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Nordic fishery co-operation

The first Nordic Fisheries Conference was established in 1949. Since then, a compre-
hensive co-operation has been established mvo!vmg politicians, management, scien-
tists, trades and industries and other interest groups. The fishery sectors of the Nordic
countries have numerous features in common. Fishery co- operation within the Nordic
area involves co-operation, financed by the Councif of Ministers, on issues and prob-

lems of broad interest in the Nordic countries. The steady flow of knowledge and

information characterising Nordic fishery co-operation thus becomes a vital too! in
ensuring a balanced development of fisheries. The motive of co-operation is thus to
contribute to a sustainable and rational use of the living, marine resources.

The Nordic Council of Ministers

was established in 1971. It submits proposals on cooperation between the govern-
ments of the five Nordic countries to the Nordic Council, implements the Council's
recommendations and reports on results, while directing the work carried out in the
targeted areas. The Prime Ministers of the five Nordic countries assume overall
responsibility for the cooperation measures, which are co-ordinated by the ministers
for cooperation and the Nordic Cooperation committee. The composition of the
Council of Ministers,varies, depending on the nature of the issue to be treated.

The Nordic Council '
was formed in 1952 to promote cooperatlon between the parilaments and govern-
ments of Denmark, Iceland, Norway and Sweden. Finland joined in 1955. At the ses-
sions heid by the Council, representatives from the Faroe Islands and _Greenland form
part of the Danish delegation, while Aland is represented on the Finnish delegation.
The Council consists of 87 elected members — all of whom dre members of parliament.
The Nordic Council takes initiatives, acts in a consultative. capaaty ‘and monitors co-
operation measures.. The Council gperates via its mstltutzons : Plenary.Assemb!y,
the Presidium and standing committees.
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Abstract

Both the total expenditure used for recreational fishing and the market value of the catch
have previously often been used as measures of the economic value of recreational fisheries.
However, these are both incorrect measures of the social benefits that freshwater fish stocks
provide. In this study, we aim at providing a correct estimate of the annual, total economic
value (TEV) of recreational fisheries and the non-use valie that the overall population (both
fishermen and non-fishermen) attach to preserving the existence of the current Nordic fish

- stocks and the possibility of passing on this existence to future generations.

A questionnaire using the Contingent Valuation (CV) method was used to measure TEV by
estimating the willingness-to-pay (WTP) for recreational fisheries and the preservation of
fish stocks. The survey included questions concerning: attitudes towards the environment and -
outdoor recreation; which category of recreational fishermen they belonged to; recreational
fishing activities and preferences; fishing expenditures; WTP for three scenatios of new
recreational fisheries; WTP for a fish stock preservation scenario; and socio-economic
variables. The same CV mail survey was conducted simultaneously in all five Nordic
countries: Denmark, Finland, Iceland, Norway and Sweden. National population registers
were used as sampling frames. The sample size was 25 000 Nordic citizens between ages 18
and 69. After three contacts the final response rate was 45.8 %.

Resuits show that “occasional anglers” form the largest category of recreational fishermen in
all Nordic countries; except Sweden where this category is not used. In Sweden the largest
category (81 %) is sports fishermen i.e. those who only use rod and line. The selected age
group (18-69) spends over 77 million fishing days annually in the Nordic countries, and on
average 14 fishing days per recreational fisherman. Recreational fishing on the coast is the
preferred style in Norway, Denmark and Sweden, while Icelanders and Finns prefer rivers
and lakes, respectively.

The annual economic valucs of recreational fisheries (use value), expressed as the WTP of
recreational fishermen for their fishing experience over and above their actual expenditures
during the last 12 months, are (expressed as a percentage of actual expenditures): Denmark
48 %, Finland 41 %, Iceland 30 %, Norway 55 % and Sweden 38 %. TEV expressed as a
percentage of the actual expenditures of recreational fishermen are: Denmark 415 %, Finland
79 %, Iceland 100 %, Norway 95 % and Sweden 92 %. These results clearly show the
importance of including the WTP of both recreational fishermen and non-users of fish stocks
when calculating the economic value of recreational fisheries and fish stocks. The results can
be used in cost-benefit analyses (CBAs) of alternative uses of water flow, projects effecting
water flow and CBAs "of measures to restore and protect recreational fisheries and fish
stocks. They can also be used to calculate compensation payment after pollution accidents
affecting fish stocks, and as inputs in models for optimal fisheries management. Results on
expenditures by fishermen can be used in models to calculate the local econormc lmpact of
tourism based recreational fishing, : L

Key words: recreational fisheries, economic vaIuatlon, contmgent Valuanon ‘Nordic
countries




Sammanfattning

Saval fritidsfiskets totala utgifter som fiskfingstens marknadsvirde har tidigare ofta anvints
som métt pd det ekonomiska virdet av fritidsfisket. Dessa méttstockar &r dock bada
inadekvata om avsikten #r att mita den sociala nytta som fritidsfisket och fiskfaunan kan
erbjuda. I denna studie dr syftet att presentera en korrekt berdkning av det &rliga totala
ekonomiska virdet (TEV, total economic value) av fiitidsfisket samt det icke-anvindarvirde
som hela befolkningen (bide fiskare och icke-fiskare) tillerkiinner ett bevarande av den
nuvarande nordiska fiskfaunan och av mdjligheten att bevara dess existens for kommande
generationer.

Ett frageformulir, dar Contingent Valuation (CV) -metoden tillimpas, anvinds i studien for
att mita TEV genom att skatta betalningsviljan (WTP, willingness-to-pay) for fritidsfisket
och bevarandet av fiskfaunan. Undersokningen inkluderar frigor som berdr attityder till
naturmiljé och friluftsliv, vilken kategori av fritidsfiskare man tillhor, fritidsfiskeaktivitet och
preferenser, utgifter for fisket, WTP for tre scenarier med nya fisken, WTP for bevarande av
nuvarande fiskfauna samt socioekonomiska variabler. Enkdtunderskningen genomfordes i
de nordiska linderna, Danmark, Finland, Island, Norge och Sverige, samtidigt och med
samma metodik. Vid urvalsforfarandet anvindes de nationella befolkningsregistren. Urvalet
uppgick till sammanlagt 25 000 nordiska medborgare i dldersintervallet 18 till 69 ar. Efter tre
kontakter blev den slutgiltiga svarsfrekvensen 45.8 %.

Resultaten visar att tillfilliga fiskare, occasional angler, dr den stirsta kategorin av
fritidsfiskare inom Norden (om man undantar Sverige, dir denna bendmning inte anvints). I
Sverige utgdrs den stdrsta gruppen av. sportfiskare, dvs. de som bara fiskar med handredskap
(81 %). Den utvalda aldersgruppen (18-69) genererar sammantaget 77 miljoner fiskedagar
arligen i Norden. I genomsnitt blir detta 14 fiskedagar per fritidsfiskare. Kustfiske sitts i
forsta rammet av fiskare i Norge, Danmark och Sverige. Isldnningar prefererar fiske i aar och
dlvar, medan finska fritidsfiskare helst fiskar i sjoar.

Det drliga ekonomiska virdet av fritidsfisket (anvindarvérdet) uttryckt som fritidsfiskaras
WTP for sitt eget befintliga fiske, utdver vad de arligen betalar dr (uttryckt som procent av de
faktiska uvtgifterna) for Danmark 48 %, Finland 41 %, Island 30 %, Norge 55 % och for
Sverige 38 %. TEV uttryckt som procent av de faktiska utgifterna for fritidsfiske ir for
Danmark 415 %, Finland 79 %, Island 100 %, Norge 95 % och Sverige 92 %. Dessa resultat
visar tydligt vikten av att inkludera WTP bade for fritidsfiskare och fér icke-anvindare av
fiskfaunan nir man kalkylerar fritidsfiskets och fiskfaunans ekonomiska virde.

Resultaten kan anviéndas 1 kostnads-intikts “analyser (CBA, cost-benefit analysis) av
alternativa nyttjanden av vattendrag och projekt som paverkar vattendrag, och for atgirder
som syftar till att restaurera, skydda och bevara fritidsfiske och fiskfauna. De kan ocksé
anvandas for utrdkning av ekonomisk kompensation vid sidan miljofSrstdring som paverkar
fiskfaunan, och som ingdngsvirden i modeller for forvaltnings-optimering. Resultaten
avseende fritidsfiskarnas befintliga utgifter kan anvindas i kalkylmodeller &ver
lokalekonomiska effekter av ett turistbaserat fritidsfiske.

Key words: fritidsfiske, ekonomisk virdering, contingent valuation, nordiska linder




Tiivistelma

Vapaa-ajankalastukseen kiiytettyjd kustannuksia sekii saaliin arvoa on aikaisemmin usein
kiytetty mittaamaan vapaa-ajankalastuksen taloudellista arvoa. Nami ovat kuitenkin
kummatkin viarid mittareita niistd yhteiskunnallisista hyddyistd, joita saadaan kalavaroista.
THmE raportti pyrkii esittimiin taloustieteellisesti kestivin perustein lasketut estimaatit
vapaa-ajankalastuksen vuosittaisesta kokonaisarvosta (total economic value, TEV) sekd siitd
olemassaoloarvosta, jonka koko. viestd, kalastavat ja kalastamattomat, asettavat vapaa-
ajankalastukselle ja nykyisten kalakantojen siilyttimiselle sekd mahdollisuudelle nuden
sdilyttimisestd edelleen tuleville sukupolville.

Vapaa-ajankalastuksen taloudellista arvoa mitattiin chdollisen arvottamisen menetelmain
(contingent valuation, CV) perustuvalla. kyselylomakkeella arvioimalla maksuhalukkuutta
(willingness-to-pay, WTP) vapaa-ajankalastuksesta ja kalakantojen s#ilyttimisesti.
Kysymysten aiheita olivat asenteet Iuontoon, ympéristén ja vapaa-aikaan, mihin
kalastaryhmésn vastaajat tunsivat kuouluvansa, vapaa-ajankalastustottumukset ja -
mieltymykset,  kalastuskustannukset, maksuhalukkuus kolmesta vapaa-
ajankalastusskenaariosta, maksuhalukkuus kalakantojen s#ilyttimisskenaariosta sekd
yhteiskunnallis-taloudelliset taustatiedot. Kyselytutkimus toteutettiin samanlaisena ja samaan
aikaan Kaikissa viidessd Pohjoismaassa, Islannissa, Norjassa, Ruotsissa, Suomessa ja
Tanskassa. Viestirekistereitd kiytettiin  otantakehikkoina. Otoskoko :oli . 25 000
pohjoismaista, 18-69 -vuotiasta kansalaista. Lopullinen vastausprosentti oli 45,8 kolmen
kontaktin jélkeen.

Tulokset osoittavat, ettd “satunnaiset onkijat” ovat suurin vapaa-ajankalastajaryhmi muualla
paitst Ruotsissa, missd heidit lasketaan urheilukalastajiin. Kyselyssd mukana ollut ikiryhmi
viettdd yhteensd 77 miljoonaa kalastuspdivii ja keskimidrin 14 kalastuspdivdd harrastajaa
kohti vuosittain. Notjalaiset, tanskalaiset ja ruotsalaiset kalastavat mieluiten rannikolla,
Islantilaiset pit4vit eniten jokikalastuksesta ja suomalaiset haluavat kalastaa jirvelld.

Vapaa-ajankalastajien ‘vuosittainen ylimi#riinen maksuhalukkuus viimeisen 12 kuukauden
kalastuksesta jo maksettujen kulujen lisdksi prosentteina maksetuista kuluista oli Islannissa
30 %, Norjassa 55 %, Ruotsissa 38 %, Suomessa 41 % ja Tanskassa 48 %. Koko viestén,
sekd kalastavien ettd kalastamattomien, maksuhalukkuus kalakantojen nykytilan ja vapaa-
ajankalastuksen nykyisen tfason s#ilyttimisesti prosentteina vapaa-ajankalastajien
maksamista todellisista kustannuksista oli Islannissa 100 %, Norjassa 95 %, Ruotsissa 92 %,
Suomessa 79 % ja Tanskassa 415 %. Tulokset osoittavat, ettd vapaa-ajankalastuksen ja
kalakantojen taloudellista arvoa laskettaessa kyselytutkimuksen avulla, otokseen on tirkesis
ottaa seki kalastajia etts kalastusta harrastamattomia. Tuloksia voidaan kiyttad vesialueiden
vaihtochtoisten kayttStarkoitusten ja vesialueisiin vaikuttavien. hankkeiden sekd -vapaa-
ajankalastuksen ja  kalakantojen  entisSinti- = ja. suogeluhankkelden kustannus-
hyotyanalyyseihin (cost-beneftt analysis, CBA). ‘Tuloksia: yoidaan’ kiyttid myds
kalakantoihin vaikuttaneiden ympiristovahinkojen- korvauslgskehmm ‘sekd  kalastuksen
hoidon optimaaliseen mallintamiseen. Tietoja kalastajién naksamistakustannuksista voidaan
kiiyttss = turismipohjaisen  kalastusmatkailun - paikallisten. : talovidellisten  vaikutusten
mallintamiseen. - .

Asiasanat: vapaa-ajankalastus, taloudellinen arVo,ttammen,» maksuhalukkuuskysely,
Pohjoismaat

R e S

B P S SRt e o

HES




List of tables

Tab]é 3.1. Sample size, sampling interval and response rate by country.

Table 3.2. Mean annual gross income of households (national currency) in 1999.
Table 3.3. Percentage of recreational fishermen in the population.

‘Table 3.4. Properties of the weights.

Table 4.1. The whole population’s attitude towards nature and outdoor
recreation.

Table 4.2. Percentage of recreational fishermen by country (participation
percentage).

Table 4.3. Categories of recreational fishermen.

‘Table 4.4.1. Number of recreational fishermen (age group 18-69) and fishermen
who do ice fishing.

Table 4.4.2. Number of annual fishing days of recreational fishermen (age group
~ 18-69) by country. Ice fishing days are included in the recreational fishing days.

Table 4.4.3. Total number of fishing days by category of fishermen.
Table 4.4.4. Mean number of fishing days by category of fishermen.
Table 4.5. Type of fishing area, % of fishing days spent at different sites.

Table 4.6. Ranking of fishing area types according to the preferences of
fishermen.

Table 4.7.0. Purchasing Power Parities (PPP) for Gross Domestic Production
(GDP) in 1999. :

Table 4.7.1. Total énnual fishing expenditures in national currencies, excluding
long-lasting equipment like fishing tackle and boats.

Table 4.7.2. Percentage distribution of detailed fishing expenditures.

Table 4.7.3. Actual mean annual expenditure by different segments of
recreational fishermen.

Table 4.8.1. Willingness to pay for the same fishing experiences in addition to
the true expenditures-in national currencies.

Table 4.8.2. Mean additional willingness to pay (net social benefit) for
recreational fisheries by different segments of recreational fishermen.

Table 4.8.3. Percentages of actual expenditures and additional willingness to pay
by different segments of recreational fishermen.

Table 4.9.0. Principle components of fishing site scenarios.

Table 4.9. Recreational fishermen's annual willingness to pay for an exclusive
fishing right to a good quality stream with salmon and sea trout.




Table 4.10. Recreational fishermen's annual willingness to pay for an exclusive
fishing right to a good quality lake with perch, pike and pike-perch.

" Table 4.11. Recreational fishermen's annual willingness to pay for an exclusive

fishing right to a good quality lake with grayling, brown trout and arctic char,

Table 4.12.1. Population's (recreational fishermen and non-fishermen) annual
willingness to pay for preserving the current natural fish stocks and current
quality of recreational fishing,

Table 4.12.2. Recreational fishermen's annual willingness to pay for preserving
the current natural fish stocks and current quality of recreational fishing,

Table 4.12.3. Non-fishermen's annual willingness to pay for preserving the
current natural fish stocks and current quality of recreational fishing.

Table 4.12.4. Non-fishermen's with "somebody else in the family fishing" annual
willingness to pay for preserving the current natural fish stocks and current
quality of recreational fishing. '

Table 4.12.5. Non-fishermen's with "nobody in the family fishing" annual
willingness to pay for preserving the current natural fish stocks and current
quality of recreational fishing.

Table 4.12,6. Total economic value of recreational fisheries, two estimates.
When CVM analysis is used ‘Total economic value’ measures only ‘Net social
benefit’ and excludes the ‘Actual expenditures’. :

Table 4.13. Mean age of fishermen and non-fishermen.
Table 4.14. Sex distribution of recreational fishermen.
Table 4.15. Mean number of persons in the household.

Table 4.16. Mean number of fishermen (persons who have fishing as a hobby) in

the household.

Table 4.17. Residential environment of the population and of recreational
fishermen, percentage.

Table 4.18. Years of education of the population and of recreational fishermen,
percentage.

Table 4.19. Mean income of population and of fishermen.

10




NMOXXK

Nasjonal tiltaksplan
mot

remming

Mars 2000



Forord

Nasjonal tiltaksplan mot romming er resultatet av rgmmingsutvalgets arbeid siden
oppnevnelsen i mars 1999.

Tiltaksplanen er basert pd en betydelig informasjonsmengde som — etter utvalgets mening —
samlet sett gir et nyansert og riktig bilde av denne problemstillingen ved milleniumsskiftet.

Det har vaert et mél at forslagene til tiltak skal komme som logiske slutninger basert pd den
informasjon som er presentert fgrst 1 tiltaksplanen.

Utvalget gnsker at flest mulig, bdde de som er innenfor og de som sitter mer pé sidelinjen i
norsk oppdrettsnaring, skal diskutere innholdet i planen og ta leerdom av dette, Utvalget ber
samtidig om at eventuelle feil, ungyaktigheter eller forslag til forbedringer meldes tilbake til
utvalgets leder innen utgangen av april 2000. Tidlig i mai vil utvalget diskutere de innspill
som métte komme og eventuelt ta disse inn i den endelige tiltaksplanen, som vil foreligge i
lgpet av mai. Derfor legges denne tiltaksplanen fram som et forelgpig dokument.

Utvalget vil takke alle som, pa forskjellige méter, har bidratt med sin erfaring og icunnskap til
utarbeidelsen av Nasjonal tiltaksplan mot remming.

20. mars 2000

Hévard Vannebo
Norske fiskeoppdretteres forening
-utvalgets leder

Axel R. Anfinsen : Egil Postmyr
Faskeridirektoratet Direktoratet for naturforvaltning
Svein Ame Aas | Roger Sgrensen
Norges forsikringsforbund » . Fiskeridirektoratet, Nordland
Harald Lura Olav Halsne

Fylkesmannen i Rogaland, MVA ' Norske fiskeoppdretteres forening
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1. Innledning

Norske fiskeoppdretteres forening (NFF) tok i skriv av 25.5.98 (skrivet fglger vedlagt i
kapittel 13.1) et initiativ overfor Fiskeridepartementet (FD) og Miljgverndepartementet (MD)
for & f4 organisert et samarbeid om en nasjonal tiltaksplan mot rgmming. Det ble holdt et
innledende mgte hgsten 1998 mellom NFF, FD og MD. P& mgtet var det enighet om at det
ville veere gnskelig at naringen selv ved NFF utarbeidet en nasjonal tiltaksplan mot rgmming.
Det ble ogsé enighet om at det ville vere hensiktsmessig at forvaltningen bidrar til dette
arbeidet.

Det ble videre enighet om at arbeidet med & utarbeide en slik tiltaksplan bgr organiseres
gjennom en mindre arbeidsgruppe med deltakeise fra bide direktorats- og regionalt nivi. NFF
skulle lede og organisere arbeidet. Fglgende personer ble oppnevnt:

Hévard Vannebo  NFF (leder) Svein Ame Aas’ Forsikringsforbundet
Olav Halsne NFEF - Roger Sg¢rensen E.dir. Region Nordland
Harald Lura MVA iRogaland Axel R. Anfinsen  F.dir.

Egil Postmyr Direktoratet for naturforvaltning (DN)

Fiskeridepartementet signaliserte at de gnsket & vurdere et forslag fra arbeldsgruppen for
tiltaksplan mot rgmming i forbindelse med utarbeidelsen av sin sektorvise
miljghandlingsplan. Derfor ble det utarbeidet en forelgpig rapport - kalt delrapport - om
fremdrift og status. Delrapporten ble oversendt Fiskeridepartementet, Miljgverndepartementet
og Norske fiskeoppdretteres forening i august 1999.

2.' ‘Sammendrag

Kapittel 1. . Innledning
Norske fiskeoppdretteres forening tok i mai 1998 et initiativ overfor Fiskeridepartementet og
Miljgverndepartementet for 4 fd organisert et samarbeid om en nasjonal tiltaksplan mot.
rgmming. Arbeidet med 4 utarbeide denne tiltaksplanen mot rgmming er organisert gjennom
en mindre arbeidsgruppe med deltakelse fra bade direktorats- og regionalt niva. NFF har ledet
og organisert arbeidet. "

Kapitte! 2. Sammendrag
Her er gitt er sammendrag av utvalgets tiltaksplan.

Kapittel 3. Mandat

Styret i NFF oppnevnte utvalget i sak 27/99. Det ble forutsatt at utvalget utarbeidet sitt eget
mandat innenfor de rammer som var gitt. Mandatet er gjengitt pa side 9.

Kapittel 4. Utvalgets malsetninger
Utvalget har lagt fglgende mélsetninger til grunn for sitt arbeid:
* Legge grunnlaget for et systematisk og planmessig arbeid for 4 redusere omfanget av
rgmming ved &: |
lage en god oversikt over remmingsomfang og &rsaker til rgmming
foresla tiltak mot rgmming
skape en bred forstielse i forvalmlng og nzring om alvoret i r;zsmmmg
pépeke forskningsbehov

Pl Sl
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{ pmming . - omfang og arsak
Utvalget har benyttet f¢1gende seks kllder til 4 estimere omfang og ﬁrsaker t11 rgmming av
laks fra norske oppdrettsanlegg:
1. Fiskeridirektoratets statistikker over innrapportert rgmming fra oppdretterne.
Den ene er basert pé rapportert rgmming fra oppdretter til Fiskeridirektoratets
- regionkentorer straks rgmmingen er oppdaget. Den andre er basert pd
Fiskeridirektoratets arlige statistikkundersgkelse 7
2. Direktoratet for naturforvalinings statistikker fra overvikningsfisket av rgmt
oppdrettslaks (Utarbeidet av Stiftelsen for naturforskning, NINA).
Forsikringsselskapenes statistikk over innmeldte skader som inkiuderer remming,.
4. Undersgkelse om drsakssammenheng for rgmming fra oppdrettsanlegg, Rogaland
fiskeoppdretterlag / Vestnorsk havbrukslag, desember 1998 ‘
5. Rapport fra MARINTEK: «Omfang av og drsaker til rgmming. ...», februar‘ 1997 -
6. Informasjon gitt av ressurspersoner i utvalgets mgter '

|SN)

1 forhold til-produksjonen synes rgmmingsomfanget de siste rene & vare relativt stabilt, noe
i overkant av de miljgmal som er satt for remming. Registreringen tyder p4 en viss .

underrapportering og utvalget antar et en del av det som er oppgitt som uspesifisert svinn er
rémming,

Arsaker til rgmming som gir igjen er:

e Skader forirsaket av uvar - e Svikt i driftsrutiner

e Skader forirsaket av propell ¢ Teknisk svikt i setteﬁskanlegg
» Skader fordrsaket av pdkjgrsel e Predatorskader

[

Skader forérsaket av drivgods

T oppgaven fra forsikringsselskapene fremgér det at ménedene juni, oktober, november og
desember er spesielle «rgmmingsméaneder» og at antall fisk som rgmmer ved hver skade de
siste &rene har gkt. '

Kapittel 7. Tidligere foreslatte tiltak mot remming '
Publikasjoner som tar for seg rgmmingsproblemet, og som utvalget har benyttet er:

1. MARINTEK: «Omfang av og &rsaker til remming. Tiltak for § redusere r;zimmmg
som ikke skyldes havari og skade», februar 1997

2. Rogaland Fiskeoppdretterlag / Vestnorsk Havbrukslag. «<Rgmming fri
oppdrettsanlegg. Arsakssammenheng og forslag til tiltak», desember 1998

3. Villaksutvalgets innstilling NOU 1999:9: «Til laks 4t alle kan ingen gjera»
februar 1999.

4. Miljgmal for norsk havbruk, 1999-1, mai 1999.

Kapittet 8. Spgrreundelesakelse vdr. remming fra settefisk anlegg

Oppmerksomheten mot rgmming har tradisjonelt vaert konsentrert om sjgfasen.
Overvékingsfiske indikerer at en betydelig del av den fisken, som kontrolleres, mi ha rgmt pa
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smolt- eller postsmoltstadiet. For & f& en bedre oversikt over rgmmingssituasjonen ved
settefiskanlegg anbefaler utvalget at det foretas en spgireundersgkelse blant
settefiskprodusentene. |

Kapittel 9. Utvalgets vurdering

Remming fra oppdrettsanlegg er av myndighetene ansett for & vere den mest alvorhge
negative effekt av fiskeoppdrett. Rgmt fisk kan bidra til sykdomssmitte, og der er betydelig
engstelse for effekten av den genetiske innblanding av oppdrettsfisk i de ville bestandene,

Fglgende miljgmil er satt for remming:

R-1: Langsiktig overordnet mal R-2: Resultatmal pa kort sikt (nmen ugangen av2000) ‘
Omfanget av rgmt fisk fra oppdreitsaniegg skal ikke Antall remt fisk fra oppdrettsanlegg skal ikke
representere noen trussel for opprettholdelsen av overstige 400 000 per &r

norske villaksstammer

Fiskeoppdrettsnzringen m4, som annen nring, ha hovedansvaret for at virksomheten skjer
innen forsvarlige rammer. Det mé sdledes vere neringen som har hovedansvaret for & fi
kontroll med remmingen. Myndighetenes oppgave md vere 4 stille vilkdr, fplge opp om
vilkrene blir innfridde og medvirke til etablering av den ngdvendige infrastruktur for
utvikling av en barekraftig fiskeoppdrettsnering.

Arsaker til rgmming som gér igjen synes & vaere akutte episoder, av sporadisk karakter, hvor
tap av fisk kan vare betydelig. Etterhvert er det blitt rettet mer oppmerksomhet mot det som
blir kalt smirgmming, drypprgmming e.l. Dette er - for den enkelte episode - episoder med
smé rgmringstall, men dersom dette er rgmming av kronisk karakter, kan summen av
rgmlinger bli betydelig. Flere ting kan tyde pa at den kroniske remming i sum kan vere
omfattende. Resultatet av DNs overvikingsfiske tyder pa en diffus rgmming, uten bakgrunn i
store enkelt uhell. Det kan reises spgrsmal om de akutte episodene, ofte med dramatlsk
karakter skygger for de kroniske episodene.

Utvalget mener at en har mangelfull kannskap om rgmming, Registrering av rgmming bgr
forbedres til & gi bedre oversikt om rgmmingsomfang og -&rsaker. I tillegg kommer at det er
lagt for liten vekt pa & utvikle det merdteknologiske miljg, noe som har forsinket en
forbedring av teknologien. I langt stgrre grad enn det som er tilfelle i dag, ma en s¢rgc for &
lere av sine feil.

Enten rgmmingen er omfattende eller beskjeden, innebzzrer den tap for oppdretter. Men utfra

rene bedriftsgkonomiske betrakininger er det andre tapsposter som er mer alvorlig for

oppdretteren, hvilket understreker bs_atydningen' av at kampen mof rgmming opprioriteres av
nzringen om en skal lykkes. - '

Utvalgets tiln@rming for utarbeidelse av tiltaksplanen er 4 konsentrer seg om de viktigste
drsakene til rgmming. Konsentrasjon om innsatsen til de viktigste drsakene til remming skal
bidra til 4 sikre en planmessig og systematisk tilnerming til problemet, Etter beste skjgnn har
utvalget valgt & prioritere fglgende fem drsaker som - utfra dagens kunnskap - anses for &
vaere de vxktlgstc r¢mmmgsﬁrsaker
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Svnkt i driftsrutiner ved anlegg
~ Héndteringsskader
Driftsuhell
— Mangelfull overvaking og vedlikehold
— Overgroing av not
— (Gnagskader
Teknisk svikt av anlegg
| — Miljgkreftene pé lokaliteten ovcrstlger anleggets tileevne
. — Konstruksjonsfeil av anlegget eller deler av anlegget
‘ — Tretthetsbrudd pé konstruksjonen
— Feil bruk av anlegget eller dets komponenter
o . Battrafikk ved anlegget
. ~ Pikjgrsel v
| — Propellskader pa not
Teknisk svikt i settefiskanlegg
) ‘ — Manglende sikring av avigp
, — Fundamenteringssvikt
H _ Mangelfull kunnskap
~ Mangeifull utvikling av merdteknologien
- Mangelfuli kunnskap om &rsaker til rgmming
— Mangelfull FoU-innsats

|

[ ] *

«  En prioritering av tiltakene fordrer ogsa en prioritering av innsatsen mot rgmming fra de som
i ' har ansvar for 4 f4 kontroll med rgmmingen, det vil si forst og fremst fiskeoppdrettsneeringen,
| men ogsd myndighetene. Ved en reell prioritering vil en std overfor en rekke dilemmaer.

\ Dersom utgangen av dilemmaene blir at innsatsen mot rgmming ikke blir styrket, da har man
] f ikke prioritert kampen mot rgmming. Dette gjelder alle parter. Dersom myndighetene ikke vil
Lo péta seg sin del av ansvaret, vil det influere p& andre parters innsats mot r¢mming. En
i opprioritering av innsatsen mot rgmming vil ogsi vare et utrykk for holdninger som ikke
P aksepterer rgmming. Dersom holdningene til rgmming er avslappet, mangler en av de
% | viktigste forutsetningene for 4 kunne f kontroll med den.
| .

Kapittel 10.  Utvalgets forslag til prioriterte tiltak

Utvalgets forslag til tiltak pd de prioriterte omridene er omtalt i kapittel 10 fra side 31.
Hovedtrekkene er skissert nedenfor.

Tiltak mot remming som faige av svikt i driftsrutiner ved anlegg

Dette omfatter forhold som hdndteringsskader, driftsubell, mangelfull overviking/
- vedlikehold, overgroing av not og gnagskader. Dette er remming som er forirsaket av svikt i
| driftsrutiner ved anlegg, og er et uttrykk p& mangelfulle styringssystemer hos selskapet.
]? Utvalget foreslér at oppdrettsselskapene skal etablere kvalitetssystemer med prioritert
| mélsetning om 4 eliminere rgmming. Kvalitetssystemene m4 ligge pa nivi med sertifiserte
kvalitetssystemer. I tillegg ma myndighetene snarest innfgre krav om internkontroll med
hjemmel i blant annet fiskeoppdrettsloven, og bygge opp den n;zsdvendlge kompetanse for et
IK-basert tzlsyn

Tiltak mot remming som fmqe av teknisk sv;kt av anleqq

Dette er rgmming som skyldes skade pd anlegget eller deler av anlegget p& grunn av for stor
belastning eller feil bruk, og omfatter forhold som at miljgkreftene pd lokaliteten overstiger




anleggets tileevne, konstruksjonsfeil av anlegget eller deler av anlegget, tretthetsbrudd pé
konstruksjonen og feil bruk av anlegget eller dets komponenter. Utvalget foreslar at TYGUT!
settes i verk sd snart som mulig. Fordi ordningen i utgangspunkiet kan anses som et teknisk
handelshinder i henhold til E@S-avtalen vil den - med henvisning til relevante
unntaksbestemmelser - matte godkjennes av E@S. Det vil derfor fortsatt g& noe tid for
ordningen kan tre i kraft. Dette burde vare et ekstra incitament til de ansvarlige myndigheter
om § sette fortgang i arbeidet med 4 f4 ordningen vedtatt. '

P& grunn av at det fortsatt vil g noe tid fgr TYGUT vil veere operativ, anbefaler utvalget at
regjeringen fatter prinsippvedtak om at ordningen skal innfgres, og at en deretter setter i verk
de delene av ordningen som ikke krever godkjennelse i E@S.

Tiltak mot remming som falge av batirafikk ved anlegget

Dette omfatter forhold som pékjgrsel og propellskader pd not. Slike skader medfgrer
betydelig r;zsmmmg P4 oppdrag av utvalget har SINTEF fiskeri og havbruk utarbeidet er
forundersgkelse” angdende propellskadcr og muligheter for propellbeskyttelse.

Utvalget anbefaler at det utarbeides skriftlige prosedyrer for all ferdsel med bat rundt
anlegget. Av prosedyrene mi det fremgé under hvilke vaerforhold bitanlgp ikke skal foretas.
Ved anlgp av brgnn- og foringsbéter skal disse ha tegniniger av anlegget med
fortgyningssystem. Anlegget skal vaere bemannet ved bitanlgp. Ved plassering av
forstasjoner mé risikoen for skade pa anlegget ved bitanlgp vurderes. Det bgr vurderes )
installere indikatorer for strgmstyrke og -retning pé anlegget. I tillegg vil utvalget anbefale at
spgrsméilet om propellbeskyttelse pa béter som ferdes rundt anlegg utredes videre.

Tiltak mot remming som felge av teknisk sviki i settefiskanleqq

Dette omfatter forhold som manglende sikring av avigp, fundamenteringssvikt og
konstruksjonsfeil av oppdrettskar. Tiltak mot rgmming fra settefiskanlegg er prioritert fordi
overvikingsfisket viser at en stor del av den fisken som kontrolleres mé ha rgmt i tidlige
livsstadier. Utvalget foresiar at det kreves at settefiskanlegg skal sikres med rist i
avigpsledningen, og at det ved anlegget foretas forsvarlige grunnundersgkelser ‘

Tiltak mot remming som falge av mangelfull kunnskap

Dette omfatter forhold som mangelfull utvikling av merdteknologien, mangelfull kunnskap
om arsaker til remming og mangelfull FoU-innsats. Utvalget foreslar et forskningprogram for
flytende oppdretisanlegg hvor remmingssikring og kompetanseoppbygging i forhold til
TYGUT er sentrale elementer. Videre foreslds at rapporteringsrutinene for rgmming legges
om, og at det opprettes et rgmmingsregister i Fiskeridirektoratet. Dessuten foreslds at
fplgende forskningsoppgaver gjennomfgres: Svinnstudier og studier av &rsakssammenheng /
oppretting av uhellskommisjon. '

Kapittel 11.  Andre tiltak for & hindre remming

Utvalgets pnonterte tiltak er gjengitt 1 kapxttcl 10. I kapittel 11 er en rekke andre forslag til
tiltak tatt opp.

Begrense biomasse per merd

Utvalget foreslar at fiskerimyndighetene innfgrer maksimal biomasscbegrensning i hver
merd, inntil TYGUT og internkontroll er etablert.

TYGUT er et godkjenningssystem for flytende fiskeoppdrettsanlegg fremmet av
Typegodkjenningsutvalget i februar 1997. Samme sommer sluttet Fiskeridirektgren seg til forslaget Og
anbefalte overfor Fiskeridepartementet at ordning blir iverksatt.

Rapporten fra SINTEF fiskeri og havbruk fgiger som vediegg, se kapittel 135



Bedre rutiner for sleping
Utvalget foresldr at det utarbeides et regelverk (med relasjon til r;zsinming) for sleping av
merder med fisk

Sikre ventemerder (slaktemerder) mot remming |
Utvalget forslar at det utarbeides forskrifter for bruk av slaktemerder, der ansvarsforholdet for
drifting av slike enheter blir definert sterkere. Kontroll av slaktemerder m& inng4 i
fiskeriforvaltningens ordinzre kontrollprogram. Slaktemerdene mé inngé som et element i
slakterienes internkontrol.

Hindre predatorskader
Tiltak som hindrer eller skremmer predatorer som oter og sel fra & gjore skade pé anlegg er
ennd lite utprgvd. Dersom oppdrettsanlegg sgkes etablert i omrider med vesentlige bestander
av predatorer, som kan forirsake rgmming av fisk, mi spknaden vurderes med spesiell fokus
pa rgmmingsrisiko.

Merking
1 «Miljgmal for norsk havbruk» er det i forbindelse med merking satt opp fglgende mal:

R-2: Resultatmal pa kort sikt (innen utgangen av

R-1: Langsiktig overordnet mai
‘ 2000)

Regmt oppdrettsfisk skal kunne identifiseres og spores Teknologi for massemerkmg av fisk skal kartlegges
tilbake til opprinnelsessted og egnet metode for implementering ntprgves

I mgte 9.2.00 med representanter fra blant annet DN, Fiskeridirektoratet, Statens
dyrehelsetilsyn og NFF, ble den forelgpige utgaven av NINA Oppdragsmelding: 000: 1-00,
«Merking av kulturlaks i Norge - en uiredning av aktuelle metoder, kostnader og effekter»
drpftet. Det ble konkludert med at nér endelig rapport foreligger opprettes en arbexdsgruppe
pa direktoratsnivi for & arbeide videre med problemstillingen.

Utvalget tar til etterretning at prbblemétiilin’ger med merking skal utredes videre.

Képittel 12. Andre oppdrag utfert av utvalget

Under utvalgets arbeid er det kommet anmodning om & utarbeide forslag til:
1. endring av drifts- og sykdomsforskriftens § 25.2
2. rapporteringsskjema for tilfeller av rgmming

1. '
Utvalgets forslag til ny ordlyd av drifts- og sykdomsforskriftens § 25.2 fremgér av vedlegg
kapittel 13.2. Forslaget bygger pé at dykking, videooverviking eller andre metoder godkjent
av Regiondirektgren kan benyttes til erstatning av overvikingsfiske.

Utvalgets forslag til rapporteringsskjema i tilfelle rgmming fremgér av vedlegg kapittel 13.3.
Rapporteringen foreslds gjort i to stadier.

1. Umiddelbart etter at rémming er oppdaget.

2. Nér merden er tgmt og skaden oppgjort.

Kapittel 13.  Vediegg
En oversikt over vediegg er gitt 1 kapittel 13.

Kapittel 14.  Henvisninger ,
En oversikt over dokumenter det er henvist til i rapporten er gitt i kapittel 14.-
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- Til Miljgverndepartementet

" Utvalget sorm har hatt i oppdrag 4 utrede situasjonen for de ville laksebe-
standene og foresli nye forvaltningsstrategier og tiltak, legger med
dette frem sin innstilling, Utvalget ble oppnevnt ved kongelig resolusjon
av 18, juli 1897, Utvalgets mandat er vidtfavnende og omfatter en gjen-

- nomgang av alle sider av lakseforvaltningen og det som kan kalles vzillaks— *
politikken. '
Innstillingen er enstexmmg nér det ikke er g]on rede for annet. -
Mange utenforstdende har giennom ulike bidrag gitt viktige xmpulser
. nl arbeidet. Utvalget vil takke alle som har bidratt.
.- En spesiell takk rettes til H. M. Kong Harald som ansket 4 delta og
deItok pé&utvalgets statusseminar i Asker, 2. februar 1998. Kongens ulste- -
devaerelse og mteresse ga stor inspirasjon i det vxdere arbeid. -

12. februar'1999

Georg Fr. Rxeber-Mohn
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REPORT OF THE NORWEGIAN WILD SALMON
COMMITTEE (NOU 1999:9)

ENGLISH SUMMARY

The Wild Salmon Committee was appointed by Roval Decree of 18th July 1997 and had 14
members. The background for the Committee’s work is the sharp decline in stocks of wild
salmon in Norway in recent years.

The Committee was given the following terms of reference:

«The Committee shall review the overall situation for the wild salmon stocks and present
proposals for management strategies and action programmes. Issues associated with
regulatory measures , watercourse management and salmon farming shall be given particular
attention.»

The report reviews:

e the distribution and biology of the salmon (chapter 3).

e the important and complex economic and cultural significance of the salmon through the
centuries (chapter 4).

e the current situation for the wild salmon, including possible reasons for the natural -
fluctuations in salmon stocks and important hiiman activities with a negative irapact on the
stocks (chapter 5).
the management of salmon in Norway (chapter 6).

e the management of salmon in various other nations (chapter 7). ‘\

%

The report also contains a presentation of the Committee's assessments ‘4

and summary of the situation for the wild salmon (chapter 8). It reviews -

the Committee's proposed measures and strategies, covering both strategic overarching

measures and initiatives within areas of special attention (chapter 9). A brief outline of the

administrative and economic consequences of the proposals are presented in the last chapter
of the report.




From 1978 all fishing other than rod fishing was, with few exceptions, banned in the rivers.
Drift net fishing was stopped in 1989 and the fishing was moved back to the fjords and rivers.

Besides being a symbol of Norway's identity and enjoyment of the outdoors, the wild salmon
represents a large number of jobs and considerable revenues. The most visible factor is the
local economic ripple effects of salmon fishing in the rivers, the annual value of which is at
least NOK 400-500 million, equivalent to at least 600 man years. Vigorous wild salmon stocks
also have a large value beyond the market price of the fish and fishery. Salmon fishing
influences the pattern of settlement. Wild salmon stocks are also the foundation of salmon
farming. The willingness of people to pay for the protection of viable salmon stocks is high.
Recreational and comimercial fishing now take equally large catches each year. Lower prices
for salmon and smaller catches have reduced the financial return on fishing for salmon in

the sea and river fishing. Angling now accounts for the majority of the actual value added,

Since 1970 Norway has built up the world's largest salmon farming industry. The industry
makes a major employer and creator of value along the coast and is one of the country's largest
export industries. The production of farmed salmon has grown from a few thousand tonnes in
1980 to 330,000 tonnes in 1997. The export value was nearly NOX 8 billion in 1997.

The salmon is central to Norwegian, Sami and Kven (descendants of Finns Iiving in Northemn
Norway) culture and settlement. The salmon is also visible in Norway's cultural history, where
it figures in various forms of expression ranging from rock carvings, folk tales and legends to
paintings, handicrafts and language. In the salmon districts the salmon is a vital part of life and
the change of the seasons has a major impact on people's health and enjoyment and quality of
life. The salmon is an important basic resource in Sami (Lapp) culture. Salmon fishing is a fine
way to enjoy nature. Holders of fishing rights and fishermen's associations take an active part
in caring for, restoring and managing salmon habitats.

Chapter 5 Current situation of the salmon

The occurrence of salmon in the North Atlantic varies in long and short cycles. Changes in
natural conditions were previously the only reason for the fluctuations, while the influence of
human intervention and poliution has grown. The decline in salmon stocks in the 1970s and
1980s was attributed to overfishing, acid rain, intervention in watercourses and the parasite
Gyrodactylus salaris.

Natural variations in stocks are also a factor and the complicated interplay of natural and
human-created factors makes it difficult to 1dent1fy the individual loss factors and their
respective contribution to the decline.

The decline of the salmon stocks is clearly evident in catch statistics, which peaked in the
1960s and '70s. Since then the catches have diminished and the size composition has also
changed. The percentage of small salmon has increased while large salmon have declined.
Salmon catches in Norway have fallen from around 2,000 tonnes in 1980 to 630 tonnes in
1997. The situation is further exacerbated by the fact that the data from recent years also
include catches of escaped farmed salmon and that a larger share of the catches are now
reported and are included in official statistics. Smaller catches are primarily due to a sharp
decline in stocks, while more limited fishing is also a factor. Catches in the remaining fisheries
have continued to decline despite the fact that fishing with drift nets, fishing of the Faeroes and
most of the coastal fishing with bend nets has been banned or scaled back in the '90s. This
gives justifiable grounds for concern about the development of spawning stocks.



Nine watercourses have been treated and are under supervision and evaluation for a clean bill
of health. The parasite is now found in 19 watercourses. Treatment by rotenone in the largest
watercourses and brackish water systems presents practical problems and is anyway far more
resource-intensive than the treatment of smaller watercourses.

Fishing has been the major mortality factor for migrating spawning salmon. In the sea, salmon
are caught with bag-nets, bend nets and sportfishing. In watercourses, salmon are with few
exceptions caught by anglers. River catches vary from one watercourse to the next and from
year to year. The International Council for Exploration of the Sea has calculated that the stock
complex of small salmon in Northern Europe is within safe biological limits, while multi-sea
winter salmon are at a minimum level relative to the need for spawning fish.

The percentage of salmon smolt that migrate from streams and rivers and return from their
feeding areas in the sea has declined over the last 15 to 20 years. The major causes of higher
mortality in the seawater phase appear to be changes in environmental conditions in the sea and
increased salmon lice infection, particularly in the early part of the sea phase. There is also
concern about the effect of by-catches in the Norwegian Sea. Continued growth in stocks of
Arctic and coastal seal and cormorant could cause greater predation compared with the level
of the past 10 years.

There are considerable differences between regions and individual watercourses with respect to
the stock situation and the relative iruportance of loss factors. The situation is the most serious
in Western Norway north of Jeren and least serious in Finnmark, Namdalen and J=ren. Most
of the major loss factors occur along large parts of the coast between Rogaland and Troms.
Finnmark currently has minor problems with physical intervention, fish farming and disease but
the impact is increasing there too. In Eastern Norway, old hydropower projects, channelling
and industrial development have combined to reduce salmon stocks while Gyrodactylus salaris
is to blame in the Drammen and Lier watercourse. Acid rain mainly affects Southern Norway
and Western Norway south of Stad.

Chapter 6 Salmon management in Norway
Management on land and in freshwater is mainly based on private property rights and the

national state's legitimate right to pass and enforce laws. In Norwegian waters in the sea,
landowners have the right to fish with fixed gear. Public access and international negotiation
rights otherwise apply. 4

Several sector authorities and management levels are involved in decisions and actions that

. affect the salmon. Legislation for the relevant sectors is relatively modern and incorporates
environmental considerations. Private management of salmon is also extensive. International
salmon management includes bilateral agreements, conventions and recommendations of
international organisations.

Environmental authorities have the prime responsibility for managing wild salmon, with the
Directorate for Nature Management as the central advisory and executive agency. The county
governor has regional responsibility. An advisory system has been established on all levels
where decisions about the regulation of fishing and other measures are discussed.

The 1992 Act relating to Salmonids and Fresh-water Fish etc. is an enabling act whose
objective is «to ensure that natural stocks of anadromous salmonids, fresh-water fish and their



Several factors are at work simultaneously and can assert themselves with varying force in
different combinations in various watercourses, regions and nations. In more than one-third of
the salmon watercourses the authorities have declared the salmon to be wiped out, threatened
or vilnerable. Smolt production was estimated at around six million in 1985 and includes
additional production due to fish ladders and stocking. The major loss factors are acid rain, the
parasite Gyrodactylus salaris, hydropower regulation and other physical intervention. The
Committee has judged the losses from these factors at 2.6-3-6 million smolt. Since many of
these factors act in the same river, the total sum may represent an overestimate. Losses due to
escaped farmed salmon appear to have had modest impact but the potential damaging effects
could be huge.

The sitnation for salmon is particularly serious because it involves an interplay of old human-
caused loss, natural fluctuations and new threats whose consequences are not yet known. New
serious threats such as the escape of farmed salmon and new diseases could have a major
negative irapact in the years to come without providing an explanation for the current situation
of the salmon at-the national level. Losses associated with salmon lice is unclear, but it is likely
that lice losses has increased in many regions the last years.

Only a major and coordinated effect in many fields can reverse the trends of earlier years to
ensure the protectxon of the genetic diversity of salmon stocks and utilize the natural
production capacity in freshwater and the ocean.

A number of salmon-strengthening measures have been implemented without reversing the
negative trend. These efforts have not been successful because they have not been
comprehensive enough. Many salmon stocks are in danger of dying out or being weakened so
that they cannot utilize the production basis in freshwater and in the ocean. Monitoring of
salmon stocks is clearly deficient and the same applies to monitoring of environmental
conditions and threats such as watercourse intervention, the escape of farmed salmon and
salmon lice. All serve to weaken the usefulness of monitoring in ongoing management.

The Committee concludes that the situation for salmon in Norway is very serious and in many
areas of the country the crisis is acute. At the same time, it has been demonstrated that there is
scope for improvements and changes that can reduce the damage from old causes of loss,
remove or reduce the significance of new threat factors and increase the benefits of actions and
programs.  -— -

Salmon management is a task that cannot be organized and solved by any one sector because it
. touches on central Norwegian interests such as energy supply, industry, industrial and
commercial development and regional policy. The Committee views the fragmented system of
management as one of the main problems in salmon management.

Concentrating solely on partial solutions within the framework of such a system is no longer
viable and Jegislative remedies have moreover not been sufficiently invoked to protect the

salmon.

Chapter 9 Proposed measures and strategies

The Committee believes it is realistic for the Norwegian stock complex of salmon to recover
much of its former vigour. This will Iay the basis for a long-term preservation of the species
and its diversity predicated on a goal-oriented and effective effort to remove and reduce the
threat factors.



It is the opinion of this member that there is not a necessary basis for recommending protection
of a number of named watercourses at this time in addition to the watercourses included in the
existing protection plans 1-4. When choosing watercourses and giving guidelines for
management restrictions also other user interests must be considered. Outside national salmon
watercourses where national salmon fjords will not be established, the Committee recommends
that protection zones and action zones be approved in accordance with the recommendations
of the 1996 Evaluation Committee, pending a more thorough evaluation of the effect of the
zones, including an opinion that the zones can be strengthened. The Committee proposes to
abolish existing protection zones outside watercourses not proposed as national salmon
watercourses. : '

The Committee proposes the establishment of an «International Salmon Heritage Rivers and
Fjords» system to protect the most important salmon watercourses and fjords around the entire
North Atlantic—Special guidelines, recommendations and provisions for managing and
protecting these areas must be developed. The highest priority national watercourses must be
included here and they must have a joint monitoring and reporting system binding on the -
individual countries. Member countries must also take responsibility for implementing

measures to remove the threats and strengthen the stocks within their own jurisdiction.
NASCO must take responsibility for ensuring monitoring, management, protection and sea
catches in accordance with the requirements made of members and the status and development
of the international and national salmon watercourses.

Fonna]ized cooperation and stepped up supervision
Public management has grown and become highly fragmented and complicated. The salmon is

constantly being subjected to new dangers and threats without any changes being made in
management of the wild salmon.

A long-distance migratory species such as the salmon is particularly hard hit because its
habitats are governed by different legal regimes. The Committee proposes greater and more
binding cooperation between the central sector authorities in issues concerning the salmon.

A separate cooperative forum should be established at the directorate level, with the
Directorate for-Nature Management, the Norwegian Watercourse and Energy Administration,
the Directorate of Fisheries, Norwegian Animal Health Authority, Norwegian Pollution
Control Authority and agricultural and transport authorities as major participants.
Responsibility for coordination must be vested with the Directorate for Nature Management.
There is a need to prioritize inspection and supervisory tasks in important areas.

Knowledge-based management

The critical situation for the wild salmon and the uncertainty about causal factors and effect of
measures indicates a need for stepping up research. The Committee believes that greater
knowledge is a necessary prerequisite for solving many of the problems affecting salmon.
Research must have both a short-term perspective relating to the current threats to wild
salmon, and a long-term perspective for increasing knowledge and expertise about salmon.
There is also a great need for monitoring statistics that can document the status and
development of the salmon stocks.

The Committee recommends that monitoring be carried out on the basis of a long-term-
overarching programme covering all the life phases and habitats of the salmon.



Watercourse management

Watercourse regulation and other physical intervention represent significant causes of loss in
the wild salmon equation. Impact studies and statutory mitigating measures have been carried -
out for major projects, but not for a long list of smaller projects. Many of the mitigating
measures have not had the anticipated effect.

The Committee assumes that there will be no new or further regulation of or intervention in the
selected national salmon watercourses. The introduction of a new Water Resources Act '
containing provisions on edging woodland, extraction of gravel, protection of natural
conditions during embankment building etc. and rules for managing protected watercourses
will have a positive effect on the salmon. The Committee recommends that a plan be drawn up
for modernizing-and enhancing the efficiency of mitigating measures in watercourse regulation.
The Committee also proposes that the Norwegian Watercourse and Energy Administration and
other relevant players including the environmental authorities and landowners initiate a major
programme for the restoration of salmon watercourses with funds from the concession fee
fund. The Committee also recommends stepped-up supervision and inspection via comphance
with concession terms in regulated watercourses.

Measures to combat the escape of farmed salmon ‘

The Committee views the escape of farmed salmon and outbreaks of salmon lice as the most
serious environmental problems of the fish farming industry in relation to the wild salmon. The
Committee's strategy for reducing the problem of escaped salmon is twofold. Firstly, the
Comunittee proposes via the establishment of national salmon fjords that fish farming be
increasingly located outside important wild salmon areas. It furthermore proposes to establish
protection and action zones outside the national salmon watercourses in line with the
recommendations of the 1996 Evaluation Committee, pending the evaluation and assessment
of opportunities to strengthen the expansion of the zones. The Committee proposes the’
abolishment of provisional protection zones outside salmon watercourses not proposed as
national salmon watercourses. Secondly, comprehensive measures to reduce escapes of salmon
from fish farms must be initiated.

The Committee proposes and supports a number of measures and regulatory changes, greater
supervision and better expertise as a way of contributing to standards and operating routines
that reduce escapes of salmon from farms on an overall basis.

Good statistics on the scope and cause of escaped salmon and the continued testing of
microtagging of farmed salmon by the authorities are necessary to have good control of the
situation and conduct selective fishing for escaped salmon. Stricter enforcement and more

. active use of coercive sanctions or criminal prosecution are necessary vis-a-vis farms that
violate laws and regulations.

The Committee split in two concerning the question of controlling escapes of salmon from fish
farms. One half, represented by Arne Eggereide, Elise Fgrde, Marianne Balto Henriksen, Bror
Jonsson, Bjgrnulf Kristiansen, Bgrre Pettersen and Else-Beth Stamer Wahl proposes giving
closer consideration to whether the Norwegian Pollution Control Authority should take over
responsibility for escapes from fish farms. The other half, represented by Axel R. Anfinsen,
Inger Eithun, Arne Jgrrestol, Jan Henning L'Abée-Lund, @yvind Marvik, Georg Fr. Rieber-
Mohn and Marit Solberg believes the recent separation of the fishery authorities'

supervisory and industrial policy functions must prove inadequate before such a reorganization
can be evaluated.
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The gene bank is also an important protective measure for the fish farming industry and the

industry should contribute to its operation together with the regulators, holders of fishing

rights, and agricultural and environmental authorities. The Committee recommends continued

Iiming of acidified watercourses. More active monitoring of the stocks of the main predator

stocks is necessary along with speedier decisions regarding hunting or capture whena
biological case for it exists.

The Committee proposes closer follow-up of the possible by-catch problem of postsmolt in the
«loophole ocean area» through Norwegian participation in for instance the ICES and NASCO.
Administrative and economical consequences ﬁ"

The Committee was given a short deadline to present its study and has consequently not had
the opportunity to review the administrative and economic consequences in detail. The
objective of the Committee’s proposals is to protect the wild salmon and bring the stocks back
to their former strength. The proposals are based on the current organisation of management
and the various sector authorities' responsibilities and do not as far as these are concerned
advocate any significant changes in the present system. They do, however, point out the need
for greater cooperation among the central agencies. The authorities want the various sectors to
take increasing responsibility for environmental problems. The sectors must therefore take
increasing responsibility for studying and preventing damaging effects on the wild salmon, and
finance measures to avert the problems their operations create through appropriate and suitable
arrangements. The Committee believes that greater cooperation could potentially yield
considerable efficiency gains. There is a need for stronger supervisory and inspection efforts
and the increased costs must be charged to those who are inspected.

It will be necessary to strengthen the Directorate for Nature Management, Norwegian
Watercourse and Energy Administration, Directorate of Fisheries and Norwegian Animal
Health Authority to implement the Committee's proposals regarding national salmon
watercourses and fjords, the rewriting of fishing regulations, greater inspection and supervisory
functions and improved watercourse and fish farming management.

The Committee proposes strengthening and improving the Norwegian Fishing Fund and
examining new funding schemes more closely. The Committee supports the proposal from the
fish farming industry to establish a fund financed by an R&D fee on the production of farmed
salmon. The Committee recommends that the concession fee fund step up its efforts for wild
salmon.

13
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Farm Atlantic salmon escape and invade rivers throughout the North Atlantic annually, which has gener-

ated growing concern about their impacts on native salmon populations. A large-scale e\pcumcni was
therefore \mduml\cn in order to quantify the lifetime suceess and interactions ofh] m salmon invading a
Norwegian river. Sexually mature fazm and native salmon were genctically screened, radio tagged and
released into the River Tinsa where no other salmon had been allowed to ascend. The farm fishes were
competitively and reproductively inferior, achieving less than one-third the breeding success of the native
fishes. Moreover, this Inferiority was sex biased, being more pronounced in farm males than females,
resulting in the principal route of gene flow involving native males mating with farm females. There were
also indications of selection against farm genotypes during early survival but not thereafter. However,
evidence of resource competition and competitive displacement existed as the procuctivity of the native
population was depressed by more than 30%. Ultimately, the lifetime reproductive success {adult to
adult) of the farm fishes was 16% that of the native salmon. Our results indicate that such annual inva-
sions have the potential for impacting on population productivity, disrupting local adaptations and
reducing the genetic diversity of wild salmon populations.

Keywords: biological invasion; gene flow; lifetime reproductive success; hybridization; aquaculture;

{farm salmon

1. INTRODUCTION

The farming of Adantic salmon (Salmo salar) has
expanded exponentially from its beginnings in the 1960s
to its production today, which dwarfs wild salmon fishery
by two orders of magnitude (Anonymous 1999). One
consequence is that large numbers of {farm fishes escape
and enter the rivers of native salmon throughout the
North Atlantic (Hansen ¢f al. 199], and references therein;
Carr ¢f al. 1997, Youngson et al. 1997; Fiske & Lund 1999}.
The impact of such invasions has been the subject of
mounting concern (Hansen ef of. 199]; Hindar ¢ af. 199];
Hutchinson 1997; Naylor ¢ al. 1998), particularly given a
global decline in native salmon populations (Parrish ef al.
1998; Kellogg 1999).

This concern arises from the potentially deleterious
cflects of ecological and genetic interactions between
farm and native salmon. Farm salmon may compete
directly with native salmen for resources such as space,
food or mates, alter predation regimes and transfer
discases and parasites (reviewed in Jonsson 1997). More-
over, farm salmon are commonly derived from non-
indigenous sources and their genetic make-up has been
aliered through sclective breeding and domestication
(Hansen ef af. 1991, and rcferences therein; Hutchinson
1997, and references therein; Mjsinernd ef al. 1997
Clifford et al. 1998; Norris et al. 1999). Interbreeding thus
represents an additional threat to native populations {i.e.
disruption of local adaptations and genclic homogeniza~
tion). However, no study to date has quantified the life-
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Flresent address: Directorate for Nature Management, Tungasleita 2,
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time success {(adult to adult) and interactions resulting
from farm salmon invading a native population. We
therefore undertook a large-scale experiment in order to
simulate such an imvasion of farm salmon into a
Norwegian river and quantify their lifetime success and
interactions with native salmon.

2. MATERIAL AND METHODS

(a) Anadromous adults and breeding success

The experimental release of farm Adantic salmon was
conducted in the River Imsa, south-western Norway (38°59' N
3°38'E), a small, 1km long river supporting a small native
population of Atlantic salmon (described in Jonsson ef al. 1998).
Adult farm salmon (fifth generation) derived from Norway’s
national breeding programme {Gjedrem et af. 1991) and reared
locally were transported to the Norwegian Institute {for Nature
Research (NINA) station at Ims in September—Ociober 1993
where they were maintained in 4000-t holding tanks. Over
50% of the world’s farm Atlantic salmon derive from this
programme or its predecessor with the fishes having been used
in Australia, Canada, Chile, Ireland, Norway, Scotland and the
USA. Native salmon returning to the Imsa were collected
during July-October in a fish trap (100 m upstream of the river
mouth} that controls the ascent and descent of fishes ( Jonsson
et al. 1998), and held in similar 40401 tanks.

The fishes were biopsied and screened genctically for the
muscle enzyme MEP-2° during the sccond half of Ocwober
{Cross & Ward 1980}, Twenty-two farm salmon homozygous for
MEP-2 (fz;[ 125) and 17 nauve salmon homaozygous for
MEP-2" (100" 100; were sclected Tor release. The selection
reflected the hackground gene frequencics of the farm (0.399
106 allele and 0.601 *J27 allele) (= 207) and native popula-
tons (0.595 7100 allcle and 0405 /25 allele, n=163,. Natura
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seleetion acting onMEP-Z or 2 finked locus has been suggested

{ Jordan e . 1997, but does not appear to inlluence cohorts of

the towa population significantly {genotype propordons in 18
groups of halfssibs sampled as age 0+ on two occasions
following haching, Fisher’s combined probability p > 0.20, and
genotype proportions of fives rear classes sampled as age 1+, 2+
or 5+ smolts, combined p > 0.90; age 0+ refers to fishes in the
first year of life, age |+ refers (o fishes in the second year, subse-
fuent o winter annulus formation, cte) (K. Hindar, anpub-
tished data). Moreover, parailel experiments using  non-
genetically marked fishes have produced similar results to those
found in the present release experiment (Fleming e el 1996;
LEinum & Fleming 1997, Fleming & Einum [997; present experi-
mental arena study). The selectéd farm salmon were larger
(mean lengths.d. =373 %£34mm) than the native salmon

(545 £ 39 mm) {7 35 =6.75 and £=0014 and no sex or inter-

action cffects p > 0.30) reflecting the natural size difference.

The selected fishes were radio tagged (@kland et af. 1996)
and released into the Imsa above the fish trap on 4 November
1993. They were subsequently tracked daily until 22 Decembrer
{excluding 21, 23 and 28 November and 10 December) and then
again on 28 December and 2, 6 and 10 January. The locations of
all individuals were recorded during each tracking and visual
focal ohservations {2 min} were made of individuals stationed in
spawning areas in order to record activity.

An experiment, which involved the release of 12 farm and
nine native salmon {randomiy selected) into an arena designed
10 mimic a natural spasvning environment (47 m?) {deseribed in
Fleming et ol 1996), was initiated on 5 November in parallel
with the river release. The experiment was a smaller-scale
version of that carried out earlier by Fleming ef 2l. {1996) and
was designed to supplement the river release by providing more
detailed data about breeding behaviour and success. The arena
was tmonitored 24hday ™! by video unit 23 December and
spawning activity and nest locations were recorded. This was
supplementcd with daily manual observations, which included a
20 min scan sample of behaviour. The arena was cxcavated
during 4 and 15 March 1994 and all nests present were recov-
cred and the number of live and dead eggs recorded. The nests
were assigned to females using spawning records and cross-
checked using egg-size data. The breeding success for females
was measured as the total number of Ihve embryos recovered
from their nests. Male breeding success was ealculated as the
number of live embryos recovered from nests that they fertilized
and, in cases of multiple-male paternity (8% of spawnings
imohved both farm and native males), it was caleulated
following the methed of Fleming ef al. (1996} This method
incorporates the order of male precedence at spawning, which is
an important determinant of fertlization success in Asfantic
salmon {Mjolnerod ef af. 1998).

All fishes from the experimental arena and those recovered
from the river were examined at the end of the spawning season
for gamete retention, which was expressed as a percentage of
their estimated  pre-spawning  gamete hivestment,  Femades
inttial fecundity was estimated from their weight using relations
established for Tmsa females (Jonsson et al. 1996) and for 18
unspawned farm females sampled during the study (fecundity
= 0.0091 x (weight) ¥ (2 =0.644 and p < 0.001). These rela-
ticuships were also used to estinate the potentiad egg depasition
in the river by the frm and native fomales, Ten fresh cags from
euch of the 18 farm females were also weighed individually in
arder to compare them witle those of Imsa femmales (Jonsson of
al, 19006 Males” inkial testes weight was estimated  from
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gonadal-somatic indices for Imsa males { Jonsson et al, 1991 and
for 17 unspawned farm males sampled during the stucdy {means
*s5.d. =608k 1.51%:)

(b) Offspring and lifetime reproductive success
Offspring {age 0+ parr) from the spawnings in the river were
sampled by electrofishing the length of the Imsa on 6 and 7
September (1=33; and 18 and 19 October 1994 (n=67). The
location of capture was recorded and the fishes were sacrificed,
weighed, their lengths measured and stomachs dissected and o
sample of muscle was placed in ethanol and another was frozen.

Their stomach contents were analysed following the methods of

Hindar ef al. (1988) and Breistein & Nost (1997) and a simnlarity
index was calculated following Schoener (1968).

The origin of the offspring was accurately identificd by
genetic typing (MEP-2% since all spawners had heen gencticaily
screened and no spawning had occurred during the previens
two years {i.e. few if any mature male parr present) {Jonsson e
al. 1998). In addition, DNA was extracted from the ethanol-
preserved tissue by phenol—hloroform extraction. The mito-
chondria}l ND-1 gene (NADH dehydrogenase I) was polymerase
chain reaction amplified (Cronin ef «f. 1993) and digested with
restriction enzymes showing fragment length polymorphism in
Hzelll and Rsal digests (no additional mtDNA heterogeneity
was found az two other ND genes).

Juveniles descending the Imsa to the ocean in 1995-1996
were captured in the fish trap, anaesthetized, measured, muscle
biopsicd, tagged with a unique Carlin tag and relcased afier
24h recovery. The biopsy of every other fish was analysed for
MEP.2" expression (i.e. 50% of all migrants); no significant
differences existed between typed and untyped fish (descent
date, length, weight and condition factor) {(p > 0.30). The
production of downstream migrants relative to the estimated
total potenuial egg deposition (described in §2{a)) was
compared to the population’s stock-recruitment relationship
(Jonsson ef al. 1998).

Returns of adult offspring were recorded from the coastal
and river fisheries (Carlin tag recoveries) and the Imsa fish
trap. Fishes recovered at the fish trap were weighed and their
lengths measured and tissues sampled. The data for fishes
captured in the fishery were less complete, but all individuals
could be genetically typed by cross-referencing their Carlin tag
identification to the tissue samples taken at the Imsa fish trap
during juvenile seaward migration.

(c) Statistical analysis

The fishes™-growth -rate--frem-emergence. was-adjusted 1o a

common hody mass and calculated following Elliott & Hurley
(1997). Emergence was estimated based on the mean spawning
dates for the farm and native females, daily river temperatures
and equations relating temperature to hatching (Crisp 1981) anel
cmergence {Jensen ¢f al. 19913,

The predicted cffect of ¢ generations of onc-way gene floaw
from farm salmen on the allele frequeney g, of the recipient
{native} population was calculated as

g = (L —m)qy + {1 = {1 — ) g 13

where gy is the aliele frequency of the revipient populision
before migration and ¢, is the allele frequency of the migranis
(Hedrick 1983} The equaton applies not ondy o adicle frequen-
cies but also approximately o weakly sclected quantince
genetic trans having an addivdve genede basts TBubnwer 19380



" Tnzasion of @ netive popudetion by farm scimen 1AL Pleming and others (510

Dbl b wenparisons of M wacive and o spazeacrs in the River fmsa and the experamental arena {conirol}

By oo {arm

wd one native female and courting by two farm and one native male was never observed for the river data
D inftintion of nesting/eourting { Julian day) and nesting location. Intact carcasses were recovered {rom six female and five mule

native salmon and seven female and seven male farm salmon for the river data for gamete retention. One firm female did ot

csprown bor the experimental arena data for egg survival in nests.

S0 v

The breeding suceess data were adjusted for unequal varinnees.

Fhe daw are means dstandard deviations or medians with quartiles in parentheses. The statistics are &tests, ANCOVAs with
budy weight as a covariate {p < 0.03) or Mann-Whitney U-tests (). "p < 0.05, “'p < 0.01.)

females males
focation
iruit native firm statistic native farm statistic
river
daily migration {m) 39424 39429 t;=0.328 x4 121427 iy =0.63
initiation of nestingfeonrting 33712 31546 1 =3.87" SIS 3+3 f1;=0.01
{ Julian day)
nesting location 316+ 155 312219 5= 042 - S
{metres upstream of fish trap)
females courted/male courting +041.0-8.0 6.0 (2.3-8.3) Z=0.66 6.0 {3.0-9.0) 2.0(1.0-2.0) S=2.15"
(number of observations)
Famete retention 0.8:0.3-2.5) 1.1{0.2-2.5} £=0.08 30.6 (13.3-75.8) 104.8{81.2-120.3) £=203"
%% of initial gametes)
experimental arena
initiation of nesting/courting 324 (311-361) 311 {310-313} L=110 3111 3+l iq=0.09
{ Julian day)
females courted/males courting 30.0+£18.9 15.04£16.3 tg=1.36 298+ 17.9 11.7:£7.8 Fg=3.G7
{number of observations)
gamete retention 0.30.1-0.6} 7.7 (0.1-28.3) =118 824 {(343-85.10  104.386.9-107.1) Z=201"
{ % of intuinl gametes)
female nestsfmale spawnings 6.3:£1.3 3.8+£19 ly=2.83" 7.0£5.2 22+2.4 Fyp=9.98
cgg survival in nests {%) §2.8%1.9 36.5%15.6 =297 - - —
breeding success 19125182 611359 Iy52= 346" 1316 £ 1303 360 %554 Fg=143"

{embryos parented)

Half of the genetic difference between the donor and recipient
remains after f55=1n{0.5)/In{l ~ m} gencrations. The calcula-
tions assume that the effects of genetic drift and selection in the
recipients are small relative to migration and that the allcle
frequencies of the migrants remain stable.

All of the proportionfpercentage data were arcsine, square-
root transformed and the courting and breeding success data were
log transfermed prior to analysis in order to meet the assumptions
of analysis of variance. Data that did not meet the requirements
for parametric analysis were analysed using non-parametric tests.

3. RESULTS

(a) Reproduction

The farm and native adults had similar migration
patterns and nesting locations in the river, though the
farm females spawned before the native females (table 1).
Courting by both the farm and native males began
shortly after release. However, the native males courted
females more often than the farm males and retained less
of their initial testes unspawned (table 1). Evidence from
the experimental arena indicates that the latter correlates
inversely with the number of spawnings (Spearman
r=—0.695and p=0.0i8;.

The findings from the experimental arena paralleled
those from the river. The farm females began spawning
before the pative females while hoth male types began
courting  females  almost  immediately  after  release.
Morcover, the farm  males appeared competitively
disadvantaged, courting females less frequentdy than native
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males (table 1} and at times showing inappropriate mating
behaviour. As a result, they participated in fewer spawnings
and retained a larger proportion of their testes unspawned.
Ultimately, the farm males attained just 24% of the
breeding success of the native males. The farm fernales also
incurred a breeding disadvantage, constructing fewer nests,
having lower egg survival and achieving only 32% of the
success of the native females. The eggs of the farm females
(meants.d.=804+128mg) =18) were also signifi-
cantly smaller than those of the native females
{896 £ 44 mg) (r=104) (f5p=2.33 and p < 0.05) (Jonsson
et al. 1996).

(b} Early life history

The proportion of native to farm genotypes among the
offspring (age O+ parr) from spawnings in the river
shifted significantly from that of the spawners ( 72 =37.97,
dfi=1and p < 0.001) (fgure 1). Most of the fishes were
now of pure native origin (63.1%) with farm genetic
representation occurring mainly through hybridization
with native fishes. The maternal origin, which was identi-
fied using the mitochondrial ND-1 gene, revealed that 23
out of the 31 hybrid offspring had a unique farm [(emale
haplotype (found in eight farm females), five a commen
haplotype (found in three farm and six native females)
and none a unique native female haplotype (found in two
native [emales; one oflspring was not analysable). "Fhos,
maost 1f not all hybrids had farm mothers.

The farm adulis had only 19% of the reproductive
success of the native fishes up o this stage {i.c. breeding



120 LA Flemingand othiers fuzasion of # native papudation by farm salmon

and carly survival). Furthermore, hased on breeding
success in the cxperimental arena (farminative 28%),
carly survival of the farm genotypes was estimated at
70% that of the native genotypes. Thereafter, there was
little evidence of differential freshwater survival {parr o
smolt, 73 =1.85 and p=0.397) (figure i).

However, there were indications of reseurce competi-
tion as the diets of the farm, native and hybrid offspring
were similar, having a mean diet overlap of 82+7%
{proportional composition of different food types,
ANOVAs controlling for sampling date p > 0.30). In
addition, the total production of smelts {ie. oceanic
migrants) from the spawnings was 28% below that
expected based on the potential egg deposition (48 831)
and the stock-recruitment relationship for the River Imsa
{ Jonsson ef al. 1998). Moreover, the smolt production hy
the pative females (494 pure native smolts plus 0-17%
{based on mtDNA analyses of age 0+ fishes) of the farm
x native smolts) was 31-32% below that expected in the
absence of farm females. This effect may reflect competi-
tive asymmetries as the native juveniles were smaller at
age 0+ (figure 2) (also weight £, [, =4.67 and p=0.011,
and controlling for sampling date p < 0.001) due to differ-
ences in the fernale spawning dates (table 1) and offspring
growth rates (Fy,6=3.09 and p=0.049, and controlling
for sampling date p < 0.001). Native oflspring {(age 0+
parr) were captured [urther upstream than their farm
and farmxnative counterparts (Fo;5=12.55 and
p < 0.00], and independent of sampling date p=0.295
and fish weight p=0.143).

(c) Seaward migration and return

Most fishes descended as smolts in the spring with 13%
(93 out of 718) descending as parr during the winter of
1995-1996. The proportional compasitions of the farm,
native and hybrid fishes did not differ between smuolts and
descending parr (73=0.50 and p=0.778). There were
distinct behavioural and life history differences among
the smolts as the farm smolis descended earlier
(Fo30:=70.50 and p <0001} (year Fjgp;=127.13 and
£ < 0.001) and at a younger age (73 =41.91 and p < 0.001)
(figure 1} than the wild smolts, with the hybrids being
intermediate (all pairwise comparisons p < .03 with
Bonferroni adjustment). The hybrid smolts were also
longer {figure 2) and heavier than the pative smolts
{l.o39=18.21 and p < 0.001, and controlling for smolt age
p < 0.001), while the farm smolts weighed less for a given
length than their counterparts {figure 2).

There was no significant difference between the
offspring types in survival from scaward migration to
maturity (73 =0.04 and p=0.840) (figure 1). As a result,
the lifetime reproductive success (adult to adult) of the
farm salmon was 16% that of the native salmon. All adult
recaptures occurred in cither the coastal fishery or the
River Imsa and no fishes were reported straying into
other rivers. There were no significant  differences
between the offspring types in body size and condition at
recapture (figure 2) or in sea age at maturity (22 out of
26 matured after one year at sea) (Mann-Whithey
{test, Z=014 and p=0929, with single farm fish
excluded). However, the mean age at maturity of the
hybrid fishes (meanzEs.d, =31 £0.5years) was less than
thit of the native fishes (£2 204 years) (Mann-Whitney
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Figure 1. Changes in the proportional constitution of the
Atlantic salmen population in the River Imsa {ollowing the
release of native and farm spawners. The number above cach
bar represents either the toral population size {spawners and
adult offspring) or the sample size examined at each life stage
(age 0+ and out migration}. Two age groups of out migrants
existed, age 1+ and 2+ and are stacked on top of cach other
for each offspring type. The asterisk denotes that the potential
egg deposition was 19443 for the native females and 29 388
for the farm females (see §2 . Solid bars, farm offspring; open
bars, native offspring; hatched bars, hybrid offspring.

U-test, {=3.11 and p=0.002) because of differences in
their age at smolting and poor survival of native age 1+
smolts (none were recaptured).

4. DISCUSSION AND CONCLUSIONS

We were able to document, for the first time o our
knowledge, the lifetime success of farm salmon invading a
natural river and found it to he 16% that of the native
fish. Both the results from the river and the parallel
experiment in the stream arena indicated that breeding
was the major botteneck impeding the invasion. The
farm salmon reared to maturity were competitively ancl
reproductively inferior, achieving less than onc-third the
breeding success of the native fishes. This may be a
general pattern for farm salmon invading native popula-
tions (Fleming ef ¢f. 1996; Clifford ¢ ol 1998). The present
resuits also indicated that this inferiority was sex biased,
being more pronounced among {arm males than femades.
Tew if any ol the farm x native offspring recovered fram
the river were fathered by farm males. Thus, gene tio
accurred mainly through native males breeding with
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Figure 2. {a; Comparison of the mean /+ | standard crror)
body length at various life stages for the native (open bars),
farm (solid hars) and hybrid (hatched bars) offspring.

{b) Comparison of condition factor for the same groups. The
sample size is given above each bar. Significant pairwise
differences (Tukey test for multiple comparisons) are shown.
p<0.05 p < 0.01, p < 0.001.

farm females, This parallels the findings of Fleming ef al.
(1996) where farm males were found to he behaviourally
deficient, infrequently attained access to  spawning
females and exhibited inappropriate mating hehaviour,
The lower carly survival of the farm  genotypes
comparcd w the native genotypes in the river also
appearced to constrain invasion, though to a lesser extent
than breeding. McGinnity ef el (1897) reported a similar
degree of differential survival between farm and native
genotypes in age O+ juveniles outplanted as cggs in an

Pmes R, Soc, Lond, B 2100

[vish river. Both findings may reflect the smaller egg sive

of farm females, which can aflect survival alier emergence
divectly {Einum & Fleming 2000) and differences in
their innate behaviour, including predator avoldance
(Binum & TFleming 1997 Fleming & Einum 1997),
However, the survival differences ocourred principally
during the earliest life-history stages (sce also McGinnity
et al. 1997), which may prove to be common flollowing the
mntense natural sclection of early hife {Einum & Fleming
2000).

The potential for significant resource competition
existed as there was considerable overlap in the diets of the
native, firm and hybrid offspring (see also Einumi &
Fleming 1997). Furthermore, there were indications of
competitive displacement as the offspring distributions
differed despite the native and farm females having had
similar nesting locations. This may reflect the faster
growth rate and, thus, larger size of the farm and farm
x native offspring than the native offspring (see also
Einum & Fleming [997; McGinnity ef al. 1997). Norwegian
farm salmon have undergone sclection for rapid growth
(Gjedrem et al. 1991), which may also explain their greater
allocation of resources to length than weight growth (body
condition) (figure 2), a pattern consistent with increased
growth hormone production (Johnsson et al. 1996). Simi-
larly, McGinnity ef al. (1997) reported competitive displa-
cement; however, in contrast to the present study the
native offspring were displaced downstream into a lake by
faster-growing and larger farm and hybrid offspring.

Moreover, the present results indicate that the produc-
tion of seaward migrants was depressed, particularly that
by the native females, which was more than 30% below
that expected. While stock-recruitment relationships are
notoriously variable, this depression was the second
largest in 16 years {Jonsson et al 1998) and occurred
despite the absence of competition from older salmon
coborts, which should have been favourable for smolt
production (Kennedy & Strange 1980; Gibson 1993).
Moreover, the environmental conditions did not appear
unfavourable because the juvenile growth was good, age
at smolting was young (cf. Jonsson et al. 1998) and indica-
tions from other North-East Atlantic salmon rivers
suggested that the broadscale conditions were favourable
for smolt production (Anonymous 1999). Alternatively,
the depression in smolt production may have reflected
fluctuating selection on offspring type, with competition
from the farm and hybrid offspring depressing the wild
offspring survival during one or more life-history episodes
and maladaptation depressing the farm and hybrid
offspring at other times (McGinnity ¢ af. 1997). While the
definitive cause of the depression is unknown, it appears
fikely that interactions with the farm and hybrid salmon
played a role.

There were no indications that the differences in age,
size and condition at smolting and timing of descent
affected the relative survival to maturity of the different
oflspring types overall or at least that of the native and
hybrid fishes. Thus, the bottlenecks to the invasion by
farm salmon occurred principally during breeding and
carly lile history. The poor marine survival of age 1+
wild smalts compared with that of hybrid and age 2+
wild smolts is likely explained by their small size and late
migration (¢[. Hansen & Quinn 1998;.
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During the 1990s, escaped farm fishes were estimated
to have composed 20~40% of the salmon recorded over
large areas of the North Atlantic {Hansen ¢f af. 1959) and
mare than 80% of the salmon in some Norwegian
spawning populations (Lund el of. 199%; Fiske & Lund
1999). This approaches and exceeds that of cur experi-
ment (55%). The gene flow from the farm to native
salmon, which occurred during one generation in this
cxperiment, was m=~019. One-way gene flow of this
magnitude 15 a poteat evolutionary force (Hedrick 1983,
Barton 1992). The native population will eventually be
composed of individuals that have all descended from the
migrants and this situation is approached rapidly for
selectively nentral loci and/or traits. For m=0.19, the
genetic difference between the donor (farm) and recipient
(native) population is halved " every 3.3 generations,
though this will be partly dependent on the fitness of
hybrids and backerosses during subsequent generations.
The shorter generation time of the hybrid than native fish
observed in the present study would also tend to increase
the rate of introgression {Hedrick 1983), though this may
not be a general pattern {McGinnity e/ al. 1997). For rates
of gene flow reflecting average proportions of escaped
salmon in the North Atlantic, the half-life of the differ-
ence would be in the order of ten generations. As farm
salmon have been shown to differ genetically from their
wild origin in allele frequencies, allelic diversity and
quantitative traits (Fleming & Einum 1997, Mjolnerod et
al. 1997; Norris ¢f al. 1999), it is clear that escaped farm
salmon may have wide-ranging genetic effects on native
salmon populations. Such effects are frequently negative
(reviewed by Hindar e al. 1991} and purging by natural
selection will be hindered by the annual, repeated in-
vasions of escaped farm salmen. This genetic impact
comes on top of the potential effects of intraspecific inter-
actions on productivity {e.g. smolt production) and calls
into question the long-term viability of many salmon
populations,
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study and S. Einum, A. Ferguson, T. Forseth, N. B. Metcalfe,
M. S. Ridgway, J. Tufto, O. Ugedal, F. Utter and R. S. Waples
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Research Council and the Norwegian Directorate for Nature
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Summary

i. Escape of cultured organisms into natural ccosysicms may threaten wild popu-
lations both ecologically and genetically. In the aquaculture industry, farmed Atlantic
salmon (Safmo salar 1..) often escape and enter the spawning grounds of wild salmon.
We report experiments to assess the competitive and reproductive abilities of fifth-
generation farmed salmon and their potential impacts upon wild salmon.

2. The farmed and wild females had similar levels of competitive behaviour; however,
they differed in reproductive behaviour and success. Farmed females displayed less
breeding behaviour, constructed fewer nests, retained a greater weight of eggs
unspawned, were less efficient at nest covering, incurred more nest destruction, and
suffered greater egg mortality than wild females. As a result, farmed females had less
than one-third of the reproductive success of wild females.

3. The farmed males were even less successful than the farmed females in competition
with the wild fish. They were less aggressive, courted less, partook in fewer spawnings,
and achieved only an estimated one to three percentage of the reproductive success
of the wild males.

4. The farmed males exhibited inappropriate mating behaviour, that led to poor
fertilization success, even in the absence of competition with wild males.

5. Adult farmed fish are thus likely to be relatively unsuccessful in natural environ-
ments due to a competitive and reproductive inferiority apparently resulting from
domestication.

Key-words: artificial culture, captive breeding, fish farming, aquatic biodiversity,

breeding success.

Journal of Applied Ecology (1996} 33, §93-905

Introduction

Biodiversity is threatened by intentional and unin-
tentional releases of cultured organisms into natural
ecosystems (e.g. Allendorf 1983; Hindar, Ryman &
Utter 1991, Ledig 1992). Animals derived from cul-
tured populations may have both ecological (e.g. com-
petition, disease introductions) and genetic {¢.g. loss
of local adaptation, genetic homogenization) impacts
on wild populations, but few data are available on
how cultured and wild animals interact.

Fishes, particularly szlmon, are among the most
intensely cultured organisms. Farmed salmon fre-
quently escape in large numbers from aquaculture
facilities and at maturity, enter nearby rivers where
they may outnumber spawning populations of wild
salmon (Gausen & Moen 1991; Webb er al. 1991).

Farmed salmon are artificially cultured throughout
their lives, Eggs are collected from broodstock
females, artificially fertilized with sperm from brood-
stock males and the offspring are reared in freshwater
hatcheries for & months to [ year before transfer to
marine net pens, where they are reared unti! harvest,
Captive rearing conditions combined with artificial
selection, both intentional and unintentional, cause
farmed Atlantic salmon to diverge from their wild
phenotype through environmental and eventually,
evolutionary processes (e.g. Cross & Challanain 1991;
Youngson et al. 1991; Fleming, Jonsson & Gross
1994}, Moreover, farmed salmon are often derived
from non-indigenous sources (e.g. Cross & Challanain
1991; Giedrem, Gigen & Gierde 1991). Thus, the
escape of farmed salmon, which occurs primarily dus-

_ing the marine phase, raises both ecological znd gen-
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elic concerns for the existence of wild salmon
{reviewed in Hindar et al. 1991; Hutchings 1997;
Waples 1991).

In nature, female Atlantic salmon compete for ovi-
position territories within which they may sequentially
construct several nests to form a redd, ie. area of
disturbed gravel containing cne or more nests (White
1942; Crisp & Carling 1989). Each nest contains a
portion of the female’s eggs fertilized by one or more
males. Construction of the nest, including its structure
and gravel composition, will determine embryo sur-
vival during incubation (reviewed by Chapman 1988),
Thus, female reproductive success is largely deter-
mined by territory access, nest quality, egg fer-
tilization and nest survival.

Males do not partake in nest construction, but com-

pete for access to ovipositing females, The compiex of -

female and male courting- and spawning-behaviour is
important for successful oviposition and fertilization
(Jones 1959), While females are sexually active for
only a few days, males may be active for a month or
more (Webb & Hawkins 1989). This can result in
exireme male biased operational sex ratios (i.e. num-
ber of sexually active males relative to sexually active
females). Thus, there may be intense male compe-
tition, with competitive ability determining male
breeding success.

Successful spawning by farmed Atlantic salmon has
been documented (Lura & Segrov 1991; Webb ez al.
1991, 19932,b) and evidence of genetic intermixing
with wild populations found (Crozier 1993). Evidence
suggests, however, that artificial culture impairs natu-
ral reproductive success in salmonids reared for sea-
ranching purposes (artificially reared in fresh water
and free-ranged in the ocean; Jonsson, Jonsson &
Hansen 1990; Leider er al. 1990; Fleming & Gross
1993). It is thus likely that escaped farmed salmon,
which spend a greater proportion of their life in
culture, would therefore incur further reduced repro-
ductive success.

Thus, the purpose of our study was to contrast the
breeding behaviour of farmed and wild salmon, and
determine how farmed salmon interact reproductively
with wild salmon. To do this, we quantified the repro-
ductive ability of adult farmed Atlantic salmon in
the presence and absence of competition with wild
salmon; and also examined the effects of competition
with farmed salmon on reproductive behaviour and
success of wild salmon.

Materials and methods

STUDY SITE AND EXPERIMENTAL DESIGN

Experiments were conducted in 1990 at the Norsk
Institutt for Naturforskning (NINA) Research
Station in south-western Norway (58°59’'N, 5758°E).
Four outdoor arenas provided circular stream
environments that simulate natural breeding con-

ditions (Fig. 1). Each stream had gravel substrate suit-
able for embryo incubation (mean fredle index of
1125 + 3-84 SD; Lotspeich & Everest 1981). Water
velocities ranged between 4 and 32cm s7' (measured
15 cm above the gravel substrate, every meter through-
out each stream), encompassing velocities spawning
salmon occupy in nature (Heggberget ef al. 1988).
Two floodlights, which could be adjusted by dimmer
switches, were directed at each arena to provide dim
light for night-time observation {x = [1-9 £ 3-6 Ix at
water surface; mid-day, December light range: 1500
Ix Jovercast] to 14000 Ix [direct sun]). A 1 x Im grid
of strings suspended over the arenas allowed observers
to record fish positions and nest locations. Arenas
were similar, with no two differing significantly in
physical parameters (Schefié muliiple range tests:
P> 0-05).

One experiment examined competition between
farmed and wild Atlantic salmon. Arenas 2 and 3 each
contained six female and six male farmed, and wild
fish (Fig. 1). In a second experiment attempis were
made to gather information that could be used to
separate effects of intergroup (farmed vs. wild) com-
petition from behavioural differences within groups.
Twelve female and 12 male wild fish were placed in
Arena 1, and 12 female and 12 male farmed fish in
Arena 4.

FISH GROUPS

The farmed Atlantic salmon were fifth-generation fish
from the breeding programme at Sunndalsora,
Norway. ‘Sunndalsora strain’ salmon are widely cul-
tured both in Norway, where they represent over 80%
of farmed salmon in the Norwegian fish farming
industry, and in Great Britain. Salmon of the 1987
brood, originally derived from collections of salmon
from 18 localities in 1971 (Gjedrem et al. 1991), were
reared in sea cages at the Riska Fisk farm (597°02"'N.
5°49°E) and in August 1990 transported to the NINA
Research Station, where they were maintained in a
72m? freshwater pool until the start of experiments
{described in Fleming et al. 1994).

The wild salmon were collected in a fish trap 100 m
above the outlet of the River Imsa during their spavwn-
ing asceat in the period July-October 1990. The trap
was checked daily and fish were transported to the
Research Station where they were maintained 1 a
72m? freshwater pool until the start of experiments.

On 11 November 1990 all experimental fish were
lightly anaesthetized with MS-222, length measuyed
{total, fork and postorbitai-hypural), weighed and
tagged with uniquely marked 3-4cm diameter dise
tags. The farmed females were heavier, but not sig-
nificantly longer than the wild femules (Tabie 1). The
farmed f{emales were also less variable in body size
(weight: farmed CV =19-1%, wild CV = 584"
icnath: farmed CV = 8-5%. wild CV = 167951 T3

{armed males were much heavier and longer thin
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Fig. 1. Experimental arenas used to simulate natural breeding streams. Each circular stream averaged 2-:2 m in width, was 2t m
in length (measured as circumference at mid stream) and provided 47m® of spawnable arca filled with a 36cm decp.
heterogeneous mixture of gravel. Constantly flowing water from Lake Liavatn at the headwaters of the River Imsa was
suppiied to each arena and water depth was maintained at 40cm (arrows indicate direction of water flow). Arenas were
observed from a tower, = 3m above ground. Nests made by farmed (0) and wild females (@) are shown.

Table 1. Mean body weight (total, g} and length (postorbital-hypural, mm), with standard deviation in parentheses, of farmed and wild Atlantic salmon
used in the experiments. Statistics are analyses of variance of female and male body size among the four arenas and r-tests of differences between populations

Effect
Arena Population
Sex Character  Population Arenal  Arena2  Arena3 Arena4  Total Fiq P I P
Female Weight Farmed - 3767 3535 3742 3696 0-20 0-323
- 414 {7181 (818) (706}
227 0030
Wild 2819 2722 3063 - 2856 0-06 939
(1962) (1655) {1426) - (1669}
Length Farmed - 559 563 547 554 0-26 0-776
- (18) (38) {61) 47
1-31 0-199
Wild 526 519 536 - 527 0-05 0-551
(96) (93) (83) - (83)
Male Weight Farmed - 4036 4329 3835 4008 0-77 0-478
- (436) (575) (993) {793)
b1-12 <0-00]
Wild 2000 2019 1662 - 1920 126 0-305
(429) {646) (269) - {466)
Length Farmed ~ 579 587 567 575 {54 0392
- (hH (26) (50) (39 :
9-76 < {0
Wild 485 482 458 - 477 j-87 0179

25 . (9 (23) -~ - {30y
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males, but the degree of body size variation was simi-
lar (weight: farmed CV = 19-8%, wild CV = 24-2%,:
length: farmed CV = 6-8%, wild CV = 6-3%). Male
and female fish from each source were sorted by body
size and distributed such that there were no significant
differences among arenas (Table 1).

BEHAVIOURAL OBSERVATIONS

Arenas were monitored continuously, 24h day™,
beginning the morning of 12 November 1990. Activity
within each arena was recorded for 30 min, four to
seven times each 24-h period with at least 3 h between
successive samples. Fish were identified individually
by their tags and all instances of aggressive, submis-
sive, breeding and cruising behaviour were recorded.
Aggressive behaviowr included chasing (attack of an-
other fish without reciprocation), fighting (reciprocal
attacks between two fish) and agonistic display
{aggressive posturing towards another fish). Three
forms of agenistic display were recognized: (i) lateral
display, which involved presentation of the Jateral
side, with dorsal and anal fins extended, to an
opponent; (i) parallel swinumning, where two fish swam
side by side for several metres, often with dorsal fins
erect; and (iii) head-down display, in which the tail was
raised, often breaking the water surface, and the head
was lowered towards the gravel, Submissive behaviour
was defined as fleeing from an aggressive opponent,
Male breeding behaviour included courring (attending
a nesting female) and quivering (vibrating the body
next to a female), while female breeding behaviour
included digging (a series of body flexures while turned
to one side; usually associated with nest construction)
and being courted (attended by a courting male). The
final category of behaviour was crufsing which was
defined as swimming over a large area without chasing
or being pursued.

Onset of female breeding was measured as the time
from introduction into the arena until the female's
first oviposition event, and duration as the time from
the female’s first to fast oviposition event. Male onset
of breeding was measured as the time from intro-
duction into the arena until his first observed courting,
and duration as time from first to last observed court-
ing.

The frequency with which each individual per-
formed a given behaviour was calculated as the sum
of the average number of behavioural acts per 30 min
cach day divided by the number of days of obser-
vation. Observations of general activity were dis-
continuved on 20, 8, 12 and § December for fish in
Arcnas 1. 2, 3 and 4, respectively. These dates
coincided with cessation of spawning activity, with
the exception of Arena ] in which one female did not
complete spawning until 4 January.

Spawning activity was monitored continuousty,
24h day™?, and [ocal data on the activity of nesting
females and all courting males in spawning aggre-

gations were collected with the aid of video cameras.
A theodolite was used to map the location of nests.
Focal observations continued until all spawning
activity had ceased on 4 January. '

CONDITION AT DEATH

Moribund fish were removed from the arenas and
inspected for wounds and fungal infection. Wounds
and fungus were scored on a scale from 0 to 3 based
on increasing body coverage (0 = none; 1 = small,
localized [<10%]; 2= moderate; 3 = extensive
[>40%)]). Gonads were removed and the fish weighed.
Total weights of eggs remaining in females were re-
corded to assess the extent of breeding failure. The
heart was removed, frozen and later dried in a desic-
cating oven at 60°C for 48 h before weighing. Dry
heart mass relative to somatic mass was used as a’
measure of physical condition (Farrell er af. 1988;
Houlihan er al. 1988; Jirvi 1990), All adults that sur-
vived the breeding season were sacrificed on 13 Feb-
ruary. 1991 and the above measures recorded. Most
spent adults in the wild would have been expected to
have left the river and returned to the sea by mid-
February (Jonsson er al. 1991).

REPRODUCTIVE SUCCESS

Eggs were retrieved from all nests that survived the
spawning period (i.e. were not destroyed by females
digging subsequent nests). A minimum of 170 degree
days since oviposition (days x temperature above
0°C) were used to assess when eggs in each nest could
be handled (i.e. *eyed”; Leitritz 1959), and nests were
excavated between 21 February and 6 March 1991.
After draining the arenas. the depth of each nest from
the gravel surface to the centre of the egg pocket was
measured. Then an open-ended rectangular steel box
was inserted into the gravel. the egg pocket removed
and the eggs separated from the gravel by flushing
with water. Both live and dead eggs were counted,
and a sample of each was preserved separately in 4%
buffered formalin. Three months after preservation,
wet weights of 10 live and 10 dead eggs from each
sample were measured individually to assess egg size.
The gravel surrounding the egg pocket was analysed
following Lotspeich & Everest (1981). v

Spawning records. which assigned females to nests.
were cross-checked using the egg size data. Eggsize isa
reliable means of confirming maternity because intra-
individual variation in egg size is small relative to that
amony females (coefiicient of variation (CV) among
females = 11-0%, within female mean CV = 34 =+
1-2% SD, 5 = 41 females: LA, Fleming. unpublished
data).

For cach female, absolute reproductive success wis
accurately measured as the ol number of live
embryos and spawning sticcess wus defined agabsoiy
suecess divided by fecundity, Tnitial focundity was exii-
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mated for each female from regressionsof unspawned
females: -(Imsa  wild: - fecundity = 3-41 % [total
weighi]®$°% R* =079, n =12, P <0:00}; Sunnd-

alsera. farmcd fecundity = 0-12 x [total weight]"2¢}; -

R*=098,n=5P<000];B. Jonsson&IA Flem-
ing, unpubhshed data).

The reproductive success of each maIe was cal-
culated from an estimate of his proportional paternity
times the number of live embryos in each nest he
spawned at or was suspected to have spawned at.
In the latter case, the spawning was missed but the
spawning aggregation ijmmediately prior to the
spawning had been cbserved. Sixty-two percentage of
all spawnings were observed directly (109 of the 175
nests recovered with live embryos). Male reproductive

success was thus analysed both including and exclud-’

ing indirect observations (38%,; see Results). If more
than one male partook (13%, 14 of 109 direct obser-
vations), or was suspected to have possibly partaken
in a spawning (74%, 49 of 66 indirect observations),
a male’s paternity was estimated from his rank order
of nest entry at spawning, or of dominance in the
spawning aggregation, respectively. Each successive
male entering, or ranked in the dominance hierarchy,

was assumed to obtain 50% the success of the male

ahead of him. This allocation was made on the basis
of results obtained in studies of chum salmon

(Oncorkynchus keta W.; Schroder 1982), the only sal~ - -
mon species for which such data appear to be avail-
able. The overall results were not sensitive to this -

assumption, because an alternative assumption of

equal paternity produced similar estimates of overall -
male reproductive success, the two estimates being -
slope

highly correlated (R* = 0-993,
B = 0971 + 0-006 SE).

# = 48,

STATISTICAL ANALYSES

Heart and body mass, all frequency data, and all mea-
sures of male reproductive success were logarithmic
transformed to meet the assumptions of analysis of
variance. Similarly, all percentage data were arcsine,
square-root transformed. Data that did not meet
requirements for parametric analysis were analysed by
nonparametric Mann-Whitney U-tests or Chi-square
tests, Individual fish were consideced replicates within
arenas. Arena effects were examined by comparing
replicate arenas 2 and 3. Adjustment for multiple com-
parisons was cartied out using sequential Bonferroni
tests (Rice 1989),

Results -

BEHAVIOUR

When held in mixed groups, wild and farmed females

did not differ in either aggressive or submissive behav-

iour "(Fig. 2). Possible differences in the aggressive
behaviours combat (i.e. chasing and fighting; ANOVA
P =0-933) and display (£ = 0-339) were also exam-

-ined, but none were found. Aggression was directed

equally at farmed and wild female opponents (paired

- t-test, farmed: 7y, = 1-01, P ="0-334; witd: 1,, = 1-34,

P =07208). Female aggression towards rnales,
however, was directed more often at wild than farmed
individuals (farmed females: 1,, = 4-31, P = 0-00%;
wild females: 7, = 509, P < 0-001), reflecting the
higher frequency of courting by wild than farmed
males. Farmed females were less active than wild
females in cruising and digging, and were courted
less often, presumably reflecting their lower levels of
digging and associated nesting activity (Fig.2). Only
the frequency of female submissive behaviour differed

Females Males
03 4 F=0328 80 1 P <0:001"
5 8
[ w
2 g
g g
o =
o 2
3 4
5 5
= 3
@ 1]
(015 1 P=0016°
2 oo a
3 2
o 005 5]
0
2 g
8 g
g 3
8

Arena Arena

Fig. 2. Frequency of female and male behaviours in farmed
and wild salmon in Arenas 2 and 3. Data are means and
standard deviations across arenas adjusted for the covariate
body size where significant. Probability values are from
analyses of variance or covariauce testing for behavioural
differences between farmed and wild fish. Significant differ-
ences adjusted for multiple comparison by sequential Bon-
ferroni tests are indicated (*). Hatched bars = farmcd solid
bars = wild.



898

Reproductive
success of farmed
and wild salmon

.3 1996 British
Ecological Society,
Jonrnal of Applied
Eeolugy, 33, 893-905

between Arenas 2 and 3 (P = (0-008) and there were
no significant fish type-by-arena interactions
(P > 0-05).

In contrast to farmed females, farmed males were
less aggressive, exhibiting less combat (2 < 0-001) and
display behaviour (P =0-004) than wild males
(Fig.2). Male aggression was directed more often at
wild than farmed males (paired r-test, farmed:
=249, P=0030; wild: ¢;, =569, P < 04001)
and wild males exhibited more submissive behaviour.
Farmed males exhibited no significant directionality
in their aggression towards females (¢, = 1-37,
P = 0-199), whereas wild males were more aggressive
to wild than farmed females (1,, = 3-8}, P = (-003).
There was no difference between wild and farmed
males in cruising behaviour, which tends to be associ-
ated with searching for mates. Farmed males,
however, had difficulty acquiring access to mates,
showing less quivering and courting behaviour than
wild males (Fig. 2). There were no significant arena
effects or fish type-by-arena interactions (P > 0-05).

There were only minor differences in behaviours
displayed by wild females in mixed groups compared
to those together only with other wild fish (Table 2).
Similarly, wild males did not alter their aggressive
and submissive behaviours in the presence of farmed
males, but did increase cruising, courting and quiver-

ing behaviour when held in mixed groups, apparently .

reflecting their superior competitive ability.

Farmed females -exhibjted a tendency towards
reduced aggressiveness, particularly combat behav-
iour (P = 0-008), displayed less digging behaviour,
were courted less often and cruised more frequently
when wild salmon were absent (Table 2). This may be
a reflection of the reduced breeding behaviour dis-
played by farmed relative to wild males. Behaviour of

farmed males in the absence of wild fish differed little
from that in their presence (Table 2), though there
was a non-significant tendency for farmed males to be
more submissive and court less in the presence of wild
males.

HEART MASS, WOUNDING AND MORTALITY

Heart mass relative to somatic mass was smaller for
farmed than for wild females (ANCOVA F, 4, = 18-68,
P < (-001; allometric coefficient § = 0-42, P < 0-001),
but did not differ significantly between farmed and
wild males (ANCOVA F, 4, =203, P=0-162; alio-
metric coefficient § == 0-37, P < 0-001).

In mixed groups, farmed and wild females incurred
similar degrees of wounding (Mann-Whitney
U =840, P=10148), but farmed females suffered
higher mortality (farmed: 42% died before 13 Feb-
ruary 1991; wild: 0%; ¢ = 6-32,d.f. = 1, P = 0-012).
Body condition of farmed males appeared to deterior-
ate rapidly as they incurred more wounding (Mann—
Whitney U = 128-0, P < 0-001) and suffered higher
mortality than wild males (farmed: 100%; wild: 42%;
x* =9-88,d.f. = 1, P =0-002).

Wounding rates of wild salmon were unaffected

- by the presence of farmed salmon (females: Mann—

Whitney U=720, P=10; males: U=28353,
P = 0-381), as was mortality {females: 0% irrespective
of treatment; males: y* = 0-75, d.f. = 1, P = 0-609).
Similarly, the deterioration of body condition in
farmed salmon, particularly males, was unaffected by

“the presence of wild salmon, as neither wounding

(fernales: Mann-Whitney U = 780, P == 0-623; males:
U=790, P=0569) nor mortality (females:

Table 2. Comparison of behaviours of wild and farmed salmon when held as separate groups (Arenas | and 4, respectively)
with that when they were held in mixed groups {(Arenas 2 and 3). F statistics and probability values () are from analyses of
variance or covariance (> indicates variable greater in separate than in mixed groups; < indicates the vice versa; = indicates
no significant effect at P < 0-03; and [*] indicates significant difference adjusted for multiple comparison by sequentiat

Bonferreni tests)

Wild fish Farmed fish
Separate vs. Separate vs.
mixed Covariate mixed Covariate
body weight body weight
Variable Sex F P P F P P
Aggression F = 1-39 0-251° <0-001* < 509 0-035 0-003*
M = 421 0-050 0-007* = I-31 0-265 -
Submission F £+ 5-30 0031 -~ = i-60 0-220¢ -
M = 671 0-409 0-003* < 5-30 0-032 0-084
Cruising F = 007 0790 <0-001* < 493 6-037 -
M < 963 (-005* 0-017 = 146 0241 - )
Digging F = . 404 0054 <0-001% < 2097 <0001% 0-001*
Courted F = 077 039 <0-g01*. | < 1442 0001 0-061
Courting M = . 441 0045 = 0-061 € T55. .. 0012 <0-001*
Quivering M . .< 0742 S0012%0 .0 031 = 224 0149 .

* Arenas 2 and 3 differed significantly (P <.0-05)..
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P=075 dfi=1, P=006]; males: %*=00,
d.f. = I, P = 1-0) differed between treatments.

FEMALE NESTING AND REPRODUCTIVE
SUCCESS

In mixed groups there was a non-significant tendency
for farmed females to begin breeding slightly earlier
than wild females (Fig. 3). Farmed females made fewer
nests and there was a non-significant trend for farmed
females to breed for a slightly shorter period than wild
females. The majority of females made all their nests
within a single redd, and this did not differ between
farmed (58%) and wild females (67%) (32 = 0-18,
d.f =1, P =0-675). Although farmed females con-
structed fewer nests than wild females, the total num-
ber of eggs recovered per nest did not differ sig-
nificantly (Fig.3). Farmed females seemed to be
poorer at niest covering, as they dug less frcquently
during the first 5 min following oviposition and took
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Fig. 3. Nesting characteristics of farmed and wild female sal- . .
mon in Arenas 2 and 3. Dah are means and standard devi-

_Hatchcd b”JS = farmed: sohu dm s v,

longer to cover their eggs. There were, however, no
significant differences in the depth of nests or nest
gravel quality.

Farmed females retained significantly greater
weight of unspawned eggs than wild females (Fig. 4).
Nest destruction, resulting from reuse of the nest site
by other females, also occurred more often to farmed
than wild females (farmed: 11%; wild: 1%; ¢* = 8-95,
d.f. =1, P = 0-003). Survival of eggs in nests, which
included the effects of poor fertilization and mortality,
was significantly lower for farmed than wild females.
As a consequence of greater egg retention and poorer
survival of deposited eggs, the farmed females were
less than one-third as successful as wild females at
having their eggs survive through incubation (Fig. 4).
This resulted in a considerably lower reproductive
success for farmed females (ANCOVA F, ;4 = 50-72,
P < 0-001; Fig.5). There were no significant differ-
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Fig. 4. Breeding success of farmed and wild female safmon
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“ACTOSS ° e\pemncnts Probab:hty values are derived from a
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114 2424) and from-analyses of variance for the

other vauables Slomﬁcant differences-adi \med foi mnzm‘“ .
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Fig. 5. Reproductive success of farmed (Arena 2 = [7), Arena
3= Q) and wild female salmon (Arena 2=, Arena
3 = @) in competition. Solid line is the relationship of repro-
ductive success vs. body size for wild females
(y = 0-811*[weight, g] — 743). The relationship was non-
significant for farmed females (R? = 0-123, P = 0:262).

ences between Arenas 2 and 3, and no significant fish
type-by-arena interactions (P > 0-05).
There was little difference in nesting behaviour of

wild females irrespective of whether or not farmed

salmon were present (Table 3). There were, however,

some differences in nest characteristics, as nests were
found at greater depths and there was a non-significant
trend for females to construct fewer nests when farmed
salmon were absent. Egg retention and egg survival in
nests were unaffected by the presence of farmed sal-
mon (Table 3). Nest destruction, however, increased
when farmed females were absent {i.e. when they were
replaced by an equal number of wild females;
¥ = 18-89,d.f. == 1, P < 0:001) and thus wild females
were less reproductively successful (Table 3).

Farmed females showed a non-significant tendency
to delay breeding in the absence of wild salmon (Table
3). Duration of breeding, and nest depth and gravel
characteristics of farmed females were not influenced
by the presence of wild fish. Farmed females made
fewer nests in the absence of wild salmon, but more
eggs were deposited in each nest {Table 3). Repro-
ductive success of farmed females was dramatically
reduced in the absence of wild fish. Egg retention
increased and fewer of the eggs spawned survived. In
the absence of wild males, only 10% of the nests
constructed by farmed females contained eggs with
live embryos, while 98% of nests contained live
embryos when wild males were present (x* = 7493,
d.f =1, P < 0-001). This indicates that many of the
ovipositions made by farmed females remained unfer-
tilized when wild males were absent. As a result, the
reproductive success of farmed females in the absence

Table 3. Comparison of nesting characteristics and feproductive success of wild and fanmed females when held as separate
groups (Arenas 1 and 4, respectively) with that when they were held in mixed groups (Arenas 2 and 3). F statistics and
probability values (P) are from analyses of variance or covariance (> indicates variable greater in separate than in mixed

groups; < indicates the vice versa;
for multiple comparison by sequential Bonferrom tests)

= indicates no mgmﬁcant effect at P < 0-05; and [*] indicates significant difference adjusted

Wild fernales Farmed females
Separate vs. Separate vs.
mixed Covariate mixed Covariate
—————————  body weight body weight
Variable F F P F P P
Nesting characteristics
Onset of breeding = 0-48 0495 <0-001* = 6-96 0-017 <{-003*
Duration of breeding = 002 0874 <(-001* = 0-83 0-373 -
Number of nests < 7-8%  0-011 <0-001* < 1701 <0-001* 0-010
Eggs per nest® = 005 0-823 <0001 > 11-5¢ 0-003* <0-001*
Covering bouts® = 147 0-243 - - - -
Time to cover eggs® = 004 0-83} - - - -
Nest depth® > 13-64  0-001* 0-027 = 0-33 0-572 -
Gravel quality” = 0-05 0-822° -~ = 0-35 0-562 -
Reproductive success
Egps retained = Q-0 0981 - b 1941 <0-001* -
Survival of deposited
epgs® = 1:53 0230 - < 9251 <001% -
Spawning success < 1520 0-001% G-001* < 64-15  <0-001%* -
{eggs deposited +
survived/fecundity) L . i
Reproductive success < 7L Q00 <0-001% .- o< 63448 4 <0-00)% -

Y No nests recovered for one wild fermale in Argna 1 and three fafmed forales fi:Arena 4,

*No nesting covering data for four w1l§ fer
was not analysed for fdrmed fem'ﬁes becduse insifiic
¢ Arenas 2 and 3 dxﬁercd sxgnmcantly (P < g 0‘3) fo

I nd one wild female in each of Arenas 2 and 3. Nest covering
'stcd from Atena 4.
'ﬂd tcmaks
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of wild fish was less than one-tenth of what it was in
the presence of wild fish. o

MALE BREEDING AND REPRODUCTIVE
SUCCESS o

When held together, farmed and wild males began
breeding at about the same time, but the farmed males
had a short breeding duration (Fig.6). This was a
consequence of the high mortality of farmed males
during the breeding season. Farmed males took part
in few spawnings and had lower reproductive success
than wild males (ANCOVA, direct + indirect spawning
observations:  F, =867, P =0008;
ANCOVA, direct observations only: F,y = 41:52,
P < 0-001). There were no significant differences
between Arenas 2 and 3, and no significant fish type-
by-arena interactions (P > -05).

Neither the onset nor the duration of spawning
activity by wild males was influenced by farmed sal-
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P =0-001*
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Fig. 6. Breeding activity of farmed and wild male saimon in
Arenas 2 and 3. Data are means and standard deviations
across experiments adjusted for the covariate body size where
significant. Probability values are derived from analyses of
variance and covariance. Significant differences adjusted for
multiple comparison by sequential Bonferroni tests are indi-
cated (*). Hatched bars = farmed; solid bars = wild.
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Fig."]. Reproductive success of farmed (Arena 2 = 1, Arena
3 = O)and wild male salmon (Arena 2 = B, Arena 3 = @)
in competition. Solid line is the relationship between repro-
ductive success and body size for wild males
(r = 496 x [weight]>'"®), which is also significant by Spear-
man rank correlation (R, = 0-615, P = 0-0313). The relation-
ship was non-significant for farmed males (R*= 0-180,
P =0-170).
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mon (Table 4). Wild males did, however, obtain
greater numbers of spawnings and had higher repro-
ductive success with farmed fish present, than when

. held in groups comprised solely of wild fish.

Farmed males were not influenced by wild males in
their breeding and reproductive success (Table 4).
Even in the absence of wild males, farmed mates dis-
played inappropriate reproductive behaviours and
only in two of six spawnings did the courting farmed
male(s) enter the nest and release sperm when the
female oviposited.

Discussion

Farmed fish were competitively and reproductively
inferior to wild fish (Figs2-7). Body size was a key
determinant of reproductive success in wild, but not
farmed salmon (Figs 5 and 7). The farmed fish, males
and females combined, achieved only 11-19% the
reproductive success of the wild fish when in compe-
tition, Intergroup competition, however, did not
reduce the reproductive ability or success of either the
farmed or wild salmon (Tables 2-4).

COMPETITIVE AND BREEDING BEHAVIOUR

While there were no evident differences in expression
of aggressive behaviour of farmed and wild female
Atlantic salmon, farmed males were distinctly less
aggressive than witd males, Reduced aggressiveness of
cuitured relative to wild adult males has also been
observed in sea-ranched coho salmon (Fieming &
Gross 1992, 1993). This response to domestication
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Table 4, Comparison of breeding of wild and farmed males when held as separate groups {Arenas 1 and 4, respectively) with
that when they were heid in mixed groups (Arenas 2 and 3). F statistics and probability values (7) are from analyses of variance
or covariance (> indicates variable is greater in separate than in mixed groups; < indicates the vice versa; = indicates no
significant effect at P < 0-05; and [*] indicates significant difference adjusted for multipie comparison by sequential Bonferroni
tests)

Wild males Farmed males
Separate vs. Separate vs.
mixed Covariate mixed Covariate
. —~—————————  body weight ———————  body weight

Variable F P P F P P
Onset of breeding activity® = 316 0-050 - = 0-73 0-405 -
Duration of breeding activity = 407 0-056 - = 0-85 0-366 -
Number of spawnings < 8353 0-008* 0038 = 0-57 0-336 -

Estimated reproductive success
Direct spawning observations 7-48 0-012* 0-225 = 1-00 0-328 -
. Direct+indirect observations < 878 0-007* 0-148. = 0-10 0-754 -

A

*Two farmed males in Arena 2 and one in Arena 3 were never observed expressing breeding behaviour.

may involve both -genetic and environmentally wild males, but not females may reflect differences
induced changes as a consequence of culture. Some  between the sexes in intensity of competition for
species have been shown to rapidly adapt genetically  breeding resources (cf. Fleming & Gross 1994; Quinn
to captivity (Frankham & Loebel 1992) and behav- & Foote 1994). Male Atlantic salmon compete overtly
ioural trajts may be among the first traits to respond for access to spawning females, while females appear
(Kohane & Parsons 1988). In salmon culture, where = to compete more subtly for breeding territories (also
matings are determined artificially, adult aggression ~ Jones 1959; Webb & Hawkins 1989). This pattern is
would afford no apparent reproduective advantage_ahd e similar to that observed in adult coho salmon, where
directed selection for rapid growth may result in'a  * sea- ranched and wild males, but not females, differed
correlated response for reduced aggressiveness  in aggressiveness (Fleming & Gross 1993).

(reviewed in Ruzzante 1994). Thus, a combination of ™ "~ Competitive differences between farmed and wild
artificial and domestication selection may, in part, females were subtle. Reduced breeding behaviour,
contribute to differences in aggressiveness between “construction of fewer nests and retention of more eggs

farmed and wild males. - unspawned by farmed than wild females may have
Reduced aggressiveness is also likely to be environ- resulted from competitive inferiority. Altered behav-
mentally induced and may reflect the rapid deterior- - iour patterns caused by dotestication and poorer

ation ir body condition of the farmed fish, particnlarly physical condition (relatively small hearts; also Gra-
the males, which incurred high mortality, wounding ham & Farrell 1992) of farmed than wild females may

and fungus infection. Sexual maturation in com-  have also contributed to the differences. Similarly, a
bination with chronic stress typically associated with .- combination of these factors and reduced caudal fin
aquaculture adversely affect the condition of salmon- size, the primary fin used in nest construction, due to
ids, particularly males, increasing susceptibility to dis- sea-pen culturing (Fleming er al., in press) may explain

ease and mortality (Pickering 1993). Observations of  the inefficient covering of nests by farmed relative to
escaped farmed salmon having higher incidence of  wild females. Inefficient nest covering probably
tocal scale loss than wild salmon in nature (Webb er resulted in greater egg loss, as fewer eggs of farmed
al. 1991) further suggests that the detrimental effects females were recovered per nest even though they
of culture on body condition persist till spawning. partitioned their initial fecundity among fewer nests
Similar observations have been made of sea-ranched than wild females. Similarly, inefficient nest covering
salmon, which incur more extensive wounding during may explain the observation of Lura, Barlaup & Sze-
the breeding season than wild salmon (Jonsson ef al. grov {1993) that the nests of a farmed femaie in the
1990; Fleming & Gross 1993). The increased wound- River Vosso, Norway, were more variable in volume
ing of farmed males may also be due to their apparent and contained fewer eges than those of wild females.
inability, or unwillingness, to avoid physicat contact

when attacked. This cannot, -however,
exphmnon as wounding m Bt '1rmed tales vwas'

EFRODU’CTIVE- succEss
here were c]ear dlﬂe:cnces batween farmed and wild

wluch was hlgher in the pw thy sence of wilc ) 'ploductwc SUCCESS mth farmed females

salmon. nly bétween 20, and 402 % the .reproductive

Differences in aﬂgrcsswenessbeiween fmned and ,snccess of w;ld females, Sue;ai mzo,s copuribuled to
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these differences. The retention  of
unspawned by farmed than wild females in the com-
petitive environment is a pattern that has also been
observed between sea-ranched and wild salmonids
(Jonsson et o/, 1990; Fleming & Gross 1993). Farmed
females also incurred higher levels of nest destruction
than wild females. Nest destruction through nest
superimposition may be an important cause of female
egg mortality in Atlantic salmon, even in secmingly
low density populations {(Webb & Hawkins 1989; Lura
& Smgrov 1991). Reduced egg survival in gnests of
farmed relative to wild females might have been
related to poorer nest covering and/or poorer egg
quality (Srivastava & Brown 1991). X

Farmed males, more so than farmed females, were
reproductively inferior to wild fish. Lack of any appar-
ent differences in reproductive suceess in the presence
and absence of wild salmon suggests this was not due
to competitive inferiority alone. Rather, inappropriate
reproductive behaviour and poor condition are
important explanations. Farmed males when courting
females often failed to enter nests to fertilize the eggs
during female oviposition. Inappropriate repro-
ductive behaviour of farmed males may explain Lura
& S=zgrov’s (1991) observation that eggs in several
nests spawned by escaped farmed female Atlantic sal-
mon were unfertilized. Farmed males in our experi-
ments were estimated to have attained 1-3% of the
reproductive success of wild males. Such loss of breed-
ing fitness is known to occur in other species, even
where strict breeding programmes to maintain genetic
variability are implemented, due to rapid domes-
tication (Loebel et al. 1992; see also Lyles & May
1987). The process of environmental and genetic adap-
tation, including behavioural and physiclogical
responses to captivity, is likely accelerated in farmed
salmon, where breeding is determined artificially.

{t is possible that interpopulational differences
unrelated to artificial culture may explain the present
results; however, this seems unlikely given the mag-
nitude of differences observed. Our experiments were
designed to be representative of the intentional or
unintentional presence of farmed salmon in Norwegian
rivers and thus farmed salmon from the principal
breeding programme of farmed salmon in Norway
were used. Furthermore, these results agree with other
evidence that suggests captive breeding and artificial
culture reduce natural reproductive ability of fish
(Jonsson er «f. 1990; Leider et af. 1990; Fleming &
Gross 1993) and other organisms (Cade 1988; Loebel
et al. 1992).

more  eggs

IMPLICATIONS

Large numbers of farmed Atlantic salmon escape;
minimum estimates suggest they compose 25-48%
of salmon on the feeding grounds in the north-east
Atlantic Ocean (Hansen, Jacobsen & Lund 1993).
Some of these fish enter onto breeding grounds of wild

populations where it is not uncommmon for them to
outnumber wild spawners by as much as 3:1 (Lund,
Hansen & @kland 1994; Lura & Gkland 1994). Our
results suggest that farmed salmonids, artificially
reared to maturity, will have an inferior reproductive
ability relative to their wild counterparts. The extent
of this inferiority is likely to be affected by the pro-
portion of a fish’s life, as well as the number of gen-
erations in culture (Fleming er al. 1994). For instance,
the reproductive inferiority shown by sea-ranched sal-
monids relative to theic wild counterparts (Leider ¢t
al. 1990; Fleming & Gross 1993; Jonsson & Fleming
1993) is less than that shown by farmed salmon in this
study. The extent of residency in the natural environ-
ment following escape is thus likely to be an important
determinant of reproductive ability once on the
spawning grounds.

Even when reared to maturity, hybridization is
likely to occur between escaped furmed females and
wild males as found in the present study. This would
result in sex-biased gene flow between cultured and
wild fish (also Fleming & Gross 1993). Given the large
numbers of farmed salmon escaping and entering
spawning grounds of wild populations the potential
for gene flow is great. Long-term effects of such gene
flow are unclear, as little is known about success of
offspring from such spawnings, although in most cases
we would expect it to be lower than that of wild
offspring due to lack of local adaptation. Evidence of
lower fitness in cultured/foreign and hybrid offspring
relative to that of native offspring supports this con-
tention (e.g. Reisenbichler & Mclntyre 1977; Lach-
ance & Magnan 1990; Leider et af. 1990; Philipp 1991,
Reisenbichler cited by Emlen 1991; Skaala 1992).

Tt might be speculated that the productivity of wild
poputations could be depressed by intrusions of cul-
tured salmon that resulted in ecological interference,
including mate and territorial competition, Our results
suggest that the effects resulting from intrusions by
cultured salmonids will be sex biased, being generated
primarily by cultured females, and such effects would
be very much dependent on timing of spawning. If
farmed salmon spawn prior to, or at the same time as
wild salmon, as occurs in parts of south-western Nor-
way (also Lura & Szgrov 1993), ecological disruption
to wild populations during breeding may be minimal.
Later spawning by farmed females would, however,
probably result in destruction of nests of wild females
(Lura & Swgrov 1991; Webb e «f. 1991). Thus, the
spawning time of wild relative to farmed salmon would
be an important determinant of susceptibility of wild
populations to ecological interference.

Our results also have application to captive breed-
ing programmes for conservation and reintroduction
of species, e.g. Sacramento River winter-run chinook
salmon QOncorfivichus tshawytscha (Hedrick & Hedge-
cock 1994). To increase the success of such
programmes, detrimental effects of captive-rearing on
an erganism’s phenotype and genotype, including its
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behavioural. morphological and physiclogical traits,
must be minimized. This may be accomplished by
keeping the number of gencrations a species needs to
be in captivity fow and exposing it to naturalistic
experiences and selection during this time,
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Experimental tests of genetic divergence of farmed from wild

Atlantic salmon due to domestication

I. A. Fleming and S. Einum

Fleming. . A. and Einum, S, Expcrimental tests of genetic divergence of farmed from
wild Atlantic salmon due to domestication. — 1ICES Journal of Marine Science, 54;
1031-1063.

The genetic response of Atlantic salmon to culture is important in predicting the
success of these fish in nature and their impacts on wild populations through
competition and interbreeding. We compared a seventh-generation strain of farmed
Atlantic salmon from Sunndalsora. Norway, with its principal founder population
from the wild. the River Namsen. The fish were reared from eggs in a common
environment and assessed for the extent of genetic divergence in several fitness-related
traits. Morphology had diverged. as furmed juveniles showed more robust bodies and
smaller rayed fins than the wild juveniles. Ecologically important aspects of behaviour
also ditfered. Farmed juveniles were more aggressive in a tank environment typical of
cufture facilities. while wild juveniles dominated in a stream-like environment. Farmed
Juveniles were also more risk-prone, reappearing from cover sooner after a simulated
predator attack. 1t was not surprising that growth performance was higher in farmed
than wild juveniles, as the former had been subjected to intentional selection for this
trait, Correlited responses to this sefection may also explain the higher rate of smolting
and tower rate of male parr maturity in the farmed than the wild salmon. Competition
with wild juveniies, however, negatively affected the growth of the farmed juveniles,
particularly under semi-natural conditions. Our results indicate that farming of
Atlantic salmon generates rapid genetie change, as a result of both intentional and

D

unintentional selection in culture. that alters important fitness-related traits.

¢ 1997 International Couneil for the Exploration of the Sea
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Introduction

Increasingly, it is becoming evident that cultured fish
differ from wild fish in important fitness-related traits.
These differences arise, in part, from phenotypically
plastic responses of the fish to the radically divergent
environment of culture facilities relative to nature {e.g.
Fenderson ¢t al., 1968; Swain et a/., 1991; Fleming ez al.,
1994, 1997; Olla et af., 1994). Unlike nature, culture
facilities provide predator-free, high-density, rapid-
growith environments that can affect the morpho-
logical, behavioural, and life-historical development of
the fish. The differences between cultured and wild fish
are also likely to arise for genetic reasons. First, cultured
fish are often derived from non-indigenous sources and
are thus likely to differ genetically from wild populations
(c.g. Philipp, 1991; Youngson et «l., 1991). Second,
cultured populations are sometimes established using
few fish and have small genetically-effective population
sizes that can result in random genetic changes (e.g.

1034-3139/97/061051 + 13 $25.00/0/jm 970289

Allendorf and Phelps, 1980; Ryman and Stahl, 1980).
Finally, the human-engineered breeding patterns and
the culture environment imposed on the fish create
intentional and unintentional selection that can result in
domestication over a few generations (reviewed in
Fleming, 1995).

While it has been relatively straightforward to identify
phenotypically-plastic responses of fish to culture,
identifying genetic responses has been somewhat more
difficult, particularly for traits that are likely to have
consequences for fitness. Rarely can a cultured popula-
tion be compared with its founding population from the
wild to assess genetic change in fitness-related traits due
to culture. Often the integrity of the wild population is
compromised subsequent to the initiation of the cultur-
ing programme because. of large-scale introgression by
the cultured fish (e.g. Schramm and Piper, 1995). Yet,
knowledge of the genetic responses of fish to culture
is important in predicting the success of these fish in
nature and their impacts on wild populations through

. 1997 International Council {or the Exploration of the Sen
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competition and interbreeding. Such information is also
of value to culture programmes where domestication can
be important in improving yields.

The Atlantic salmon (Salmo salar 1.) is one of the
most intensively cultured fishes as a result of a large and
economically successful farming industry (Anon., 1996).
In 1971, Norway established a national breeding pro-
gramme for farmed salmon at Sunndalsera and this
programme is now the principal supplier of fish for the
Norwegian salmon farming industry. The first genera-
tion of fish used in the breeding programme were
derived from 41 different rivers and Jocalities (Gjedrem
et al., 1991). However, by the fourth generation of
selective breeding for characteristics such as increased
growth and delayed sea-age at maturity, all four of the
brood lines that had been created were dominated by
from one to three of the original populations {Gjedrem
et al., 1991). It is thus possible to compare fish from
some of these brood lines, particularly brood line one,
with their principal founder population from the wild.

Our aim in this study was to test for genetic response
to domestication in fitness-related traits of farmed
Atlantic salmon. Seventh-generation farmed salmon
from brood line one of the breeding programme at
Sunndalsora were compared with their principal founder
population from the wild, the River Namsen. Both
groups were reared in the same way, under similar
environmental conditions, and contrasted as juveniles
for their morphology, dominance abilities. aggressive
and anti-predator behaviour. growth performance in
cultured and semi-natural environments. male parr
maturity, and smolting.

Materials and methods

The salmon

Eved eggs {ca.3000) from cight famihes of farmed
salmon were obtained from the breeding programme at
Sunndalsora in 1996 and reared at the Norwegian
Institute for Nature Research {NINA) Researcl Station
at Ims (Rogaland. south-west Norway). The eggs repre-
sented the seventh generation of the first brood line
("population 17 sensy Giedrem er of., 1991), which had
been developed using fish from 18 different localities.
including the River Namsen. The River Namsen orig-
inally constituted 11% of the brood line; however, by the
fourth generation its representation had risen to more
than 70% (Gjedrem er of., 1991) and it s uniikely that
this trend has stopped (M. M. Gjoen, AKVAFORSK.
tnstitute  of  Aquaculture Rescarch, As, Norway,
purs, contm.,). :

Eyed eges {ca. 5000) derived [rom at least six families
of witd (confirmed by scale analyses) River Namsen
silmon were obtained from the Skorstad rearing station
at  Fosslandsosen and  transporied to the NINA

1L A Fleming and S. Eimun

Rescarch Station. The River Namsen s a relatively large
river (mean annual water discharge: 300m® s~ '),
located in mid-Norway (64°28'N, 11°30°E). The majority
of the salmon in this population mature after 2-3 years
in the ocean (Jonsson ef «f,, 1991).

Eggs from the two populations were incubated in
Heath vertical stack incubators with a water flow of 4 |
min~ ', At the onset of feeding, the alevins from the two
populations were transferred to separate 2m?
tangential-flow tanks. They were given an excess of
commercial food pellets (EWOS) using automatic feed-
ers dispensing food at 10-min intervals. On 21 May, 840
fry from each population were randomly chosen and
placed in separate 1 m? tangential-flow tanks, with the
remaining fry from each population (ca.4000) being
reared in the separate 2 m? tangential-flow tanks. The
former groups were used in all subsequent behavioural
and growth experiments, and the latter groups for
examining parr maturily and smolting. Cn 27 June. the
fish in the 2m” tanks were transferred to 12 m?>
tangential-flow tanks, where they were reared unti smol-
ting, and the fish in the 1 m? tanks moved between
tanks. The use of several rearing tanks and rotation
among tanks was done to reduce possible rearing tank
effects,

Morphology

Samiples of the farmed (Sunndalsora) and wild (River
Namsen) {Ty were photographed on 13 May 1996 (Table
1). Prior to photographing. each fish was lightly anaes-
thetized with chlorobutanol and placed left side up on a
moistened. light blue carpet that had a millimetre ruler
affixed along its lower edge. Anal. dorsal. and caudal
fins were teased to an erect position and small pieces of
white paper were placed under the anal. dorsal. pectoral.
and pelvic fins to increase their visibility. Photographs
were taken using a copy stand and Nikon F90x 35-mm
camera with a Nikkor 55-mm macro-lens and ring flash
set at a fixed distance from the fish.

The photographs were later digitized using a compu-
ter graphics tablet, recording body area and spatial
co-ordinates of 19 landmarks as described in Fleming
et al, (1994). From these landmark co-ordinates seven
conventional (i.e. anal and dorsal fin heights and bases,
pectoral and pelvic fin lengths and snout length) and 21
truss measurements (Winans, 1984) were calculated.

All morphometric  measures  were natural  log-
transformed and standardized to mean=0 and standard
deviation=1. Characters were then size-adjusied and
transformed into shape variates by expressing them as
residuals from the regression ling describing the relation
between the character and body size. Centroid size. the
sum of squared distances between all pairs of muarginud
landmark co-ordinates on the body,

multivariate measure of {ish body size (Booksioin, 19910

was used as ¢
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Table 1. Mean (mm; sample size in parentheses), range, standard deviation, and analysis of variance
ol fork length for the salmon fry photographed from the Sunndalsera breeding programme (seventh
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generation of brood line 1) and their principal founder population, the River Namsen.

. ANOVA
Wild Farmed _
Namsen Sunndalsara F D
Mean 49,9 46.6 20.89 <0.001
(35) 37
Range 39.9-56.8 38.0-52.3
Standard error 0.6 0.4

The common within-groups slope for each character was
used for size adjustment (Thorpe, 1983; Reist, [986).
There were no significant differences between the
populations in slopes for any of the character-body
size relations (ANCOVA with sequential Bonferroni
adjustment for muliiple character comparisons: p>0.03).

Aggression

To test for innate differences in aggressiveness among
juveniles from the two populations (farmed and wild),
groups of four fish from a population were weighed and
placed into one of 12 stream tank enclosures 60 X 40 ¢m.
Fish were chosen to avoid differences in mean and
variance in weight among replicates and between popu-
lations (overall mean=242g, F,,,=0.611, p=0.436;
overall variance=0.373, F, ,,=0.001, p=0.972). Water
depth was maintained at 4 cm and water flow at 101
min~', and mean water temperature:ts.d. was
16.1°C £ 0.8 {(measured daily).

The fish were allowed 2d to acclimate to the stream
tank. during which time they were fed 1 g of food pellets
detivered twice daily through a PVC pipe to the water
inlet. Then, five 10-min sequences were recorded by
video, one each hour for a 5 h period. Between 20 June
and 13 July, 12 replicates were conducted with each
population. The populations were tested in each of the
experimental tanks, controliing for tank effects. Video
tapes were analysed for overt aggressive acts directed at
other fish.

To determine relative dominance among juveniles of
farmed and wild origin we used a methodology similar
to that of Einum and Fleming (1997). Six stream chan-
nels with v-shaped cross-sections, each consisting of
five 20-cm long sections, were used. Food pellets were
supplied to the upstream end of each section through a
PVC pipe extending from a hole in the blind surround-
ing each channel. Water depth was maintained at 4 cm
and vclocity varied between 1.4 and 2.0cm s™ ' in the
different channels. Mean water temperature +s.d.
throughout the experiment was 10.6°C +0.4.

The experiment was carried out between 27 and 31
May 1996, Each fish was weighed (£ 0.01 g), measured

(fork length £ 0.1 cm), and marked alternately on the
left or right pectoral fin with alcian blue dye for recog-
nition. Fish from the two populations were matched in
pairs of similar size (t-test for paired samples, weight:
p=0.569; length: p=0.801, n=30). Following marking,
the pairs were kept separately in 10 x 10 x 40 cm con-
tainers for recovery for 2 d. They were then added to the
channels and allowed to acclimate for 2 d without food
before observations began.

The fish were observed for } min every 30 min for a
period of 2.5h, and scored for position and foraging
success, both of which correlate well with dominance
(Fausch, 1984). During each observation, one point was
given for occupying the preferred upstream position,
two points for obtaining a food pellet dropped into the
current and two points for each unreciprocated attack
on the other fish (Metcalfe et af., 1989, 1992; Einum and
Fleming, 1997). A fish was determined to be the domi-
nant of the pair whenever its total score after the six
observations was three or more points greater than that
of its opponent. A difference of less than three points
resulted in an unresolved trial.

We also conducted a similar experiment in a tank
environment to determine whether dominance might be
environmentally dependent. Pairs were matched in
weight and length (t-test for paired samples, weight:
p=0.901; length: p=0.207; n=15), and marked following
the procedure described below. The pairs were then
placed in one of five 40 x 30 cm tank enclosures which
were surrounded by black plastic to avoid disturbance.
The fish were allowed at least 8 h to acclimate to the tank,
and then were recorded by video for five 5-min sequences
during a 2 h period. Fifteen replicates were conducted
during 29-31 July. The video tapes were analysed for the
total number of overt aggressive acts by each fish. Water
depth and water flow were maintained at 8 cm and 31
min~", respectively, and mean water temperature = s.d.
was 16.8°C £ 0.9 throughout the experiment.

Behavioural response to a simulated predator

The responses of farmed and wild juveniles to a simu-
lated predator were tested. in 38 X 100 cm sections of
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four tangential-flow 1 m® tanks. The scctions were
screened off by perforated plastic plates. A hide consist-
ing of a 5x7x9cm tunnel with a sealed end provided
refuge and was designed to prevent the fish from feeding
without leaving it. An automatic feeder released food
pellets every 10min during the acclimation period.
Water flow and depth were maintained at 121 min ™"
and 30 cm, respectively, and mean water temperature +
s.d. was 16.0°C £ 0.9 throughout the experiments.

A fish was weighed (£ 0.01 g) and added to each of
the four tanks. We tested two fish from each population
simultaneously, and both populations were tested
equally many times in the different tanks, controlling for
tank effects. The fish from the two populations were
matched for weight such that no significant difference
existed (F, 54=0.001, p=0.973).

After an acclimation period of at least 18 h the fish
was exposed to a 60-cm-long fibre glass brown trout
(Salmo trurta L.) model for 10 s. The model was placed
in the part of the tank holding the fish through a hole in
the blind surrounding the tank. Simultaneously, the
automatic feeder was turned off so that differences in the
timing of exposure relative to the feeding interval did
not affect the motivation of the fish to come out from the
hide. The fish were recorded by video, and the time
which had elapsed before the fish first reappeared from
the hide was determined. Between 19 June and 8 July
1996, 25 replicates were conducted with each of the two
populations.

Growth in hatchery

Two series of experiments were conducted in 0.36 m?
tangential-flow tanks to compare the growth of the
farmed and wild juveniles in the absence and presence of
interpopulation competition. The first series of exper-
iments began on 25 June and was conducted at water
temperatures of 135, 16, 17, 19, and 21°C. The second
series of experiments began on 6 August and involved
water temperatures of 12, 14, and 15°C. The standard
deviation in temperature (registered daily) within an
experiment was always less than 1.0 deg C and usually
less than 0.5deg C. Two pure groups of wild (n=10),
one pure group of farmed (n=10), and one mixed group
(n=35 wild and 5 farmed) were tested at each temperature
within an experimental series. '

The fish to be tested at 15, 16, and 17°C, and at 19,
and 21°C in the first experimental series and at 12, 14,
and 15°C in the second series were acclimated for 3
weeks at 15, 19, and 11°C, respectively. They were then
starved for 24 h to ensure stomach evacuation, and
groups of 10 individuals were weighed and marked
individually using a combination of alcian blue dye and
adipose {in clips. Fish were matched for size such that
there were no differences in- mean initial weight or
variance between the populations in the pure groups

I A Fleming and S. Einum

(p=0.790 for mean and p=0.140 for variance, one-way
ANOVA and Levene test) and in the mixed groups
{all tanks: p>0.90 for mean and p=>0.80 for variance).
The fish were then allowed a day to acclimate to the
experimental tanks.

Water depth and flow within the tanks were
maintained at 30 cm and 31 min ™', respectively, and
black plastic erected around the outside prevented
unintentional disturbance. Artificial light provided a
light regime of 6 h night and 18 h day. The fish were fed
to excess using commercial food pellets (EWOS) for a
period of 3 wk before being starved for 24 h and weighed
again. Fish dying during the experiment were replaced
by fish from the same population and of similar size to
avoid density differences among tanks. Specific growth
rate () was calculated as:

!

G=100(log, final weight [g]—log. initial weight

[eD/(length of experiment [d]).

Performance in a semi-natural environment

To assess growth and moriality under simulated natural
conditions two series of experiments were conducted
using four outdoor, circular stream environments
(described in Fleming et al., 1996). Each stream aver-
aged 2.2 m in width, 21 m in length, and provided 47 m>
of suitable juvenile habitat. The stream bed was covered
with & gravel substratum, and water velocities ranged
between 1 and 62cm s~ ! (measured 15cm above the
gravel, every drm throughout the streams). and
depths between 12 and 50 cm. A diverse fauna in and on
the gravel provided a constant drift of food for the
juveniles. '

The first series of experiments was conducted between
28 June and 22 July, and the second series between 29
July and 27 August. Prior to each experimental series.
the fish were starved for 24 h. Then, four groups of 120
juveniles consisting of 60 wild and 60 farmed fish were
weighed (£0.01 g}, matched for size (comparison
between populations within streams: t-tests, p>0.60;
Levene test for variance, p>0.10), and individually
marked using a combination of alcian blue dye and
adipose fin clips. The different groups were then kept
separately for recovery in 1 m” stream tanks for 24 h
before being released into the four stream environments.
To examine the effect of predators on growth and
survival we added three brown trout (weight 543-790 )
to two of the streams 4d after the juveniles were
released. At the end of the experiments, all streams were
drained and surviving fish were identified and weighed.
Mean water temperature £ s.d. was 16.0°C£0.9 and
18.0°C £ 1.4 throughout the first and second sericw.
respectively.
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Figure {. Comparison of the juvenile morphology of Sunndalsora farmed saimon (brood line 1} with their principal founder
population. the River Namsen. Characters differing significantly (t-tests adjusted by the sequential Bonferroni method) between the
populations are shown by solid (character larger in Namsen salmon) and dashed lines {(character larger in Sunndalsora salmon) on

the fish outline.

Parr maturity and smoliing

On 13 November. a sample of 120 parr from each
population was cxamined for maturity by dissection.
During 12-15 May 1997, a further sample of 450
juveniles from each population were weighed, their
length measured and smolt status identified by external
appearance {Hoar, 1988).

Results

Morphology

In a univariate comparison of morphology. Sunndalsera
farmed salmon (brood line 1) differed significantly from
their principal founder population, the River Namsen,
in 13 of the 28 traits examined (t-tests with sequential
Bonferroni adjustment for multiple comparisons:
p<0.03: Fig. 1). The farmed f{ry had deeper bodies.
particularly in the anterior trunk region, and thus
tended to be more robust and less streamlined than the
wild fry. Moreover, they had smaller rayed fins, includ-
ing dorsal fin width and anal, pelvic, and pectoral fin
lengths. Principal components analysis using the corre-
lation matrix of size-adjusted data showed significant
differences in component scores across PCt and PC2,

primarily reflecting differences in body shape (Table 2,
Fig. 2). Stepwise discriminant function analysis classified
the fish to their population origin, based on a priori
knowledge of the relationship between the populations,
with 97% accuracy (Fg ,=35.50. p<0.001).

Aggression

In a tank environment and in the absence of inter-
population competition, the Sunndalsora farmed fish
showed a higher mean frequency of overt aggressive acts
(mean # 5.6.=3.45 %= 0.73 acts per 5min) than Namsen
fish (1.72+£0.45; F; |, =4.86, p=0.048, controlling for
tank effects F,,;=1.37, p=0.305). Wild salmon,
however, were able to dominate farmed salmon during
pairwise contests in a stream-like environment (sign test:
Z=2.69, n=30, p<0.001). Namsen fish dominated in 21
of the contests and farmed fish in three, with six contests
being unresolved.

To determine whether environment influences the
outcome of interpopulation competition, pairwise
contests similar to the dominance experiments, but
conducted in a tank environment, were performed.
Under these conditions there was no significant differ-
ence in dominance, as expressed by the number of overt

Table 2. Means and t-tests of principal component scores of fry morphology for Sunndalsora farmed
{brood line 1) and River Namsen wild salmon (principal founder population for the farmed salmon).
Percentage of variation explained by each component is given in parentheses.

Wild Farmed - t-test
Principal Namsen Sunndalsera
component (n=35) {n=37) oty p
PCI (20.6%) 0.75 ~0.71 8.97 <0.001
PC2 (12.1%) -0.26 0.24 =217 0.033
PC3 (11.1%) —0.13 0.12 Co- 14 0.303
PCa (9.2%) —0.15 0.14 ~1.27 0.209
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Figure 2. Principal components (PC) analysis of the size-adjusted morphology of Sunndalsora farmed saimon (brood line 1: 2)
and their principal founder population, the River Namsen (@ ). Characters loading highly on each PC are diagrammed on the fish
outlines (loadings: solid lines. 0.70-0.80; dotted lines, 0.50-0.69) and arrows indicate direction of correlation.

aggressive acts {sign test based on binomial distribution:
n=15, p=0.302). The farmed fish were more aggressive
in 10 of the contests and Namsen fish in the remaining 5.

Behavioural response to a simulated predator

Behaviour of the juvenile salmon when exposed to the
trout model was variable. Most fish darted for cover
immediately, however, some froze motionless at their
feeding station and then swam into the hide some time
after the model was removed. Mean time elapsed from
onset of exposure unti! the fish was in the hide
was {4.5s, and did not differ between populations
{(Mann-Whitney U-test: Z=0.65, n=25, p=0.516).
. However, time clapsed before first reappearance
differed significantly between the two populations
(Z=3.27, n=25, p=0.001), as the Namsen fish
(mean £s.¢.=2619:£577s) took significantly longer
than the farmed fish (731 % 208 s).

Growth in hatchery

An overall ANOVA of growth rate incorporating popu-
lation, temperature, presence/absence of interpopulation
competition and the respective interaction terms. ident-
ified two significant effects. Not surprisingly, tempera-
ture had a strong influence on growth rate and affected
both populations in a similar way (Fig. 3; Fy 5463516,
p<0.001). There was also a significant population-by-
competition interaction (F, 24,=5.12, p=0.024), suggest-
ing that interpopulation competition affected the
populations in different ways. Interpopulation competi-
tion resulted in a decline in the growth performance of
the farmed salmon (Fig. 4a: F, ;,-=5.66, p=0.019, con-
trolling for temperature p<0.03), but did not signifi-
cantly affect the Namsen salmon (Fig. 4b: F, ;5,=0.87.
p=0.353, controlling for temperature p<0.03). As o
result, the farmed salmon outgrew the Namsen salmon

Jin pure groups (F; 4,4=6.00. p=0.015: controlling

for temperature p<0.05). but not in the presence of
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Figure 3. Comparison of the mean specific growth rates (% g g~ ' day ™ ') across a range of temperatures of seventh-generation
Sunndalsora farmed parr (brood line |; T ) with their principal founder population from the River Namsen { @ ). combining both

pure and mixed groups. One standard error is shown.

interpopulation competition (i.e. mixed tanks) (F, =
1.33, p=0.254; controlling for temperature p<0.03).

Performance in a semi-natural environment

The wild Namsen parr outgrew the farmed parr across
the experiments in the semi-natural streams (Table 3;
F 403 =3.80, p=0.016, controlling for stream and exper-
imental series eflects p<0.05). The presence of brown
trout predators caused a decline in growth rates
(F) 4y3=7.25, p=0.007) and there was a tendency for
this effect to be greater in the Namsen than in the
farmed fish, though the difference was not significant
(Table 3; predator-population interaction: F 5,;=1.27,
p=0.259). Predation by brown trout, however, was low
or absent, as recovery rates were similar from streams
with (89.2%) and without brown trout (89.4%; x*<0.01,
d.f.=1, p=0.987; one trial excluded due to the accidental
loss of some fish when the stream was drained). Nor was

there any significant difference in recapture rates of fish
from the two populations (Namsen, 89.5%; farmed,
88.6%; %2<0.01, d.f.=1, p=0.972).

Parr maturity and smolting

Parr maturity was significantly lower among the
Sunndalsgra farmed males (21.6%., n=60) than males
from their principal {ounding population, the River
Namsen (44.6%, n=65; v*=7.37, d.f.=1, p=0.007). The
farmed salmon, however, grew faster and were larger
overall after one year in the hatchery than the Namsen
salmon (total Tength: tys=16.61, p<0.001; weight:
teor=18.47, p<0.001). This, in part, reflected the bimo-
dal distribution of body sizes in the two groups (Fig. 3},
with a higher proportion of the farmed (88.0%, n=450)
than Namsen salmon (72.7%, n=450; v*=33.81, d.f.=1].
p<0.001) being in the upper modal group that smefted.

Moreover, the farmed salmon in the upper modal group
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Figure 4. Comparison of the mean specific growth rates (Yo g
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error 15 shown.

were larger than the Namsen salmon (lotal length: (gge=
2531, p<0.001; weight: t,99=22.05, p<0.001), while the
opposite was the case in the lower modal group (total

fength: ty4,=2.26, p=0.023; weight: t,,,=2.73, p=0.007)."

Discussion

The tarmed salmon had diverged from their wild
founder population in several fitness-related traits,

b'd ™ Yy across a range of temperatures (or (a) River Namsen and
and absence of interpopulation competition (I22), One stundard

Table 3. Mean specific growth rate (Yo g g™ d ™ D 2 s.e. of the
farmed and Namsen salmon in semi-natural streams with and
without predatory brown trout present,

Witk Without
Population predators predators Overall
Namsen 131 £0.05 1.69 2= 0.06 P58 = 004
Farmed [47 £ 0.05 [.55£0.006 S IR VRN




Genetie divergence of Jarmed from wild Atlantic salimon

100
80 L \
\
60 - N &
N
5 N NS
= N N
) E
<
R N
40 NN N N
NG
NN N N
3 ] 'g N N
20 - - B B F ERRR N
2 B N NI N RN
3 d 2 i i : i N § . Q Q
NXERREBRERRRR
- YERREEBERRRN \
§f; NEEBERRRRRR
. N YN EERRRNREN N
Ny N YRERRRAERR N
SN YRERRRRRRRNR
o = NARE AN NN N R
50 160 210 160
Total length {mm)

Figure 3, Size distribution of Sunndalsora farmed (23) and River Namsen salmon (B} in May 1997, one vear after hatching.

including morphotogy. behaviour, growth. and life his-
torv. These differences are likely to be genetic in origin
as the fish were reared in the same way. under similar
environmental conditions (i.e. in separate tanks housed
in a common environment with rotation ameng tanks).
While it is possible that the differences could have arisen
due to maternal effects, this seems unlikely. For
example, differences in egg size can positively affect early
survival, growth, and body size (Bagenal, 1969; Glebe
er af., 1979; Kazakov, 1981; Thorpe et «f., 1984). To
minimize such a possibility, the juvenile fish were
matched for size throughout the experiments. Moreover,
the differences in size and growth that were observed
were contrary to expectation based on maternal differ-
ences in egg size (i.e. wild larger thar cuftured; Jonsson

et af, 1996), as farmed outgrew wild salmon, It is .

also known that pre-fertilization environments can
alfect meristic traits in fishes (Dentry .and Lindsey,
1978; Swain and Lindsey, 1986), however, effects on

body shape, if they occur, are unlikely to persist -
months after cmergence (Swain ef al., 1991). Thus

the changes obscrved in the Jarmed salmon appear to

reflect micro-evolutionary change that has occurred in
culture.

Random genetic processes, such as inbreeding. and/or
altered selection could produce such evolutionary
responses in farmed salmon. It is unlikely, however, that
inbreeding has played a large role, because the breeding
programme at Sunndalsera has maintained pedigrees
and avoided mating close relatives (Gjedrem er «l.,
1991). Moreover, many of the changes observed appear
non-random (see below) and are thus inconsistent with
predictions based on genetic drift. Rather, our results
indicate that intentional and unintentional selection
during the seven generations of domestication generated
the observed divergence in morphology, behaviour,
growth, and life history of the farmed salmon from their
wild progenitors.

The morphology of the farmed juveniles had diverged
from its ancestral form as represented by the wild
salmon from the River Namsen, with the body becoming
more robust and rayed fins smaller. This change in body
robusiness contrasts with studies on juvenile seu-
ranched salmon (ic. artificially bred and rearcd as
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juveniles, but free-range as sub-adults in the ocean),
where the opposite trend relative to wild fish has been
observed and is thought to be principally environmental
in origin (Taylor, 1986; Swain ¢t ol,, 1991, Fleming et «l.,
1994). The different rearing regimes may be responsible
for this. Unlike the sea-ranched fish, the farmed fish are
cultured throughout their lives and never exposed to
natural selection for swimming performance. Addition-
ally, they have been subjected to directed artificial
selection for rapid growth based on body weight
(Gjedrem er af., 1988), which probably generated a
correlated positive response in body depth (see Gjerde
and Schaeffer, 1989). The changes in fin morphology of
the farmed salmon do parallel observations from sea-

“-ranched saimon (Td¥ior, 1986; Swain et al, 1991;

Fleming et al., 1994). Moreover, they indicate that seven
generations of intense culturing can generate genetic
change in such traits. Relaxed selection for swimming
performance combined with artificial selection generated
by high levels of fin nipping (Abbott and Dill, 1985) and
erosion (Bosakowski and Wagner, 1994) are likely to be
responsible.

The farmed salmon have also diverged geneticaliy
from the wild salmon in ecologically important aspects
of behaviour, including aggression, dominaince, and
predator avoidance. This is not surprising, because
behavioural traits are believed to be among the first
traits to respond to domestication (Price, 1984). Genetic
differences in aggressive behaviour and dominance
between cultured and wild fish have been documented
previously, but the direction of response has varied.
Some studies have recorded higher levels of aggression
and/or dominance in cultured fish (Moyle, 1969; Swain
and Riddell. 1990; Einum and Fleming, 1997), while
others have noted the opposite (Ruzzante and Doyle,
1991: Berejikian et al., 1996). The present study, suggests
that the expression of aggression and dominance may be
context-dependent (see also Berejikian ez af., 1996) and
this may explain earlier equivocal results (Ruzzante,
1994). The farmed juveniles were more aggressive and
tended to dominate in a tank environment typical of
culture facihities, while the wild juveniles dominated in
the stream-like environment. ‘

The more risk-prone behaviour of the farmed than
wild salmon in the face of potential predation (i.e.
emerging from cover sooner following disturbance)
appeurs to be a pattern common to cultured salmonids
{Johnsson and Abrahams, 1991: Berejikian, 1995;
Johnsson er «l.. 1996; Einum and Fleming, 1997). It
probably rellects a relaxation of selection against
predator-vulnerable phenotypes in culture facilities
where predators are absent but competition for
food remains. The proximate cause of these changes
in antipredator behaviour may be inereased growth
hormone production and thus appetite (Johnsson et al.,
1996), '

1. A. Fiepting and S. Eimam

Having been subjected to intentional selection for
increased growth, it is also not surprising that the
farmed salmon had higher growth performance in the
absence of .interpopulation competition and werc
larger at 1 year of age than the wild salmon. While
genetic changes in the growth rate of domesticated
fish are well documented (Weatherley and Gill, 1987),
the form of the genetic response is poorly under-
stood. The present study suggests that the selection
implemented at the Sunndalsera salmon breeding pro-
gramme increased growth performance at temperatures
above 15°C, close to that which is optimal for growth
(Eliott and Hurley, in press), but did not aiter the
optimal temperature {ca. [7°C for both populations;
Fig. 3): This may bea common pattern, as fish appear to
show more genetic variation in the overall growth
performance than in optimal temperature for growth
{Conover, 1992; Forseth, 1994; Conover and Schuliz.
1995).

Interpopulation competition. however. negatively
affected the growth performance of the farmed relative
to the wild juveniles both in the hatchery and in the
semi-natural streams. This effect was most proncunced
in the semi-natural streams where the wild juveniles
cutgrew the farmed juveniles, reflecting the former’s
competitive superiority in such an environment. A simi-
lar depression in growth performance under natural.
competitive conditions has been observed in sea-ranched
relative to wid steelhead trout (Sulmo gairdneri)
(Reisenbichler and Mclntyre, 1977). In contrast. Einum
and Fleming (1997) found Sunndalsora farmed salmon
to be competitively superior to native salmon from
the River Imsa. Norway, and outgrew them both in the
hatchery and in the wild. In combination with the
present results. this suggests that differing genetic origins
of the two populations prior to culturing may have as
much to do with the outcome of competition and growth
as the effect of culturing itself. This is not surprising as
the breeding programme ai Sunndalsora not only
selected for among individual differences in perform-
ance. but also incidentally for among-population
differences (Gjedrem et af., 1991).

The higher rate of smolting among the farmed com-
pared with the wild juveniles is likely to be related 10 the
differences in hatchery growth performance between the
two groups. Smolting in Atlantic salmon is thought to
be determined more than half a year prior to emigration
(Thorpe. 1986: Metcalfe ef «f., 1988) and affected by the
state (lipid or weight) and/or rate of change of the state
{growth rate) at this time (Thorpe, 1986; Berglund, 1992;
Gkland et al.. 1993; Thorpe ef ol in press). Thus.
selection for increased growth performance and the
desire to produce half-year-old smolts may have gener-
ated a correlated response in smolting. Rapid growih
and/or condition are also believed to infiuence male parr
maturity (Thorpe, 1936; Hutchings and Myers. 1v94:
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Thorpe et al., in press). The faster growing farmed fish,
however. showed a lower incidence of male parr
maturity than the wild fish. This may reflect & correlated
response due to the directed selection for delayed
sea-age at maturation instituted by the Sunndalsera
breeding progranmume, although the two ftraits are
believed to be independently heritable (Gierde, 1984).
Alternatively, because maturation involves a change
in the atlocation of resources from somatic to gonadal
development and thus a decrease in growth {Berglund,

1992), directed . selection for freshwater growth
~gould necessarily tnvelve selection. against male parr
maturity.

Our results thus indicate that the farming of Atlantic
salmon can generate rapid genetic change in fitness-
related traits as a result of domestication due to inten-
tional and unintentional selection. As much of this
change appears to be an adaptive response to the culture
environment, it can be of value for programmes
attempting 1o improve aquaculture production (e.g.
Doyle ¢r al., 1991). This change, however, is a threaf to
wild populations when these fish escape. and compete
and breed with wild salmon. The invasion of escaped
farmed salmon into rivers not only increases competi-
tion for resources. but also results in the infusion of
different genetic traits into wild populations. Many of
these traits are likely to be maladaptive for the local
environment both because of the non-indigenous origins
of the farmed salmon (Einum and Fleming, 1997) and
because of the changes that have occurred due to
culturing. While natural selection may be able to purge
wild populations of such maladaptive traits, its actions
are severely hindered by the year-after-year introgres-
sion of farmed salmon. The net result is almost certainly
a decline in population fitness, as the influence of
selection from the culture environment overrides that in
the wild.
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There is concern that the progeny resulting from the spawnings of escaped furmed Atlantic
salmon may compete with and disrupt native salmon populations. This study compared. both
in the hatchery and in the wild. fitness-related traits and examined interactions among farmed.
native and hybrid 0+ parr derived from controlled crosses and reared under common
conditions. The farmed salmon were seventh-generation fish from the principal commercial
strain in Norway and native salmon were from the rivers Imsa and Lone, Norwav, In the
hatchery, farmed salmon were more aggressive than both native populations and tended o
dominate them in pairwise contests. Farmed salmon were also more prone to risk. leaving
cover sooner after a simulated predator attack, and had higher growth rates than native fish.
Imerbreeding between farmed and native fish generally resufied in intermediate expression of
the above traits. There was, however. evidence of hvbrid vigour in Lone/farmed crosses which
were able to dominate both pure Lone and farmed parr in pairwise contests. In the wild,
observations of habitat use and diet suggested that the populations compete for territory and
food. and both farmed fish and hybrids expressed higher growth rates than native fish, Qur
results suggest that these innate differences in behaviour and growth. that probably are Jinked
closely to fitness. will threaten native populations through competition and disruption of local
EldilplllliOnS. 1997 The Fisheries Society of the British 1sles

Kev words: aquacutture: domestication: Safmio selar: ageression: predation visk: growth.
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INTRODUCTION

It is becoming increasingly clear that introduction of cultured fishes may have
negative effects on native fish populations (Hindar er e/ 1991: Saunders. 1991:
Waples, 1991; Heggberget er af, 1993). The Atlantic salmon Salmo salar L.. is
one of the species believed to be threatened by such introductions. Large
numbers of farmed salmon escape from aquaculture facilities each year and enter
rivers to spawn (Gausen & Moen, 1991; Webb et /., 1993: Lund ¢t «f., 1996). In
some Norwegian rivers, farmed fish are reported even to outnumber the native
fish. Successful breeding of farmed fish (Lura & Scegrov, 1991; Webb ¢t «l..
1993) and the resultant hybridization with native salmon (Crozier, 1993; Fleming
et al., 1996) may represent an ecological and genetic threat to native populations.

Interbreeding between farmed and native salmon threatens the local adapta-
tions that appear to be so prevalent among salmonid populations (reviewed
by Ricker, 1972; Taylor. 1991). Farmed salmon have been exposed to intended
and unintended artificial selection during domestication that can result in
cvolutionary changes causing them to diverge from their wild conspecifics

tAuthor to whom correspondence should be sent, Tel.: +47 73 38 05 00: M +47 7390 52 23 emniis
ian. lenming@nina.nina.no.
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(reviewed by Fleming, 1995). Furthermore, the farmed salmon are derived often
from non-indigenous individuals (Gjedrem ef /., 1991). Thus, competition and
interbreeding with locally adapted populations may result in a loss of biological
diversity.

Although some differences between cultured and wild fish have been docu-
mented (e.g. Swain & Riddell, 1990; Mesa, 1991; Ruzzante & Doyle, 1991;
Berejikian, 1995), little is known about the performance of native/farmed
hybrids, particularly in the wild. Yet, breeding by farmed salmon in native
populations is most likely to produce hybrid offspring because of a sex bias in the

‘ reproductive performance of farmed spawners and non-discriminatory mate
.~choice by males (Fleming er al, 1996). In general, there are two possible
outcomes of hybridization (reviewed by Leary et el, 1995). If the two parental
populations are somewhat inbred, the hybrids may experience an increase in
fitness relative to that of the parental populations due to heterosis. Alternatively,
hybridization between two reproductively isolated populations may result in a
breakdown of local adaptations and/or co-adapted gene complexes and thus
entail reduced fitness through outbreeding depression. Hybrids from crosses
between native and non-native fish may then express either intermediate or
poorer performance than the two parental populations. In fish, outbreeding
depression seems to prevail (e.g. Ferguson et al, 1985; Lachance & Magnan.
1990; Philipp & Whitt, 1991}, but hybrid vigour has also been reported (e.g.
Webster & Flick, 1981; Ferguson et /., 1988). While the outcome will depend in
part on genetic differences between the populations (Emlen, 1991), it would be
difficult to predict even when the expression of parental traits are known.

Most comparisons of farmed and native salmon have been conducted 1 a
hatchery environment. Although such studies are important to establish genetic
differences in certain traits, only tentative inferences can be made about
performance of farmed fish in the wild. Knowledge about effects of hybridiza-
tion and performance of farmed and native/farmed hybrids in the wild is
therefore badly needed to assess the effects spawning by escaped farmed salmon
has on productivity and viability of native populations.

The purpose of this study was to test for genetically based differences in some
fitness-related traits and to compare performance in the wild of juvenile Atlantic
salmon of native, farmed and hybrid origin. Native salmon were derived from
two Norwegian populations and farmed salmon were from the principal
commercial strain used in Norway. Crosses were made and reared in a common
environment. The offspring of these crosses were then contrasted for their (1)
ability to dominate in pairwise encounters; (2) level of overt aggression; (3)
anti-predator behaviour; and (4) growth in a series of controlled experiments.
Finally, the survival, growth, diet composition and habitat use of the juveniles in
the wild were compared.

MATERIALS AND METHODS

POPULATIONS
Adult salmon from the River Imsa (four females and eight males), the River Lone {({four
females and eight males) and from a sixth-generation strain of farmed salmon developed

N

at Sunndalsora, Norway {cight females and eight males} were bred to create pure aund
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hybrid offspnng The River Imsa (described in Fleming ef al., 1994) is a small river with
a 128-km” catchment area and is located in south-western Norway (58°59" N, 5°58' E)
near the city of Stavanger. Most salmon in this population mature after 1 year in the
ocean, but there is a significant return of two sea-winter fish. In recent years, some fish
have been sea-ranched (i.e. hatchery reared as freshwater juveniles and then released to
range freely in the ocean), and currently only first-generation sea-ranched fish are allowed
to spawn in the river with the wild salmon. The River Lone is also a small river with a
64-km? catchment area and is located in western Norway (60°32" N, 5°30" E) near the city
of Bergen. Nearly all salmon in this population attain sexual maturity after one winter at
sea (Hansen & Jonsson, 1990). The River Lone fish used in the experiments were the
offspring of parents that had been sea-ranched at the Norwegian Institute of Nature
Research (NINA) Research Station, Jocated by the River Imsa, for the first time. The
Sunndalsgra salmon were developed for the Norwegian fish. farming industry and have
been bred selectively since 1971 to attain certain characters such as increased growth and
delayed maturity (Gjedrem et al, 1991). The first generation of fish were derived from 41
different wild salmon populations, including the rivers Imsa and Lone. However, by the
fourth generation, all four brood lines were dominated by from one to three populations
characterized by fast-growing and late-maturing fish (i.e. not including rivers Imsa and
Lone) (Gjedrem et al., 1991). Fish from this selection program now constitute >80% of
commercial salmon production in Norway.

CROSSES

The adult salmon were bred artificially at the NINA Research Station to create the
following family groups: pure Imsa (1994, n=4; 1995, n=4), pure Lone (1994. n=4).
Imsa/farmed hybrids (1994, n=8; 1995, n=4), Lone/farmed hybrids (#=9, 1994) and pure
farmed (1994, n=7; 1995, n = 8). In 1995, the 32 family groups of alevins were transferred
from egg incubators to 0-36-m~ tangential-flow tanks at the onset of feeding. They were
given an excess of commercial food pellets (Felleskjopet) using automatic feeders
dispensing food at 10-min intervals. Each family group was reduced to 200 randomly
chosen individuals and the groups were rotated among the tanks on 19 April. This was
done to avoid differences in density-dependent effects on growth and aggressiveness, and
to minimize tank effects. On 29 June, 500 parr from each population (i.e. each type of
cross) were placed in separate 2-m” tangential-fiow tanks. They were chosen so that each
family group within a population was equd}iy represented. In 1996, the fish from each
population were placed in separate 1- -m” tangential-flow tanks at the onset of feeding and
given food as above.

Each fish was used only once throughout the experimental period. being marked on the
tail fin with alcian blue dye following use and before being returned to the holding tank.

HATCHERY EXPERIMENTS
Dominance comparisoiis

To determine relative dominance among native, farmed and hybrid fish, a methodol-
ogy similar to that of Metcalfe er ol. (1992) was used. Six stream channels with V-shaped
cross-sections, each consisting of five 20-cm long sections, were built of wood and
surrounded by black plastic sheets with observation slits. The sections within the
channels were separated by perforated plastic plates, and an identical plate between the
water inlet and the first section prevented turbulence. Water depth was maintained at
4 cm, and velocity varied between 1-4 and 2:0cm s 7' in the different channels. The
V-shaped cross-section was designed to preclude the possibility of two fish beside each
other on the bottom of the channel, and thus ease the determination ol dominance (sec
below). Food pellets were supplied through PVC pipes extending from holes in the blind
to the upstream end of cach channel section. Mean water temperature & $.0. throughout
the experiment was 148 £0-6° C,

Each fish was anacsthetized lightly with chlorobutanol in cooled water {¢. 47 C).
weighed (+0-01 g}, measured (fork fength +G-1 cm) and marked alternately on fefi or
right pectoral fin with alcian blue dye for recognition. Fish from difierent populations
were derived from rearing groups of similar mean body size and matched in puirs of
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TasLE 1. Weight (g) and fork length (cm) of fish used in the dominance experiment

Pairs Weight £s.0. P Length £ s.0. P
imsa [-57+0-16 0-001 513+£013 <0001
Farmed 1-52 +0-20 5:33£ 020

Imsa hybrids 1-52 £ 0-23 (272 5-28+0-22 0-767
Farmed 1-47 £0-28 5-28 £0-21

Imsa 1-46 £ 0-18 0-464 S-08x0-17 0-879
Imsa hybrids 144 £ 018 508 £0-18

Lone 1-20+£0-15 0-251 479 4+ 0-16 0-311
Farmed 1-19 £ 0-15 N 4-830 £ 018

Lone hybrids 1-85+£0-34 0-309 557£0:30 0-944
Farmed 1-82 033 556 £ 032

Lone 134 £ 018 0-358 4994 0-19 0-116
Lone hybrids 132 £0-17 497+ 0-19

Imsa 129+ 0-23 0-690 4-73 4 (-31 0-802
Lone 1-28 4:0-27 474 £ 0-34

Differences were tested by two-tailed Wilcoxon matched-pairs signed-ranks test (length) and t-test for
paired samples (weight). Data presented as mean £ 5.D..

similar size. Rearing groups of similar mean body size were chosen to avoid comparing
dominant fish from one group and subordinate fish from another (cf. Huntingford ez «l.,
1990). Fish larger than the mean size of their family group, and thus probably dominant
within thetr rearing group, were chosen also. There were no significant differences in the
weight and length of the fish used in the pairwise contests between populations, except
that between Imsa and farmed fish (Table I). Difficulties in finding rearing groups of
Imsa and farmed fish having similar weight-length ratios meant that fish were paired such
that the differences in weight and length were intermediate. As a result. Imsa fish were
heavier than the farmed fish, but shorter in length,

Following marking, the fish were added to the channels and allowed to acclimatize for
3 days without food before observations began. The fish were observed for | min every
20 min for a period of 2 h, and scored for position and foraging success. both of which
correlate well with dominance (Fausch, 1984). Preferred position was assumed to be
upstream of the other fish because this gave first access to food (Metcalfe er «f.. 1992).
During each observation, one point was given for occupying this position and two points
for obtaining a food pellet dropped into the current. Larger weighting was given to
obtaining the pellet because dominance appears more highly correlated to feeding than to
position (Metcalfe e al., 1989). Two points were also given each time a fish made an
unreciprocated attack towards the other, and given four points if the fish contested and
won the pellet. A fish was determined to be the dominant of the pair whenever its total
score after the seven observations was three or more points greater than that ol its
opponent. A difference of less than three points resulted in an unresolved trial.

The experiment was carried out between 25 May and 6 June 1995 The results
suggested that there may be differences between the two native populations in ability to
dominate. Thus, we tested 30 pairs of pure Lone r. pure Imsa between 2 and 5 June 1996.

Within-population aggression

To test for innate differences in aggressiveness among populations, groups of eight
fish from a population were weighed and placed into one of four stream tanks. Water
depth was maintained at 5 om and water flow was 8 I min ™', Black plastic was erected
around the tanks to avoid disturbances. Mean water temperature & s.. throughout the
experiment was 19-9 £ 1-7° C.

Mean size and degree of variance in size within a replicate may affect social structurs.
and thus the frequency of aggressive interactions (e.g. Symeons, {968 Frev & Milicr.
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FiG. 1. The 90 % 110-cm section (A) used to test behavioural responses to exposure of a simulated
predator. Water inlet (B), water outlet {C), automatic feeder (D). hide (E) and screen (F) are
indicated. Water depth was maintained at 30 cm and water flow was 121 min 7! (arrows indicate
flow direction).

1972). Therefore, fish were chosen carefully to avoid differences among populations in
these parameters (overall mean=5-01 g, Fy4,5=0-45, P=0-769; overall variance & 0-25.
F,35=0-93, P=0-460).

The fish were allowed 2 days to acclimate to the stream tank, during which time they
were fed 1 g of food pellets defivered through a PVC pipe to the water inlet twice daily.
Then, five 10-min sequences were recorded by video, one each hour for a 5-h period with
the fish being fed once after each sequence. Between 17 July and 10 August eight
replicates were conducted with each of the five populations (i.e. Imsa, imsa/farmed
hybrids, Lone, Lone/farmed hybrids and pure farmed). Each population was tested
equally many times in each of the experimental tanks, controlling for tank effects.

The video tapes were analysed later for overt aggression. This experimental design
gave no opportunity to quantify displays or to identify individuals. thus only the total
number of charges, number of chases and duration of chases were recorded. A charge
was defined as a ‘ rapid. direct movement by an aggressor towards another fish and
distinguished by rapid acceleration’ (sensu Kratt & Smith, 1979), while a chase was a
* prolonged approach or charge by aggressor and flight by chased fish from its original
station * {sensu Swain & Holtby, 1989). If the flight by the chased fish lasted <1 s, the
event was registered as a charge.

Behavioural response to a simulated predator

In this experiment, the behavioural responses of pure Imsa, Imsa/farmed hybrid and
pure farmed fish to a simulated predator were examined. The fish were tested in
90 x 110-cm sections of five tangential-flow stream tanks (Fig. 1). The sections were .
screened ofl by perforated plastic plates. A hide consisting of a 3 x 3 x 7-cm tunne! with
a sealed end provided refuge and was designed 10 prevent the fish from feeding witho ut
leaving the hide. An automatic feeder released food pellets every 10 min during the
acclimatization period. Black plastic erected around the tank created a blind o prevent
unintentional disturbance of the fish. Mean water temperature £ s.0. throughout the
experiments was 20-1 £ [-6° C,

A fish was weighed (£0-01 g) and added 10 cach of the five tanks. Simulrancousi
two fish from two of the populations and one from the third were tested. and
population was tested equally many times in the different tanks. conwolling for naih
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effects. The fish from different populations were matched for weight such that no
significant difference existed (F, ;5=0-50, P=0-610).

After an acclimatization period of at least I8 h, the fish was exposed to a 60-cm long
fibreglass brown trout Salmo trutta L., model for 10s. This was done by placing the
model into the same part of the tank as the fish, through a hole in the blind. At the same
time, the automatic feeder was turned off so that differences in the timing of exposure
relative to the feeding interval did not affect the motivation of the fish to come out from
the hide. Following exposure, the fish was recorded by video. The first time the fish
reappeared from the hide it often remained out for only a few seconds before returning,
appearing to be still affected by the exposure. Thus, both the time elapsed before first
reappearance, and the time elapsed until the fish had remained out for a total of 1 min
was recorded. Between 12 July and 7 August 1995, 26 replicates were conducted with
each.of the three populations.

Growth in hatchery

On 11 August 1995, 60 fish from each of three populations, Imsa, Imsa/farmed hybrids
and farmed fish, were anaesthetized with chlorobutanol, weighed (& 0-01 g) and a passive
integrated transponder (PIT) tag, that allowed individual recognition, was implanted into
the body cavity. The fish were divided into four mixed groups of 45 individuals
containing 15 fish from each of the populations and transferred to separate 1-m*
tangential-flow tanks having a water depth of 15 cm and a flow of 9 Imin ™', There were
no differences in mean (overall=6-91 g, P>0-70 in all cases, one-way ANOVA) nor in
variance of initial weight (overall=3-25, P>0-05 in all cases, Levene test) among the
populations in any of the tanks. In addition, nine control groups (three for each
population} each consisting of 45 non-tagged individuals of similar size, were placed in
tanks identical to those of the mixed groups. Food pellets were dispensed from automatic
feeders at 10-min intervals. The group were rotated among the tanks on | September to
reduce tank effects. Mean water temperature +5.D. throughout the experiment was
17-9+ 1-8° C. Fish dying during the experiment were weighed and replaced with fish
from the same population of similar size to avoid effects of unequal density.

On 14 September the fish were removed from the tanks and weighed (£0-01 g).
Individual growth was registered in the pit-tagged groups, and fish dying during the
experiment were not included in the analysis. Mean growth within each control tank
was calculated by adding the summed difference between all dead fish and replace-
ment fish to the total weight by the end of the experiment, subtracting the total mitial
weight. and then dividing this sum by the number of fish. Specific growth rate (G) was
calculated as:

G=100(log, W»—log, IV} d~"

where I3, and }, are final and initial weights respectively in g and ¢ is the length of the
experiment in days.

RELEASE EXPERIMENTS

Study area

Release experiments were conducted in 1995 and 1996 in a 70-m section of the Stream
Alabekk (Fig. 2), a tributary to the River Imsa which contains natural populations of
salmon, brown trout and ecl Anguilla anguilla 1. The downstream end o! the study arca
was screened off by a 200 x 100-cm steel plate, perforated with 10-mm holes, and
attached to a wooden frame. The upstream end of the study area was delimited by a
waterfall that prevented extensive upstream dispersion. This waterfall was enlarged
artificially in 1996. Important habitat parameters (e.g. Heggenes, 1990} were measured in
the middle of the brook at 1-m intervals throughout the study area on 6 August 1993,
Mean width and depth of the study site were 191 em (range 60-310cm) and 23 o

{range 4-58 cm1), respectively. Mean current, measured in the middle of the wurer
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Waterfall

A

Section 3

¥

Fi. 2. Location and map of the study area on the Stream Alabekk. with refease Jocalities 1 murked.,

column using a current reader with a 1-8-cm propeller, was 16 cm s ™! (range: 0-98 ¢m
s '} and the substratum varied from fine sand to gravel and bedrock. Mean water
temperature & 5.0, was 19-9+ 1-8°Cin 1995 and 15-5% 1-3° C in 1996.

Release and recapturing

In both years, 80 0+ parr from each of the three populations (Imsa, Imsa/farmed
hybrids and farmed) were anaesthetized using chlorobutanot and weighed (£ 0-01 g),
matching the populations such that niean weight and variance did not differ significantly
(1995, overall mean £ 5.0.=3-37 ¢+ 0-72; 1996, overall mean £ 5.0.=2:40 ¢ & 0-45: both
years, P>0-05). The fish were tagged with PIT tags and divided into four groups. cach
consisting of 20 individuals from each population. and placed in separate 2-m- tangeniial-
flow tanks for recovery. The [ollowing day (1995, 10 July: 1996. 4 June). they were
released into the stream at four locations (Fig. 2).

The study area was electrofished four times between 10-12 August and again between
[3-14 Scptember in 1995, and seven times between 1-5 July and again between -0
August in 1996. The site of recapture of each fish was recorded on & map of the stream,
To examing distribution, the stream was divided inio three sections of upproxmatei
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TanLe 1. Results from the dominance experiment

Comparisons n Dominant  Unresolved  Subordinate P

Imsa comparisons

Farmed v. Imsa hybrids 30 12 S 9 0-664

Imsa hybrids v. Imsa 29 14 g 7 0-182

Farmed v. Imsa 42 30 2 10 0-003*
Lone comparisons

Lone hybrids v. Farmed 25 18 3 4 0-004*
Lone hybrids v. Lone 28 17 6 5 0-017*
~Farmed v. Lone 30 16 5 9 0230

Native fish comparison

Lone v. Imsa 30 I5 6 9 0-308

*Significantly different at the 0-05 level after adjustment by sequential Bonferroni method.
Dominant denotes the number of pairs where the first population mentioned in the comparisons column
was assessed as dominant. Differences were tested by Sign test.

similar length (Fig. 2). Section 1 was relatively deep (mean £5.p.=35 £+ 12 cm) and had
low current (33 cm s~ '). Sections 2 and 3 were shallower (138 and 15+ 7 cm,
respectively) and had higher current (27 £28 and 22+ 12cm s~ ' respectively). In
addition, in 1995 depth and current in the middle of the water column at the position
were measured where the fish was observed first during electrofishing.

Following each electrofishing, the fish were identified by their pit-tag and weighed
{ =001 g). In 1995, stomach contents of all fish were identified and counted under a
stereoscopic dissecting microscope.

STATISTICS

Data that did not meet requirements for parametric analyses. before or following log
or square root transformation, were analysed using nonparametric statistics. Multiple
comparisons were adjusted for using either the least significant difference (LSD) method
associated with ANOVA or sequential Bonferroni tests (Rice. 1989). All statistical
analyses were performed with the Statistical Package for the Social Sciences (SPSS
version 6.0).

RESULTS

HATCHERY EXPERIMENTS
Dominance comparisons

in 81-8% of the pairs, one fish was assessed as dominant; the remaining pairs
were unresolved (i.e. difference in score of less than three points). In three out of
seven comparisons, one population had a significantly higher frequency of
dominant individuals than the other (Table IT). Farmed fish dominated {ish from
Imsa, with Imsa hybrids being intermediate between the two pure populations.
In contrast, Lone hybrids dominated both pure farmed and pure Lone fish. In
comparisons between the two pure native populations, Lone fish dominated
more contests than Imsa fish; however, the difference was not significant.

To test if differences in size within pairs influenced the outcome of the
dominance comparison, pairwise differences in weight and length were compared
with differences in score using pooled data. No significant correlation was found
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Tasce 111, Mean number of charges & 5.5 per 10-min period (eight replicates per

population)

e ) X . Imsa Lone
Populd.tlon Mean =% S.E. Imsa hybrids f.one hybrids
Jmsa 19 +22 — — — —
Imsa hybrids 05+ 46 NS — — o
Lone 1716 NS NS — —
Lone hybrids 19-6 4 34 NS * NS —
Farmed 20-8 +:4-5 * * * NS

*Pairs of populations significantly different at the 0-05 level; NS, no significant difference (one-way LSD
multiple range test).

TaBLE IV, Mean number of chases per 10-min
period and mean duration of each chase in
seconds (eight replicates per population)

o Number of Duration
Population chases +s.t.  chase = s.E.
Imsa 22+09 10-1 = 3-8
Imsa hybrids 1-0£ 04 55+£24
Lone 1’1405 51422
Lone hybrids 09+03 43+ 1
Farmed 1-8+06 §8+£28

(n=184; weight: r=0-05, P=0-244; length: r=0-09, P=0-203, Spearman rank
correlations).

Within-population aggression

The frequency of charges differed significantly among populations (£, ;,=4-00,
P=0-015; controlling for tank effect Fy ;y=4-45, P=0-015), with farmed fish and
Lone hybrids having higher frequencies than the other three populations (Table
111). In patrwise comparison, farmed fish differed significantly from Lone, Imsa
and Imsa hybrid fish, and Lone hybrids differed from Imsa hybrids. There was
no significant difference among populations in the frequency of chases
(F;3,=1-08, P=0-393; tank effect F;39=1-51, P=0-240)., nor in the duration of
chases (F4;9=0-49, P=0-743; tank effect F;;,=0-31, P=0-816) (Table 1V).

When charges and chases were combined, forming the new variable overt
aggression, the Lone hybrids and pure farmed salmon stili showed the highest
values, and there was a significant difference among populations (F, 1x=3-11.
P=0-038; tank effect Iy 30=4-37, P=0-016) (Fig. 3). However, no significant
pairwise differences existed (£>0-05, one-way LSD multiple range test). To test
il the level of aggressive interactions was affected by the degree of variance in
weight within a replicate, vartance was compared with frequency of overt
aggression using pooled data. No significant correlation was found (r= —0-17.
n=40 tanks, P=0-356, Spearman rank correlation).



DIFFERENCES BETWEEN NATIVE AND FARMED SALMON 643

e 1
|

15

] ‘I__ﬂ{
0
o]

Total overt aggression 10 min

10

5 i f | i |
o 2 & Xy D

& N 3 &
< Nog RO = &

o 5 X

o & <
& F

FiG. 3. Mean number of total overt aggression {charges and chases combined) ( £ s.k.) observed during
10-min perjods in groups of eight salmon juveniles from the different populations.

Behavioural response to a simulared predator

Behaviour of the juvenile salmon when exposed to the trout model was
variable. Most fish darted for cover immediately, however, some froze motion-
less at their feeding station and then swam into the hide some time after the
model was removed. Mean time elapsed from onset of exposure until the fish
was in the hide was 14-9s, and did not differ among populations {7°=0-89.
d.f.=2. P=0-642. Kruskall-Wallis one-way ANOVA). Nor did the frequency
with which the different populations performed the two behaviours (#*=0-16.
d.f.=2. P=0:921, Pearson y°). Both time elapsed before first reappearance
(y"=1126. d.f.=2, P=0-004, Kruskall-Wallis one-way ANOVA) and before the
fish had remained out for a total of 1 min (*=11-67. d.f.=2, P=0-003) differed
significantly among populations (Fig. 4). Imsa fish took significantly longer than
Imsa hybrids and pure farmed fish for both variables (P<0-05, Mann-Whitney
L-tests adjusted for multiple comparisons by sequential Bonferroni tests). There
were no significant differences between Imsa hybrids and pure farmed fish in
either of the variables (first reappearance: P=0-341; reappearance for | min:
P=0-400). To test if weight affected either of the variables, Spearman correlation
coeflicients were calculated on pooled data. No correlation was found (#=78
fish, first reappearance: r=016, P=0-167; reappearance for | min: r=0-03.
P=0-692).

Growth in hatchery

A significant difference in growth was found among the populations in the
mixed tanks (/5 04=6-53, P=0-002; controlling for tank effect /7, ,,,=10-49.
P<0-001) (Fig. 5). Farmed fish grew faster than both pure Imsa (7, -,=5-00.

P=0-021, tank effect /7, ,3=7-32, P=0-001}) and lmsa hybrids (¥, .= 1033
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Fic. 4. Time spent by juvenile salmon from the ditferent populations in a hide afier exposure to 4 brown
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Fig. 5. Growth of salmon from the different populations in the haichery, expressed as meuan specific
growth rate (%o g g7 ' day ™") sk @, Mixed groups: B, control groups.

P=0002, tank cffect %, ;5=4-54. P=0-014). There was no significant dillercnce
between pure Imsa fish and Imsa hybrids (F, ;o=168, P=0-199, tauk cffect
Fs4=11-38, P<0-001). The controls, where only mean growth rate of fish

Wallis one-way ANOVA).
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RELEASE EXPERIMENTS
Recapture rates and growth

Overall recapture rates were 41-7% in 1995 and 63-3% in 1996, Some fish had
lost their PIT tags and this made identification impossible in 27% of the cases in
1995 and 3% in 1996. These fish were excluded from further analysis. There
were no significant differences in recapture rates among populations in either of
the years or when data from the two years were pooled (P>0-05 in all cases, 7°
test) (Fig. 6). Distribution in the stream differed between years (y>=7-08, d.f.=2,
P=0-029), but not among populations (1995, »*=5-66, d.f.=4, P=0-226; 1996,
#2=6:33, d.f.=4, P=0-176) (Fig. 6). A flood made dispersal possible during 2

i sfrort period each year, but repeated electrofishing in-a 50-msection above and
below the study area indicated low dispersal rates (1993, two hybrids and four
farmed; 1996, three Imsa, five hybrids and three farmed).

A significant difference in growth rate was found among the populations when
combining data from the two years (F,5,,=35-56. P=0-004; controlling for year
effect F| 259=42-35, P<0-001) (Fig. 6). Fish from Imsa had a lower growth rate
than both farmed fish (F; 3,=9-10, P=0-003; year effect F,,;>=104:93.
P<0-001) and hybrids (Fy,55=9:15, P=0-003: year effect F, 54=172-75.
P<0-001). There was no significant difference between farmed fish and hybrids
(F) 139=0-05, P=0-882; year effect F, ;4= 145-94, P<0-001). There was a signifi-
cant year—population interaction in growth, with farmed fish expressing highest
erowth rates in 1995 and hybrid fish in 1996 (F; .,,=3"19, P=0-043).

Habitat use and diet

There were 10 significant differences among populations in current (7*=5-86.
d.f.=2. P=0-053) or depth (;*=2-86, d.f.=2, P=0-239) occupied. Farmed fish,
however, tended to be found in slower flowing parts of the stream than fish from
the two other populations (Fig. 7).

The five most important groups of invertebrates in the stomach samples were:
(1) Chironomidae, (2) Trichoptera, (3) surface insects, (4) Plecoptera. and (5)
Ephemeroptera (Fig. 8). Together these constituted 91-1% of the total number
of prey. There was some variation in diet composition among populations, but
no significant differences were observed (P>0-05 in all prey types, Kruskall-
Wallis one-way ANOVA adjusted for multiple comparisons by sequential
Bonferroni method).

DISCUSSION

HATCHERY EXPERIMENTS

This study has demonstrated that aggression and response to a predator, two
ecologically important aspects of behaviour, differ among farmed and native {ish
and their hybrids. Farmed fish were more aggressive, having a higher frequency
of charges than both populations of native fish studied. Moreover, in pairwise
contests, farmed fish dominated River Imsa fish and won more contests with
River Lone fish, though the latter difference was not significant. These resutis
may be partly due to the different genetic origins of the populations prier 1
farming. Similar findings of higher aggressiveness among cultured than wii
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Fii. 6. (2) Recapture rates and distribution (% of released fish) of the different populations released in the
Stream Alabekk in the different years and (b} mean specific growth rates (%o g ¢ 7' dav ™ ') in 1995
{®@) and 1996 (B). Lrror bars denote s [, Section 1: {3, section 2: &, scction 3.

salmonids, however, have been observed previously (Swain & Riddell, 1990:
Mesa, 1991; but see Ruzzante & Doyle, 1991; Ruzzante, 1994).

The effects of hybridization with farmed fish differed between the two naiive
populations. Lone hybrids were not only absolutely more aggressive than fmsa
hybrids, but also relatively more aggressive in comparison (o thelr puatnve
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counterparts. This difference in the effect of hybridization on aggression may be
attributable to differences in local adaptations between the populations {(c.o.
Chapman, 1962; Holm & Fernd, 1986; Rosenau & McPhail, 19687; Swain &
Holtby, 1989). However, this scems unlikely because both native population:
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had similar levels of aggression, and did not differ in pairwise dominance
comparisons. Alternatively, there may have been heterosis during hybridization
between Lone and farmed salmon, at least for competitive traits.

Farmed fish and hybrids were less responsive to predation risk as both
returned from cover following disturbance sooner than native fish (Imsa). This
was consistent with earlier findings of Johnsson & Abrahams (1991) and
Berejikian (1995) on steelhead trout Oncorhynchus mykiss (Walbaum). Our
results indicate that this difference was genetic in origin and may have arisen due
to artificial selection, as fish in farming facilities experience little or no natural
predation, and cautious fish are likely to be less successful at competing for food
under such circumstances.

Farmed fish had a higher growth rate than Imsa fish and Imsa hybrids in the
hatchery. The higher growth of farmed salmon is probably a consequence of
genetic differences i consumption rate, metabolism, assimilation efficiency or a
combination of any of these three (see Wootton, 1994). The results from our
behavioural experiments suggested that the answer may lie with higher aggres-
siveness and decreased response to disturbances. However, physiological
changes such as increased assimilation and digestive rates or decreased response
to stress during artificial rearing as a resuit of domestication would have the
same effect, even In the absence of behavioural differences. Further investiga-
tions would be required to obtain a more complete understanding of the
underlying mechanisms.

From these results, it seems that the effect of hybridization depends on the trait
examined, and perhaps also on the native population in question. However. the
general trend was an intermediate performance in the hybrids relative to those of
the pure farmed and native populations. Thus, when considering lifetime success
in the wild, native/farmed hybrids may be inferior to the locally adapted native
fish due to the genetic differences i behaviour and growth, but superior to the
pure farmed fish. However, during certain life history stages, farmed and hybrid
offspring outcompete wild offspring.

RELEASE EXPERIMENT

Survival in the stream was similar for Imsa. farmed and hybrid parr. as there
were no significant differences in recapture rates. Reisenbichler & Melntyre
(1977), however, found that wild steelhead trout survived better than cultured
and hybrid trout when hatched and reared in the wild. Differences in viability
may be most pronounced and easiest to detect at earlier stages (i.e. shortly after
emergence) when mortality in juvenile salmonids appears to be highest (Elliott,
1986). After reaching a certain size, differences in survival may not be very
apparent, except at times of high stress and predation such as during seaward
nugration (e.g. Jarvi, 1990).

There was no segregation in habitat usc or diet among Imsa. farmed and
hybrid parr, suggesting that they may compete for territories and food. In spite
of this similarity, farmed fish and native/farmed hybrids outgrew the pure navive
fish. Both behavioural differences observed in the hatchery (1.e. aggression and
response to predators) and physiological differences, as discussed above. may bu
responsible for this. The result may be that native {ish are cuicompeted and

displaced by the farmed fish and the hybrids, because size can be an imporias
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determinant of dominance and territory acquisition (e.g. Huntingford ¢r af.,
1990).

IMPLICATIONS

Our results have shown that native Atlantic salmon may differ genetically from
farmed and native/farmed hybrid salmon in mmportant fitness related traits.
Native juveniles were competitively inferior to farmed and hybrid juveniles being
less aggressive and more risk sensitive. Furthermore, similarities in habitat use
and diet make interpopulational competition likely. Therefore, different growth
rates m the wild may be partly an effect of competition, with native fish being
dominated by the farmed fish and the hybrids. . Irrespective of what causes these
differences, non-indigenous ‘origin or artificial selection, the presence of farmed
and hybrid juveniles may reduce the production of pure native fish due to
increased competition. In addition, although there were no differences in
survival among the populations, innate differences in response to predators may
lead to decreased survival in the farmed fish and hybrids during other life stages.
Consequently, extensive interbreeding with farmed fish may eventually lead to an
overall reduction in population size. One might also ask whether farmed fish
differ more from some native populations than from others, as our results may
suggest. If so, hybridization may be most detrimental in populations which
differ highly from the farmed fish (e.g. slow-growing populations with a history
of high predation).
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