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Résumé

Cette these porte sur la structuration génétigue migpulations francaises de saumon
Atlantigue. Nous avons notamment étudié I'effet fdeteurs environnementaux et des
repeuplements sur la distribution spatiale de laerdité génétique. 1739 individus
échantillonnés dans 34 rivieres et provenant deres anciennes (1965-1987) et récentes
(1998-2006) ont été génotypés a 17 marqueurs nai@itites. Les analyses des échantillons
récents montrent I'existence de cing groupes de ulptipns génétiquement et
géographiquement distincts. La distance cotiereedes populations ainsi que la longueur
des rivieres sont deux facteurs fortement corrélés différentiation des populations. Le cas
de la population de I'axe Loire-Allier suggere uadaptation locale a la difficulté de
montaison liée a la grande distance entre les ffeayét I'estuaire et illustrée par la grande
taille des poissons, leur phénologie de migratiartiguliere, et une forte différenciation de
cette population. La comparaison d’échantillonsiers et récents montre d’'une facon
générale une relative stabilité temporelle de tacttire génétique observée associée a une
réduction de la différentiation entre les populasio Certaines des variations temporelles
observées pourraient étre les conséquences diirisigns des populations natives par celles
utilisées lors des repeuplements. Pour certaingsres dépeuplées et non sujettes au
repeuplement, nous avons observé des recolonisafmntanées par des poissons provenant
de stocks voisins et distants. Afin de quantifienpact des repeuplements dans certaines
populations pour lesquelles ces pratiques étaientdocumentées, nous avons développé une
approche utilisant des simulations individus cesgréiemporellement explicites. Cette étude
suggere une faible survie des poissons déversén, Rarallelement aux analyses géenétiques,
nous avons réalisé des analyses microchimiquekesuotolithes d’une centaine d’individus
issus de populations repeuplées. Le couplage ¢'semlmicrochimiques et génétiques a
permis de déterminer si les poissons ayant destéaistiques génétiques de pisciculture
provenaient de repeuplement ou de reproductiomatura de poissons précédemment

déversés.

Mots clefs : adaptation locale, introgression, matgs microsatellites, microchimie, otolithe,

repeuplements, saumon Atlantique, simulationsctira génétique.



Abstract

This thesis investigates the genetic structure gn#dlantic salmon populations from France.
We focused on the influence of environmental factond stocking on the spatial distribution
of genetic diversity. We genotyped 1739 individufdsm 34 rivers at 17 microsatellite
markers. Samples were collected in old (1965-1987) recent (1998-2006) cohorts.
Clustering analyses revealed the existence of @i@eetically and geographically distinct
groups. Distance among estuaries and river lengthe vetrong predictors of population
structure. Local adaptation to upstream migratidficdlty linked to the large distance from
the sea to the spawning grounds is suggested ihdine-Allier population given the large
body size of fish, their particular run timing, atiee high differentiation of this population.
Comparing recent and old samples revealed a genedaktion of differentiation among
populations and high introgression by stockingissran some populations most probably
resulting from stocking. In some depopulated riverere no stocking was performed we
observed natural recolonization by individuals fremighbouring and distant stocks. We
developed an approach using temporally explicitutations to quantify the impact of
stocking on some populations. This study suggestieaver fithess of stocked fish compared
to wild individuals. In parallel to genetic analgseve carried out microchemistry analyses of
otoliths from individuals collected in stocked pdgdions. Coupling genetic and
microchemistry analyses on the same individualewadt identifying river-born fish with
hatchery pedigrees, discriminating them from hatghern fish with similar genetic

characteristics.

Key words: Atlantic salmon, genetic structure, ogiression, local adaptation,
microchemistry, microsatellite markers, otolitmsiations, stocking.
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Chapitre I. Introduction

Au cours des derniers siécles, les populationd#reuses espéces ont connus de profondes
modifications dans leur répartition et leur aboradaentrainant notamment une importante
perte de biodiversité. Les principales causes tte perte de biodiversité sont liées a I'impact
des activités humaines se traduisant par la disparet la fragmentation des habitats, la
pollution, les invasions biologiques, la surexg@odn, le transfert d’'individus allochtones
dans des populations sauvages et le réchauffentigrdtique. Ces effets peuvent toucher
directement une espece en provoquant son extingtiopar effet cascade peut entrainer la
disparition d’'une autre espéce dont I'existencetpas menacée directement par les activités
humaines (coextinction). En 2010, I'lUCN estime @486 des espéces animales survivantes
et décrites sont menacées (http://www.iucnredhg}.dar ailleurs, la FAO estime qu’environ
74% des especes de poissons sont pleinement éegsloitsurexploitées, ou éteintes

(http://www.fao.org).

Il existe depuis de nombreuses années une priserdgeience importante des effets
néfastes de la croissance humaine sur I'environneriette prise de conscience a débouché
sur la nécessité de développer des moyens pouyeesdanrayer cette crise écologique
qualifiée de sixieme extinction. La quantificatienhle maintien de la diversité génétique est
une composante importante de ces moyens qui semhett ceuvre. En effet, il est nécessaire
de comprendre comment les espéeces peuvent réegir Bouleversements environnementaux
en analysant et déterminant les composantes decépacité (résilience, modification de

I'histoire de vie) a évoluer dans un environnenmanpleine mutation.

L’étude de cette capacité a réagir passe par latiggie des populations qui étudie
I’évolution des caractéristiques génétiques despge d'individus dans I'espace et le temps.
L’évolution de la diversité génétique au sein etreeles populations d’'une méme espece
renseigne sur leur histoire de vie, leur démogeapes flux d’'individus et de genes, et leur
potentiel évolutif. Ainsi, le maintien de la diveésgénétique totale chez une espéece exige de
prendre en compte différentes échelles spatialepuid I'aire de répartition de l'espece
jusqu’a la structure a lintérieur d’'une populaticet temporelles, du court au long terme.
L’analyse de la diversité génétique a ces diff@eigchelles nécessite I'étude des mécanismes

sous-jacents a sa mise en place et a son maintien.

Les populations de poissons migrateurs, et encpdigr de saumon Atlantiqu&éalmo
salar), ont subi et subissent des réductions signifieatide leurs effectifs en lien avec des
effets négatifs cumulés des activités humaines lifitter, 2001). Les populations de
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saumons localisées sur le territoire francais njoaw fait exception a ce déclin général et
semblent méme plus affectées en raison de leuatisituau sud de l'aire de répartition de
'espéce (Anonyme, 2003). Ainsi, le saumon atlargigest considéré comme une espece
vulnérable et est inscrite sur la liste rouge dgmeees menacées en France comme en Europe

(Porcher & Bagliniére, 2001 et http://www.uicn.figte-rouge-poissons-d-eau-douce.html).

Cette thése se propose d’étudier la structuratéor@ggue des populations de saumon
en France, en s’attachant a déterminer les nivdauwiifférenciation entre les populations et
comment ils sont influencés par les facteurs enviementaux, les repeuplements, et les
processus de recolonisation naturelle des rivicGasactériser et comprendre la structure
génétique de ces populations et les facteurs igdiueéncent sont des éléments essentiels pour

analyser leur évolution et leur capacité d’adaptatiux forcages d’origine anthropique.

Distribution et cycle de vie du saumon atlantique
Aire de répatrtition

La répartition native du saumon Atlantique s’étead,Ouest de I'Océan Atlantique, de la
riviere Hudson, Etat de New York, US, jusqu’'a laeBd’'Ungava, Québec, Canada (Fig. 1).
En Europe, la répartition du saumon s’étend deviare Pechora, Russie, jusqu’a la riviere
Minho, Portugal, Europe (Maccrimmon & Gots 1979;eikletsenet al. 2003). Divers
introductions de saumon Atlantique ont été réasidems de I'aire originelle de répartition de
I'espece, via I'implantation de fermes aquacolesfi d'implanter de nouvelles populations
sauvages, notamment en Amérique du Sud, en Afdgugud, En Asie, et en Australie a des
fins de péche sportive. Cependant ces populatiemsedrent artificielles et dépendantes des

opérations de repeuplemengslaccrimmon & Gots 1979).

! Le repeuplement (stocking) peut étre défini comme introduction (ou injection) de
poisson dans un écosysteme dans lequel une papubidi cette espece est naturellement
présente ou bien dans lequel I'especc n’était meigment pas présente mais a été
préalablement introduite (Cowx, 1998).
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Feeding Grounds
I:////; Matrve Di:stnbution

Figure 1 : Distribution des populations de saumtamtique. Modifié par (Finnengan 2009)

d’apres (Maccrimmon & Gots 1979) et (Klemetsenle2@03). Les zones d’engraissement

figurées sont les plus importantes connues a celdles ne concernent pas les populations
de saumon de la Baltique et toutes celles de |aéder.

Cycle de vie

Le saumon Atlantique est un poisson migrateur ahghim, anadrome et phylopatrique. En
d’autres termes, le saumon atlantique se repredu@&au douce ; le juvénile grossit en riviére
avant de migrer en mer puis revient au stade adalteproduire dans sa riviere natale (Fig.
2). Il existe des populations de saumon bouclamt ¢gcle uniquement en eau douce mais
elles restent peu nombreuses et trés localiséesl'dine de répartition de I'espéce (Quelques
lacs d’Amérique du Nord et du Nord de I'Europe). loame anadrome est donc la forme
majoritaire. Le saumon atlantique est itéropamsta-dire qu’il peut se reproduire plusieurs
fois au cours de son cycle de vie. Ce taux d’itaridg varie selon le stock et le sexe. Il est
tres faible pour 'ensemble des populations frasgmipuisque ces saumons de plusieurs
remontées sont tres peu représentés (en moyer¢ (Bagliniére & Porcher, 1994).
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turning adults

salmon at sea

Figure 2 : Cycle de vie du saumon Atlantique (Seuktantic Salmon Trust & Robin Ade).

La reproduction a lieu en riviére, sur des zoneg@wiers
appelées frayéeres. L'incubation des ceufs (FigaBsda frayére dure
deux & trois mois suivant la température de I'éaliéclosion, les

alevins sont pourvus d’'une vésicule vitelline qeswae leur survie

jusqu'a ce qu'ils sortent des frayéres pour se mrodiinvertébrés

Figure 3 : ceufs de

saumon. (Source
G.Evanno)

aguatiques dans la riviére.

Le stade tacon dure de 1 a 8 ans
(Heland & Dumas 1994). En France, la durée

est généralement d’1 & 2 ans, avec une récent

tendance au raccourcissement du temps Figure 4 : Tacon de Saumon atlantique

séjour en riviére (Rivot et al. 2009). Lorsqu’ (Source INRA et ORE PFC).
atteint une taille et une condition suffisante, |

tacon subit des la fin de I'hiver un ensemble ¢
modifications morphologiques, physiologique

et comportementales, appelé la smoltificatic Figure 5 : Smolt de Saumon atlantique
permettant la transformation du tacon en s (Source INRA et ORE PFC).
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et le passage du milieu dulgcaquicole au milieu m@Fig. 4 & 5) (Saunderst al. 1985;
Stefanssoret al. 1991; McCormicket al. 1998). La descente vers la mer a lieu au printemps
Deux principales zones d’engraissement ont étéifams : Groenland-Labrador et iles Féroé
(Fig. 1). Il existe cependant deux autres zonegrdssissement en mer : mer de Norvege et
mer Baltique, concernant un nombre plus limitéstdeks. La croissance des saumons en mer

est élevée.

Aprés un temps de séjour en mer de 1 an (castilleigs6) a 2 ou 3 ans (saumon de
printemps) (Bagliniere & Porcher, 1994), les indiw reviennent dans leur riviere natale
respectivement en été ou au printemps. Cet instilectretour est appelé « homing ».
L’olfaction joue un réle primordial dans I'orientan des individus qui font alors appel a leur
mémoire olfactive des milieux traversés et des génes dégagés par leurs congéneres lors
de leur descente vers la mer en tant que smolsl€iHs al. 1978; Stabell 1984; Nevitt al.
1994; Dittman & Quinn 1996). La dispersion des tahildans d’autres rivieres que leur
riviere natale est relativement faible, en moyedaes% (Quinn 1993; Jonssen al. 2003;
Pederseret al. 2007). Le « homing » des poissons d’élevage setvdeicoup plus variable
gue celui des individus sauvages et dépendentateitions, des stades et des sites d’élevage
et de déversement. Leur dispersion est en moyerias plus forte que celle des individus
sauvages (soit 15%) (Quinn 1993; Jonssbal. 2003; Pederseet al.2007). Néanmoins, des
taux de homing jusqu’a 99,6 % ont put étre obsechez des poissons déversés (Hansen &
Jonsson, 1994).

Figure 6 : Saumon Atlantique male lors de la repotidn (Source G.Evanno).

Sous nos latitudes, la reproduction s’étale denfimembre a début février avec une
majorité d’'ceufs déposés en Décembre (Mills 197Hctk implique au moins deux adultes
anadromes de sexes opposeés. La femelle creuseaayezef dans des zones de graviers ou
'oxygénation est importante (Mills 1971; Flemin®@9B). Les ceufs sont déposés par la
femelle puis fécondés par les méles. La femellouwe® par la suite les ceufs avec des

graviers (Fleming, 1998).

Les saumons males peuvent aussi maturer sexueli@gmmocement au stade de tacon

avant la migration marine (Fleming 1998; Klemetséial. 2003) et participer efficacement a

18



la reproduction (Klemetsen et al. 2003). Ces petifdes peuvent en effet féconder jusqu’'a
60% des ceufs d’'une frayere (Saundral. 1982; Bagliniere & Maisse 1985; Fleming 1998).

Modifications de I'aire de répartition et des caratéristiques des populations
Diminution de I'abondance des stocks et changemeddss le cycle biologique

Au cours du siécle dernier, en Europe, aux Etats-l&t au Canada, de nombreuses
populations de saumon Atlantique ont vu leur aboodaiminuer ou se sont éteintes. Ainsi
I'aire de répartition de I'espéce et la taille déscks s’est réduite (Maccrimmon & Gots 1979;
WWEF 2001; Friedlancet al. 2003; ICES 2004; Jonsson & Jonsson 2004a; NASQ@4)20
Selon le document publié par le WWF en 2001 etamnaidu statut des populations de saumon
Atlantique dans le monde, sur 2005 rivieres classémme riviere a saumon (sur 2615), 15%
avaient des stocks completement éteints, 20% deksseén danger, 12% en état critique, 10%
vulnérables, et 43% en bonne conditions. Selon émendocument du WWEF, sur les 47
rivieres francaise historiquement colonisées paalemon Atlantique, 14 avaient des stocks
éteints, 15 en état critique, 10 en danger, 3 vabiés, et 5 inclassables (pas assez de
données).

Tableau 1 : Status des rivieres a saumon Atlantigus 19 pays (WWF 2001).

Total number of

historically salmon  Unknown
Country bearing rivers Status Healthy Wulnerable Endangered Critical Extinct
Finland 25 [ 0% [ k8 LE3 [o% [0% | 0%
Paland ] ES [0 [0 [ 0% [ RS
Portugal 7 0% 0% 0% |o% [ JIEH [ 8%
Unlted States 50 | 0% | o £ IE [ §E) BT
Spain 4 | 0% | ER) | 2% I [ REES | %]
Denmark a | 0% | 0% [ kS | 0% s | 7% |
Swedan pL] L W | RRES B [ RS I
Lithuanla 2 | 0% [ HES [ | 0% LES [ HES
France 4 | HES |02 [ [ | HE 2 | EE
Estornila ] | o [0t | 2% | 0% B
N. Iraland 44 [ REH [ 0% | E3Y [ M | o [ JEES
Iraland EEl | EL3 [ EE3 | s | B | L3 [ RS
England and Wales 76 | 13 | B | REEY | ELS | REEA | ELH
Latvla 11 | 554 | Bos B [ [ELD E B
Norway G667 P | EREY |3% [ EERY | 23 | B3
Russla 24 N 2 4% | REES s |k | R0
Canada 550 | 72%] | E1 | LT |z% s | 3%
Iceland 103 | o I - | 0% L | 1%
Sweden - West P! | 0% B | LY | Ef? [0
Scotland 350 | % | %] ES B | 0% | 0%
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Ces modifications de I'aire de répartition et debbndance des stocks s’accompagnent
également d’évolution des traits de vie des indisidEn effet diverses études ont montré des
raccourcissement des temps de séjours des juvémlesau douce (Friedlaret al. 2000;
Jonssoret al. 2005; Rivotet al. 2009) comme des adultes en milieu marin (Kuparigteal.
2009) ainsi qu’un décalage dans les dates de réma@mt riviere (Juaneg al. 2004; Quinret
al. 2006).

Causes de ces modifications

Le facteur primaire de la modification de l'aire départition et de l'abondance des
populations a été la construction de nombreux gasagpour la production d’électricité,
I'amélioration de la navigabilité, les besoins e @otable ou la prévention des inondations
(Bednarek, 2001). Cette édification a considérabl@nmodifié les conditions de circulation
des saumons que ce soit au stade adulte lors deglation de reproduction ou au stade
juvénile lors de la descente vers la mer (franemssnt souvent difficile voire impossible).
(Boetet al. 1999; Levin & Tolimieri 2001; Stefanssant al. 2003; Thorstackt al. 2008). Par
ailleurs, de tels obstacles modifient non seulententflux biologiques mais également les
flux hydrosédimentaires et donc I'ensemble de laneativité entre les compartiments

dulgaquicoles et marins.

D’autres facteurs tels que les pollutions indubése urbaines et agricoles sont venus
se surajouter pour entrainer de fortes modificatidans les populations de saumon avec
notamment des fortes perturbations lors de la ptl@as®oissance et sur la survie en eau douce

des juvéniles (Stefansson et al. 2003).

Les péches professionnelles et de loisir en rivi&r@me en mer en surimposant leur
impacts sur des stocks deéja fragilisés sont subbteptde réduire les effectifs de facon
dramatique et d’entrainer des modifications dansdanposition des populationga la
sélectivité des péches (Kendall & Quinn 2009).

Les changements climatiques pourraient avoir deséguences importantes sur la
croissance (Fig. 7) et la survie des saumons éreiv(Friedlancet al. 2000; Friedlanckt al.
2003; Jonssoret al. 2005; Rivotet al. 2009) comme en mer (Jonsson & Jonsson 2004b;
Juane®tal. 2004; Toddet al.2008; Bacoret al.2009).
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Figure 7 : Evolution de la proportion de smoltsrdan dans les populations de
saumon Atlantique de Bretagne, France, de 19734 @ivot et al. 2009).

Enfin, il existe un impact potentiel des interanfoavec des poissons d’élevage
provenant de lignées domestique déversés pourrsguiestaurer les stocks et/ou échappés
des fermes marines. En effet, ces saumons ont amte robabilité d’intéragir avec des
individus sauvages entrainant des transmissionpatleogenes et parasites inféodés aux
élevages (Heggberget et al. 1993) mais égalementéaduction de la diversité génétique de
la population sauvage (Verspoor 1988a; Atal. 2006; Lage & Kornfield 2006; Horreet
al. 2008; Eldridgeet al. 2009) et des risques d’interactions génétiquesithags lors de la
reproduction (McGinnityet al. 2003; Fraseret al. 2008). On observe notamment une
introgressiof par les lignées utilisées (Campes al. 2008; Finnegan & Stevens 2008:
Grandjearet al. 2009), potentiellement éloignées et inadaptéescaunsitions locales (Fraser
et al. 2008; Darwish & Hutchings 2009; McGinnist al. 2009), ou ayant connus de forts
episodes de sélection durant leur phase d’éle\Blgachetet al.2008; Fraser 2008).

Sauvegarde et restauration des populations

Selon la NASCO (North Atlantic Salmon Commissiong@hisation), la sauvegarde des
populations de saumon Atlantique sauvage passkegactions suivantes : mise en place de
mesures réglementaires notamment concernant lae pésstauration de la libre circulation,

restauration de I'’habitat, et repeuplement.

Z Introgression : Introduction de nouveaux allélesgéne(s) dans une population & partir
d’individus d’'une population ou d’'une espéece dfite.
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Réduction de l'effort de péche

La péche intensive du saumon sur les aires d’'easgraent du Groenland et des iles Féroé a
commencé a la fin des années 1950. Aprés avointattes pics de 2689 tonnes en 1971 et
1025 tonnes en 1981, respectivement au Groenladdnst les eaux féringiennes, des quotas
de péche sont mis en place (Fig. 8) (Davaine & Brbli994). Les premiers quotas de péche
sont instaurés en de 1972 pour les pécheries dantamd et fixés a 1100 tonnes. D’une
maniere générale, suivant I'objectif global de potibn de I'espéce (Mills 1987), la péche
sportive a été développée, et la péche commenrédleéte jusqu’a I'arrét de I'exploitation aux
fles Féroé en 1991. En France, la majeure partia géche professionnelle a été arrétée au
début des années 1990 tandis que la péche spsidisievue imposée des quotas par bassin
fluvial (Totaux autorisés de capture) de fagcon anteair le renouvellement des populations

de saumon.

T 1200
B ®

1000

Groenland fles Féroé

|
000-{»

Captures

200

1 7
vvvvvvvvvvvvvvvvvvvvvvvvv

Figure 8 : Evolution des captures de saumon aurnd et lles Féroé (modifié d’aprés
(Davaine & Prouzet 1994)).

Restauration de la libre circulation

L’amélioration du franchissement des barrages \eur suppression reste un moyen

permettant aux saumons de retrouver leurs zon&sykres historiques généralement situées
dans les parties amont des bassins. De trés gogsegront été réalisés sur le comportement
de I'espece face aux obstacles lors de sa migragoreproduction permettant de construire
des passes a poisson plus efficaces car en adageaic les besoins du poisson (Larinier,
1992). Néanmoins, cette efficacité est difficileé@aluer, varie suivant la localisation de

I'obstacle barrage sur le cours d’eau et de I'imfd#ion de la passe sur le barrage. Enfin, il
existe un fort effet cumulatif des obstacles sunigration du poisson voire sur sa survie lors

de sa migration de reproduction (Croze, 2008).
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Utilisation de poissons de repeuplement

De nombreux repeuplements ont été ou sont encteetwds afin de compenser la baisse de
la productivité naturelle de populations. Les suiparfois effectués montrent en général un
succes modeste des déversements a partir de giadedes traduits par des taux de retours
d’adultes faibles. Par exemple, la riviere Conmedti(Etats-Unis) a vu sa population de
saumon s'éteindre & la fin du®l¥siécle et a bénéficié de déversement de 10 00008 DOO

de juvéniles par an de 1967 a 1994 (Spidle etCl4R Les retours d’adultes ont été alors de
I'ordre de quelques individus a 550 poissons cpordant a des taux de retour faibles par
rapport a ceux des populations naturelles. Dansahe®es récentes, ces retours ont chuté
(<100 individus) suite a une forte diminution dénténsité des déversements (quelques
milliers seulement). Cette situation démontre algue le stock ne peut pas se maintenir
naturellement et que la pratique du repeuplemeestipas une solution si la qualité des

habitats et leur connectivité ne sont pas restaurée

Certaines populations francaises bénéficient ou b@méficié de programmes de
repeuplements utilisant des poissons natifs ou (g 9) (Bagliniere & Dumas 1988;
Bagliniéreet al. 1990; Vauclin 2007). Des années 1950 a 1990, efgsuplements avec des
juvéniles au stade smolt de souches étrangeresténeffectués. Les géniteurs utilisés
provenaient essentiellement d’Ecosse mais égalemdenBcandinavie et du Canada. De
nombreuses rivieres ont été repeuplées, notamnaemrdsle, I'Arques, I'Orne, la Vire
I'Aulne, | 'Elorn, I'Allier, la Garonne, la Dordogs I'Adour et la Nivelle. A partir de la fin
des années 1980, les repeuplements utilisant @égijes issus de géniteurs francais ont été
privilégiés. L'Aulne, I'Elorn, I'Allier, et I’Adour ont été repeuplées avec des juvéniles issus
de géniteurs locaux. Certaines rivieres de Norngratincipalement le Couesnon, la Sélune,
la Sée, la Sienne, et I'Orne, ont été repeuplées des juvéniles issus de géniteurs provenant
de I'Aulne et de I’Adour. La Garonne et la Dordogmd notamment été repeuplées avec des
juvéniles issus de géniteurs de I’Adour et de i&ll Actuellement, I’Aulne, I'Elorn, I'Allier,
la Garonne, la Dordogne, et 'Adour bénéficientrepeuplements a partir de poissons natifs
de ces rivieres. Le Couesnon est la seule riviémeéficiant encore de déversements de
juvéniles issus de géniteurs non-natifs, issusAldre. En régle générale, le succes de ces
opérations était limité au regard du faible tauxeteur au stade adulte (Bagliniere & Dumas
1988; Martinezt al.2001).
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Figure 9 : Repeuplements effectués sur les rivigaggaises de 1950 a 1980, de 1980 a 2000, etlelmasnées 2000. Les fleches indiquent les

rivieres repeuplées et les couleurs violettes, @sugt vertes correspondent respectivement a pespiements utilisant des juvéniles issus de
geéniteurs « étrangers », francais non-natif deviare, et francais natif de la riviére.
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Peu d’exemples de recolonisation de rivieres @aleanon Atlantique avait totalement
disparu existent (cas de la riviere Ouelle au Quaékbéon, 2005)). Pourtant I'espéce a une
certaine capacité de dispersion autour de sa eivdérigine et méme sur de plus longues
distances lors de sa migration de reproductionr{@Qd®93; Jonssoet al.2003), ce qui rend

possible la recolonisation de systemes dépeuplésefaget al.2001; Perrieet al.2010).

Génétique des populations de saumon atlantique

La variabilité génétique d’'une espéce se répattisein des individus, d’une population et
entre plusieurs populations. Cette variabilité iefiluencée par la mutation, la dérive, la
migration et la sélection (en lien avec la fitfedes individus). Dés lors, I'analyse de la
variabilité génétique au sein d’une espece permééidier le fonctionnement des populations

de cette espece et d’évaluer son potentiel évolutif

Au fur et & mesure des avanceées scientifiques #tauélogiques, la structuration
génétiqgue des populations de saumon Atlantiquet s@#lée étre organisée de facon
hiérarchique depuis des patrons de différenciatigportants a larges échelles (continents)

jusqu’a des différences plus fines entre des sopsHptions au sein d’'une méme riviere.

Méthodes de caractérisation de la structure géneéq

De nombreux marqueurs généticiest été développés relativement récemment poturckés
de la diversité génétique neutre au sein et eesrpdpulations.

Les allozymes ont été les premiers marqueurs datgement utilisés pour établir la
structure génétique inter ou intra populations. alédes enzymatiques différent par leur taille

et leur charge électrique et sont révélés parrélglaorése (Verspoor et al. 2005).

Les RFLPS (Restriction Fragment Length Polymorpkissont des séquences d’ADN
(Acide Désoxyribonucléiqueyénérés par PCRPolymerase Chain Reaction) et fragmentées

par I'action d’enzymes de restriction coupant I'ARNdes sites spécifiques. Les séquences

3Fitness : capacité qu'a I'individu & transmettre génes.

4 Marqueur génétique : séquence polymorphe (préserdas variations selon les
individus) d'ADN aisément détectable.

®PCR : Amplification en Chaine par Polymérase. Pedimbtenir, & partir d'un échantillon
complexe et peu abondant, d'importantes quantitddBan de copies en quelques heures)
d'un fragment d'ADN spécifique.
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créées peuvent étre de tailles différentes suiteded insertions, substitutions ou
réarrangements de I'ADN. La puissance des RFLPs)djudilisés a une petite échelle
géographique est relativement faible. Cependautili$ation de RFLP d’ADN mitochondrial
(mtDNA) est tres utile pour les études de phylogaplgie et permet d’étudier I'histoire des
populations sur un temps relativement long et s large échelle géographique (Nielgtn
al. 1996; Nilsson 1997; Finnengan 2009).

Les minisatellites et microsatellites consistent des répétitions en tandem,
respectivement de 10 a 100, et 2 a 6 paires desgfy. Ces séquences montrent un
important polymorphisme et peuvent étre utiliséesrp@tudier la diversité genétique au sein
et entre des populations qui présenteraient desmnuophismes plus faibles en utilisant des
allozymes ou des RFLP. Les microsatellites, begugbus petits que les minisatellites, sont
d’'une amplification plus facile par PCR et ont di&gx de mutation plus importants que les
autres marqueurs utilisés, de @ 10° par locus et par génération (Ellegren 2000;
Chistiakovet al.2006). Le nombre important d’alleles présent pau$ microsatellite permet
de nombreuses applications en biologie et a fat @utype de marqueur est devenu le plus
utilisé. Chez le saumon Atlantique, ces marquent®té notamment utilisés pour I'étude de
la différentiation génétique entre des populatigsg et al. 2001; Dionneet al. 2008;
Grandjeanet al. 2009; Tonteriet al. 2009), des assignations de migrants (Vaseratgil.
2001; Gloveret al. 2009; Perrieret al. 2010), et des analyses de parenté (Letcher & King
2001; Saurat al.2008).

Structure génétique interspécifique

Le saumon Atlantique Salmo salarL.) est un poisson téléostéen de la famille des
SalmonidaeLa famille des Salmonidae comprend trois sousHasn: lesCoregoninae les
Thymallinaeet lesSalmoninae(Allendorf & G.H. 1984; Crespi & Fulton 2004). Lsous-

famille des Salmoninae comporte 5 genres et 3cespdonBalmo salalFig. 10).
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Species subfamily

Oncorhiynchus mykiss

18/51/9
51/24/3 Salvelinus fontinalis Salmeninae
14/53/11 b Salmosalar
. Coregonus clupeaformis Caregoninae
= Thymallus thymalius Thymallinae

Osmerus mordax

Figure 10 : Phylogénie des salmonidae majeurs (Kbaph. 2008)
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chromosomiques alors que ceux de I'Atlantique Oumehtre 27 chromosomes avec 54
paires et 72 bras chromosomique (Hartley & Horng4i®artley 1987; Phillips & Rab 2001)
(Fig. 12). (Nilssoret al. 2001) ont estimé que ces deux principaux groupéslivergé il y a
plus d’'un million d’années. La divergence entre ligaées européennes auraient eu lieu

beaucoup plus réecemment, il y a 22,000 ans (Versgtcal. 1999).

Europe Amérique du Nord
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[
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(400 40 80 0h op a0 | AQ 08 DA 4B N B
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Figure 12 : Photos de caryotypes du saumon Atlaatiest et Ouest (modifié d’apres
(Hartley 1987)).

D’importants taux de différenciation ont pu étetattés entre les populations d’'une
méme région géographique a l'aide des allozymesrspdmr et al. 2005), de I'ADN
mitochondrial (Verspooet al. 1999; Campost al. 2008; Finnengan 2009), ou encore des
microsatellites (Kinget al. 2001; Dionneet al. 2008; Finnengan 2009; Tontexi al. 2009).
Ces variations ont été observées au sein des quatogpaux groupes : en Amérique du Nord
(Verspooret al. 2005; Dionneet al. 2008), en Atlantique Nord (Tonteri et al. 2009), raer
Baltique (Saisa et al. 2005), et en Europe (Keh@l. 2001; Verspooet al. 2005; Finnengan
2009). Mais des difféerences génétiques peuventiegxigalement entre des populations
vivant dans des rivieres voisines a l'intérieurrdgroupe (Dionneet al. 2008; Grandjeart
al. 2009; Tonteriet al. 2009). Elles sont attribuables a un homing s{fatinn 1993; Jonsson
et al. 2003) et a un fort potentiel d’adaptation lo€attes individus, entrainant chez les
dispersants un faible succes reproducteur (Gaeclzednizet al.2007; Dionneet al.2008).

Méme si une population est souvent associée a ivigger de récentes études ont
eégalement montré l'existence de structuration ain sk larges rivieres (Beacham &
Dempson 1998; Garaet al.2000; Primmeet al.2006; Vahaet al.2007; Dillaneet al.2008;

Dionne et al. 2009). Certaines de ces études suggerent que stafteturation est due a

® Adaptation locale : changements dans la fréquersegénes et des phénotypes qui en
résultent, en réponse a des pressions sélectisesi@ss a I'environnement local.
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I'isolement par la distance au sein du cours d'eaun homing a fine échelle géographique
(Primmer et al. 2006). D’autres études montrent lgugtructure d’age (Vaha et al. 2007) et
I'hnétérogénéité de I'habitat (Dillane et al. 20@8mblent expliquer davantage la structuration

observée.

Structure génétique des populations de saumon earie

2
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d’Angletterre, et
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Jusqu’a trés récemment, la structuration génétigsepopulations de saumon en France a fait
I'objet de peu d’études (Guyomard 1987; Martiretzal. 2001; Ayllon et al. 2006) et un
nombre trés restreint de populations a été étudigelle, Elorn, et Allier). Trois études
récentes (2009) ont inclus des échantillons issugivderes du Nord et de I'Ouest de la
France. (Finnengan 2009) a montré des différenogsortantes entre des populations
francaises (Sée, Leguer, Aven, Ellé, et Scorffjjlaires et espagnols en étudiant a la fois le
polymorphisme d’ADN mitochondrial (Fig. 13) et d’ADmicrosatellite (Finnengan 2009).
De méme, (Grandjeaat al. 2009) ont montré une différenciation entre desufaipns a
I'échelle régionale (Normandie : Depuis la Breslsqgu'au Couesnon). Ces auteurs ont
également suggéré des phénomeénes de recolonisati@s impacts variables d’'opérations de
repeuplements. Enfin, Nikolic et al. (2009) ont d#¢u les tailles efficacésde quatre
populations de France (Sélune et Scorff) et d’'BEe@sésentant des niveaux d’abondance tres

différents.

"Taille efficace Ne) : concept englobant la capacité d’'une populatioadstnettre sa
variabilité génétique d’'une génération a l'auttesk possible d’approcher la taille d'une
population a partir de sa taille effice
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Influence des facteurs environnementaux sur la stture génétique des populations de

saumons

Une des questions principales en biologie évolutest de comprendre comment
I'environnement, notamment la géographie, influelacstructure génétique des populations
(Wright 1943). D’une part, la structure du paysaggamment la connectivité des habitats,
influence les processus de dispersion entre leslatipns inféodées a ces différents habitats
et par conséquent la structure génétique neutrece® populations. D’autre part,
I'hétérogénéité des habitats, d’'un point de vuetadpies ou biotiques, peut générer différents

régimes de sélection et influencer la structureegune des populations.

L'influence de divers facteurs environnementauxlaistructure génétique neutre des
populations de saumon a récemment été étudiée. idtande géographique entre les
populations, généralement mesurées comme la longleela cbte entre les estuaires des
rivieres, apparait comme étant une variable imptetpour expliquer la différenciation des
populations (Fig. 14a) (Verspoat al. 2005; Dionneet al. 2008; Grandjearet al. 2009;
Tonteriet al. 2009). Certains auteurs ont également observdhéngmeéne d’'isolement par la
distance a l'intérieur d’'une méme riviere entreddé&rentes populations ou sous-populations
étudiées, ainsi qu’'une correlation entre la ditérgiénétique d’'une sous-population et
I'accessibilité de la zone a laquelle elle estadie (Fig. 14 b) (Primmaeat al. 2006; Vahaet
al. 2007; Gomez-Uchidat al.2009).

03 1 (a)

0.2 + ) * ‘ _' ) 0.68 &

Fal(1-Fy)
o
He
L 2

01 + *&x

P ao M ' AR , . .
'. :?ﬁ ‘ AL 0 50 100 150
e Distance from mouth (km)
0.0 e
0

1000 2000 3000 4000 5000

Distance (km)

Figure 14 : (a) Relation entre distance genetiffist/(1-Fst)) et géographique pour des
populations d’Europe du nord (Tonteri et al. 20@B).Relation entre diversité génétique (He) et
distance a 'estuaire pour des populations devlare Varzuga (Primmer et al. 2006).

La différenciation des populations de saumon péet érrélée a d’'autres variables
environnementales comme la température (Dionne |.et2@08) et l'oscillation Nord-
Atlantique (Valienteet al. 2010).
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Impacts des repeuplements sur la structure génétigies populations de saumons

Les repeuplements sont généralement pratiquésléddng d’augmenter les effectifs et donc
la taille d’'une population. Cependant ces pratiquies gestion peuvent modifier les
caractéristiques biologiques des populations, notami leur structure geénétique. Ces
modifications du niveau de diversité génétique s@aniables et vont dépendre notamment de

I'origine des individus déversés : en particulielisssont issus de géniteurs locaux ou non, et

en fonction du degré de domesticafides individus.

]
[5

Les repeuplements utilisant des individus non-gatif

pisciculture  9EN€tiquement  differenciés, peuvent entrainer  dertedo

introgressions génétiques des populations voir méore
Population  remplacement du pool de genes natifs (Hansen ZD@2poset al.

sauvage .
1947 2008; Finnegan & Stevens 2008; Sonstebal. 2008; Hanseret

— al. 2009) (Fig. 15). Ces pratiques peuvent égalemamdwire a une
£ Population o5 5enéisation entre les populations (Aykral. 2006; Marieet
E sauvage
—— B al. 2010) ou sous-populations (Finnengan & Stevens8;200
J

Figure 15 : Eldridge et al. 2009) (Fig. 16). Le phénomene inverse peut

Introgression chez
Salmo trutta aprés
repeuplement non-  populations reste artificielle (Campet al. 2008). Etant donné
natif, modifié d’apres
(Hansen et al. 2009).

s’observer mais cette augmentation de la strucemge les

'adaptation locale probable des populations denssuAtlantique
(Garcia de Leanizt al. 2007; Dionneet al. 2008; Fraseet al.
2008), toutes ces modifications de structure g@uéti peuvent s’accompagner d'une
réduction de fitness et d’'une perte de cette adiapt(Taylor 1991; Araket al.2007; Garcia
de Leanizet al.2007; Fraseet al.2008).

Les repeuplements utilisant des juvéniles issussdaches natives présentent
I'avantage de minimiser les risques de modificatierla structure génétique et de diminution
d’adaptation locale de la population. Cependang mpeuplements peuvent également
modifier la structure existante notamment en r&ahii la structure au sein des populations
repeuplées (Eldridgest al. 2009). De plus, I'adaptation locale peut diminwgeite aux
pressions de sélection s’exercant en milieu dagdevet qui différent de celles survenant en
milieu naturel (Fleming & Einum 1997; Blanchettal. 2008; Fordet al.2008; Neregaret al.

® Domestication : acquisition, perte ou développenpantune espéce animale ou végétale,
de caractéres héréditaires morphologiques, phygmles et/ou comportementaux
résultant d’'une interaction prolongée, d'un coetr@t/ou d'une sélection délibérée par
'homme.
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2008; Darwish & Hutchings 2009
Lawlor et al.2009). a3
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Figure 16 : Differenciation génétique entre des
populations de Salvelinus fontinalis du Québec,
pour trois intensités de repeuplement non-natif
les effets des repeuplements sur (Marie et al. 2010).

Certaines études ont porté s

structure génétique de certainco

populations francaises. La Nivelle (Martinetzal. 2001; Moraret al. 2002), la Nive (Campos

et al. 2008), le Couesnon, la Sélune, et I'Orne (Gramdgtaal. 2009) ont notamment été
étudiées. Ces travaux suggerent de sensibles watthfis génétiques dans les populations de
la Nivelle et de la Nive bien que les taux de retes individus deversés soient relativement
faibles. Les analyses des populations du Couest®la Sélune et de I'Orne suggéraient une
introgression variable et relativement importansé |@s souches de I'Adour et de I'Aulne

utilisées comme sources de déversements impogargguliers.

Utilisation de la microchimie pour inférer I'histoire de vie des saumons

Une meilleure compréhension des processus de déometment des populations de
salmonidés nécessitent la connaissance des textidinistoire de vie des individus,
notamment les tactiques migratoires. Des méthodegi@heage et de marquage individuel
sont couramment réalisées pour estimer le nombievimiles migrants, la phénologie des
migrations, et la contribution de types migratoiegslacs, rivieres ou océans (Kwain 1981)
(Seelbach 1993). Cependant, ces méthodes traditleanrestent fastidieuse et chéres,
notamment en raison de la forte mortalité naturdls juvéniles engendrant la perte de
nombreuses marques. Or les poissons produisenhémes des marques naturelles intégrées

dans la structure des otolithes.
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Analyses microchimique des otolithes

L’analyse de la microchimie des otolithes est exingl expansion depuis quelques années,
notamment grace a I'émergence de techniques amadgiextrémement sensibles permettant
de travailler sur les éléments traces. Les otditbent des concrétions minérales localisées
dans l'oreille interne des poissons téléostéeasdht composeés principalement de carbonate
de calcium sous forme d’aragonite qui est déposéeoaches journalieres sur une matrice
organique. De part leur croissance continue, Usrfissent un enregistrement de I'histoire du
poisson et de son environnement. En effet, les eiéprésents dans le milieu passent dans
I'endolymphe et sont incorporés a la surface deditioes au fur et a mesure de leur
croissance (Campana 1999; Campana & Thorrold 20D&)plus, les couches successives
ainsi constituées de I'otolithe conservent leureaciristiques tout au long de la vie du
poisson (Campana & Thorrold 2001), excepté en eagréss extrémes (Mugiya & Uchimura
1989). Ainsi, les changements de milieu ou d’habita poisson et les variations de leur
composition chimique sont visibles sur les otobkth@ des modifications de leur composition
chimique (Kalish 1991).

L'étude de la composition chimigque des otolitheplasieurs applications dans les
sciences halieutiques. Elle permet en effet dedenll’age de l'individu, de détecter des
pollutions (Hanson & Zdanowicz 1999) (Saquet e28D2), de discriminer des stocks ou des
structures de population (Thorroéd al. 1998; Campanat al. 2000; Gillanders & Kingsford
2000; Gillanders 2002). Mais cette étude de la amsitipn chimique permet également
d’identifier les divers milieux traversés par leigsmn et de mettre en évidence d’éventuelles
migrations ou changement d’habitat (Rien&tnal. 1994; Secort al. 2001; Elsdonet al.
2008). Ces différentes applications reposent shypbthése de stabilité temporelle des
compositions chimiques des différentes eaux et'axistence de différences spatiales de ces
compositions. On parle ainsi de signature chimigjuee eau ou d’'un milieu. Cette signature
est influencée par la composition des substrattogimes traversés par I'eau (en riviere)
(Radtke & Shafer 1992) et par déventuelles padsi résultants d’activités humaines
(Hanson & Zdanowicz 1999). Elle est établie a kaide l'analyse des rapports de
concentrations en calcium et autres éléments sutifstiau calcium dont une trentaine ont été

détectés dans les otolithes (Campana 1999).

Ces éléments sont présents en quantité tres fdiblea. analyse nécessite donc de
travailler a I'échelle de la partie par billion. Dgus, pour profiter au maximum de

I'information temporelle donnée par les stries’delithe, il convient de réaliser ces analyses
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sur des échantillons extraits de I'otolithe avee precision de I'ordre de la dizaine de um. Ce
type de résolution peut étre atteint grace notamingefice a la techniquiaser ablation

inductively coupled plasma-mass spectromegieA-ICP-MS) (Gemperlineet al. 2002;

Brophyet al. 2003; Barnett-Johnsaet al. 2005; Arai & Hirata 2006). Cette méthode offre le
double avantage d'une grande précision de dosagBuee analyse microstructurale de
I'otolithe. La technique LA-ICP-MS peut ainsi perttne de lever de nombreux verrous de
connaissances dans un cadre aussi complexe qudiédul’étude des migrations chez les

poissons.

Etude de la dispersion des poissons grace a I'séition de la microchimie

Certains travaux en LA-ICP-MS sur Zn et Sr ont gerdiétablir I'existence d’'une bonne
corrélation entre la composition de I'eau et la position de I'otolithe (Araiet al. 2007).
Ainsi, s'il existe des différences de compositidnincique entre des milieux, ces différences
peuvent étre retrouvées entre ou au sein deshaslita microchimie des otolithes peut alors
permettre d’étudier les mouvements des individugeedes milieux aux caractéristiques
chimiques différentes (Elsdon & Gillanders 2004{ddéa & Friedrich 2008). La microchimie
des otolithes a également éteé utilisée avec symmésdiscriminer a fine échelle spatiale des
stocks naturels de poissons inféodés a différeiliisux de vie aux caractéristiques chimiques
distinctes (Thorrolcet al. 2001; Tomast al. 2005; Veinott & Porter 2005). Cette technique
est également applicable pour discriminer des stdekpisciculture (Gibson-Reinemetral.
2009).

Couplage microchimie - génétique

La microchimie des otolithes qui renseigne surnééeux traverses par les individus a été
couplée a la génétique qui renseigne sur la gégiéatles individus. La combinaison de ces
deux méthodes peut s'avérer intéressante pour etudistoire de vie des individus.
Récemment, des études couplant ces deux méthodeétéonréalisées pour analyser la
dispersion de poissons diadromes, la microchimrmseignant alors sur la possible dispersion
par le milieu marin et la génétique sur la popolasource (Bradburgt al.2008; Oharaet al.
2009). Ce type de couplage offre des opportunités/elles car il permet d’étudier l'origine
génétique des individus mais également géograpledfoe leur dispersion et migration a
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travers différents milieux. Nous verrons plus l@emment ce type de couplage peut-étre

utilisé pour étudier des populations faisant I'dloje repeuplements.

Objectifs de la thése

L’objectif général de cette these est d’étudierdasactéristiques génétiques des populations

francaises de saumon Atlantique en répondant érdiffs questionnements :

1- Quel est le niveau de structuration génétiqueepapulations inféodées aux rivieres

francaises et comment varie la diversité au seicedgopulations ?
2- Comment a évolué cette structure génétique ars aes derniéres décennies ?

3- Quel sont les influences de certains facteursir@mementaux (distance
géographique entre les rivieres et longueur daseiigs) et de certaines activités humaines
(repeuplement et amélioration de [I'habitat) surtecestructuration et son évolution

temporelle ?

Aprés une description des méthodes utilisées (trlealh), les résultats sont présentés

en cing chapitres, correspondant chacun a unegaentifique rédigé en anglais :

- Chapitre Ill. Dans ce chapitre la structurati@métique des populations francaises
de saumon Atlantigue est déterminée a l'aide dequeams microsatellites et d'un
échantillonnage des stocks le plus exhaustif plesdib territoire frangais. Puis, I'influence de
facteurs environnementaux tels que la distanceeredtntre les estuaires, la longueur des
rivieres et 'impact des repeuplements récentscstte structure génétique est analysée. Cet

article sera soumisidolecular Ecology

- Chapitre IV. Dans ce chapitre I'évolution récedeela diversité génétique entre et au
sein de ces populations est analysée en compaganéahantillons récents (1998-2006) et
anciens (1965-1985) a I'échelle nationale. L'impde$ repeuplements anciens et récents sur
cette évolution est évalué. Cet article sera soar@isnservation Genetics

- Chapitre V. Dans ce chapitre la survie et la glisjpn des individus repeuplés et leur
impact sur la structure génétique des populatiasalmon sont estimés a l'aide d'une
approche comparative entre données réelles ansietirécentes, et données simulées. Cette

étude est réalisée sur les populations de la halMaht-Saint-Michel ou sont présentes quatre
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populations de saumon présentant des niveaux di@noe et des intensités de repeuplement

différents. Cet article sera soumig&wolutionary Applications

- Chapitre VI. Dans ce chapitre la signature mibnoeque des otolithes (analyse LA-
ICP-MS) est utilisée pour discriminer les deux g possibles de saumons ayant les
caractéristiques génétiques d’individus issus geuplement : né en élevage et déverse, ou
issus de la reproductian naturad’individus précédemment déversés. Cet articlaesepté

avec modifications darS8anadian Journal of Fisheries and Aquatic Sciences

- Chapitre VII. Dans ce chapitre I'origine de saun®ioecolonisant naturellement le
fleuve Seine est identifiée en utilisant les régalissus de I'analyse génétique de la structure
nationale des populations. Cet article est parus d2enadian Journal of Fisheries and

Aquatic Sciences

Le chapitre VIII correspond a une discussion gdeérpi synthétise et discute

I'ensemble des résultats obtenus.

Sont présentés en annexe deux articles. Le preraitg de la mise en évidence d'un
marqueur microsatellite permettant de distinguemsan Atlantique, truite fario, et leurs
hybrides ; cet article est sous presse dansservation Genetics Ressourcée second
article est en préparation et traite de la strecggnétique des populations de saumon du
bassin de I'Adour. Cet article approfondit I'étude la structure génétique des populations
francaises en montrant qu’il existe une différeticia génétique a une plus fine échelle

géographique, au sein de la riviere Adour.
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Chapitre Il. Méthodes

Populations étudiées
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Figure 17: Carte des populations de saumon Atlantique étsi

Nous avons étudiés 34 populations francaises dem@alAtlantique (Fig. 1, tableau 2)
représentant & principaux stocks de cette espé(Bagliniere & Porcher 199. Ces
populations sont réparties sur 1,662 km de cétes. distances géograques entre les

estuaires des rivieres ont étés mesurées en otildaogle Earthhttp://earth.google.co) et

étaient comprises entre(@stuaire commurto 1,662 kmavec une valeur médiane 741 km.
Les longueurs deriviéres, de la source & I'estuaire, ont étéutédrs en utilisant ES®
ArcGIS 9.2 etétaient comprises entre 1< 1,013 kmavec une valeur médiane 78 km. Les
pourcentages de poissons de plusieurs hivers dedtaient renseignés pour chaque ré
étudiée suite a la « lectusedes écailles de chaque indiv (INRA, ONEMA and Fédératio
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Nationale pour la Péche en France — FNPF - unpheaislata). Pour certaines études nous

avons également utilisé 23 échantillons provenartiderses rivieres écossaises.

Tableau 2 : Caractéristiques des rivieres étudiées.

Pourcentage de o
poissons de  Abréviation

plusieurs hivers

Distance  Longueur
Riviere  Longitude Latitude dela de la riviere
Canche (km)  (km)

de mer
Canche 1°36 50°32 0 88 CAN
Authie 1°34 50°22 19 103 18% AUT
Bresle 1°22 50°03 57 72 BRE
Arques 1°05 49°56 82 67 ARQ
Valmont 0°22 49°45 138 14 VAL
Seine 0°07 49°26 185 777 SEI
Touques 0°04 49°21 193 108 TOU
Orne 0°14 49°17 218 170 ORN
Vire 1°07 49°21 284 128 VIR
Saire 1°14 49°36 315 31 13% SAl
Sienne 1°34 49°00 465 93 SIE
Sée 1°29 48°39 505 78 SEE
Sélune 1°29 48°39 505 91 SEL
Couesnon 1°30 48°37 508 101 Ccou
Trieux 3°04 48°49 649 72 TRI
Leguer 3°33 48°43 716 60 LEG
Douron 3°38 48°40 726 27 DOU
Penzé 3°56 48°40 755 30 PEN
Elorn 4°21 48°24 881 57 ELO
Aulne 4°15 48°17 903 140 AUL
Goyen 4°32 48°00 966 36 17% GOY
Steir 4°06 47°52 1018 62 STE
Jet 4°06 47°52 1018 62 JET
Odet 4°06 47°52 1018 62 ODE
Aven 3°44 47°48 1052 37 AVE
Ellé 3°32 47°46 1069 76 ELL
Scorff 3°22 47°42 1087 78 SCO
Blavet 3°22 47°42 1087 149 BLA
Allier 2°10 47°16 1197 1013 95% ALL
Dordogne 1°06 45°34 1412 483 ? DOR
Garonne 1°06 45°34 1412 647 GAR
Gave 1°31 43°31 1642 309 19% GAV
Nive 1°31 43°31 1642 80 NIE
Nivelle 1°40 43°23 1662 45 NIL

Analyses génétiques
Echantillons

Les échantillons utilisés étaient généralementédedles prélevées sur des individus adultes

péchés a la ligne dans le cadre des activités cleep@mateur. Les échantillons provenant de

I'Allier, la Dordogne et la Garonne proviennent piégeages. Des juvéniles ont également

étés utilisés dans le cadre de I'étude microchimiguont étés prélevés par péche électrique.
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Les écailles étaient conservées dans de I'étharg@% ou dans des enveloppe en papier.
Nous avons focalisé notre échantillonnage sur ¢dortes 1998-2006 pour les échantillons
récents et sur les cohortes 1965 a 1988 pour @eran(Tableau 3). Au total, 1739 individus
adultes ont étés génotypés a 17 marqueurs miclidsate99 individus supplémentaires ont

€également été génotypés a 6 de ces 17 marqueunssatillites et utilisés dans le chapitre

VI.

Tableau 3 : Détail de 'ensemble des échantillor@ysés dans les chapitres |, 1I, et 111
Echantillons récents

Echantillons anciens

Riviere Abréviation Cohortes N individus Abréviation Cohortes N individus
Scotland FORS80 1980 23 - - -
Canche - - - CANO3 1999-2006 23
Authie - - - AUTO3 2003-2006 8
Bresle BREG68 1968 19 BREO3 1998-2004 29
Arques - - - ARQO3 2003 31
Valmont - - - VALO3 2003-2005 5
Seine - - - SEIO3 1998-2006 7
Touques - - - TOUO03 19982006 12
Orne - - - ORNO3 2001 31
Vire - - - VIRO03 1998-2004 19
Saire - - - SAIO3 2005-2006 9
Sienne SIE86 1985-1987 40 SIEO3 2002-2003 37
Sée SEE77 1977-1986 97 SEEO03 2002-2003 66
Sélune SEL77 1977-1986 77 SELO3 2002-2003 80
Couesnon cous2 1978-1986 11 couo3 2002-2003 34
Trieux TRI77 1968-1981 17 TRIO3 2002 16
Leguer LEG77 1976-1977 22 LEGO3 2002-2003 16
Douron DOU82 1978-1984 29 DOU03 2002-2003 27
Penzé PEN78 1969-1982 25 PENO3 2002-2003 23
Elorn ELO75 1969-1970 18 ELOO03 2003 30
Aulne AULGB9 1969-1984 30 AULO3 2003 34
Goyen Govs1 1972-1984 33 GOYO03 2003 24
Steir STE72 1971-1972 21 STEO3 2002 14
Jet JET72 1971-1973 11 JETO03 2000-2004 17
Odet ODE72 1972-1973 19 ODEO3 2003 14
Aven AVE77 1973-1978 40 AVEO3 2003 34
Ellé ELL68 1968-1968 17 ELLO3 2003 32
Scorff SCO77 1966-1985 64 SCO003 2002-2003 64
Blavet BLA77 1977-1978 65 BLAO3 2002-2003 63
Allier ALL67 1965-1967 49 ALLO3 2001-2002 31
Dordogne - - - DORO03 2002 15
Garonne - - - GARO03 2002 30
Gave d'Oloron GAV84 1984-1984 25 GAVO03 2003 29
Nive NIE84 1984-1984 26 NIEO3 2001-2006 8
Nivelle NIL80 1977-1987 26 NILO3 1998-2004 17
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Analyses moléculaires

L’extraction d’ADN a été réalisée a partir d’'une @eux écailles par individus. Ces tissus ont
été digérés dans une solution de protéinase KEJETMis/EDTA) et de Chelex 5%, chauffée

a 55°C pendant 2 heures puis a 100°C pendant 1(Estoupet al. 1996). Apres repos d’'une
nuit a 4°C, celui-ci a été centrifugé a 4000 tauisltes pendant 5 minutes et le surnageant a

été récupéré pour étre transféré dans un tuberamtdu Chelex 5% et conservée a -20°C.

L’ADN a été amplifie a 17 microsatellites: BHMS17BHMS179A, BHMS184B,
BHMS429, BHMS235, BHMS217, BHMS111, BHMS377, BHMS3§Hoyheim 2000),
SsA85, SsA197, SsA171 (Oreilbt al. 1996), SsA65, SsA9, SsA224 (O'Reidly al. 1997),
SsOSL85 (Slettaret al. 1995) et SsSP2216 (Paterseh al. 2004). La méthode M13
(Schuelke 2000) a été utilisée pour marquer I’ADM.volume final de 10L était composé
de tampon PCR 1X (GoTaq, Promega), @#d0de dNTP, 1.5mM MgCI2, 0iiM d’amorce
Up allongé (M13_U), 0.8V d’amorce Down, 0.1M d’amorce M13 marqué par
Fluorescence, 25 a 50ng d’ADN et 0.5U d’ADN Polyaser (GoTag Promega). La réaction
d’amplification PCR a été réalisée dans un thermecyGeneAmp PCR System 9700
(Applied Biosystems). Les conditions d’amplificatioétaient les suivantes : 5min de
dénaturation initiale a 94°C puis de 42 a 45 cyeesc 30s de dénaturation a 94°C, 30s
d’hybridation a la température optimale pour chacmaple d’amorces et 30 s d’élongation a
72°C, enfin 30min de synthese finale a 72°C. Pbacune de nos PCR, nous avons introduit
des témoins négatifs afin de vérifier 'absence cdatamination, et des échantillons de
référence afin de valider la reproductibilité dunggpage.

Les fragments d’ADN ont été analysés avec le legiGenmapper 3.5 (Applied
Biosystems).

Analyses microchimiques
Echantillons

84 otolithes de juvéniles 0+ de la Sienne, la $&¢lune et du Couesnon ont été analyseés.
Des rempoissonnements a partir de juvéniles déstacplture du Favot (basée sur la riviere
Aulne, Finistere, Bretagne) ont été effectués daasscours d’eau. Six otolithes de juvéniles
de cette pisciculture ont donc également été aéalynfin, neuf otolithes d’adultes retrouvés

morts sur la Sélune apres la reproduction ont gaéysés. Ces 99 individus ont également été
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génotypés a 6 marqueurs microsatellites, SSA65 gillyjRet al. 1997); BHMS235;
BHMS111; BHMS377 (Hoyheim 2000); SSA197; SSA171R@Ny et al. 1996).

Analyses LAICPMS

L’extraction des otolithes est réalisée avec defisochimiquement inertes, en polymeres,
décontaminés a l'acide et I'eau ultrapure. Lesithies ont été inclus dans une résine Araldite
(type 2020), poncés a l'aide de papier abrasifylésqbtenir un plan passant par le nucléus,
puis polis a I'aide de poudre de diamant.

Chaque otolithe a ensuite été analysé au labogatdii2A (Université de Pau) par
LA-ICP-MS, analyse par Spectrométrie de Masse Gmu@ un Plasma Inductif avec
prélevement par Ablation Laser. L’ablation laseroasisté en I'application d'impact laser a
une cadence de 3kHz sur une couronne de 200unrgeedatour d'un cercle de 100um de
diametre centré sur le nucleus (zone considéréeneoraprésentative du milieu continental).
Les éléments suivants ont ensuite étés quantifesspectrometrie de massei, Mg,
2'Al, *®Mn, *°Co, ®3Cu, °°%%n, #Rb, 1111 d, 1*Ba, 2%%Pb?*Na *°sr and**Ca, **Ca.
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Chapitre Ill. Structure génétique des populations fancaises de saumon
Atlantique

L'objectif de ce chapitre est de déterminer la tite génétique entre les populations
francaises de saumon Atlantique a lI'aide de mangueicrosatellites et d’étudier I'influence
sur cette structure génétique de facteurs enviroen&aux tels que la distance cotiére entre

les estuaires et la longueur des rivieres, et Botgles repeuplements récents.

La structure génétigue des populations de saumsehsaimise a l'influence de
nombreux parameétres intrinséques a I'espéce, deuidcenvironnementaux, et d'activités
humaines. Ces différents facteurs peuvent étrécitiffa distinguer, notamment lorsque les

populations sont sujettes a des repeuplementsdigepoissons allochtones.

Afin d'étudier l'influence de ces paramétres sustiaicture génétiqgue des populations
francaises de saumon Atlantique, nous avons geaayp7 marqueurs microsatellites 975

poissons issus de 34 rivieres et provenant deseshb998 a 2006.

Une analyse bayesienne a permit de classer casduaslien cing principaux groupes
génétiquement et géographiquement distincts. Lfardificiation entre les populations au sein
des groupes était relativement faible en compamais®o la structure entre ces groupes. Ces
résultats suggeérent des flux important d’indivieétisle genes au sein des régions identifiées et
des flux beaucoup plus restreint entre ces régiamslistance cétiere entre les estuaires s’est
révélé étre significativement corrélée a la diff@iation génétique entre les populations. La
longueur de la riviere s’est également révélée cenétant un bon proxy de la structure
génétique observée. Cependant, ce dernier réssitgirincipalement di a la population de
I'Allier, étant situé sur la riviere avec les sitds frais les plus €éloignés de la mer (> 700 km),
et étant la plus différentiée génétiguement. Cetteulation était composée majoritairement
de poissons adultes ayant séjourné plusieurs hieersner et donc de grande taille et
remontant tot dans I'estuaire. Ces résultats seggéme adaptation locale, morphologique et

comportementale, a la difficulté a la montaison.

Parmi les populations étudiées, certaines étaiegttes a des opérations de
repeuplement utilisant des poissons autochtonesdlochtones. Alors que les repeuplements
avec des poissons locaux ne semblaient pas moldifteversité génétique au sein et entre les
rivieres, d’'importants taux d’introgression de a@res populations attestent des effets des

repeuplements effectués avec des poissons nos.natif
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Ces reésultats ont d'importantes implications paurconservation et la gestion des
populations de saumon en exposant les principaliégsugénétiques présentes sur le territoire
francais, et en montrant les effets des repeuplesrgem la diversité génétique au sein et entre
les populations. Cette étude suggéere egalemeragtation locale des poissons a la longueur
de la riviere. D’'une fagcon générale, ces résukatgerent I'importance de la conservation a
une fine échelle étant donné la potentielle adeptddcale des populations et I'introgression

suivant la transplantation des individus.
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Abstract

The effects of ecological factors on the genetiticstire of natural populations can be
difficult to disentangle from those linked to humeativities. For instance, stocking practices
are known to obscure genetic makeup of populatibiese we investigated the influence of
landscape features and stocking on the genetictsteuof 34 French Atlantic salmoS84imo
salar) populations. 975 individuals were genotyped atnii¢rosatellite loci. A Bayesian
analysis revealed a pattern of hierarchical gersttiecture into five geographically distinct
groups. Coastal distance among estuaries was reggpredictor of population structure (r =
0.71) and the effect of river length was also digant (r = 0.62). However the latter was
mainly due to one population having both the fastleawning grounds off the river mouth
(> 700 km) and the highest level of differentiatiorhis population also exhibited very
particular morphological (large size) and behavitnats (run timing), suggesting a role for
local adaptation to river length. While stockingthwlocal fish did not strongly impact the
distribution of genetic diversity within and amomiyers, some populations were highly
admixed with populations used for stocking. Overdliese results have important
implications for the conservation of salmon popolas via the delineation of conservation
units and the identification of coastal distancd ewer length as major environmental factors
influencing gene flow and potentially local adammt This study also illustrates the

introgression of natural populations by stockirrgiss at a large spatial scale.
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Introduction

Delineating genetic structure among groups of iindials is a central issue in population
genetics (Waples & Gaggiotti 2006). Patterns of ydajion genetic structure are also
increasingly considered for the conservation ofamg@red species (Palsbeit al. 2007)
(Schwartzet al. 2007). The management of threatened species es dfased on captive
breeding programs that can have major impacts emgémetic structure (Hansen al. 2009)
and evolutionary potential of natural populatioAsaki et al.2007; Fraser 2008; Williams &
Hoffman 2009). As a result, it could be difficutt tlisentangle the effects of supportive
breeding from those of ‘natural’ environmental @ast when studying the distribution of
genetic diversity within and among populations. Fstance gene flow is frequently reduced
when distance increases between populations, lohtaypattern of isolation by distance may

be disrupted by artificial translocations (Finnega8tevens 2008; Mariet al.2010).

A major question in population genetics is to dweiee how landscape-level
geographical and environmental factors are involiredhe spatial distribution of genetic
variation (Manelet al. 2003; Storferet al. 2007). The role of ecological variables on
mediating gene flow across populations has beesstigated in a wide range of plants (Sork
et al. 1999; Albaladejeet al.2009; Schmidet al. 2009) and animals (Keyghobaatial. 1999)
(Sokal & Thomson 1998) (Castrat al.2001) using a growing variety of dedicated sttt
tools (Manelet al. 2003; Balkenholet al. 2009; Guillotet al. 2009). Landscape genetics
studies usually focus on the distribution of neugranetic variation and attempt to identify
landscape features that constrain or facilitatpeisal (McRae 2006). However, landscape
heterogeneity can ultimately result in divergenkesigon among habitats and such local
adaptation should be detected by analyzing adaggwetic variation (Hendry 2004; Nosil
al. 2005; Bolnick & Nosil 2007). Indirect evidence focal adaptation can also be uncovered
by genome scans based on the genotyping of a tangder of putatively neutral molecular
markers in populations thought to undergo divergeelection. Loci exhibiting a
differentiation higher or lower than a simulated skeneutral values are thought to be under
selection (Oleksylet al. 2010 Storzet al.2004). Alternatively, pattern of passive (movement
of individuals)versuseffective dispersal (gene flow) can also providme evidence for local
adaptation. Passive dispersal is expected to beehitpan effective dispersal among locally
adapted populations (Currat al. 2008; Rasanen & Hendry 2008). Such a selectiomsiga
immigrants has been suggested in chum salmon dadtistsalmon (Tallman 1994; Dionne
et al.2008).
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As mentioned above, major modifications in the igpatlistribution of genetic
diversity can result from translocations of indivadls for management purposes.
Consequences of such translocations have beenda@limented in fish species and are in
most cases a decrease of genetic structure betsuggrlemented and donors stocka the
genetic introgression of supplemented populatiéiisnggan & Stevens 2008; Hansenal.
2009; Marieet al. 2010). If populations experience different selattiegimes (Dionnet al.
2007; Nielsenet al. 2009), alterations in adaptive genetic variatioaynoccur in recipient
populations. Captive breeding programs where iddizis are bred in captivity for one or
several generations before being released in fhagulation of origin may also alter the
genetic make-up of natural populations (Arakial. 2007; Fraseet al. 2008; Darwish &
Hutchings 2009).

Atlantic salmon $almo salay is a long distance migratory (Hansenal. 1993) and
philopatric fish species that returns to spawntsnniatal river after a feeding period at sea
(Stabell 1984) (Quinn 1993). This homing behavemot fully strict but often invoked to
explain the moderate to high differentiation obsedramong salmon populations (Kiegal.
2001) (Verspooret al. 2005). Accordingly, coastal distance between sgviar negatively
linked to the amount of gene flow among populatigii@ionne et al. 2008; Tonteriet al.
2009), this pattern of isolation by distance beatgp observed within rivers (Primmet al.
2006; Vahaet al. 2006; Dillaneet al. 2008). River length, water flow and more generally
upstream migration difficulty could also have a staining effect on gene flow among
populations. These environmental factors may akswerate local adaptation (Taylor 1991,
Garcia de Leaniet al. 2007), potentially reflected by variations in ser@d age of returning
adults (Schaffer & Elson 1975) (Power 1981) (Dioehal.2008).

In many declining Atlantic salmon populations, cemnstion programs based on
supplementation with non-native fish have been @mgnted (Hindaret al. 1991,
Aprahamianret al. 2003). AsS. salarpopulations are highly structured throughout tinaitive
range (Verspooet al. 2005; Lehtoneret al. 2009; Tonteriet al. 2009), fish stocked from
genetically distant populations or farms are trateaand genetic admixture in wild
populations can be estimated (Campbsl. 2008; Finnegan & Stevens 2008; Hans¢ral.
2009). These fish translocations can decrease igestaicture (Ayllonet al. 2005; Lage &
Kornfield 2006), alter local adaptation and redtlee fitness of recipient populations (Hindar
et al. 1991; McGinnity et al. 2003; Araki et al. 2007; Ford & Myers 2008). Overall,
supplementation operations may have antagonistymergistic effects with the processes of
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natural dispersal or local adaptation but few &sidiave investigated such effects at a large

spatial scale (Dionnet al.2008).

Here we describe the genetic structure among 3dchrétlantic salmon populations
using 975 samples genotyped at 17 microsatellittkensw A first aim of this study was to
determine the spatial scale of genetic structuik the potential hierarchical clustering of
populations. Second, we investigated the influarfceoastal distance between rivers and of
river length on gene flow among populations angbotential local adaptation. Third, we took
advantage of a detailed knowledge of supplememtatperations to assess the consequences
of such a management on the spatial distributiogeottic diversity.

Materiel and methods

Study populations and sampling

We studied 34 Atlantic salmon populations (Figahlé 1) representing the mains stocks of
this species in France (Bagliniere & Porcher 19dhg 1,662 km of coastline. Only a few
small populations inhabiting small coastal riversrevnot sampled. Adult fish were collected
by angling or trapping and scales were stored BylRRA laboratory in Rennes and by the
Office National de 'Eau et des Milieux aquatiQuUESNEMA). Scales were kept in 95%
ethanol or in paper envelopes. The age of eaclvithdil was determined from its scales
(Bagliniereet al. 1991). We focused on cohorts 2002-2003 and celiebetween eleven and
80 samples per population except in 5 small pofuriatwhere only between five and nine
samples were available (Table 1). Whenever possideadded some samples from cohorts
1998 to 2001 and 2004-2006 to increase sample size.

Percentages of multi-sea-winter fish were availdbleeach regional group (INRA,
ONEMA and Fédération Nationale pour la Péche emdaa- FNPF - unpublished data).
Supplementation operations were performed in samesr using non-native or native fish
(INRA & ONEMA, unpublished data; (Bagliniere & Dusd988; Baglinierest al. 1990)).
The Orne River was stocked with fish from Gave di®@h in 1995. The Sélune was stocked
with individuals from Gave d’'Oloron in 1995 and rimoAulne in 1996 and 1997. The
Couesnon was stocked with Gave d’Oloron individuals1995 and has been annually
stocked with fish from Aulne since 1996. Garonne &wordogne were stocked with non-
native fish from Scotland, Allier and Gave d’Olortsam 1980 and 1977 respectively to 1991
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and have been stocked with native individuals sib@82. Elorn, Aulne, Allier, and Gave
d’Oloron have been stocked with native fish sin@®5L The populations Authie, Canche,
Valmont, Touques and Saire were very low at thes tohsampling and were considered as
extinct or not viable. In the Seine Rivelthaugh no stocking was performed, more than 162
adult salmon were observed in 2008 by video-cogrdimd this recolonization event involved
individuals from multiple origins (Perrieat al.2010).

Geographic coastal distances between estuariekeo$ttidy rivers were calculated

following coastline using Google Earthtip://earth.google.cojrand ranged from O to 1,662

km with a median value of 741 km. River lengthsevealculated as the distance between the
source and the mouths of the river using ESRIcGIS 9.2 and ranged from 14 to 1,013 km
with a median value of 78 km.
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Figure 1: Map of the locations of the study popolad (see also Table 1).
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Table 1: Sampling and genetic diversity data fer3# rivers studied. N is the number of alleles,i&Rllelic richness (based on samples of 11
individuals), HE is the unbiased expected heterogig, HO is the observed heterozygosity, FIS &sitibreeding coefficient (significance is
indicated by*).

Sampling site Sample Genetic diversity indice

Distance River Percentage of Private
River Longitude Latitude from length Multi-sea-winter Abbreviation S_ample Cohorts EXC"Jded from N AR He Ho Fg alleles

. size spatial analyses

Canche (km) fish (n __: max
Canchi 1°36 50°3z O 88 CAN 8 199¢-200¢ / 6.1 / 0.7¢ 074 00z O
Authie 1°34 50°2Zz 19 10¢ 18% AUT 11 200z-200¢ / 7.€ 6.7 0.7¢ 0.6 0.11* 4;0.09(
Bresle 1°22 50°0: 57 72 BRE 3C 199¢€-200¢ / 8.7 5.E 0.7z 0.7z 0.0C 7;0.02
Arques 1°0& 49°5¢ 82 67 ARQ 31 200z / 7.2 52 0.71 0.7C 0.0z 1;0.01¢
Valmont 0°22 49°4t  13€ 14 VAL 5 2003-200F  yes 54 / 0.8z 0.7Z 0.13* 3;0.12!
Seine 0°07 49°2¢ 18t 777 SE| 7 199¢€-200¢ vyes 6. / 0.7¢ 0.7t 0.0¢ 1;0.05!
Touque 0°04 49°21  19¢ 10¢ TOU 11 1998200 yes 8.4 7.E 0.8: 0.7t 0.11* 2;0.05(
Orne 0°14 49°17  21¢ 17C ORN 31 2001 yes 117 7.4 0.8z 0.81 0.0z 1;0.01¢
Vire 1°07 49°21 284 12¢ VIR 1¢ 199¢-200¢ yes 102 7.2 0.8z 0.7¢ 0.0¢ 1;0.02¢
Saire 1°14 49°3¢ 31t 31 13% SAIl 9 2005-200€ yes 71 / 0.8C 0.8C 0.0C 1;0.05!
Siennt 1°34 49°0C  46¢F 93 SIE 37 200z-200z / 11.€ 6.€ 0.8C 0.8C 0.0 1;0.01«
Sé¢ 1°2¢ 48°3¢ 50t 78 SEE 6€ 200z-200: / 11.f 6.1 0.7¢ 0.7¢ 0.0z O
Séluni 1°2¢ 48°3¢ 50t 91 SEL 8C 200z-200: / 13.2 6.€ 0.7¢ 0.7¢ 0.01 2;0.00¢
Couesno 1°3C 48°37  50¢€ 101 cou 34 2002-2007 yes 10.7 6.7 0.81 0.8C 0.01 1;0.01«
Trieux 3°04 48°4¢  64¢ 72 TRI 2€ 200z / 9.6 6. 0.82 0.81 0.0z 2;0.01¢
Legue 3°3¢ 48°4:  71€ 6C LEG 27 200z-200: / 1024 7.2 0.8z 0.7¢ 0.0¢ O
Douror 3°3¢ 48°4C  72¢ 27 DOU 27 200z-200: / 9.6 6. 0.8C 0.8C 0.01 O
Penz 3°5€ 48°4( 75t 3C PEN 26 200z-200z / 10.2 6.€ 0.81 0.81 0.0C 1;0.01¢
Elorn 4°21 48°2¢ 881 57 ELO 33 200z / 102 6.4 0.7¢ 0.7¢ 0.01 O
Aulne 4°1¢t 48°17  90¢< 14C AUL 34 200z / 11.f 6.€ 0.81 0.8C 0.0z 4;0.03:
Goyer 4°3; 48°0C  96€ 36 17% GOY 34 200: / 10.1 6.5 0.8C 0.77 0.0/ 0
Steil 4°0¢ 47°52z  101¢ 62 STE 2C 200z / 9.C 6.€ 0.81 0.81 0.0C 2;0.04:
Je 4°0¢ 47°52z  101¢ 62 JET 2C 200(-200¢ / 8.€ .2 0.7¢ 0.7¢ 0.0C 1;0.05(
Ode 4°0¢€ 47°52z  101¢ 62 ODE 1¢ 200z / 84 6.4 0.7¢ 0.77 0.01 1;0.02¢
Aven 3°44 47°4¢ 105z 37 AVE 34 200z / 10.2 6.4 0.7¢ 0.7¢ 0.01 1;0.01«
Ellé 3°3z 47°4¢  106¢ 7€ ELL 34 200z / 10.2 6.4 0.7¢ 0.7¢ -0.01 2:;0.01¢
Scorff 3°22 47°4z 1087 78 SCC 64 200z-200z / 11.€ 6.2 0.7¢ 0.7¢ 0.01 3;0.03:
Blavel 3°22 47°4z 1087 14¢ BLA 64 2002z-200% / 12.8 6.E 0.7¢ 0.7¢ 0.0z 3;0.00¢
Allier 2°1C 47°1€¢ 1197 1012 95% ALL 35 2003-200z / 8.1 5.4 0.7¢4 0.74 0.0C 2:0.01¢
Dordognt 1°0¢€ 45°3¢ 141z 487 ? DOR 15 200z yes 8.1 6.5 0.7¢ 0.8z -0.0t 0
Garonn 1°0€ 45°3¢ 141z 647 GAR 3C 200z yes 10.2 6.€ 0.8C 0.82 -0.0z 1;0.01
Gave d'Olorol 1°31 43°31 164z 30¢ 19% GAV 2¢ 200z / 11.€ 7.2 0.81 0.77 0.0¢ 6;0.05:
Nive 1°31 43°31 164z 8C NIE 8 2003-200¢ / 5 [/ 077 078 0.0¢ O
Nivelle 1°4C 43°2:  166: 45 NIL 17 199¢€-200¢ / 7.¢ 6.4 0.8 0.8C -0.01 0
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Molecular analyses

Genomic DNA was extracted from fin tissues andescély heating samples in solution of
proteinase K, TE (Tris’fEDTA) buffer and chelex,5°C 2 hours and then at 100°C for
10min (Estoupet al. 1996). The M13 method (Schuelke 2000) was usethliel DNA
polymerase chain reaction (PCR) amplifications. DN#as amplified using 17
microsatellites: BHMS176, BHMS179A, BHMS184B, BHMZ} BHMS235, BHMS217,
BHMS111, BHMS377, BHMS365 (Hoyheim 2000), SsA85A837, SsA171 (Oreillyet al.
1996), SsAB5, SsA9, SsA224 (O'Reilgt al. 1997), SsOSL85 (Slettaat al. 1995) and
SsSP2216 (Patersat al. 2004) (Table S1). PCR was carried out in a 10eattion volume
containing 1.5mM MgCI2, 200mM dNTPs, 0.1 mM forwamdmer, 0.15mM reverse primer,
0.15mM M13-Fluo, 25-50ng DNA and 0.5U Tag DNA pobmrase. The amplification
conditions were as follows: an initial denaturation5min at 94°C, then 42-45 cycles for 30s
at 94°C, 30s at annealing temperature, 30 s at @At final synthesis for 30min at 72°C.

Within-population genetic diversity

We used EXTPAD 4.7.3 (Helios Software Solutions), Convert 1.31a((itz 2004), GNEPOP
4.0.7 (Rousset 2008), anccknLEX 6 (Peakall & Smouse 2006) to format the data fets
different sofwares. We usedi®kRo-CHECKER 2.2.3 (Van Oosterhowt al.2004) to assess the
frequency of null alleles and scoring errors duesttdtering or large allelic dropout. Allele
number and allelic richness were obtained usisgaF 2.9.3.2 (Goudet 1995). Tests for
linkage and Hardy-Weinberg disequilibria were cartdd with STAT 2.9.3.2 based on 1,000
permutations. Expected heterozygosity, KNei 1978) and observed heterozygosityoH
were calculated with BVeTIX 4.05.2 (Belkhiret al. 1996). GNALEX 6 (Peakall & Smouse
2006) was used to calculate the number and frequehprivate alleles in each population.
FDIST 2 (Beaumont & Nichols 1996) was employed to vaedée neutrality of the markers.
BOTTLENECK 1.2.02 (Cornuet & Luikart 1996; Pimt al. 1999) was used to investigate the
occurrence of recent bottleneck in the study pdmra. We assumed a two-phase model of
mutation (TPM) with 95% single-step, 5% multi-steputations, and variance of 12%

authors’ recommendations, using 1,000 iteratiomsaawilcoxon sign-rank test.
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Table S1: List and characteristics of the micrdBtanarkers used.

Microsatellite

locus Genbank Name Repedtorward primer Reverse primer Reference
BHMS176 AF256672 SsA0021NVH2 GACTTGGAGACTCTTTGG GAGAGGGAGATAGCATCG Hoyheim, 20
BHMS179A AF257058 SsA0146NVH? AGTGCGTCTGTGGCTTTG GGGCAGAGAGAAGAGATAG HoyheimpPR0
BHMS184B AF257049 SsA0149NVH? GCAGCATAGAGAGTAATGG TGGAAAAGTCCCTCACCC Hoyheim,@0
BHMS429 AF256719 SsA0071NVH2 CCCCTGTCAAACGTCTTC AGCACACTGGATTCAAGG Hoyheim, R0
SsA85 U43692 SsA85 2 ACTGCGGGACATTTGAGG TCAGATTTCACACTCTCG O'Reilly et al, 1996
SsAG5 AF019184 SsA65 2 TGTTGTGGCTCGTGACAG GAACACAGTGAGAGTGG O'Reilly et al, 1997
SsOSL85 748596 SsOSL85 2 AGACTAGGGTTTGACCAAG ATTCR@CCTTCACCACC Slettan,A. 1995
SsA9 AF019197 SsA9 2 ACAATTACCAGAGCCAGG TCTGACGACMAITACCAC O'Reilly et al, 1997
BHMS235 AF256846 SsA0217NVH AGCGAGCTTTCTTTCCAG AGCTGTCTATTCACGACTC HoyheimpPR0
BHMS217 AF256786 SsA0152NVH GCTGTTCATTTCTGAGCAG GACACACCGAATCAGTGC Hoyheim0P0
BHMS111 AF256661 SsAO00SNVH TCCTCTATCATACGGCTG ATCAGATGACCCAGTGGC Hoyheim, 20
SsA197 U43694 SsA197 3 TGAGTAGGGAGGCTTGTG TGACATARCTTCTATGGC O'Reilly et al, 1996
SsA171 U43693 SsA171 3 TGATGGCAGGGTAAGAGG GGTCAAABTCGCTGTG O'Reilly et al, 1996
BHMS377 AF256707 SsA0057NVH TGGCTACAACAGGGATAC AGTCTCTTACATGGAGGC Hoyheim, 20
SsSP2216 AY081811SsSP2216 4 GGCCCAGACAGATAAACAAACACGOGCCAACAGCAGCATCTACACCCAG Paterson et al, 2004
BHMS365 AF256703 SsA0053NVH? GGAATTGTGTGTAGATGGG ACTTGGCAAGGAGCAGAC Hoyheim 0B0
SsA224 AF019168 SsA224 2 ACAGACAGAACTGTGCATC TCGATTGGTTGACTGCAT O'Reilly et al, 1997
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Individual Bayesian clustering

In order to estimate the number of genetic clustersur data set without taking into account
any predefined populations we used the Bayesiastaring method implemented in
STRUCTURE 2.2 (Pritchard et al 2000). This analysis alsovedld us to compute admixture
proportions among the inferred clustersRECTURE analyses were performed assuming an
admixture model and a number of genetic clusterérdm 1 to 14 (15 replicates for each k).
Each run started with a burn-in period of 50,0Cpstfollowed by 300,000 Markov Chain
Monte Carlo (MCMC) replicates. We usediSERUCT to plot SRUCTURE output data
(Rosenberg 2004).

Inter-population genetic divergence

PairwiseFst were computed in $7AT 2.9.3.2 and tested with 1,000 permutations. Pagrwis
Nei (Da) genetic distances (Net al. 1983) were estimated usingdPULATIONS 1.2.30

(http://bioinformatics.org/~tryphon/populations/ Neighbor-Joining dendrograms were

constructed from Nei distances using TreeView (P#6). Analyses of Molecular Variance
(AMOVA) were performed using RLEQUIN (Excoffier et al. 2005) with groups of
populations defined using geographic criteria agglits from Bayesian clustering analyses.
We performed three AMOVASs: i) with the 34 populasodistributed in six groups: Upper-
Normandy, Lower-Normandy, Brittany, Allier, Girondand Adour (see Figure 2), ii) with a
subset of 32 populations similarly clustered inefigroups, the non-native Gironde group
being excluded, and c) with a subset of 25 popriaticonsidered as “unstocked” with non-
native fish and distributed in the same five gro(gese Table 1). The latter analysis aimed at
testing the effect of stocking on hierarchical denetructure. In this analysis we also
excluded populations recently recolonized or pogaisg close to those stocked with non-

native fish.
Spatial analyses

To test the effect of coastal distance (betweerrrimouths) and river length on genetic
differentiation, we used Mantel tests and partighriél tests implemented iNASSAGE
(http://www.passagesoftware.net/index.phpairwise genetic differentiation was estimated
by theFst /(1- Fst) quantity for the subset of 25 populations usistaE(Goudet 1995). The

significance of correlation coefficients was estiesbwith 9,999 permutations iImBSAGE
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We also investigated the effect of coastal distamzkriver length on recent migration
rates using the Bayesian model implemented in BlNr(Faubet & Gaggiotti 2008). The best
model was chosen from the run showing the lowegeBian assignment deviance out of 15
MCMC replicates. We used 20 short pilots of 1,06fations. Given the relatively low
genetic structure among several populations andrdicg to authors’ recommendations, we
used MCMC chains starting with 1,000,000 iteratidos burn in to ensure convergence,
followed by 20,000 iterations for sampling and thing intervals of 50 iterations between

consecutive samples.

A finer investigation of isolation by distance waarried out by autocorrelation
analyses. The autocorrelation coefficient (r) walswated in GNALEX 6 (Peakall & Smouse
2006) at the individual level (Smouse & Peakall 4;:99eakallet al.2003) for the subset of 25
populations. Distance classes of 50 km were cdkdlérom populations pairwise coastal

distances. Significance of r-values was testedgu889 permutations.

Results
Summary statistics

Successive cohorts analyzed in Sienne, Sée, S&godf, and Blavet were not significantly
differentiated. We thus combined genotypes frontessive cohorts of the same population
in our analyses. We found evidence of null alleesarge allele drop-out for 18 out of 578
tests, but no association with any particular madkgoopulation. Considering the full dataset,
there was no evidence of departure from Hardy-WaigdEquilibrium associated with a
particular marker (Table S2). The loci used showedvidence of linkage disequilibrium or
influence of natural selection. Significant hetgigpate deficits were detected in Authie,
Valmont and Touques populations (Tables 1 & S2).eAidence of recent bottleneck was
only detected in Saire (p < 0.05). Indices of genditversity per population are presented in
Table 1. Average gene diversity (He) over all patiohs was 0.79, ranging from 0.71 to
0.83. Allelic richness and He were the lowest ia Bresle, Arques, and Allier populations

and the highest in the Touques, Orne, Vire and &egapulations.
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Table S2: Allelic richness (AR) estimated for 4 @ihdividuals, number of alleles (AN),
observed (Ho) and expected heterozygoties (HE)eetng coefficient (FIS, significant
values in bold) and presence of null alleles fargyocus and population.

I I I I I I I I I
: z % : 2 2 2 2 5 ¢ 2 § 2 =
— © o) = 2 3 — ] ~ o~ © =] ~ ~ N ] IN] S
N < < ™~ < < ] < N o o 2‘ 2‘ Lo o [le} g ke]
S 2 g 8 3 2 9 % 8§ g g8 % % 8 @ 8 & =
< < < < A < < < %) %) < a < ) <
%) %) %) %) %) %) %) %) %)
%] %] %] n n %] n n n
AR,4ind 3.76 246 325 530 565 467 375 526535 407 250 498 458 496 453 531 439 441
AR, 8ind - - - - - - - - - - - - - - - - - -
AN 500 300 400 700 900 7.00 500 800 8.00 050400 7.00 6.00 700 6.00 7.00 6.00 6.12
CAN Ho 088 050 088 075 075 063 075 086 07580825 075 083 071 086 083 071 0.74
He 0.74 049 068 088 088 079 073 082 089 707035 08 076 081 081 086 075 0.76
Fis -0.20 -0.02 -0.32 0.16 0.16 0.22 -0.02 -0.04170.-0.15 0.30 0.13 -0.11 0.13 -0.06 0.04 0.05 0.03
Null Allele  no no no no no no no no no no no no no no no no no
AR,4ind 429 246 273 6.18 445 443 450 572385 441 322 6.07 517 504 475 486 4.17 458
AR,8ind 558 391 365 947 6.34 6.77 6.62 9.22397 626 490 9.10 757 6.70 7.60 7.82 492 6.69
AN 6.00 5.00 4.00 11.00 7.00 8.00 8.00 10.00 8.00007 6.00 10.00 9.00 7.00 9.00 10.00 5.00 7.65
AUT Ho 082 027 036 091 060 036 073 089 08050%55 060 082 09 09 073 0.82 0.68
He 079 034 046 093 079 074 079 089 08870053 092 08 08 080 081 080 0.76
Fis -0.03 0.20 0.22 0.02 025 052 0.08 0.00 0.10300-0.03 0.36 0.05 -0.05 -0.13 0.11 -0.0R.11
Null Allele no no no no no yes no no no no no yes 0 n no no no no
AR,4ind 4.01 2.07 241 479 448 378 435 425105 399 289 429 502 542 410 414 368 4.05
AR,8ind 483 287 284 675 6.16 553 553 569487 519 376 6.39 7.00 804 538 6.02 454 553
AN 6.00 5.00 3.00 11.00 9.00 11.00 8.00 8.00 13.8000 5.00 10.00 11.00 14.00 9.00 11.00 6.00 8.71
BRE Ho 087 027 038 083 09 073 083 089 086 60050 069 087 066 076 072 070 0.72
He 0.78 0.27 044 083 080 066 080 078 08550052 073 08 087 077 073 074 0.72
Fis -0.11 0.03 0.15 0.00 -0.12 -0.11 -0.04 -0.15.020 -0.02 0.05 0.05 -0.02 0.25 0.02 0.00 0.06 0.00
Null Allele  no no no no no no no no no no no no no yes no no no
AR,4ind 334 208 217 497 371 318 456 485105 437 267 429 457 492 458 440 395 398
AR,8ind 388 244 265 6.69 509 441 576 6.82.257 546 362 6.22 6.16 692 593 599 495 531
AN 400 300 300 900 800 7.00 7.00 9.00 12.00006.5.00 9.00 8.00 10.00 8.00 9.00 7.00 7.29
ARQ Ho 068 039 035 081 057 058 084 087 084 40853 068 073 071 080 079 0.84 0.70
He 0.68 037 036 08 070 056 083 084 08510845 074 081 084 083 078 076 0.71
Fis 0.00 -0.05 0.00 0.06 0.19 -0.04 -0.02 -0.04 20.00.04 -0.20 0.08 0.10 0.16 0.03 -0.01 -0.10 0.02
Null Allele  no no no no no no no no no no no no no no no no no
AR,4ind 360 360 278 500 500 676 676 5.00.007 458 360 551 738 6.00 300 598 298 4.97
AR, 8 ind - - - - - - - - - - - - - - - - - -
AN 400 400 300 500 500 800 800 500 7.00 050400 600 9.00 6.00 300 7.00 300 541
VAL Ho 080 040 060 075 075 080 100 100 100 00080 100 080 075 025 080 020 0.72
He 071 071 051 086 086 09 096 089 096 40871 091 098 089 061 091 069 0.82
Fis -0.14 047 -0.20 0.14 0.14 0.18 -0.05 -0.14 -0.04 0.31 -0.14 -0.11 0.20 0.18 0.63 0.14 0.73 0.13
Null Allele  no no no no no no no no no no no no no no no no no
AR,4ind 335 243 286 6.02 469 481 572 6.47.725 315 373 590 493 642 546 542 3.00 471
AR, 8 ind - - - - - - - - - - - - - - - - - -
AN 400 3.00 4.00 1000 6.00 7.00 9.00 10.00 9.00004 5.00 10.00 7.00 10.00 8.00 8.00 4.00 6.94
SEI Ho 0.78 056 033 089 056 056 089 100 0.67 80.0.89 089 089 078 078 0.78 0.67 0.75
He 071 054 048 091 084 084 09 094 09 70®.75 090 084 094 089 0.88 054 0.79
Fis -0.10 -0.03 0.31 0.02 036 035 0.0t0.07 0.27 -0.17 -021 0.02 -0.06 0.18 0.13 0.130.25 0.06
Null Allele  no no no no no no no no no no no no no no no no no
AR,4ind 410 3.08 3.03 496 487 6.27 562 542136 472 362 541 631 6.20 592 6.79 4.18 5.10
AR,8ind 494 418 377 730 6.38 962 802 8.0m31 586 512 7.82 10.21 10.20 875 11.88 591 475
AN 500 500 400 800 7.00 11.00 9.00 8.00 12.00006 6.00 9.00 11.00 12.00 10.00 13.00 7.00 8.41
TOU Ho 060 045 070 070 082 073 073 088 0.80406.73 073 1.00 070 091 067 091 0.75
He 078 064 063 082 08 093 09 088 091 40867 088 093 092 091 09 0.75 0.83
Fis 0.24 030 -0.13 0.15 0.04 023 020 0.00 0.12260-0.10 0.18 -0.08 0.25 0.01 0.31 -0.22 0.11
Null Allele  no no no no no no no no no no no no no no no yes no
AR,4ind 3.77 224 271 589 6.18 567 563 6.31.526 483 396 495 541 6.64 563 553 363 5.03
AR,8ind 449 252 331 890 982 842 843 10.0062 6.29 513 731 7.86 11.05 813 801 470 7.35
AN 500 4.00 500 14.00 18.00 14.00 13.00 18.000a9.8.00 6.00 12.00 12.00 21.00 12.00 12.00 6.007111.
ORN Ho 0.87 055 048 084 093 09 097 097 087 70074 081 09 073 080 097 070 081
He 075 052 060 091 092 089 089 093 09450®&75 083 08 094 089 089 068 0.83
Fis -0.16 -0.05 0.19 0.08 -0.02 -0.01 -0.09 -0.04070 0.09 0.01 0.03 -0.030.23 0.11 -0.09 -0.03 0.02
Null Allele  no no no no no no no no no no no no no yes no no no
AR,4ind 354 282 262 538 573 592 549 6.79.116 449 478 546 577 6.07 535 587 310 5.02
AR,8ind 394 368 326 792 854 895 783 114,63 597 636 818 842 953 785 889 379 731
AN 4.00 6.00 5.00 10.00 12.00 13.00 10.00 18.000a5.8.00 8.00 13.00 11.00 15.00 11.00 13.00 4.00 3510.
VIR Ho 058 042 053 079 079 079 084 100 095807084 079 088 089 089 089 063 0.78
He 074 059 059 086 090 091 088 09 092 10®%84 088 09 092 087 091 059 0.83
Fis 0.22 029 010 0.09 0.12 0.14 0.050.05 -0.04 0.04 -0.01 0.0 0.02 0.03 -0.03 0.02 -0.07060.
Null Allele  no no no no no no no no no no no no no no no no no
AR,4ind 349 242 193 542 572 518 529 554906 476 444 481 566 661 583 583 264 485
AR, 8ind - - - - - - - - - - - - - - - - - -
AN 400 3.00 200 800 900 800 800 7.00 12.00006.6.00 7.00 800 11.00 9.00 9.00 3.00 7.06
SAl Ho 089 044 022 089 067 089 067 1.00 1.00908.78 089 088 100 089 0.89 0.67 0.80
He 0.70 050 037 088 090 086 086 089 09650880 084 090 095 091 091 052 0.80
Fis -0.29 0.12 041 -0.01 0.27 -0.04 0.240.13 -0.04 -0.05 0.03 -0.07 0.03-0.06 0.02 0.02 -0.30 0.00
Null Allele  no no no no no no no no no no no no no no no no no
AR,4ind 326 219 266 521 496 550 538 588875 458 379 486 548 6.67 522 583 356 476
SIE AR,8ind 392 239 317 737 7.13 808 7.79 9.09.998 592 517 693 805 11.10 754 875 481 6.84
AN 5.00 3.00 5.00 12.00 12.00 14.00 13.00 18.000a7.8.00 7.00 13.00 15.00 22.00 12.00 14.00 7.005911.
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Ho 068 062 050 086 086 089 092 095 092 90654 081 089 100 086 086 0.72 0.80
He 0.68 051 058 086 083 0838 087 09 09020868 083 088 095 086 090 064 0.80
Fis 0.00 -0.22 0.15 0.00 -0.04 -0.01 -0.05 -0.05.0x0 0.17 0.21 0.03 -0.01-0.06 -0.01 0.05 -0.13 0.00
Null Allele  no no no no no no no no no yes  yes no o n no no no no
AR,4ind 291 222 229 481 528 550 539 562785 419 386 414 437 585 470 511 319 442
AR,8ind 341 245 257 6.71 775 800 7.63 850918 528 512 528 565 9.07 686 7.25 405 6.15
AN 4.00 4.00 5.00 12.00 17.00 14.00 13.00 16.000a9.8.00 8.00 8.00 11.00 19.00 13.00 19.00 5.00 711.4
SEE Ho 057 038 053 073 079 084 08 092 089 00079 08 080 088 084 088 063 0.76
He 063 053 054 083 08 088 088 088 08990071 078 080 09 079 086 062 0.78
Fis 0.10 0.29 0.02 0.12 0.08 0.05 0.03 -0.05 0.00120-0.11 -0.12 0.01 0.02 -0.06 -0.03 -0.03 0.02
Null Allele no yes no yes no no no no no no no no o n no no no no
AR,4ind 3.03 222 232 572 529 577 562 597.206 422 382 465 488 6.24 506 554 356 471
AR,8ind 356 246 267 853 7.79 857 833 9.36.849 537 501 648 6.85 998 737 832 475 6.78
AN 400 400 6.00 1500 17.00 15.00 17.00 19.000@0.8.00 9.00 15.00 14.00 22.00 13.00 22.00 8.004113.
SEL Ho 069 049 054 084 08 087 089 086 09 00076 079 079 09 087 085 0.72 0.79
He 064 051 052 09 08 09 089 091 09290071 082 083 092 084 088 066 0.79
Fis -0.07 0.05 -0.04 0.07 0.01 0.03 -0.01 0.05 0.0211 -0.07 0.04 0.05 -0.03 -0.04 0.04 -0.10 0.01
Null Allele  no no no no no no no no no no no no no no no no no
AR,4ind 334 245 327 542 523 561 582 555505 474 369 468 465 6.18 527 583 356 475
AR,8ind 382 275 379 787 7.78 829 888 840.288 597 474 6.46 6.67 983 7.60 898 464 6.75
AN 400 3.00 4.00 12.00 13.00 13.00 15.00 14.000a4.7.00 7.00 11.00 11.00 18.00 12.00 18.00 6.00 7110.
Cou Ho 071 065 056 082 088 08 087 082 0.88 408.74 076 077 091 088 082 0.82 0.80
He 0.70 055 067 088 085 089 090 088 08340871 082 080 092 087 090 068 0.81
Fis -0.01 -0.18 0.17 0.07 -0.04 0.05 0.03 0.07 %0000 -0.03 0.07 0.04 001 -0.02 0.09 -0.22 0.01
Null Allele  no no no no no no no no no no no no no no no no no
AR,4ind 333 239 314 496 536 524 516 6.42.965 462 408 523 572 556 595 556 350 4.83
AR,8ind 387 268 353 717 790 750 7.24 10.3®28 6.09 509 744 849 838 890 853 434 6.87
AN 400 3.00 400 11.00 13.00 11.00 11.00 17.00006.8.00 6.00 12.00 11.00 12.00 11.00 12.00 5.00 2 9.8
TRI Ho 064 069 056 081 09 088 073 09 088 70072 085 094 094 088 080 0.69 0.81
He 0.68 055 068 083 087 08 086 094 09130878 087 09 089 091 088 070 0.82
Fis 0.05 -0.27 0.19 0.03 -0.11 -0.03 0.16 -0.03 30.00.07 0.08 0.02 -0.05 -0.06 0.04 0.09 0.02 0.02
Null Allele  no no no no no no no no no no no no no no no no no
AR,4ind 326 299 291 565 528 554 551 6.20.176 463 376 562 563 6.36 6.27 6.11 297 4.99
AR,8ind 406 379 327 823 7.88 8.07 806 9.66.639 6.36 4.66 845 845 10.06 9.75 953 378 7.28
AN 5.00 5.00 4.00 12.00 12.00 12.00 12.00 14.00006.8.00 6.00 15.00 11.00 14.00 13.00 14.00 4.004110.
LEG Ho 048 059 052 08 09 09 089 096 09310863 089 081 081 094 075 060 0.79
He 066 058 065 089 08 088 088 092 092 108®8.73 089 089 093 093 092 054 0.82
Fis 0.28 -0.03 0.20 0.05 -0.13 -0.09 -0.01 -0.04000. 0.00 0.14 0.00 0.09 0.13 -0.01 0.19 -0.13 0.04
Null Allele  yes no no no no no no no no no no no no no no no no
AR,4ind 329 253 252 6.26 552 524 556 510.256 4.17 353 524 514 554 559 6.04 339 476
AR,8ind 380 296 289 975 811 737 815 7.26.779 539 443 768 7.06 817 825 957 427 6.76
AN 500 4.00 3.00 1500 12.00 11.00 13.00 11.000a5.7.00 6.00 13.00 10.00 14.00 13.00 16.00 5.001810.
DOU Ho 0.78 059 033 089 088 08 09 088 08510867 085 09 081 078 093 0.70 0.80
He 0.71 058 050 093 088 087 089 08 093807070 08 087 088 089 091 0.64 0.80
Fis -0.11 -0.03 0.34 0.04 000 0.02 -0.09 -0.03 80.00.05 0.05 0.01 -0.12 0.08 0.13 -0.02 -0.10 0.01
Null Allele  no no yes no no no no no no no no no no no no no no
AR,4ind 343 239 316 530 499 428 491 6.44.225 470 353 528 585 6.00 569 555 334 471
AR,8ind 391 268 352 7.26 698 588 6.76 10.3193 6.36 434 785 875 930 822 867 425 6.65
AN 4.00 3.00 4.00 10.00 9.00 9.00 11.00 16.00 13.0000 6.00 12.00 13.00 15.00 11.00 16.00 5.00 9.76
PEN Ho 064 046 073 081 079 083 088 091 08550877 092 091 083 091 087 074 0381
He 071 056 069 088 084 077 085 094 08530®.72 08 091 091 09 087 063 0.81
Fis 0.10 0.18 -0.06 0.08 0.07 -0.09 -0.05 0.03 0.60.02 -0.07 -0.07 -0.01 0.09 -0.02 0.01 -0.17 0.00
Null Allele  no no no no no no no no no no no no no no no no no
AR,4ind 348 262 305 500 549 495 490 6.25.096 437 374 480 572 633 534 635 323 481
AR,8ind 391 289 344 728 831 747 7.03 994509 572 469 680 881 1014 7.61 10.19 3.77 6.91
AN 4.00 3.00 4.00 13.00 14.00 13.00 13.00 18.000a7.9.00 6.00 12.00 15.00 20.00 11.00 19.00 4.004711.
AUL Ho 087 039 061 073 093 077 079 097 094 508.74 085 078 079 088 097 076 0.80
He 073 060 066 084 088 081 083 092 092008®.74 082 089 093 087 093 066 0.81
Fis -0.20 0.36 0.07 0.13 -0.07 0.05 0.05 -0.05 30.00.07 0.00 -0.04 0.12 0.15 -0.01 -0.04 -0.15 0.02
Null Allele  no yes no no no no no no no no no no noyes no no no
AR, 4ind 317 276 286 455 571 463 510 6.21.854 420 4.08 442 590 537 513 525 3.08 454
AR,8ind 3.72 325 348 652 844 675 7.18 9.64.177 527 514 6.05 9.01 846 745 7.81 357 6.41
AN 4.00 4.00 4.00 11.00 13.00 11.00 12.00 16.000a3.8.00 7.00 11.00 14.00 18.00 12.00 15.00 4.004110.
ELO Ho 059 064 067 079 094 085 082 100 0.73 80079 073 090 087 080 0.73 060 0.78
He 0.67 060 055 080 09 079 08 093 08290077 080 091 085 085 086 067 0.79
Fis 0.12 -0.07 -0.22 0.01 -0.05 -0.07 0.040.08 0.12 0.02 -0.02 0.09 001 -0.02 0.06 015 0.10 0.01
Null Allele  no no no no no no no no no no no no no no no no no
AR,4ind 306 283 323 505 480 497 521 631575 443 330 526 537 594 503 529 315 464
AR,8ind 361 318 385 720 6.60 7.02 730 9.98528 576 400 754 764 9.08 720 817 374 6.49
AN 400 4.00 500 1200 11.00 10.00 11.00 18.00006.8.00 5.00 12.00 11.00 14.00 12.00 14.00 4.00 0610.
GOY Ho 053 065 065 085 085 088 090 097 0.76 40062 094 083 083 075 071 0.67 0.77
He 065 062 068 085 083 083 087 093 083108%65 087 088 091 085 084 065 0.80
Fis 0.19 -0.04 0.05 -0.01 -0.02 -0.06 -0.04 -0.04130 0.09 0.06 -0.09 0.05 009 0.12 0.17 -0.03 0.04
Null Allele  no no no no no no no no no no no no no no no no no
AR,4ind 324 270 309 559 483 488 509 6.23.445 463 343 523 528 6.36 550 6.36 411 482
AR,8ind 398 328 340 797 652 755 7.05 978857 591 392 771 7.67 1014 7.65 10.63 539 6.85
AN 5.00 4.00 4.00 10.00 9.00 12.00 10.00 13.00 @1.G.00 4.00 12.00 9.00 13.00 9.00 15.00 6.00 9.00
STE Ho 060 055 050 085 084 095 100 100 0.84 00865 090 083 092 092 079 086 0.81
He 0.68 053 069 089 084 080 086 093 083308&71 08 087 093 089 092 075 0.81
Fis 0.12 -0.04 0.28 0.05 0.00 -0.2060.17 -0.08 0.05 0.04 0.08 -0.05 0.04 0.01 -004 0.15 -0.16 00.0
Null Allele  no no no no no no no no no no no no no no no no no
AR,4ind 329 235 260 489 488 468 493 6.33.875 438 296 447 458 575 522 573 297 4.46
AR,8ind 385 265 288 693 7.14 651 651 9.99.0569 584 338 6.41 659 9.18 7.13 9.11 359 6.28
JET AN 400 3.00 300 900 9.00 9.00 9.00 14.00 14.00008 4.00 10.00 9.00 14.00 9.00 14.00 4.00 8.59
Ho 060 045 055 080 092 08 070 088 0.9 00860 075 076 100 100 094 0.76 0.78
He 0.67 054 060 083 083 082 086 093 090 00.8%63 078 080 089 087 088 063 0.78
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Fis 0.11 0.17 0.08 0.04 -0.12 -0.04 0.19 0.06 0.0000 0.05 0.04 0.04-0.13 -0.15 -0.07 -0.22 0.00
Null Allele  no no no no no no no no no no no no no no no no no
AR,4ind 344 271 284 553 404 517 525 574555 484 324 429 592 516 549 491 247 451
AR,8ind 422 324 337 824 499 798 758 854.048 656 410 6.27 890 7.69 805 7.73 283 6.37
AN 500 400 400 11.00 6.00 1200 11.00 10.00 01.8.00 5.00 10.00 11.00 10.00 10.00 11.00 3.00 8.41
ODE Ho 053 058 063 089 068 079 089 077 094 40867 079 071 093 079 093 0.71 0.77
He 0.70 060 057 088 078 084 086 090 089 408€62 077 091 085 088 080 054 0.78
Fis 0.26 0.03 -0.10 -0.02 0.13 0.06 -0.04 0.15 60.0.00 -0.08 -0.03 0.22 -0.10 0.11 -0.17 -0.33 0.01
Null Allele  no no no no no no no no no no no no yes no no no no
AR,4ind 342 251 3.03 543 474 465 487 6.30415 460 349 421 515 577 532 519 325 455
AR,8ind 385 281 340 775 665 6.82 6.75 10.8B20 6.15 441 573 738 881 770 796 380 6.37
AN 400 3.00 400 1200 11.00 11.00 11.00 17.00005.9.00 7.00 9.00 13.00 17.00 12.00 14.00 4.00 810.1
AVE Ho 065 056 053 091 076 076 079 094 085508%65 082 079 076 097 091 0.82 0.79
He 0.72 055 066 088 082 078 084 093 087208%69 077 08 09 087 084 067 0.79
Fis 0.10 -0.02 0.20 -0.04 0.07 0.02 0.05 -0.01 0.02.04 0.07 -008 008 0.15 -0.12 -0.09 -0.24 0.01
Null Allele  no no no no no no no no no no no no no yes no no no
AR,4ind 341 256 260 546 501 450 528 567.295 457 368 465 526 590 511 550 3.16 457
AR,8ind 405 285 310 819 7.11 665 759 850987 620 502 669 756 896 689 841 370 6.44
AN 5.00 3.00 4.00 12.00 12.00 11.00 13.00 16.00015.8.00 7.00 11.00 13.00 15.00 10.00 14.00 4.001810.
ELL Ho 084 068 055 078 077 078 085 088 091 80856 079 088 088 088 091 0.68 0.79
He 0.70 058 051 087 084 076 087 089 086 108%67 081 087 091 086 087 066 0.78
Fis -0.19 -0.17 -0.08 0.11 0.09 -0.03 0.02 0.01 070.-0.10 0.16 0.02 -0.02 0.03 -0.02 -0.05 -0.020%0.
Null Allele no no no no no no no no no no no no no no no no no
AR,4ind 3.08 263 295 552 485 476 518 563994 410 345 503 518 583 516 549 322 453
AR,8ind 360 299 340 800 664 6.89 741 834217 509 423 723 751 904 735 838 383 6.30
AN 400 4.00 500 14.00 12.00 13.00 15.00 15.00005.8.00 6.00 16.00 13.00 19.00 14.00 20.00 5.006511.
SCO Ho 0.62 047 066 088 080 083 08 089 076 70.0.70 086 087 086 083 091 0.67 0.78
He 0.66 057 063 089 084 081 086 089 08480068 084 08 09 086 087 066 0.79
Fis 0.06 0.17 -0.04 0.01 0.05 -0.02 -0.03 0.00 0.09.02 -0.03 -0.02 -0.02 0.04 0.03 -0.04 -0.02 0.01
Null Allele  no no no no no no no no no no no no no no no no no
AR,4ind 324 237 274 533 495 425 508 6.32585 460 336 530 499 589 548 561 326 4.61
AR,8ind 384 274 308 763 7.13 6.29 7.15 10.1®40 6.00 432 7.75 6.89 922 798 875 387 6.54
AN 5.00 5.00 4.00 13.00 15.00 13.00 13.00 21.000@7.8.00 7.00 17.00 13.00 21.00 15.00 20.00 5.004712.
BLA Ho 068 056 052 081 085 073 088 092 087 40859 092 082 086 083 089 059 0.78
He 068 052 058 087 084 073 085 093 088 20®&%65 08 08 090 088 0.88 066 0.79
Fis 0.00 -0.08 0.09 0.07 -0.02 0.00 -0.03 0.01 0.60.02 0.10 -0.07 0.04 005 0.06 -0.02 0.10 0.02
Null Allele  no no no no no no no no no no no no no no no no no
AR,4ind 350 2.04 263 432 436 437 386 525934 335 337 429 440 522 439 533 377 4.08
AR,8ind 412 238 312 542 6.03 590 476 7.43.796 405 430 6.10 573 766 598 7.46 457 540
AN 500 300 400 800 9.00 900 800 11.00 11.00005 7.00 11.00 9.00 13.00 9.00 10.00 5.00 8.06
ALL Ho 062 031 060 083 085 08 083 081 0389 60860 074 071 081 074 090 084 0.74
He 071 035 051 081 078 079 076 087 085 70®68 076 081 085 078 0.88 074 0.74
Fis 0.13 0.1 -0.19 -0.03 -0.10 -0.09 -0.09 0.06.050 0.01 0.12 0.02 0.12 0.06 0.05 -0.03 -0.14 0.00
Null Allele no no no no no no no no no no no no no no no no no
AR,4ind 365 251 329 511 484 504 493 6.09.975 392 419 595 449 507 525 6.05 303 4.67
AR,8ind 398 300 421 685 725 732 6.90 9.37.049 502 573 922 6.00 762 7.48 945 3.72 6.60
AN 4.00 5.00 6.00 10.00 13.00 13.00 11.00 15.000a4.7.00 10.00 16.00 8.00 13.00 10.00 14.00 5.002410.
GAR Ho 0.80 043 068 082 083 087 09 09 09360872 093 081 081 09 081 081 0.82
He 0.76 057 064 087 081 08 084 092 091507077 091 081 083 086 091 059 0.80
Fis -0.06 0.25 -0.07 0.05 -0.03 -0.03 -0.07 -0.09.02 -0.15 0.06 -0.03 0.00 0.03 -0.05 0.120.37 -0.02
Null Allele  no no no no no no no no no no no no no no no no no
AR,4ind 370 273 262 516 436 471 587 573435 394 305 583 528 6.12 497 584 352 464
AR,8ind 399 332 341 719 659 659 874 836.897 515 413 877 7.89 988 650 886 397 6.54
AN 4.00 4.00 4.00 9.00 9.00 9.00 11.00 10.00 10.800 6.00 11.00 10.00 13.00 7.00 11.00 4.00 8.12
DOR Ho 0.80 060 047 087 073 080 093 092 093 00867 087 1.00 100 092 1.00 0.83 0.83
He 0.77 060 045 086 073 083 091 09 0.88 507063 09 087 092 086 091 0.73 0.79
Fis -0.04 0.01 -0.04 0.00 0.00 0.03 -0.03 -0.030%0.-0.07 -0.06 0.04 -0.16 -0.10 -0.08 -0.11 -0.15 -0.05
Null Allele  no no no no no no no no no no no no no no no no no
AR,4ind 323 288 354 531 560 505 483 6.09.156 347 399 580 6.26 6.08 594 6.36 316 4.93
AR,8ind 3.72 366 459 745 825 732 6.72 9.80.689 483 483 874 977 10.02 9.06 1036 4.09 7.23
AN 4.00 6.00 6.00 10.00 13.00 12.00 10.00 18.000a6.8.00 6.00 15.00 13.00 21.00 15.00 18.00 6.005911.
GAV Ho 083 052 062 090 086 08 072 086 08320659 093 093 079 093 062 062 0.77
He 068 062 069 087 089 084 083 091 092 20®.78 090 093 091 091 093 060 0.81
Fis -0.23 0.16 0.11 -0.03 0.03 -0.02 0.14 0.05 0.1000 0.25 -0.03 -0.01 0.13 -0.020.34 -0.03 0.06
Null Allele  no no no no no no no no no no yes no no no no yes no
AR,4ind 336 200 4.07 399 472 376 537 588665 365 451 532 429 370 506 522 267 431
AR, 8ind - - - - - - - - - - - - - - - - - -
AN 400 200 500 6.00 600 500 7.00 700 800 04.06.00 7.00 500 500 700 7.00 300 553
NIE Ho 0.88 050 063 075 088 075 088 1.00 0.88 30850 088 071 086 100 071 029 0.75
He 069 050 077 074 085 074 089 092 090607082 08 081 070 085 086 048 0.77
Fis -0.29 0.00 0.20 -0.01 -0.03 -0.01 0.020.09 0.03 0.19 040 000 0.13 -0.240.20 0.18 043 0.04
Null Allele  no no no no no no no no no no no no no no no no no
AR,4ind 363 247 315 566 514 499 354 588654 356 361 562 500 640 537 6.04 361 461
AR,8ind 437 294 391 819 6.87 653 460 9.09.596 519 397 846 6.89 1044 759 9.23 399 6.40
AN 500 400 500 1000 800 7.00 6.00 12.00 9.00007 4.00 12.00 8.00 14.00 9.00 11.00 4.00 7.94
NIL Ho 059 065 065 088 076 082 076 092 088 508.8 094 092 069 092 075 092 0.80
He 0.73 057 063 09 087 08 071 09 081106875 089 08 093 088 092 074 0.80
Fis 0.20 -0.14 -0.03 0.02 0.12 0.04 -0.08 -0.02080.-0.07 -0.18 -0.06 -0.09 0.27 -0.06 0.19 -0.26.0%0
Null Allele  no no no no no no no no no no no no no yes no no no
AR,4ind 344 252 285 527 502 496 513 584705 429 361 505 528 581 520 559 337 4.64
AR,8ind 403 300 336 761 7.18 7.21 7.18 9.07.528 567 461 7.28 7.64 9.13 758 8.64 421 658
All pop AN 447 385 421 1065 10.74 10.68 10.62 13.44443.7.21 6.09 11.29 10.65 14.38 10.41 13.44 4.88 494
Ho 070 051 055 083 081 080 08 092 087 70067 083 08 084 08 083 070 0.77
He 071 054 058 086 084 082 085 09 089907069 084 08 08 086 088 066 0.79
Fis 0.00 0.05 0.06 0.04 0.04 003 001 -0.02 0.03020 0.03 0.01 0.02 006 001 0.05 -0.07 0.02
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Figure S1: Mean L(K) (xSD) antiK over
15 runs for each K from 1 to 11 based on cou
Structure analysis. ——
- - - - LEG
Using Structure, the highest likelihood was obserier .y
k=6, while theAk statistic showed multiple peaks for k = 2 PEN
4 and 6 (Fig S1). The six clusters inferred coresied to ELO

five geographic regions: Upper-Normandy, Loweg
Normandy, Brittany, Allier, and Adour (Fig 2). Hower E === GOY

individuals from Brittany were distributed into tvatusters

JET Brittany
not clearly associated with the spatial locationk

populations. A similar analysis with BAPS softwait
(Coranderet al. 2003) confirmed the existence of fiv«-'
clusters without any sub-structure in Brittany éatot ﬁésm
shown). We also separately analyzed samples frattaBy — :
with STRUCTURE without detecting any sub-structure in thiE= = BLA

region. Therefore, the two clusters from Brittanyerev

. ) ) ALL +  Allier
pooled into a single one in subsequent analyses.

- sar [ Gironde
Three clusters (Brittany, Allier, and Adour) wer

weakly admixed (Fig 2). In contrast, we detectedhhi NIE [ Adour

contributions from Adour and Brittany clusters Figure 2: Bayesian individual clustering

into some populations from Lower-Normandy. results with Structure for k=6. Colored

bars represent proportions of membership
of each individual to each cluster.

clusters to the Couesnon population was 0.4Ropulations extensively stocked with non-

native fish or recently recolonized are
given in italic and underlined.

For instance the contribution of the Brittany

and contributions of Adour cluster to the
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Touques, Orne, and Vire populations we Table S3: Population admixture estimated with

. Structure for k=6 clusters.
0.15, 0.18, and 0.24 respectively (Tak Het 3

i g .2 2 g
S3). In populations from Upper 55 585 > > & 5
- , 8E 3E 8 § £ I
Normandy, we found variable admixtur 55 dg £ & T <
m m
from the Adour cluster (from 0.01 tc CAN 0.83; 0.01; 0.01; 0.00¢ 0.01; 0.1L

_ Upper-  AUT 0.70: 0.007 0.01%¢ 0.02¢ 0.02¢ 0.227
0.54). Garonne and Dordogne populatio Normandy BRE 0.87¢ 0.01 0.02: 0.00¢ 0.007 0.07¢
ARQ 0.95: 0.01: 0.007 0.00¢ 0.011 0.00¢

were almost made of the admixture by tl VAL 0.42¢ 0.00¢ 0.007 0.00¢ 0.00¢ 0.54]
' ‘ SEI  0.057 0.48¢ 0.06¢ 0.017 0.21: 0.16:
Allier and Adour clusters (0.63 and 0.27 | TOU 0.30: 0.15¢ 0.07¢ 0.02¢ 0.05¢ 0.38¢
Lower. ORN 0045 0.39: 0.18< 0.03: 0.057 0.2

Garonne and 0.42 and 0.49 in Dordogr Normandy \S/E 8-8?5 8-%1 8-88] 8-8215 8-855 8-832

respectively). SIE  0.02¢ 0.67¢ 0.09] 0.0¢ 0.02: 0.12%
SEE 0.01¢ 0.87¢ 0.057 0.02¢ 0.01¢ 0.01€
SEL 0.01¢ 0.72: 0.121 0.0¢ 0.01¢ 0.06%

Three clusters (Brittany, Allier, COU 0.02¢ 0.37: 0.37€ 0.117 0.02: 0.08E

. _ TRI  0.04: 0.14] 0.5z 0.217 0.027 0.05:

and Adour) were weakly admixed (Fig 2 LEG 0.03¢ 0.07: 0.59: 0.23¢ 0.0z 0.04:
. o DOU 0.017 0.05: 0.77¢ 0.09¢ 0.01¢ 0.03¢

In contrast, we detected high contributiol PEN 0.01f 0.02¢ 0.47¢ 0.4¢ 0.01f 0.02¢
ELO 0.0z 0.05¢ 0.44t 0.38¢ 0.03% 0.05¢

from Adour and Brittany clusters intc AUL 0.011 0.011 0.2¢ 0.6t 0.01¢ 0.03:

GOY 0.01f 0.01 043; 0.457 0.03¢ 0.047
STE 0.04¢ 0.04: 053; 0.337 0.017 0.02¢
JET 001: 0.02: 037 055¢ 0.0z 001
ODE 0.01f 0.0 025¢ 0.64: 0.017 0.03:
AVE 001f 0.01¢ 0.29¢ 0.63: 0.0l 0.02:
ELL 00: 0011 0.42% 0.49: 0.02¢ 0.01¢€
SCC 001 0.01¢ 0.19¢ 0.75: 0.011 0.017
BLA 0.0l 0.03; 0.31Z 0.577 0.01] 0.04;
Alier  ALL 0.00¢ 0.00¢ 0.01; 0.01 0.95] 0.01]
. DOR 0.02¢ 0.02; 0.022 0.01¢ 0.41¢ 0.48¢
Adour cluster to the Touques, Orne, ai Gironde o, p 5'0;" 003: 003 0.017 0.62¢ 0.26¢

. . , GAV 0.02¢ 0.02: 0.01 0.04< 0.01¢ 0.87¢
Vire populations were 0.15, 0.18, and 0.: NIE 0.009 0.011 0.013 0.02 0.011 0.936

Adour |l 0.009 0.024 0.032 0.023 0.059 0.852

. Brittan
some populations from Lower-Normand' Y

For instance the contribution of th

Brittany clusters to the Couesnac

population was 0.49 and contributions

respectively (Table S3). In populatior
from Upper-Normandy, we found variable admixturenirthe Adour cluster (from 0.01 to
0.54). Garonne and Dordogne populations were almaste of the admixture by the Allier
and Adour clusters (0.63 and 0.27 in Garonne a2 &d 0.49 in Dordogne, respectively).

Divergence among populations

Fst among the 34 populations was 0.043 (Cl: 0.0389).@hd pairwise~st ranged from -
0.006 to 0.162 (Table S4st was low and often not significant among populatifnom the
same cluster (105 values out of 166 were not saamif). Pairwise=sts including the Allier
population were particularly high, ranging from @.@ 0.16. The AMOVAs revealed a
significant and higher proportion of the total gemevariance among clusters than among
populations within clusters (4.6% and 1.0% respebtj Table 2). When removing Garonne
and Dordogne, and when considering the subset of‘uBStocked’ populations, the
proportions of variance among groups (4.8% and 5t&%pectively) were higher and the

proportions of variance within groups (0.8% and®rfespectively) were lower than those
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Table S4: Pairwise Fst (above diagonal, non sigguifi values in bold) and coastal distances amopglations.

CAN AUT BRE ARQ VAL SEI TOU ORN VIR SAl SIE SEE B COU TRI LEG DOU PEN ELO AUL GOY STE JET ODE AVEELL SCO BLA ALL DOR GAR GAV NIE NIL

CAN 0.01 0.01 0.02 001 0.08 0.02006 006 0.09 007 008 006 0.06 0.06 007 008 008 008 0.06.080 006 0.08 008 008 0.07 0.08 008 014 0.09 009 00912 0.11
AUT | 19 0.01 0.01 0.02| 0.06 0.02 006 0.06 0.06 007 008 0.06 0.07 006005 006 008 008 006 007 005 008 007 007 0.06 0.07 006 015 010009 0.09 0.10 0.10
ngrflra-ndy BRE | 57 38 <0,01 0.03|0.09 004 0.7 0.08 0.09 008 010 0.08 0.08 0.07 008 009090 0.09 0.7 0.09 008 009 008 0.08 007 008070. 016 012 010 010 012 0.12
ARQ | 82 63 25 0.03 | 0.09 0.04 008 009 010 0.09 010 008 0.09 0.08 0.08 0.09100 0.10 008 010 0.08 010 009 009 0.8 0.09080. 016 0.12 0.11 0.11 0.13 0.13
VAL |138 119 81 56 0.04 <0,01 003 003 0.05 0.05 006 004 0.06 0.05 005 005 006 007 0.05 006 006 007 0.06 007 007 0.06 006 0120.07 006 005 0.08 0.07
© sEl 185 166 128 103 47 001 002 001 <001002 003 002 004 003 003 004 004 005 003050 003 004 005 005 005 004 004 010 006 004 0.08.06 0.07
TOU 193 174 136 111 55 8 001 001 002 0.02 0.03 002 0.020.03 002 003 0.03 0.04 002 003 002 003 003 0.03 004 003 0.04 0.090.04 0.03 0.03 0.05 0.04
ORN 218 199 161 136 80 33 25 <0,01 0.01 <0,01 0.02 001 0.01 002 0.02 0.02 0.03 0.03 00002 002 003 003 003 003 003 0.03 0.08 0.04 0.03 0.030500.04
VIR 284 265 227 202 146| 99 91 66 <0,01 <0,01 0.01 0.01 0.02 (001 0.01 0.03 003 004 002 003 0.02 003 004 003040 003 0.04 009 0.03 0.020.02 0.04 0.03
Il:lc())\:'vrslra-ndy SAl 315 296 258 233 177 130 122 97 31 0.00.01 001 0.02| 0.02 0.02 0.020.03 0.04 0.03 003 002 0.03 0.3 003 003 004 004 0120.07 0.05 0.05 0.06 0.06
SIE 465 446 408 383 327 280 272 247 181 150 <0,01 <0,01 0.01 | 0.02 0.02 0.03 0.04 0.05 0.03 0.03 003 003040 004 0.04 004 004 009 005 004 004 0.08050.
SEE 505 486 448 423 367 320 312 287 221 190 40 <0,01 0.02 | 0.03 0.03 0.04 0.05 0.06 0.04 0.04 004 004050 005 0.05 0.05 005 011 0.07 006 0.07 0.09080.
SEL 505 486 448 423 367 320 312 287 221 190 40 0 .01 ¢ 002 0.02 0.03 0.04 004 003 003 0.03 003040. 004 004 004 003 010 0.06 0.05 0.05 0.0760.0
COU 508 489 451 426 370, 323 315 290 224 193 43 3 3 001 001 003 002 003 001 001001 001 003 002 003 002 002 0.08 005 004 0.050700.05
__________ :I'_RI o _élé_ i _é?:O_ o _555 o _5_6_7_ o _511 464 456 431 365 334 184 14444 141 <0,01 0.01 <0,010.02 <0,01 001 <001 0.01 001 001 002 0.01 001 ) _OTO_Q_ ) _O_.(SE: o (_)_021(_)_0%_ ) _0_66 _(;E);
LEG 716 697 659 634 578 531 523 498 432 401 251 21P11 208 | 67 0.01 0.01 0.02 0.01 0.01 <001 002 001001 001 001 0.01] 010 006 0.04 0.05 006 0.05
DOU 726 707 669 644 588 541 533 508 442 411 261 22p21 218 | 77 10 0.02 0.020.01 001 001 002 0.01 002 001 002 0.01| 010 007 0.05 0.06 007 0.06
PEN 755 736 698 673 617 570 562 537 471 440 290 2550 247 | 106 39 29 0.01 <0,01 <0,01 <0,01 001 <001 <001 0.010.01 0.01 |0.10 0.06 0.05 0.05 0.06 0.05
ELO 881 862 824 799 743 696 688 663 597 566 416 37876 373 | 232 165 155 126 001 001 001 001 <001 001 0.010.01 001 (011 008 007 0.07 0.08 0.07
AUL 903 884 846 821 765 718 710 685 619 588 438 398398 395 | 254 187 177 148 22 <0,01 <0,01 <0,01 <001 <001 0.010.01 0.01 |0.09 0.05 0.04 0.050.06 0.05
) GOY 966 947 909 884 828 781 773 748 682 651 501 46161 458 | 317 250 240 211 85 63 -0.01 <0,01 <0,01 <0,01 <0,01<0,01 <0,01|0.09 0.05 0.05 0.05 0.06 0.05
Britany STE 1018 999 961 936 880 833 825 800 734 703 553 3 51513 510 | 369 302 292 263 137 74 52 <0,01 <0,01 <001 0.01 <0,01 <0,010.11 0.06 0.05 0.05 0.07 0.05
JET 1018 999 961 936 880 833 825 800 734 703 553 3 51513 510 | 369 302 292 263 137 74 52 0 <0,01 <0,01 0.01 001 <0,010.10 0.06 0.06 0.06 0.08 0.07
ODE 1018 999 961 936 880 833 825 800 734 703 553 3 51513 510 | 369 302 292 263 137 74 52 0 0 <0,01 <0,01 <001 <0,010.11 0.07 0.06 0.06 0.07 0.07
AVE 1052 1033 995 970 914 867 859 834 768 737 58747 5 547 544 | 403 336 326 297 171 108 86 34 34 34 <0,01 <0,01 <0,01|0.11 0.07 0.06 0.06 0.07 0.06
ELL 1069 1050 1012 987 931 884 876 851 785 754 604664 564 561 | 420 353 343 314 188 125 103 51 51 51 17 <0,01 <0,01| 0.11 0.08 0.07 0.07 0.08 0.08
SCO 1087 1068 1030 1005 949 902 894 869 803 772 62282 582 579 | 438 371 361 332 206 143 121 69 69 69 5 318 <0,01(0.11 0.07 0.06 0.06 0.07 0.07
BLA 1087 1068 1030 1005 949 902 894 869 803 772 622582 582 579 | 438 371 361 332 206 143 121 69 69 69 5 318 0 0.11 0.07 0.06 0.06 0.07 0.07
Aler ALL 1197 1178 1140 1115 1050 1012 1004 979 139 882 732 692 692 689 548 481 471 442 316 253 23179 179 179 145 128 110 110 003 005 010 0.1290.
" DOR 1412 1303 1355 1330 1274 1227 1219 1104 11289710947 907 907 904 763 696 686 657 531 468 446 39894 304 360 343 325 325 21 001 [0.05 008 0.05
Grronde GAR 1412 1393 1355 1330 1274 1227 1219 1194 11289710947 907 907 904 763 696 686 657 531 468 446 39394 394 360 343 325 325 21 0 0.030.03 0.03
© GAV 1642 1623 1585 1560 1504 1457 1449 1424 135827131177 1187 1137 1134 993 926 916 887 761 698 67624 624 624 590 573 555 555 445 230 230 003 002
Adour NIE 1642 1623 1585 1560 1504 1457 1449 1424 135827131177 1137 1137 1134 993 926 916 887 761 698 67624 624 624 590 573 555 555 445 230 230 O 0.04
NIL 1662 1643 1605 1580 1524 1477 1469 1444 137847131197 1157 1157 1154 1013 946 936 907 781 718 69644 644 644 610 593 575 575 465 250 2% 20 20
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Table 2: Results of AMOVASs for a) the 34 populason obtained with the entire

grouped in six clusters by geographic locationgéehfsom dataset. The Neighbourg-
figure 2), b) 32 populations grouped in five clustexcluding

) : Joinin hylogram
Garonne and Dordogne populations, and c) 25 papaokat g phylog

considered as lowly introgressed by stocking. confirmed the

% of variation explained structuration into five

a)n=34 b)n=32 c¢)n=25 . .

lusters. However, in thi
Among groups 4.6 4.8 5.7 clusters. However, S
Among populations within groups 1.0 0.8 0.5 analysis Touques and
Within populations 94.4 94.3 93.8 Couesnon populations

were not found in the Lower-Normandy cluster buspextively closer to the Upper-
Normandy and Brittany clusters (Fig 3). Garonne Baddogne populations were closer to
the Allier than to the Adour cluster.
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Figure 3: Neighbor-Joining tree based on Nei gertiitances among the 34
populations.

Spatial analyses

Using the subset of 25 populations not introgreskgdnon-native stocks, we found a
significant pattern of isolation by distance witbtlp coastal distance and river length being
highly correlated with genetic distance (Table i8, 4). The best model included coastal
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distance with river length kept constant (r = 0.8@hen we excluded the Allier population,

the effect of river length was not significant argmm while coastal distance still had a
significant effect (Table 3). We also detected ambignificant effect of coastal distance when
considering populations from one single clusteiit&ny (Table 3, fig 4). Pairwise genetic

distances including the Allier population were teghthan most other pairwise comparisons
and we also found a significant effect of coaststlashce for this particular set of comparisons
(Fig 4). Using BIMr we also found a significant iagi of coastal distance and river length on
recent migration rates (data not shown) with thghést posterior probability (0.78) obtained

for the model containing both coastal distanceraret length.

0.20 -
0.18 Allier XXX
r=0.66
0.16 - p<0.0001 %~
0.14 - . T
’L:U, 012 ‘*& i
o010 T L L. . ;
\}U_’ 0.08 ' - L All pop;l..
Y 506 4 B < ex:ip(t)_24ler
0.04 . o - ) p<0.0001
0.02 :
0.00 ®HFEIT ‘ ‘ ‘
0 500 1000 1500 2000

Coastal distance (Km)

Figure 4: Pairwise genetic distances (FST/(1- F&%)a function of coastal distance for a
subset of 25 populations (see methods). Pairsinalyding the Allier population (crosses)
or excluding this population (black circles) aregented.

At the individual level, we found positive and siigrant autocorrelation coefficients
for the 50 km and 100 km distance classes, intérggphe x-axis at 145 km (Figure S2).

Consistently negative coefficients were observethfthe 400-km size class and above.

Discussion

A hierarchical genetic structure into five clusteras observed among the 34 Atlantic salmon

populations considered in this study. Some popardatiwere genetically admixed with

populations from other clusters. This pattern iscmydant with the origin of individuals used

for supplementation, indicating an introgressionkdid to stocking operations. The five

clusters were highly differentiated and correspanttedifferent geographic regions. A low
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differentiation was found within clusters even bedén relatively distant populations,
suggesting high gene flow. Spatial analyses redesimificant influences of coastal distance
and river length on genetic structure and recemyration rates. The Allier population was
highly differentiated from all other populationgnstituted a single cluster and the significant

effect of river length was mainly due to this pagdidn.
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Figure S2: Individual autocorrelation analysisiod genetic correlation
(r) as a function of various distance classes.dddines indicates 95% CI
around the null hypothesis of no genetic structang, error bars indicate
95% CI determined by permutations on r. Resultgamen for a subset of

25 populations (see methods).

Spatial genetic structure

The level of genetic differentiation among our stysbpulations was moderate to high,
similar to those previously observed in East Ailapbpulations (Kinget al. 2001; Saisat

al. 2005; Verspooket al.2005; Grandjeaset al. 2009; Tonteriet al. 2009). The proportion of
genetic variance among the five clusters was mugheh than among populations within
clusters suggesting high gene flow within clustersterestingly, geographic distances
between populations from the same cluster couldhbeh higher than between populations
from different clusters. Such a hierarchical gemediructure has been described among
Atlantic salmon populations from Baltic sea (Sag$al. 2005), Russia (Tontegt al. 2009)
and Quebec (Dionnet al.2008). However, the level of variation among @ustwe observed

was higher than those reported in these studies.

The level of structure found in Upper-Normandy dmadver-Normandy clusters was
low suggesting a metapopulation structure and r@rgnt recolonizations of some rivers by
neighboring populations (Grandje&t al. 2009; Perrieret al. 2010). The genetic structure
among Brittany populations was also low despiteléinge spatial distribution of this cluster
(up to 438 km among populations). We suppose tiasignificant IBD combined with the
high relative number of individuals found in thisister, may explain why 1®UCTURE built
two clusters in Brittany, which were not clearlyogeaphically differentiated. Indeed, recent
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studies demonstrated that Bayesian clustering rdsthgenerally overestimate genetic
structure in cases of isolation by distance (Frattal. 2009) (Schwartz & McKelvey 2009).
Such a pattern of low genetic structure had alrdxsdyn reported but only among neighboring
salmon rivers (Dionnet al. 2008) (Tonteriet al. 2009) or within river systems with large
populations (Dionneet al. 2009). The weak differentiation and the relativeiyall sizes of
Brittany populations suggests high gene flow anthetapopulation structure (Rieman &
Dunham 2000). These results may also indicatettremhoming behaviour may be relaxed
and dispersal favored among rivers having simitolggical substrates, due to the difficulty
of discriminating the natal river in such situagormThe recognition of specific river odors
partly resulting from geological nature of the atre bed, could indeed be an important
mechanism allowing salmon to return in their natadr (reviewed in (Stabell 1984) (Dittman
et al. 1996). However, homing is known to be lower inckex fish compared to wild
individuals (Quinn 1993; Jonssat al. 2003), so we cannot exclude that local fish stddke
Aulne and Elorn may have strayed among other Bmttavers leading to a decrease of
genetic differentiation.

Natural recolonization and management impact

Natural recolonizations of Authie, Valmont, Seifieuques and Saire were suggested by high
levels of heterozygosity, bottleneck evidence oireSaand admixture of some of these
populations by several clusters. Owing to the stigapf some salmon out of their natal river
(Stabell 1984) (Jonssast al. 2003), recolonization of depopulated but restoreer systems
can occur from nearby populations (Vasemeigal. 2001) (Grandjeart al. 2009) but also
from distant stocks (Perriet al.2010).

Hatchery-reared fish used for stocking have geherlwer genetic diversity
(Verspoor 1988a; Ahet al.2006; Machado-Schiaffinet al. 2007; Karlssoret al.2010) and
higher straying rates (Quinn 1993; Jonssinal. 2003) than wild fish. However, native
stocking in Elorn, Aulne and Gave d’Oloron did appear to have lowered genetic diversity
of these populations. In contrast, the allelic mess and heterozygosity of Allier were slighlty
lower than in other populations and could suggesbeking impact. However, analyses of 30
years old samples from this river did not providdedent estimates of genetic diversity

(Perrier et al., unpublished data).

Introgression of some populations following stockimith non-native fish was

supported by moderate to high levels of admixtuite donor populations. The Orne, Sélune,
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and Couesnon populations were stocked with fisgirating from genitors caught in Aulne
and Gave d’Oloron and were strongly admixed wigmhSuch examples of introgression by
stocked non-native fish have been described innfidasalmon (Finnegan & Stevens 2008)
(Camposet al. 2008). Populations close to stocked rivers alsowsld relatively high
introgression ratese(g. Vire or Sienne), suggesting straying of stockesh f{Quinn 1993;
Jonssoret al.2003; Pederseet al. 2007) or hybridization between local and stocksld into
these rivers, a similar pattern was described ordbgne and Garonne populations had gone
through extinction before being stocked using gesitfrom Allier and Gave d’Oloron.

Accordingly they appeared as an admixture betwieervto donor clusters.

Isolation by distance, coastal distance and rivardth

Our analyses identified coastal distance as tha ffa&tor influencing genetic differentiation
in Atlantic salmon populations. This finding is cistent with previous observations on
Atlantic salmon populations from across the spex@age (Kinget al.2001), Eastern Atlantic
(Verspooret al. 1999),Western Atlantic (McConnetit al. 1997), Northern Atlantic (Tonteri
et al. 2009), Baltic sea (Saisat al. 2005) and at smaller geographic scale, among Irish
(Dillane et al.2007) or some French populations (Grandjetal. 2009). IBD was significant
for the subset of 25 populations, and among thedpulations from Brittany. However,
while populations from Brittany were distributedom$y a large area, their genetic
differentiation was relatively low. In contrast,etldifferentiation of Allier population was
higher than predicted by IBD. Other studies alsporeed such cases of populations
uncommonly highly differentiated from neighbouringes (Primmeet al. 2006; Dillaneet

al. 2007; Tonteret al.2009).

Dillane et al. (2007) showed that IBD among several salmon pdipals from Ireland
was obscured by some samples probably affected uttured salmon. While stocking
operations using non-local fish were performed ilieAfrom the 50s to the 80s, an analysis
of old samples (from 1965 to 1967) from this popola suggested little genetic
modifications and thus low impact of such practi¢@errier et al., unpublished data).
Primmeret al. (2006) found a sample of the Varzuga River unugunabre differentiated than
predicted by IBD, and suggested a higher genetit réssulting from low Ne and potential
bottleneck events. In the case of the Allier Rivee, did not found evidence of bottleneck or
particularly low population size<b00 individuals, Com. Pers. LOGRAMI). Primmet al.
(2006) also showed a negative association betwepatig diversity and distance from river
mouth, suggesting low upstream gene flow. We foargignificant influence of river length
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on the differentiation and recent gene flow amoapgypations. The effect of river length was
no more significant when Allier was excluded frohe tanalyses. Spawning grounds of the
Allier River are located far away from the sea, tap700 km, leading to high upstream
migration difficulty. Atlantic salmon usually begitheir homing run in the Allier River
several months earlier than in other rivers (Baehdl963). Moreover, the Allier population
is mainly composed of multi-sea-winter fish, whiate biggest and run earlier, contrary to
other French populations (respectively 95% and fi@% to 19 % on average). Some studies
suggested high heritability of morphological trgiddell et al. 1981) or sea age at maturity
(Naevdalet al. 1978). Furthermore, several studies showed aipesiorrelation between the
proportion of multi-sea-winter fish and river lehgand the water discharge or difficulty to
upstream migration (Schaffer & Elson 1975) (Pow881) (Dionneet al. 2008). Overall
these results suggest a phenotypic and behavidapitation of Atlantic salmon in the Allier

River in response to the high difficulty to upstreenigration in this river.

To conclude, our results show a hierarchical gersttucture among Atlantic salmon
populations with a strong isolation by distance. &l found important impacts of stocking
using non-local fish on the distribution of genetigersity within and among populations.
Finally, the unique characteristics of the Allieiv& and of its salmon population suggest a
local adaptation to long upstream migration. Ower#his study provides important
information for the conservation management of salnpopulations, in particular the
importance of preserving local genetic diversitytufe studies focusing on adaptive genetic
variation in the Allier population could help undtmnding the mechanisms of local
adaptation and provide some clues to preservedigtihctive populations.
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Chapitre IV. Evolution récente de la structure généque des populations :
effets des repeuplements

L’objectif général de ce chapitre est d’analysérdlution récente de la diversité génétique
des populations francaises de saumon via I'analgseparée d’échantillons récents (1998-
2006) et relativement anciens (1965-1985). Il esamment question d’évaluer I'impact des

repeuplements anciens et récents sur la strucéumétigue entre et au sein des populations.

La structure génétique des populations de sauntalativement stable sur le court-
terme. Cependant les pratiques de repeuplementirdes chez les salmonidés, sont a méme
de modifier la structure génétique des populatibes. résultats exposés dans le chapitre IV
montrent des taux d’introgression variables de faimns repeuplées avec des poissons
allochtones. Cependant, afin de statuer précisémsunte réle des repeuplements quant a
I'état actuel des populations, il est nécessairgéddiser des analyses sur des échantillons
anciens, si possible avant repeuplement. Similargpafin d’étudier I'effet de repeuplement
ayant été opéré par la passé, il peut s’avérez dtdnalyser des échantillons récent et des

échantillons anciens, contemporains de ces repaepls.

Afin d’étudier I'influence des repeuplements sustaucture genétique des populations
francaises de saumon Atlantique, nous avons géaaypé marqueurs microsatellites 1627
poissons issus de 34 rivieres et provenant desrigshanciennes et récentes (1965-1987 et
1998-2006). Nous avons également analysé des dudivissus de plusieurs rivieres

écossaises.

Nos analyses classent les individus dans six @®umeénétiguement et
géographiquement distincts. Un groupe correspond paissons écossais, les cing autres
correspondent aux cing groupes francais précédememgrosés dans le chapitre IV. Des
analyses de variance moléculaire ont révélé unes phande différenciation entre les
échantillons anciens qu’entre les échantillonsnis;ea la fois au sein et entre les groupes,
suggérant une homogeénéisation génétique des pmmdatsuite aux repeuplements.
Cependant, la diversité génétique ne semble pas @éwlué de la méme facon dans toutes
les populations. La diversité génétique des pojauatnon repeuplées ou repeuplées avec des
poissons autochtones ne semble pas, en général, beancoup évolué. Au contraire, les
populations repeuplées avec des individus nonsatdntrent des changements variables de
diversité. Celles repeuplées récemment montrenttaies d’admixture importants et une
réduction des taux de différenciation avec les fmns d’ou provenaient les individus

déversés. Celles repeuplées « historiqguement »rardrdes taux d’admixture « historiqgues »
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variables et des taux récent beaucoup plus faibegjui pourrait suggérer une fitness des
individus relachés, et un succes des repeuplenfaitikes.

Ces résultats ont dimportantes implications pdar gestion des populations,
notamment en termes de repeuplement. lls montaestiabilité de la structure génétique des
populations de saumon non soumises aux repeuplseraerd des repeuplements utilisant des
poissons autochtones. Au contraire, ils montreetlga repeuplements utilisant des poissons
allochtones sont a méme de modifier la diversit&tjgue au sein des populations repeuplées
et entre ces derniéres et celles utilisées commeces® de repeuplement. Ces résultats
suggerent néanmoins une résilience relativemenideaples caractéristiques génétique
originelle, suggérant des phénomeénes de sélectatrec les individus non-natifs et non
adaptés localement.
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Abstract

Supplementation of wild populations with captivedindividuals is a common practice that
can have major consequences on the genetic makieugcipient populations. Here we
investigated the influence of stocking on the etiotuof genetic structure among 34 French
Atlantic salmon $almo salay populations. We genotyped 1627 individuals frold and
recent cohorts (1965-1987 and 1998-2006) at 16 aseétellite loci. Bayesian analyses
clustered the individuals into five genetically agebgraphically distinct groups in a similar
way for old and recent samples. An analysis of b variance revealed a higher
differentiation among and within groups for old quemed to recent samples (6.85% versus
4.99% among groups and 1.53% versus 0.68% witluagy, respectively). We observed few
changes in genetic diversity within populations 4stocked or stocked with native fish. In
contrast, recent samples from populations stockiéd mon-native individuals were strongly
admixed (up to 62%) with the clusters of origintbé donor populations. Accordingly the
genetic differentiation decreased between donor rangbient populations compared to old
samples. In contrast we detected few effects of sititking operations on the genetic
structure of old samples suggesting short ternceffef these practices and / or short term
detection abilities of microsatellite markers. Qalgrthese results demonstrate that stocking
can influence the distribution of genetic diversiithin and among salmon populations at
multiple spatial and temporal scales.

Key words: Salmo salayrpopulation genetics, temporal stability, stockiognservation
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Introduction

Supplementation of declining wild populations witidividuals from a distant location or
individuals reared in captivity is a common managetrpractice of vertebrate populations
(Maccrimmon & Gots 1979; Hindaat al. 1991; Levinet al. 2001; Aprahamiarmt al. 2003).
Fish populations are frequently supplemented wisiptive-bred individuals to restore
declining populations and / or enhance the numbeatzhes for sportive angling. However,
stocking operations can produce important changetheé genetic diversity of recipient
populations. First, supportive breeding using reatstock could result in a loss of genetic
diversity and reductions in effective populatiores{Verspoor 1988a; Ryman & Laikre 1991;
Gaffneyet al. 1996; Ahoet al.2006; Horrecet al. 2008; Smalkt al.2009). Second, stocking
a population with genetically differentiated fislnclead to partial introgression or even
complete replacement of native populations (Har#®2; Campo®t al. 2008; Finnegan &
Stevens 2008; Sonstelsd al. 2008; Hanseret al. 2009). Genetic introgression can induce
major changes in genetic structure among populatidgllon et al. 2006; Marieet al.2010)

or subpopulations within a large population (Fingem & Stevens 2008; Eldridget al.
2009). Finally, stocking could greatly impact namget populations due to the frequent
straying of hatchery-reared fish (Quinn 1993; Jonst al. 2003). All these modifications of
genetic diversity could provoke a fitness reduciioithe local population and a loss of local
adaptation resulting from the transfer of misadadteh (Taylor 1991; Arakiet al. 2007,
Garcia de Leaniet al. 2007) selected in hatchery for behavioral and othygical traits that
are disadvantageous in nature (Fleming & Einum 19®fd et al. 2008; Neregarcet al.
2008; Darwish & Hutchings 2009; Lawlet al.2009).

In the case of Atlantic salmorsélmo salay populations that are highly structured
throughout their native range (Verspoer al. 2005; Lehtoneret al. 2009; Tonteriet al.
2009), fish stocked from genetically distant stoeks traceable and their impact on wild
populations genetic structure can be estimated f©arat al. 2008; Finnegan & Stevens
2008; Hanseret al. 2009). Furthermore, large fish scales collectismsietimes exist and are
of great interest to finely track temporal evolatiof genetic structure of populations subject
to stocking (Nielsert al. 1999; Tessier & Bernatchez 1999; Nielsen & Har@®8; Hansen
et al. 2009). While major modifications of genetic stuwet in stocked populations were
frequently detected, some studies suggested reliatiow and brief impacts of stocking. For
instance, low impacts of intensive stocking wengoreed on the genetic structure of Brown
Trout and some Atlantic salmon populations (Har2@dR; Santoet al.2006; Caudroret al.
2009; Hanseret al. 2009) ; (Tessier & Bernatchez 1999; Ciborowskal. 2007; Finnengan
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& Stevens 2008). Despite these various resultsetisea large body of data demonstrating
that hatchery-reared fish do not perform well itun@, or not as well as their wild congeners
(Fleming & Einum 1997; Araket al. 2007; Fordet al. 2008; Fraser 2008; Neregaetl al.
2008; Darwish & Hutchings 2009). However, most gadvere carried out at a local scale in
few populations and during a short time periodaduition, the fate of one stocking strain was
generally investigated while in many situationsesal/ stocks are used to supplement wild
populations.

Atlantic salmon populations from France representdeal case study to investigate
the admixture between wild and stocked fish at iplaltspatial and temporal scales. Several
supplementation programs using a variety of noadlowividuals have been performed from
the 1950s to the 1980s ((Bagliniere & Dumas 1988&glBiere et al. 1990; Vauclin 2007;
Grandjearet al. 2009); Perrier et al., in prep). In the 1990s¢clkitty programs were mainly
using local fish except in a group of populatioanfr Lower-Normandy in which non-local
individuals from Brittany have been stocked. Vas@admixture rates were documented in
French populations suggesting variable impactgafking ((Grandjearet al. 2009); Perrier
et al., in prep). However, these studies were gdbelsed on genetic analyses of recent
samples collected a long time after the beginningtacking operations. The consequences of
ancient stocking operations (from the 1950s to1880s) remain unknown and require the
analysis of old samples contemporary to these neameagt actions to be investigated. Thanks
to scientific and management programs initiatedhia 1960s by INRA (French National
Institute for Agronomic Research) and ONEMA (Freridational Agency for Water and
Aquatic Environments) a large amount of salmoneschlave been collected for most of the

French rivers, allowing comparative analyses of pad recent samples.

In this study, we genotyped old (up to 40 years) eontemporary samples of adult
Atlantic salmon at 16 microsatellite loci to invgste the impacts of both ancient and recent
stocking practices. We aimed at i) infer the adomatrates between wild and stocked fish
using pre- and post-stocking samples in populatgugplemented with different stocks, ii)
compare the differentiation among populations kefand after stocking, iii) test whether a
decrease of genetic diversity is observed in pdjuuna stocked with local individuals, iv)
investigate whether non-target populations are misogressed by stocked fish from other
rivers and v) infer whether stocking has short-tesmlong-lasting effects on the genetic

diversity of wild populations.
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Table 1: Sampling and genetic diversity detailstifier 34 French sampling sites chosen.

Location _ Olq cohorts _ _ Recent (_:ohorts _
Abbreviation Cohorts Sample size Stocking from 1950 to 1988 Abbreviation  Cohorts  Sample size Stocking from 1989 to 2003

Scotland FOR80 1980 23 - - - - -
Canche - - - - CANO3 1999-2006 23 -
Authie - - - - AUTO03 2003-2006 8 -
Bresle BRE68 1968 19 Scotland BREO3 1998-2004 29 -
Arques - - - Scotland ARQO03 2003 31 -
Valmont - - - - VALO3 2003-2005 5 -

Seine - - - - SEIO3 1998-2006 7 -
Touques - - - - TOUO03 19982006 12 -

Orne - - - Scotland, Sélune ORNO3 2001 31 Gave d'Oloron

Vire - - - Scotland VIRO3 1998-2004 19 -

Saire - - - - SAIO3 2005-2006 9 -

Sienne SIE86 1985-1987 35 - SIEO3 2002-2003 36 Aulne

Sée SEE77 1977-1978 61 - SEEO3 2002-2003 66 Aulne

Sélune SEL77 1977-1978 39 - SELO3 2002-2003 80 Aulne and Gave d'Oloron
Couesnon COou82 1978-1986 11 Sélune COou03 2002-2003 34 Aulne and Gave d'Oloron

Trieux TRI77 1968-1981 17 - TRIO3 2002 16 -

Leguer LEG77 1976-1977 22 - LEGO03 2002-2003 16 -

Douron DOu82 1978-1984 29 - DOU03 2002-2003 27 -

Penzé PEN78 1969-1982 25 - PENO3 2002-2003 23 -

Elorn ELO75 1969-1970 18 Scotland, local ELOO3 2003 30 local

Aulne AUL69 1969-1984 30 Scotland, local AULO3 2003 31 local

Goyen GOY81 1972-1984 33 - GOY03 2003 24 -

Steir STE72 1971-1972 21 - STEO3 2002 14 -

Jet JET72 1971-1973 11 - JETO3 2000-2004 17 -

Odet ODE72 1972-1973 19 - ODEO3 2003 14 -

Aven AVET77 1973-1978 40 local AVEO3 2003 34 -

Ellé ELL68 1968-1968 17 local ELLO3 2003 32 -
Scorff SCO77 1966-1985 64 - SCO003 2002-2003 64 -
Blavet BLA77 1977-1978 65 - BLAO3 2002-2003 63 -

Allier ALL67 1965-1967 49 Scotland, Canada, local ALLO3 2001-2002 31 local
Dordogne - - - Scotland, Allier, local DORO03 2002 15 local
Garonne - - - Scotland, Allier, Gave d'Oloron, local GARO03 2002 30 local

Gave GAV84 1984-1984 25 Scotland, local GAV03 2003 29 local

Nive NIE84 1984-1984 26 Scotland, local NIEO3 2001-2006 8 -
Nivelle NIL80 1977-1987 26 Scotland, local NILO3 1998-2004 17 -
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Material and methods

Study populations and sampling L L . ! L L L :

Upper-  can

We studied 34 Atlantic salmor tover. e e
populations from France an
also analysed 23 samples fro
several Scottish rivers to stud
the effects of stocking with
Scottish individuals (Fig. 1, -
table 1). Adult fish were Aot Conen
collected by angling or trapping
and scales were sampled ai
stored by INRA and ONEMA in

95% ethanol or in pape
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o . Figure 1: Locations of the populations studied.
individual was determined by g Pop

scalimetry. We collected samples from cohorts 12986 and cohorts 1965 to 1988.

Supplementation operations have occurred in mamysiand at different times. From
1950 to 1988, stocking programs using non-locdl fisainly originating from Scotland but
also from different French rivers were performednesle, Arques, Orne, Vire, Elorn, Aulne,
Allier, Garonne, Dordogne, Gave d’Oloron, Nive, adivelle rivers (Bagliniere & Dumas
1988; Bagliniéreet al. 1990); Table 1). Since 1989, stocking with natindividuals has
become the rule (e.g. in Aulne, Elorn, Allier, ahve d’Oloron rivers) but in Orne,
Couesnon, Sélune, Sée, and Sienne rivers, stoekthgnon-native individuals has occurred

using progeny from genitors caught in Aulne ord &ave d’Oloron Rivers).

Molecular analyses

Genomic DNA was extracted fror®. salar scales by heating samples in solution of
proteinase K, TE (Tris’fEDTA) buffer and chelex,5°C 2 hours and then at 100°C for
10min (Estoupet al. 1996). The M13 method (Schuelke 2000), was usethliel DNA
polymerase chain reaction (PCR) amplifications. Wsed 16 microsatellites: BHMS176;
BHMS179A; BHMS184B; BHMS429; SSA85; SSA65; SSOSL&8{MS235; BHMS217,
BHMS111; SSA197; SSA171; BHMS377; SSSP2216; SSARRNBHMS365 (references in
(Nikolic et al.2009)). PCR conditions are detailed in Perrieal e2010).
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Data analyses

Textpad 4.7.3 (Helios Software Solutions), Convef1 (Glaubitz 2004), Genepop 4.0.7
(Rousset 2008), and Genalex 6 (Peakall & Smousé)2P6re used to format the data sets
used in the subsequent programs. We used Microkeh@c2.3 (Van Oosterhoet al. 2004)

to assess the frequency of null alleles and scoeimgrs due to stuttering or large allelic
dropout. Allele number and allelic richness werg¢aoted using Fstat 2.9.3.2 (Goudet 1995).
Tests for linkage and Hardy-Weinberg disequilibi@re conducted with Fstat 2.9.3.2.
Expected heterozygosity, He, (Nei 1978) and obskhaterozygosity, Ho, were calculated
with Genetix 4.05.2 (Belkhiet al. 1996). Fdist 2 (Beaumont & Nichols 1996) was uted

verify the neutrality of the markers used.

Populations pairwise dFand tests of differentiation were computed in F8t8.3.2.
Analyses of Molecular Variance (AMOVA) were perfachusing Arlequin (Excoffieet al.
2005) on a subset of 23 populations for which sasplere available for the two time
periods. The hierarchical grouping of populationaswdefined with Bayesian clustering
analysis using STRUCTURE (Pritchard et al. 200@mjporal pairwise & were computed in
each river with Fstat 2.9.3.2. As all rivers werat sampled at the same time, temporal
differentiation was not directly comparable amongpylations so we also divided the
temporal k; by the number of years between the two cohortgkaim

We used the Bayesian individual clustering impleteénn SRUCTURE to determine
i) the hierarchical genetic structure of the stymbpulations and ii) the admixture rates
between clusters. Analyses were performed assuamngdmixture model (i.e. allowing the
genetic composition of individuals to be a mixtdrem different populations). We tested
from 1 to 15 genetic clusters (k) (15 replicates dach k). Each run started with a burn-in
period of 50,000 steps followed by 300,000 Markdwai@ Monte Carlo (MCMC) replicates.
We selected the k with the highest likelihood (@hvardet al. 2000) and according to thk
method (Evannet al.2005).

Potential isolation by distance among populationss wnvestigated through the
relation between pairwisesf/(1- F;) and the coastal distance between river mouths Th
analysis was restricted to a subset of 23 Frengulptions for which both old and recent
samples were available. This analysis was alsoopedd separately for samples from
Brittany. The significance of correlation coeffiste was estimated with Mantel tests

implemented in Passage http://www.passagesoftware.net/index.phpusing 9 999

permutations. Geographic coastal distances betwaens’ estuaries were calculated
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following coastline using Google Earthtip://earth.google.cojrand ranged from O to 1,662

km with a median value of 741 km.

Results

Multi-locus genotype information was obtained 1&27 individuals (Table 1). Amplification
success was generally high, ranging from 91.6%©t6% depending on the sample, and from
87.9% to 99.9% depending on the locus. It was 0d%4for ancient samples and of 98.0%
for recent ones with an overall rate of 96.2%. Ager expected heterozygosity was 0.78 and
ranged from 0.27 to 0.98 (Table S1). A total ofalth of 928 HWE tests were significant.
Micro-checker suggested only 7 out of these 45asay result from the presence of null
alleles, and no evidence of large allelic dropaowudtattering was found.

Considering The Bayesian clustering analysis dategknine genetic groups (Table 2)
corresponding to six distinct geographic regionsotand, Upper-Normandy, Lower-
Normandy, Brittany, Allier, and Adour. Individuafsom Brittany were grouped into four
clusters not consistently associated with the ggggc locations of the populations. This
apportionment suggested instead a pattern of isnldty distance. As a result, these four
clusters were pooled for further admixture analy$asnsidering the whole data set, most
populations never stocked with non-native fish weranly composed of the local cluster,
e.g. South Brittany populations (from Goyen to BfvIn contrast, we found some non-
stocked populations moderately to highly admixethwion-native clusters. For instance, we
detected admixtures rates from 0.12 to 0.57 byStwttish cluster into the CANO3, AUTO3,
VALO3, SEI03, TOUO3, and SAIO3 populations.

Populations stocked with non-native fish were uguatrongly admixed with the
cluster of origin of the population they were stedkwith. As examples, admixture rates of
the Scottish cluster into BRE68 and ORNO3 poputatiovere 0.45 and 0.27 respectively and
admixtures of the Brittany cluster into SIE03, SBL@nd COUO03 populations were 0.17,
0.20, and 0.50, respectively. Accordingly, admigtuates of the Scotland, Allier, and Adour
clusters into DOR0O3 and GARO3 samples ranged froh® @o 0.57. In contrast, some
populations appeared weakly admixed with the ciusterigin of the population they were
stocked with: e.g. the ALL67, ALLO3, BREO3, ARQUSIE8B4, and NIEO3 populations (less

than 6% of admixture with the non-native cluster).
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Table S1: Allelic richness (AR) estimated for 3aindividuals, number of alleles (AN),

observed (Ho) and expected heterozygoties (HEhif8ignt inbreeding coefficient (FIS) are

given in bold, and in italic if possibly associateiih null alleles.
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AR, 4 inc 3.7¢ 2.4¢ 3.2¢ 5.3C 5.6% 4.67 3.7¢ 5.5t 4.07 2.5C 4.9¢ 4.5¢ 4.9€ 4.52 5.31 4.3¢
AN 5.0C 3.0C 4.0C 7.0C 9.0C 7.0C 5.0C 8.0C 5.0C 4.0C 7.0C 6.0C 7.0C 6.0C 7.0C 6.0C
CANO3 Ho 0.8¢ 0.5C 0.8¢ 0.7¢ 0.7¢ 0.6 0.7¢ 0.7¢ 0.8¢ 0.2¢ 0.7¢ 0.82 0.71 0.8¢ 0.82 0.71
He 0.74 0.4¢ 0.6¢ 0.8¢ 0.8¢ 0.7¢ 0.7: 0.8¢ 0.77 0.3t 0.8t 0.7€ 0.81 0.81 0.8¢€ 0.7t
Fis -0.2C 0.0z  -0.32 0.1¢ 0.1€ 02z -0.0z 017 -01f 0.3C 0.1: -0.11 0.1% -0.06 0.0« 0.0t
AR, 4 inc 4.2¢ 2.4¢ 2.7t 6.1¢ 4.4t 4.4z 4.5C 5.3¢ 4.41 3.22 6.07 5.17 5.04 4.7t 4.8¢ 4.17 4.51
AN 6.00 5.00 4.00 11.00 7.00 8.00 8.00 8.00 7.00 006. 10.00 9.00 7.00 9.00 10.00 5.00 7.50
AUTO03 Ho 0.82 0.27 0.36 0.91 0.60 0.36 0.73 0.80 0.55 50.50.60 0.82 0.90 0.90 0.73 0.82 0.67
He 0.79 0.34 0.46 0.93 0.79 0.74 0.79 0.88 0.77 30.50.92 0.86 0.86 0.80 0.81 0.80 0.75
Fis -0.03 0.20 0.22 0.02 0.25 0.52 0.08 0.10 0.30 -0.03 0.36 0.05 -0.05  -0.13 0.11 -0.02  0.12
AR, 3inc 3.6( 2.1¢ 2.41 4.22 4.7¢ 4.3t 4.2: 4.9¢ 4.2¢ 3.5C 5.0¢ 4.2¢4 5.04 4.47 4.1z 3.2¢4 4.0¢
AN 5.0C 4.0C 3.0C 10.0C 11.0C 11.0C 11.0C 14.0C 9.0C 8.0C 15.0C  8.0C 16.0C 11.0C 10.0C 6.0C 9.5C
BRE68 Ho 0.6¢ 0.5¢ 0.47 0.7¢ 0.8¢ 0.5C 0.6 0.9t 0.84 0.6 0.6 0.7t 0.9t 0.74 0.6¢ 0.5€ 0.7¢
He 0.7¢ 0.47 0.5¢ 0.8¢ 0.91 0.87 0.82 0.9z 0.8t 0.7¢ 0.9z 0.8t 0.9 0.87 0.8z 0.7¢ 0.81
Fis 0.1% -0.2:  0.17 0.07 0.0¢ 0.4 0.2¢ -0.0: 0.01 0.1t 0.32 0.1z -0.0z 0.1¢ 0.1€ 0.21 0.12
AR, 4 inc 4.01 2.07 2.41 4.7¢ 4.4¢ 3.7¢ 4.3¢ 5.1C 3.9¢ 2.8¢ 4.2¢ 5.0z 5.4z 4.1C 4.1¢ 3.6¢ 4.0t
AN 6.0C 5.0C 3.0 11.0¢ 9.0C 11.0C 8.0C 13.0C 8.0C 5.0C 10.0C 11.0C 14.0C 9.0C 11.0C 6.0C 8.7t
BREO3 Ho 0.87 0.27 0.3¢ 0.8t 0.9C 0.7 0.82 0.8¢ 0.7€ 0.5C 0.6¢ 0.87 0.6€ 0.7¢ 0.72 0.7¢C 0.71
He 0.7¢ 0.27 0.4< 0.82 0.8C 0.6€ 0.8C 0.8t 0.7t 0.52 0.7: 0.8t 0.87 0.77 0.7: 0.74 0.71
Fis -0.11  0.0¢ 0.1t 0.0C -0.1z -0.11 -0.0¢ -0.02 -0.0z 0.0¢ 0.0¢ -0.0z 0.2t 0.02 0.0C 0.0€ 0.01
AR, 4 inc 3.3¢ 2.0¢ 2.17 4.97 3.71 3.1¢ 4.5¢ 5.1C 4.37 2.67 4.2¢ 4.57 4.9z 4.5¢ 4.4C 3.9t 3.9¢
AN 4.00 3.00 3.00 9.00 8.00 7.00 7.00 12.00 6.00 005. 9.00 8.00 10.00  8.00 9.00 7.00 7.19
ARQO3 Ho 0.68 0.39 0.35 0.81 0.57 0.58 0.84 0.84 0.84 30.50.68 0.73 0.71 0.80 0.79 0.84 0.69
He 0.68 0.37 0.36 0.85 0.70 0.56 0.83 0.85 0.81 5040.74 0.81 0.84 0.83 0.78 0.76 0.70
Fis 0.00 -0.05 0.00 0.06 0.19 -0.04 -0.02 0.02 40.0-0.20 0.08 0.10 0.16 0.03 -0.01 -0.10 0.01
AR, 4 inc 3.6( 3.6( 2.7¢ 5.0C 5.0C 6.7€ 6.7€ 7.0C 4.5¢ 3.6( 5.51 7.3¢ 6.0C 3.0C 5.9¢ 2.9¢ 4.97
AN 4.0C 4.0C 3.0C 5.0C 5.0C 8.0C 8.0C 7.0C 5.0C 4.0C 6.0C 9.0C 6.0C 3.0C 7.0C 3.0C 5.4¢
VALO3 Ho 0.8C 0.4 0.6 0.7t 0.7t 0.8C 1.0C 1.0C 0.6 0.8C 1.0C 0.8C 0.7t 0.2t 0.8C 0.2C 0.71
He 0.71 0.71 0.51 0.8¢ 0.8€ 0.9€ 0.9¢ 0.9¢ 0.84 0.71 0.91 0.9¢ 0.8¢ 0.61 0.91 0.6¢ 0.82
Fis -0.14 0.47 -0.2C 0.14 0.14 0.1¢€ -0.0¢  -0.0¢ 0.31 -0.1¢  -0.11 0.2C 0.1¢ 0.62 0.14 0.7% 0.1¢
AR, 4 inc 3.3 2.4: 2.8¢ 6.0z 4.6¢ 4.81 5.72 5.72 3.1t 3.7¢ 5.9C 4.92 6.42 5.4€ 5.42 3.0C 4.6C
AN 4.00 3.00 4.00 10.00 6.00 7.00 9.00 9.00 4.00 005. 10.00 7.00 10.00 8.00 8.00 4.00 6.75
SEIO3 Ho 0.78 0.56 0.33 0.89 0.56 0.56 0.89 0.67 0.78 90.80.89 0.89 0.78 0.78 0.78 0.67 0.73
He 0.71 0.54 0.48 0.91 0.84 0.84 0.90 0.90 0.67 50.70.90 0.84 0.94 0.89 0.88 0.54 0.78
Fis -0.10 -0.03 0.31 0.02 0.36 0.35 0.01 0.27 -0.170.21 0.02 -0.06 0.18 0.13 0.13 -0.25  0.06
AR, 4 inc 4.1C 3.0¢ 3.0¢ 4.9¢ 4.87 6.27 5.62 6.12 4.7z 3.62 5.41 6.31 6.2C 5.92 6.7¢ 4.1¢ 5.0¢
AN 5.0C 5.0C 4.0C 8.0C 7.0C 11.0C 9.0 12.0C 6.0C 6.0C 9.0C 11.0C 12.0C 10.0C 13.0¢ 7.0C 8.4¢
TOU03 Ho 0.6 0.4t 0.7¢ 0.7¢ 0.8z 0.7¢ 0.7: 0.8C 0.64 0.7: 0.7: 1.0C 0.7¢ 0.91 0.67 0.91 0.7¢
He 0.7¢ 0.64 0.6 0.82 0.8t 0.9z 0.9C 0.91 0.84 0.67 0.8¢ 0.9z 0.92 0.91 0.9t 0.7t 0.82
Fis 0.24 0.3C -0.1% 0.1f 0.04 0.2% 0.2( 0.1Z 0.2€ -0.1(C 0.1¢ -0.0¢ 0.2% 0.01 0.31 -0.22 0.11
AR, 4 inc 3.77 2.2¢ 2.71 5.8¢ 6.1€ 5.67 5.62 6.52 4.8 3.9¢ 4.9t 5.41 6.64 5.62 5.52 3.62 4.9t
AN 5.00 4.00 5.00 14.00 18.00 14.00 13.00 19.00 08.06.00 12.00 12.00 21.00 12.00 12.00 6.00 11.31
ORNO3 Ho 0.87 0.55 0.48 0.84 0.93 0.90 0.97 0.87 0.77 40.70.81 0.90 0.73 0.80 0.97 0.70 0.80
He 0.75 0.52 0.60 0.91 0.92 0.89 0.89 0.94 0.85 50.70.83 0.88 0.94 0.89 0.89 0.68 0.82
Fis -0.16 -0.05 0.19 0.08 -0.02  -0.01  -0.09 0.07 090. 0.01 0.03 -0.03 0.23 0.11 -0.09  -0.03 0.02
AR, 4 inc 3.5¢4 2.8z 2.6z 5.3¢ 5.7 5.92 5.4¢ 6.11 4.4¢ 4.7¢ 5.4¢€ 5.77 6.07 5.3t 5.87 3.1C 4.91
AN 4.0C 6.0C 5.0C 10.0C 12.0C 13.0C 10.0¢ 15.0¢ 8.0C 8.0C 13.0C 11.0C 15.0C 11.0C 13.0C 4.0C 9.8¢
VIRO3 Ho 0.5¢ 0.4z 0.52 0.7¢ 0.7¢ 0.7¢ 0.84 0.9t 0.7¢ 0.8¢ 0.7¢ 0.8¢ 0.8¢ 0.8¢ 0.8¢ 0.62 0.77
He 0.74 0.5¢ 0.5¢ 0.8¢ 0.9C 0.91 0.8¢ 0.9z 0.81 0.84 0.8¢ 0.9C 0.92 0.91 0.5¢ 0.82
Fis 0.22 0.2¢ 0.1C 0.0¢ 0.12 0.14 0.0t -0.0¢ 0.04 -0.01 0.1C 0.0z 0.0 0.0z -0.07 0.07
AR, 4 inc 3.4¢ 2.4z 1.9t 5.4z 5.72 5.1¢ 5.2¢ 6.9C 4.7¢ 4.4 4.81 5.6€ 6.61 d 5.8t 2.64 4.81
AN 4.00 3.00 2.00 8.00 9.00 8.00 8.00 12.00 6.00 006. 7.00 8.00 11.00 9.00 9.00 3.00 7.06
SAI03 Ho 0.89 0.44 0.22 0.89 0.67 0.89 0.67 1.00 0.89 80.70.89 0.88 1.00 0.89 0.89 0.67 0.78
He 0.70 0.50 0.37 0.88 0.90 0.86 0.86 0.96 0.85 00.80.84 0.90 0.95 0.91 0.91 0.52 0.79
Fis -0.29 0.12 0.41 -0.01 0.27 -0.04  0.24-0.04 -0.05 0.03 -0.07 0.03 -0.06 0.02 0.02 -0.30 0.02
AR, 3inc 2.0C 1.9¢ 2.2i 4.0¢ 4.31 4.57 4.58 4.62 3.3t 3.74 3.64 3.91 4.4¢ 3.9C 4.1¢€ 2.5¢ 3.6
AN 3.0C 3.0C 4.0C 11.0C 11.0C 14.0C 14.0C 16.0C 7.0C 9.0C 7.0C 9.0C 15.0C 11.0C 12.0C 5.0C 9.4
SIE86 Ho 0.57 0.6(C 0.57 0.8t 0.77 0.7¢ 0.9C 0.97 0.7¢ 0.8C 0.8C 0.7€ 0.8C 0.8¢ 0.8C 0.47 0.7¢
He 0.47 0.4¢ 0.5¢ 0.82 0.8€ 0.8¢ 0.8¢ 0.8¢ 0.72 0.77 0.7¢ 0.81 0.87 0.7¢ 0.84 0.52 0.74
Fis -0.2:  -0.3z2  -0.0t  -0.0% 0.1C 0.11 -0.0¢ -0.1C  -0.1C -0.0t  -0.0Z 0.0€ 0.0¢ -0.12 0.0t 0.1C -0.02
AR, 4 inc 3.2€ 2.1¢ 2.6¢€ 5.21 4.9€ 5.5C 5.3¢ 5.87 4.5¢ 3.7¢ 4.8¢ 5.4¢ 6.67 5.2z 5.8t 3.5€ 4.6¢
AN 5.00 3.00 5.00 12.00 12.00 14.00 13.00 17.00 08.07.00 13.00 15.00 22.00 12.00 14.00 7.00 11.19
SIE03 Ho 0.68 0.62 0.50 0.86 0.86 0.89 0.92 0.92 0.69 40.50.81 0.89 1.00 0.86 0.86 0.72 0.79
He 0.68 0.51 0.58 0.86 0.83 0.88 0.87 0.90 0.82 80.60.83 0.88 0.95 0.86 0.90 0.64 0.79
Fis 0.00 -0.22 0.15 0.00 -0.04 -0.01 -0.05 -0.010.17 0.21  0.03 -0.01 -0.06 -0.01 0.05 -0.13  0.00
AR, 3inc 2.2€ 1.97 1.97 3.9t 4.31 4.4¢ 4.4z 4.7¢ 3.6t 3.5¢ 3.3¢ 3.94 4.9C 4.3¢ 4.32 2.8C 3.6¢
AN 5.0C 2.0C 2.0C 10.0C 12.0C 14.0C 16.0C 17.0C 7.0C 8.0C 9.0C 12.0C 20.0C 16.0C 15.0C 7.0C 10.7¢
SEE77 Ho 0.44 0.4¢ 0.3¢ 0.8¢ 0.7¢ 0.8¢ 0.7¢ 0.92 0.6¢ 0.7¢ 0.8C 0.67 0.97 0.72 0.7¢ 0.6% 0.72
He 0.4¢ 0.5C 0.5C 0.8z 0.8€ 0.8¢ 0.8¢€ 0.9C 0.7¢ 0.7¢ 0.7t 0.8z 0.9z 0.8¢€ 0.8¢€ 0.5¢ 0.7¢
Fis 0.1C 0.04 0.2¢ -0.02  0.0¢ -001 0.1€ -0.0¢ 0.14 0.01 -0.0¢  0.1¢ -0.0¢ 0.1€ 0.0¢  -0.1C _ 0.0¢
AR, 4 inc 2.91 2.2z 2.2¢ 4.81 5.2¢ 5.5C 5.3¢ 5.7¢ 4.1¢ 3.8¢ 4.1 4.37 5.8t 4.7C 5.11 3.1¢ 4.3t
AN 4.00 4.00 5.00 12.00 17.00 14.00 13.00 19.00 08.08.00 8.00 11.00 19.00 13.00 19.00 5.00 11.19
SEEO3 Ho 0.57 0.38 0.53 0.73 0.79 0.84 0.85 0.89 0.70 90.70.88 0.80 0.88 0.84 0.88 0.63 0.75
He 0.63 0.53 0.54 0.83 0.86 0.88 0.88 0.89 0.79 10.70.78 0.80 0.90 0.79 0.86 0.62 0.77
Fis 010 029 0.02 0.12 0.08 0.05 0.03 0.00 0.12 -0.11  -0.12 0.01 0.02 60.0-0.03 -0.03 0.03
AR, 3inc 2.61 1.9¢ 2.1¢ 4.27 4.4¢ 4.62 4.4; 4.9¢ 3.3¢ 3.2t 3.7¢ 3.71 4.8t 4.17 4.2¢ 2.52 3.71
AN 5.0C 2.0C 3.0C 11.0C 12.0C 13.0C 12.0C 19.0C 7.0C 8.0C 8.0C 6.0C 18.0C 15.0C 13.0C 5.0C 9.81
SEL77 Ho 0.51 0.4¢ 0.4¢ 0.6¢ 0.82 0.67 0.7¢ 0.92 0.7t 0.6¢ 0.77 0.74 0.82 0.6¢ 0.6€ 0.4¢ 0.6¢
He 0.6 0.4¢ 0.52 0.8¢€ 0.87 0.8¢ 0.87 0.9z 0.7z 0.6¢ 0.8C 0.7¢ 0.91 0.8z 0.8t 0.5C 0.7¢
Fis 0.1t 0.12 0.1€ 0.2C 0.07 0.2€ 0.1C 0.0C_ -0.0¢ 0.0C 0.02 0.0€ 0.1C 0.17 0.2% 0.0z 0.1C
AR, 4 inc 3.0¢ 2.2% 2.3 5.72 5.2¢ 5.77 5.62 6.2C 4.2z 3.82 4.6% 4.8¢ 6.24 5.0¢€ 5.5¢ 3.5¢€ 4.6:
AN 4.00 4.00 6.00 15.00 17.00 15.00 17.00 20.00 08.09.00 15.00 14.00 22.00 13.00 22.00 8.00 13.06
SELO3 Ho 0.69 0.49 0.54 0.84 0.85 0.87 0.89 0.90 0.70 60.70.79 0.79 0.95 0.87 0.85 0.72 0.78
He 0.64 0.51 0.52 0.90 0.86 0.90 0.89 0.92 0.79 10.70.82 0.83 0.92 0.84 0.88 0.66 0.79
Fis -0.07 0.05 -0.04 0.07 0.01 0.03 -0.01 0.02 0.110.07 0.04 0.05 -0.03  -0.04 0.04 -0.10 0.00
AR, 3inc 2.57 2.7¢ 1.92 4.4¢ 4.57 4.5¢ 4.7t 5.2C 3.3¢ 3.0t 3.7¢ 4.3¢ 4.7t 4.3¢ 4.4; 3.2¢ 3.8¢
AN 3.0C 5.0C 2.0C 7.0C 8.0C 10.0C 10.0C 12.0C 6.0C 6.0C 6.0C 8.0C 10.0¢ 12.0C 9.0C 6.0C 7.5C
Ccous2 Ho 0.64 0.6¢ 0.4 0.8¢ 0.7t 0.7¢ 0.8z 0.91 0.7¢ 0.4t 0.7: 0.91 1.0C 0.7: 0.91 0.7¢ 0.7¢
He 0.61 0.6t 0.4¢ 0.8¢ 0.8¢ 0.8¢ 0.9C 0.9¢ 0.71 0.62 0.8C 0.87 0.9C 0. 0.87 0.71 0.7¢
Fis -0.0¢ 0.0z 0.1C 0.01 0.1€ 0.22 0.1C 0.0¢ -0.0¢  0.2¢ 0.1C -0.0t8 -0.11 O. -0.0¢  -0.0:  0.0¢
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AR,4inc  3.3¢ 2.4t 3.21 5.4z 5.2t 5.61 5.8z 5.5C 4.7¢ 3.6¢ 4.6¢ 4.65 6.1¢ 5.21 5.8t 3.5¢€ 4.7¢
AN 4.00 3.00 400 12.00 13.00 13.00 15.00 1400 07.07.00 11.00 11.00 18.00 12.00 18.00 6.00 10.50
Couo3 Ho 0.71 0.65 0.56 0.82 0.88 0.85 0.87 0.88 0.84 40.70.76 0.77 0.91 0.88 0.82 0.82 0.80
He 0.70 0.55 0.67 0.88 0.85 0.89 0.90 0.88 0.84 10.70.82 0.80 0.92 0.87 0.90 0.68 0.80
Fis -0.01  -0.18 0.17 0.07 -0.04 0.05 0.03 -0.01 00.0-0.03 0.07 0.04 001 -0.02 0.09 -0.22 0.00
AR, 3inc  2.9C 1.9C 2.6¢ 3.7¢ 4.31 4.2z 4.1€ 4.4z 3.2¢ 3.2¢ 4.1z 4.2¢ 4.6¢ 4.44 5.4( 3.3z 3.8z
AN 5.0C 2.0C 3.0C 8.0C 12.0¢ 8.0C 8.0C 12.0¢ 5.0C 6.0C 10.0C 9.0 13.0C 9.0C 14.0¢ 6.0C 8.
TRI77 Ho 0.47 0.47 0.41 0.9¢ 0.8z 0.67 0.7¢ 0.94 0.71 0.7¢ 0.8z 0.7t 0.8z 0.81 0.9¢ 0.64 0.7t
He 0.67 0.4: 0.6¢ 0.7¢ 0.8¢ 0.8¢ 0.8¢ 0.87 0.74 0.7t 0.8¢ 0.84 0.8¢ 0.8¢ 0.9¢ 0.71 0.7¢
Fis 03C -0.1C 037 -02z 0.04 0.2t 0.1C -0.0¢ 0.0¢ -0.0¢ 0.0z 0.14 0.07 0.0¢ 0.0¢ 0.0¢ 0.07
AR, 4inc 3.3t 2.3¢ 3.1£ 4.9¢ 5.3¢€ 5.24 5.1¢ 5.9¢ 4.6z 4.0¢ 5.2t 5.7z 5.5€ 5.9¢ 5.5¢ 3.5C 4.7t
AN 4.00 3.00 400 11.00 13.00 11.00 11.00 16.00 08.06.00 1200 11.00 12.00 11.00 12.00 5.00 9.38
TRIO3 Ho 0.64 0.69 0.56 0.81 0.96 0.88 0.73 0.88 0.77 20.70.85 0.94 0.94 0.88 0.80 0.69 0.80
He 0.68 0.55 0.68 0.83 0.87 0.86 0.86 0.91 0.83 80.70.87 0.90 0.89 0.91 0.88 0.70 0.81
Fis 0.05 -0.27  0.19 003 -011 -0.03 0.16 0.03 0.070.08 0.02 -0.05 -0.06 0.04 0.09 0.02 0.02
AR, 3inc 262 2.6z 2.9C 4.6t 3.94 4.2C 3.8¢ 4.7¢ 3.7¢ 2.9C 4.47 4.1¢ 5.21 4.3z 4.8t 3.2¢ 3.9C
AN 4.0C 4.0C 4.0C 10.0C 11.0C 11.0¢ 7.0C 15.0C 7.0C 4.0C 11.0C 8.0C 17.0¢ 9.0 11.0C 6.0C 8.6¢
LEG77 Ho 0.4¢ 0.4¢ 0.8¢ 0.7¢ 0.5¢ 0.64 0.77 0.8z 0.5¢ 0.41 0.8¢ 0.81 0.8z 1.0C 0.7¢ 0.91 0.7z
He 0.6z 0.6C 0.6¢ 0.8¢ 0.81 0.84 0.81 0.9¢ 0.8C 0.6€ 0.87 0.8t 0.94 0.8¢ 0.91 0.7t 0.8C
Fis 0.2¢ 0.2t  -0.27 0.1t 0.3t 0.2¢ 0.0¢ 0.1C 0.2¢ 0.3¢ 0.01 0.04 014 -047 014 -0.2¢ 0.1C
AR, 4inc  3.2¢ 2.9¢ 291 5.6¢ 5.2¢ 5.54 5.51 6.17 4.6t 3.7¢ 5.6z 5.6t 6.3¢€ 6.27 6.11 291 4.9z
AN 5.00 5.00 400 12.00 1200 12.00 12.00 16.00 08.06.00 1500 11.00 14.00 13.00 1400 4.00 10.19
LEGO3 Ho 0.48 0.59 0.52 0.85 0.96 0.96 0.89 0.93 0.81 30.60.89 0.81 0.81 0.94 0.75 0.60 0.78
He 0.66 0.58 0.65 0.89 0.86 0.88 0.88 0.92 0.81 30.70.89 0.89 0.93 0.93 0.92 0.54 0.81
Fis 0.28 -0.03  0.20 005 -013 -0.09 -0.01 0.00 00.00.14 0.00 0.09 013 -001 019 -0.13 0.04
AR, 3inc  3.0C 2.31 2.7C 4.2¢ 3.9C 4.2z 4.51 4.7¢ 3.84 3.1¢ 4.07 4.01 4.91 4.4z 4.97 2.8¢ 3.8¢
AN 5.0C 4.0C 3.0C 8.0C 11.0C 10.0¢ 10.0C 13.0C 7.0C 6.0C 10.0C 10.0C 18.0C 11.0C 20.0C 6.0C 9.5C
DOuUs2 Ho 0.4¢ 0.4¢ 0.7¢ 0.7¢ 0.6¢ 0.71 0.8¢ 0.8¢ 0.6¢ 0.7¢ 0.8¢ 0.74 0.7¢ 0.8¢ 0.9t 0.64 0.7¢
He 0.7¢ 0.5¢ 0.6¢ 0.8¢ 0.8C 0.8t 0.8¢ 0.91 0.81 0.7¢ 0.8: 0.8z 0.9z 0.87 0.9z 0.61 0.7¢
Fis 0.3¢ 011 -0.1¢ 0.1C 0.1t 0.1¢ 0.0z 0.01 0.1f  -0.4: -0.0¢ 0.1C 0.14 0.01 -0.01 -0.0¢ 0.0¢
AR, 4inc  3.2¢ 2.5t 2.52 6.2¢ 5.5z 5.2¢ 5.5¢€ 6.2t 4.17 3.5¢ 5.2¢ 5.14 5.54 5.5¢ 6.0< 3.3¢ 4.7¢
AN 5.00 4.00 3.00 15.00 1200 11.00 13.00 1500 07.06.00 13.00 10.00 14.00 13.00 16.00 5.00 10.13
DOU03 Ho 0.78 0.59 0.33 0.89 0.88 0.85 0.96 0.85 081 70.60.85 0.96 0.81 0.78 0.93 0.70 0.79
He 0.71 0.58 0.50 0.93 0.88 0.87 0.89 0.93 0.78 00.70.86 0.87 0.88 0.89 0.91 0.64 0.80
Fis -0.11  -0.03 0.34 0.04 0.00 0.02 -0.09 0.08 -0.05 0.05 001 -012 80.00.13 -0.02 -0.10 0.02
AR, 3inc  2.8€ 2.4% 2.5 4.1¢ 4.3¢ 4.4z 4.0¢ 4.5t 3.74 2.9¢ 4.1t 4.3t 5.11 4.1¢ 5.0t 2.94 3.8¢
AN 4.0C 3.0C 3.0C 8.0C 14.0¢ 12.0¢ 12.0C 15.0C 6.0C 5.0C 10.0¢ 8.0C 18.0C 9.0C 14.0¢ 5.0C 9.1t
PEN78 Ho 0.6C 0.4C 0.68 0.67 0.7€ 0.71 0.6¢ 0.8C 0.52 0.7¢ 0.8C 0.8¢ 0.8¢ 0.5¢€ 0.8¢ 0.5z 0.6¢
He 0.6¢ 0.5¢ 0.5¢ 0.8: 0.8t 0.87 0.8: 0.87 0.8C 0.67 0.8: 0.87 0.9t 0.8¢ 0.9: 0.61 0.7¢
Fis 0.11 03z -0.1C 0.21 0.11 0.1¢ 0.1¢ 0.0¢ 03t -014 0.0¢4 -0.01 0.0¢ 0.34 0.0¢ 0.1t 0.1
AR, 4inc  3.4: 2.3¢ 3.1€ 5.3C 4.9¢ 4.2¢ 4.91 5.22 4.7C 3.5¢ 5.2¢ 5.8t 6.0C 5.6¢ 5.5¢ 3.34 4.6(
AN 4.00 3.00 4.00 10.00 9.00 9.00 11.00 13.00 9.006.00 12.00 13.00 15.00 11.00 16.00 5.00 9.38
PENO3 Ho 0.64 0.46 0.73 0.81 0.79 0.83 0.88 0.85 0.85 70.70.92 091 0.83 0.91 0.87 0.74 0.80
He 0.71 0.56 0.69 0.88 0.84 0.77 0.85 0.85 0.83 20.70.86 091 0.91 0.90 0.87 0.63 0.80
Fis 0.10 0.18 -0.06  0.08 007 -0.09 -0.05 0.00 20.0-0.07 -007 -0.01 0.09 -002 001 -0.17 0.00
AR, 3inc  2.7¢ 2.6t 2.7¢ 3.1c 3.8¢ 3.51 3.3¢ 3.8z 3.3¢ 3.17 4.2t 4.1t 4.3t 4.17 3.3z 2.8t 3.4i
AN 4.0C 4.0C 3.0C 4.0C 9.0C 9.0C 10.0C 9.0C 6.0C 6.0 12.0C 7.0C 13.0C 10.0C 6.0C 6.0C 7.3¢
AUL69 Ho 0.7¢C 0.6 0.4C 0.5€ 0.72 0.8t 0.6C 0.9C 0.6C 0.7¢ 0.8: 0.7t 0.8t 0.67 0.6z 0.8C 0.7¢
He 0.6€ 0.62 0.67 0.7¢ 0.81 0.74 0.6¢ 0.8C 0.7¢ 0.6¢ 0.8¢ 0.8t 0.8¢ 0.8¢ 0.7¢ 0.6t 0.7¢
Fis -0.0¢ _ 0.0C 0.41 0.2z 011 -0.1f 0.a: -0.1f 021 -0.01 0.0C 0.14 0.0¢ 0.21 017 -0.2¢ 0.07
AR, 4inc  3.4¢ 2.6z 3.0¢ 5.0C 5.4¢ 4.9t 4.9( 6.0¢ 4.31 3.7¢ 4.8( 5.7z 6.3t 5.3¢ 6.3t 3.2t 4.7z
AN 4.00 3.00 4.00 13.00 1400 13.00 13.00 17.00 09.06.00 12.00 1500 20.00 11.00 19.00 4.00 11.06
AULO3 Ho 0.87 0.39 0.61 0.73 0.93 0.77 0.79 0.94 0.85 40.70.85 0.78 0.79 0.88 0.97 0.76 0.79
He 0.73 0.60 0.66 0.84 0.88 0.81 0.83 0.92 0.80 40.70.82 0.89 0.93 0.87 0.93 0.66 0.81
Fis -0.20 036 0.07 0.13 -0.07 0.05 005 -0.03 -0.07 0.00 -0.04120. 0.15 -0.01 -0.04 -0.15 0.02
AR, 3inc  3.2C 2.2z 3.0¢ 3.67 3.8¢ 4.3t 3.8¢ 4.9¢ 3.84 3.2¢ 3.9¢ 4.4¢ 4.9z 4.2( 4.5z 2.8z 3.8t
AN 5.0C 3.0C 5.0C 5.0C 9.0 10.0¢ 7.0C 15.0C 7.0C 6.0 10.0C 9.0 14.0C 10.0C 8.0C 4.0C 7.9¢
ELO75 Ho 0.82 0.67 0.5C 0.82 0.72 0.7€ 0.7¢ 0.94 0.67 0.7¢ 0.67 0.7t 0.8t 0.7¢ 1.0C 0.67 0.7¢
He 0.71 0.51 0.6¢ 0.7¢ 0.8C 0.87 0.81 0.9z 0.81 0.7¢ 0.81 0.8¢ 0.9z 0.8¢ 0.8¢ 0.61 0.7¢
Fis -0.1€  -0.3z 027  -0.0e  0.1C 0.1z 0.0¢ -0.0¢ 0.1& -0.0e 0.1¢ 0.1¢ 0.1C 0.0¢ -0.1¢ -0.0¢ 0.0¢
AR, 4inc  3.17 2.7¢ 2.8¢ 4.5¢ 5.71 4.6t 5.1C 4.8¢ 4.2C 4.0¢ 4.4z 5.9C 5.37 5.1t 5.2t 3.0¢ 4.44
AN 4.00 4.00 400 11.00 13.00 11.00 12.00 13.00 08.07.00 11.00 1400 18.00 12.00 1500 4.00 10.06
ELOO03 Ho 0.59 0.64 0.67 0.79 0.94 0.85 0.82 0.73 0.78 90.70.73 0.90 0.87 0.80 0.73 0.60 0.76
He 0.67 0.60 0.55 0.80 0.90 0.79 0.85 0.82 0.79 70.70.80 091 0.85 0.85 0.86 0.67 0.78
Fis 0.12 -0.07  -0.22 001 -0.05 -0.07 0.04 0.12 20.0-0.02  0.09 0.01 -0.02 0.06 0.15 0.10 0.02
AR, 3inc  3.3Z 2.6¢€ 2.9¢ 4.4C 4.3¢ 3.7z 4.2t 4.71 3.8¢ 3.1¢ 4.0C 4.2¢ 4.7t 4.3¢ 4.3C 3.04 3.8¢
AN 5.0C 3.0C 4.0C  12.0C 10.0C 12.0¢ 11.0C 16.0C 9.0C 7.0C 13.0C 9.0C 21.0C 14.0C 19.0¢ 4.0 10.5¢
GOYs1l Ho 0.67 0.7¢ 0.6€ 0.8¢ 0.7¢ 0.7¢ 0.8¢ 0.8¢ 0.7¢ 0.7¢ 0.8¢ 0.9C 0.81 0.8¢ 0.8¢ 0.8t 0.8C
He 0.7¢ 0.62 0.67 0.87 0.87 0.7¢ 0.8¢ 0.9¢ 0.81 0.7¢ 0.81 0.8¢ 0.8¢ 0.8¢ 0.8t 0.6¢ 0.8C
Fis 0.11 -0.2¢ 0.0z 0.04 0.1t 0.0C__ -0.0¢ _ 0.0¢ 0.07 -0.0¢ -0.0¢ -0.0¢ 0.0¢ 0.01 -0.0z2 -0.2¢ -0.01
AR, 4inc  3.0¢ 2.8t 3.2t 5.0¢ 4.8C 4.97 5.21 5.57 4.4t 3.3C 5.2¢ 5.37 5.94 5.0t 5.2¢ 3.1t 4.5t
AN 4.00 4.00 5,00 12.00 11.00 10.00 11.00 16.00 08.05.00 1200 11.00 14.00 12.00 14.00 4.00 9.56
GOY03 Ho 0.53 0.65 0.65 0.85 0.85 0.88 0.90 0.76 0.74 20.60.94 0.83 0.83 0.75 0.71 0.67 0.76
He 0.65 0.62 0.68 0.85 0.83 0.83 0.87 0.88 0.81 50.60.87 0.88 0.91 0.85 0.84 0.65 0.79
Fis 0.19 -0.04 0.05 -0.01 -0.02 -0.06 -0.04 0.13 090. 0.06 -0.09 0.05 0.09 0.12 0.17 -0.03 0.04
AR, 3inc 277 2.71 2.6¢€ 3.6z 3.5¢ 2.8t 4.5¢ 4.6( 3.6C 2.7¢ 4.14 3.1¢ 4.6¢ 4.5t 4.1¢ 2.6z 3.5¢
AN 5.0C 3.0C 4.0C 7.0C 7.0C 7.0 12.0C 12.0C 8.0C 50C 10.0C 4.0C 14.0C 10.0C 6.0C 6.0C 7.5C
STE72 Ho 0.6z 0.71 0.6z 0.6C 0.71 0.4t 0.81 0.9t 0.5¢ 0.4¢ 0.8¢ 0.8t 0.9C 0.67 0.3t 0.67 0.67
He 0.6z 0.6¢€ 0.61 0.7¢ 0.7¢ 0.62 0.8¢ 0.8¢ 0.74 0.5¢ 0.8¢ 0.71 0.8¢ 0.8¢ 0.8¢ 0.6C 0.7¢
Fis 0.0C  -0.0¢ -0.0z 0.2¢ 0.0¢ 0.3z 0.0¢ -0.0¢8 0.2t 0.1¢ -0.0¢ -0.1¢ -0.01 0.2¢ 0.6:  -0.1z 0.1C
AR,4inc  3.2¢ 2.7C 3.0¢ 5.5¢ 4.8t 4.8¢ 5.0¢ 5.4¢ 4.6t 3.4t 5.2t 5.2¢ 6.3¢€ 5.5C 6.3¢ 4.11 4.7¢
AN 5.00 4.00 400 10.00 9.00 1200 10.00 11.00 7.004.00 12.00 9.00 13.00 9.00 15.00 6.00 8.75
STEO3 Ho 0.60 0.55 0.50 0.85 0.84 0.95 1.00 0.84 0.80 50.60.90 0.83 0.92 0.92 0.79 0.86 0.80
He 0.68 0.53 0.69 0.89 0.84 0.80 0.86 0.88 0.83 10.70.86 0.87 0.93 0.89 0.92 0.75 0.81
Fis 0.12 -0.04 028 0.05 0.00 -0.20-0.17 0.05 0.04 0.08 -0.05 0.04 001 -004 015 -0.16 10.0
AR, 3inc 3.1 2.2t 2.4% 3.7C 3.44 3.97 4.6( 4.3¢ 3.71 3.37 4.1¢ 4.0C 3.8¢ 4.4: 3.0C 2.6¢€ 3.57
AN 4.0C 3.0C 3.0C 6.0C 5.0C 7.0C 9.0C 9.0C 5.0C 5.0C 8.0C 4.0C 8.0C 8.0C 3.0C 4.0C 5.6¢
JET72 Ho 0.91 0.5¢ 0.4¢ 0.7¢ 0.91 0.91 0.67 0.8z 0.7C 0.7t 0.91 0.67 1.0C 0.5€ 0.3t 0.4¢ 0.71
He 0.7t 0.5¢ 0.6C 0.8C 0.77 0.8z 0.8¢ 0.8¢ 0.81 0.7¢ 0.8¢ 0.8C 0.7¢ 0.8¢ 0.7¢ 0.57 0.7¢
Fis -0.2¢  -0.01 0.2¢ 0.0t -0.2C -0.1z 0.2¢ 0.04 0.14 0.01 -0.0¢ 0.2C -0.2¢ 0.3¢ 0.6C 0.21 0.0¢
AR, 4inc  3.2¢ 2.3t 2.6C 4.8¢ 4.8¢ 4.6¢ 4.9t 5.87 4.3¢ 2.9¢ 4.47 4.5¢ 5.7t 5.22 5.7t 2.91 4.3t
AN 4.00 3.00 3.00 9.00 9.00 9.00 9.00 14.00 8.00 004. 10.00 9.00 14.00 9.00 14.00 4.00 8.25
JETO3 Ho 0.60 0.45 0.55 0.80 0.92 0.85 0.70 0.90 0.80 00.60.75 0.76 1.00 1.00 0.94 0.76 0.77
He 0.67 0.54 0.60 0.83 0.83 0.82 0.86 0.90 0.80 30.60.78 0.80 0.89 0.87 0.88 0.63 0.77
Fis 0.11 0.17 0.08 004 -012 -0.04 0.19 0.00 0.000.05 0.04 0.04 -013 -0.15 -0.07 -0.22 0.00
AR, 3ind  2.8¢ 2.42 2.0¢ 2.7t 3.5¢ 4.0z 4.51 4.1¢ 3.57 3.21 4.1¢ 3.4¢ 4.8¢ 4.1t 3.9¢ 3.01 3.5¢
AN 4.0C 5.0C 3.0C 3.0C 7.0C 9.0C 9.0C 10.0C 7.0C 6.0 12.0C 6.0C 16.0C 12.0C 7.0C 6.0C 7.6%
ODE72 Ho 0.7¢ 0.52 0.32 0.8C 0.74 0.61 0.74 0.8¢ 0.7¢ 0.8¢ 0.7¢ 0.7t 1.0C 0.5¢ 0.5C 0.74 0.71
He 0.67 0.57 0.4z 0.6z 0.7¢ 0.8z 0.8¢ 0.8¢ 0.77 0.7z 0.8z 0.7¢ 0.91 0.8: 0.8C 0.67 0.7¢
Fis -0.1¢  0.0¢ 0.2¢€ -0.3¢  0.0¢ 0.2¢ 017 -0.07 0.0C -0.1¢ 0.1C 0.0t -0.4C 0.31 0.3¢ -0.11 0.0¢
AR, 4inc  3.4¢ 2.71 2.8 5.5t 4.04 5.17 5.2t 5.5¢ 4.84 3.2¢ 4.2¢ 5.9z 5.1€ 5.4¢ 4.91 2.41 4.4:
ODEO3 AN 5.00 4.00 400 11.00 6.00 1200 11.00 11.00 9.06.00 10.00 11.00 10.00 10.00 11.00 3.00 8.31
Ho 0.53 0.58 0.63 0.89 0.68 0.79 0.89 0.94 0.84 70.60.79 0.71 0.93 0.79 0.93 0.71 0.77
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He 0.70 0.60 0.57 0.88 0.78 0.84 0.86 0.89 0.84 20.60.77 091 0.85 0.88 0.80 0.54 0.77
Fis 0.26 0.03 -0.10 -0.02 0.13 0.06 -0.04 -0.06 00.0-008 -0.03 022 -010 011 -0.17 -0.33 -0.01
AR, 3inc  2.7C 2.8t 2.6¢ 4.21 4.11 4.2C 3.6z 4.1¢ 3.8z 3.14 3.9C 4.1t 4.94 4.2t 4.3( 3.24 3.7¢
AN 4.0C 4.0C 4.0C 8.0C 11.0¢ 9.0 10.0C 14.0C 6.0C 6.0C 11.0C 11.0¢ 16.0C 10.0C 18.0C 4.0C 9.1t
AVET77 Ho 0.7¢C 0.64 0.4¢ 0.8t 0.7¢ 0.7€ 0.7¢ 0.8: 0.67 0.7¢ 0.7¢ 0.8¢ 0.8¢ 0.8C 0.8: 0.7t 0.7¢
He 0.6t 0.6¢ 0.61 0.8¢ 0.8t 0.8t 0.7¢ 0.8t 0.81 0.6¢ 0.81 0.84 0.9z 0.8¢ 0.8¢ 0.74 0.7¢
Fis -0.11  0.0¢ 0.2( 0.01 0.0¢ 0.1C 0.07 0.01 0.1& -0.0: 0.0 -0.0¢ 0.0¢ 0.0¢ 0.01 -0.0z _0.0¢
AR, 4inc 3.4z 2.51 3.0¢ 5.4% 4.74 4.6 4.81 5.41 4.6C 3.4¢ 4.21 5.1t 5.71 5.3z 5.1¢ 3.2t 4.4¢
AN 4.00 3.00 400 12.00 11.00 11.00 11.00 15.00 09.07.00 9.00 13.00 17.00 12.00 14.00 4.00 9.75
AVEO3 Ho 0.65 0.56 0.53 0.91 0.76 0.76 0.79 0.85 0.85 50.60.82 0.79 0.76 0.97 0.91 0.82 0.78
He 0.72 0.55 0.66 0.88 0.82 0.78 0.84 0.87 0.82 90.60.77 0.86 0.90 0.87 0.84 0.67 0.78
Fis 0.10 -0.02 020 -0.04 0.07 0.02 0.05 0.02 -0.09.07 -0.08 0.08 015 -012 -0.09 -0.24 0.01
AR, 3inc  3.17 2.8 2.4 4.4¢ 3.8¢ 3.9z 4.2t 4.51 3.5C 3.2¢ 4.04 3.31 5.01 4.0¢ 3.5C 3.7¢ 3.7¢
AN 5.0C 4.0C 3.0C 8.0C 8.0C 10.0C 9.0 11.0C 5.0C 6.0C 10.0C 4.0 16.0C 8.0C 4.0C 6.0C 7.31
ELL68 Ho 0.6% 0.52 0.41 0.5€ 0.7€ 0.4C 0.8¢ 0.8z 0.67 0.5¢ 0.8¢ 0.5C 1.0C 0.5: 1.0C 0.62 0.67
He 0.7z 0.64 0.5¢ 0.87 0.81 0.8C 0.8¢ 0.8¢ 0.7¢ 0.7¢ 0.8z 0.7¢ 0.9z 0.8t 0.7¢ 0.8C 0.7¢
Fis 0.1C 0.1¢ 0.31 0.3¢ 0.0t 0.51 0.01 0.07 0.1t 017 -0.0¢ 03¢ -0.0¢ 03€ -03: 0.2¢ 0.1¢
AR, 4inc  3.41 2.5¢ 2.6 5.4¢ 5.01 4.5C 5.2¢ 5.2¢ 4.57 3.6¢ 4.6¢ 5.2¢ 5.9C 5.11 5.5C 3.1¢ 4.5C
AN 5.00 3.00 400 12.00 1200 11.00 13.00 1500 08.07.00 11.00 13.00 15.00 10.00 14.00 4.00 9.81
ELLO3 Ho 0.84 0.68 0.55 0.78 0.77 0.78 0.85 091 0.88 60.50.79 0.88 0.88 0.88 0.91 0.68 0.79
He 0.70 0.58 0.51 0.87 0.84 0.76 0.87 0.86 0.81 706081 0.87 0.91 0.86 0.87 0.66 0.78
Fis -019 -017 -0.08 0.1 0.09 -0.03 0.02 -0.07 .160 0.16 0.02 -0.02 0.03 -002 -0.05 -0.02 -0.02
AR, 3inc  3.1¢ 2.68 2.7¢ 4.4¢ 4.1t 4.01 3.8t 3.6¢ 3.5¢ 3.0¢ 3.9t 3.8t 4.9¢ 4.4¢ 4.6( 2.9C 3.7¢
AN 5.0C 3.0C 5.0C 12.0C 13.0¢ 15.0C 11.0C 15.0C 7.0C 6.0C 15.0C 12.0¢ 19.0C 16.0C 19.0¢ 4.0C 11.0¢
SCOo77 Ho 0.7C 0.62 0.5: 0.8C 0.9C 0.7¢ 0.71 0.7¢ 0.5¢ 0.6: 0.77 0.6t 0.8¢ 0.8¢ 0.7t 0.64 0.7z
He 0.71 0.62 0.62 0.8¢ 0.84 0.8z 0.8C 0.7¢ 0.7¢ 0.6¢ 0.8C 0.7¢ 0.9z 0.87 0.8¢ 0.6€ 0.7¢
Fis 0.0z 0.01 0.14 0.0¢  -0.0¢ 0.0t 0.1z 0.07 0.2t 0.04 0.0¢ 0.2¢ 0.07 0.02 0.17 0.04 0.0¢
AR, 4inc  3.0¢ 2.6t 2.9t 5.52 4.8t 4.7¢ 5.1¢ 4.9¢ 4.1C 3.4¢ 5.0t 5.1¢ 5.8t 5.1¢ 5.4¢ 3.2z 4.4¢
AN 4.00 4.00 5,00 1400 1200 13.00 15.00 1500 08.06.00 16.00 13.00 19.00 14.00 20.00 5.00 11.44
SCO003 Ho 0.62 0.47 0.66 0.88 0.80 0.83 0.88 0.76 0.77 00.7 0.86 0.87 0.86 0.83 0.91 0.67 0.77
He 0.66 0.57 0.63 0.89 0.84 0.81 0.86 0.84 0.78 80.60.84 0.85 0.90 0.86 0.87 0.66 0.78
Fis 0.06 0.17 -0.04 0.01 0.05 -0.02 -0.03 0.09 0.020.03 -0.02 -0.02 0.04 0.03 -0.04 -0.02 0.02
AR, 3inc  3.0% 2.5¢ 2.91 4.1¢ 3.9z 3.97 4.14 4.4¢ 3.7¢ 2.9¢ 4.0t 3.97 4.94 4.3¢ 4.31 2.7¢ 3.71
AN 4.0C 3.0C 6.0C 11.0C 9.0 11.0C 11.0C 16.0C 9.0C 7.0C 13.0C 13.0C 20.0C 13.0C 20.0¢ 5.0C 10.6¢
BLA77 Ho 0.6¢ 0.5¢ 0.6¢ 0.8t 0.8C 0.8z 0.7¢ 0.8C 0.67 0.6C 0.8¢ 0.7C 0.9z 0.8¢ 0.7¢ 0.6C 0.7¢
He 0.7¢ 0.6z 0.6¢ 0.8¢ 0.8z 0.81 0.8¢ 0.87 0.8C 0.64 0.8: 0.81 0.9z 0.8¢ 0.8¢ 0.62 0.7¢
Fis 0.01 0.1C 0.0¢ 0.0z 0.0z 0.0C 0.17 0.0¢ 0.17 0.0¢6 -0.0¢ 0.1¢4¢ -0.01 -0.0¢ 0.11 0.04 0.0¢
AR,4inc  3.2¢ 2.31 2.7¢ 5.3t 4.9t 4.2t 5.0¢ 5.5¢ 4.6C 3.3¢ 5.3C 4.9¢ 5.8¢ 5.4¢ 5.61 3.2¢ 4.5C
AN 5.00 5.00 400 13.00 1500 13.00 13.00 17.00 08.07.00 17.00 13.00 21.00 15.00 20.00 5.00 11.94
BLAO3 Ho 0.68 0.56 0.52 0.81 0.85 0.73 0.88 0.87 0.84 90.50.92 0.82 0.86 0.83 0.89 0.59 0.77
He 0.68 0.52 0.58 0.87 0.84 0.73 0.85 0.88 0.82 50.60.86 0.85 0.90 0.88 0.88 0.66 0.78
Fis 0.00 -0.08  0.09 007 -0.02 0.00 -0.03 001 20.0010 -0.07 0.04 0.05 0.06 -0.02 0.10 0.02
AR, 3inc  3.0C 1.9¢ 2.2¢ 3.5C 2.8¢ 3.2¢ 3.6¢ 4.5t 3.14 3.37 3.71 3.6z 4.6 3.5¢ 4.5( 2.5z 3.3¢
AN 5.0C 3.0C 4.0C 8.0C 6.0C 8.0C 9.0C 13.0¢ 8.0C 5.0C 10.0¢ 8.0C 13.0C 7.0C 13.0¢ 5.0C 7.81
ALL67 Ho 0.84 0.3¢ 0.52 0.7¢ 0.71 0.84 0.8¢ 0.8z 0.64 0.71 0.8¢ 0.6z 0.9C 0.61 0.77 0.6t 0.71
He 0.6¢ 0.3¢ 0.4¢ 0.7¢ 0.6C 0.7z 0.7¢ 0.8¢ 0.6¢€ 0.7¢ 0.7¢ 0.7¢ 0.8¢ 0.7¢ 0.8¢ 0.57 0.71
Fis -02¢ -0.0i -0.1C 0.07 -0.4¢ -0.1€ -0.06 0.0¢ 0.04 0.0¢ -0.0€  0.1¢ 0.0C 0.1¢ 0.1z -0.1C  -0.01
AR, 4inc  3.5C 2.0¢ 2.68 4.3z 4.3¢ 4.37 3.8¢ 4.9t 3.3t 3.37 4.2¢ 4.4C 5.2z 4.3¢ 5.3t 3.71 4.01
AN 5.00 3.00 4.00 8.00 9.00 9.00 8.00 11.00 5.00 007. 11.00 9.00 13.00 9.00 10.00 5.00 7.88
ALLO3 Ho 0.62 0.31 0.60 0.83 0.85 0.86 0.83 0.89 0.66 00.60.74 0.71 0.81 0.74 0.90 0.84 0.74
He 0.71 0.35 0.51 0.81 0.78 0.79 0.76 0.85 0.67 80.60.76 0.81 0.85 0.78 0.88 0.74 0.73
Fis 0.13 011 -0.19 -0.03 -0.10 -0.09 -0.09 -0.05.010 0.12 0.02 0.12 0.06 0.05 -0.03 -0.14 -0.01
AR, 4inc  3.6% 2.51 3.2¢ 5.11 4.84 5.04 4.9t 5.97 3.9z 4.1¢ 5.9t 4.4¢ 5.07 5.2t 6.0t 3.0¢ 4.5¢
AN 4.0C 5.0C 6.0C 10.0¢ 13.0¢ 13.0C 11.0C 14.0C 7.0 10.0C 16.0¢ 8.0C 13.0C 10.0C 14.0C 5.0C 9.9¢
GARO03 Ho 0.8C 0.42 0.6¢ 0.82 0.82 0.87 0.9C 0.9: 0.8¢ 0.7z 0.9: 0.81 0.81 0.9C 0.81 0.81 0.81
He 0.7¢ 0.57 0.64 0.87 0.81 0.8t 0.8¢ 0.91 0.7t 0.77 0.91 0.81 0.8t 0.8¢ 0.91 0.5¢ 0.7¢
Fis -0.0¢ 0.2t -0.0: 0.0¢ -0.02 -0.0:¢ -0.07 -0.0z -0.1¢ 0.0e -0.0¢ 0.0C -0.08 01z -0.37 -0.0z
AR, 4inc  3.7C 2.7t 2.6z 5.1¢ 4.3¢ 4.71 5.87 5.4% 3.94 3.0¢ 5.8t 5.2¢ 4.97 5.8¢ 3.5z 4.57
AN 4.00 4.00 4.00 9.00 9.00 9.00 11.00 10.00 6.00.006 11.00 10.00 13.00 7.00 11.00 4.00 8.00
DORO03 Ho 0.80 0.60 0.47 0.87 0.73 0.80 0.93 0.93 0.80 70.60.87 1.00 1.00 0.92 1.00 0.83 0.83
He 0.77 0.60 0.45 0.86 0.73 0.83 091 0.88 0.75 30.60.90 0.87 0.92 0.86 0.91 0.73 0.79
Fis -0.04 001 -0.04 0.00 0.00 0.03 -0.03 -0.07 0%0. -0.06 0.04 -0.16 -0.10 -0.08 -0.11 -0.15 -0.05
AR, 3inc 294 2.8t 3.4z 4.0¢ 4.47 4.1z 3.7¢ 4.5( 2.6¢€ 3.67 4.4¢ 3.9¢ 4.5C 4.5¢ 4.91 3.31 3.8¢
AN 4.0C 5.0C 6.0C 9.0C 9.0C 9.0C 7.0C 13.0C 6.0C 6.0C 10.0C 10.0C 14.0C 12.0C 13.0C 6.0C 8.6¢
GAvV84 Ho 0.72 0.6C 0.8C 0.84 0.92 0.92 0.6¢ 0.6¢ 0.5z 0.7¢ 0.8¢ 0.7t 0.7¢ 0.9z 0.9¢ 0.8C 0.7¢
He 0.6¢ 0.62 0.7t 0.81 0.8¢ 0.84 0.7¢ 0.87 0.54 0.7¢ 0.8¢ 0.8C 0.8¢ 0.8¢ 0.9z 0.7z 0.7¢
Fis -0.0¢6 0.0¢ -0.1C -0.0¢ -0.0¢ -0.1C 0.1¢ 0.2t 0.04 0.04 0.0¢ 0.07 0.1t -0.0¢ -0.0c -0.1z 0.01
AR, 4inc 3.2t 2.8t 3.5¢ 5.31 5.6C 5.0¢ 4.8: 6.1t 3.41 3.9¢ 5.8C 6.2¢€ 6.0¢ 5.9¢ 6.3¢ 3.1€ 4.8¢
AN 4.00 6.00 6.00 10.00 13.00 12.00 10.00 16.00 08.06.00 1500 13.00 21.00 15.00 18.00 6.00 11.19
GAV03 Ho 0.83 0.52 0.62 0.90 0.86 0.86 0.72 0.83 0.62 90.50.93 0.93 0.79 0.93 0.62 0.62 0.76
He 0.68 0.62 0.69 0.87 0.89 0.84 0.83 0.92 0.62 80.70.90 0.93 0.91 0.91 0.93 0.60 0.81
Fis -0.23  0.16 011 -0.03 0.03 -0.02 0.14 0.10 0.00.25 -0.03 -0.01 0.13 -0.02 034 -0.03 0.06
AR, 3inc 2.7z 1.9C 3.4¢ 3.3z 4.2¢ 2.9t 3.9z 4.1¢€ 3.21 3.2¢ 4.0z 3.07 3.41 4.0C 4.07 217 3.31
AN 4.0C 2.0C 5.0C 7.0C 8.0C 6.0C 7.0C 10.0C 6.0C 6.0C 9.0C 8.0C 7.0C 9.0C 14.0C 4.0C 7.0C
NIE84 Ho 0.6¢ 0.3¢ 0.9z 0.82 0.8¢ 0.6¢ 0.81 0.8¢ 0.8t 0.7¢ 0.9z 0.62 0.7¢ 0.8C 0.7¢ 0.4z 0.7¢
He 0.64 0.4: 0.7¢ 0.7t 0.8¢ 0.61 0.81 0.8¢ 0.7z 0.7z 0.8t 0.6€ 0.7¢ 0.8t 0.8C 0.47 0.71
Fis -0.0¢  0.1€¢ -02z -0.1¢ -0.0¢ -01: 001 -001 -0.1¢ -0.01 -0.1z 0.0t -0.06 0.0¢ 0.0¢ 0.0¢  -0.0¢
AR, 4inc 3.3 2.0C 4.07 3.9¢ 4.7z 3.7¢ 5.37 5.6¢€ 3.6% 4.51 5.3z 4.2¢ 3.7C 5.0¢ 5.2z 2.67 4.21
AN 4.00 2.00 5.00 6.00 6.00 5.00 7.00 8.00 4.00 06.0 7.00 5.00 5.00 7.00 7.00 3.00 5.44
NIEO3 Ho 0.88 0.50 0.63 0.75 0.88 0.75 0.88 0.88 0.63 00.50.88 0.71 0.86 1.00 0.71 0.29 0.73
He 0.69 0.50 0.77 0.74 0.85 0.74 0.89 0.90 0.76 20.80.88 0.81 0.70 0.85 0.86 0.48 0.76
Fis -0.29  0.00 020 -0.01 -0.03 -0.01 0.02 0.03 90.1 0.40 0.00 0.13  -0.24 -0.20 0.18 0.43 0.05
AR, 3inc  3.0C 2.2t 3.0¢ 4.2¢ 4.2z 4.4z 4.3¢€ 4.37 3.44 3.7C 4.4C 4.0¢€ 4.7¢ 4.8( 4.3¢ 2.81 3.8¢
AN 4.0C 3.0C 5.0C 8.0C 12.0C 16.0¢ 14.0C 16.0C 7.0C 7.0C 11.0C 11.0¢ 18.0C 13.0C 9.0C 6.0C  10.0¢
NIL8O Ho 0.6¢ 0.4z 0.77 0.9t 0.77 0.7z 0.7¢ 0.8¢ 0.6% 0.81 0.7t 0.7z 0.81 0.7¢ 0.71 0.5¢ 0.7t
He 0.6¢ 0.5z 0.7¢ 0.8¢ 0.8t 0.87 0.8¢ 0.8¢ 0.7z 0.7¢ 0.87 0.81 0.9C 0.9¢ 0.8¢ 0.6C 0.7¢
Fis 0.04 0.1¢ -0.1C -0.1z 0.0¢ 0.17 01z -0.0¢ 0.0¢ -0.0z 0.1¢ 0.11 0.1C 0.1€ 0.17 0.07 0.0¢
AR, 4inc  3.6% 247 3.1t 5.6¢€ 5.14 4.9¢ 3.5¢ 4.6¢ 3.5¢ 3.61 5.6z 5.0C 6.4C 5.37 6.0< 3.61 4.5t
AN 5.0C 4.0C 5.0C 10.0¢ 8.0C 7.0C 6.0C 9.0C 7.0C 4.0C 120C 8.0C 14.0C 9.0 11.0C 4.0C 7.6¢
NILO3 Ho 0.5¢ 0.6¢ 0.6¢ 0.8¢ 0.7¢ 0.8z 0.7¢ 0.8¢ 0.6¢ 0.8¢ 0.94 0.9z 0.6¢ 0.9z 0.7¢ 0.9z 0.7¢
He 0.7t 0.57 0.6: 0.9C 0.87 0.8¢ 0.71 0.81 0.61 0.7¢ 0.8¢ 0.8t 0.9t 0.8¢ 0.9z 0.74 0.7¢
Fis 02C -0.1¢ -0.0¢ 0.02 0.1z 0.0¢ -0.0¢ -0.0¢ -0.07 -0.1¢ -0.06 -00¢ 027 -0.06 0.1¢ -0.2¢ -0.01
AN 9.0 17.0C 6.0C 28.0¢ 23.0¢ 26.0C 27.0C 30.0C 13.0¢ 12.0C 31.0C 31.0C 36.0C 26.0C 44.0C 13.0(
All pop Ho 0.6¢ 0.5z 0.5¢ 0.81 0.8C 0.77 0.81 0.87 0.7t 0.6¢ 0.8z 0.8C 0.8¢€ 0.81 0.8C 0.6¢
He 0.6¢ 0.5¢ 0.5¢ 0.8¢ 0.8t 0.8z 0.8¢ 0.8¢ 0.77 0.7¢ 0.8¢ 0.84 0.8¢ 0.8¢ 0.87 0.6¢
Fis 0.01 0.02 0.07 0.04 0.0t 0.0¢ 0.04 0.0z 0.0¢ 0.0z 0.0z 0.0t 0.04 0.0¢ 0.0¢  -0.0¢
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Table S2: Matrix of pairwisedr

[=} ™ ™ © ™ ™ 1) o a2} [} ™ o © ) ~ 2] ~ ™ N ® ~ ) ~ ™ ] oo} [ ™
S £ 5 £ ¢ §F 2§ 3 £ ¢ s £ % 8 8 2 Z 8 5 & § 8 3 8 & @
8 [S) < ) ) % > 0 9 [e) > n 2 2] n ] ] ] O O [ = 4 4 A la) o o
CANO3  0.05
AUTO3 0.05 0.01
BREG68 0.00 0.04 0.03
BREO3 0.06 0.02 0.01 0.05
AROO03 0.07 0.03 0.01 0.06 0.00
VALO3 0.02 0.01 0.02 0.01 0.04 0.03
SEIO3 0.00 0.06 0.05 0.02 0.08 0.09 0.02
TOUO03 0.00 001 002 -001 004 004 -0.01 0.00
ORNO3 0.01 0.05 0.06 0.01 0.07 0.08 0.03 0.01 0.00
VIRO3 0.01 0.06 0.06 0.02 0.08 0.09 0.03 0.00 0.01 0.00
SAIO3 0.02 0.08 0.06 0.03 0.09 0.10 0.05 -0.01 0.02 0.010 0.00
SIE86 0.05 0.09 0.09 0.06 0.11 0.12 0.08 0.04 0.04 0.03 0.02 0.03
SIEO3 0.03 0.06 0.07 0.03 0.08 0.09 0.04 0.02 0.02 0.00 0.00 0.01 o0.01
SEE77 0.05 0.09 0.09 0.06 0.11 0.12 0.07 0.04 0.04 002 0.02 0.02 000 0.01
SEEO3 0.04 0.08 0.08 0.05 0.10 0.10 0.06 0.02 0.03 0.02 001 0.01 0.00 0.00 0.00
SEL77 0.05 0.08 0.08 0.05 0.10 0.11 0.06 0.04 0.04 002 001 002 000 001 0.00 o0.00
SELO3 0.03 0.06 0.07 0.03 0.08 0.08 0.04 0.02 0.02 001 001 001 001 0.00 001 0.00 0.0
COu82 0.04 0.07 0.07 0.04 0.10 0.10 0.05 0.02 0.02 002 001 001 001 001 001 000 0.00 0.00
COuU03 0.03 0.06 0.07 0.04 0.08 0.09 0.05 0.03 002 001 002 002 003 001 003 0.02 0.03 0.02 0.03
TRI77 0.03 0.08 0.08 0.04 0.10 0.10 0.06 0.04 0.03 0.03 004 004 006 0.04 007 006 006 004 005 0.02
TRIO3 0.02 0.07 0.06 0.04 0.08 0.09 0.05 0.02 003 002 002 002 005 003 004 003 004 002 003 001 0.03
LEG77 0.03 0.06 0.06 0.04 0.08 0.09 0.05 0.02 0.03 0.04 004 003 006 004 006 004 006 004 004 002 002 0.021
LEGO03 0.02 0.07 0.06 0.03 0.09 0.09 0.05 0.02 002 002 001 002 004 002 004 003 004 003 003 001 002 0.00 0.01
DOuU82 0.03 0.07 0.06 0.04 0.08 0.09 0.06 0.03 003 002 003 003 005 003 005 004 005 003 004 002 002 001 0.02 0.01
DOUO3 0.03 0.07 0.06 0.04 0.09 0.09 0.05 0.03 0.03 0.02 003 002 006 003 005 004 005 003 003 002 002 001 002 001 0.02
PEN78 0.03 0.08 0.06 0.04 0.09 0.09 0.06 0.02 002 002 002 002 005 002 005 003 005 002 003 001 001 001 0.02 0.00 0.01 o0.00
PENO3 0.03 0.08 0.08 0.04 0.09 0.09 0.06 0.03 0.03 0.03 003 003 006 004 006 005 006 004 005 002 002 000 002 001 001 001 o001
ELO75 0.06 0.11 0.10 0.06 0.13 0.14 0.10 0.07 006 005 005 006 007 005 0.07 006 0.07 006 006 004 004 003 004 003 004 005 0.04 0.03
ELOO03 0.03 0.06 0.06 0.04 0.07 0.08 0.05 0.02 0.02 002 002 003 005 003 005 004 005 003 004 001 001 o000 001 o000 001 001 o0.00 o0.00
AULGB9 0.03 0.08 0.07 0.04 0.09 0.09 0.06 0.01 0.03 0.03 002 002 006 003 006 004 006 003 005 002 002 001 002 001 002 002 001 o0.01
AULO3 0.04 0.08 0.08 0.06 0.10 0.10 0.07 0.04 0.04 004 004 004 007 005 0.07 006 0.07 004 005 003 002 002 002 002 003 002 001 001
GOY81 0.03 0.07 0.06 0.04 0.08 0.08 0.06 0.03 0.03 0.03 004 004 007 004 006 005 006 004 005 002 002 002 002 002 002 001 002 o0.01
GOY03 0.03 0.07 0.07 0.04 0.09 0.10 0.06 0.03 003 002 003 003 006 003 005 004 005 003 004 001 o001 001 001 000 001 0.01 0.00 0.00
STE72 0.06 0.08 0.07 0.07 0.09 0.10 0.08 0.07 0.05 0.05 0.07 006 009 006 008 008 009 006 007 004 004 004 003 003 004 002 0.03 0.02
STEO3 0.03 0.07 0.06 0.04 0.09 0.09 0.06 0.03 003 002 003 003 005 003 006 005 005 004 005 001 002 001 001 000 001 0.01 0.01 0.00
JET72 0.04 0.09 0.08 0.04 0.09 0.10 0.06 0.03 0.04 003 003 003 007 004 006 005 006 004 005 002 002 001 002 002 002 002 0.01 0.00
JETO3 0.04 0.08 0.08 0.05 0.09 0.10 0.07 0.03 0.03 003 003 003 005 003 005 004 005 003 004 001 002 001 001 001 002 001 001 o0.01
ODE72 0.04 0.10 0.09 0.06 0.10 0.10 0.07 0.04 0.04 004 005 004 008 005 0.07 006 008 005 006 004 003 002 003 002 004 002 0.02 001
ODEO3 0.04 0.08 0.07 0.05 0.09 0.09 0.06 0.03 0.04 0.04 004 003 007 004 007 005 006 004 004 002 003 001 001 002 003 001 001 o0.00
AVET77 0.04 0.08 0.08 0.05 0.10 0.10 0.07 0.04 003 003 004 004 006 004 006 005 006 004 004 003 002 002 002 001 003 002 0.01 001
AVEO03 0.04 0.08 0.07 0.05 0.08 0.09 0.07 0.04 0.03 0.03 004 003 007 004 006 005 006 004 005 002 002 001 002 001 002 001 o001 o0.00
ELL68 0.04 0.07 0.06 0.05 0.08 0.08 0.06 0.03 0.03 0.03 004 004 007 004 006 005 006 004 005 002 002 002 002 002 003 002 002 0.02
ELLO3 0.04 0.07 0.05 0.05 0.07 0.07 0.07 0.04 0.04 003 004 003 007 004 006 005 007 004 005 003 002 002 002 002 002 001 0.01 001
SCO77 0.04 0.08 0.07 0.05 0.09 0.09 0.06 0.04 0.03 0.04 0.04 004 007 004 007 006 007 004 005 002 003 002 002 002 003 002 001 o0.01
SCO03 0.04 0.08 0.07 0.05 0.08 0.09 0.06 0.04 003 003 004 004 006 003 006 005 006 004 005 002 002 002 002 001 002 002 001 001
BLA77 0.04 0.08 0.08 0.05 0.09 0.09 0.06 0.04 0.04 0.03 004 004 007 004 006 005 006 004 005 002 002 002 002 002 003 002 001 o0.01
BLAO3 0.04 0.07 0.06 0.04 0.07 0.08 0.06 0.04 003 003 004 003 006 004 006 005 006 003 005 002 002 002 002 001 002 001 0.01 0.00
ALL67 0.11 0.17 0.18 0.12 0.19 0.18 0.14 0.10 011 010 010 014 015 o011 013 0212 013 012 013 010 013 0112 0212 0212 021 0422 0412 012
ALLO3 0.09 0.14 0.16 0.10 0.17 0.17 0.12 0.08 0.09 008 009 012 013 0.09 012 0212 0.2 020 0212 009 0212 009 0112 0120 009 010 011 o0.20
DOR0O3 0.03 0.09 0.09 0.03 0.11 o0.11 0.06 0.03 003 003 002 005 007 004 006 006 006 005 007 004 006 004 006 004 004 005 0.05 0.05
GARO3 0.04 010 011 0.05 0.13 0.13 0.07 0.04 0.04 0.04 004 008 009 005 007 007 007 006 007 005 008 005 007 006 005 007 0.06 0.06
ADO84 0.05 0.11 0.11 0.05 0.13 0.14 0.08 0.07 005 005 004 008 010 0.07 009 0.09 0.08 0.07 009 007 007 007 009 0.07 0.07 0.08 0.08 0.08
ADOO03 0.04 0.10 0.09 0.04 0.11 0.11 0.05 0.05 0.04 003 002 005 008 005 007 007 006 005 007 005 007 005 007 005 006 006 0.06 0.05
NIEB4 0.09 0.15 0.5 0.08 0.17 0.18 0.14 0.10 0.08 0.08 0.07 010 0.12 009 0112 0212 0.2 0.0 0212 0.0 022 010 012 020 010 010 010 011
NIEO3 0.05 0.12 o0.10 0.05 0.13 0.14 0.08 0.05 005 005 004 006 010 0.07 0.09 0.08 0.08 0.07 008 007 008 006 008 0.07 0.07 0.07 0.06 0.06
NIL80 0.04 0.11 0.0 0.05 0.12 0.13 0.07 0.05 0.04 004 003 006 009 006 008 008 008 007 008 006 007 006 007 006 006 006 0.06 0.06
NILO3 0.04 0.11 o0.10 0.04 0.13 0.14 0.07 0.05 004 004 003 006 009 005 008 008 007 006 008 005 007 005 007 005 005 0.06 0.05 0.05
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Table S2. Continued.

- [s2] N (a2} N~ (a2} [0 (a2} < a2
2 a3 3 8 © o N ] S 3 ~ =] N 8 3 8 ~ =] X 3 s 8 S =] o =] 3 3 &
o o) pa par > > m w [ = L L w w = par o (e} < < par par o o o O w w ]
pr} — 2 2 O O = = L L [a] [a] > > —l —l (@] (@] - — - - o << [a] [a) = = =
] ] < < %) 1) n n ) ) [e) ) < < w w ) %) o o < < a o) < < z z z
ELO0O3 0.03

AUL69 0.05 0.01
AULO3 0.04 0.01 0.01
GOY81 0.03 0.00 0.01 0.01

GOY03 0.02 0.00 0.00 0.01 0.00

STE72 0.05 0.01 0.03 0.02 0.02 0.01

STEO3 0.03 0.00 001 0.02 0.01 0.00 0.02

JET72 0.03 0.00 001 0.01 0.01 0.01 0.02 0.02

JETO3 0.04 0.00 0.01 001 001 0.00 0.02 0.00 0.00

ODE72 0.06 0.01 0.01 001 0.02 0.00 0.01 0.02 001 0.01

ODEO3 0.04 0.00 0.01 001 0.00 0.00 0.01 0.01 0.00 0.00 0.00

AVE77 0.04 0.01 001 001 001 0.01 0.03 002 0.03 0.02 002 0.01

AVEO3 0.04 000 0.01 0.01 000 0.00 001 0.00 0.01 000 0.01 0.00 0.01

ELL68 0.04 0.01 0.01 0.01 0.00 0.00 001 0.01 0.01 000 000 0.01 0.02 0.01

ELLO3 0.04 0.01 0.01 001 0.00 000 0.01 001 001 0.01 001 000 0.01 0.00 0.01

SCO77 0.04 0.01 001 0.02 0.01 0.01 0.03 0.02 002 002 002 0.01 001 001 0.02 0.01

SCO03 0.04 001 001 0.01 0.00 000 0.01 0.01 001 000 0.01 0.00 001 0.00 0.01 0.00 0.01

BLA77 0.03 0.01 001 0.01 0.00 000 0.02 001 001 001 001 0.00 001 0.00 0.01 000 0.00 0.00

BLAO3 0.04 001 0.01 0.01 000 000 0.01 0.00 001 0.00 0.00 0.00 002 0.00 001 000 0.01 0.00 0.00

ALL67 015 0.11 012 0.13 0.12 012 016 013 013 0.11 014 013 013 013 012 0413 013 0.13 012 0.13

ALLO3 0.13 0.09 0.1 0.11 0.11 0.0 0.14 012 011 0.0 013 0.12 011 0211 010 011 012 011 011 012 0.01

DORO3 0.07 0.04 0.05 007 0.06 005 0.09 005 006 0.06 007 007 006 006 006 0.07 007 0.06 006 0.06 0.06 0.06

GAR03 0.08 0.06 0.06 008 0.06 0.06 011 0.07 007 0.06 0.09 008 0.07 007 006 0.08 007 0.07 007 0.08 0.03 003 0.01

ADO84 0.08 0.07 0.08 0.09 0.08 007 010 0.07 009 0.09 0.10 009 0.08 0.08 008 009 0.09 0.08 008 0.08 012 0.11 0.04 0.06

ADOO3 0.07 0.05 0.06 0.07 006 006 0.09 006 006 0.07 007 0.07 007 006 0.07 007 0.07 007 007 006 012 010 0.03 005 0.01

NIEB4 0.10 0.10 0.10 0.2 0.11 0.10 0.14 0211 012 012 012 013 011 011 022 012 012 011 011 012 014 0.14 005 010 0.05 0.06
NIEO3 0.08 0.06 0.06 0.08 0.07 006 0.09 007 0.07 008 008 0.08 008 007 008 008 0.08 008 007 007 014 012 0.03 008 0.03 003 0.01
NIL8O 0.07 0.05 0.07 0.08 0.07 0.06 0.10 0.07 0.07 0.08 0.09 008 0.07 007 008 0.08 0.08 008 008 0.08 011 009 0.03 0.06 002 001 0.04 0.03
NILO3 _0.07 0.05 0.06 0.07 0.06 0.05 0.10 005 0.06 0.07 0.08 0.08 0.07 0.06 007 0.08 0.07 0.07 0.07 0.07 0.12 0.10 0.03 0.05 0.03 0.02 0.06 0.04 0.01
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Table 2: Results from admixture analysis carried Considering the 23 populations

out using Structure for k=9. Values correspondisgmpled for the two periods, we found a
to the native clusters were highlighted in grey and ic diff L
values corresponding to the clusters used forOWer genetic  differentiation  among

stocking before sampling were underlined. recent samples {F= 0.034, pairwise &

from 0.00 to 0.16) than among old ones

g g .38 >
§ =285 35 & < < (Fsr = 0.058, pairwise & from -0.01 to
Scotland FOR80 = 0.84 002 0.02 008 0.02 0.02 0_17) (Fig 2, table 32)_ Among the 14

CANO3 012 082 001 0.04 001 o0.01

Upper- ~ AUT03 012 1070 001 007 001 010  populations from Brittany, &£ was 0.023
BREG68 0.45 0.29 0.02 0.05 0.04 0.15

Normandy
BREO3 006 087 001 003 001 003  (from -0.003 to 0.057) and 0.007 (from -
ARQO3 0.01 0.94 0.01 0.03 0.01 0.01
VALO3 0.57 0.39 0.01 0.02 0.01 0.01
~m0s o0 o0t B oo 05 o0 0.002 to 0.023) for old and recent
TOUO03 0.41 0.27 0.11 0.08 0.02 0.11 .
ORNO3 0.27 0.04 034 0.8 0.04 013 samples, respectlvely.
VIRO3 0.20 0.02 0.46 0.11 0.01 0.20
SAI03 019 001 Ny 019 001 002 Analyses of Molecular Variance
Lower- SIE86  0.02 002 088 007 001 0.02

Normandy SIS 011 002 1062 0171 002 006  revealed a higher proportion of genetic
SEE77 004 001 | 088 005 0.01 0.02

SEEO03 0.01 0.01 0.84 0.11 0.01 0.02 H H H H

242 varian mong and within gr in ol
SEL77 0.03 0.01 0.87 0.06 0.01 0.01 arlance amo g a d g OUpS 0 d
SELO3 0.07 0.01 0.68 0.20 0.01 0.03
Ccous2 0.05 0.01 0.77 0.15 0.01 0.01

COuU0O3 0.05 0.04 034 050 0.02 0.05 .
T 01 00s 005 02 oo oos  than in recent ones (4.99% and 0.68%).

samples (6.85% and 1.53%, respectively)

TRIO3 003 011 073 002 002 .
LEG77 002 o002 086 o002 003 IN mMostcases we observed a reduction in
LEGO3 003 005 079 001 002 ) . . . .

DOUS?2 001 003 088 003 002 pOpulatlon differentiation with time,
DOU03 002 005 085 001 001 )

PEN78 002 003 081 o001 003 except for the Bresle population whose
PENO3 001 002 091 001 001 _ o ) )

AUL69 001 002 081 002 004 differentiation with other locations
AULO3 001 001 091 001 002 _ _ _

ELO75 001 o002 o084 oo01 oo increased (Fig. 2). In particular, Bresle

ELOO03 0.02 0.04 081 0.03 0.02

, GOYs1 001 002 086 001 001 was more differentiated from the Scottish
Brittany GOY03 0.02 0.01 0.86 0.03 0.03

0.12
0.08
0.06
0.10
0.04
0.06
0.11
0.04
0.11
0.04
0.07
0.08
0.09
0.05
STE72 ggj 002 001 091 001 003 ggmple recently = 0.058) than in the
0.02
0.03
0.03
0.04
0.02
0.03
0.07
0.03
0.03
0.04
0.04
0.06
0.01
0.01

STEO3 0.04 0.03 0.83 0.01 0.02

JETO3 0.01 0.02 0.91 0.02 0.01

ODE72 002 001 708925 001 002 nanylations, especially Sienne and
ODEO3 0.01 0.03 0.89 0.01 0.02

AVE77 0.02 0.02 0.91 0.01 0.02 -

AVEO3 0oz o0l N oo o00s Couesnon, were especially less
ELL68 0.04 0.02 0.83 0.03 0.01 . . .

ELLO3 00z oo. N ooz oo1 differentiated from Brittany samples
SCO77 0.01 0.02 0.91 0.01 0.01

oo1 ool R oo ool recently than historically.
0.01 0.01 0.92 0.01 0.01

0.01 004 pggy 001 002 Average within river temporal sk

SCO03
BLA77
BLAO3

Allier ALL67 0.01 0.01 0.03 095 0.01
ALLO3 0.01 0.01 0.04 0.93 0.01
DR300 003 00z 008 035 042 was 0.13 and ranged from 0.00 to 0.46

GARO3 0.18 0.02 0.03 009 057 0.12
GAV84 .07 0.02 001 004 0.01 0.85
GAV03 .15 0.04 0.04 0.09 0.01 0.69 . .
Adour  NEss o001 001 o001 003 ool o09a Detween the two sampling periods (26

NIEO3 001 001 001 006 001 091 _
NIL8O 16 005 003 007 003 067 years on average, range: 17 to 34),

NILO3 10 001 003 012 0.05 0.70

(Fig. 3). When corrected by the time

average temporal sF was 4.9E-04 and
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0.20 ranged from 1.5E-06 to 1.4E-03.
0,18 -
Temporal Er  were
0161 , '. variable among rivers. High
0147 .. temporal differentiations were
-g 012 1 . :'-":" e ) detected in Bresle, Couesnon,
% 0,10 ) .. ’ and Trieux rivers. Notable
B 008 ..:;:3:'. ,-".'.:: . ' changes were also observed in
0,06 1 ..: ;?5.:5‘.."'-’ "o, the Sienne, Douron, Aulne, Steir,
0,04 ‘...'_-‘ A ' and Nivelle populations. In
0,02 ‘33 contrast, we did not observe
0.00 3’ e consistent changes in other

0,00 0,02 0,04 0,06 0,08 0,20 0,12 0,14 0,16 0,18 0,20 populations.

Fst Recent

. . . L We found a significant
Figure 2: Relationship between historical and recen

pairwise genetic differentiation among 23 Atlantic  pattern of isolation by distance
salmon populations. Empty symbols indicate pairs (IBD) among populations for

including the Bresle population.
both old and recent samples

(Figure 4). IBD was stronger in recent samples timaald ones (correlation coefficients of
0.62 and 0.53 respectively, p<0.0001). When exodld Bresle samples we found a
stronger IBD: r = 0.61, p<0.0001 (instead of 0.8 also detected a significant IBD among

Brittany samples, which was also lower in old coregao recent samples (Figure 4).

Discussion

Our main objective was to compare the genetic gtracamong old and recent samples from
the main Atlantic salmon populations from Francee Wcused on the effects of stocking
practices on this evolution. Our results show thatgeneral pattern of genetic structure has
been relatively stable over the period studied. e\mv, we found a lower differentiation
among recent samples than among old ones, andlaadmixture rates between hatchery
and wild populations in both ancient and recent gam Non-target populations also
appeared to be affected by stocking practicashe dispersal of stocked fish. While stocking
with non-local individuals had significant impactsn the genetic structure of wild

populations, our results suggest that such imgaetsot long-lasting.
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Figure 3: Temporal differentiation in each popuatiks; between the two cohorts

sampled is presented as well asdtvided by the number of years between two

cohorts. Asterisks indicate significant values andhbers in brackets indicate the
number of years between the cohorts sampled.

According to Perrier et al (unpublished data) aBdahdjeanet al. 2009), Frencls.
salar populations cluster into five geographically disti groups. We observed a higher
proportion of genetic variance among these fivaigsothan among populations within these
groups, supporting the existence of a hierarchygealetic structure for both old and recent
periods (Dionneet al. 2008; Tonteriet al. 2009). We also detected a significant isolation by
distance among Atlantic salmon populations from afdl recent periods. This finding is
consistent with previous observations across theciep range (McConnekt al. 1997;
Verspooret al. 1999; Kinget al. 2001; Grandjeart al. 2009). While the general pattern of
genetic structure was stable over time, we shoowe differentiation among recent samples
than among old ones, both among and within grolippscontrast, we found a stronger
isolation by distance among recent samples thamgrotdl ones. These changes in genetic

structure seem to result primarily from stockinggtices.

Native hatchery-reared fish generally have a logemetic diversity than their wild
conspecifics, hence a potential decline of diversitstocked populations (Verspoor 1988a;
Aho et al. 2006; Horreoet al. 2008). However, we did not observe such a dedtinrecent
samples from Elorn, Allier, and Gave d’Oloron patigns that have been stocked using such
native hatchery-reared fish. We found relativelw lallelic richness and heterozygosity in
recent and old samples of the Allier populatiomdeebefore and after/during native stocking.

This result may be due to the geographic isoladibthis population linked to probable local
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Figure 4: Isolation by distance among study poputatat different time periods: old
samples (a), recent samples (b), old samples frottaBy (c) and recent samples from
Brittany (d). Correlation coefficients and resutsm Mantel tests are given for each dataset
and empty symbols indicate pairs with the Bresleutetion.

adaptation, an hypothesis mainly supported by figa differentiation, low admixture by
other clusters and extremely large proportion oftrsga-winter fish in the Allier population

(Perrier et al., in prep).

As suggested in many studies, stocking with noalldish can be associated to
variable but relatively high admixtures and modifions of genetic differentiation among
stocks (Campoet al. 2008; Finnegan & Stevens 2008); Perrier et al,ubhghed data).
Sélune and Couesnon populations were highly stoek#d fish originating from genitors
caught in Aulne and Gave d'Oloron and were thusnsfily admixed by Brittany and Adour
clusters. Similarly, in old samples from Bresle Jdaiand Nivelle and in recent samples from
Orne and Vire we found high admixtures with clustef Scotland or/and Adour used in
stocking programs. Dordogne and Garonne populati@usgone through extinction before
being stocked using genitors from Scotland, Alli@nd Gave d'Oloron. Accordingly, we
found high admixture rates from these sources wtente samples from Dordogne and
Garonne, while no specific cluster to these twouytagons was detected.

Non-target populations may also be impacted bykstgcoperations in neighbouring

populations. While native stocking may not have anaffects on the genetic structure of
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stocked populations, it could influence the genstitcture among populations of a larger
areavia the dispersal of hatchery fish that is usuallyagge than dispersal of wild fish (Quinn
1993; Jonssoret al. 2003; Pederseret al. 2007). We found a decrease of genetic
differentiation among populations from Brittany whenative stocking have been practiced
during the last decades. One could formulate tipotmesis that local fish recently stocked in
Aulne and Elorn have dispersed among Brittany s\ard eroded the genetic structure among
populations. Moreover, adipose fin clipped fish aften caught in many rivers from Brittany
(Bagliniere, pers. com.), suggesting the dispesbatleased hatchery fish. Alternatively, the
reduced genetic structure among Brittany populaticould be due to old non-native
stocking, an hypothesis discussed later in thidystDispersal of non-native fish stocked in
Bresle, Arques, Orne, and Vire could explain theniature rates with Scottish samples of
Canche, Authie, Valmont, Seine, Touques, and S$aipeilations. However, natural dispersal
and/or recolonization from other stocked riversldaaiso explain the observed admixtures
(Vasemaget al.2001; Grandjeast al.2009; Perrieet al.2010).

Our results demonstrate that stocking using noatlditsh induces important
modifications in the genetic makeup of wild popidas. However, some of our results also
suggest cases of short term and especially lowdtspa such practices. The Allier River was
stocked with a variety of non-local fish (mainlpifn Scotland but also Canada) from the 60s
to the 80s and hence we expected relatively highixdre rates of both old and recent
samples with the Scotland cluster. However, wemnditldetect any significant admixture in
the Allier populations, neither in old nor in retsamples. Several non exclusive hypotheses
could explain this particularly low impact of staey programs. We suggested in a precedent
study that the Allier population could be locallyapted to the extremely large length of the
river compared to other European salmon populati®@iscked fish may face difficulties
during both downstream and upstream migrationsltiegun poor survival and explaining
the lack of introgression in this population. Maathtion and low fithess of stocked fish
(McGinnity et al. 1997; Verspoor & de Leaniz 1997; Flemiagal. 2000; Aprahamiart al.
2003; Finnegan & Stevens 2008) could also explagnshort term influence of stocking in
Brittany and in Bresle populations. Indeed, stogkperformed in Brittany from the 50s to the
80s could have artificially increased genetic dédfdiation and decreased isolation by
distance among populations during this period. Emel of stocking with non-native
individuals would have then allowed natural shastahce gene flow to progressively reduce
global genetic differentiation but incresase idolatby distance. However the potential
increased dispersal of native fish stocked in Aand Elorn could have also played a role in

this process. Scottish fish were used to stoclBtlesle River from the 60s to the 80s and we
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found a strong admixture (0.45) of this populatwith the Scottish cluster in samples from
the 1968 cohort. Accordingly, we observed no défgration between these two stocks (Fst =
0.004). In contrast, the recent admixture of tlapuyation with the Scottish cluster was much
lower (0.06) and differentiation between both saspias much higher (Fst = 0.058). The
isolation by distance among French populations stasnger among recent samples than
among old ones, and removing the Bresle populdtam old samples produced a correlation
similar to the one found in recent samples. Theselts strongly suggest short term genetic
influences of stocking practices using non-natisah.f Maladaptation and lower fitness of
stocked fish may not be the only reasons for sueakwnfluences of stocking on the genetic
diversity of wild populations. Firstly, gene flowmang populations may dilute the
introgression signal, more or less rapidly depegain the sizes of wild populations, dispersal
rates, and on the number of stocked fish. Secohdiily variable microsatellite loci may not
be best suited to estimate introgression aftemg fweriod of hybridization among local and
stocked fish. The less variable mtDNA could helpdging introgression among samples
collected a long time after stocking operationsnjpaset al.2008).
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Chapitre V. Estimation des effets des repeuplemenfsar simulation

Le but de ce chapitre est d’estimer, par une aprale simulations, les taux de survie et de
dispersion des individus repeuplés et leur impactia structure génétique de 4 populations

de saumon de la baie du Mont-St-Michel.

Le rempoissonnement est une pratigue couranteansiste a déverser des poissons
dans un cours d’eau afin d’augmenter la populalb@ale et / ou augmenter le nombre de
captures par la péche. Cette pratique impliqudigation de poissons issus de stocks locaux
ou bien allochtones. Le transfert d’'individus ddnsers cours d’eau peut affecter la structure
génétique des populations et provoquer une intssgra génétique par les souches importées.
Les résultats exposés dans les chapitres IV et Mtnenat des taux d’admixture variables de
populations repeuplées avec des poissons allochtbréut de cette étude était d’investiguer
la survie des individus issus de repeuplementugtdentribution aux populations repeuplées.
Afin de quantifier 'impact relatif des repeuplenteil est nécessaire de prendre en compte le

nombre d’individus repeuplés et la taille des papahs.

Les populations de la Baie du Mont Saint Micheltsdéales pour cette étude car elles
sont étudiées depuis plus d’'une quinzaine d'anpaeBINRA et parce que les repeuplements
non-natifs effectués sont bien documentés. Ainds Saumons provenant de quatre rivieres
de la Baie et 2 populations utilisées pour lesupfmments ont été génotypés a 17 marqueurs
microsatellites afin de quantifier I'impact généty de ces pratigues de gestion.
Parallelement, afin de quantifier la survie desmigis non-natifs relachés, relativement a
celle des individus sauvages, nous avons utiliséstfaulations individus centrées intégrant
les tailles des populations et les effectifs dé®ishaque année. Il nous est ainsi possible de
comparer l'admixture observée dans les populatiamsc celles simulées selon divers

scénarios implémentant plusieurs valeurs de setwile dispersion.

Les analyses génétigues montrent que les dévertemerpoissons allochtones ont
conduit a des taux d’admixture relativement impuitaet a une réduction de la variabilité
entre les populations repeuplées et celles utdiggmur les repeuplements. Ces pratiques
semblent en outre avoir des conséquences sur dasdi& génétique des populations voisines
via la dispersion des individus déversés. Les stiarls suggerent que les saumons déverseés
ont une survie beaucoup moins importante que leamgéneres sauvages. De plus, il semble
que la dispersion des individus déversés, commke ckls sauvages, soit relativement

importante entre les rivieres de la Baie.
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Ces résultats, en quantifiant l'introgression et siarvie relative des individus
repeuplés, ont d'importantes implications en terrdesgestion. De plus, les simulations
utilisées pourraient étre appliquées pour préviomplact génétique de repeuplements. Ce type
de simulation pourrait également trouver d’'impotgan implications dans les études
d’adaptation locale et plus particulierement d'ratgions entre les poissons domestiques et

sauvages.
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Abstract

Supplementation of wild populations with non-natimelividuals is a common practice to
manage endangered or exploited species. Howewese tbperations can alter the genetic
make up as well as the long-term viability of s@opénted populations. Here we aim at
evaluating the admixture rates in four Atlanticnsah populations from the Bay of Mont-
Saint-Michel (France) supplemented with non-nativ€h. We combine microsatellite
analyses of old (1969-1987) and recent samplesindliridual-based simulations to infer the
effects of differential survival and dispersal beém stocked and wild fish on observed
admixture levels. We detected a decrease of diffextton between donor and supplemented
populations following stocking. We also observedigh but variable admixture at the
population level (from 12 % to 60 %). Simulationtalauggested that observed levels of
admixture are best explained by a much lower satvof hatchery fish relative to wild
individuals in most populations. In contrast, thelsg¢a indicated that a higher dispersal of
hatchery fish would only have a marginal influenceobserved admixture levels. Finally, the
low number of hybrids observed between wild analmety populations further suggested a
reduced fitness of hatchery fish. Overall, our lssdemonstrate that combining analyses of
both real and simulated genetic data strongly imgsoour understanding of mechanisms

underlying the admixture between wild and non-reapepulations.
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Introduction

Temporal variations in population genetic structca@ occur depending on changes in gene
flow among populations. Genetic drift can alsouefice these variations when local effective
population sizes vary over time. In endangeredxptaited species, temporal changes in the
genetic make up of populations can be linked tchrapiogenic pressures like habitat
fragmentation, destruction or introduction of native individuals for conservation or
exploitation purposes. Such changes in populatienetic parameters over time can be
detected by analyzing successive temporal sampladsnartzet al. 2007).

The analyses of archived old biological samplesehbeen increasingly used in
population genetic studies of a wide range of gmdncluding mammals (Pertolét al.
2001), birds (Bouzagt al. 1998) and fishes (Larssat al. 2010; Wattset al. 2010). Times
series analyses of fish scales collections areeztgnterest to finely track temporal evolution
of population genetic structure (Nielsehal. 1999; Nielsen & Hansen 2008). Such studies
either showed a temporal stability of populatiomeje structure over several decades
(Hansen et al. 2002; Vaha et al. 2008) or strongatians often linked to translocations
among populations (Hansen 2002; Ruzzagiteal. 2004; Santoset al. 2006; Finnegan &
Stevens 2008; Sonstekbal.2008).

Stocking of declining or extinct populations witbmnative individuals collected in
the wild or reared in captivity is a common managempractice of fish populations
(MacCrimmon & Gots 1979; Hindar, Ryman & Utter 19%prahamian, Smith, McGinnity,
McKelvey & Taylor 2003; Araki, Cooper & Blouin 20D7Salmonids populations are highly
structured throughout their native range (Verspetoal. 2005; Lehtoneret al. 2009; Tonteri
et al. 2009) meaning that individuals released into gealy distant populations are
traceable and admixture between stocks can be astinfCampo®t al. 2008; Finnegan &
Stevens 2008; Hansest al. 2009). Fish translocations can lead to a decr@asgenetic
structure (Ayllonet al.2005) and they may ultimately result in a lossoctl adaptation and a
fitness reduction in recipient populations (Hingaal. 1991; McGinnityet al. 2003; Arakiet
al. 2007; Ford & Myers 2008). Overall hatchery fislualty suffer from increased mortality
relative to their wild conspecifics and it has bebown that their dispersal rate can be higher
than wild individuals (Quinn 1993; Jonssehal.2003). However, such effects are difficult to
detect since molecular analyses of pre- and poskisty samples can reveal the genetic
admixture between stocks but provide no informatanthe fitness of hatchery fish relative

to wild conspecifics. Alternatively, comparativeatyses of observed admixture levels with
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simulated admixture data based on realistic denpbggascenarios may give some insights

into the mechanisms of introgression in wild popalss.

Several individual-based simulations methods arailave to study the temporal
evolution of population genetic structure (e.g. thaftwares EBEsypop (Balloux 2001),
SPLATCH (Curratet al.2004), Nemo (Guillaume & Rougemont 2006) andrBRILAB (Nielsen
et al. 2006)). Some of them were successfully used toulsit® genetic introgression
following demographic expansions or bioinvasionar(@t et al. 2008). In the case of human
mediated inter-populations transfers, local popotatsizes and the number of non-native
individuals transferred are generally known. Asesutt it can be possible to compare
observed admixture levels with expected levels kEted according to the quantitative data
available on transfers of individuals. For instgri¢¢éansen 2002) compared the introgression
computed with simulations to the one estimated froicrosatellite analyses in a brown trout
population. Simulations were based on the assumpmifoequal survival and reproductive
performances of hatchery and wild fish. Resultsead®d a much higher expected than
observed genetic contribution of hatchery fish ke twild population suggesting poor
performances of hatchery fish. Recent methods alteedeling more complex scenarios
where not only survival but also dispersal can loglifred between groups of individuals in a
metapopulation framework. For example, the vers2ah0 (2009) of the Nemo program
allows the implementation of temporal parametersaxy dispersal rates or population sizes

during the course of a simulation.

Here we assessed the admixture between wild archdrgt fish in four Atlantic
salmon Galmo salay populations from the bay of Mont-Saint-Michel &Rce) using
microsatellite DNA analyses of pre- and post-stogksamples as well as individual-based
simulations. From 1988 to 2003, about 1 052 00O@nile 0+ salmon have been transplanted
in the Couesnon, Sélune, Sée, and Sienne rived$ridnals released were produced by
genitors caught in distant French populations, fgaine Aulne River (Brittany), and to a
lesser extent the Gave d’Oloron River (Aquitangales samples of fish caught by anglers
have been collected since the late 1960s in thelpbpns studied. In addition, estimates of
population sizes are available and the numbersoagahs of fishes stocked in each river are
known. Therefore, this study aimed at i) compasegénetic structure and admixture levels of
the study populations before and after stockingimulate expected admixture levels in each
population according to stocking and demographia @ad iii) investigate with simulation
data whether increased dispersal and / or lowerialrof hatchery fish relative to wild
individuals may explain the observed levels of adure.
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Material and methods

Study populations and sampling
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Figure 1: Map of sampling locations. Aulne and Adovers have been used to stock
Couesnon, Sélune, Sée, and Sienne rivers.

The location of the fours studied populations (Gmosm (COU), Sélune (SEL), Sée (SEE),
and Sienne (SIE)), is presented in Figure 1. Tpegalations declined in the 1950s probably
due to important habitat degradation. COU poputaticas considered extinct (no natural
reproduction) in the 1970s (A. Richard, ONEMA, ahd.. Bagliniere, INRA, Com pers.). As
a result, supplementation operations in this risearted in 1989 using young of the year
progeny produced in the Favot hatchery, Brittanguldindividuals used to produce the fish
stocked have been caught in the Aulne River (AUid & the Gave d’Oloron River (GAV,
see Figure 1). The four rivers were not stockedh whe same number of individuals, these
numbers are given in Table S1. From 1989 to 193#feom1996 to 2003, approximately
931,000 fish produced by AUL genitors were stock&dble S1). In 1995, about 80,000
juveniles originating from GAV genitors were reledsCOU has been stocked annually from
1989 to 2003 with a total of 623 518 fish. SEL bagn stocked annually from 1989 to 1996
with a total of 363 500 fish. SEE and SIE were lstaconce in 1990 with respectively 14 000
and 10 000 individuals.

94



Table S1: Population and stocking details for the&snon, Sélune, Sée, and Sienne rivers from IP899. Stocking operations used genitors
from Gave d’Oloron (given in bold italic) or fromufne. We also give average populations sizes aachge 0+ autumn par productions

according to angler’s catches and electrofishingof#dymous 2008) (Bagliniere Pers Com).

Average Stocking
Average
. 0+ parr

pop size production 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009
COU 200 4,000 22,000 53,500 25,000 64,500 25,000 16,600 50,267 43,197 89,020 59,665 48,200 30,782 35,049 33,172 27,566 29,381 23,585 22,988 25,519 20,090 27,094
SEL 300 6,000 4,000 36,000 25,900 30,000 101,000 66,000 29,800 61,000 9,800 - - - - - - - - - -
SEE 800 16,000 14,000 - - - - - - - - - - - - - - - R -
SIE 400 8,000 10,000 - - - - - - - - - - - - -

Table S2: Sample sizes, locations, cohorts ancealations of the different temporal samples coliddn each population. Populations used to
produce hatchery fish are noticed in italics.

Population Coordinates Cohort Abbreviation Sample size
Sienne 49.02 :-1.51 1985-87 SIE86 40
Sienne 2002-03 SIE03 37

Sée 48.68 : -1.38 1977-78 SEE77 59
Sée 1986 SEE86 36
Sée 2002-03 SEEO03 66
Sélune 48.65 : -1.37 1977-78 SEL77 39
Sélune 1986 SEL86 38
Sélune 2002-03 SELO3 79

Couesnon 48.62:-1.51 2002-03 Ccouo03 34
Aulne 48.28 : -4.27 1969 AUL69 29
Aulne 2003 AULO3 34

Gave d'Oloron 43.53:-1.52 1984 GAvV84 25
Gave d'Oloron 2003 GAV03 29
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All samples were scales collected from anadromalidtsa caught by anglers and
stored in dryly paper envelopes by INRA (UMR ESHE &B8E) and ONEMA. Age of each
individual was determined from its scales. For eamorary samples, we focused on cohorts
2002-2003 (Fig 1, Table S2). For old ones, we clomd®rts 1977-1978 and 1985 to 1987,
which were not yet impacted by local stocking. Ganing the two populations where
genitors were collected for the hatchery, we foduse cohorts 1969 and 2003 for AUL, and
1984 and 2003 for GAV.

Molecular analyses

Genomic DNA was extracted fror8. salarfin tissues and scales by heating samples in
solution of proteinase K, TE (TrisslEDTA) buffer amtielex, at 55°C 2 hours and then at
100°C for 10min (Estoupet al. 1996). Individuals were genotyped at 17 micro$itgsl
(BHMS176; BHMS179A; BHMS184B; BHMS429; SSA85; SSA65S0OSL85; SSA9;
BHMS235; BHMS217; BHMS111; SSA197; SSA171;, BHMS37G5SP2216; SSA224,
BHMS365, see Nikolic et al. 2009 for referenced)ofeing the procedure described in
Perrier et al. (2010).

Molecular data analyses

TEXTPAD 4.7.3 (Helios Software Solutions), Convert 1.31a(®itz 2004), GNePOP4.0.7
(Rousset 2008), andeBALEX 6 (Peakall & Smouse 2006) were used to formatdtta sets
used in the subsequent programs. We usetR®MCHECKER 2.2.3 (Van Oosterhout et al.
2004) to assess the frequency of null alleles andrgy errors due to stuttering or large allelic
dropout. Allele number and allelic richness wereoted using BTAT 2.9.3.2 (Goudet 1995).
Tests for linkage and Hardy-Weinberg disequilibrigwa Fis) were also conducted with
FSTAT. Expected heterozygosity, EH (Nei 1978) and observed heterozygotiey, Hvere
calculated with GNETIX 4.05.2 (Belkhiret al. 1996). Fdist 2 (Beaumont & Nichols 1996)
was used to verify the neutrality of the markersdudrairwisd=st and tests of differentiation
were conducted indTAT 2.9.3.2. Pairwise Nei (Da) genetic distances (&teal. 1983) were
estimated at 17 loci using populations 1.2.30

(http://bioinformatics.org/~tryphon/populationsFactorial Analysis of Correspondences was

made using &NETIX 4.05.2 to display the genetic structure amongpold recent samples.

Admixture between wild and hatchery stocks wasnestd at the individual level

using the Bayesian method implemented in th®UuSTURE software (Pritchard 2000).

Accordingly, SRUCTURE analyses were performed assuming an admixture Imoee
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allowing the genetic composition of individualskie a mixture from different clusters). We
ran SRUCTURE from 1 to 6 genetic cluster&)((15 replicates for eack). Each run started
with a burn-in period of 50,000 steps followed b§ODO0 Markov Chain Monte Carlo
(MCMC) replicates. We selected tkavith the highest likelihood (Pritchaset al. 2000) and
according to the\k method (Evannet al. 2005). We then calculated the average population

admixtures based on 3 runs at the best clustealugen.
Simulation study

We used MEMO 2.1.0, a stochastic individual-based geneticallglek framework
(Guillaume & Rougemont 2006) to simulate the evolubf virtual populations made of wild
and hatchery individuals. An individual based ajpgiowas used to produce data as close as
possible from the real situation. Simulation datevanalyzed analogously to molecular data.
Model organisms were diploid with separate gendadslived in a structured metapopulation
of 6 demes with the following local carrying capgess: 2000, 7000, 200, 300, 800, and 400
adult, corresponding to the GAV, AUL, COU, SEL, SEhAd SIE populations, respectively
(see also Table S1 and fig. S1). These Carryingaa@s were assumed to correspond to the
population sizes for COU, SEL, SEE, and SIE esw@thdrom census data (Anonymous
2008). For GAV and AUL, these values were chosealltiw high dispersal rates simulating
stocking operations. We implemented the followimgnelparous life cycle: (1) breed; (2)
dispersal; (3) random regulation of local populasiowhich reduced the pool of competing
individuals to the local carrying capacity (withuad] sex ratios); (4) reproduction during
which females were assigned a fecundity value dréram a Poisson distribution with a

mean value of 40 offspring and were mated with @melomly chosen male (monogamy). We

b)

.

AU GAV AU A
7000 ) 2000 7000 / T 2000
no stocking exemple of stocking

of Couesnon with Aulne

Figure S1: Schematic representation of the metdptpn implemented in Nemo a)
without stocking and b) with an example of stockimgouesnon.
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also investigated the potential effect of multipiating by testing 20% and 50% of polyandry
for the best scenario, i.e. the scenario leadirtheadmixture proportions closest to real data.
Adults died after reproduction and the cycle sthagain. We simulated 17 neutral loci with
15 alleles per locus, a mutation rate u=0.0001, amdcombination rate U=0.5. Alleles at
neutral loci were inherited randomly (i.e., no Bgle or epistasis). Sex was set randomly (with
equal sex ratio)F-statistics and multilocus genotypes were recoelesty generation. There
was no dispersal between AUL, GAV, and the foureotNormandy populations before
stocking events. According to values of Atlantitnsan dispersal reported in the literature
(Jonsson et al. 2003; Pedersen et al. 2007), wkeimgmted two dispersal rates for wild fish
among Normandy populations (0.06 and 0.15) ancethaees for stocked individuals (0.06,
0.15, and 0.24) giving combinations (see Table These values corresponded to total
dispersal from a population and individual flow wegually divided among the three
connected populations. We investigated the effettpotential lower survival of hatchery
compared to wild fish by testing four ratios of ¢tary / wild individuals’ survival rates (1;
0.1; 0.05 and 0.01). Each configuration was runnges for 290 generations to obtain a
genetic structure similar to molecular data. Thenimplemented stocking events from the

generation 290 on according to stocking data. \Welra program until generation 302.

Table 1: Parameters used for the different scemamplemented in Nemo. Survival of
hatchery fish is given relative to wild fish. Digpal rates of wild and hatchery fish represent
the proportion of individuals leaving a given pagidn and then dispersing with an equal

probability into the wild populations.

Scenario  Mating system  Survival Dispersal Dispersal

wild Hatchery
Al 1 0.06 0.06
A2 1 0.06 0.15
A3 1 0.15 0.15
A4 1 0.15 0.24
B1 0.1 0.06 0.06
B2 0.1 0.06 0.15
B3 0.1 0.15 0.15
B4 monogamy 0.1 0.15 0.24
C1 0.05 0.06 0.06
C2 0.05 0.06 0.15
C3 0.05 0.15 0.15
C4 0.05 0.15 0.24
D1 0.01 0.06 0.06
D2 0.01 0.06 0.15
D3 0.01 0.15 0.15
D4 0.01 0.15 0.24
El polyandry 20% 0.05 0.15 0.15
E2 polyandry 50% 0.05 0.15 0.15
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For each run of EMO, we ran SRUCTURE 3 times assuming an admixture model and
using a burn-in periods of 50,000 steps followed3p9,000 MCMC replicates, for the best
clustering partition. We then calculated the averpgpulation admixture for each simulation
conditions. To illustrate the patterns of introgies, 150 genotypes per population were

randomly sampled.

Results

Genetic variation within populations

All 17 microsatellite loci were successfully anayz with an average successful
amplification and scoring per locus of 97.5% fomwmmporary samples and 92.3% for
historical ones with no difference between locipopulations. No significant differences in
genetic differentiationKst) were found between successive cohorts in SIE,, Si68 SEL
indicating temporal stability of allele frequencie®/e thus combined genotypes from
successive cohorts for each population in our aesalyWe found evidence of null alleles or
large allele drop-out for 6 out of 238 tests. Cdasng the overall dataset, there was no
evidence of departure from HWE (Table S3) and ftdnassociated with a particular marker
thus ruling out locus-specific factors. Average @eliversity (He) over all populations was

0.77, ranging from 0.74 to 0.80.

Table S3Sample size (n), number of alleles per locus (NBliarichness (AR), [s, expected
(He) and observed heterozygositydbf the study populations. SignificantFalues are

given in bold.
SIE8 SIEO SEE7 SEE8 SEEO0O SEL7 SEL8 SELO COUO AUL7 AULO GAV8 GAVO Al
6 3 7 6 3 7 6 3 3 0 3 0 3
n 40 37 59 36 65 38 38 79 34 29 30 25 29 564
N 3 5 5 5 4 5 5 4 4 4 4 4 4 5
Ar 25 4.0 3.1 35 3.5 3.2 35 3.6 3.9 3.3 3.9 39 3.8 3.7

BHMS176 Fis -0.17  0.00 0.06 0.08 0.10 -0.07 0.17 -0.08 -0.01 -0.10 -020 -0.11 -0.23
He 049 0.67 0.52 0.59 0.63 0.56 0.53 0.64 0.69 0.65 0.72 0.67 0.67
Ho 0.58 0.68 0.49 0.56 0.57 0.61 0.45 0.70 0.71 0.72 0.87 0.76 0.83

N 3 3 2 3 4 2 2 4 3 4 3 5 6 7

BHMS179 Ar 22 2.4 2.0 23 2.5 2.0 2.0 2.5 2.8 3.2 2.9 4.2 3.8 2.7
A Fis -0.36 -0.22 -0.02 -0.08 0.29 -0.07 0.11 0.04 -0.18 0.01 0.36 0.01 0.16
He 046  0.50 0.49 0.51 0.53 0.50 0.47 0.51 0.54 0.61 0.59 0.64 0.61
Ho 0.63  0.62 0.51 0.56 0.38 0.54 0.42 0.49 0.65 0.62 0.39 0.64 0.52

N 5 5 2 4 5 3 3 6 4 3 4 6 6 6

BHMS184 Ar 3.0 3.3 2.0 25 2.6 2.6 2.2 2.8 3.8 3.0 3.5 5.2 4.8 3.4
B Fis -0.01  0.15 0.28 -0.07 0.02 -0.02 0.04 -0.05 0.17 0.38 0.07 -0.10 0.11
He 055 0.58 0.49 0.51 0.54 0.54 0.51 0.52 0.66 0.65 0.65 0.71 0.68
Ho 0.56  0.50 0.36 0.56 0.53 0.55 0.50 0.55 0.56 0.42 0.61 0.80 0.62

N 11 12 10 7 12 12 11 15 12 4 13 9 10 18

Ar 7.0 7.7 6.6 5.7 7.0 7.8 75 9.1 8.3 4.0 7.7 7.1 7.8 8.4

BHMS429 Fis -0.08 0.00 -0.05 0.18 0.12 0.12 -0.03 0.06 0.07 0.22 0.13 0.02 -0.03
He 081 0.85 0.82 0.73 0.82 0.84 0.86 0.89 0.86 0.66 0.83 0.80 0.86
Ho 0.89 0.86 0.87 0.61 0.73 0.76 0.89 0.85 0.82 0.56 0.73 0.80 0.90
N 11 12 12 12 17 12 11 17 13 9 14 9 13 19

SSABS Fis 0.12 -0.04 0.09 -0.02 0.08 0.02 0.05 0.00 -0.04 0.11 -0.07 -0.05 0.03

He 085 0.82 0.86 0.81 0.85 0.84 0.79 0.86 0.84 0.79 0.86 0.86 0.87
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Ho 0.76  0.86 0.79 0.83 0.79 0.84 0.76 0.86 0.88 0.71 0.93 0.92 0.86

N 14 14 14 12 14 12 10 15 13 9 13 9 12 19

Ar 8.8 8.5 8.4 8.0 8.4 8.2 8.0 9.1 8.8 6.0 8.0 6.8 7.7 9.0
SSA65 Fis 0.13 -0.01  0.00 0.09 0.05 0.14 -0.07 0.03 0.05 -0.14 0.05 -0.11 -0.02

He 0.87 0.87 0.88 0.87 0.87 0.87 0.87 0.90 0.88 0.73 0.80 0.81 0.83

Ho 0.76  0.89 0.88 0.81 0.84 0.76 0.95 0.87 0.85 0.84 0.77 0.92 0.86

N 14 13 16 11 13 11 12 17 15 10 13 7 10 23

SSOSL85 Fis -0.01 -0.05 0.5 0.04 0.03 0.10 0.01 -0.01 0.03 0.12 0.05 0.11 0.14
He 0.86 0.86 0.86 0.87 0.87 0.85 0.86 0.88 0.89 0.69 0.82 0.79 0.82
Ho 0.88 0.92 0.74 0.85 0.85 0.78 0.87 0.89 0.87 0.62 0.79 0.72 0.72
N 19 18 14 14 16 15 14 19 14 19 18 11 18 26

Ae 101 97 87 96 90 97 102 100 89 109 106 87 105 =
SSA9 Fs -0.02 005 -002 -014 -005 002 008 004 007 -004 -0.05 007 005

He 089 089 08 086 08 089 090 090 08 091 091 068 089

Ho 092 095 090 100 092 089 085 087 082 097 097 067 086

N 15 17 17 15 19 17 14 20 12 9 17 13 6 27

Ax 90 96 95 91 95 95 90 106 88 63 101 88 103 &
BHMS235 8

Fs 010 001 -003 002 000 -0.08 000 003 -001 -013 -0.03 019 010

He 088 089 090 087 08 089 08 092 08 078 090 087 090

Ho 097 092 093 08 089 097 089 090 088 090 094 072 083

N 7 8 7 6 8 7 7 8 7 6 9 6 8 9

A« 51 61 52 51 54 52 56 55 61 46 59 44 51 56
BHMS217 Fs -013 017 007 005 012 -007 -011 012 000 019 -007 000 0.0

He o071 081 076 077 078 073 077 078 08 075 079 055 061

Ho 082 069 072 074 070 080 086 070 084 062 085 056 062

N 9 7 8 8 8 8 8 9 7 6 6 6 6 10

Ax 62 54 58 59 53 52 59 51 49 47 48 53 49 56
BHMS111 Fs -011 021 -0.04 -006 -011 -008 -002 -007 -0.03 -003 000 000 0.25

He 075 067 075 074 071 068 076 071 070 069 073 079 076

Ho 085 054 078 08 079 074 079 076 074 072 074 080 059

N 8 13 9 9 8 8 10 15 11 12 12 9 15 25

Ax 57 73 51 63 55 59 63 68 68 80 72 76 93 71
SSA197 Fs -0.04 003 011 009 -012 004 014 004 007 001 -004 000 -0.03

He 078 082 075 080 078 078 081 081 081 08 081 08 089

Ho 08 08 083 074 088 076 07L 078 076 083 085 088 093

N 11 15 12 7 11 6 8 14 11 7 15 9 13 25

Ax 67 85 66 53 59 52 60 72 70 65 97 68 104 7.8
SSA171  Fs 003 -001 016 -008 001 -004 -0.06 005 004 017 006 011 -0.01

He 082 087 08 078 08 076 08L 08 079 08 088 075 090

Ho 081 08 070 08 080 080 086 079 077 071 085 068 093

N 15 22 20 15 19 17 15 22 18 13 15 13 21 33

Ae 87 120 102 94 97 95 95 107 105 82 97 84 108 >
BHMSST7 ks 006 -006 -009 001 002 -002 004 -003 00l -00L 016 006 0.3

He 085 093 091 089 08 08 08 092 091 084 090 084 089

Ho 081 100 100 089 088 092 086 095 091 086 077 08l 079

N 1L 12 17 10 13 13 11 13 12 10 11 12 15 22

Ax 70 80 88 73 73 76 71 78 80 73 81 85 96 83
SSSP2216  Fs -0.08 -001 012 001 006 016 013 -005 -0.02 022 002 -007 -0.02

He 078 085 086 083 079 078 078 08+ 08 083 086 087 089

Ho 08 08 076 08 084 067 069 088 083 066 086 095 093

N 11 14 15 12 19 12 12 22 18 6 17 13 18 33

Ax 66 93 78 78 76 76 76 89 96 51 112 102 111 92
BHMS365 Fs 001 005 007 007 -0.03 005 007 003 009 017 -007 -0.08 034

He 082 089 086 084 08 084 08+ 08 08 071 092 090 091

Ho 083 08 081 079 088 08 079 086 082 062 100 100 062

N 6 7 7 6 5 6 5 8 6 6 4 6 6 9

A 45 50 45 44 42 40 40 49 48 44 38 50 43 47

SSA224 Fis 0.07 -0.13 -0.12 -011 -0.03 -0.06 -0.08 -0.11 -0.22 -0.30 -0.18 -0.08 -0.03
He 0.56  0.63 0.61 0.54 0.61 0.48 0.64 0.65 0.67 0.63 0.66 0.68 0.59
Ho 053 0.72 0.69 0.60 0.63 0.51 0.70 0.72 0.82 0.83 0.79 0.75 0.62
Fis -0.03  0.00 0.03 0.01 0.02 0.02 0.02 0.01 0.01 0.05 0.01 0.00 0.06
He 0.75  0.79 0.76 0.75 0.77 0.75 0.76 0.79 0.80 0.74 0.80 0.77 0.80
All loci Ho 0.78 0.80 0.75 0.76 0.76 0.75 0.76 0.79 0.80 0.72 0.81 0.79 0.77

m()AR 645 721 6.52 6.33 6.45 6.41 6.44 7.16 7.10 5.77 7.27 6.76 7.65

Genetic variation among populations

The pairwise tests of genetic differentiation yeeldsignificant outcomes among GAV, AUL,

and Normandy populations for both historical andhtemporary samples (Table S4).
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However, the genetic differentiation between thesgulations was in average higher among
historical samplesHst = 0.08) than among contemporary samples (0.04)J@3Owas less
differentiated from GAV03 and AULO3 than SEL, SE#d SIE. There was no significant
differentiation among both historical and contengpgifrom SEL, SEE, and SIE¢r <0.01),
However,Fst between COUO3 and SELO3, SEE03, and SIE03 wasfisant. The Factorial
Analysis of Correspondences highlighted the excsenf 3 genetic groups and lower genetic
distances between contemporary samples than okl (&ing 2, A). In particular, COUO3 was

much close to AULO3 than to Normandy populations.

Table S4Pairwise kt with non-significant values given in bold italic.

SIEO3 SEE77 SEE86 SEE03 SEL77 SEL86 SEL03 COU03 AUL69 AULO3 GAV84 GAV03
SIE86 0.011 0.003 0.003 0.003 0.003 0.004 0.008 0.028 0.068 0.052 0.096 0.075

SIEO3 0.008 0.009 0.005 0.007 0.008 0.003 0.010 0.053 0.028 0.068 0.045
SEE77 0.009 0.005 0.004 0.003 0.008 0.026 0.067 0.048 0.087 0.065
SEE86 0.002 0.007 0.008 0.008 0.021 0.075 0.045 0.095 0.071
SEEO03 0.003 0.006 0.003 0.021 0.064 0.041 0.088 0.067
SEL77 0.006 0.004 0.025 0.070 0.049 0.094 0.067
SEL86 0.005 0.030 0.067 0.046 0.087 0.063
SELO03 0.015 0.057 0.028 0.073 0.051
COou03 0.039 0.013 0.074 0.052
AUL69 0.025 0.079 0.073
AULO3 0.065 0.046
GAV84 0.011

Admixture between populations

The SRUCTURE program consistently identified 3 genetic clus{&scorresponding to AUL,
GAV, and samples from Normandy. Admixture proparidrom AUL and GAV clusters in
historical samples of Normandy were small: from20t®6 0.05. Admixture proportions of
AUL and GAV were of same magnitude into SEL77 aBd. 8 and in SEE77 and SEE86. In
contrast, we found a high genetic contribution @flAcluster in COUOQ3, SEL03, SEEQ3, and
SIEO3: 0.53, 0.20, 0.09 and 0.16, respectively [@2h GAV cluster contribution in COUOQ3,
SELO3, SEE03 and SIE03 was also higher than irsafdples but remained relatively small:
0.07, 0.08, 0.03 and 0.14, respectively. Consigdetirese four Normandy populations and
their relative sizes, the overall admixture by Adhd GAV was 0.25. A close inspection of
individual admixture in COUO3 revealed many indivads with high proportions of the AUL
cluster (Fig 3). We also found some individualshwiigh proportions of the AUL cluster in
SELO3, SEEO03 and SIEOQS. Individuals with intermésliadmixtures among the different
clusters were observed in each river but in lownalamce compared to the “pure” individuals

from each clusters.
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Figure 2: Multidimensional scaling analysis of page Nei's (1978) genetic distances
between samples for the real data set (A) andrfiaulated data from the following scenarios:
A3 (B), B3 (C), C3 (D), D3 (E) and E2 (F).

Admixture between simulated populations

The SRUCTURE program also identified the 3 genetic clustdgs dorresponding to AUL,

GAV, and samples from Normandy. Variability betwedemo and Structure runs were
relatively low for a same scenario (average demgtibetween populations’ admixture: 0.03
and 0.01, respectively). Populations Admixture prtipns from AUL and GAYV clusters into

samples of Normandy before stocking events werdlsth@1 on average. The admixture in
COUO03, SEL03, SEE03, and SIEO3 by GAV was in mases lower than estimated. In
contrast, we found a wide range of admixtures inU0O8 SELO3, SEEO03, and SIEO3 by

AUL: from 0.01 to 0.96 depending on the scenate, origin of the genitors, and the river
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considered (Table 2, Fig 3). Populations’ admixtureere very different depending on
survival rates of stocked fish. Scenarios A ande8 1o a strong admixture of AUL into
Normandy rivers and 29 out of 32 values were highan for real data (Table 2). AUL
admixture proportions for A and B scenarios weoenfr0.68 to 0.96 in COUO03, from 0.39 to
0.88 in SELO3, from 0.05 to 0.79 in SEEQ3, and fi@d0 to 0.87 in SIE03. Scenarios C gave
the AUL admixture values the more compatible wehlrdata, especially scenarios C3 and C4
which gave AUL admixture proportions of 0.55 and@in COUOQ3, of 0.30 and 0.31 in
SELO3, of 0.07 in SEEO03, and of 0.14 in SIE03. Bynacenarios D led to low admixture
proportions of AUL: from 0.12 to 0.24 in COUO03, find0.06 to 0.11 in SELO3, from 0.01 to
0.02 in SEEO3 and from 0.01 to 0.04 in SIEO3. Pafhs’ admixtures were also different
depending on dispersal of both wild and stockedviddals. Dispersal of stocked fish was
globally negatively linked to admixture for COUORitbpositively linked for SEEO3 and
SIEO3. For SELO3 general pattern was more difficmiort out. In the same way, dispersal of
wild fish was globally negatively linked to admixéufor COUO3 but positively linked for
SELO3, SEEO03, and SIE03. Implementing a 20% and pOBtandry mating with system for
the scenario C3, we found only very small admixtdrgerences. Individual admixture
proportions for Scenario C were relatively consisteith those observed for real data,
especially the scenario C3 that led to a simildtgpa of introgression (Fig 3). However, we
globally found more individuals with “intermediatgénetic admixture signatures and fewer

individuals with “pure” hatchery profiles in simidal than molecular data.

Table 2: Observed and simulated admixture propustaf hatchery stocks (Gave d’Oloron
and Aulne) with Couesnon, Sélune, Sée, and Sienoehorts 2002-2003.

Average total

Admixture proportion of GAV Admixture proportion of AUL

admixture
within Bay of Mont-
COUO03 SEL03 SEEO03 SIEO3 Ccouo03 SELO3 SEEO3 SIEO3 Saint-Michel
Observed 0.07 0.08 0.03 0.14 0.53 0.2 0.09 0.16 0.33
Al 0.04 0.19 0.06 0.07 0.87 0.58 0.19 0.34 0.59
A2 0.02 0.13 0.07 0.08 0.96 0.84 0.69 0.82 0.90
A3 0.02 0.09 0.07 0.06 0.96 0.87 0.79 0.85 0.93
A4 0.02 0.08 0.05 0.08 0.96 0.88 0.62 0.87 0.89
Bl 0.05 0.1 0.02 0.03 0.82 0.62 0.05 0.1 0.45
B2 0.05 0.1 0.02 0.04 0.8 0.59 0.08 0.19 0.47
B3 0.05 0.07 0.03 0.04 0.7 0.45 0.14 0.2 0.42
B4 0.05 0.08 0.03 0.03 0.68 0.39 0.11 0.23 0.40
C1 0.05 0.07 0.01 0.02 0.7 0.47 0.03 0.06 0.35
C2 0.07 0.06 0.02 0.03 0.67 0.41 0.05 0.1 0.35
C3 0.05 0.06 0.03 0.03 0.55 0.3 0.07 0.14 0.31
C4 0.06 0.05 0.02 0.03 0.47 0.31 0.07 0.14 0.29
D1 0.04 0.04 0.01 0.01 0.24 0.11 0.01 0.01 0.12
D2 0.03 0.04 0.01 0.01 0.23 0.11 0.02 0.02 0.12
D3 0.03 0.03 0.01 0.01 0.16 0.07 0.02 0.02 0.09
D4 0.02 0.02 0.01 0.01 0.12 0.06 0.02 0.04 0.08
El 0.06 0.04 0.02 0.02 0.47 0.31 0.08 0.08 0.27
E2 0.04 0.06 0.03 0.04 0.53 0.3 0.08 0.09 0.29
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Genetic variation among simulated

populations

The Factorial Analysis C
Correspondences highlighted 1
existence of 3 genetic grouamong old
generations of simulated populations
the scenarios A3, B3, C3, D3, and
(Fig 2, B, C, D, E, & F)Considering the
scenario A3 with the highest surviy
rate of stocked fish, the analysis reve
that all contemporary populations he
genetic chaacteristics close to AUL (Fi
2, B). The scenarios B3 and C3 shov
a clear gradient of genetic modificatic
from the original signature of SEE, S|
SEL and COU (Fig 2, C & C
Implementing the scenario D3 with t
lowest survival rate of stocked fisthe
genetic characteristics of the stud
populations remain mostly unchanc
(Fig 2, E).Overall, the modifications ¢
genetic distances observed with
scenario C3 (Fig 2, D) were closest
those observed in real data. Fina
considering 50% polyamg for the
scenario C3, we only detected a sli
modification of the original pattern (F
2, F).

Discussion
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Figure 3: Observednd simulated individuz
admixture proportions in COU, SEL, SEE and .
of three genetic clustensferred with the Structur
software: Gave ( ), Aulnas( and Normandys( ).
Vertical bars show individuanembership t each
cluster. Admixtureanalyses oold and recent
cohorts are presented for real and simulated
according to the scenarios described in tat

Our first objective wado compare the genetic structure and admixtureldeokthe study

populdions before and after stockii Our genetic arigses of old and recent samples stror

suggestthat stocking greatly modifiethe genetic structure withithe studied populatio.
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The following aims were to simulate expected adurxtevels in each population according
to stocking and demographic data and thus to irgagst whether increased dispersal and / or
lower survival of hatchery fish relative to wilddividuals may explain the observed levels of
admixture. The results of our simulation studyvigll with observed data and suggest low

survival and high dispersal of stocked fish.

According to previous studies on French populati@Rsrrier et al, in prep), the
genetic differences were small and not signifidagtiveen samples from the rivers Sélune,
Sée, and Sienne but statistically significant défaiation were observed among these
populations and Aulne and Gave d’Oloron. The olesrievel of differentiation among
populations from the three geographic groups waslasi to those found in other studies
(Vahaet al. 2006; Dionneet al. 2008; Tonteriet al. 2009). Moreover, genetic signature of
Aulne, Gave d'Oloron, and to a lesser extent S@peared to be stable over the time,
showing that these Atlantic salmon populations &kely to have a stable genetic
composition, as suggested by several recent st(ifiessier & Bernatchez 1999; Palsétaal.
2006). The existence of a stable genetic diffeatioin between sources and sink is an
important parameter allowing the detection of aduorix following individuals transfer over
temporal samples (Choigt al.2004; Vaha & Primmer 2006).

The Atlantic salmon populations from the Bay-du-M&aint-Michel have been some
of the most intensively stocked ones in Francenduthe two last decade, and remain the
unique place were stocking is still performed usman-local fish. Therefore, significant
admixture levels with Aulne and Gave were foundeoent samples from the Baie-du-Mont-
Saint-Michel (from 12 to 60%) while old samples wied little admixture (from 2% to 5%).
Furthermore, our results showed a decrease of igeddterentiation among donor and
stocked populations. Also, admixture within old gées could result from migration while
high degrees of admixture within recent samplesevgemsistent with the quantities of fish
stocked and corroborates precedent results onattme gopulations (Perrier et al., in prep;
(Grandjean et al. 2009)). Indeed, Couesnon has begirly stocked and recent sample
cumulated an admixture from Aulne and Gave of 608denSée have been stocked once and
the recent admixture remains of 12%. These resudie also consistent with studies showing
a correlation between stocking intensities and atime of wild populations of brown trout
(Hansen & Mensberg 2009) and brook charr (Maried.€2010).

We found relatively high admixture rates within ptagions from the Bay-du-Mont-
Saint-Michel but they correspond to relatively loglative survival of stocked fish in our

simulation study. Indeed, our results suggest daath population may be almost totally
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replaced by fish used for stocking for a survivakrof stocked fish equal to the one of native
fish. For example, only 2% to 9% of the native gpnel may remain in Couesnon and 23%
to 4% in Sélune. Also, the average observed admaxfu33, corresponded well, to scenario
C implementing a survival rate of stocked fish @@ets inferior to the one of native fish. The
relatively low admixture by stocked fish could riedtom a low survival in the wild or /and
from low reproductive success. First, reduced sahof fish stocked appeared to be verified
according to the low number of pure migrants foumaach population and could reflect
acclimation troubles consecutive to bad conditidnsing stocking and leading to highly

variable survival rates (Mazur & lwama 1993; Salemet al.2007).

Considering the abundance of pure individuals wRhlne or native genetic
characteristics within Couesnon, we found fewenviddials with hybrids signature than we
could expect. This could suggest low reproductiveces of hatchery reared fish in the wild
(McGinnity et al. 1997; Fleminget al. 2000; Arakiet al.2007). This could also suggests that
individuals breed with other individuals with siaml genetic signature or that it exist a
difference in timing of reproduction of these twtragis (Hansen & Mensberg 2009).
However, given the admixture expected in our sitmtg and according to the presence of
relatively high hybrid abundance in other river@nirthe Bay of Mont-Saint-Michel, the more
probable reason for little abundance of hybrid€ouesnon is the low survival of offspring
due to bad spawning grounds quality.

While observed admixture corresponded well to stesd, it corresponded better to
scenario B in the case of Sienne and Sée, suggeatihigher admixture of these two
populations. It could suggest better adaptatiothe$e fishe in these environments of simply
better environments. This can also suggest higtrayisg of stocked fish than the values
retained in our scenarios. Indeed, we implementea/iag rates of stocked fish of 6% or
15%, and equal to the native fish or 2,5 times éigiccording to (Jonssat al. 2003), but
higher values of straying were suggested in othadies (Pederseet al. 2007). A last
hypothesis could be that, given the high inter-ahnzariability of juvenile survival and
populations sizes (Dumas & Prouzet 2003), somekstgcevents could have led to
particularly high admixture because of particulanigh survival of stocked fish and /or

because of the concomitance of particularly lowyaton size and abundant stocking.

The values chosen for simulation parameters wesentdrom literature and from in
situ observations realized by INRA and fisheriegamizations. However, other sets of
parameters could be tested. For instance, varialses of straying rates could be

implemented (Jonssoet al. 2003; Pedersert al. 2007). Life cycle parameters also kept
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constant population sizes, while we know that tbay vary a lot (Dumas & Prouzet 2003).
Future studies could use more complex life cycleinta into account population size
variability. Connectivity with populations from Btany, Southern England, and other
populations from Normandy may also influence adarixtof the four populations from the
Bay du Mont-Saint-Michel but probably in very lowagnitude. Finally, we postulated that
the increased admixture was almost exclusivelytdwstocking but we can not totally exclude
a recent increase of straying of wild individudigleed, recent studies proposed that dispersal
rates could be variable over long time periodsqtPat al.2007) and could be influenced by
global change (Valientet al. 2010). However, the little admixture of Sée popata and
more generally of most of the French populatiorexr{Eret al., in prep suggest that even if
gene flow increased recently, it little contributedobserved admixture among populations

from the Bay du Mont-Saint-Michel.

To our knowledge, this study represents the firsilysis estimating the relative
survival of stocked Atlantic salmon in wild poputats. Atlantic salmon is an important
species for recreational fishing in France andisstered as a great indicator of river quality
and connectivity but is one of the most threatefigid species. Stocking French Atlantic
populations is currently realized with native fiskcept for rivers from the bay du Mont-
Saint-Michel. Also this study has several implioas for the conservation of this species and
the management of stocking practices. Firstly, #stisdy shows how stocking practices
analyzed here greatly modified the genetic strectuithin managed populations but also
among these populations and donor’s ones. Secotiiltystudy shows that these practices
may be little efficient given the low survival ratef stocked fish. Finally, this study, and
many other studies (Garcia de Leaeizal. 2007; Fraser 2008), proposed strong selection
against stocked fishes and potential loss of ladalptation. These considerations imply that
these four rivers from the bay du Mont-Saint-Mickkebuld be managed independently from
other genetic groups in order to maintain locak#megenetic diversity and local adaptation.
Besides, this study demonstrates the usefulnesamople collection in conservation biology.
Furthermore, the use of simulation tool and bothtemporary and old sample can lead to a
clearest analysis and interpretation of populatieteges. For example, in contrast with a
precedent study on the same populations which oahsidered admixture rates without
taking into account population sizes and numbdisbe stocked integrated in our simulations
(Grandjeanet al. 2009) and suggesting a higher survival of fishnmfr@ave, this study
suggested the opposite result. We propose thakitimisof approach could be generalized to
other context where wild populations are subject stqpplementation operations with

genetically differentiated individuals.
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Chapitre VI. Utilisation couplée de la microchimieet de la génétique pour
déterminer l'origine des poissons aux signatures gétiques de
repeuplements : sauvages ou deverse.

Les objectifs de cette étude étaient d'utiliser deslyses LA-ICPMS des otolithes pour
discriminer les deux origines possibles des saunmns caractéristiques génétique des
poissons repeuplés : né en élevage et déverséumide la reproductidn naturad’individus

précédemment déverses.

Les poissons déversés dans le cadre des progradenepeuplement peuvent étre
détectés par des outils génétigues dés lors gabist issus de stocks génétiquement
différenciés, comme exposé aux chapitres précédeéatendant ces poissons sont a méme de
se reproduire dans le milieu dans le quel ils siversés et méme de se croiser avec des
poissons autochtones sauvages. Ainsi, la repranudtns le milieu naturel de ces poissons
issus de repeuplement peut conduire a la produstidhybrides » aux signatures génétiques
intermédiaires et de poissons sauvages aux castici@es génétiques des poissons repeuplés.
Le chapitre VI montre la présence d’hybrides dassquatre populations de la Baie du Mont-
Saint-Michel. En revanche, les poissons ayant ugeasire caractéristique des stocks de
repeuplements peuvent avoir été déversés ou &rhydeides résultants du croisement entre
les poissons natifs et les individus repeuplégellt alors étre intéressant d’avoir recours a la
microchimie des otolithes pour connaitre l'originéritable de ces individus. En effet,
discriminer les poissons aux caractéristiques geuglements issus de reproduction sauvage
ou déversés est un point important pour mesurerefits des pratigues de gestion et
renseigner sur les éventuels processus de séléutiale.

Dans cette étude, nous avons couplé des analySeétigues et des analyses
microchimiques d’otolithes de juvéniles et adultiespopulations de la Baie du Mont-Saint-
Michel et de stocks utilisés pour le repeuplemblailis avons échantillonné 90 juvéniles de
quatre rivieres de la baie et d’'une pisciculturetdmne utilisée pour le repeuplement. Les
individus ont été analysés a 6 marqueurs micrdgatet 14 éléments chimiques par ablation

laser couplée a un spectromeétre de masse a pladomif.

Les populations de la Baie étaient significativetraifiérentes du stock breton utilisé
pour les repeuplements. Au sein de la baie, pediftirences génétiques étaient observées
entre les populations. En utilisant les analysesauhimiques, des différences significatives
ont été observées parmi les otolithes des juvéniéss quatre rivieres de la baie et de la
pisciculture, permettant leur assignation avec fiabilité de 83 a 100%. Les analyse
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génétique ont révélé la présence i) de poissonsagas avec des caractéristiques génétiques
locales ii) d’hybrides entre des individus sauvagesepeuplée et iii) de juvéniles sauvages
ayant des caractéristigue de repeuplement et dssus ide la reproductioim natura de
poissons déversés. Etant donné les difference®ahicniques entre les poissons sauvages et
ceux de pisciculture, I'approche couplée de la igné et de la microchimie permet ensuite
distinguer les adultes issus de repeuplementsede issus de la reproduction naturelle de
poissons déversés. Ainsi on peut classer les adelequatre groupes : i) sauvages aux
caractéristiques géneétiques locales, ii) sauvagescaractéeristiques de repeuplement, iii)

sauvages aux caracteristiques hybrides, et iiilegeuplement.

Ces résultats ont d’importantes implications paugéstion comme d’un point de vue
strictement fondamental car mettent évidence leodgtionin naturades individus déversés
dans le cadre des repeuplements. Par ailleurse atide souléve le probleme de

I'interprétation de I'origine des individus généralent assignés aux stocks de repeuplements.
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Abstract

This study combines otolith trace element and dgersmtalyses to explore the origin of
individuals when hatchery-reared fishes are rekbast wild populations. We sampled 90
juvenile Atlantic salmon in four rivers of Normandirance) and in the hatchery stock.
Individuals were analyzed at 6 microsatellite maskeand their otolith elemental
concentrations (14 elements) were measured usimgtofsecond LA-ICPMS. Wild
populations were genetically differentiated frone thatchery strainfsT~ 0.06). Significant
differences in elemental concentrations were foaiméng otoliths of juveniles from the four
rivers and the hatchery, allowing the identificatiof their geographic origin (83 to 100%
correct assignment). Coupling genetic and traceneh analyses on the same individuals
provided formal evidence that hatchery-born jusesiteleased into the wild can migrate to
the sea and return as adults to breed on natuaslrspg grounds. Their progeny have pure
hatchery pedigrees but otoliths typical of riverfbquveniles meaning that they can be
mistaken for hatchery-raised juveniles if only genelata are considered. The presence of
hybrids also confirmed that individuals with hatchepedigrees can breed with wild
conspecifics.

Key words: Assignment, otolith microchemistry, genetic diffietiation, hatchery, stocking
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Introduction

The supplementation of wild populations with hatgheeared individuals is a common
practice in salmonid fisheries management (Aprabhanet al. 2003; Fraser 2008). The
mortality of stocked fish is often supposed to leva&ted given the relatively low percentages
of released individuals returning to target riv@Rsizzante et al. 2004). It has also been shown
that stocked fish are more likely to stray thandwdonspecifics when coming back to
freshwater spawning grounds (Jonsson et al. 2088eBen et al. 2007). Wild and stocked
fish can breed together but detrimental effectsstoficking on native stocks have been
reported, notably a fitness decline of wild popioiag (Jonsson and Jonsson 2006; Youngson
and Verspoor 1998; Araki et al. 2007).

The use of natural marks detected by genetic arthidal analyses allows the quick
assignment of fish to their natal population withredatively high accuracy. Assignment
methods based on multilocus genotypes and Bayedgorithms (Pritchard et al. 2000;
Corander et al. 2003) have a large potential faniidlying the geographic origin of
individuals (Manel et al. 2005; Hauser et al. 2008)r instance, Griffiths et al. (2010)
gathered a large amount of genetic data in We&tarape salmon populations, which can be
used to identify individuals of unknown origin. Mildcus genotypes were also successfully
used to identify hatchery-reared individuals andtiedy the hybridization between wild and
hatchery fishes in stocked rivers (Vasemagi e@0l1; Aurelle et al. 2002; Hansen 2002).
However, non-native stocked individuals can brexpgbthenn naturaand produce river-born
juveniles with hatchery pedigrees (Hansen 2002kifetal. 2007; Hansen et al. 2009). Such
individuals with hatchery pedigrees can thus eitbigginate from the hatchery or from the

breeding among hatchery-born adults that reproductte river.

In contrast with genetic characteristics, geochatrs@gnatures from fish otoliths and
scales are to a large extent not inherited fromemtar but influenced by the local
environment, especially elements in the water (fdidret al. 1997; Campana, 1999).
Therefore, variations in environmental chemistrgresent natural tracers for fish origin and
movements when otoliths’ elemental composition banexamined (Elsdon and Gillanders
2004; Gillanders, 2005; Friedrich and Halden 20@8hlith trace element and stable isotope
analyses have been successfully used to discrienfisdt stocks even at small spatial scales
(Thorrold et al. 2001; Tomas et al. 2005; Veinatt &orter 2005) and to distinguish wild
from hatchery-reared fishes (Gao et al. 2004, Gab Bean 2008, Gibson-Reinemer et al.
2009). The alternative use of scales is trickyesitie inner portion of scales corresponding to

juvenile growth includes collagen formed later ifie (Hutchinson and Trueman 2006). As a
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result, the continuous growth and concentric agagiteg of material in the otolith make it

more appropriate to study the early life historyishies (but see Adey et al., 2009).

Several recent studies demonstrated how joint gemeid otolith analyses can be
useful for stock identification (Miller et al., 260Higgins et al. 2010) and to explore patterns
of dispersal in fishes (Bradbury et al., 2008; @hat al. 2009). In the present work, we
studied four Atlantic salmon populations of the B#fyMont-Saint-Michel (France), which
have been moderately to heavily stocked over tls gecades. Joint otolith trace element
(femtosecond laser ablation inductively coupled snaspectrometry) and molecular
(microsatellite markers) analyses were carriedooyuveniles and adults collected in the wild
and in the hatchery. Our objectives were to i) stigate whether natal rivers of wild
individuals can be identified, ii) discriminate @ibnd hatchery-born individuals as well as
their hybrids and iii) distinguish hatchery-borndamver-born individuals among the fishes

with hatchery pedigrees.

Materiel and methods oW o e
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Brittany and Normandy (Perrier et al. 2010, Pereeral in preparation). Therefore, we
expected individuals originating from Brittany te beadily identified among fishes collected
in Normandy Rivers based on microsatellite datdyaea. Hatchery data indicate that a total
of 333 700 juveniles have been released into tHeng8éRiver from 1989 to 1997. In the
Couesnon River, 674 724 individuals have been stétom 1989 to 2007. Sée and Sienne
Rivers were stocked in 1990 with only with 14 0®@ 40 000 individuals, respectively.

Sampling

In October 2007, 84 young-of—year Atlantic salmanging 55-100 mm (Total Length) were
collected by electrofishing in four Rivers of thayB This survey was done before the annual
restocking operation in the Couesnon River. Indigld were caught in several sites on each
river catchment (3 to 7) depending on the areanibdal by Atlantic salmon. Six young-of—
year individuals (70-90 mm TL) were also collecied2007 at the Favot Hatchery. All
individuals were over-anaesthetized and presermadepat field, and then frozen at -20°C the
same day. In addition, carcasses of 9 adult salmere collected after spawning in the
vicinity of the spawning grounds in the Sélune Rivdanuary 2008Post-spawning fish were
about to die or recently died (1 or 2 days) whehlected. Finally, scales from 25 individuals

caught in the Aulne river in 2006 were also coliector genetic analyses.
Genetic analyses
DNA analyses

Genomic DNA was extracted from scales (adults) elvip fins (juveniles) by heating
samples in 230ml solution [proteinase K, TE (Tri3MA) buffer and chelex] at 55°C 2 hours
and then at 100°C for 10min (Estoup et al. 1996 M13 method (Schuelke 2000) was used
to label DNA polymerase chain reaction (PCR) angaifons. DNA was amplified using 6
microsatellite markerd8HMS23% BHMS111 BHMS377(Hoyheim 2000)SSA197SSA171;
SSAG6HO'Reilly et al. 1996)). PCR was carried out inGandl reaction volume containing 1.5
mM MgCl,, 200 mM dNTPs, 0.1 mM forward primer, 0.15 mM nese primer, 0.15 mM
M13-Fluo, 25-50 ng DNA and 0.5 Daqg DNA polymerase. The amplification conditions
were as follows: an initial denaturation for 5min9d°C, then 42-45 cycles for 30s at 94°C,
30s at annealing temperature, 30 s at 72°C anthhdynthesis for 30min at 72°C.
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Statistical analyses

Tests for linkage and Hardy-Weinberg disequilibriuvere conducted with $§AT 2.9.3.2
(Goudet 1995). The allelic richness (number of ledlecorrected for sample size) was
calculated for all loci and populations usingTkT 2.9.3.2. The expected heterozygosHi(
Nei 1978) and observed heterozygoskip) were calculated with BVETIX 4.05.2 (Belkhir et
al. 1996). GNETIX 4.05.2 was then used to compute a two dimensiGoatespondence
Factorial Analysis (CFA). We investigated the péiEngenetic structure among clusters of
individuals withouta priori knowledge on their geographic origin using theu&tre
software (Pritchard et aP000). The number of genetic groupd {ested was from 1 to 5,
each run consisting in a burn-in period of 50,0088ps followed by 300,000 MCMC
replicates. Geneclass (Piey al 2004) was also used to assign individuals to tipeténtial
origins using a leave one out procedure, excludeifjassignment (the Baudouin and Lebrun

(2001) approach was used).
Elemental analyses
Otolith preparation

Otoliths were extracted with plastic and glassdadéaned with ultrapure Milli-Q water (18
Q) and 10% nitric acid (HNg) to prevent contamination. Otoliths were then éh in
ultrapure water to remove remaining tissues. Theyewinally embedded in epoxy resin and

polished with diamond paste in the sagittal planexpose the core.
Laser ablation ICPMS

A femtosecond laser ablation system (Alfamet, Nas@lSA — Amplitude Systemes, France)
fitted with a diode-pumped KGW-Yb laser source (38) 1030 nm) was employed
(Pecheyran et al. 2005). The laser was used atrbjggtition rate (3 kHz) with a laser beam
diameter of 9 um. A galvanometric scanning beaniceefitted between the laser source and
the objective permitted to rapidly move (up to 28@nes') the laser beam with a high
repositioning precision (< 1 um). When operatedigh repetition rates, this system allowed
ablating a sample very rapidly according to two elnsional trajectories as reported
elsewhere (Fernandez et al. 2008; Claverie e0@OR The laser ablation system was coupled
to an Elan DRC Il ICPMS (Perkin Elmer). The optiatibn of gas flows (helium, Argon),
plasma conditions, and lens voltage was perfornidating a NIST 612 (NIST, USA) glass
series, with respect to oxides level less than BRO(Th<3%) and U/Th ratio of 1.00+0.05 to

ensure optimal particle atomization and maximumaligensitivity.
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Laser ablation strategy

The ablated area corresponded to a 200-600 pm \
annulus centered on the primordium (Fig. 2). THatain
was realized using the 2D scanner according tc
succession of 100 concentric circles ranging fr@® gm
to 600 um diameters, the laser beam moving ra@tdly
mmes®. This resulted in the ablation of a large amotfnt
material (0.25 mrharea) in about 16 seconds, providing
global aerosol subsequently introduced into theMGP
The smallest diameter of the annulus (200 pum) v
defined to fit with the largest size of otolith #te
beginning of the juvenile period (exogenous feeplir
according to preliminary tests and values in Md¢cat al

(1992). The largest diameter (600 pm) corresportdet

the smallest otolith found in our juvenile sampl&his i

original laser ablation strategy (Fig. 2) was eiséto i)  Figure 2. Pictures of (a) juvenile

and b) adults Atlantic salmon

otoliths, showing the area
signature (Donohoe et al. 2008), ii) integrate t  aplated by the laser prior to

avoid nucleus material corresponding to mater

elemental signal corresponding to the entire grgw CPMS analysis. The annulus

_ _ o ablated is 200-600 pm, centered
period of juvenile in freshwater and to avera on the primordium, and
fluctuations possibly encounteredii) increase the  Ccorresponds to the juvenile

. . _ . period of growth only.

quantity of material analyzed and improve detecti
limits, andiv) be able to reproduce such a design on otolithaduflts to obtain trace
elemental signatures corresponding to the juvereleod only. Prior to record the signal, the
otolith area to be ablated was cleaned by preiahlatith a low energy laser beam (2 pJ) to

soften the surface contamination likely to occur.
Trace element quantification

14 elements (17 isotopes) of interest were recordéd®Na, *#*Mg, >’Al, *Ca,>*Mn, *Co,
®3Cu, ®©%zn, ®Rb, sy, 11T, 1%8Ba, and?®®Pb with “*Ca being used as an internal
standard to correct for mass removal variations tdueneven samples’ surfaces as well as
ICPMS drift. Signal processing was performed usktign Instrumental Software (Perkin
Elmer). A series of two calcium carbonate standarostaining the co-precipitated trace

elements of interest at expected concentrationgimgrfrom 5 to 20 pgs§ were prepared
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(Barats et al. 2007). For each calcium carbonaadsirds, 20 mg of the co-precipitated
powder were used and pressed in a three mm diefidrhetolith certified reference material
n°22 (National Institute for Environmental Studidapan) (Yoshinaga et al. 2000) was used
to assess the reliability of the Caggellets and to match with the high Sr concentrati(>
2000 pged) eventually found in marine fish otoliths (Daveedtal. 2005) and with ultra low
concentrations (Zn, Cu) as well. Trace element®toliths were quantified by external
calibration using the enriched Caggellets. Calibration was carried out at the begigrand

at the end of each analytical series to comperiset€PMS drift. Each analytical series took
about 3 hours. As mentioned above, a large amdumiaterial was ablated in a short period
of time, which resulted in the introduction of aga amount of thin particles into the ICPMS
per time unit. This in turn generated a high ICPBMnal intensity and very low limits of
detection at the ngglevel. Limits of detection (in ng®Y obtained on calcium carbonate
under our operating conditions and expressed & ttimes the standard deviation of the
carrier gas background (He) were as folldli: 2.8; *Mg:12.1;°°Mn: 17.4;%Cu: 4.4 ;°°zn:
61.9;%°zZn: 103.6;"**Ba: 1.1;°°°Pb: 0.8;*Na: 458.0;%°Sr: 182.1;'*""d: 0.09. Note that in
order to prevent the detector's overloadfi§r and*Na signals were strongly attenuated,

which explains the poor limits of detections foesk elements.
Statistical analyses

Discriminant Function Analyses (DFA) including 12ments (Li, Na, Mg, Al, Mn, Co, Cu,

Zn, Rb, Sr, Ba, and Pb,) were used to differentssmples from the four rivers and the
hatchery. The significance of each element vamat@s tested with an F-statistic and the
redundancy of variables was tested by a toleraneasarement using XLStat-Pro software
(http://www.xlIstat.com/). A jack-knifed classificah matrix was used to estimate the correct

assignment of individuals to their natal river.
Combination of genetic and trace element analyses

For each individual, genetic assignment scores wergled with trace element scores.
Genetic scores were the assignment proportionsetdwto genetic clusters detected (wild and
hatchery) with the Structure software. A score €ltusO indicated a hatchery pedigree while a
score close to 1 indicated wild pedigrees. Scows 0.3 to 0.7 likely corresponded to hybrid
pedigrees between hatchery-born and wild fishescd element scores were calculated from
canonical coordinates on the three first axes efDFA (hereafter X, Y and Z, explaining
92.5% of variance). First, the five centroids forgniles originating from the hatchery (h) and
from each river (r) were calculated as the meanevah each axis (XYn and % for hatchery
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juveniles; X, Y, and Z for wild juveniles of each river). Then, the diste from each

individuali to the centroid h was calculated following theatpn:

D, :%/(Xi =X )2+ (Y =Y )2+ (Z = Z,)?

where X, Y; and Z are coordinates af on X, Y and Z axes, respectively. Similarly, the

distance from each individuato the centroid r of its natal river was calcutbds:

Dir :%/(Xi - Xr)2+(Yi _Yr)2+(zi _Zr)2
Then, the trace element score of each individualaS calculated as:

Dih

S B Dih + Dir

Elemental trace scores close to 0O or close to icateld a hatchery or wild origin,
respectively. The threshold score between hatcaedywild elemental trace signatures was
set to 0.3, which corresponds to the maximum vahserved among samples from the Favot
Hatchery. For adult individuals; $vas calculated as for juveniles, choosing thessilly
closest river to calculate;D Genetic and elemental trace scores were theteglobgether
allowing the classification of individuals into sgxoups: i) river-born with wild pedigree, ii)
river-born with hybrid pedigree, iii) river-born thi hatchery pedigree, iv) hatchery-reared
with hatchery pedigree, v) hatchery-reared withrldy/pedigree and vi) hatchery-reared with
wild pedigree. The two last groups should theoadlifccontain no individual since no fish

from Normandy was used at the Favot Hatchery.

Table 1: Within population estimates of genetic

Results diversity. Sample size (n), inbreeding coefficient
(F1s), expected (HH) and observed (&)
Molecular analyses heterozygosities, and average allelic richness

(RA) per locus for 6 individuals are given.

Only three out of 4FIs were significant

Location Life stage n Fis He Ho Ra

but they were not associated with couesnon 12 -0.03 0.78 0.81 5.8

particular locus or population. In al Sélune 25 -0.06 0.80 0.85 5.7

. N Sée  Youngoftheyear 32 -0.06 0.77 0.80 5.3
populations Fis were not significant _

Sienne 15 -0.01 0.79 0.80 5.4

(Table 1). Averagéio andHE were 0.80 Hatchery 6 0.07 0.77 0.72 5.3

and 0.81, respectively. Allelic richnes  Sélune Adult 9 0.04 0.82 0.80 5.9

Hatchery 25 -0.01 0.81 0.82 5.9

ranged from 5.3 to 5.9. PairwisesT
were extremely low and not significant among thar fNormandy populations, ranging from

0.0002 to 0.012. Conversely, pairwiBsT between hatchery and Normandy samples were
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significant, ranging from 0.03 to 0.08 (average H6). The Genetics Correspondence
Factorial Analysis (CFA) confirmed the genetic gmity among the four Normandy rivers
since genotypes from these populations largely lapped (Fig. 3a). This analysis also

revealed clear differences between hatchery ardiindividuals.

The Geneclass software correctly classified 25%786 of juveniles collected in
rivers and 100% of hatchery-reared juveniles (T&l)leAmong the 9 adults caught in the
River Sélune, 7 were assigned to Normandy populsti@and two were assigned to the
hatchery. Similarly, the Bayesian clustering metlmoglemented in Structure software did
not reveal any structure among populations fromnNordy but delineated two clusters
corresponding to fish from the hatchery and wilghglations. In juvenile hatchery samples
the admixture with the wild cluster was low (0.0®). contrast, wild populations were
significantly admixed with the hatchery clustertwitalues of 0.45, 0.32, 0.18, and 0.22 in the
Couesnon, Sélune, Sée and Sienne Rivers, respgctisleven juveniles (12%) caught in
Normandy Rivers clustered with hatchery samples aede considered as offspring of
individuals originating from the hatchery. Thirtegquveniles (14%) showed intermediate
scores (from 0.31 to 0.69) and were consideredyasichprogenies of hatchery and wild
adults. The remaining 69 juveniles (74%) colledtetlormandy Rivers clustered with native
populations. The results obtained with Geneclass @imucture were mostly concordant:
among the 15 juveniles assigned to the hatcheryGeyeclass, Structure detected 11
individuals originating from the hatchery and fdwbrids. The 9 remaining hybrids found by
Structure were assigned to wild populations by Gkxss. Finally, two adults clustered with

hatchery samples, three were hybrids and foureledtwith wild populations.
Elemental analyses

Concentrations of Cd in otolith samples were exg&lgntiow and usually below the detection
limit. Therefore, this element was not considenedubsequent data analyses. We detected
significant differences among sites in otolith edgtal concentrations of Li, Mg, Mn, Ba, Sr
andRb, but not for Al, Cu, Zn, Pb, Na, Co (Table Bj concentrations were particularly higher
in the hatchery otolithsDiscriminant Function Analyses revealed five grewd individuals
corresponding to the four rivers and the hatchErg. (3b). Most juveniles (83%-100%) were
correctly assigned to their natal origin: river latchery (Table 2)Five out of nine adults
were assigned to the Sélune River where they waarght; three were assigned to the Sienne

River and one to the hatchery.
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Table 2: Individual assignment to the populatiomedin using genetic and elemental data. In cabtrath juveniles collected in their natal riversdaat the
hatchery, the true natal origin of adults was unkmago the estimation of the proportion of corresgsignment was not possible for these individuals.

Life Sample Assignment using genetic data Assignment using elemental data
Location stage size Couesnon Sélune Sée Sienne Hatchery Correct Couesnon Sélune Sée Sienne Hatchery Correct
Couesnon 12 3 1 2 1 5 25% 10 1 0 1 0 83%
Sélune Young 25 2 8 6 3 6 32% 1 21 3 0 0 84%
Sée of the 32 3 8 15 5 1 47% 0 0 32 0 0 100%
Sienne year 15 1 2 4 5 3 33% 2 0 0 13 0 87%
Hatchery 6 0 0 0 0 6 100% 0 0 0 0 6 100%
Sélune 9 1 3 2 1 2 - 0 5 0 3 1 -
Adult
Hatchery§ 25 0 0 1 0 24 - - - - - - -

8 Adults used at hatchery are yearly collectedhé@Aulne River (Brittany). Because of their highmservation value, they were released just aftércaat
fecundation, and only scale tissue was samplecoh iedividual. No trace element analysis on dicwailable.
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Table 3: Spatial variability of 12 elements meadurgjuvenile Atlantic salmons collected in four idandy Rivers and at the Favot Hatchery. Mean galue
(+SD) in micrograms per gram (ug¥gare given for each element in each site. Refoits ANOVASs testing potential differences amongsiare
presented (***: p-value < 0.0001; NS: non signifita

Concentrations for each study site

Element Couesnon Selune See Sienne Hatchery Test
Li 0.02 + 0.00 0.02 + 0.00 0.01 + 0.00 0.05 + 0.01 0.04 + 0.00 *xk
Na 3815.16 + 86.76 3813.88 + 108.88 3764.62 * 147.52 3669.31 + 110.26 3496.46 + 253.58 NS
Mg 15.28 + 2.06 12.96 + 1.52 18.27 + 7.33 13.20 + 1.77 4539 = 22.07 *xk
Al 0.25 + 0.13 0.43 + 0.26 0.41 + 0.21 0.57 + 0.30 0.34 £ 0.23 NS
Mn 733 £ 1.51 523 + 1.23 4.49 + 0.88 12.56 + 1.62 2.81 + 0.49 *xk
Co§ 0.97 + 0.02 0.95 + 0.02 0.95 + 0.02 0.97 + 0.02 0.93 + 0.02 NS
Cu 0.11 + 0.02 0.10 + 0.02 0.18 + 0.17 0.13 + 0.05 0.08 + 0.01 NS
Zn 5453 + 2.71 52.58 + 4.03 52.02 + 6.18 49.44 + 3.78 54.13 + 10.03 NS
Rbg 11.65 + 2.28 12.15 + 2.15 20.78 + 3.95 17.23 + 4.34 6.29 + 137 *xk
Sr 632.38 + 34.11 766.18 = 47.22 837.07 + 41.96 604.74 + 33.36 759.44 + 75.78 *xk
Ba 11.27 + 0.66 12.60 + 2.39 16.45 + 1.69 10.16 + 1.09 7.81 + 1.01 *xk
Pb 0.03 + 0.02 0.02 + 0.01 0.04 + 0.03 0.25 + 0.36 0.16 + 0.19 NS

| |
§: Values normalized against CRM NIES R2 Msampe/ | Csampe where M is Rb or Co
MNieszz/ICaNieszz
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Figure 3. (a) Correspondance Factorial Analysialiajenotypes analysed and (b) Discriminant Funmciaalysis of otolith elemental concentrations for
individuals collected in Couesnon, Sélune, SéeSiadne Rivers and at the hatchery. Adults colleotethe Sélune River after spawning are labele fto
to 9. Note that the three first axes of the DFAewesed for individual assignment to the source [ajmns (Table 2), but only two axes are displafgech

convenient reading.
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Coupling genetic and microchemis

Juvenile otolith elemental concentrations and nsatellite analyses confirmed that hatcl-
reared juveniles displayed specific genetic andetralement signatures from the hatct
(Fig. 4). All juveniles collected in Normandy Rigewere born in the rivers but molecula
analyses revealed multiple genetic origins: wilétchery or hybrids. For adult salm
carcasses collected on the Sélune River after spgywalemental and molecular signatu
suggested multiple geographic and genetic orighasilts #5 and #2 had hatchery pedigre
elemental analysis revealed that they were borthan hatchery and the Sélune Ri\
respectively. Adults #3 and #6 were hybrids borthim Sélune River, whereas Adult #9 v
an hybrid born in the Sienne River. Fily, the four adults with wild pedigrees were borr
the Sélune (Adult #1 and #4) and Sienne Riversa@itV#8).
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Figure 4. Dual plot of trace element and genetirest for each fish analyzed in tl
study. Trace element scores were computed frorDiscriminant Functior
Analysis and genetic scores with the Structurensit (see text for detalil

Juveniles were collected in Normandy Rives) and at the hatchery); adults were
collected on the Sélune Rive+) after spawning and are labeled frl to 9.

Discussion

In this study, otolith trace element and genetialyses were combined to explore the or
of Atlantic salmon in four adjacent rivers of theoM Sain-Michel Bay (France)
Microsatellite analyses confirmed the low levelgaeheticdifferentiation among these rive
observed by Grandjean et al (2009). The Assignroémtild individuals to their natal rive
based on molecular data was impossible, certaiababse of the low differentiation amac
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populations (Faubedt al. 2007). Other cases of weak differentiatioroag Atlantic salmon
populations living in adjacent river catchments énéeen previously reported and attributed
to high gene flow between nearby stocks (Dioaenal. 2009).

The genetic differentiation between hatchery-reamtt wild indviduals was
significant enough to track hatchery pedigreesiid wopulations. The Couesnon and Sélune
Rivers have been intensively stocked over past déscavith salmon originating from
Brittany. Accordingly, a large proportion of juvés collected in Normandy Rivers have
complete or partial hatchery pedigrees. This resoiftfirms the successful reproduction of
some hatchery-reared Atlantic salmon after thdgase in Normandy Rivers. Other studies
already reported the presence of hybrids betwedd wand hatchery fish in stocked
populations (Finnegan and Stevens 2008, Hansen;, 20flsen et al. 2009). We found that
14% of the juveniles collected in Normandy Riversrevsuch hybrids. However, juveniles
with “pure” wild pedigrees were also collected, icating indigenous salmon persistence in
such introgressed populations, as observed in broaut Salmo truttaby Hansen and
Mensberg (2009). Conversely, young-of-year juvenieth “pure” hatchery pedigrees were
detected in all rivers and before annual restockipgration in the Couesnon River, strongly
suggesting the breeding of hatchery-reared indalgltogether on natural redds.

Unlike DNA, the geochemical signature of otolitts mostly not inherited from
parents (except a maternal signature in otolitmerdium) but depends on the environment
the organism lives in. Since otoliths integrate @nbwater elements during fish growth, it
was possible to discriminate river-born and hatgibarn juveniles thanks to trace elements
incorporated in the portion of otoliths corresparglio juvenile growth. Recent studies based
on isotopic and elemental analyses reported sirfiigiings (Gao et al. 2004; Sohn et al.
2005; Gao and Bean 2008; Gibson-Reinemer et aB)2@emental concentrations of Ba, Li,
Mn, Rb, and Sr in juvenile otholiths significantiyscriminated the four natal rivers. These
elements are not strongly involved in physiologipabcesses, which suggests that their
concentrations in otoliths are mostly linked to ttemposition of the ambient water. These
elements have already been pointed out as appt@grecers in Allis shadA{osa alosa
Tomas et al. 2005), gray snapfeutjanus griseusLara et al. 2008) and Atlantic croaker
(Micropogonias undulatysThorrold et al. 1997). We also detected signiftodifferences in
elemental concentrations between individuals oatyny from the hatchery and Normandy
rivers; such differences may be explained by viamat in water chemistry, but also by

variations in water temperature during growth (Mgschi et al., 1996).

125



By identifying fish pedigrees and the environmeiheve they grew as juveniles, joint
genetic and trace element analyses provide newtoussidy the life histories and origins of
Atlantic salmon living in Normandy Rivers. Severstudies used individual admixture
analyses based on multilocus data to discriminale, wtocked, and hybrid fishes (Hansen
2002; Hansen and Mensberg 2009). However, usingeutar data only, it is impossible to
certify the origin of individuals with hatchery getic characteristics. Such individuals may
indeed originate from the hatchery or be the prggeinhatchery-reared fishes having bred
togethetin natura

Atlantic salmon has a high conservation value ia Bay of Mont Saint-Michel
making the lethal sampling of otoliths on adultsiming to freshwater spawning grounds not
feasible. We only found nine carcasses of adufheast in the vicinity of spawning grounds
in the Sélune River, despite substantial effortsvinter 2007 and winter 2008. However,
these nine adult samples were very informativeesinwas possible to infer their natal origin
thanks to the laser ablation of their otoliths. Tégion ablated on an adult’s otolith covers the
juvenile period of growth. The resulting elemensidnatures were then compared with
reference signatures obtained by similar lasertials on otoliths of juveniles of known
origins. Four of these nine adults were clearlyntdied as offspring of wild fish since they
had both genetic and elemental signatures of wiéniles. They were most probably born in
the Sélune and Sienne Rivers and reproduced i8éhme River where carcasses were found.
Conversely, one adult was born in the hatcheryesibhchad a hatchery pedigree and an
elemental signature of the hatchery in its otollBicale reading revealed that this fish was
three-year old. After being stocked in autumn 200&e Couesnon River, it migrated to the
see and returned to the Sélune River to spawn imewi2007-2008. Three adults likely
resulted from the interbreeding natura between wild fish and individuals with hatchery
pedigrees. Elemental analyses suggested that ihdiseduals were born in the Sélune and
Sienne Rivers and then reproduced and died in éen8& River. Finally, one adult with a
pure hatchery pedigree likely resulted from theuradtreproduction of two adults with a
similar pedigree in the Sélune River since itsititalevealed an elemental signature of this
River during the juvenile period. These resultsrall@eveal an important straying of both
hatchery-reared and wild adult salmons as prewossfgested in several studies (Stabell
1984; Quinn 1993; Jonsson et al. 2003).

In conclusion, we detected significant differences otolith trace element
concentrations of juveniles Atlantic salmon from rddandy Rivers while no genetic
differentiation was observed among these populsatitwsing elemental traces in otoliths,
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more than 80% of juveniles collected in the wildr@vaccurately assigned to their natal river.
We also found trace element and genetic differerastsveen wild and hatchery stocks
allowing the assignment of individuals to these twooups and demonstrating the
hybridization between fishes having hatchery pesigrand wild individuals. This joint
approach of elemental and genetic analyses alsealey that individuals with hatchery
pedigrees can breed together in the wild. Thespyfhg consist in river-born juveniles with
pure hatchery pedigrees that can be mistaken tohégy-raised and released juveniles. This
study overall suggests that combining otolith tratmment and genetic analyses on the same
individuals could provide new insights into theragression processes at work in wild
populations sotcked with hatchery fish. Furthermatecould be helpful for studying

colonization or recolonisation processes in depatpdlrivers.
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Chapitre VII. Recolonisation naturelle par le saumam Atlantique

L’objectif de ce chapitre est d'identifier I'origgnde saumons recolonisant la Seine.

Historiquement, le fleuve Seine présentait une daote population de saumons
constituée de gros poissons de plusieurs hiversate Conséquence de multiples facteurs, la
régression progressive de cette espéce depuis I#eXaiécle a conduit a la disparition du
saumon de la Seine. Depuis les années 1990, laégdal 'eau de la Seine s’est fortement
ameliorée, notamment grace aux efforts de traitérdes effluents. Parallélement, on a pu
constater la recolonisation de nombreuses espérgmwidsons migrateurs, dont le saumon
Atlantique. Depuis le début des années 2000 dd&eadie saumons sont capturés par péche a
la ligne et lors des programmes d’inventaires dggees de poissons et de contréle de la
qualité de I'eau. En 2008, 162 poissons ont égemies par vidéocomptage dans la passe a

poisson du barrage de Poses, située en amont ésRou

Une premiere analyse des caractéristigues biomésjq démographiques et
génétiques d’'un échantillon de sept saumons adoétptirés dans la Seine a été réalisée.
L’origine de ces poissons a été déterminée parysmajénétique en les assignant a une
collection d’échantillons de référence issus dep8gulations francaises ainsi que de stocks

du Royaume-Uni et de Scandinavie.

Les saumons adultes analysés mesuraient entre 6 @i pour un poids compris
entre 1,3 et 7 kg. Quatre étaient des castillomsx @taient des petits saumons de printemps et
le dernier était un grand saumon de printemps. dredyses génétiques montrent que ces
saumons semblent avoir des origines diverses. teh @6 sont assignés soit aux stocks de
rivieres proches, de Basse-Normandie, soit a deskstde bassins plus éloignés comme

I'’Allier ou des stocks étrangers.

Ce travail suggéere qu'une amélioration de la géalg I'eau et de I'habitat pourrait
permettre de rendre une riviere précédemment démupn partie a cause de la pollution,
attractive pour les saumons des cours d’eau proeheésstants. Ceci illustre le fait que le
repeuplement n'est pas une meéthode systématiqugeson et qu’'une restauration de

I'habitat peut-étre a privilégier et peut permettnge recolonisation naturelle et peut étre
davantage pérenne.
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Abstract

The restoration of previously extinct salmon popatss is usually achieved with stocking
programmes, but natural recolonization can alsaoterough the straying of individuals
from nearby populations. Here we investigated thgiro of Atlantic salmon $almo salay
that recently recolonized the Seine River (Franthg degradation of this river had led to the
extinction of the population, but since the 1990& water quality has greatly improved.
Although no stocking was performed, 162 individsalmon were recently observed by
video-counting. Seven fish were sampled for morpichl and genetic analyses. These
individuals were genotyped at 17 microsatellitesrkees and their probable source
populations were identified using baseline samfies regional and distant populations.
Four of the sampled individuals were grilse andce¢hwere multi-sea-winter fish. Genetic
analyses revealed that the fish partly originatesnfa nearby stock but also from distant
populations, suggesting long-distance strayings Haitural recolonization of a large river by
strayers from several origins is discussed in terofspopulation sustainability and

management.

Key words: Seine River, recolonizatiosalmo salargenetic assignment, straying
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Introduction

Many Atlantic salmon%almo salay populations are critically endangered, especialliarge
rivers that are generally more impacted by humadivities. In cases of extinct populations,
recolonization can occur through the straying aividuals from nearby populations and (or)
by the controversial use of stocking with hatchesgred fishes (Myerst al. 2004). The
results of stocking programmes are variable anc leeen amply documented (for a review
see Fraser 2008) while cases of natural recolaarzdty Atlantic Salmon are rare and have
been only described in small or medium river syst¢Wfasemaget al.2001; Grandjeaet al.
2009). In brown trout Salmo trutta)there are some examples of recolonization of large
drainages by anadromous sea trout, for instanc®liee River (Schreiber and Diefenbach,
2005). However, there is apparently no case ofrakhtacolonization by Atlantic salmon of a

large river system where the population was preshoextinct.

The Seine is a major French river with a basin afe@8.910 k. A large Atlantic
salmon population, including a large component oftrsea-winter fish, dwelt in this river
until the beginning of the 19th century (Lavollé802). This population progressively
collapsed until the end of the 19th century duelistruction to migration, canalization, and
chronic degradation of water quality by industr@edd domestic pollution (Lavollée 1902;
Belliard et al. 2009). The only recorded stockimgpi@tions were performed during the 19th
century and remained unsuccessful (Lavollée 1902Rishard, Délégation Interrégionale
Nord-Ouest, ONEMA, 188 rue carlet, 27310 Bourg-Ach&rance, unpublished data). The
water quality clearly improved since the beginnaighe 1990s, allowing the return of nine
migratory species to the lower Seine (Belliardle£809). One hundred and sixty-two adult
Atlantic salmon were counted in 2008 in the videamptof the Poses Dam (A. Richard,
unpublished data), located 160 km from the sea. (&) Seven of them were adipose fin
clipped (a common practice on stocked fishes), ssiggg a low proportion of hatchery-
reared fishes. Some adult salmon were also caygangling or during scientific monitoring

in lower parts of the river but also near Parigd(awen in Paris; see Table 1).

The aim of the present study was to identify thebpble source populations of the
salmon recolonizing the Seine River using genetgiglmment methods. We genotyped seven
individuals caught in the Seine at 17 microsateifitarkers and inferred their origin using six
baseline groups: the five major French geneticsuffitg. ) and a group of foreign samples.
Finally, we discuss the management options thatatlaw the restoration of a self-sustaining

salmon population in the Seine River.
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Figure 1. (a) Map of the Seine drainage with lawaiof the observed and sampled salmon
(Salmo salarand (b) location of the Seine basin in Franceyaéas the five French baseline
groups used for the genetic assignment tests.

Material and methods

Sampling

Seven adult salmon caught by angling (salmon fgshsnofficially prohibited) or net fishing
from 2001 to 2008 were sampled (Table 1). Totagtlerand weight were measured and some

scales were collected for age estimation and geasalyses.
Genetic analyses

Genomic DNA was extracted from scale individual ples by heating in a 150 ml solution
[proteinase K, TE (TrisEDTA) buffer and 5% Chel@x]55 °C 2 hours and then at 100 °C for
10 min. We used an economic method called “M13 odtlior the fluorescent labelling of
PCR fragments. DNA was amplified using 17 microfitde (BHMS176; BHMS179A;
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BHMS184B; BHMS429; SSA85; SSA65; SSOSL85; SSA9; B35, BHMS217;
BHMS111; SSA197; SSA171;, BHMS377; SSSP2216; SSABAHNIS365; for more details
on these markers, see Nikolic et al. 2009). PCR eaased out in a 10 ml reaction volume
containing 1.5 mM MgCI2, 200 mM dNTPs, 0.1 mM fordgorimer, 0.15 mM reverse
primer, 0.15 mM M13-Fluo, 25-50 ng DNA and 0.5 UQT®NA polymerase. The
amplification conditions were as follows: an initdeenaturation for 5 min at 94 °C, then 42—
45 cycles for 30 s at 94 °C, 30 s at annealing &atpre, 30 s at 72 °C and a final synthesis
for 30 min at 72° C.

Data analyses

Genetic assignment of the seven Seine samples evwmped using two Bayesian methods
implemented in the software GENECLASS 2.0 (Pey al. 2004) and STRUCTURE
(Pritchardet al. 2000). For both analyses, we considered as basetine group of foreign
fishes from several Scottish, Danish, and Norwegiars (29 individuals) and the five major
French genetic units (Figbl Upper Normandy, Lower Normandy, Brittany, Alli&iver,
and Adour drainage (34 fish per unit). These fiveneh groups were previously identified
based on the analysis of 975 adult individualsioatng from 34 French rivers (C. Perrier,
J.-L. Bagliniere, R. Guyomard, and G. Evanno, utiphbd data). GENECLASS was used by
assigning individuals to each of the six baselimeugs using the Baudouin and Lebrun
approach. STRUCTURE was run six times (mean vawmegiven), with a burn-in period of
50 000 steps followed by 500 000 Markov chain Mabglo (MCMC) replicates, assuming
six populations (k = 6), and an admixture mode. (allowing the genetic composition of

individuals to be a mixture from the six differestturce populations).

Results

The adult salmon ranged in total length from 56070 mm and weighed between 1300 and
7000 g (Table 1). Three fish were one-year-oldgeshwater and three were two-year-olds.
Four salmon were grilse, two were two-seawintens| tne last one was three-sea-winters.
Genetic assignment showed that these fish hadreliffeorigins (Table 1). Three grilse were
assigned with GENECLASS software to Lower Normastbck with 100% scores, and one
multi-sea-winter fish was assigned to the Alliepplation with a score of 100%. Two multi-
sea-winter individuals were assigned to the forejgaup with scores of 99% and 91%,

whereas the last grilse could not be unambiguoassygned to any stock. Assignment with
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STRUCTURE software gave similar results except thatlast grilse was assigned to the

foreign group with a score of 90%.

Discussion

Our results suggest a high diversity in the origfithe fish recolonizing the Seine River. As
no stocking operation has occurred in this rivecsithe end of the 19th century (Lavollée
1902), the salmon recolonization can only be expgldiby natural straying. The sample size is
small but sufficient to reveal that source popolagi are not only in nearby rivers (Lower
Normandy region), but also in distant rivers (AllRiver) or foreign stocks. The results were
not congruent between the two assignment methodsni® individual, meaning that this fish
probably originated from an unsampled foreign papah. Clearly, more samples from the
Seine River and from foreign stocks would be neemethake a thorough analysis of the
source populations and their relative contributibmshis recolonization event. In particular,
individuals assigned to the foreign stocks migebalome from foreign hatcheries, sea farms,
and (or) a foreign river where they had been stdckedeed, straying rates of hatchery-reared
fishes are higher than those of wild individualsg atocking is a widespread practice in the
British Isles. In addition, one sampled individ@add seven of the 162 fishes observed by
video-counting were adipose fin clipped, suggesthmg stocking in other rivers may have
also played an indirect role in the recolonizatdrihe Seine River. Stocking operations also

occur in several French rivers, but only salmonaifonal origin are used (Vauclin 2005).

The fact that many individuals were observed byombunting in 2008 and that some
fish were assigned to the Lower Normandy stock alay reveal the presence of a small local
population actually in establishment in a tributéwgalized in the lower basin. Indeed, as
salmon learn the location of their home river wimeaving to sea, most of the individuals

born in the Seine River will come back to theirataiver to spawn (Jonsson et al. 1990).
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Table 1.

Biological characteristics and resultsifrgenetic assignment for seven Atlantic salnt@alifio salay sampled in the Seine River.

Catch Fish characteristics Genetic assignment

o Total Weight Freshwater Sea Upper Lower . : Foreign
Date Localization Method Sex l(?T:]r%;h o) age age Normandy Normandy Brittany  Allier R. Adour origin
25/08/2001  Duclair Angling f 560 1300 2 1+ 0;1 ;@ 6 ;1 18;7 27;1 49 ;90
04/10/2004  Duclair Angling - 580 1450 1 1+ 0;0 00z 72 0;7 0 ;16 0;1 0;4
29/08/2007  Hynville Angling - 630 2100 1 1+ 0;0 100 ;92 0;0 0;0 0,7 0;1
03/08/2007  Hynville Angling - 610 2000 1 1+ 0;1 100 ;99 0;0 0;0 0;0 0;0
26/05/2008 Guerne Dam Net fishing - 753 3840 2 2 ; 00 0;0 0;0 100;100 O ;0 0;0
20/07/2008  Bougival (Paris) Angling - 800 4200 - 2 031 0;2 1;2 0;2 0;1 99;91
03/10/2008  Suresnes (Paris) Angling m* 970 7000 2 3 9;3 0;1 0;2 0;1 0;1 91,92

Note: Genetic assignment tests were computed WatiGENECLASS (left value) and STRUCTURE (righteyadaftware. These results are
expressed either in relative assignment scoresith baselinegroup (GENECLASS) or as the fractiaihh@igenome inherited from each
baseline group (STRUCTURE).

*Adipose fin clipped.
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The multiple origins that we observed could be § fector for successful natural
recolonization as they should result in higher giengiversity within the settling population
compared with a single-origin population. This haglgenetic diversity should buffer the
impact of losses of genetic variability linked tetlow number of migrants during the early
phases of recolonization. Alternatively, the faleatt nearby Normandy populations could
provide a large proportion of the founders may &wditate the recolonization due to a better
adaptation of the settlers to local environ-mentaiditions (Dionne et al. 2008). This high
overall evolutionary potential, in turn, would iease the probability of the new population

reaching a self-sustainable stage.

The recolonization of the Atlantic salmon couldretated to a general improvement
of water quality in the estuary and lower partshef river. More specifically, improving water
quality resulted in recovering a good dissolvedgexy concentration (Belliard et al. 2009)
and low ammonium concentrations. During the 19thtws, known spawning grounds were
restricted to some tributaries of the estuaring phthe Seine River and of the upper basin
(Lavollée 1902). Currently, no spawning site watedied in the Seine drainage, but it seems
that given the numerous obstacles to fish migratomy the tributaries located downstream

could be used as spawning areas (e.g., the Aridelés).

Finally, fishpass management and water and hagitality improvement seem the
priorities to address to facilitate the sustainaidéural recolonization of the Seine River by
Atlantic salmon. More generally, this case studggasts that stocking may be superfluous

for restoring previously extinct salmon populatiam$arge river systems.
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Chapitre VIII. Discussion générale

L'objectif de cette thése était d’approfondir lesnnaissances de la structure génétique des
populations de saumon Atlantique en France, aetsade trois questionnements :

1- Quel est le niveau de structuration génétiqueepagpulations inféodées aux rivieres

francaises et comment varie la diversité au seicedepopulations ?
2- Comment a évolué cette structure génétique ars aes derniéres décennies ?

3- Quel sont les influences de certains facteursir@mementaux (distance
géographique entre les rivieres et longueur deseatigs) et de certaines activités humaines
(repeuplement et amélioration de [I'habitat) surtecestructuration et son évolution

temporelle ?

Les résultats obtenus dans le cadre de ce tr&d@idndent & ces questionnements en

montrant :

v Une distribution spatiale de la diversité généigies populations de saumons a
I'échelle du territoire francais permettant d’idéet cing principaux groupes
génétiques ;

v" L'influence sur cette structure de deux facteumgrennementaux prépondérant a
savoir la distance cotiere entre les estuaires & tbngueur des rivieres ;

v' L’existence d’'une population originale inféodéa aiviere Allier, attestant d’'une
adaptation du saumon a des conditions locales ;

v" L'influence des repeuplements sur la structureétigne des populations. Cet
impact apparait d’autant plus fort qu’il a pu éi&montré a I'aide de plusieurs
approches : comparaisons d’échantillons récensm&ens, utilisation d’outil de
modélisation, et couplage d’analyses microchimigaesggénétiques ;

v L'origine de poissons recolonisant spontanémerfsdme dont la qualité s’est

récemment largement amélioré.
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Distribution spatiale de la diversité géenétique

Déterminer la structure génétique entre les pojoulatou groupes de populations est un enjeu
majeur en génétigue des populations (Waples & G#g006). Notamment, la
détermination de ces patrons de différenciatioreigue est de plus en plus utilisée a des fins

de conservation des especes menacées (PasablP007) (Schwartet al.2007).

Dans le cadre de ce travalil, il a été
identifié cing principaux groupes de
populations génétiqguement et
géographiquement distincts actuellement en
France: Haute-Normandie, Basse-
Normandie, Bretagne, Allier, et Adour
(Chapitres | et 1) (Fig. 18). Les populations
inféodées a la Garonne et a la Dordogne
possédent des caractéristiques
intermédiaires aux groupes Allier et Adour
et ne semblent pas pouvoir étre identifiees

comme un groupe a part entiére (rappelons

gue ces riviére font I'objet de programme de

) o o restauration et donc de repeuplement). Par
Figure 18 : Principaux groupes genetiques .
parmi les populations francaises de saumon ailleurs, au sein de chacun de ces groupes, le

Atlantique niveau de différentiation est faible. Ces

résultats sont en accord avec ceux de la littégfDionneet al. 2008; Tonteriet al. 2009).
En effet, il est généralement observé un niveauédle différenciation intergroupes indiquant
des flux de genes limités alors que la structuretigue au sein des groupes est plus faible,
indiquant des flux relativement importants entre gepulations proches et localisées dans
des zones géographiques aux caractéristiques groClei est particulierement remarquable
pour les populations de Bretagne qui sont répastiegplus de 400 km de cotes et sont peu
différenciées.

Néanmoins, de récentes études ont montré I'existeecdifférenciations géenétiques
significative entre différentes populations ou spapulations d’'une méme grande riviere
(Primmer et al. 2006; Vahaet al. 2007; Dillaneet al. 2008; Dionneet al. 2009). Cette

constatation a également été faite au sein dursgstddour dans le Sud-ouest de la France

(Le Gentil et al, article en préparation, résumé présenté en aphnexe éetude similaire
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visant a déterminer la distribution spatiale ddilaersité génétique au sein de la riviere Allier

est en cours (Le Cast al., données non publiégs/R Ecologie et santé des Ecosystémes).

Influence de la distance cétiere et de la longueuwtes rivieres sur la différenciation des

populations
La distance cotiere entre les
0.20
018 Allier populations ainsi que la longueur des
' r=0.66 .
0.16 - 0<0.0001 . rivieres sont deux facteurs
_ M environnementaux influencant la
5 0.12
T ot . . différentiation ~ des  populations
008 - B All pop. étudiées (Chapitre 1) (Fig. 19).
W e g3 sauf Allier
0.06 r=0.84
0.04 * p<0.0001 Le premier facteur évoqué est
0.02 un parameétre expliquant généralement

0.00

0 500 1000 1500 »000 bien les patrons de différentiation chez

Distance cotiere (Km) .
. . le saumon Atlantique (Verspoet al.
Figure 19 : Isolement par la distance entre les

populations frangaises de saumon Atlantique. 2005; Dionneet al. 2008; Grandjeaet
Isolement par Ia’dis.tance plus important de g 2009; Tonteriet al. 2009). De plus,
Al trés peu de poissons sont assignés a
des groupes autres que celui correspondant auwdaite lequel ils ont été capturés. Ces
résultats suggérent un homing important et unédaiblpact des repeuplements sur les rivieres

incluses dans l'analyse.

La longueur de la riviere est le second paramétpiiqaiant de facon significative la
distance génétique entre les populations uniquerf@stue [I'Allier était intégré dans
'analyse. La longueur de la riviere a été suggfaas d’autres études comme un facteur
influencant la diversité génétique a l'intérieusde&ieres, avec notamment un gradient aval-
amont d’appauvrissement de la diversité (Primeteal. 2006; Vahaet al. 2007). En accord
avec ces études, les analyses présentées montiena gpopulation de I'Allier, colonisant
uniquement des sites de fraie tres éloignés deuies de la riviere, possede une diversité
géneétique relativement faible. Cependant, I'absehceaumon sur la partie aval de I'Allier
et sur la partie basse de la Loire, ne permet aucamparaison de la diversité génétique sur

un gradient aval-amont.

D’autres analyses réalisées dans le cadre de a&ltraais non présentées dans ce

manuscrit suggerent une influence possible de @ewes parametres sur la différenciation
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entre les populations : la nature du substratuniogé&pe et la présence de larges zones
cétieres dépourvue de rivieres favorables a la atimn. Le substratum pourrait avoir une
importance dans la reconnaissance de la rivier@engbtabell 1984) et donc favoriser une
différentiation locale. La présence de zone cotgaps cours d’eau accessible au saumon
habitat favorable pourrait expliquer une importadiéérenciation entre les groupes de
populations. En effet, la dispersion des saumoafegtue principalement dans une zone
restreinte de part et d’autre de leur riviere djore (environ dans les 60 premiers kilometres
(Jonssonet al. 2003)). Ainsi, la présence de zones cotieres sadge plus de 60 km sans
riviere accessible a pu engendrer a terme desralift@ations importantes entre des

populations localisées de part et d’autre de ceeszo

En perspectives, une analyse plus précise de uénfie de ces trois parametres
longueur de la riviere, nature du substratum géqleg et présence de larges zones cotieres
dépourvue de rivieres favorables, pourrait permettétudier plus finement la différence
génétique entre des groupes contigus au niveaialgdhsi, ces parametres pourraient étre a
I'origine des taux de différenciation importantgre les populations de Bretagne et de Basse-
Normandie et des taux tres faibles au sein du grobpeton malgré les distances

géographiques importantes entre les populationéestde part et d’autre de cette région.

Adaptation locale de la population de I'Allier

De nombreux travaux suggerent des adaptationseloadlez le saumon Atlantique (Taylor
1991; Garcia de Leaniet al. 2007), exprimées notamment par des différencesitles et
d’ages des poissons adultes qui pourraient a ¢eurétre le reflet des difficultés de migration
et d’accés aux sites de frais (Schaffer & Elsons)}gPower 1981; Dionnet al. 2008). Cette
difficulté de migration et d’acces aux sites deroepction est généralement une fonction
combinant longueur de la riviere, débit, pente réspnce d’obstacles naturels ou d’origine

anthropique, etc...

Les frayéres a saumon de la riviere Allier sontoarg’hui localisées sur une aire
restreinte de la partie haute de la riviere situg@dus de 700km de I'estuaire. Ainsi, les zones
de reproduction du saumon sur I'Allier sont, conap@ement plus difficiles a atteindre que
celles situées sur les autres rivieres francaided’¢stuaire jusqu’'a 150km en amont). De
plus, elles restent actuellement les seules zowesabliement accessibles (présence de
quelques sites colonisés sur la Gartempe, affldenta Vienne) pour la reproduction du

saumon sur le bassin Loire-Allier. Du point de \plenotypique, les saumons capturés sur
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cette riviere sont des individus de grande ta#@@rnant 2 a 3 ans en mer (Les individus de
trois de mer constituaient la composante domindeseremontées de saumons adultes dans le
passeé) et remontant tét en riviere (en hiver efyigs quatorze mois avant leur reproduction
dans la partie basse de la Loire). Il est parécatnent important de noter que les castillons
sont presque totalement absents de cette riviene.rdranche, sur les autres rivieres
francaises, les poissons sont essentiellement desoms séjournant un an en mer et
remontant I'année ou ils vont se reproduire (primie et été). Signalons cependant que la
riviere Adour possede également une composantelltesdde deux et trois de mer mais dans
des proportions beaucoup plus faibles que celled’Alker, et comprend un nombre
important de castillons (Bagliniere & Porchere, 4p%ar ailleurs, si cette composante de
poissons de plusieurs hivers de mer peut étre rdgalieclevée sur les cours d’eau du Nord de
'Europe (Anonyme, 2008) et au Canada (Baglinicr@33), la période de remontée des
adultes n’est jamais aussi précoce que sur I'Algeril existe généralement une grande

guantitée de castillons.

La population de [I'Allier apparait génétiquemenestrdifférenciée des autres
populations francaises et bien plus que si le nivdeadifférentiation était prédit par la relation
d’isolement par la distance (Chapitre 1) (Fig. 1Ppur exemple, Le Fst entre le Blavet
(Bretagne Sud) et I'Allier est de 0.11 alors qubuicentre le Blavet et le Trieux (Bretagne
Nord) est égal a 0.01 alors que la distance gébgrae entre I'Allier et le Blavet est quatre
fois inférieure a celle entre le Blavet et le Treknfin, aucun individu immigrant issu d’'une
autre population n'a été identifié dans I'Allieragp plus qu'un hybride entre un individu
immigrant et un poisson de I'Allier. Ces résultsiggérent une adaptation phénotypique de la
population de saumon de l'Allier aux caractéristisjyphysiques de la riviére et a la difficulté
de migration sur les zones de frayere. lls suggergalement des flux réduits d’'individus et
de genes entre l'Allier et les autres populatiosseatuant I'originalité génétique de sa

population de saumon.

L’Allier représente un site particulierement intsant pour étudier plus précisément
les phénomenes d’adaptation locale. Il serait notant possible de mesurer I'héritabilité des
traits morphologiques des individus, tels que ldetavia des croisements in situ et des
analyses de parenté, ainsi qu’en recherchant dés(Rdid et al. 2005; Houstoret al. 2009;
Baranskiet al. 2010). Par ailleurs, les caractéristiques excapttles de cette population
notamment en termes de résistance aux nombreuss stemcontrés durant la migration
laissent supposer une forte pression de séledtien les individus, notamment pour les génes

du Complexe Majeur d’Histocompatibilité (Dionme¢ al. 2007; Kekalaineret al. 2009). La
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diversité génétique de cette population au CMHaestiellement étudiée dans I'Unité (UMR
ESE, Rennes) et devrait permettre d’établir unenine estimation du potentiel adaptatif de
la population relativement aux autres populatiorendaises. De plus, l'analyse a 20
marqueurs microsatellite et a un gene du CMH d’'sége chronologique d’échantillons
commencant en 1965 devrait également permettreetigndiner les effets sur la population

des changements récents apparus dans I'environhemeette population.

Effets des repeuplements sur la structure génétiquaes populations
Utilisation d’échantillons contemporains

Les «repeuplements » sont des pratiques couraniléstes dans le but de soutenir la
production des populations naturelles ou de restaume population éteinte. Cependant, ces
pratiqgues sont a méme de modifier les caractéussiggénétiques des populations. Ces effets
des repeuplements sur la structure génétique dpslgtimns peuvent étre mesurés en
comparant la structure d’échantillons contemporaiies populations repeuplées, de
populations voisines de celles-ci et celles deslses (stocks) utilisées pour effectuer ces
repeuplements. Les travaux réalisés en utilisaité @pproche mettent bien en évidence les
effets non négligeables des déversements de psismngine bretonne dans les populations
normande de la baie du Mont-Saint-Michel. Les taliintrogression sont variables,
s’échelonnant depuis un taux faible sur le stockadeviere Sée jusqu’a un taux trés élevé
d’introgression celui de la riviere Couesnon. Clbseovations restent relativement courantes
(Hansen 2002; Campas al. 2008; Finnegan & Stevens 2008; Sonstebal. 2008; Hansen

et al. 2009). De plus, ces taux d'introgression sembfmaportionnels a la quantité de
poissons déversés sur les quatre rivieres consilége qui suggere fortement que les
repeuplements effectués de 1989 a 2003 constilaeohuse de l'introgression observée.
Concernant les autres populations francaises, @tnpas noté de distribution génétique
particuliére pouvant suggérer des effets de repeughts récents utilisant des poissons natifs,

ou encore des effets de repeuplements non natigsgpiciens.

Comparaison d’échantillons anciens et récents

D’'une facon générale, les analyses comparant denglons anciens et récents montrent

une réduction de la différenciation entre les papohs entre les deux périodes

échantillonnées (Fig. 20). Cette réduction est @lws brassage géenétique plus important lié

aux opeérations de repeuplement qui utilisent deshsgs non natives c’est-a-dire provenant
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faibles taux d’introgression. Ceci confirme différenciation génetique entre les

n . , populations de saumon.
que lintrogression observée dans les
échantillons récents est une conséquence des iopérde repeuplement. Ces résultats sont
en accord avec les études comparant des échastd®mopulations de saumon et de truite
collectés avant et apreés des activités de repegplisn{(Hansen 2002; Finnegan & Stevens

2008; Hanserrt al.2009).

A linverse, cette comparaison entre échantillonsiens et récents semble indiquer
une dilution d’effets de repeuplements anciensamatent sur la Bresle (Haute-Normandie)
et en Bretagne. En effet, I'échantillon ancien @l@tesle est assez fortement introgrésseé, ce
qui suggerent une introgression ancienne de lalptpo de la Bresle, conséquence des
repeuplements effectués dés les années 1960 asesodehes principalement écossaises. A
I'inverse, I'échantillon récent de la Bresle eststfaiblement introgréssée, ce qui semblerait
indiquer une dilution de lintrogression. Cetteutiibn pourrait provenir du faible succes des
opérations de repeuplements et/ou de I'immigratibndividus natifs depuis des riviéres

voisines non repeuplées.

Concernant la Bretagne, la diminution de la diffiération entre les populations ainsi
gu’'un isolement par la distance plus significatif sein des échantillons contemporains
pourrait indiquer une dilution d’effets de repeupénts anciens encore détectable dans les
vieux échantillons mais non présente dans les t&cdinest également possible que cette
structure génétique actuelle ait été influencéedeata dispersion des nombreux poissons

natifs déversés dans I'Aulne et L’Elorn depuisdasées 90.

Afin d’évaluer plus précisément I'impact des redeoments anciens, il serait utile

d’analyser davantage d’échantillons issus de pdipuka potentiellement utilisées comme
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source. En effet, outre I'Ecosse, il est fait memtide nombreuses origines de poissons
provenant d’lrlande, de Norvége, de Suéde, de kaalaat du Canada (Québec). En parallele,
des analyses de I’ADN mitochondrial devraient pdtraede donner davantage de précision
sur I'impact de ces repeuplements anciens (Tessial 1995; Campost al. 2008). En effet,

la dilution de l'introgression pourrait aussi praireen partie de l'utilisation des marqueurs

microsatellites trés polymorphes.

Utilisation de simulations

Les analyses d’échantillons anciens et récentspdesilations de la baie du Mont-Saint-
Michel ont montré des impacts variables des repeo@hts. La prise en compte de données
démographiques et migratoires des populations pi@es (abondance du stock, taux de
survie en mer et de retour a la riviere natale)iedtives aux repeuplements (quantité et
origine des individus déversés) a rendu possibleaaers de simulations d’évaluer I'impact
des opérations de repeuplement sur les populatianselles. En accord avec la littérature,
les résultats obtenus suggerent :

. . Observed
1- Une fitness faible des L old

Simulated

individus  repeuplés (Fig. 21
(Hansen 2002; Finnengan & Stevel
2008; Sonstebet al. 2008), environ

20 fois inférieure ;

Observed

S=1

S=0.1  Recen
2- Des taux de dispersiol

_ _ _ S=0.05

relativement importants des poissol
sauvages et déversés (Jonssbal. S=0.01 ]
2003; Pederseet al.2007) ;

3- Une introgression plus
forte dans la Sienne et la Sée ¢
dans la Sélune et le Couesnon, pc Figure 21 : Taux d’introgression (admixture)

R ] o observés et simulés pour les quatre populatioha de

une  méme  intensitt  di  paie du Mont-Saint-Michel. Les simulations sont

repeuplement. Ceci pourrait étre | Présentées pour quatre taux de survie différerdest

R e . taux de dispersion de 15%.
a des difféerences de qualité dal

'environnement ou sont déversés les juvéniles. e@dant, ces différences de taux

d’introgression peuvent étre également fonctios fiectuations de taille de population.
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Afin d’approfondir I'étude des effets des repeupters en baie du Mont-Saint-
Michel, nous avons pour projet d'étudier commentré&gartit I'introgression au sein de
chacun des quatre bassins versants concernés. fBn ifpossible quil existe une
structuration spatiale de [lintrogression, pouvatte due au différentes pressions de
repeuplements selon la localité ou aux différertbabitat (Finnengan & Stevens 2008) ou
bien encore dans les comportements des individunmgéh & Mensberg 2009). Il sera
également intéressant de comparer les patronsatjmgssion sur les échantillons d’adultes et
de juvéniles afin de mettre en évidence d'éverdgellifférences entre les survies des
sauvages, repeuplés, et hybrides (Blanehedl. 2008; Fordet al. 2008). Par ailleurs, nous
projetons d’étudier I'évolution de lintrogressi@u sein de la population de la Sélune de
1987 a 2007, sur pas de temps annuel. Ce travaitgaibétre complété d’'une étude basée sur

des simulations sur les bases de celle présentdecdtte these.

Utilisation d’analyses microchimiques des otolithes

Les analyses génétiques sont trés utiles pourrdigter I'origine des individus et mesurer
I'impact des repeuplements. Cependant, dans uaregstepeuplé depuis plusieurs années, un
poisson possédant des caractéristiques génétiqoebes voir identiques a celles de la
souche utilisée pour les repeuplements, peut seiti€su du repeuplement actuel mais aussi
de la reproduction locale de poissons précédemmepduplés. Seule une méthode de
marquage des individus, couplée a la génétiquesgibpermettre de différencier I'origine de

ces individus.

Le couplage d’analyses génétiques et microchimigliemlithes est une approche
originale qui a permis de déterminer 'origine ¢g@éssons : i) sauvages aux caractéristiques
génetiques locales, ii) sauvages aux caractéregiqle repeuplement, iii) sauvages aux
caractéristiques hybrides, et iiii) de repeuplem@g. 22). Par ailleurs, le travail réalisé
montre que la microchimie permet de différencier pepulations trés proches de la baie du
Mont-Saint-Michel (réassignation de prés de 90%in@isidus a leur riviere natale) alors que
I'utilisation d’outils génétique ne le permet paSependant, I'analyse des otolithes est
invasive et nécessite de tuer les individus cadectDe plus, le colt des analyses
microchimiques est élevé, en particulier les aredysffectuées par ablation laser et non par
dissolution des otolithes.

Pour poursuivre ce travail, il devient nécessagepduvoir disposer d’'un plus grand

nombre d’échantillons de saumon adultes provenastdifférentes rivieres de la baie. Ce
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plus grand nombre d’échantillons devrait notamnerinettre d’analyser les pourcentages
relatifs de survie en mer des quatres types des@uisévoqués plus haut. Il serait également
pertinent de statuer sur la stabilité temporelle dgnatures microchimiques des stocks
étudiés (Campanet al.2000; Schaffler & Winkelman 2008).
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Figure 22 : Utilisation couplée des analyses ggnés et
microchimiques pour déterminer I'origine géograpieicpt le
pédigrée des individus.

Recolonisation naturelle par le saumon

La restauration de populations éteintes est sousevisagéervia le repeuplement avec des
individus provenant de populations encore viabl@€ependant, les phénoménes de
recolonisation naturelle existent. Méme s’ils n’été décrits chez le saumon Atlantique que
sur des rivieres relativement petites (Vasenwgil. 2001; Grandjeart al. 2009), il existe
des exemples de recolonisation naturelle de fleehez la truite communesalmo trutta
(Schreiber and Diefenbach, 2005).

De fait, I'observation de la recolonisation natlegel’'un grand fleuve comme la Seine
reste un fait marquant et intéressant d’autantlgympulation de saumon est éteinte de puis
plus de 80 ans voir plus et que le fleuve a coramsda décennie 1970 une dégradation tres
marquée de la qualité du milieu (réduction extréereniorte de la diversité pisciaire). Les
guelques saumons analysés semblent provenir glddgopulations proches, de Normandie,
et de populations plus distantes, comme I'Allierd&utres populations européennes non
déterminées avec précision (référence a des soudthasgeres). De fagon générale, ces
phénomenes de recolonisation naturelle sont irdganés du point de vue de la gestion car
mettent en avant le fait que le repeuplement nettar pas la seule option possible pour
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restaurer une population. Il est méme raisonnablpethser que des individus sauvages issus
du milieu naturel auront davantage de chance déreneh place une nouvelle population
pérenne que des individus d’élevage. L'installatim cette nouvelle population pourrait
bénéficier d’'un avantage lié a la diversité génedigbservée au travers de I'analyse de ces
premiers échantillons, mais également lié au caracgauvage des individus (non sujets aux
effets négatifs inhérents a I'élevage en piscicaltet au déversement). Cependant les
conditions d’'une recolonisation durable passe pamélioration de la libre circulation
(connectivité) des poissons sur le bassin pernteli@rces a certaines zones de fraye de
qualité suffisante (Fraset al.2007; Kiffneyet al.2009). Ces zones existent déja sur certains
affluents de la partie aval de la Seine (Andelle)des densités relativement importantes de

juvéniles ont pu étre estimées.

Cette étude a été réalisée sur un nombre limitedVidus et doit étre étoffée par un
échantillonnage plus important. Analyser davantajedividus pourraient donner des
informations plus solides quand aux origines ddss/idus et aux traits de vie potentiellement
particulier qu’ils pourraient posséder et par exkempxpliquer leur comportement de
dispersion. Afin d’obtenir davantage de précisicangl I'origine des individus, il serait
possible d’ajouter des échantillons de I'ensemldel’Hurope et en utilisant des analyses
d’ADN mitochondrial. Des analyses de juvéniles paignt également fournir des
informations sur le succes reproducteur des inds/idux origines diverses recolonisant la
Seine. Ces succes reproducteur pourraient étrésralides traits de vie ou des origines
génétiques particuliéres. La microchimie pourratnpettre de différencier les migrants de
leur descendant dans la nouvelle population, destchractéristiques génétiques pourraient

étre identiques.
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Conclusion

Au plan scientifique, cette étude est la premiéemgttant d’avoir une vision globale des
caractéristiques et de la structure génétique deslations de saumon en France. Par ailleurs,
elle apporte dimportants é€léments de compréhengienla structure génétique des
populations de saumon Atlantique en identifianigcgrands groupes et en faisant ressortir
l'originalité génétique de la population de la ére Allier. Cette originalité est
vraisemblablement la conséquence d’'une adaptagéda dopulation a des conditions locales
particulieres. De fait, la population de I'Alliepustitue une opportunité unique d’étudier ces
phénomenes d’adaptation locale étant donné lesctéaistiques morphologiques et
génétiques des poissons de cette population ind@astir un des derniers grands fleuves
encore colonisé par le saumon. Ce travail met éuale en lumiére I'impact des
repeuplements sur la structure génétique des pigndaen montrant que ce type d’opération
conduit a une plus faible différenciation des gesimentifiés. La Baie du Mont-Saint-Michel

a constitué un lieu d’étude privilégié des effets depeuplements sur les populations de
saumons. En effet, cette baie comprend quatrerewiproches, appartenant au méme groupe
génétique et ayant fait I'objet de repeuplemenitstehsités variables avec des individus non-
natifs. Les résultats ont parfaitement mis en éwdde niveau d’introgression plus ou moins
important des populations naturelles des quatrescdieau et la dispersion des individus

repeuplés dans les rivieres voisines.

Au plan appliqué, les résultats de ce travail gimhgbrtantes implications pour la
gestion des populations de saumon Atlantique. Emgar lieu, cette étude montre une fois de
plus lintérét du suivi régulier des populations siumon mais également du recueil de
chroniques de données sur le long terme avec geskdiéchantillons de tissus tels que des
écailles ou des fragments de nageoires qui pe@snutilisés dans de nombreuses études a
posteriori. Une meilleure conservation de ces patpais passe par une gestion concertée a
I'échelle de chacun des grands ensembles généidgr#fiés (ce qui est actuellement réalisé
pour la plupart de ces ensembles, e.g. Allier ebukll Cette structure suggere en effet une
connectivité importante des populations au seigedegrands groupes. Ainsi, une mesure de
gestion appliguée a une population peut avoir diegsesur les populations voisines. Les
repeuplements sont notamment a utiliser avec ptiécaétant donné leurs effets sur les
populations ciblées mais également voisines. Ds, @tant donné les possibles adaptations
locales des populations, il est important d’évies pratiques de gestion introduisant des
individus non-natifs, en préférant les repeuplementec des poissons natifs issu du méme

groupe génétiqgue ou de la méme riviere, et en nidaimh les processus de sélection en
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pisciculture. Néanmoins, en dépit des impacts fal#s repeuplements, leur efficacité
demeure trés faible. Enfin, les possibilités del@usation naturelle peuvent étre importantes
dans certains cas et permettre la restaurationredapulation si celle de la qualité et de la

connectivité des habitats est préalablement eféectu

149



Travaux annexes

Un marqueur microsatellite pour distinguer Salmo salar Salmo truttg et leurs hybrides

Le but de ce travail était de discriminer saumdandijue, truite fario, et leurs hybrides, a

I'aide d’'un marqueur microsatellite.

Le saumon Atlantique et la truite fario coexistérédquemment dans les mémes
habitats. Les juvéniles des deux especes peuvefttipétre confondus. Des phénomeénes
d’hybridation sont connus et les hybrides sontidiéfs a identifier et peuvent présenter des
phénotypes de type saumon ou truite (Verspoor 1,9B8ibrell & Price 1991; Bealkt al.
1997). Ainsi différents marqueurs ont été développér discriminer ces especes et leurs
hybrides (Guyomard 1978; Vuorinen & Piironen 1984ndas et al. 1995; Elo et al. 1997,
Susnik et al. 1997; Lee et al. 1998; Perez etogl9)L

Dans cette étude nous présentons un marqueur @iellde, SsAD486 (Kinget al.
2001), ayant deux alleles espéces spécifiques pamhel'identification des saumon
Atlantiques, truites fario, et leurs hybrides, erurdpe. Comme ce marqueur est
polymorphique chez le saumon en Ameérique du Ndrgeut également étre utilisé pour

différencier les saumons de I'Atlantique Ouest &t E

Ce marqueur trouve une utilité dans toutes étudesut sur des populations de truite
ou de saumon pour lesquelles I'hybridation est iptsssou pour des échantillonnages de
juvéniles qui sont alors plus difficile a discrirmm Ce marqueur permet ainsi d’exclure de
I'analyse les hybrides ou poissons d’'une espécedésitée qui peuvent générer des erreurs
d’analyse et d'interprétation. Ce marqueur peutiags réveéler fort utile pour I'étude des

processus d’hybridation.
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Abstract

Atlantic salmon and brown trout frequently co-ocaurthe same habitats and juveniles of
both species are difficult to discriminate. Hybrigiion between the two taxa has also been
widely documented especially in endangered popmrathence the need for species-specific
molecular markers. Here we show that the micro#ateharker SSAD486 has two species-
specific alleles allowing the identification of Atitic salmon, brown trout, and their hybrids
throughout the European range of these speciese 8s marker is polymorphic in Atlantic
salmon populations from Western Atlantic, it coaldo help discriminating between North

American and European salmon.

Key-words: hybridization; microsatellite markegalmo salarSalmo trutta
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Atlantic salmon $almo salay and brown trout Salmo truttd often coexist in the same
habitats and are difficult to discriminate at th@gnile stage. These species also frequently
hybridize in the wild and hybrids present a salnike-or a trout-like phenotype (Verspoor
1988b; Hurrell & Price 1991; Beadt al. 1997). This difficulty to recognize hybrids maytke

to a biased sampling &. salaror S. truttajuveniles since hybrids can represent up to 10% of
salmonid juveniles in some rivers (Castikd al. 2010). Such sampling errors may bias
inferences of population genetic diversity, whick acreasingly used in the management of
endangered populations. Hybridization seems torocture frequently in small populations
(Deleaniz & Verspoor 1989) meaning that hybridiaatrates may help to identify vulnerable
populations. Genetic introgression between thedpecies has been particularly documented
in endangeredsalmo salarand S. trutta populations subject to supplementation programs
using domestic fish (Castillet al. 2008). In this context, genetic methods of speeied
hybrid identification were developed using enzyneei |(Guyomard 1978; Vuorinen &
Piironen 1984), RAPD markers (Ekt al. 1997), restriction analysis and histone-3 coding
genes (Pereet al. 1999), a rDNA locus (Pendas et al. 1995), andstearnne gene (Lee et al.
1998). Castillo et al. (2008) also used the midedbee marker BFRO 002 (Susnik et al.
1997) that is polymorphic in brown trout and monaopiac in Atlantic salmon (Ayllon et al.
2006; Castillo et al. 2008). However, no microdae&lmarker with two species-specific
alleles has been described so far to quickly ifiehtybrids and both parental species. In this
study we show that the microsatellite marker SsA®d8veloped by King et al. (2005) can
be used for that purpose since European populatibAdglantic salmon and brown trout are
fixed for two distinct alleles at this locus. Fuetmore, this locus could be extremely useful
for the identification ofS. salarcontinental origin since it is polymorphic in NiesAmerican
Atlantic salmon (King et al. 2005; Palstra et &02).

We genotyped at the SsAD486 locus 630 S. sala©@r8. trutta adults from 45 and
25 rivers respectively (see Supplementary matdoiallocalization of sampling sites). As
controls, we genotyped at both the SsAD486 andlihgnostic 5srDNA markers (Pendas et
al. 1995) six Atlantic salmon adults, six brownutr@dults and 11 hybrid embryos resulting
from artificial crosses between two S. salar femaled two S. trutta males. Genomic DNA
was extracted from fin tissues and scales by hgatimples in a solution of proteinase K, TE
buffer (TrisEDTA) and Chelex 5% at 55° C overnigimnd then at 105°C for 15 min. PCR
analyses and alleles scoring were conducted usioglifferent genotyping procedures. First,
we used the economic “M13 method” according to etqmol described in Perrier et al.
(2010). The second procedure (called “kit” in tal)ebased on standard fluorescent primer

labeling is presented in Grandjean et al. (2009).
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Table S1: Sample size and coordinates (river mdatteach of the 59 rivers sampled.

Countn Rivel Atlantic Salmo Brown Trou N W
Canad Bonaventur 2 48°02 65°2¢
Cascaped 2 48°0¢ 65°5¢
Jupite 3 49°2¢ 63°3¢
Moisie 2 50°11 66°0¢
Adour 32 4 43°31 1°31
Aulne 9 1 48°2¢ 4°21
Authie 3 50°2z 1°34
Aven 9 1 47°4¢ 3°44
Blavet 1 47°42 3°2z
Boutonn 4 45°57 1°04
Bresle 33 3 50°0: 1°22
Canchi 2 50°3: 1°3¢
Couesno 28 48°37 1°3C
Dordogni 12 45°3¢ 1°0¢€
Douror 6 48°4( 3°3¢
Drenne: 4 48°3¢ 4°3k
Ellé 6 47°4¢ 3°3z
Elorn 1¢ 48°17 4°1¢E
Garonnu 2C 45°3¢ 1°0¢€
Goue 1 48°31 2°4%
Goyer 27 48°0( 4°32
Je 17 47°5; 4°0¢
Legue 15 48°4: 3°3:z
Loire 51 13 47°1¢ 2°1C
Nivelle 13 43°2: 1°4C
Ode 14 47°5; 4°0¢
Orne 68 4 49°17 0°14
Vilaine 1 47°3(C 2°2¢
Penz 22 48°4( 3°5€
Rhone 6 43°2( 4°5C
Scorff 22 5 47°42 3°22
Sé¢ 23 48°3¢ 1°2¢
Seine 5 49°2¢ 0°07
Sélune 5C 5 48°3¢ 1°2¢
Steil 12 47°5; 4°0¢
Touque 11 11 49°21 0°04
Trieux 1€ 1 48°4¢ 3°04
Valmon 2 49°4F 0°2z
Vire 1 1 49°21 1°07
Irelanc Moy 4 54°12 9°0¢
Norway Eira 1 62°41 8°07
Visa 4 62°4: 7°5E
Polanc Slupie 9 54°3¢ 16°51
Spair Care! 1 43°2: 4°3C
Sjalst 1 57°4¢ 18°2¢
Ire 1 57°5( 18°3¢
Sweden Gatarve 2 57°3¢ 18°4¢
Svajde 1 57°3¢ 18°21
Gothen 1 57°3¢ 18°4¢
Kopparsvil 2 57°3¢ 18°1¢€
Dee 1 53°1¢ 3°1z
. . Frome 6 6 50°41 1°5€
United Kingdom | Grimerst: 1 58°1( 5°44
Spe) 3 57°3¢ 3°3¢
Tay 1 56°27 2°47
Tweec 6 55°4& 1°5¢
Total Brown 25 9C
Total Atlantic 45 63C
Total 5¢ 72C
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Table 1: Genotyping procedure, geographic origih genotypes of the samples
analyzed at the SsAD486 locus.

Specie  Methoc  Country Number of Sample Siz Genotype
_ KIT Canada, QC 4 9 158-158; 170-174; 170-
Atlantic 186; 170-190; 174-174;
Salmon Europe 19 228 17¢-17C
M13 Europe 31 39¢ 195-19¢
Total 45 63C
Brown KIT Europe 21 58 15&-15¢
M13 Europe 8 32 181-181
Trout Tota 28 oC
Total 59 72C

The SsAD486 locus was monomorphic in all Europedlamc salmon samples
(Table 1). King et al. (2005) and Grandjean et(2009) also found only one allele in
respectively 32 individuals from a Scottish popiolatand 365 individuals from ten French
populations. We found five alleles in the nine Ghaa samples (Table 1). Correspondingly,

King et al. (2005) and Palstra et al.
Table 2: Genotypes of Atlantic salmon, brown

trout, and hybrid samples at the SsAD486 and (2007) found respectively seven

5srDNA loci. alleles in 48 individuals from one US
Species  Sample Size Genotype population and 13 alleles in 1346
SsAD48t  5srDNA o
Atlantic 6 197-19%  27E-27F individuals from Newfoundland and
Brown 6 181-181 297-297

Labrador regions. Interestingly, we

Hybrids 11 181-19¢ 275-297

also found one single allele in all
brown trout samples, which was 12 pb shorter thenS. salar allele. Results of both
genotyping procedures were similar except allete ghat was logically longer with the M13
method. Artificial hybrids were all heterozygotasdaparallel analyses made with both the
SsAD486 and 5srDNA loci produced similar resultalf[é 2).

Homozygote individuals at the 170 bp allele of 88AD486 locus can be accurately
identified as Atlantic salmon. The continental arigpf such individuals could be further
determined using the SS1 microsatellite and / c@ tHD1/16sRNA region of the
mitochondrial DNA (Gilbey et al. 2005). Given thetremely low proportion of 158/158 and
158/170 genotypes in North American Atlantic salnfef.0004, F. Palstra pers. com., data
set from Palstra et al. 2007), individuals sampgledeurope with these genotypes can be
identified with high confidence as brown trout amgbrids respectively. All other genotypes
indicate an Atlantic salmon from North-America. Gonclude, the SsaD486 locus represents

an extremely valuable tool for Atlantic salmon @rdwn trout conservation genetic studies
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since it can be used to identify both species &ed thybrids in Europe, but als®. salar

continental origin.
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Structure génétique des populations de I’Adour

Le but de ce travail était de déterminer la stnecgénétique existante au sein des populations

de la région de I’Adour.

De récentes études ont montré I'existence derdiff@ation génétique significative
entre différentes populations ou sous-populationeedméme grande riviere (Primmet al.
2006; Vahaet al. 2007; Dillaneet al. 2008; Dionneet al. 2009). Le bassin de I'Adour
présente la particularité d’étre relativement laggyd’avoir des affluents de tailles importantes
et rejoignant le cours principal tres en aval. banfe de ce bassin et la localisation des
frayéres pourraient entrainer une importante sirecgénétique entre les populations de
'Adour. Les études menées par Perridr al. suggérent une différenciation génétique
significative entre le Gave d’Oloron, la Nive, at fleuve cotier trés proche, la Nivelle. De
plus, I'’Adour fait I'objet de repeuplements aves g@issons natifs et aucun suivi de I'impact

génétique n’est encore réalisé.

Les buts de cette étude étaient de définir la stragénétique des différentes (sous-)
populations du bassin de I’Adour et déterminer jjamnt des repeuplements effectués sur cette
structure génétique. 924 juvéniles ont été échantiés sur 41 sites et génotypés a 12

microsatellites.

Les analyses de variance moléculaire, arbres dandiess génétiques, et lI'analyse
bayesienne de clustering des individus ont rév@gistence d’au moins 10 groupes
génétiques. Trois principaux groupes correspondenxtrivieres Nivelle, Nive, et Adour. Au
sein de chacun de ces trois groupes, au moinsdonis-groupes ont pu étre identifiés. Les
tests de Mantel ont révélé un isolement par laade significatif. Une analyse
d’autocorrelogramme a suggéré une difféerenciatignificative des individus a partir de
30km.

Nos analyses ne suggérent pas d'effet signifiadad repeuplements effectués sur
I’Adour sur la structure génétique des populatidada Nive et de la Nivelle. Cependant, la
relativement faible structure au sein de la rividd®ur pourrait suggérer une diminution de la

structure génétique due aux déversements.

Ces résultats ont d’'importantes implications paurgestion des populations de la
région Adour, en montrant I'existence d’'une stroetgénétique a fine échelle géographique
et en suggérant des effets homogénéisant des tepers. Nous avons pour perspective
d’étudier plus en détail les effets des repeuplemeia I'analyse comparée d’échantillons
anciens et récents.
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Extended abstract

Analyses of genetic structure within and among (etmns are crucial for the development
of management plans. Atlantic salmon populatiores generally genetically differentiated
even at small spatial scales. Recent studies shav&tbnces of complex within rivers
genetic structure (Primmaeat al. 2006; Vahaet al. 2007; Dillaneet al. 2008; Dionneet al.
2009). Adour spawning grounds were distributed he tnainstream and in several big
tributaries, from the estuary to 200km from the. §¢@ geographic structure of this river and
the locations of spawning grounds could have ledigmificant differentiation within this
catchment. Studies of French populations (Perriealg In prep) suggested significant
differentiation within the Adour region, among Adpiive, and Nivelle rivers. In addition,

stocking was performed in Adour River since 198thwiative individuals.

Also, the aims of this study were to investigate ¢fenetic structure within the Adour
catchment and the potential impact of native stogkb24 juvenile salmon from 41 locations

from Adour (Fig. 1, table 1) were genotyped at li2rosatellite loci.

According to multidimensional scaling (Fig. 2), &s@s of molecular variance (Table
2), and individual Bayesian clustering analysisg(R), we almost found 10 main genetic
groups. The genetic structure was hierarchical thedthree main groups corresponded to
Nive, Nivelle, and Gaves. Thereafter, these graqdd be divided in several other groups,
suggesting very fine scale genetic structure. Tlamti®l test revealed significant isolation by
distance (r = 0.53, p < 0.01). Allelic richnessttdo decrease with geographic distance to the
sea. According to autocorrelogramm analysis, genéiiferences were significant from
30km. Our analyses did not suggest significant chgd stocking in Adour River on the
genetic structure of Nive and Nivelle rivers. Howgvstocking may have lead to a decrease
of fine scale genetic structure within Adour Rivérdeed, we expected a clearer genetic
structure among Adour river locations given thetographic distribution and given the high
structure found within Nive and Nivelle. These tlesoverall suggest the existence of a fine
scale genetic structure within the Adour catchmarita decrease of differentiation due to
stocking. We plan to evaluate more finely stockingpact on Adour catchment genetic

structure by analyzing historical samples.

Key-words: Genetic diversity, microsatellite lo&almo salarstocking
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Figurel: Map of the locations of the study popwolasi (see also Table 1).
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Table 1: Sampling and genetic diversity data fer4h location studied. N is the number of

individuals, AR is allelic richness (based on 4iwdlals), H is the unbiased expected
heterozygosity, AN is the number of alleles found.

N° Location Geographic Coordinates D|_stance from He AR AN
group river mouth

1 Nivelle 43°20'52”"N /01°33'06"W 30 16.5:2 0.8 5.1 12
2 Nivelle Nivelle 43°18'33"N / 01°31'49"W 45 22.11 0.83 5.1 15
3 Lurgoriete 43°18'28"N / 01°33'58"W 19 22.4] 0.79 4.€ 9.t
4 Nive 43°24'28”"N [ 01°30'77"W 10 52.31 0.8C 4.7 7.
5 Nive 43°20'44”N [ 01°26'53"W 7 59.1 0.75 4.2 5.
6 Nive 43°19'29"N /01°25'31"W 8 61.€ 0.7¢ 4.€ 6.4
7 Laurhiba 43°17'03"N / 01°24'31"W 6 64.6" 0.81 48 6

8 Béhérobi 43°16'92”"N / 01°24'32"W 50 64.¢ 0.8C 4.7 12
9 Béhérobi Nive 43°15'40"N / 01°24'31"W 15 67.1¢ 0.77 4.4 7.¢
10 Béhérobi: 43°13'39"N / 01°21'89"W 45 70.0¢ 0.80 4.7 11
11 Arnéguy 43°12'90"N / 01°25'18"W 46 64.€ 0.8C 4.7 12
12 Arnéguy 43°16'08"N / 01°24'88"W 47 65.71 0.78 45 11
13 Arnéguy 43°12'89"N / 01°26’'74"W 44 70.0¢ 0.7¢ 4.€ 12
14 Arnéguy 43°10'92"N / 01°28’10"W 37 72.7¢ 0.75 4.2 8.C
15 Saisot 43°31'27"N / 00°87'19"W 8 87.61 0.8¢ 5.2 7.7
16 Saisotl 43°24'97”"N / 00°89'02"W 19 96.4¢ 0.8¢ 5.1 10
17 Saisotl 43°19'51"N / 00°91'33"W 23 104.5: 0.84 52 12
18 Saisot 43°16'25”N / 00°89'59"W 51 109.2 0.8 5 13
19 Saisot 43°11'92”N / 00°86'68"W 24 116.0: 0.82 5 11
20 Gave d'Olorol 43°30'66"N / 00°75'00"W 4 95.31 0.7¢ 4.7 4.7
21 Gave d'Olorol 43°27°'00"N / 00°71'53"W 5 101.4¢ 0.84 5.1 5.t
22 Gave d'Olorol 43°26'85”"N / 00°68'41"W 12 105.6¢ 0.82 4.¢ 8.2
23 Gave d'Olorol 43°24'52"N [ 00°67'84"W 23 108.¢ 0.8: 5.1 12
24 Gave d'Olorol 43°23'44"N / 00°66'14"W 21 110.7¢ 0.81 4¢ 11
25 Gave d'Olorol 43°23'11"N / 00°63'70"W 47 114 08 5 14
26 Vert Gave! 43°19'51”N / 00°65'68"W 14 116.1¢ 0.79 4.€ 7.7
27 Vert 43°16'31"N / 00°68’15"W 15 122.9: 0.82 4.8 8.Z
28 Vert 43°13'83"N / 00°69'27"W 13 126.5: 0.81 4.6 84
28  Gave d'Asp 43°17'69”N / 00°60'30"W 5 143.¢ 0.84 4¢ 5.
30 Gave d'Asp 43°14'99”N / 00°58'98"W 20 124.2: 0.82 4.¢ 10
31 Gave d'Asp 43°10'25"N / 00°61'74"W 14 131.8: 0.78 423 7

32 Gave d'Asp 43°03'88"N / 00°60'42"W 8 141.2: 0.82 4.8 6.7
33 Lourdios 43°10'74”N / 00°63'84"W 16 132.9¢ 0.83 5 9

34 Lourdios 43°07'69”"N / 00°66'98'W 14 134.3° 0.87 5t 11
35 Gave d'Ossa 43°11'98"N / 00°47°'76'W 20 138.1¢ 0.8 52 11
36 Gave d’'Ossa 43°10'57"N / 00°42'20'W 36 145.¢ 0.81 4.7 10
37 Gave d’'Ossa 43°15'23"N / 00°56'03'W 23 125.8: 0.8 4.¢ 10
38 Gave d’'Ossa 43°12'66"N / 00°51'12°'W 20 134.5¢ 0.81 4.¢ 10
39 Gave d'Ossa 43°08'60"N / 00°42'10'W 11 149.1¢ 0.79 4.7 7.7
40 Gave de P¢ 43°30'46"N / 00°43'64'W 4 117.¢ 0.81 4.7 4.7
41 Gave de P¢ 43°09'60"N / 00°17'10'W 45 157.0: 0.80 4.7 11
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Figure 2: Multidimensional scaling analysis.

Table 2: Results of AMOVA considering as groupstélle, Nive, and Gaves.

% of variation explained

Among groups 2.99
Among populations within groups 2.36
Within populations 94.65
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Structure génétique des populations de saumon Atlaigque en France.

Cette thése étudie la distribution spatiale deitardité génétique des populations francaises
de saumon Atlantique, s’intéressant notammentffet’de facteurs environnementaux et des
repeuplements. 1739 individus échantillonnés dahgiBeres francaises et provenant de
cohortes anciennes (a partir 1965) et récentes é&ét génotypés a 17 marqueurs
microsatellites. Les résultats montrent [|'existende cing groupes de populations
génétiquement et géographiguement distincts. Liamtie cétiere entre les populations ainsi
que la longueur des rivieres expliquent largemardttucture observée. La grande taille des
poissons adultes de l'Allier, ainsi que la diff&cEtion importante de cette population
inféodée a des sites de frais trés éloignés deedlasuggerent une adaptation locale a la
difficulté de montaison. La comparaison des écHang anciens et récents montre des taux
d’introgression variables par les souches utiliseesr les repeuplements. Dans certaines
rivieres dépeuplées et non sujettes au repeuplemens avons observé des recolonisations
spontanées par des poissons provenant de stocg&msvaiu distants. Afin de quantifier
'impact des repeuplements dans les populatioria Baie du Mont-Saint-Michel, nous avons
développé des simulations individus centrées demtésultats suggerent une faible survie des
poissons déverseés. Enfin, nous avons égalemeité&@lds analyses microchimiques sur les
otolithes d’individus issus de populations repeaplé Le couplage des analyses
microchimiques et génétiques a permis de détermisierles poissons ayant des
caractéristiques génétiques de pisciculture praeahde repeuplement ou de reproduciion
naturade poissons précédemment déverses.

Genetic structure in Atlantic salmon populations fom France.

This thesis investigates the genetic structure gn#dlantic salmon populations from France.
We more specifically studied the influence of eammental factors and stocking on the
spatial distribution of genetic diversity. We geyped at 17 microsatellite markers 1739
individuals from 34 French rivers, from old (19698¥F) and recent (1998-2006) cohorts.
Analyses of recent samples classed individuals fite genetically and geographically
distinct groups. Distance among estuaries and rleegth were strong predictors of
population structure. Moreover, the positive tréetiween body size and river length and the
higher differentiation of the population havingtfest spawning grounds off the river mouth
suggest local adaptation to upstream migrationicditfy. Comparison of recent and old
samples showed a general reduction of differentiaimong populations and some high
introgression rates most probably resulting froatking. In some depopulated rivers were no
stocking was performed we observed natural recp&tioin by fish from neighbouring and
distant stocks. To quantify the impact of stockmgy some populations for which it was
precisely documented, we developed an approacly tesmporally explicit simulations. This
study suggests low fitness of stocking fish. Inaflal to genetic analyses, we carried on
microchemistry analyses of otolith from some figoni stocked populations. Coupling
genetic and microchemistry analyses on the sameidols allowed identifying river-born
fish with hatchery pedigrees, discriminating theont hatchery-born fish with same genetic
characteristics.

Mots clefs, indexation Rameauxempoissonnement, animaux--adaptation, simulations,
microchimie, variabilité genétique, génétique moléae

Mots clefs, indexation libre adaptation locale, introgression, marqueurs matedlites,
microchimie, otolithe, repeuplements, saumon Attarg, simulations, structure génétique.

Discipline : Physiologie, Biologie des Organismes, Populatitntsractions

Laboratoire de rattachement/MR 985 Agrocampus Ecologie et Santé des Ecosystefb
rue de Saint-Brieuc, 35000 Rennes.

184



