 2020 3 3      


Northeast, East Fjords and Southeast 


Laxá í Aðaldal S-Þingeyjarsýsla 2020 43 42    1  
Hofsá Vopnafjörður 2017 11 11      
- - 2017 2 2      
- - 2017 10 9     1 
- - 2017 8 8      
- - 2017 6 6      
- - 2020 21 20    1  
- - 2020 13 13      
Fjarðará Borgarfjörður 


eystri 
2017 1    1   


- - 2020 1     1  
- - 2020 4  1 2  1  
- - 2020 2     2  
Fjarðará Loðmundarfj. 2020 1     1  
- - 2020 1 1      
Fjarðará Seyðisfjörður 2020 1     1  
- - 2020 1     1  
Fjarðará Mjóifjörður 2017 2    1 1  
Eskifjarðará  Eskifjörður 2017 2     2  
Stöðvará Stöðvarfjörður 2017 11 10    1  
- - 2020 21 18    2 1 
- - 2020 8 7    1  
Breiðdalsá Breiðdalur 2017 8 6    2  
- - 2017 2 1    1  
- - 2017 20 9  1  9 1 
- - 2017 17 9    7 1 
- - 2017 20 11   1 6 2 
- - 2017 20 6    11 3 
- - 2017 15 9    5 1 
- - 2020 28 22    5 1 
- - 2020 28 21    5 2 
- - 2020 16 15    1  
- - 2020 12 8    4  
- - 2020 29 16    12 1 
- - 2020 13 6  2  3 2 
Berufjarðará Berufjörður 2017 12 9  2 1   
- - 2020 2 2      
- - 2020 6 4  2    
Selá Álftafjörður 2017 27 23    3 1 
- - 2020 35 35      
- - 2020 10 8  1   1 
Laxá í Nesjum Hornafjörður 2017 18 18      
- - 2020 10 10      
Smyrlabjargar
á 


A-Skaftafellss. 2020 17 17      


- - 2020 31 31      


South          


Þjórsá Suðurland 2020 29 29      
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- - 2020 13 13      
- - 2020 30 30      
- - 2020 8 8      
Dalsá Hrunamannahr. 2020 10 10      
Litla-Laxá Hrunamannahr. 2020 17 17      
Stóra-Laxá í Hreppum 2020 4 4      
- - 2020 3 3      
- - 2020 1 1      
- - 2020 1 1      
Brúará Árnessýsla 2020 19 19      
Hvítá Árnessýsla 2020 15 15      
- - 2020 9 9      
Sog Árnessýsla 2020 1 1      
- - 2020 30 30      
Ölfusá Árnessýsla 2020 8 8      
- - 2020 7 7      
- - 2020 5 5      
- - 2020 11 11      


Samples in appendix 2a       


West          


Laxá/Blankur Skógarströnd 2016 1 1      
Búðardalsá Skarðsströnd 2016 2 2      


Westfjords          


Laxá í 
Reykhólasveit 


Reykhólahreppur 2017 1 1      


Þorskafjarðar
á 


Þorskafjörður 2016 3 3      


Djúpadalsá Djúpifjörður 2017 1     1  
Gufudalsá Gufufjörður 2017 1     1  
Múlaá Kollafjörður 2017 1      1 
Móra - 2017 2   2    
Suðurfossá - 2017 1 1      
Botnsá - 2016 4  1 1   2 
- - 2016 3  1 1 1   
Selardalsá Arnarfjörður 2016 2 2      
Bakkadalsá Arnarfjörður 2016 2 2      
Sunndalsá - 2016 1 1      
Mjólká Arnarfjörður 2016 7 5    1 1 
Hófsá Arnarfjörður 2015 4 4      
Kirkjubólsá Dýrafjörður 2015 1 1      
- - 2016 6 6      
Lambadalsá Dýrafjörður 2015 5 5      
Núpsá Dýrafjörður 2015 2 2      
Bjarnadalsá Önundarfjörður 2015 10 7    3  
- - 2016 3 3      
-  2016 4 3    1  
-  2016 1 1      
Hestá Önundarfjörður 2015 3 3      
Laugardalsá Ísafjarðardjúp 2017 2 2      
Heydalsá Mjóifjörður 2016 24 24      
Bessadalsá Mjóifjörður 2016 32 32      
Langadalsá Ísafjarðardjúp 2017 1 1      
Lágadalsá Ísafjarðardjúp 2016 34 34      
Víðidalsá Steingrímsfjörður 2016 1 1      
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Arnkötludalsá Steingrímsfjörður 2016 1      1 


Samples in appendix 3a      


Southwest and West         


Leirvogsá Kollafjörður 2004 3 3      
Litla-Þverá Borgarfjörður 2004 2 2      
Kjarrá Borgarfjörður 2004 1 1      
Langá Borgarfjörður 2004 5 5      
Laxa í Dölum Dalir 2004 4 4      
Haukadalsá Dalir 2004 2 2      
Krossá Skarðsströnd 2004 2 2      


Westfjords and North         


Blanda A-Húnavatnss. 2004 3 3      


Northeast          


Svalbarðsá Þistilfjörður 2004 4 3    1  
Selá Vopnafjörður 2004 6 6      


South          


Kálfá Gnúpverjahr. 2004 1 1*      
Litla-Laxá Hrunamannahr. 2004 1 1      
Sog Árnessýsla 2004 4 3  1    
Ölfusá Árnessýsla 2004 5 4    1  
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Appendix 5. Comparison of the results from genetic admixture analyses of fish using 


STRUCTURE, specifically between P(wild) (blue dots) and q-values (empty circles). P(wild) 


values, along with 90% confidence intervals, were ranked from high to low. See further details 


in the text. 
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