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Chapitre 1. Introduction générale

1. Contexte scientifique et conceptuel

L’exploitation des ressources marines remonte a plusieurs milliers d’années (Caddy and
Cochrane, 2001). Ces ressources ont longtemps été considérées comme inépuisables bien que les
activités de péche aient tres vite eu des effets significatifs sur les populations * et peuplements
marins. Dans les années 1940, 'avénement de l'industrie a notamment marqué un tournant
pour la péche avec 'arrivée de nouvelles techniques de péche mais aussi I'essor d’une économie
de marché a la demande sans cesse croissante (Caddy and Cochrane, 2001). Rapidement des
signes de surexploitation sont apparus dans de nombreuses pécheries commerciales. Ainsi,
en 1974, 10% des stocks mondiaux étaient considérés comme surexploités contre 31,4% en
2013; de méme, en 1974, 40% étaient sous-exploités contre seulement 10% en 2013 (FAO,
2016a). Bien que moins discutés, des signes de surexploitation sont également apparus chez
de nombreuses espéces accessoires comme les requins et les raies. Pour ces dernieres, les
captures commerciales déclarées en Atlantique Nord-Est ont été divisées par deux en 60 ans,
avec une baisse constante depuis les années 2000 suites a des mesures de gestion, notamment
I'introduction de quota de péche (Fig. 1.1).

45000 5%
0%“‘“ N
40000 | eee® % ° J
35000 o® *
30000 — o

25000 — *

Captures (tonnes)

20000 - “
I I I I I I I
1950 1960 1970 1980 1990 2000 2010

FI1GURE 1.1 : En noir, tonnages péchés en Atlantique Nord-Est de 1950 a 2014 pour 'ordre des
Rajiformes. En gris, regression linéaire. En bleu, regression loess et intervalles de confiance a

95%. FAO (2016b)

La conservation des raies et requins (classe des élasmobranches) constitue un objectif
majeur de la gestion des ressources marines (Dulvy et al., 2014; Davidson et al., 2016). Toutefois,
I'estimation de 'abondance actuelle de ces espeéces par les approches halieutiques usuelles
est souvent impossible, en raison notamment d’un faible nombre d’individus observés. Il est
donc primordial de disposer de techniques alternatives, éventuellement non-létales dans le cas
d’especes protégées, pour estimer leur abondance et améliorer la connaissance de leur biologie
en lien avec leur gestion et conservation.

Pour améliorer la gestion des ces especes, il est nécessaire d’améliorer notre connaissance
de la structure des stocks et populations. En effet, une mauvaise identification des stocks peut
entre autres conduire a une surexploitation voire a un épuisement des stocks les plus sensibles
a la pression de péche (Kerr et al., 2016). Génétiquement, ces phénomenes se traduisent géné-
ralement par une perte de diversité génétique et donc une réduction du potentiel adaptatif,

*Les mots en gras ont une entrée dans le glossaire en fin de theése
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pourtant essentiel a la survie a long terme d’une population soumise a des pressions environ-
nementales changeantes (changement climatique, pollution, ...). Si la survie d’une population
a court terme est essentiellement liée a des parametres démographiques tels que les taux de
survies par age; sa survie a long terme est liée au maintien de sa diversité génétique (Smith
and Smith, 2001). Il est donc essentiel d'un point de vue gestion d’intégrer les deux aspects :
démographie et génétique.

1.1 Les différentes unités de population : concepts et utilisation

1.1.1 La notion de stock

Le concept de stock est ancien et remonte & la fin du X7X®¢ siecle (Heinke, 1898). 11
n’a pas cessé d’évoluer depuis mais reste néanmoins un concept controversé avec une multitude
de définitions différentes usitée tant par les scientifiques que par les organes de gestion (Booke,
1981; Laurec and Le Guen, 1981; Ihssen et al., 1981; Carvalho and Hauser, 1994; Begg and
Waldman, 1999; FAO, 2016a). L’ensemble de ces définitions présente des points communs :
elles font référence a la fraction exploitée d’une espece donnée dans une zone donnée. L’accent
est ainsi mis sur I'aspect spatial, rendant la notion de stock facile a utiliser en gestion des péches
mais ignorant 1’aspect biologique.

On préférera donc utiliser une définition plus détaillée ot un stock est la fraction exploitée
d’un groupe d’individus monospécifique se reproduisant entre eux au hasard dans un écosysteme
déterminé et présentant une certaine stabilité spatiale et temporelle (Laurec and Le Guen, 1981;
Thssen et al.; 1981). Deux propriétés émergent de cette définition :

— un stock est consitué d’individus homogenes génétiquement,
— un stock est une entité relativement isolée (pas ou peu d’émigration ou d’immigration).

Ces propriétés impliquent que plusieurs stocks représentent des groupements d’individus
relativement indépendants avec des flux migratoires faibles mais elles ne disent rien sur les
différenciations démographique ou génétique. Au contraire, un stock génétique ou déme est
défini comme une unité de reproduction isolée et génétiquement différenciée de ces voisins. Cette
définition implique donc une limitation extreme des flux migratoires, une forte homogénéité
génétique intra-déme et une forte hétérogénéité génétique inter-démes (Carvalho and Hauser,
1994).

1.1.2 La notion de population

De maniere analogue, la notion de population est ancienne et ne fait pas 'unanimité entre
les différentes disciplines qui manient ce concept (écologie et statistique notamment) mais aussi
au sein d'une méme discipline (Debouzie, 1999). En statistique, tout d’abord, une population
peut étre définie comme I’ensemble des individus étudiés (Upton and Cook, 2006). En écologie,
une population peut se définir comme un groupe d’individus appartenant a la méme espece
et occupant un méme écosystéme au méme moment (Barbault, 1981; Ramade, 2003). C’est
une entité écologique possédant ses caractéristiques propres comme la natalité, la mortalité, la
distribution en classe d’age, le sex ratio, etc... Une population au sens écologique possede ainsi
des caractéristiques démographiques qui lui sont propres mais elle n’est pas strictement isolée
des populations voisines. Ainsi en 1969, Levins introduit le terme de "métapopulation" pour dé-
finir une population constituée de plusieurs populations locales connectées par des individus se
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dispersant (Hanski, 1991). En 1988, Pulliam applique le principe d’habitats "sources' et "puits'
aux populations et insiste sur I'importance de ces sources et puits dans la dynamique d’une
population donnée. Une population source est donc une population produisant plus d’individus
que nécessaire a son maintien et une population puit, une population dépendante de I'immigra-
tion pour son maintien. Il apparait alors de ces concepts qu’étudier une population mais plus
encore, délimiter une population afin d’en étudier I’'abondance peut se réveler difficile.

1.2 Etudier ’abondance des populations marines

L’évaluation de I'abondance des populations marines constitue une démarche indispen-
sable & une bonne gestion, notamment quantitative, des ressources halieutiques (Hilborn and
Walters, 1992). De par la nature du milieu, mais aussi la grande taille des populations étudiées,
il n’est pas possible d’effectuer des dénombrements absolus des populations marines. On réalise
donc des estimations, les plus fideles possibles, en échantillonnant seulement quelques individus.

De nombreuses techniques existent pour estimer I’abondance des populations marines a
partir des échantillons prélevés, toutes souffrant de différents biais, imprécisions et hypotheses
(Hilborn, 1992; Cadrin and Dickey-Collas, 2015; Maunder and Piner, 2015). Dans le cas des
raies et requins, il est difficile d’évaluer I’'abondance et la distribution des individus a cause des
difficultés d’observation (Kuhnert et al., 2011). Des méthodes classiques comme la Capture-
Marquage-Recapture sont ainsi difficilement applicables mais aussi cotiteuses. L’utilisation de
méthodes indirectes, par exemple inférant le nombre d’individus a partir de données de péche
(Hilborn and Walters, 1992) ou du génotype d’individus échantillonnés (Dudgeon and Ovenden,
2015; Bravington et al., 2016), peuvent ainsi étre utilisées.

2. Cas d’étude : la raie bouclée (Raja clavata)

2.1 Biologie et écologie de la raie bouclée

La raie bouclée (Raja clavata, Fig. 1.2), Linné, 1758) appartient a la classe des élasmo-
branches (et plus précisément a la famille des Rajidae) qui regroupe des especes aux traits d’his-
toire de vie particuliers chez les poissons (e.g. fertilisation interne, absence de phase larvaire,
petite taille de portée chaque année, maturité sexuelle tardive, fort potentiel philopatrique,
etc...) (Quéro and Vayne, 1997; Chevolot, 2006). C’est une espece a cycle de vie relativement
long avec un dge maximum estimé autour de 16 ans (Whittamore and McCarthy, 2005) et un
age de maturité sexuelle tardif autour de 6 ans (Whittamore and McCarthy, 2005; Serra-Pereira
et al., 2011; Wiegand et al., 2011), correspondant & une taille de 67 cm pour les méales et 74

cm pour les femelles. Sa taille maximale se situe autour de 105 cm (Le Quesne and Jennings,
2012).

FIGURE 1.2 : Raie bouclée (Raja clavata) péchée en Baie de Douarnenez en mars 2017
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Le comportement reproducteur de la raie bouclée est assez méconnu. C’est une espece
ovipare présentant une fertilisation interne et un comportement polyandrique induisant des
paternités multiples au sein d’une méme portée (Chevolot et al., 2007), ainsi des fréres et demi-
freres sont observables au sein d’une population. Apres I'accouplement, les femelles produisent
des oeufs protégés par une enveloppe de kératine qui sont ensuite déposés sur le fond ou ils
s’accrochent au substrat a I’aide de quatre cornes (Chevolot, 2006; Holden, 1972). La figure 1.3
représente le cycle biologique de I'espece. La fécondité des femelles se situe entre 48 et 140 oeufs
par an (Ellis and Shackley, 1995; Serra-Pereira et al., 2011). Apres 4 & 5 mois d’incubation, des
raies completement formées éclosent avec un sex ratlo de 1 :1 (Delpiani, 2016), elles mesurent
alors entre 10 et 14 cm. Il n’existe que peu d’information sur la mortalité des oeufs et des
nouveaux-nés, néanmoins Ellis and Keable (2008) montrent qu’en milieu controlé (aquarium)
la mortalité des oeufs avant éclosion est faible (environ 17%).

P Ponte
12-15 ans & ] S (février & septembre)
Mortalité naturelle N, 100-150 capsules par femelle par an

- o g
I:IZEZ
)/. Mortalité naturelle

Re ])lorlu( tmn 4-85 mois
Incubation
[ !"‘.-
Nl

./ Eclosion
.|

)

Mortalité naturelle

Mortalité naturelle = N G- ans

,‘51 Maturité sexuelle

F1cURE 1.3 : Cycle biologique de la raie bouclée

De nombreuses études sur le comportement migratoire de la raie bouclée ont été conduites
notamment par Capture-Marquage-Recapture dans la Mer du Nord (Walker, 1997; Hunter et al.,
2005a,b). Considérées ensembles, ces études suggerent que la raie bouclée pourrait présenter
une forte différenciation des populations existantes. Les juvéniles tendent ainsi a demeurer
dans des eaux de faibles profondeurs (10 a 30 m) pendant plusieurs années avec quelques
mouvements saisonniers. Les adultes présentent des mouvements saisonniers entre des eaux de
30 m de profondeur et les hauts fonds, situés plus au large, ou les accouplements ont lieu.
Les individus recapturés ont été trouvés proches de leur point de libération, alimentant ainsi
I'hypotheése d’un petit espace vital (autour de 75 a 130 km). Plus récemment, une modélisation
statistique a confirmé la différence d’habitat préférenciel entre les juvéniles et les individus
matures sexuellement (Maxwell et al., 2009; Martin et al., 2012).

2.2 Intérét économique de I’espece

Bien que peu de débarquements espece par espece soient disponibles, I’échantillonnage
en criée indique que la raie bouclée est une des especes de raies les plus fréquemment débarquées
en Europe. La figure 1.4 présente les zones ou la raie bouclée a été débarquée entre 2013 et
2015. Les captures commercielles débarquées ont été stantardisées afin de rendre compte de

4
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I’hétérogénéité présumée de 'abondance de 'espece en Atlantique Nord-Est. Le pic de captures
commerciales a ainsi lieu en Manche-Est et a 1'ouest des cotes portugaises. La raie bouclée
représente une des especes de Rajidae les plus fréquentes au sein des débarquements Espagnols,
Francais, Irlandais et Anglais. Néanmoins, il est difficile d’évaluer les véritables débarquements
de raie bouclée a cause du tres fort degré de mauvaise identification de 1’espece, les raies étant
tres semblables dans leurs formes, couleurs et motifs (Bonfil, 1994; SharkTrust, 2009) et ayant
la méme valeur commerciale.
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FIGURE 1.4 : Distribution des captures commerciales stantardisées entre zones (entre 2013 et
2015) et interdiction de péche de la raie bouclée par division CIEM. (ICES, 2016b)

La figure 1.5 présente le nombre d’observations d’individus de raie bouclée entre 2010 et
2014 pour différents engins de péche ciblant d’autres espeéces. Ces données ont été récoltées
par le programme scientifique d’observation OBSMER, (Fauconnet et al., 2011; Dube et al.,
2012; Cornou, A.S. et al., 2013, 2015a,b). Ce programme a pour but d’observer in situ les
pécheries commerciales et 1’ensemble de leurs captures en accordant une attention particuliere
a la fraction rejetée. On peut ainsi voir que la raie bouclée répresente une part significative
des prises accessoires des pécheries mixtes démersales. Il n’existe que peu de pécheries dirigées
a la raie mais c’est par exemple le cas de quelques pécheries palangrieres et au filet autour
des Iles Britanniques, ol la raie bouclée représente une des espéces cibles.

Actuellement il n’existe pas de gestion de la raie bouclée au niveau spécifique, seulement
une limitation des captures par un quota plurispécifique et une interdiction de péche a l'est
des cotes norvégiennes (zone ICES 3a, en rouge sur la figure 1.4). Néanmoins, les études dis-
ponibles sur ’état des populations suggerent une diminution de I’'abondance des populations
en I’Atlantique Nord-Est (a 'exception de la population située en Manche Est) (Dulvy et al.,
2000, 2006; Figueiredo et al., 2007; ICES, 2016b).
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FIGURE 1.5 : Nombre d’observations de raies bouclée par engin et par espece ciblée entre 2010
et 2014 en Atlantique Nord-Est. GN = filet maillant, TN = trémail, LL. = palangres, OTB
= chalut a panneaux, TOTB = chalut a panneaux jumeaux, SN = senne and BT = chalut a
perche. (Fauconnet et al., 2011; Dube et al., 2012; Cornou, A.S. et al., 2013, 2015a,b)

2.3 Génétique des populations de raie bouclée

Assez peu d’études de génétique de populations d’élasmobranches sont disponibles et elles
concernent presque toutes des especes de requins (Lavery and Shaklee, 1989; Feldheim et al.,
2001; Castro et al., 2007; Portnoy et al., 2009; Blower et al., 2012; Dudgeon and Ovenden, 2015;
Andreotti et al., 2016). Néanmoins, depuis une quarantaine d’années, une attention particuliere
a été donnée a la raie bouclée d’'un point de vue génétique et génomique (Nygren et al., 1971;
Stingo, 1979; Stingo et al., 1980; Chevolot et al., 2005; Valsecchi et al., 2005; Chevolot et al.,
2006, 2007; Pasolini et al., 2011). Ainsi des 1971, Nygren et al. ont conduit des études cytolo-
giques afin de déterminer le caryogramme de la raie bouclée et son nombre de chromosomes.
Il a ainsi trouvé 49 paires de chromosomes homologues (Fig. 1.6). Le poids de son génome
a été estimée entre 2,7 and 3,15 picogrammes (pg) (Gregory, 2016), ce qui équivaut a 2 640 et
3 080 Mb (1 Megabase = 1 000 000 de paires de bases). Des mesures sont disponibles pour des
especes voisines de Rajidae (Gregory, 2016) et semblent indiquer que la raie bouclée possede
une taille de génome standard parmi les Rajidae. Pour comparaison, notamment avec d’autres
taxons, d’autres tailles de génome sont référencées dans la table 1.1.

pt 40 00 AN R
I @n 0 EX nA
AR A~ " AR
2l A~ ~A A
anm Aa Il =& ==

I — T s e

- .. - - = LA}

FIGURE 1.6 : Caryogramme de la raie bouclée avec 2n = 98 chromosomes (Nygren et al., 1971)
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TABLE 1.1 : Poids du génome et nombre de chromosomes de plusieurs especes animales
(Martinez-Lage et al., 1996; Gregory, 2016)

. Poids du Nombre de
Nom commun Nom latin . A
géndéme (pg) chromosomes
Raie bouclée Raja clavata 2.7-3.15 98
Raie douce Raja montagui 3.45
Raie chardon Leucoraja fullonica 3.15
Raie fleurie Leucoraja naevus 3.15
Requin peau bleue Prionace glauca 4.30 86
Requin ha Galeorhinus galeus 8.65
Saumon atlantique Salmo salar 3.10 60
Maquereau commun Scomber scombrus 0.97
Moule commune Muytilus edulis 1.60 28
Goéland argenté Larus argentatus 1.50 66-70
Phasme Bacillus atticus atticus 2.30 34
Homme Homo sapiens 3.5 46
Girafe réticulée Giraffa camelopardalis 2.85 30
Grand dauphin Tursiops truncatus 3.03 44

En 2006, Chevolot réalisa sa theése dont la problématique était d’évaluer la structure gé-
nétique des stocks de raie bouclée des iles Britanniques. Les principaux résultats concernent la
structure des populations mais aussi I'estimation de la taille de population efficace (NN.)
. La taille de population efficace correspond au nombre d’individus se reproduisant effecti-
vement au sein d’une population et donc transmettant leurs genes a la génération suivante.
Avec 5 Microsatellites et une méthode d’estimation de N, dites "temporelle" (car basée sur le
changement des fréquences alléliques dans le temps), la taille de population efficace de la raie
bouclée dans le canal de Bristol et la mer d’Irlande est estimée a 283 individus (IC 95% : [145;
857]).

Le ratio de N, avec la taille de population absolue, N est autour de 9¢107° & 6e10~*
(Chevolot et al.,; 2008). Ce dernier résultat est surprenant compte tenu de la démographie de
I'espece. Les especes présentant une courbe de survie de type I (i.e. espece a durée de vie
longue et a faible fécondité, & maturité tardive et avec une forte survie des adultes (Begon et al.,
2006, I’équivalent des K-stratégistes ) présentent souvent un ratio N./N approchant 1 (Portnoy
et al., 2009). A contrario, les especes avec une courbe de survie de type III (i.e.faible survie
aux stade adulte, forte fécondité, maturation précoce, etc. .. (Begon et al., 2006, I'équivalent des
r-stratégistes ) présentent des ratios N./N tres faibles : (1072 - 107°) (Dudgeon and Ovenden,
2015). Les variations autour du ratio N./N des élasmobranches estimés dans la littérature
mettent 'accent sur le besoin de mieux connaitre cet indicateur avant d’utiliser la taille de
population efficace dans la gestion et la conservation (Ovenden et al., 2016) . La variance
dans le succes reproducteur est connue comme ayant une forte influence sur le ratio N./N
(Frankham, 1995; Waples, 2016) mais ses effets sur le ratio N./N des élasmobranches sont
toujours méconnus.

fCette notion est détaillée dans le chapitre 5
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Dans son étude de structure génétique des populations, Chevolot (2006) a mis en évidence
une differentiation génétique forte et significative entre les populations continentales d’Atlan-
tique Nord-Est(en bleu, Fig. 1.7), les populations Méditerranéennes (en vert, Fig. 1.7) et des
Acores (en rose, Fig. 1.7). La différenciation entre I’Atlantique Nord-Est et la Méditerranée a
également été mise en évidence par Pasolini et al. (2011). Des barriéres ou goulot physiques
telles que le détroit de Gilbraltar semblent ainsi participer a l'isolation génétique des popula-
tions mais au sein méme des eaux Atlantiques ou Méditerranéennes, ou il n'y a pas ou peu
de barrieres physiques, la divergence génétique des populations de raie bouclée est tres réduite
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FIGURE 1.7 : Structure des populations mise en évidence par Chevolot (2006); Pasolini et al.
(2011). En rose, I'unité génétique formée par les individus des Agores. En bleu, I'unité génétique
formée par les individus des eaux Atlantiques. En vert, 'unité génétique formée par les individus
des eaux Méditerranéennes.

Au sein de la métapopulation d’Atlantique Nord-Est, une différenciation génétique faible
mais significative a également été mise en évidence entre les populations de Mer du Nord, de
Manche Est et de Mer d’Irlande (Chevolot, 2006). De plus, les zones échantillonnées au prin-
temps et en été étaient plus différenciées que celles échantillonnées en Automne et en Hiver. Ces
résultats suggerent fortement une dynamique spatiale et temporelle de la différenciation géné-
tique de ces populations. Cette dynamique est surement liée a des attitudes comportementales
précises de la raie bouclée. Une des conclusions principales de ce travail est la sous estimation
de la capacité de dispersion de la raie bouclée. Elle serait alors de plusieurs centaines de ki-
mometres et non pas 75-130 km comme précédemment estimée par marquage (Walker, 1997;
Hunter et al., 2005a,b).

Finalement, la these de Chevolot (2006) a montré quelques indices de paternités multiples
pour la raie bouclée. Les avantages de la polyandrie sont multiples d’'un point de vue évolution-
nariste. Elle permet ainsi d’augmenter la diversité génétique des portées, de diminuer le risque
d’incompatibilité génétique entre les partenaires et d’améliorer le fitness des femelles (Chevolot
et al., 2007).
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3. Le projet GenoPopTaille

Pendant ce travail de these, la raie bouclée a fait I'objet du projet GenoPopTaille (Fig. 1.8)
financé par P’ANR (01/01/2015-30/09/2018). Ce projet regroupait plusieurs partenaires scien-
tifiques : 'IFREMER, le LEMAR et ’APECS et se concentrait sur I'utilisation des méthodes
génétiques pour I'évaluation des ressources halieutiques. Il se proposait d’estimer 'effectif ab-
solu d’'une population de géniteurs par 'identification génétique des paires parent-descendants.
Pour cela, il fut nécessaire d’étudier préalablement la structure des populations afin de connaitre
les limites géographiques d’une population particuliere. La méthode a ainsi été appliquée a la
raie bouclée, dans le Golfe de Gascogne. Les paires parent-descendant ont été identifiées par
génotypage d’un grand nombre de SNPs, Single-Nucleotide Polymorphism, sur un grand
échantillon (environ 5 000) d’adultes et de juvéniles. Les défis relevés par le projet sont d’ordre
pratique (échantillonnage) et statistique (modeéles de dynamique population) avec une nou-
velle utilisation des outils génétiques. Enfin, conjointement a cette these, le projet incluait une
analyse de colit-bénéfice pour évaluer I'applicabilité de la méthode a d’autres populations de
poissons, notamment des espéces en déclin ou menacées.

F1GURE 1.8 : Logo du projet GenoPopTaille. Création : F. Marandel and V.M. Trenkel
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4. Problématiques et objectifs de la these

La problématique principale de cette these est partie du constat que I'évaluation de ’état
mais aussi la gestion des populations des élasmobranches était une tache difficile a cause du
faible nombre d’observations de ces especes. En conséquence, peu d’évaluations quantitatives
ont été réalisées et I'évaluation de leurs populations repose principalement sur des savoirs
experts.

Cette these s’articule donc autour de plusieurs questions :

— Peut-on évaluer I'état des populations d’élasmobranches a ’aide des méthodes et données
disponibles actuellement ?

e [’évaluation de I'état des populations par méthodes démographiques est-elle réelle-
ment impossible ou insuffisante pour ces espeéces ?

e [’évaluation de I'état des populations par méthodes génétiques est-elle une alterna-
tive pertinente ?

— Quel est I'état des populations de raie bouclée en Atlantique Nord-Est ?

— Quelle gestion possible pour la raie bouclée ?

Idéalement, le processus d’évaluation d’un stock halieutique est un processus chronolo-
gique nécessessitant tout d’abord une bonne connaissance de ce stock et de ses limites géogra-
phiques. Une fois ces limites connues, ’évaluation de son abondance peut alors étre effectuée.
Cette these reprend la chronologie d’une évaluation de stock en prenant la raie bouclée comme
exemple.

Ainsi la premiere étape de cette these se concentre sur la délimition d’unités de populations
pour la gestion des raies en utilisant la raie bouclée comme exemple. Pour ce faire, le chapitre 2
s'intéresse a l'évaluation des connectivités génétique et démographique afin de délimiter des
unités de gestion pertinentes. Cette partie repose sur des résultats issus de simulations de
populationss de raie bouclée selon plusieurs scenarii de dispersion inter-populations.

La seconde étape de cette these s’articule autour de I’évaluation de I'abondance des especes
de raies en fonction des méthodes et données disponibles. Pour étudier cette problématique, des
voies "classiques" d’estimation d’abondance (reposant sur des captures et indices d’abondances)
sont éudiées dans les chapitres 3 et 4. En comparaison, des voies "alternatives" (reposant sur la
génétique) sont investiguées dans les chapitres, 5 et 6. Dans ces parties, des données empiriques
mais aussi des données simulées sont utilisées afin d’étudier les forces et faiblesses des différentes
méthodes étudiées.

Les différentes parties de cette these s’appuient sur une comparaison entre les outils démo-
graphiques et génétiques disponibles. La partie génétique a demandé une bibliographie consé-
quente pour permettre une prise en main optimale des concepts et outils. Elle a servi de support
afin d’orienter le sujet de these a ses débuts et faciliter le choix des méthodes. Cette revue a
fait 'objet d’un rapport en anglais (Annexe A), il a été rédigé dans une optique didactique en
début de these et ne comprends pas les résultats de ce travail.
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Chapitre 2. Délimiter des unités de population : étude de la connectivité des populations de
raie bouclée

Pour une gestion efficace des ressources et des écosystemes marins, il est nécessaire de
définir des unités de gestions appropriées. Ce premier chapitre étudie par simulations la déli-
mitation des populations de raies par le biais des connectivités génétique et démographique.
La connectivité génétique est calculée a 'aide d'un indice de différenciation génétique, nommé
Fgr. Cette indice a été developpé au départ pour des populations idéales au sens d’'Hardy
Weinberg, c¢’est a dire présentant, entre autres, des traits d’histoires de vie extrémement sim-
plifiés. La premiere partie de ce chapitre compare donc les attendus théoriques et les valeurs
apres estimations des Fgp calculés afin d’étudier I'influence de la démographie des raies sur
la différenciation génétique. La seconde partie s’interesse a la comparaison des connectivités
génétique et démographique a proprement parler pour des populations de raies. Cette partie a
fait 'objet d’une publication dans le Canadian Journal of Fisheries and Aquatic Sciences

1. Etude de la différenciation génétique des Rajidae

Les études de génétique des populations aident a définir des unités de population afin
d’améliorer leur gestion et diminuer la perte de diversité génétique d’une espece (Waples and Do,
2008; Spies et al., 2015). Ces unités sont habituellement identifiées par le degrée de connexion
entre plusieurs populations putatives étudiées. En d’autres termes, par le degrée d’échange
de matériel génétique entre deux (ou plusieurs) populations. Les composants génétiques de
la structure des populations dépendent de nombreux facteurs comme les traits d’histoire de
vie, la taille de population mais aussi le flux de genes, la dérive génétique, la sélection et la
mutation (Smith and Smith, 2001). Classiquement, les études génétiques ne considérent que
des marqueurs neutres pour inférer la structure des populations, ainsi seuls la dérive génétique
et le flux de genes sont considérés. Le premier tend a augmenter la différenciation globale entre
plusieurs populations et le second tend a les homogénéiser (Beaumont et al., 2010).

A cause de leur phase larvaire, les poissons marins sont considérés comme ayant un fort
potentiel de dispersion ainsi le flux de geénes est supposé élevé et la dérive génétique faible au
sein de ces taxons, menant a une faible différenciation génétique des populations (Ward et al.,
1994). Néanmoins,tous les poissons marins ne présentent pas cette phase larvaire et cette forte
capacité de dispersion ne s’applique pas aux Rajidae ("skates and rays" dans la section 2.). Ces
especes présentent certes une grande variété de stratégies reproductives mais toutes basées sur
la production de peu de petits déja bien formés a la naissance (Quéro and Vayne, 2005). Cette
biologie particuliere tendrait ainsi a augmenter la differenciation génétique des populations. Par
ailleurs, la grande taille des populations ainsi que la longévité des Rajidae tendraient a diminuer
cette différenciation et a appliquer un effet tampon quant a son accroissement temporel.

Dans cette partie, l'effet de la biologie des Rajidae sur la différenciation génétique des
populations est brievement étudiée en comparaison avec la différenciation génétique de popu-
lations idéales au sens d’Hardy-Weinberg (Hamilton, 2009).

1.1 Meétapopulation idéale vs. métapopulation Rajidae

Dans ce travail, la différenciation génétique de populations idéales et 'Rajidae" simulées
est comparée avec la valeur attendue par le modele théorique en ile associé (Hamilton, 2009).
Dans un premier temps, une métapopulation "idéale" ainsi qu'une métapopulation "Ra-
jidae", constituées chacune de deux populations sont simulées. L’outil de simulation utilisé, le
package R MetaPopGen (Andrello and Manel, 2015), a permis de simuler un locus biallélique
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pendant 250 ans avec 100 replicas et huit différents taux de dispersion (0,2; 0,1; 0,05; 0,02;
0,01; 0,005; 0,002; 0,001). Il permet ainsi la simulation génétique d’une population selon des
caractéristiques démographiques précises.

La démographie simulée de la métapopulation "Rajidae" reprend les principales carac-
téristiques démographiques décrites en introduction 2.1. Les populations sont a générations
chevauchantes avec un dge maximum de 18 ans et un age de maturité sexuelle a 6 ans. La
fécondité des femelles est fixée a 150 oeufs, une valeur multiplée par le taux de survie de ces
oeufs (0,3 valeur choisie afin d’avoir une démographie stable dans le modeéle génétique du pa-
ckage R MetaPopGen). La fécondité des maéles est fixée & 100 000 spermatozoides, soit plus
de 2 000 fois celle des femelles afin de correspondre a un tirage aléatoire des gametes males.
Chaque age présente un taux de survie différent avec une survie augmentant progressivement
jusqu’a 12 ans puis commencgant a décroitre (Fig. 2.1). Le taux de mutation, fixé & 1e-06, est
considéré négligeable. Le sex ratio est fixé a 1 :1 (Ellis and Shackley, 1995; Delpiani, 2016).

1.0

0.5
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FIGURE 2.1 : Taux de survie par age utilisés pour la métapopulation "Rajidae" (Raja clavata)

La valeur de différenciation génétique attendue (Fsr attendu) est calculée a 1'aide d’un
modele en iles (Hamilton, 2009). Ce modeéle suppose que les métapopulations ont atteint un
équilibre et que la valeur de différenciation génétique ne change plus d'une année a 'autre. Il
est admis que dans ce modele la valeur de différenciation génétique attendue a 'équilibre est

*

fonction de la taille de population efficace *, N., et du taux de dispersion, m, avec une

correction dlie au nombre fini de populations considérées n (ici n=2) :
1
n

ANm(25)2 + 1 (2.1)

For attendu =

Trois tailles de populations efficaces ont été étudiées, chacune constituées respectivement
de 500, 2 000 et 5 000 individus. Pour la métapopulation idéale, la taille de population
absolue est égale a la taille de population efficace. Pour la métapopulation "Rajidae", ’ensemble
de la fraction mature de chaque population a été considérée comme la taille de population
efficace. La démographie décrite implique que la taille de population absolue est environ dix fois
plus que grande que la taille de population efficace. Le tableau suivant donne les correspondances
entre la taille absolue d’une population (N) et sa taille efficace (V) pour les deux types de
métapopulations (Tab. 2.1).

*Cette notion est détaillée dans le chapitre 5
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Métapopulation "idéale" | Métapopulation "Rajidae"
N N, N N,

500 500 5 000 500

2 000 2 000 20 000 2 000

5 000 5 000 50 000 5 000

TABLE 2.1 : Tailles de populations absolues simulées pour les deux types de métapopulation et
tailles de populations efficaces correspondantes

1.2 Les générations chevauchantes : un effet tampon

Les premiers résultats, attendus, montrent une forte dépendance du degrée de différencia-
tion génétique avec la taille de population efficace (non montrés). Plus cette derniere augmente,
plus la valeur de Fgp diminue. De plus, plus la dispersion est faible, moins les populations
échangent et donc plus la valeur de Fgr augmente (Fig. 2.2).

Pour de faibles taux de dispersion (de 0,001 a 0,005 environ), la différenciation génétique
est plus forte pour la métapopulation "idéale" que pour la métapopulation "Rajidae" (environ
6 fois plus grande pour m=0,001) mais cette derniere présente une variabilité inter-replicas
moindre (Fig. 2.2). Le méme phénomene est visible pour les tailles de populations efficaces
2 000 et 5 000 individus (non montrées).

{1

0.001 0.002 0.005 0.01 0.02 0.0 0.2
Taux de dispersion

Ed Ideal E3 Rajidae

Fst

FIGURE 2.2 : Boite a moustaches du Fgsp simulé obtenu pour la métapopulation "idéale" (en
bleu) et 'Rajidae" (en gris) avec N,=500 individus (Moyenne, 2,5%, 25%, 75%, 97.5%)

La comparaison avec les Fsr attendus (calculés avec 1'eq. 2.1) montre que pour des taux
de dispersion forts (0,01 a 0,2 environ), les deux metapopulations se comportent de maniere
similaire et correspondent relativement bien aux Fsr attendus (Fig. 2.3). Par contre, pour des
taux de dispersion faibles (de 0,001 & 0,005 environ), la métapopulation "Rajidae" s’écarte du
schéma attendu et les valeurs de Fisr sont bien inférieures a celle attendues (7 fois inférieures
pour m=0,001). Les distributions de Fgr obtenues pour les 100 replicas "Rajidae" sont ainsi
similaires a ceux "idéale" pour des taux de dispersion forts mais pour des taux de dispersion
faibles, les Fgr "Rajidae" sont plus faible qu’attendus. La encore, ce phénomeéne est visible pour
les trois tailles de populations simulées.
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FI1GURE 2.3 : Moyenne du Fgr obtenu a l'issue de 250 années de simulation pour 100 réplicas
(tirets noirs) et comparaison avec la valeur attendue calculée par 1'eq 2.1 (points bleu) avec
N,=500 individus. a) Métapopulation "idéale" b) Métapopulation "Rajidae".

Il semble que les générations chevauchantes aient un effet "tampon" et diminuent le taux
d’accroissement du Fsr dans le temps. En effet, dans une métapopulation "idéale", il suffit d’un
an pour avoir un total réarrangement du patrimoine génétique alors que dans une métapopula-
tion a générations chevauchantes, comme la métapopulation "Rajidae", il faut plusieurs années
pour voir ce réarrangement opérer. Ce méme phénomene explique la variabilité inter-réplicas
moindre observée pour la métapopulation "Rajidae".

De plus, il est intéressant de noter que pour des taux de dispersions tres faibles (0,001 ;
0,002), la métapopulation "idéale" commence également a s’écarter des attendus théoriques
(d’environ 7 a 15%). Ce phénomene est probablement di a la non-stabilisation du Fsr qui
continue d’augmenter méme apres 250 ans (et méme apres 10 000 ans). En effet, pour rappel,
la formule utilisée pour calculer les Fgr attendus correspond a l'atteinte d’un équilibre de la
métapopulation étudiée (eq. 2.1).
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Chapitre 2. Délimiter des unités de population : étude de la connectivité des populations de
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2. Article : Apports de la connectivité génétique et dé-
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Insights from genetic and demographic connectivity for
the management of rays and skates

Florianne Marandel, Pascal Lorance, Marco Andrello, Grégory Charrier, Sabrina Le Cam, Sigrid Lehuta,
and Verena M. Trenkel

Abstract: Studying demographic and genetic connectivity can help assess marine metapopulation structure. Rays and skates
have no larval phase; hence, population connectivity can only result from active movement of individuals. Using thornback ray
(Raja clavata) in European waters as a case study, demographic and genetic connectivity were studied for 11 putative populations
with unequal population abundances and two hypotheses of dispersal rates. Genetic simulation results highlighted three large
metapopulations: in the Mediterranean, around the Azores, and on the Northeast Atlantic shelf. Demographic results high-
lighted a finer population structure indicating that several pairs of putative populations might be demographically linked.
Results were highly sensitive to dispersal assumptions and relative population abundances, which provided insights into the
potential magnitude of genetic and demographic connectivity differences. Accounting for demographic connectivity appears to
be crucial for managing and conserving rays and skates, while genetic connectivity provides a longer-term perspective and less
subtle spatial structures. Moreover, accounting for heterogeneity in population abundances is a key factor for determining or
interpreting metapopulation connectivity.

Résumé : L'étude de la connectivité démographique et génétique peut aider a évaluer la structure des métapopulations marines.
Les raies n’ont pas de stade larvaire, de sorte que la connectivité des populations ne peut découler que de déplacements actifs
d’individus. Utilisant le cas de la raie bouclée (Raja clavata) dans les eaux européennes, nous avons étudié la connectivité
démographique et génétique pour 11 populations présumées en simulant des abondances inégales des populations ainsi que
deux hypothéses de dispersion. Les résultats des simulations génétiques font ressortir trois grandes métapopulations, une dans
la Méditerranée, une autour des Acores et une sur le plateau continental de I’Atlantique nord-est. Les résultats démographiques
font ressortir une structure de populations plus fine qui indique que plusieurs paires de populations présumées pourraient étre
reliées du point de vue démographique. Les résultats sont trés sensibles aux hypothéses concernant la dispersion et aux
abondances relatives des populations, ce qui fournit de I'information sur ’ampleur possible des différences de connectivité
génétique et démographique. La prise en considération de la connectivité démographique semble revétir une importance clé
pour la gestion et la conservation des raies, alors que la connectivité génétique fournit une perspective a plus long terme et des
structures spatiales moins fines. La prise en considération de I’hétérogénéité de ’abondance des populations constitue en outre
un facteur clé pour déterminer ou interpréter la connectivité de métapopulations. [Traduit par la Rédaction)]

Introduction pool, thus inducing gene flow among populations. A metapopula-
tion is a network of local populations that exchanges individuals
but has somewhat independent dynamics (Levins 1969). Deter-
mining how many local or metapopulations exist and charac-
terizing the relationships among them is a challenging task.

Population connectivity is a crucial parameter to take into ac-
count when defining population units relevant for management
and conservation purposes (Stearns and Hoekstra 2005; Sinclair

et al. 2006; Schwartz et al. 2007). Population unlt.s relevant .for Numerous definitions of the population concept exist (see Waples
management purposes are commonly defined using ecological 414 Gaggiotti 2006). Almost all involve interbreeding individuals
and genetic information. For example, the degree of connectivity over a geographical area. However, they lack objective and quan-
between populations can be assessed by the amount of exchanged titative criteria for delimiting distinct populations. In this con-
individuals (Waples and Gaggiotti 2006). By reproducing in the  text, different researchers might identify different population
population they joined, these individuals contribute to the local structures based on the same information (Waples and Gaggiotti
demography but also transfer their genetic material into the gene 2006).
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Population connectivity has two components: genetic and de-
mographic. Genetic connectivity is defined as the degree to which
gene flow affects evolutionary processes within populations, and
demographic connectivity is the relative contribution of dispersal
to population dynamics (Lowe and Allendorf 2010). The two com-
ponents inform on population connectivity at evolutionary and
ecological time scales, respectively. For example, high genetic
connectivity does not necessarily imply high demographic con-
nectivity and that a single unit should be considered for manage-
ment (Hawkins et al. 2016).

On one hand, genetic connectivity is often derived from the
measure of genetic differentiation between populations shaped
by the interplay of the four evolutionary forces (gene flow, genetic
drift, selection, and mutation; Hallerman 2003; Stearns and
Hoekstra 2005). Their respective magnitude is greatly dependant
on population abundance, and only gene flow is relevant as the
genetic component of population connectivity. Therefore, de-
pending on the population abundance, genetic differentiation
can be a poor proxy of gene flow. For example, in the case of large
populations, genetic differentiation can remain weak despite re-
duced levels of gene flow because of a very low genetic drift. In
studies of genetic population structure, the absolute number of
migrants is used preferentially to the migration rate, as it conveys
information on population abundance, i.e., census population
size (Palumbi 2003). However, knowledge on population abun-
dance is often lacking, especially for marine populations.

On the other hand, demographic population structure greatly
depends on life history traits. Indeed, following the definition
above of demographic connectivity, demographically connected
populations display intrinsic growth or survival rates that are
reciprocally affected by immigration or emigration (Lowe and
Allendorf 2010). Thus, evaluation of demographic connectivity re-
quires information on the contribution of dispersal but also on
the demographic rates and abundance of each population. This
information is not only needed for assessing the effect of dispersal
on population growth rates but also for defining threshold values
for demographic connectivity. Despite the importance of demo-
graphic connectivity for defining management units, defining ap-
propriate thresholds for demographically connected populations
has received relatively little attention in the literature (Waples
and Gaggiotti 2006; Waples et al. 2008). Importantly, for both
genetic and demographic connectivity studies, dispersal is a cen-
tral process that we define as an individual leaving the home
range of its birth population to move to another population’s
home range, the movement being one way and not a round trip
(Dingle 2014).

In this study, we evaluated the use of genetic and demographic
connectivity for identifying management units of rays and skates.
Bycaught in several fisheries, many populations of skates and rays
have declined, sometimes strongly, in the Northeast Atlantic dur-
ing the 20th century (Quéro and Cendrero 1996; Dulvy et al. 2014).
Therefore, the conservation of these species has become a major
objective for ensuring sustainable exploitation of marine re-
sources (Dulvy et al 2014; Davidson et al. 2016). For reaching this
objective, it is fundamental to delimit appropriate management
units. However, for many species, available data are restricted to
life history traits (though not always available for all populations),
landings, and, only in some cases, survey time series informing on
abundance changes (ICES 2016). In European waters, recent land-
ings levels of most ray and skate species differ greatly among the
southern North Sea, the western Mediterranean Sea, and the
Azores, which can be considered indicative of differences in pop-
ulation abundances, as there are no species-specific catch quotas
in place for these species (Fig. 1a) (ICES 2016).
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In contrast with teleosts, rays and skates have a low potential
for dispersal and thus gene flow. They produce few offspring that
develop in egg capsules fixed to the seabed during several months
(Hoening and Gruber 1990). As there is no pelagic larval stage that
can be dispersed by marine currents, the dispersal of rays and
skates is solely based on the movements of juveniles and (or)
adults. Ovenden (2013) argued that due to dispersal happening at
later life stages, elasmobranch species might present crinkled
connectivity, which she defined as a situation where dispersal is
large enough to make populations genetically similar but too
small to matter for demographic connectivity.

For several medium-sized ray species, comparable degrees of
movement between adjacent populations have been observed
(Walker et al. 1997; Hunter et al. 20054, 2005b; Stephan et al. 2015).
However, for two ray species sharing similar life history traits and
overlapping spatial ranges, genetics studies have indicated dis-
tinct structuring patterns. The thornback ray (Raja clavata) seems
to display strong spatial genetic differentiation (Chevolot et al.
2006), while the thorny skate (Amblyraja radiata) presents only
weak although statistically significant differentiation (Chevolot
et al. 2007). These contrasting results could be due to differences
in dispersal behavior, despite similar biology, along the continen-
tal shelf edge, which might not constitute a barrier for thorny
skate but it could be one for thornback ray (Chevolot 2006). How-
ever, while dispersal is a necessary condition for connectivity, it is
not sufficient because dispersed individuals need to reproduce in
the receiving population. So the difference could also be caused by
differential integration into the spawning components.

In this study, we evaluated the use of genetic and demographic
connectivity for identifying management units of rays and skates.
We use the term “putative population” for assumed populations
occurring at discrete sampling locations. Demographic and ge-
netic criteria are applied to these putative populations to evaluate
their connectivity. We used a modelling approach with life his-
tory parameters resembling those of thornback ray, a typical
widespread ray species in European waters. This species is the
most studied ray in the Northeast Atlantic. Its biological parame-
ters are representative for medium-bodied skates and rays (refer
to online Supplementary Table S1!). Similar to other rays and
skates, local abundances of thornback ray differ strongly, taking
recent landings as an indication of population abundances (Fig. 1a).
As no reliable dispersal rate estimates were available on a
European scale (but see Walker et al. 1997 for regional dispersal
values), we defined plausible scenarios based on expert knowl-
edge. Genetic connectivity was evaluated by calculating the fixa-
tion index Fg; defined by Wright (1949). In contrast, we did not
evaluate demographic connectivity sensus stricto, as the effect of
dispersal on population growth rates was not investigated di-
rectly. Instead, we evaluated whether the number of dispersed
individuals was likely to contribute to local population abun-
dances. In addition, using a matrix model we identified the life
history parameters and life stages to which the population growth
rate was most sensitive. These results provided context for inter-
preting the importance of dispersal for population growth.

Materials and methods
Life history parameters and intrinsic population growth

Usher matrix model

To appraise the potential importance of dispersal for popula-
tion dynamics of a thornback ray-like species, we studied the
sensitivity and elasticity of intrinsic population growth rate to
variations and uncertainty in life history traits. To this aim we
used an Usher matrix model (Usher 1966). The model consisted of
four life stages grouping ages with similar demographic parameters:

1Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjfas-2017-0291.
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Fig. 1. (a) Standardized mean landings 2013-2015 ((value — min.)/(max. — min.)) of ten skate and ray species from the Northeast Atlantic grouped by spatial distribution pattern (spatial
units as in panel (b)). Spatial units considered as single stocks by the International Council for Exploration of the Sea are connected by solid lines. (b) Thornback ray putative populations
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with dispersal paths (black solid lines). 200 m isobaths are shown in grey. Figure created using R statistical software and the “PBSmapping” package (Schnute et al. 2017).
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Table 1. Parameters values used in the Usher matrix model for the local elasticity as well as the
minimum and maximum values used for the global sensitivity (Morris) analysis.

Morris method
Baseline Alternative

Parameter Description value value Min. Max.
0, No. of eggs stage 4 150 48b 40 150
So Egg and newborn survival 0.036¢ 0.01 0.01 0.5
Si Survival stage 1 0.20¢ 0.40 0.1 0.99
S, Survival stage 2 0.69¢ 0.40 0.1 0.99
S5 Survival stage 3 0.81¢ 0.90 0.1 0.99
Sy Survival stage 4 0.48¢ 0.90 0.1 0.99
H, Maturation rate stage 2 0.24 0.3 0.05 1
H, Rate of fecundity increase stage 3 0.14 0.2 0.05 1

Holden et al. 1971.
bEllis and Shackley 1995.
Derived in this study.
dEducated guess.

stage 1included age 1 individuals, stage 2 ages 2 to 6 (immature),
stage 3 ages 7 to 11 (mature individuals), and stage 4 ages 12 years
and older (highly fecund mature individuals).

0 0 Sofs Sofs

_ _ S S,)(1 — Hy) 0 0

1 Ny =UN, U= 0 S,H, S;1—Hy) o
0 0 S3H; S

where N, is the vector of abundance by life stage, and U is the
transition matrix. Each life stage s has a specific survival rate S;. A
maturation rate H, between stages 2 and 3 was derived from ex-
pert knowledge. S, is first year survival (from egg laying to 1year).
Fecundity was assumed to depend on the number of eggs () pro-
duced and the proportion of females P (f; = ()P,). Stage 3 was
assumed less fecund than stage 4; this was achieved by setting the
number of eggs to (); = 0.7(),. So H, represents an increase in the
rate of fecundity between stages 3 and 4. A sex ratio of 1:1 was
assumed (P, = 0.5), which is typical for rays and skates (Steven
1933; Ellis and Shackley 1995; Delpiani 2016).

Survival rate estimates were obtained in the following way.
First, size-at-age L, was estimated using the von Bertalanffy equa-
tion with growth parameters t,, K, and L, from the literature
(Serra-Pereira et al. 2008). Second, mortality-at-age M, was esti-
mated using the empiric relationship developed by Gislason et al.
(2010):

2)  In(M,) = 0.55 — 1.611n(L,) + 144 1n(L_) + In(K)

Third, mortality M, was transformed to survival-at-age S, =
exp(-M,). To account for senescence, survival was reduced from
age 12 onwards (Fig. S1 in electronic Supplementary material').
Survival by life stage was calculated by averaging over the corre-
sponding ages (except for S;). As no information was available for
first year survival (S,), the value was chosen to lead to a stable
population. All baseline parameter values are summarized in
Table 1.

Elasticity and sensitivity analyses

At equilibrium, the first positive eigenvalue of U (eq. 1) corre-
sponds to the intrinsic population growth rate A. Local elasticity
and global sensitivity analyses were conducted to identify the life
history parameters and life stages the value of A was most sensi-
tive to.

Elasticity represents the relative change in population growth
rate in response to a certain relative change in vital rate parame-
ters P; € (24, Sy, 15 Sy, S5, Sy, Hy, Hy). Thus, elasticity can be com-

pared for parameters of different unit, such as survival rates S, (0 <
S, <1) and the number of eggs (0 < (2,).

Elasticity E of population growth rate A to changes in parame-
ter P was defined as follows (Caswell 2001):

Py Ax
(3) = AAP,

Two types of parameter value changes were tested one param-
eter at a time: alternative parameter values based on available
data or expert guess and a ¥10% change of all baseline parameter
values (Table 1).

The global sensitivity analysis was carried out using the Morris
(1991) method improved by Campolongo et al. (2007) and Pujol
(2009). The method consists of calculating successively the so-
called elementary effect, which corresponds to the change in the
intrinsic population growth rate A when the current value of P; is
changed successively by adding or subtracting A; along trajecto-
ries, holding all other parameter values constant, divided by A;:

APy) = A(P)
@ 4P = —5—

i
The step size A, for each parameter was defined as

max(P,) — min(P))
6 A=—p

These elementary effects are computed at various locations of
the parameter space so interaction effects can be evidenced. Here,
k = 0 was used and rather extreme maximum and minimum pa-
rameter values were chosen (Table 1). The method uses an efficient
sampling design that led to 16 200 estimates of d;(P). These were
then summarized by calculating for each parameter P; the mean
of absolute effects p; = |d,(P)|, which quantifies sensitivity, and
the variance ¢2, which informs on the strength of interactions. All
calculations were carried out in R using the package “sensitivity”
setting the number of elementary effect computed per factor
to 1800 (V1.14.0; Pujol et al. 2014). Calculations were repeated
10 times to ensure convergence.

Evaluating connectivity

Dispersal between putative populations
For evaluating demographic and genetic connectivity, 11 puta-
tive populations of thornback ray were assumed, based mainly on
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Table 2. Mean landings of thornback ray for the period 2013-2015, simulated population sizes for the 11 studied locations, ICES stock identity for
nine locations (Mediterranean stocks are not covered by ICES), and membership of putative populations to genetic and demographic units derived
from modeling results (see text) for dispersal scenarios 1 (SC1) and 2 (SC2).

Genetic units Demographic
(Gu) units (Du)
Landings Simulated
Code Location (ICES division) (tonnes) population size ICES stock identity sc1 SC2 SC1 SC2
NS North Sea (4¢) 427.3¢ 125 000 rjc-347d Gul Gul Dul Dul
EC Eastern Channel (7d) 1112.9¢ 300 000 rjc-347d Gul Gul Du1l Dul
BC Bristol Channel (7fg) 549.4¢ 165 000 rjc-7afg Gul Gul Dul Du1l
wcC Western Channel and 378.9¢4 90 000 rjc-echw Gul Gul Dul Dul
Southern Celtic Sea (7he)
Ir Ireland (7bcjk) 204.0¢ 50 000 Grouped with other Gul Gul Dul Dul
Rajidae
BoB Bay of Biscay (8ab) 241.4¢ 60 000 rjc-bisc Gul Gul Du1l Du2
CS Cantabrian Sea (8c) 204.9¢ 60 000 rjc-bisc Gul Gul Dul Du3
SP South Portugal (9a) 840.44 215 000 rjc-pore Gul Gul Dul Du3
Az Azores (10) 180.07 50 000 Grouped with other Gu2 Gu2 Du2 Du4
Rajidae

GoL Gulf of Lion 15.2¢ 10 000 NA4 Gu3 Gu3 Du3 Du5
Co Corsica NA 10 000 NA4 Gu4 Gu4 Du4 Du6

aICES 2016.

bUnpublished data.

°FAO 2016.

dNot covered by ICES.

expert judgement and results from a population genetics study
(Chevolot et al. 2006) (Fig. 1b). Only a few tagging studies were
available for medium-sized skate and ray species, but all showed
recapture or travelling distances less than 150 km (Supplementary
Table S1'; Walker et al. 1997; Hunter et al. 2005a, 2005b). The
International Council for the Exploration of the Sea (ICES) cur-
rently assesses several of these 11 putative populations together
(Table 2).

To create the matrix of dispersal probabilities between the
11 putative populations, we first traced the pairwise shortest ma-
rine geographical distances (Fig. 1b) and set low dispersal rates
between populations separated by depths greater than 200 m, as the
modelled species is found in shallower waters (Quéro and Vayne
1997). Given the lack of information on potential migrations be-
tween the 11 putative populations, two somewhat arbitrary dis-
persal scenarios were tested. The first scenario corresponded to a
strong potential for dispersal and the second to a more sedentary
behavior. In the first scenario, the dispersal probability between
adjacent populations i and j was set to d; = 0.1 between putative
populations WC and Ir and BC and EC (see Fig. 1b) and to 0.2 for the
other adjacent populations. Dispersal probabilities between more
distant populations were obtained by accounting for the number
of populations between the origin and arrival population along
the dispersal tracks in Fig. 1b, e.g., dispersal between WB and CS
populations via BoB was set to 0.2 x 0.2 = 0.04. The probability to
remain in the same population was calculated as d; = 1 —

©, dy; it decreased with increasing number of direct neighbours.
Note that in this scenario dispersal probabilities were symmetri-
cal, i.e., d; = d;;. The full dispersal matrix can be found in Supple-
mentary Table S21.

In the second dispersal scenario, the probability d,; to remain in
the same population was fixed between 0.75 and 0.99 according to
the size of the neighbourhood, with smaller values for geograph-
ically more central populations. Dispersal probabilities d; were a
linear function of distance between populations, rescaled so that
the sum of all probabilities summed to 1 (Supplementary Table S37).
This implied nonsymmetrical dispersal probabilities, i.e., d;;# d;;. The
two dispersal matrices were used for studying demographic and ge-
netic connectivity (Figs. 2a, 2b).

For genetic connectivity estimation (see below), dispersal was
assumed to occur before the first birthday of egg laying only. This

Fig. 2. Dispersal probabilities applied for dispersal scenarios 1 (a)
and 2 (b) and population abundances assumed for genetic and
demographic connectivity studies (c). For population abbreviations,
see Fig. 1b.
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is equivalent to assuming that each individual reproduces in one
population only during its life, either in its native population or in
the one it dispersed to. This type of behavior has been observed for
several fish species, with individuals breeding several years in
the same area (Dittman and Quinn 1996; Feldheim et al. 2014;
Bonanomi et al. 2016). For example, Bonanomi et al. (2016) found
that Atlantic cod (Gadus morhua) can disperse more than 1000 km
from their place of birth and spend several years growing in the
place they dispersed to before returning as mature individuals
to their place of birth for breeding. Natal philopatry is well-
described for sharks (Feldheim et al. 2014) but not for skates and
rays. However, for the thornback ray, a study using data storage
tags indicated that most individuals were philopatric with a max-
imum travelling distance of 130 km (Hunter et al. 2005a, 2005b).
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Population abundance

To derive population abundances for the 11 putative popula-
tions, recent international landings were used (ICES 2016; FAO
2016). The Eastern (English) Channel (EC) population had the high-
est landings and the Gulf of Lion population the lowest (Table 2;
Fig. 1a). As little regional information was available, landings in
biomass were considered reflecting relative population abun-
dances in numbers. For computational reasons, the maximum
population abundance, corresponding to the population in the
EC, was fixed to 300 000 individuals; this is of course much
smaller than the actual population size. The abundance of the
other populations, except for the two Mediterranean populations,
was then set applying the ratio between their landings and those
of the EC. For the two Mediterranean populations, instead of the
corresponding number of individuals, 10 000 individuals were as-
sumed to avoid too small numbers (Table 2; Fig. 2c). These popu-
lation abundances will be referred to as N, below.

Genetic connectivity

Among the many simulators available for population genetics
studies, only a few are designed to account for complex life histo-
ries and large population abundances. The R package MetaPopGen
(v3.1.2; R Development Core Team 2008; v0.0.4; Andrello and
Manel 2015) is such a simulator; it can simulate population ge-
netic data for species with complex life history traits (overlapping
generations, age-specific survival and fecundity, etc.) in a reason-
able time but can simulate only one locus.

The simulations were set up to follow as much as possible the
life cycle of medium-sized rays and skates taking the thornback
ray as model. Yearly, each mature individual produced gametes ac-
cording to its fecundity and sex. Fecundity was fixed to 140 gametes
for females and 10 000 for males to represent the situation where
female gametes are limiting reproduction. Gametes were subject
to mutation, with a mutation rate of 1E-06, and fused into eggs
with a particular sex and genotype. The dispersed newborns be-
came part of a new population following a recruitment function,
which was adapted to correspond to mortality from hatching to
age 1. Survival-at-age was as in Supplementary Fig. S1'.

For both dispersal scenarios, the 11 putative populations were
simulated for 10 000 years, repeating the simulations 200 times.
This time horizon was selected to study long-term effects of ge-
netic differentiation since the last glacial maximum (Hewitt 2000).
Population abundances remained constant at N, throughout the
whole simulation period (Table 2). Dispersal probabilities varied be-
tween populations but were constant during the 10 000 years, as no
information on changes in dispersal was available.

For each replicate, one neutral biallelic locus was simulated
with an allelic frequency of 0.5 for all populations at the begin-
ning of the simulation (year 0). As our aim was to identify man-
agement units based on genetic measures calculated for the
whole population (observation errors were ignored) in a simula-
tion framework, one locus was sufficient. Note that the 200 repli-
cates cannot be considered as 200 independent loci, as each
replicate had a different number of individuals in year t due to the
stochasticity of population and genetic inheritance dynamics. The
11 putative populations were initially undifferentiated in all rep-
licates.

Global and pairwise genetic differentiation between putative
populations was estimated using the fixation index F¢; (Hamilton
2009) for each replicate and simulation year:

(6) Fgp = (Hy — Hy)[Hy
where H is the heterozygosity in the pooled putative populations,

and Hg is the mean heterozygosity in each population. Mean and
median global Fg; were calculated over the 200 replicates.
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To evaluate the contribution of the difference in abundance to
genetic differentiation, we also simulated 11 putative populations
with identical population abundances (10 000 individuals). From
this simulation we selected population pairs leading to Fg.> 0.001;
Fyr < 0.001 were considered to indicate absence of genetic differ-
entiation, in which case differences in abundance cannot play a
role. This threshold value was obtained from the relationship
between pairwise Fq; values and the mean number of migrants
between pairs (see Results).

The effect of differences in abundance on Fg; values was evalu-
ated by calculating the ratio between the Fq values of the selected
pairs (Fgp > 0.001) for simulations with identical abundance and
for simulations with different abundances as described above.
These ratios of Fg values were then linearly regressed on the
absolute difference in abundance between pairs of exchanging
populations.

Demographic connectivity

For studying global demographic connectivity C for each puta-
tive population i, the relative change in abundance after a single
dispersal event was calculated as

) Mo D, AN
' N‘li

7 C

where N, is the abundance before the dispersal event for popula-
tion i (see Table 2), Ny; is the abundance after the dispersal event
for population i, and d;; is the dispersal rate from population i to
population j as described above. This approach was chosen as life
history parameters were not available for all putative popula-
tions, making it impossible to use a more detailed dynamic mod-
elling approach. Further, considering a short-term perspective is
in line with the requirement that exchanges between connected
populations have to occur in most years for using them as basis for
defining management units (Hawkins et al. 2016).

The origin of individuals in each population i after a single
dispersal event was then investigated by calculating the propor-
tion of individuals in population i that came from population j,
Py;, as follows:

N.d.
8  Py=—

1

This metric Py; is referred to as pairwise demographic connec-
tivity.

Waples and Gaggiotti (2006) and Palsbell et al. (2007), based on
Hastings (1993), considered that populations linked by >10% mi-
grants should be assigned to the same management unit. We
therefore compared pairwise demographic connectivity esti-
mates P;; with the threshold value of 0.1. This choice is somewhat
arbitrary and will be discussed below.

To evaluate the contribution of the difference in abundance to
demographic connectivity, we also calculated the pairwise demo-
graphic connectivity between the 11 putative populations with
identical population abundances (10 000 individuals). Then, we
selected population pairs leading to P;; > 0.1. As for genetic con-
nectivity, the effect of differences in abundance on the demo-
graphic connectivity values was evaluated by calculating the ratio
between the P;; values of the selected pairs with identical abun-
dance and the P; values of the same pairs with different abun-
dance. These ratios of P;; values were then linearly regressed on
the difference in abundance between pairs of exchanging popu-
lations.
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Fig. 3. (a) Local parameter elasticity and (b) global Morris sensitivity
analysis results for the Usher matrix model for thornback ray. For
parameter definitions and values, see Table 1.
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Life history parameters and intrinsic population growth

Using the reference parameter values in the Usher matrix
model, at equilibrium, 41% of individuals were 1 year old (stage 1),
39% immature (stage 2), and 20% mature (stages 3 and 4), among
which 13% belonged to the stage 4 category representing mature
individuals with a larger number of eggs.

Local elasticity analysis identified the survival of stage 3 indi-
viduals (S;) as the parameter to which intrinsic population growth
was the most reactive, while it was least reactive (and reacting
negatively) to the rate of fecundity increase from stage 3 to
stage 4 (H;) (Fig. 3a); similar results were obtained for the set of
alternative parameter values and when varying parameter values
by +10%. All elasticity values were <0.2 except for S; and S, thus
indicating a degree of robustness to parameter value changes.

Results of the global sensitivity analysis (Morris method) dif-
fered from the local elasticity analysis (Fig. 3b). S, was the param-
eter with the highest influence on intrinsic population growth (A)
changes and the highest strength of interactions (large ¢?), di-
rectly followed by S;, S,, and H,. Changes in parameters S;, S,, and
H; had little influence on A. These parameters interacted little,
with the smallest value for o2 reached by H,. The influence of the
number of eggs (2, was intermediate.

From these complementary analyses, it appeared that survival
rates of immature individuals (S, S;, and S,) were the parameters
to which the population growth rate was most sensitive. On the
other hand, parameters linked to the mature stages (S5, S, and H;)
appeared less important in terms of contribution to changes in A
and interactions with others parameters.

Genetic connectivity

Two hundred replicates were sufficient to capture stochastic
variations (not shown). The median final global differentiation
index (Fgr) between the 11 putative populations after 10 000 years
of divergence was low, 0.014 (95% confidence interval (CI): 0.0010—
0.044) and 0.013 (95% CI: 0.0012-0.042) for dispersal scenario 1
(strong dispersal) and scenario 2 (strong sedentary behavior), re-
spectively (solid lines, Figs. 4a and 4b). For both scenarios, simu-
lated Fg trajectories varied strongly among replicates leading to a
standard deviation between replicates of 0.12 in the final year.
Note that even after 10 000 years of simulation, no equilibrium
was reached.

Plotting mean pairwise Fg; values after 10 000 years against the
mean number of migrants revealed that Fg. values were >0.001 for
small number of migrants (<5 individuals) between population
pairs (Fig. 5a). The threshold value 0.001 was therefore used for
identifying genetically disconnected populations. Note that small
pairwise Fq; values occurred even though there were very few
pairwise migrants (pairs in bottom left corner of Fig. 5a with
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Fig. 4. Density of simulated global genetic differentiation Fgq; for
200 replicate trajectories for dispersal scenarios 1 (a) and 2 (b).
Black solid line: median; black dotted line: mean; grey solid line:
maximum. Index of pairwise genetic differentiation Fy between all
pairs of populations at the end of the simulations (10 000 years)
averaged for 200 replicates for dispersal scenarios 1 (c) and 2 (d). For
population abbreviations, see Fig. 1b.
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Fig. 5. (a) Mean pairwise Fg of simulations plotted against the
mean number of annual migrants from population i to population j
and vice versa and (b) ratio between pairwise Fq of simulations with
identical abundance for all populations and pairwise Fg; > 0.001 of
simulations with different abundances as a function of the pairwise
difference of these abundances. In panel (a), the continuous
horizontal line indicates the threshold value of 0.001 used in this
study. Note that the x axis in panel (a) was cut at 30 migrants; all Fg.
values beyond this value are below the threshold value. All
population pairs have a single simulated Fg value but two sets of
number of migrants (one in each direction), which are linked by
lines. SC; dispersal scenario.
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<1 migrant). This is due to the existence of multiple connections
for certain populations.

For both dispersal scenarios, analysis of pairwise genetic differ-
entiation between putative populations revealed high genetic dif-
ferentiation between the Azores (Az) and the other populations
(Fsy > 0.03 after 10 000 years; Figs. 4c and 4d). Mediterranean
populations (GoL and Co) were also differentiated from the other
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populations (mean Fgp. > 0.035). This was not surprising given the
assumed geographic isolation of both the Az and Mediterranean
populations. Mediterranean populations were more differenti-
ated (Fgp = 0.1) from the Az population than from Atlantic popu-
lations mainly due to lower assumed dispersal rates but also due
to smaller population sizes (Figs. 4c and 4d). The simulations with
identical populations sizes (10 000 individuals) confirmed that in
this case genetic differentiation patterns were driven by the as-
sumed dispersal patterns, with Mediterranean populations being
again more differentiated from Az compared with the Atlantic
populations (not shown).

For dispersal scenario 1, after 10 000 years, Atlantic populations
(except Az) were not genetically differentiated from each other,
i.e., pairwise Fg; values were <<0.001 (Fig. 4c; Table 2). Only South
Portugal (SP) presented a weak genetic differentiation from more
northern populations (Fg; = 0.0005 compared with 0.00002 be-
tween the northern populations). The two Mediterranean popula-
tions formed two units with low genetic heterogeneity (Fg = 0.002).

For dispersal scenario 2, Atlantic populations (except Az) were
more structured (globally higher F¢; value than for scenario 1) but
not genetically differentiated from each other applying the
threshold value of 0.001 (Fig. 4d; Table 2). Using a lower threshold
of Fg; > 0.0001 for determining populations, Atlantic populations
appeared more structured with two groups (Supplementary
Table S5%). In this case the northern group was composed of the
North Sea (NS), the EC, the Bristol Channel (BC), and the Ire-
land (Ir) populations. The southern group was composed of the
Cantabrian Sea (CS) and SP. Finally, the Bay of Biscay (BoB) popu-
lation was differentiated with all other populations except the
Western Channel (WC) population.

The two patterns of genetic differentiation between the 11 putative
populations primarily but not exclusively reflected dispersal pat-
terns, as relative differences in population sizes also played a role.
For example, in scenario 1, differentiation between Az and EC was
weaker than differentiation between Az and BoB despite an iden-
tical dispersal rate. To visualize this abundance effect, the ratio of
Fgr values obtained assuming identical population abundances
and population-specific abundances (N,) was regressed against the
absolute value of the difference in population-specific abun-
dances. For both dispersal scenarios, this relationship was linear
and rather similar (Fig. 5b). Thus, the difference found in the
pairwise Fg of the Az population with EC compared with BoB was
due to the difference in abundance (Figs. 4c and 4d).

Demographic connectivity

The two dispersal scenarios led to qualitatively similar results
in terms of global demographic connectivity, i.e., annual net con-
tributions of dispersing individuals to the different putative pop-
ulations (Figs. 6b and 6d and Supplementary Tables S6 and S7).
The biggest source population was the EC, which had an annual
net loss of -15% and -4% for dispersal scenario 1 (strong dispersal)
and scenario 2 (strong sedentary behavior), respectively. The an-
nual net losses for the BC population were —7% and -2% for disper-
sal scenarios 1and 2, respectively. For SP, these were —1% and —4%,
respectively. Az, East Corsica (Co), and Gulf of Lion (GoL) popula-
tions had minor exchanges with the other populations, while all
other populations experienced net gains for both dispersal scenar-
ios. More precisely, the populations near Ir and in WC (including
Southern Celtic Sea) gained most under dispersal scenario 1 (+18%
and +16%), while for dispersal scenario 2 the biggest net gain was
found for the CS population (+12%), followed by the Ir population
(+10%).

Considering only population pairs linked by pairwise demo-
graphic connectivity of more than the 10% threshold value, 13 pairs
of demographically closely linked populations emerged for dis-
persal scenario 1 (Fig. 6a). Three pairs exchanged reciprocally
more than 10% of individuals: (i) the EC and the NS, (ii) the EC and
the BC, and (iii) the BoB with the CS. For the two first pairs, if we
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Fig. 6. Pairwise percentage of individuals exchanged by putative
population i (rows) with population j (columns), i.e., pairwise
demographic connectivity for dispersal scenarios 1 (a) and 2 (c).
Overall net percentage of individuals lost (negative value) or gained
(positive value) by each putative population are also shown for
dispersal scenarios 1 (b) and 2 (d). For geographic location of
populations, see Fig. 1b. (e) Ratio between pairwise demographic
connectivity of population with identical abundance and pairwise
demographic connectivity of population with different abundances
as a function of the pairwise difference of these abundances. SC:
dispersal scenario.
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Abundance difference

look at net exchanges, the EC appeared to be a source while the NS
and the BC were sinks. For the seven other pairs, only one of the
two received more than 10% of individuals from the other (Fig. 6a):
BC and EC, WC and EC, Ir and BC, Ir and WC, BoB and EC, BoB and
WC, and CS and SP (the first populations is the sink and the second
the source). In summary, for scenario 1 the English Channel was
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the main source of individuals for the other putative Northeast
Atlantic populations.

For dispersal scenario 2, only five pairs of demographically
closely linked populations (>10%) emerged (Fig. 6b): NS and EC, BC
and EC, WC and EC, Ir and BC, and SC and SP (the first population
is the sink and the second the source). None of the links were
reciprocal. Overall in this scenario, populations appeared to be
less connected, and the main sources appeared to be SP and again
EC, which were also populations with the highest assumed abun-
dances.

Based on these results, a number of groups of linked popula-
tions emerged where each group could be considered to represent
a single metapopulation (Table 2). For dispersal scenario 1, four
metapopulations could be identified: the first one comprising the
Northeast Atlantic populations from the NS to the SP, the second
one being constituted by the Az, and the last two by the two
Mediterranean populations (GoL and Co). Focusing only on recip-
rocal links (>10% for both receiving and donor population), the
four previous metapopulations subdivided into eight: NS together
with EC; BC together with WC, Ir, and BoB; CS together with S, Az,
and Gol; and finally Co. In contrast, for scenario 2, six metapopu-
lations emerged (Fig. 6¢). The first one grouping populations from
the NS to Ir, the second one including only BoB, the third one
grouping CS and SP, while the fourth to the sixth metapopula-
tions were similar to those found for scenario 1 (Az, GoL, Co).
Again considering only pairs with reciprocal links, all 11 putative
populations were demographically independent and hence
should be managed separately under this dispersal scenario.

Abundance differences also played a role for demographic con-
nectivity (Fig. 6e). To visualize this abundance effect, the ratio of
Py; values obtained assuming identical population abundances,
and population-specific abundances (N,) were regressed against
the difference in population-specific abundances (not absolute
difference as for genetic connectivity; Fig. 6e). For both dispersal
scenarios, this relationship was linear and positive, though rather
weak for scenario 2 in contrast with genetic connectivity for
which no difference between scenarios was found (Fig. 5b).

Discussion

Population growth

Analyzing the elasticity and sensitivity of the intrinsic popula-
tion growth rate in the Usher matrix model for a thornback ray-
like species, we found that it was most sensitive to survival from
egg laying to stage 1(S,), followed by the survival of stages 1 and 2
(S;and S,), and least sensitive to the maturation rate (H,), that is to
the proportion of mature individuals moving to stage 4 with
higher fecundity. This result likely applies to other ray and skate
species that share the late age-at-maturity, and hence probably
similar survival rates, and low fecundity as for thornback ray
(Supplementary Table S1).

Given survival during the early stages is such an important
parameter for population dynamics, it would be important to
obtain field estimates for each population. Unfortunately, we do
not know of any in situ method for estimating first year survival.
For older individuals, capture-mark-recapture methods might be
feasible (e.g., Neat et al. 2015).

Population connectivity

Genetic simulation results indicated a strong influence of as-
sumed dispersal rates on genetic population structure, though
population abundance differences were found to substantially
modify the effect of contrasting dispersal rates (Fig. 5). This result
is not surprising, as the level of genetic differentiation among
populations is directly related to the balance between gene flow
(related to dispersal) and genetic drift (somewhat related to pop-
ulation abundance) (Wright 1949; Palumbi 2003; Waples and
Gaggiotti 2006). Genetic connectivity simulations indicated four
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metapopulations (Table 2): the first along the Atlantic continental
shelf, the second around the Azores (whose structure was not
studied here), and the third and fourth in the Gulf of Lion and
around Corsica, which globally agrees with the empirical genetic
result found by Chevolot et al. (2006). However, it is important to
remember that genetic connectivity studies provide information
on an evolutionary time scale. A low genetic differentiation does
not necessarily imply a contemporary high number of migrants
because the time needed for genetic differentiation depends upon
the number of breeders in each population. In large populations
with low genetic drift, very low migration rates would maintain
genetic similarity between populations that became physically
separated (Reiss et al 2009).

Genetic connectivity has been studied for several ray and skate
species, highlighting substantial differentiations among the stud-
ied locations (Chevolot et al. 2006; Frodella et al. 2016; Vargas-Caro
et al. 2017). For example, Pasolini et al. (2011) found a genetic
population structure in the eastern Atlantic for thornback ray and
biscuit skate (Raja straeleni) and a significant correlation between
genetic differentiation and coastal distance. However, for several
species, including thornback ray, a major limitation to dispersal
appeared to be bathymetry (Chevolot et al. 2006; Pasolini et al.
2011; Le Port and Lavery 2012).

Pairwise demographic connectivity indicated four (dispersal
scenario 1) or six (dispersal scenario 2) metapopulations compared
with only four for genetic connectivity (Table 2). Demographic-
based metapopulations were defined as groups of putative popu-
lations for which, for sink populations, a single dispersal event
resulted in at least 10% of individuals coming from another of the
subpopulations (source population) within the metapopulation.
The 10% threshold value is rather arbitrary. It was inspired by the
value used for judging the importance of dispersal rates (Waples
and Gaggiotti 2006; Palsbgll et al. 2007). Doubling the threshold
value to 20% would increase the number of demographic metapo-
pulations to six (scenario 1) and nine (scenario 2), respectively.

A strong effect of the difference in population abundances on
genetic and demographic connectivity was found for dispersal
scenario 1, but only for genetic connectivity for scenario 2. In
scenario 2, most individuals stayed at their population of origin,
which meant differences in population abundance played less a
role for a single dispersal event considered for demographic con-
nectivity.

The ICES currently considers six thornback ray stocks in the
Northeast Atlantic, based upon ICES ecoregions, discontinuities
in the species geographical distribution, and expert knowledge
(Table 2). The connectivity-based metapopulation results dis-
agreed with the current stock assessment units in several ways:
the Bay of Biscay and Cantabrian Sea ICES stock was subdivided
based on demographic results for dispersal scenario 2, while the
Bristol Channel and Northern Celtic Sea stock as well as the West-
ern Channel and Southern Celtic Sea stock were grouped with the
Eastern Channel and the North Sea stocks based on genetic and
demographic connectivity (both dispersal scenarios; Table 2).
However, field studies are needed to confirm the identified meta-
population structure before any recommendations for changing
stock assessment units can be made. As current management
units for skates and rays are not aligned to stock assessment units,
a complete revision of the management of skate and ray fisheries
in European waters would be needed in a second step.

The results concerning potential metapopulation structures
differed somewhat between demographic and genetic connectiv-
ity, with more populations being genetically connected than de-
mographically. This phenomenon was empirically observed in
shark and named crinkled connectivity (Ovenden 2013). It occurs
when migration is above the threshold required to link popula-
tions genetically, but below the threshold for demographic links
(Ovenden 2013). This difference between genetic and demo-
graphic connectivity is not surprising, as they provide informa-
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tion on different temporal and geographical scales. Demographic
data help define management units, provided that a specific
threshold value for the exchange of individuals can be defined.
Genetic studies provide large-scale differentiation information in-
tegrated over a longer time period, making results at a local scale
and for shorter time periods less pertinent for management.

Connectivity is driven by the dispersal of individuals. Tradi-
tional stock assessment and fisheries management generally con-
sider stocks as closed populations. However, if exploited stocks
are not closed populations, the contributions of dispersals need to
be considered in management (Frisk et al. 2014). This can be espe-
cially important for skates and rays where only juveniles and
adults move. For example, winter skate (Leucoraja ocellata) abun-
dance increased strongly on Georges Bank in the 1980s, which
appeared biologically unrealistic. Frisk et al. (2008) suggested that
this increase was due to movements among adjacent populations,
thus connectivity.

Dispersal increases the number of individuals of the receiving
population and thus is equivalent to an increase in survival. As-
suming dispersal occurs only during the first year of life, we can
express the calculated net contributions of immigrants to the
11 putative populations in terms of a change in first year survival
rate. Assuming S, = 0.036 (baseline value in Table 1), an increase of
18% (maximum estimated net gain due to demographic connectivity)
is equivalent to increasing the survival rate to S, = 0.042, while
a15% decrease (maximum estimated net loss) corresponds to S, =
0.031. This range of first year survival rates is small compared with
the uncertainty surrounding realistic values. An increased sur-
vival rate of S, = 0.042 lead to an increase of the intrinsic growth
rate of 2.26%, and a decreased survival rate of S, = 0.0311lead to a
decrease of the intrinsic growth rate of 2.11%.

Methodology

Several assumptions were needed to overcome the lack of data
and biological knowledge. In the Usher model, first year sur-
vival (S,) was set conditional on other parameter values and as-
suming a stable population. The resulting survival rate might
appear high compared with teleost species (0.036 in Table 1). This
parameter combines the mortality of eggs and newly hatched
individuals. Skates and rays do not provide any parental care,
making the rigid keratin capsule the only protection against pred-
ators (Kormanik 1993), and so egg mortality is primarily caused by
predation (Bunn et al. 2000; Cox et Koob 1993). Lucifora and Garcia
(2004) reported gastropod predation rates around 0.24 for four ray
species in the Southwest Atlantic. The sensitivity and elasticity
analyses showed that this parameter was influential for the pop-
ulation dynamics of a thornback ray-like species; a similar impor-
tance can be assumed for other skates and rays in European
waters, which share similar life history traits (Supplementary
Table S17).

Several assumptions were also necessary to study population
connectivity. Absolute abundance estimates currently do not ex-
ist for any of the ray and skate populations in European waters
(ICES 2016). Relative population abundances were derived by as-
suming that commercial landings represented relative popula-
tion abundances. In quota-based fisheries management systems,
landings do not directly inform on population abundance. How-
ever, under the current management in Europe, the quota is set
for a pool of several rays and skates and there is no regulatory
minimum landing size at species level, and this in turn makes
quotas less restrictive at species-specific level. Thus, in this case,
commercial landings might approximately reflect relative popu-
lation biomass and abundance if mean mass is similar across pop-
ulations. Changing the relative abundances of the 11 putative
populations would modify estimated demographic and genetic
connectivity patterns and absolute values; the degree of this would
depend on by how much proportions were changed.
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Population abundances were assumed fixed but are known to
vary over time. For example, bottom trawl surveys have shown
abundance variations in recent years, including a dramatic in-
crease of thornback ray in the Eastern Channel over the last de-
cade (ICES 2016). In contrast, a recent study of thornback ray
population dynamics in the Bay of Biscay suggested no increase in
recent years (Marandel et al. 2016). At an evolutionary time scale,
over the 10 000 years simulated for genetic connectivity, sea level
and temperature increases probably triggered changes in popula-
tion distributions and abundances. Thus, the constant dispersal
rates and population abundances that we used should not be
taken as realistic either in genetic or demographic terms. The
results should rather be regarded as indicative of the potential
magnitude of the contrast between the genetic and demographic
connectivity. However, if times series of abundance estimates
were available for all putative populations, these might be used
directly for studying demographic connectivity by analysing
synchronism in interannual abundance variations (Ostman et al.
2017).

In genetic simulations due to computational limits, simulated
population abundances were much smaller than likely actual
abundances. However, this did not affect the spatial pattern of
genetic differentiation, only the absolute Fg; values, which might
be higher in our simulations than in actual populations, as in
reality their larger number is expected to reduce genetic drift.

In the absence of dispersal rate estimates for all putative popu-
lations, two scenarios, expected to reflect a plausible range of
dispersal for the species, were investigated. The first one corre-
sponded to a strong potential for dispersal and the second one to
a stronger sedentary behavior. Simulating more extreme scenar-
ios would basically reflect that with high dispersal rate panmixia
is maintained, and with low dispersal rate, all populations differ-
entiate. To carry out more realistic simulations, it would be nec-
essary to estimate dispersal of all populations in the field. Several
methods are available for this. Telemetry can provide estimates of
individual movements between populations and of behavior pat-
terns (Milner-Gulland and Rowcliffe 2007; Hawkins et al. 2016). For
conventional tagging, due to often low reported recapture rate
(6.9%; Stephan et al. 2015), a high number of individuals has to be
tagged and released to be able to estimate dispersal rate with
reasonable uncertainty. Electronic data storage tags allows for
obtaining information from a higher proportion of tagged indi-
viduals (Hunter et al. 2006); however, cost may be prohibitive.
This method was used for tracking basking sharks (Cetorhinus
maximus; Sims et al. 2003, 2005) and studying thornback rays stock
distribution in the southern North Sea (Hunter et al. 2006).

For genetic connectivity, dispersal was assumed to occur for
newborns only. This is equivalent to assuming that each individ-
ual reproduces in one population only during its life, either in its
native population or in the one it dispersed to before maturing.
Thus, the assumed dispersal rates should be considered as the
contribution of dispersal to each population and not as the indi-
vidual contribution. If the assumed dispersal rates were applied to
all ages, genetic connectivity could be modified, as the age of the
disperser will affect the number of years during which it will
reproduce in the receiving population and so will differently af-
fect the gene pool.

Genetic connectivity was modelled by simulating a neutral
marker. Neutral loci have been recommended for identifying
management units (Funk et al. 2012). However, in the case of
recently differentiated populations with large population size,
markers under selection may be more efficient (Reiss et al. 2009;
Gagnaire et al. 2015). Using non-neutral markers in simulations
would require assumptions on the dynamics of selection. Local
adaption might mean that immigrants have lower fitness, which
would reduce their contribution to genetic connectivity, as their
genotypes would be less integrated into the local gene pool. As a
consequence, their contribution to population dynamics could be
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modified and demographic connectivity reduced. Therefore, if
adaptation to regional environment has occurred, both genetic
and demographic connectivity could be lower than estimated in
this study.

Demographic connectivity was studied applying a single disper-
sal event to the assumed population abundances. Given these
abundances were derived from recent landings, their relative pro-
portions might be expected to reflect the contemporary situation,
in which case applying a single dispersal event would be informa-
tive for current management. Contrary to species for which dis-
persal primarily occurs during the larval phase and for which
ocean current models can be used to predict connectivity, there is
no reason to believe that thornback ray, or any other ray or skate
for that matter, would follow bottom currents. Thus, to develop a
more complex dynamic model, knowledge on factors determin-
ing individual dispersal, survival, and reproduction would be
needed for all putative populations. None of these are currently
available.

Conclusion

Demographic and genetic connectivity can provide comple-
mentary insights for medium-sized rays and skates as we demon-
strated with the example of thornback ray. Genetic connectivity
studies should be useful for determining long-term conservation
units but will probably not be so helpful for defining management
units, while demographic connectivity studies should be able to
inform the definition of management units. Both types of analy-
ses strongly depend on relative population abundances (Figs. 5
and 6e) but also on dispersal rates and patterns. To make progress
towards a better estimation of connectivity and delimitation of
management and conservation units, we encourage researchers
to attempt obtaining local abundance and dispersal estimates for
a range of ray and skate species.
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Chapitre 3. Evaluer I'état des populations de raie bouclée : une méthode démographique

Ce chapitre étudie par simulations et applications a des données empiriques, ’estimation
de I’état des populations de raies par méthodes démographiques. Le cas d’étude choisi est la
raie bouclée du Golfe de Gascogne. Cette partie a fait 'objet d’'une publication dans Aquatic
Living Ressources.

1. La modélisation au service de 1’évaluation démogra-
phique de I’état des populations

En halieutique, mais plus généralement en écologie statistique, ’ajustement de modeles de
dynamique de populations a des séries chronologiques d’observations (captures, indices d’abon-
dance) joue un rdle central. Ces modeéles permettent de réaliser des diagnostics sur I’état des
populations étudiées mais aussi d’effectuer des prédictions quantifiées de leur évolution. Un
modele est par définition faux, c’est une représentation fonctionnelle de la réalité mise au point
a partir de nos connaissances mais aussi d’hypotheses, bien souvent nécessaires. Ainsi aucun
modele ne peut prétendre étre 'unique traduction de la réalité et chaque modele est congu
afin de répondre a une problématique particuliere. Le modele présenté dans cette partie de la
these est un modele stochastique. Cette stochasticité met ainsi l’articulation entre les données
observées et la modélisation développée au centre de notre problématique d’évaluation de stock
a des fins de gestion et conservation. Dans cette approche, les incertitudes liées au processus
d’observation et a la simplication des processus biologiques modélisés sont essentielles. Le mo-
dele présenté a été concgu en gardant ces incertitudes a l'esprit afin d’évaluer au mieux 'état
des populations d’une espece a données limitées.

L’article suivant présente un modele bayésien d’évaluation du stock de raie bouclée du
golfe de Gascogne entre 1903 et 2014. Il constitue, a notre connaissance, la premiere approche
bayésienne d’'un modele de biomasse sur une espece de raie de 1’Atlantique Nord-Est. Une
premiere version du modele utilise uniquement les débarquements disponibles ou reconsti-
tués afin d’évaluer des trajectoires de biomasses ainsi que quelques indicateurs clés (comme
la capacité biotique du milieu). Néanmoins, le manque de robustesses des trajectoires de bio-
masses estimées a conduit & un second modele prenant en compte a la fois les débarquements
et des indices d’abondances en biomasse. Ce second modele a été testé par une approche de
simulation-estimation. Sous réserve que les données (débarquements, indices de biomasse) sont
suffisamment réalistes, le modele permet d’estimer 1’état actuel du stock ainsi que la capacité
biotique du milieu. L’estimation du taux de croissance intrinseque de la population est quant
a elle tres sensible a la distribution a priori de ce parametre. Les indices d’abondances dispo-
nibles étant souvent peu fiables, un troisieme modele utilisant les débarquements disponibles
ainsi qu'une estimation experte de la dépletion actuelle du stock a été mis en place. Ce der-
nier modele permet de contourner le manque d’informations disponibles et permet d’obtenir
une idée des trajectoires de biomasse de 'espéce ainsi que son état de dépletion actuelle, la
distribution de ce parametre étant relativement bien mise a jour.
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2. Article : Un modele Bayésien a état latent pour esti-
mer la biomasse d’une population a ’aide de captures
et de données de campagne limitées : application a la
raie bouclée (Raja clavata) du golfe de Gascogne

Aquatic Living Resources - 11 Juin 2016
DOI :10.1051 /alr/2016020

Florianne Marandel!, Pascal Lorance ! and Verena M. Trenkel!

- La raie bouclée du golfe de Gascogne est supposée en déclin depuis le dé-
but du 20°™¢ siecle. Afin d’évaluer ce déclin et estimer des trajectoires de biomasses, une série
temporelle hypothétique de captures (de 1903 a 2013) a été élaborée. Un modele bayésien de
biomasse a état latent utilisant la fonction de production de Schaefer a été ajusté a cette série
hypothétique de captures et a une série plus courte d’indices de biomasse issus de campagnes
scientifiques (de 1973 a 2013, avec quelques années manquantes). Une approche de simulation-
estimation a montré une forte sensibilité du modele a la distribution a priori du taux de crois-
sance intrinseque. Le modele fournit des trajectoires de biomasses corroborant le déclin de la
population du golfe de Gascogne. La biomasse correspondant au Rendement Maximal Durable,
Brup, est estimée a 32 000 tonnes soit 17 fois la biomasse estimée en 2014. Les biomasses esti-
mées sans CPUE sont tres incertaines. L’ajout d’une observation de déplétion actuelle améliore
la précision, bien que les résultats y soient sensibles. Les résultats doivent étre considérés avec
précaution étant donné les nombreuses hypotheses nécessaires a la reconstitution de la longue
série temporelle de captures ainsi qu’a I’élaboration des priors informatifs, notamment pour le
taux de croissance intrinseque. Néanmoins, les résultats obtenus confirment la déplétion de la
raie bouclée du golfe de Gascogne avec une biomasse estimée en 2014 avoisinant les 3% de la
capacité biotique du milieu.

! Ifremer, rue de I'lle d’Yeu, BP 21105, 44311 Nantes Cedex 3, France
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A Bayesian state-space model to estimate population biomass
with catch and limited survey data: application to the thornback
ray (Raja clavata) in the Bay of Biscay
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Abstract — The thornback ray (Raja clavata) in the Bay of Biscay is presumed to have declined during the 20" Century.
To evaluate this decline and estimate biomass trajectories, a hypothetical catch time series was created for the period
1903-2013. A Bayesian state-space biomass production model with a Schaefer production function was fitted to the
hypothetical catch time series and to a shorter research vessel Catch Per Unit Eeffort (CPUE) time series (1973-2013,
with missing years). A censored likelihood made it possible to obtain biomass estimates without a CPUE time series
or only with an estimate of biomass depletion. A simulation-estimation approach showed a high sensitivity of results
to the prior for the intrinsic growth rate. The model provided biomass trajectories which corroborated and quantified
the decline of the Bay of Biscay population. The estimated biomass corresponding to the maximum sustainable yield,
Bumsy, was 32000 tonnes, which is 17 times higher than the estimated biomass in 2014. The biomass estimates obtained
without a CPUE time series were highly uncertain. Adding a current biomass depletion observation improved precision,
though the biomass time trend was sensitive to this value. Results should be interpreted carefully as several assumptions
were necessary to create the long catch time series and to define informative priors, notably for the intrinsic growth rate.
Despite this, the results confirm the depleted state of the thornback ray in the Bay of Biscay with the estimated biomass
in 2014 being around 3% of carrying capacity.

Keywords: Population dynamics / stock assessment / data poor / censored data / Bayes / thornback ray / state-space
model

1 Introduction patterning (Steven 1931; Quéro and Guéguen 1981), regional
usages of common names are confusing, and market values
are moderate and the same for all species, which makes iden-
tification of landings to species level problematic (Silva et al.
2012). Whether catches are similar or much larger than land-
ings due to discarding depends on the species, the gear and the
period (Rochet et al. 2002; Silva et al. 2012). However, the ef-
fect of ignoring discards is reduced by the fact that skates and
rays seem to survive discarding relatively well. Average short

Several marine fish stocks have strongly declined during
the 20 Century as a consequence of overfishing, including
certain rays and sharks (Quéro and Cendrero 1996; Dulvy
et al. 2014). Global ray and shark landings peaked in 2003,
but the recent decrease seems to be more driven by demand
rather than being the result of a range of management measures
(Davidson et al. 2015). The conservation of rays and shark

populations has become a major management objective for
ensuring sustainable exploitation of marine resources (Dulvy
et al. 2014; Davidson et al. 2015). For numerous populations,
available data are restricted to life history traits and landings at
species level are often not available (Davidson et al. 2015). In
Europe the situation has been improving in recent years with
most landings now being declared at the species level (Silva
et al. 2012; ICES 2014a). In the Bay of Biscay (ICES Subarea
VIII), species-specific reporting of thornback ray has become
mandatory since 2009 (EC 2009). However, skates and rays are
morphologically similar and variable in their coloration and

* Corresponding author: florianne.marandel@ifremer. fr

term skate survival under commercial fishing conditions was
estimated around 55% (Enever et al. 2009).

In the Northeast Atlantic, stock abundance or biomass
of ray and skates is usually not quantitatively estimated and
their management relies on indicator trends (ICES 2015).
The thornback ray, Raja clavata L. 1758, is one of the more
widespread ray species in the Northeast Atlantic and a good
example for this data-limited situation. As a consequence, the
stock dynamics in the Bay of Biscay remains poorly under-
stood. Nevertheless, thornback ray is currently classified as
Near Threatened by the [IUCN (2005), the largest threat com-
ing from target and bycatch fisheries; in the Bay of Biscay

Article published by EDP Sciences
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thornback ray is primarily by-caught in various fisheries (ICES
2015).

The thornback ray is a medium-sized ray which is found on
sandy seabed throughout shelf areas in the Northeast Atlantic
(Du Buit 1974; Quéro and Vayne 2005), from 62° N down
to at least 18° N and in the Mediterranean and Black Seas
(Quéro and Guéguen 1981; Chevolot et al. 2006). The longest
observed thornback ray individual (female) was 107 cm total
length and 14 years old (Holden 1972). Sexual maturity (Lso)
of Northeast Atlantic populations occurs at 59 to 73 cm for
males and 70 to 78 cm for females, depending on the area
(Serra-Pereira et al. 2011; McCully et al. 2012). In the Irish
Sea, this corresponds to ages at first maturity (Asp) of 3.9
and 5.3 years for males and females respectively (Whittamore
and McCarthy 2005). Females spawn between 70 and 170 eggs
from February to September with a moderate increase of the
number of eggs per year with female size (Holden 1975) and
regional differences in fecundity and spawning period (Serra-
Pereira et al. 2011).

Although more biological information has become avail-
able in recent years, routine stock assessments are still not car-
ried out for thornback ray (ICES 2015). Nevertheless, avail-
able studies suggest severe depletion or evidence of decrease
of Northeast Atlantic populations (Dulvy et al. 2000, 2006;
Figueiredo et al. 2007; ICES 2015). However, the age com-
position of catches is not routinely estimated therefore age-
structured models cannot be used for stock assessment of the
thornback ray in the Bay of Biscay. In contrast, biomass pro-
duction models are good candidates in this context. Designed
to describe population dynamics, they have been widely used
for stock assessment and estimation of management reference
points for species without age data (e.g., McAllister et al.
2001; Ono et al. 2012; Punt et al. 2015). Production models
require only a time series of catches and a Catch Per Unit Ef-
fort (CPUE) time series. They are commonly considered as
the simplest stock assessment models. Simulations have shown
that unreliable reference point estimates were often due to the
poor quality of the data rather than to the lack of age structure
of the model (Hilborn and Walters 1992).

We implemented a biomass production model using a
state-space model (SSM) formulation, which is not uncommon
for fisheries models (e.g. Hammond and Trenkel 2005; Ono
et al. 2012; Trenkel et al. 2012) and includes both process and
observation errors. The process error represents random fluc-
tuations in population size due to variations in recruitment or
natural mortality. The observation error includes random sam-
pling variability and catchability variations. Unlike the process
error, the observation error can be reduced by improving sam-
pling methods or by gathering more data (Parent and Rivot
2013; Gelman et al. 2014). To fit the model without a CPUE
time-series or only a depletion estimate, we used a censored
likelihood for the biomass process error. Previously a censored
likelihood has been used to handle underreported catch data
(Hammond and Trenkel 2005). By using a censored likelihood
for the biomass production model and a depletion estimate, the
model becomes equivalent to stock-reduction analysis (SRA,
Kimura and Tagart 1982; Kimura et al. 1984).

The SSM was implemented in a Bayesian framework to
draw inference on biomass trajectories and biological param-

eters such as the carrying capacity, and applied to the thorn-
back ray population in the Bay of Biscay. The Bayesian frame-
work provides flexibility for statistical modelling, inference
and prediction and allows the integration of different types of
information and multiple sources of uncertainty in data and
models (Parent and Rivot 2013; Gelman et al. 2014). It dif-
fers from the frequentist framework in the way parameters
are treated. The Bayesian approach considers parameters as
random variables while the frequentist framework considers
parameters as fixed values. Bayesian SSM have been widely
used in fisheries science (e.g. McAllister and Ianelli 1997; Punt
and Hilborn 1997; Robert et al. 2010). In our case, despite a
general lack of data, the biology of thornback ray is known
well enough to integrate it through informative priors. Sev-
eral methods exist for obtaining posterior parameter distribu-
tions. Among them the Markov Chain Monte Carlo (MCMC)
approach, which is commonly used for fisheries stock assess-
ments (e.g. Hammond and Trenkel 2005), can be implemented
easily using the freely available software BUGS (Bayesian
inference Using Gibbs Sampling) (Thomas et al. 2006). The
MCMC inference method is not detailed any further.

To assess the strengths and limitations of the proposed
method, a simulation-estimation (SE) analysis was conducted.
Widely used within the frequentist framework, SE approaches
are less common in the Bayesian framework (Ono et al. 2012).
The use of simulated data helps to determine the performance
of the method by comparing the true parameter values used
in the simulations to the posterior distributions. Three types
of scenarios were investigated: scenarios with variation in bio-
logical parameters (such as the intrinsic growth rate), scenarios
with variation in process and observation errors and scenarios
exploring the use of only a final depletion estimate. The SSM
was then fitted to thornback ray catch data from the Bay of
Biscay for the period 1903 to 2013 together or without a re-
search vessel CPUE time series for the years 1990 to 2013, or
a biomass depletion estimate for 2014.

2 Material and methods
2.1 Data
2.1.1 Hypothetical landings

The longest time series of commercial ray and skate land-
ings available for the Northeast Atlantic comes from the North
Sea (Heessen 2003; Walker and Hislop 1998) while historic
landings of rays and skates in the Bay of Biscay are unreli-
able with missing data for several countries in many years and
unrealistic temporal patterns until the late 1990s. Therefore, a
hypothetical time series of thornback ray landings for the Bay
of Biscay was created for the period 1903 to 2013 by assum-
ing that the overall trend between 1903 and 1995 followed that
of total ray and skate landings in the North Sea and thereafter
the landings collated by ICES were reliable (ICES 2014a). The
North Sea landings time series is characterised by strong drops
during the two world wars, followed by peaks in landings just
after the wars (Fig. 1a). Although landings data for the Bay of
Biscay are less reliable than for the North Sea, the effect of re-
duced fishing has been documented for the Second World War
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Fig. 1. (a) Hypothetical landings for thornback ray in the Bay of
Biscay for the period 1903 to 2013 constructed to mimic total ray
and skate landings in the North Sea. Landings peak after both World
Wars (grey shaded areas) and decrease gradually thereafter. (b) Ex-
ample simulated catch time series used for the simulation-estimation
approach.

(WWII) with much higher landings after the war, including
for rays and skates (Letaconnoux 1948). Landings during the
period 1903 to 2000 were approximated by seven periods of
stable or monotonously decreasing landings which were con-
nected to create a complete time series. Stable landings were
assumed from 1903 to 1913 like in Walker and Hislop (1998),
for five years during WWI, for six years during WWII and
just after it, but at a higher level. Decreasing landings were as-
sumed between the two wars and after 1950s, with a changing
slope in the late 1970s (Fig. 1a). The overall level was set so
that landings in 1995 were about the mean of ICES landings in
1996-1999, that is 400 tonnes.

Discards were not included and landings were considered
equivalent to catches because the rate of discarding of thorn-
back ray in the Bay of Biscay is not quantified. Thornback
ray has always been marketable. Thus historic discards might
have been limited to small and damaged individuals. In recent
years, discards may have increased as a consequence of re-
strictive quotas but such discards might at least partly survive
(ICES 2014a).

Pauly and Zeller (2016) presented an alternative catch time
series for total sharks and rays in the Bay of Biscay for the pe-
riod 1950 to 2006. Again, several steps were needed to cre-
ate an alternative hypothetical thornback ray catch time se-
ries from this. First, for years before 2006 average landing
proportions of the main shark species (spurdog, porbeagle,

smooth-hound, tope and catsharks) were calculated from the
data held by ICES and then subtracted from the total shark and
ray catches to obtain a rays only catch time series. Second, the
average proportion of thornback ray in recorded landings was
calculated from the ICES data and applied to these “rays” land-
ings. From 2007 onwards species-specific thornback ray land-
ings can be used (ICES 2015). In contrast to the time series
created in this study, this alternative thornback ray catch time
series shows no time trend since 1950 with catches varying
around 500 tonnes (Appendix B). After 1980, both hypothet-
ical catch time series are of the same order of magnitude but
the alternative hypothetical catch time series presents higher
inter-annual variations. The lack of a general time trend and
the higher inter-annual variations make this alternative catch
time series more unlikely. Consequently, it was not used in this
study.

2.1.2 Research vessel CPUE

A research vessel CPUE was calculated using data from
the EVHOE bottom trawl survey in the Bay of Biscay be-
tween 1987 and 2014 and from surveys carried out in 1973
and 1976. Each survey used the same trawl and sampling pro-
tocol but there were some differences in the area and depths
covered (see Poulard and Blanchard 2005 and Poulard and
Trenkel 2007 for EVHOE survey details). Post-stratification
was used by first delineating the area occupied by thornback
ray in each year and then calculating the swept area based to-
tal biomass in the occupied area. The post-stratified research
vessel CPUE was well correlated to the index obtained using
the full EVHOE stratification design, which was however not
available for years before 1987. As the EVHOE survey was
carried out in October-November, the research vessel CPUE
of year t was compared to modelled biomass for year 7 + /.

2.2 State-space model
2.2.1 Biomass dynamic

The biomass dynamics model was based on a discrete-time
sequential equation that mimics the biomass dynamics of the
population. The biomass at time ¢ + / (B,;;) depends on the
biomass at time # (B,), the production between times 7 and ¢+ /
and the cumulative catches during the same period. Production
was modelled by the Schaefer production function, which in-
tegrates biological processes such as recruitment and growth.
Following Agnew et al. (2000) the Schaefer function was cho-
sen because of the shape of the stock-recruitment relationship
of the species: rays and skates show a close relationship be-
tween mature population size and recruitment due to low fe-
cundity of adults and late maturity (Whittamore and McCarthy
2005; ICES 2014b). It has previously been used for elasmo-
branchs (Walker 1992; Agnew et al. 2000).

The Schaefer production function has two biological pa-
rameters: intrinsic growth rate r and carrying capacity K, lead-
ing to the following state equation where C, represents the
catches during year :

B
B.., =B,+r*B,(1—?')—C,. )
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Table 1. Model parameters and prior distributions used for the simulation-estimation study and the application to thornback ray in the Bay of
Biscay. The BUGS aliases relate to the BUGS code provided in Appendix A.

Parameter Description Prior BUGS Alias
L. . Beta (34, 300)
r Intrinsic population growth rate mean = 0.1, CV = 0.16 r
K Carrying capacity Uniform (20 000, 100 000) K
. . . . Beta (17, 4)
Y1903 Initial relative biomass in 1903 mean = 0.84, CV = 0.1 YO
.. . . . Beta (2,6)
Y2000 Initial relative biomass in 2000 mean=0.16, CV=0.6 YO
.. . . Gamma (400, 1)
2
1/o Process error precision (inverse variance) mean = 399, CV = 0.05 ytau2
q Survey catchability Uniform (0.01, 0.6) q
. .. . . Gamma (44,2) .
2
1/r Observation error precision (inverse variance) mean = 22, CV = 0.15 itau2
Ccv Uncertainty of landings 0.2 (constant) cv

To facilitate model fitting, the model was formulated for rela-
tive biomass Y; = B,/K as in Hammond and Trenkel (2005).
The relative biomass in the first year is denoted Y0. The pro-
cess error was assumed to be normally distributed with con-

stant variance o-2.

Yies ~N((r+ DY, - ry? - %,0'2). @)
The biomass distribution was truncated at both ends leading to
a censored likelihood. Assuming that the mean biomass cannot
be much larger than the carrying capacity, the upper bound for
Y, was set to 1 + 30~. We can also safely consider that biomass
B, was higher than the hypothetical landings, noted /;, for a
given time period. Moreover, the probability of catching more
than half the population in a single year was considered low,
leading to the constraints:

21
2Ly, <1430
K

(3)
As the hypothetical landings /, were uncertain but not neces-
sarily biased, catches were modelled by a lognormal distribu-
tion with mean equal to the hypothetical landings and the vari-
ance corresponding to a constant coefficient of variation (CV)
of 20%:

)

Maximum Sustainable Yield (MSY) and corresponding Bysy
were calculated according to the following equations:
rK

K
-, MSY=—.
2 4

C; ~logN (log(l)), log (CV* + 1)).

Buvsy = (10)

2.2.2 Observation model

The observation model links population biomass to the re-
search vessel CPUE via a catchability constant g. The observa-
tion error of the research vessel CPUE i, was modelled with a
lognormal distribution and a constant variance 72, i.e. constant
CV. It incorporated sampling variability and random variation
in catchability.

i ~ logN(log (qY,K), 72). (52)

The observation model was replaced by a truncated normal
distribution with variance £? when, instead of a research vessel
CPUE time series, only an estimate of the depletion level d;
was used in year .

d, ~ N(Y,,sz) 0<d <1. (5b)

2.2.3 Prior distributions

Prior distributions and fixed values for the seven model pa-
rameters § = (Y0, K, r, 0, ¢, 7, CV) are summarized in Ta-
ble 1. Thornback ray in the Bay of Biscay was exploited be-
fore 1903 but not overexploited (Quéro and Cendrero 1996).
Therefore, an informative Beta distribution was selected as
prior for YO (noted Y1903 for the case study) for which 95%
of the probability mass were contained between 0.5 and 1
(Table 1). The informative prior distribution for the intrinsic
growth rate r was derived using the Leslie method reviewed
in McAllister et al. (2001). The method involved simulat-
ing an age-structured population model at equilibrium assum-
ing 140 eggs per year for females 5 years and older, egg-to-
juvenile natural mortality of 5 (corresponding to a survival rate
of 0.0067) and adult natural mortality of 0.1. Numbers were
transformed to biomass using growth parameters Lo, = 118,
k = 0.155 and #p = 0.655 (Wiegand et al. 2011) and weight-
length parameters a = 0.00000345 and b = 3.1807 (Dorel
et al. 1998). This provided an r estimate of around 0.105.
To incorporate variability in intrinsic growth rates for elasmo-
branchs (Cambhi et al. 2008; Frisk et al. 2005), an informative
Beta distribution was selected for r for which 95% of the prob-
ability mass was contained between 0.05 and 0.15 with the
mode at 0.105 (Table 1).

A uniform prior distribution was used for the carrying
capacity K. As this parameter is very population-dependent,
it would have been difficult to define an informative prior
based on knowledge from other populations. The limits of
the uniform distribution are somewhat arbitrary reflecting ex-
pert knowledge for the Bay of Biscay population (Table 1).
An uniform distribution was also used as prior for catcha-
bility ¢ with upper limit 0.5 and lower limit 0.01, both re-
flecting expert knowledge and results reported in the literature
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(Fraser et al. 2007). An informative prior distribution was cho-
sen for the precision of the process error (I/0?) as the data
contains no information on this parameter (Table 1); similarly
for the precision of the CPUE time series (1/72).

2.2.4 Bayesian inference

All computations were performed with the R platform
(v3.1.2, R Foundation for Statistical Computing 2015). Open-
BUGS (v3.2.3, Thomas et al. 2006) was used for Bayesian
inference and was run within R using the BRugs package
(Thomas et al. 2006). Results were calculated for three parallel
MCMC chains, composed of 150000 iterations with different
initialization points. The burn-in for each MCMC chain was
40 000 iterations and autocorrelation among samples was lim-
ited by saving every 100" parameter value. Convergence was
checked with several diagnostics including the Gelman-Rubin
diagnostic (Gelman et al. 2014), the Geweke convergence di-
agnostic (Geweke 1992) and an expert appreciation of trace
plots created using the package Coda (Plummer et al. 2006).
The BUGS code is provided in Appendix A.

2.3 Simulation-estimation approach

For the simulation-estimation (SE) approach, time series
of catches and biomass were simulated for 111 years as in
the case study using equations (1) to (5) as operating model
and different sets of parameter values. Model performance
was then investigated for two cases. In the first case simulated
catches and the research vessel CPUE were used for Bayesian
inference. In the second case, catches and only a depletion in-
dex for the final year were used.

The SE approach focused on two main issues:

(i) Are the posterior parameter estimates sensitive to the prior
distribution used for biological parameters(r, K)?

(i1) Does the model succeed in correctly estimating the deple-
tion state of the simulated population in the last year? And
does it succeed in estimating the underlying biomasses?

2.3.1 Simulation setup

Overall fourteen scenarios were investigated (Table 2).
Catches used in all scenarios were created to mimic the tempo-
ral pattern of the hypothetical time series for thornback ray in
the Bay of Biscay (Fig. 1a). Scenarios 1 to 4 aimed at testing
the effects on model performance of the values of the biologi-
cal parameters r and K. For this, two values were used for each
parameter which were considered realistic for elasmobranchs
and were towards the upper and lower end of the respective
prior distributions. All other parameters (g, 7, o, Y0 and CV)
had the same value in all four scenarios, referred to as refer-
ence values and considered plausible for the Bay of Biscay
thornback ray case study (Table 3).

Scenarios 5 to 12 aimed at testing the effects on model
performance of the values of the variance parameters o2, 72
and CV; reference values were used for r, K, Y0 et g for these

Table 2. Description of scenarios used in the simulation-estimation
approach. Examples of variable catch time series are provided in Fig-
ure 1b. Reference values are summarised in Table 3.

Scenario K r o T cv
Reference 60000 0.105 0.05 02 02
1 90000 0.13
2 30000  0.08
3 90 000 0.08 reference values
4 30000 0.13
5 0.03 02 0.1
6 0.1 02 0.1
7 0.1 03 0.1
8 0.03 03 0.1
9 003 02 04
10 reference values 0.1 02 04
11 0.1 03 04
12 003 03 04
III reference values

Table 3. Reference parameter values used in the simulation-
estimation approach and posterior mean estimates for thornback ray
in the Bay of Biscay (95% credible interval) from FULL run (landings
and research vessel CPUE for the years 1973-2013). In the FULL run,
Y0 correspond to the initial relative biomass in 1903, noted Y1903 for
the case study.

Parameter  Reference value  Thornback ray (CI 95%)
K 60 000 63 000 (42 000-94 000)
r 0.105 0.092 (0.065-0.12)
q 0.15 0.13 (0.07-0.19)
Y0|Y 1903 0.85 0.82 (0.63-0.94)
o 0.05 0.05 (0.048-0.053)
T 0.2 0.23 (0.19-0.27)
cv 0.2 0.2 (fixed)

scenarios (Table 2). Two realistic values were tested for each
parameter. The two values tested for the CV correspond to a
maximum (0.4) and a realistic optimistic value (0.1). However,
CV was always fixed at 0.2 for inference.

The final two scenarios, denoted I and II, used reference
values for all model parameters. The purpose of these two sce-
narios was to test model performance in the case where only
a depletion estimate for the final year (year 111) was avail-
able instead of a research vessel CPUE time series. To create
a depletion observation (d;;) a random draw from a truncated
normal distribution with mean Y;;; and variance s was carried
out:

du[NN(Y“l,Sz) 0<d <. (6)

To evaluate the impact of the observation error, two values
were tested for £: 0.05 (scenario I) and 0.2 (scenario II).

The model assumed catches were known. To simulate a
time series of catches with lognormal observation error, vari-
able exploitation rates (0.005-0.07) were applied to the sim-
ulated biomass of each year and a random draw was carried
out from a lognormal distribution with the resulting values
as means and coeflicients of variation equal to the value
of the parameter CV. The values of the exploitation rates
were chosen by hand to achieve the desired temporal pattern
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and comparable magnitude. For scenarios 1 to 12, a research
vessel CPUE time series was simulated for the last 29 years
to reflect the data available for the case study. For scenarios
I and II a depletion index for the final year was simulated.
For all scenarios, 100 replicates were generated. Initial anal-
yses showed that 100 replicates were enough to reliably eval-
uate performance; performance measures stabilised at around
30 replicates (results not shown).

The simulated catches and research vessel CPUE time se-
ries (or depletion index) together with the prior distributions
listed in Table 1 were used for Bayesian inference. For all sim-
ulations, the model used for the estimation was the same as the
operating model used for simulations; this condition ensured
that any differences between simulations and estimation were
due to estimation performance only.

2.3.2 Performance assessment

The performance of the estimation method was assessed
with three complementary criteria chosen to represent how
well the estimated parameter values & (posterior means) of
replicate s (s = 1,...,100) agreed with the true parameter
values g of the scenario (Table 2). First, the Mean Relative
Error (MRE) was calculated to quantify the bias of Bayesian
estimation for each of the 14 scenarios (SC). A negative MRE
value means that globally the model tended to underestimate
the parameters value and a positive value means overestima-
tion.

MRE (0 )_Lﬁ(&—esc) )
1004\ ose )

Second, the Mean Squared Error (MSE) was calculated to
measure precision of Bayesian posterior mean estimates for
each parameter and scenario:

100

1 A
MSE (0s¢) = — b, — 6sc)*|. 8
(sc) 100;[(5 5’ ®)
Finally, the Median of Absolute Relative Error was calculated
which quantifies “average” model precision if the model is cor-
rect (Ono et al. 2012), where &, is the posterior median of repli-
cate s (s = 1,...,100). The smaller the value, the more precise
are the parameter estimates on “average”.

] )

2.4 Application to thornback ray in the Bay of Biscay

N

0, —bsc é’/100_95c

sevny

MARE (Os¢c) = median[

Osc Osc

The model was applied to the thornback ray in the Bay of
Biscay using the priors defined in Table 1.

Four runs were made using different data combinations and
time periods to explore the importance of the different data
types. For the full run (FULL), the full hypothetical landings
time series (1903-2013) and research vessel CPUE time series
(1973, 1976, 1987-2013) were used in the model. To avoid
having to make too many assumptions for reconstructing the

catch time series a run (SHORT) restricted to the recent time
period (2000-2013) was also carried out. For this run the prior
Y2000 was used instead of that for Y1903 (see Table 1). The
landings only run (LANDINGS) represented the case where no
research vessel CPUE was available or where it was deemed
unusable due to poor quality. The fourth run (DEPLETION)
represented a situation where no research vessel CPUE but an
estimate of the final depletion level d014 Was available. Given
thornback ray in the Bay of Biscay is thought to be overex-
ploited, a relatively small value was chosen (dyo14 = 0.1) with
a small standard deviation (¢ = 0.05). These values are some-
what arbitrary but the aim was to compare the biomass tra-
jectories obtained with a research vessel CPUE and with only
information for the depletion level in the final year.

2.5 Posterior predictive check

For an overall assessment of the FULL run, we examined
how well the fitted model could reproduce the available re-
search vessel CPUE time series. We simulated 3000 CPUE
time series using parameter values drawn from the joint poste-
rior distribution, hypothetical catches and the model (Egs. (1)—
(6)). The distribution of simulated CPUEs was then compared
with the observed research vessel CPUE time series.

3 Results
3.1 Simulation-estimation approach

For all replicates of all scenarios the population never
crashed; moreover biomass trajectories never hit the lower
bound (2/,/K). Averaged across scenarios 1 to 12, estimates
of parameter » had the smallest mean MRE and second small-
est MARE (-0.013 and 0.105 respectively), followed by Y0
(MRE -0.05; MARE 0.04), 7 (MRE -0.054; MARE 0.118),
o (MRE 0.055; MARE 0.389), K (MRE 0.15; MARE 0.17)
and ¢ (MRE 0.17; MARE 0.35). The parameter CV was not
estimated though the true value was varied for certain scenar-
ios. The MRE and MSE values for parameters K, r, Y0, o and
7 were negatively correlated, while they were positively cor-
related for ¢ (not shown). For scenarios 1 to 12, results for
performance measures MRE, MSE and MARE are detailed in
Table 4.

The estimation quality of parameter K varied between sce-
narios depending on whether the true value of K was larger
than the mean of the prior uniform distribution (MRE nega-
tive; scenarios 1 and 3), smaller (MRE positive; scenarios 2
and 4) or equal to the mean (small positive MRE; scenarios 5—
12) (Table 4, Fig. 2a). The highest overestimation was found
for scenario 4 (MRE = 0.5); this scenario combined low r with
low K values. For this scenario the MRE corresponded exactly
to the relative difference between the mean of the prior and the
true value. The complementary scenario 1 (true » and K above
mean of priors) had the smallest MRE of all tested scenarios.
For all scenarios, except scenario 4, MRE values were smaller
than the relative difference between true value and the mean
of the prior for K, indicating that the data of these scenarios
contained information on the parameter.

44



ique

émograph

’

une méthode d

97

Chapitre 3. Evaluer I’état des populations de raie bouclée

F. Marandel et al.: Aquat. Living Resour. 29, 209 (2016)

vLO0 8500  6bC0 1970 €400 €500 DOIEO0N 8€00  S£00 [ole0on]

00s0 990 (GG o00s0  00SO  $990 L1000 #1000 #1000 91000 0

- - Y870 €70 09€0  LSTO SO0  0TE0  TIE0  O¥TO 9770  8€T0 b
o0 €00 000 1H00 100 1400 1H00 00 THOO €00 €00 LEOO o4  TIVI
LSTO  SLT'O  S9I'0 9010  SPI'0  S6I'0  9EI'0  STI'0  FII0 6610 SLI'0O  ASW
8600 8600 9200  LLOO  6S0°0 €100 STO0 €400 LSOO 620 LST'O 4
€670 pPTO L6010 IET0  $9I0  €IT0 8910 €ST'0  SEI0  0ITO 1ero  oero g0 ¥
sco- DB 9,00 SO0 ¥STO—  8STO-  IL00  0S00 LE00  ¥£00 6200 1
00008 600000  £0L99°0 TIG6F0— 6S667°0— 0S990 I SI66V0— 6¥661°0— 6£S99°0  L6000°0— 810000~ 910000~ €L0000~ 0
- - gco'0- NGB <oro0  coco- 0TL0  $0S0  ¥ETO—  L¥I'0—  0TI0 910  60£0 b
€60°0—  €S0°0—  ISO0—  €S0°0—  TSO0—  €S0°0— €500~  €S0°0-  €S0°0—  €S0°0— $S0'0-  SHO0— 04 i
6L10 0810  ¥.1'0 8600  #800  vozo  csro RGO S00 6610 910 LTI0 0610—  ASW
7100 TI00  TT00—  SLOO—  6V0°0—  L000—  TTO0—  OLO0—  9S0°0— Y770~ STT0  €SI°0- ¥
€670 $ETO 00T0  0TI'0  PEI0  TITO  8LI0 6600 7800 $0TO vero-  svco [gpOON ¥

— - €0-H66S Y0—HLS'T PO—Ary'l €0-HL8'S €0-HS0'9 $0—-HITT H0—HLI'T SO-HSL9 SO-AFL'S SO-HSTH 2
[60=E0TT 60-=20C'1 +0—H00F £0—H6HT Y0—H66'€ ¥0—H00'v €0-H6+'T €0—H6v'T YO—HS6'E 60—H09'€ 60—HEEC'E G0-H8Y'E 60-d6rT 0
- - $200°0 vL000  $T000  STO00  SLIOO  OITO'0  LI0O0 #1000 810070 L2000 b

2000 2000 61000 02000 02000 02000 02000  0TO00 1200°0 12000 asi

SO—dee'T SO—dLE'T ¥O+H86'8 YO+HC6'S SO+HYO'T SO+HO6I'T ¥0+H80°L YO+HIS9 ¥0+HT99 SO+HOI'T
S0—H9¢C SO—dI¥'C SO—HLI'lT SO—HYO'8 SO—HIv'Yy 90—H9¢v SO—d¥0'l SO—H9C' L SO—H86Y ¥0—H06'S ¥0—d8¢t€ ¥0—HIOY 4
80+HEEC 80+HLE'C 80+HIS T 80+HOC T 80+H8S'T 80+HIL'T 80+HIC'IT 80+HII'T LO+HSL'6 80+HIO'T 80+H98'I ho+m50.hl D

1T 1 [4! Il 01 6 8 L 9 S 14 € [4 I Iojouieled SInSeIN

"PaI UT JSIOM ) PUE URIS Ul ST OLreudds Juruiograd 1saq oYL, (Y VIA) JOIIH dANR[RY AIN[0SqY UBIPIJA
pue (4SIN) Jourg arenbg ueoA ‘(YIA) 0L SANR[Y UBIA Aq paInseawr sem douewIofiod uonewnss 1jowered (7 9[qe, 99S) SOLIBUAIS {7 JOJ SI[NSAI UOIEWISI-UOTR[NWIS * d[qE],

12000 L100°0 04

co+aso'1 so+arve 1 NN AW

45



Chapitre 3.

Evaluer ’état des populations de raie bouclée : une méthode démographique

8 F. Marandel et al.: Aquat. Living Resour. 29, 209 (2016)
a) K: carrying capacity b) r: intrinsic growth rate c) 7. observation error
0.5 4
550802 2 o0
e e o P B LT i Bk R S
4 12 7811
0.5
T T T T T T T T
E K=30000 K=60000 K=90 000 r=0.08  r=0.105  r=0.13 1=0.2 1=0.3
= d) q: capturability e) MSY f) o process error
"7 58912 Cv=0.2
05 6 2 CV=0.1
1 10 o CV=0.4
5692 4
00 T---758----=- 2SN | S SI (PP ) S — t+984---------1
5 24 1
9
-0.5 7 61011
T T T T T T T T T
0=0.03  0=0.05 c=0.1 0=0.03  ©=0.05 0=0.1 0=0.03  ©=0.05 0=0.1

Fig. 2. Model performance criteria for scenarios 1 to 12 tested in the Simulation-Estimation study. Performance was measured by Mean Relative
Error (y-axis) and plotted separately for different true model parameters values.

As for K, estimates of r can be separated into three cate-
gories according to the difference between the true value and
the mean of the prior (Table 4, Fig. 2b): in scenarios 1 and 4
(true r value > mean of prior) the parameter was underesti-
mated. In scenarios 2 and 3, with low true value, the parame-
ter was overestimated. In general, estimates of r were driven
by the prior and the parameter was hard to estimate though
in all cases posteriors were shifted in the correct direction.
As expected, MRE values for r and K were negatively corre-
lated (Pearson, p-value = 0.06), except for scenarios 1 and 2.
These scenarios correspond respectively to the scenario with
high K/high r values and scenario with low K/low r values.
The derived quantity MSY was estimated using the posterior
estimates of r and K. It was generally overestimated, with the
poorest performance obtained for scenario 2 (low r and low
K). Estimates of MSY with smallest bias (MRE < 0.1) were
obtained for scenarios (namely 6, 7, 10 and 11) which had high
process errors o (0.1) (Fig. 2e).

Estimation performance of parameter ¢ varied between
scenarios (Table 4). MRE increased with the process error o,
with strongly positively biased estimates for scenarios 7 and 11
(MRE > 0.5) (Fig. 2d). Thus larger process error made ¢ more
difficult to estimate. The initial relative biomass Y0 was gen-
erally well estimated with little differences between scenarios
(Table 4). This is reassuring but not surprising given the true
value was equal to the mean of the prior. Hence the simula-
tions did not provide much insight into the identifiability of
this parameter.

Globally, performance for parameter o was driven by the
difference between the prior and the true value (Fig. 2f). How-
ever, for small true values (0.03) the magnitude of MRE values
was larger than the relative difference between the true value
and the mean of the prior. This indicates that for small val-
ues of o, posterior estimates were less biased. Parameter 7
(Fig. 2c) was globally more estimable than o and presented
the lowest bias. In the scenarios (namely 7, 8, 11 and 12) in
which the true value was 50% larger than the mean of the prior

(0.3 and 0.2, respectively), the MRE was around 0.25, indicat-
ing a relative estimation bias of only 25%. Using larger values
for CV (catch uncertainty) only slightly decreased model per-
formance. MRE values were on average 3% larger for scenar-
ios 9 to 12 with CV = 0.4 compared to scenarios 5 to 8 with
CV = 0.1, with differences between parameters. The differ-
ence was 11% for MSE and 4% for MARE.

For scenarios I and II, using reference parameter values
and a final year depletion index, posterior distributions pre-
sented updates of the prior distributions for all parameters ex-
cept for the process error o. Both scenarios performed simi-
larly, with an overestimation of K, r and Y0 and a very small
underestimation of o. Performance metrics for K were com-
parable to those obtained for scenarios 1 to 12. The amount of
observation error assumed for the final depletion level obser-
vation did not influence the quality of inference. Thus model
performance achieved when using only a depletion estimate
for the final year was comparable to that using a 24 years time
series of biomass indices.

3.2 Application to thornback ray in the Bay of Biscay

3.2.1 FULL run: landings (1903—-2013) and research
vessel CPUE (1973-2013)

In this run, all available data were used for the estimation.
The marginal posterior distributions of all parameters were
updated compared to the prior distribution except for Y1903
(Fig. 3), o and 7 (not shown). The posterior mean of carry-
ing capacity (K) was estimated to be around 63 000 tonnes
(Table 3) and the intrinsic growth rate (r) 0.093, which is
slightly lower than the prior derived from the Leslie method
(0.105). The marginal posterior distribution of the relative ini-
tial biomass (¥Y1903) was almost identical to the prior distri-
bution, with a mode at 0.82. The posterior for catchability
(g) showed a strong update with a mean of 0.12. MSY was
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Fig. 3. Comparison of prior and marginal posterior parameter distributions for thornback ray in the Bay of Biscay for four model runs using
different data combinations. FULL: landings and research vessel CPUE for the years 1973-2013; LANDINGS: landings only; DEPLETION:
landings and final year depletion rate; SHORT: as in FULL but using data for years 2000-2013 only.

estimated at around 1440 tonnes (CI 95%: 930-2 100). The
analysis of the pairwise joint distributions of the four key pa-
rameters revealed significant negative correlation between K
and r, K and ¢ and Y1903 and K, and non-significant positive
correlation between all other parameter pairs (Pearson product
moment correlation: —0.6 to 0.03 with p-value > 0.05) (Fig. 4).

The influence of the catches and research vessel CPUE
time series on the estimated biomass trajectory as well as the
world wars’ pattern is clearly visible in Figure 5a. The pos-
terior distribution of biomass estimates was much tighter in
recent years for which biomass indices were available. The
2014 biomass was estimated to be around 1900 tonnes (CI
95%: 940-2400) which represents 3% of the estimated carry-
ing capacity.

3.2.2 SHORT run: landings (2000—2013) and research
vessel CPUE (2000-2013)

In this run, only data for the last 14 years were used for
estimation. The marginal posterior distributions of all parame-
ters except o~ and T were updated compared to the prior distri-
butions (orange lines, Fig. 3). The posterior mean of carrying
capacity (K) was estimated to be around 68 000 tonnes (CI
95%: 34 000-98000) and the intrinsic growth rate (r) 0.099
(CI 95%: 0.069-0.13), which is again lower than our prelimi-
nary estimate but higher than the value obtained in the FULL
run. The marginal posterior distribution of the relative initial
biomass (Y2000) presented a mode at 0.08 (CI 95%: 0.02—
0.17). The posterior for catchability (¢) showed a strong update
with a mean of 0.13 (CI 95%: 0.07-0.2). MSY was estimated
around 1 700 tonnes (CI 95%: 760-2 800) which is 300 tonnes
higher than for the FULL run. The biomass in 2014 was es-
timated around 1900 tonnes (CI 95%: 760-3 600) which rep-

resents 3% of the estimated carrying capacity as in the FULL
run (Fig. 5b). The analysis of the pairwise joint distributions
of the four key parameters revealed no significant correlations
between parameters K and r, and r and ¢ (Pearson product mo-
ment correlation: 0.007 and 0.03 with p-value > 0.05). Low
significant correlation was found between all other parameter
pairs (Pearson product moment correlation: 0.02 to —0.09 with
p-value < 0.05) except for parameters K and ¢ which were not
correlated (Pearson product moment correlation: —0.76 with
p-value > 0.05).

3.2.3 LANDINGS run

In this run, only the full time series of hypothetical land-
ings was used but no CPUE. Analysis of the marginal poste-
rior distributions showed lower update of prior distributions
compared to the FULL run, in particular for K (green dashed
line, Fig. 3). The posterior mean carrying capacity was esti-
mated to be higher at around 70 000 tonnes (CI 95%: 41 000—
98 000) while the intrinsic growth rate was around 0.1 (CI
95%: 0.07-0.13), which is similar to the mode of the prior.
The posterior distribution of the relative initial biomass Y1903
was identical to its prior distribution. MSY was estimated to
be around 1700 tonnes (CI 95%: 1000-2600). Analysis of
the pairwise joint posterior distributions showed relatively low
correlations (0.3 to 0.007, p-value < 0.05), with the largest
negative value (-0.3, p-value < 0.001) between r and K. The
estimated biomass trajectory first decreased and then increased
after 1960 (green solid curve, Fig. 5). The biomass in 2014 was
estimated to be around 55 000 tonnes (CI 95%: 22 000-87 000)
which represents 79% of the estimated carrying capacity of
this run.
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Fig. 4. Results for FULL run for thornback ray in the Bay of Biscay. Joint posterior (density surfaces) and marginal posterior distributions
(lines) for main model parameters. K carrying capacity. r intrinsic growth rate. ¢ survey catchability and Y1903 relative initial biomass. The
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Fig. 5. (a) Estimated biomasses trajectories for thornback ray in the Bay of Biscay for model runs using different data series. LANDINGS:
landings only; DEPLETION: landings and final year depletion rate; FULL: landings and research vessel CPUE for the years 1973-2013.
Coloured areas: credible intervals between 2.5 and 97.5" percentiles. Vertical rectangles: World War I and II periods. (b) Estimated biomasses
trajectories for thornback ray in the Bay of Biscay obtanied using only catches and research vessel CPUE time series from 2000 to 2013

(SHORT run).

3.2.4 DEPLETION run

In this run, an estimate of the final (2014) depletion level in
addition to landings was used. Comparison of prior and poste-
rior distributions showed a slightly better update for K com-
pared to the LANDINGS run while the posterior for r was
shifted to the left (blue dotted line, Fig. 3). The mean posterior
carrying capacity was around 64 000 tonnes (CI 95%: 40 000—

96 000) and the intrinsic growth rate 0.09 (CI1 95%: 0.07-0.12).
MSY was estimated around 1 400 tonnes (CI 95%: 900-2 100).
Analysis of the pairwise joint posterior distributions showed
again low correlations (~0.05, p-value > 0.05) except between
r and K for which it was —0.45 (p-value < 0.001). The esti-
mated biomass trajectory showed a continuous decline (blue
dotted curve, Fig. 5). The 2014 biomass was estimated around
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7500 tonnes (CI 95%: 2500-15000) which corresponds to
11% of the estimated carrying capacity.

3.2.5 Comparison

The data used for the four model runs contained variable
amounts of information which led to different degrees of up-
date of prior parameter distributions (Fig. 3). The largest up-
date was achieved when all data were used (FULL run), while
the landings only (LANDINGS) run contained very little in-
formation. Posterior mean estimates of carrying capacity var-
ied little between runs (63 000-70 000 tonnes), similar for es-
timates of the intrinsic growth rate (0.09 to 0.10). Posteriors of
K and r were negatively correlated in all runs, with the high-
est negative correlation for the depletion (DEPLETION) run
and the lowest for the FULL run. This shows that the identifi-
ability of the two parameters increased as more data was used,
i.e. the two parameter estimates became less confounded. Pos-
terior distributions for Y1903 were relatively similar for the
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three runs which included this parameter, which is not surpris-
ing given the posteriors were identical to the prior distribution.
The parameter g was present only in the FULL and SHORT
runs and had identical posterior mean of 0.13.

The shape of the biomass trajectory was similar for the
three long runs before 1950 but after this date each run lead
to a different assessment of the dynamics of the thornback ray
population in the Bay of Biscay. The LANDINGS run led to
an unrealistic biomasses trajectory where recent biomass lev-
els were similar to 1903 biomass levels. This run also had the
largest credible intervals for biomass estimates (Fig. 5a). The
FULL and SHORT runs provided more precise biomass esti-
mates but implied the strongest depletion and hence the worst
current state of the population.

Biomass trajectories for the FULL run (Fig. 5a) were simi-
lar to those for the SHORT run (Fig. 5b). Estimates for param-
eters MSY, K and ¢ were also similar but with higher uncer-
tainty for the SHORT run. The estimate for » was lower in the
FULL run. Both models presented no update for parameters o
and 7. In the SHORT run, there was a large update of Y2000
with a posterior mean of 0.08 instead of 0.2 for the prior; there
was no update for Y1903 in the FULL run.

3.3 Posterior predictive check

A posterior predictive check was carried out for the FULL
run only. For this 3000 biomass trajectories were simulated
using the joint posterior distribution of model parameters. The
model reproduced the data for 7% of the simulated biomass
trajectories which, gathered, shape the one estimated for thorn-
back ray in the Bay of Biscay (Figs. 5a and 6a). However, the
model also simulated very different biomass trajectories and
among them, 22% lead to a final biomass above 60 000 tonnes
i.e. above the estimated carrying capacity (green trajectories in
Fig. 6).

Two patterns can be distinguished in the simulated biomass
trajectories. The first one presented an increase in biomass af-
ter 1977 which corresponds to a change in the catch time se-
ries trend (green trajectories in Fig. 6a). They corresponded

Fig. 6. Results for posterior predictive check for FULL run for thorn-
back ray in the Bay of Biscay. (a) Simulated biomass trajectories.
(b) Simulated CPUE trajectories for stock biomass B2014 < 10000
(purple lines in (a) and research vessel CPUE time series (black line).
In (a) the vertical line corresponds to the year 1977 where a shift in the
blue trajectories is notable. In blue, biomass trajectories for which the
biomass in 2014 (B2014) is above 60 000 tonnes. In purple, biomass
trajectories for which the biomass in 2014 is below 10 000 tonnes. All
others simulated trajectories are represented in green.

to relatively high carrying capacities around 80000 tonnes
(min: 54000 tonnes and max: 107000 tonnes). Values of r
used in these trajectories varied between 0.04 and 0.14. The
second pattern corresponded to trajectories which decreased
over the whole period (purple trajectories in Fig. 6a). They
corresponded to low and medium carrying capacities around
60000 tonnes (min: 25000 tonnes and max: 99 000 tonnes).
Values of r creating these trajectories also varied between 0.04
and 0.13. The values for YO were similar for the two patterns
(around 0.73).

The simulated research vessel CPUE time series corre-
sponding to biomass in 2014 below 10000 tonnes were com-
parable in magnitude and time trend to the research vessel
CPUE time series used in the estimation (Fig. 6b). Thus, the
fitted model reproduced the observed data even though only
around 7% of the trajectories showed the same pattern and
magnitude.

4 Discussion

4.1 Bayesian state space model

The Bayesian SSM used in this study made it possible to
include different sources of information while accounting for
observation uncertainty and natural variability. The inclusion
of expert knowledge can be divided into two types: censored
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likelihood and informative priors. The censored likelihood im-
proved the calculation time and the general performance of
the model. It also allowed fitting the model without a research
vessel CPUE. Biological knowledge was used for deriving an
informative prior of the intrinsic growth rate.

For elasmobranchs the relationship between stock size
and recruitment is rather linear, owing to their reproductive
strategy of low fecundity and high per-offspring investment
(Hoening and Gruber 1990). Despite being “the simplest pro-
duction function” (Hilborn and Walters 1992), the Schaefer
model is well suited for this case. It also fitted the data well
and led to reasonable estimates for r and K.

The SE study with inferences based on catches and a re-
search vessel CPUE (scenarios 1 to 12) showed the sensitivity
of model results to prior distributions, i.e. the effect of differ-
ences between the mode of the prior and the true value. For
scenarios using low K, the bias in estimates of K was posi-
tive and lower than 0.25 except for scenario 4 (low r low K)
for which the bias was highly positive. This indicates that the
estimates of K obtained for thornback ray in the Bay Biscay,
obtained with the set of priors used in this study, could be bi-
ased to some extent. Further, posterior distributions for r were
generally similar to prior distributions leading to an underesti-
mation of r for scenarios where the true value was larger than
the mode of the prior. This indicates that the data contained
little information on this parameter. For the thornback ray case
study this means that all inference is conditional on the cho-
sen prior distribution for r. Parameters o~ and T were not re-
ally estimable but their values did not influence the estimates
of other parameters. The SE protocol was created to mimic
the available data. Hence, twenty nine years of biomass in-
dices were used and the influence of the duration of the time
series was not explored. SE results for the case with limited
data (depletion index for the last year only, scenarios I and II)
showed that this can change the overall trend of the estimated
biomass trajectory, as was indeed found for the thornback ray
case study. More work would be required to determine the
minimum length of a research vessel CPUE time series needed
to obtain reliable biomass estimates. However, model perfor-
mance was comparable to the case of using no research ves-
sel CPUE time series. This is encouraging for real world ap-
plications, if a depletion estimate is available with reasonable
precision.

In summary, the SE approach provided general insights
with respect to the applicability of the Bayesian SSM to thorn-
back ray in the Bay of Biscay: possible overestimation of the
carrying capacity and inference conditional on prior for in-
trinsic growth rate. Further, the model is not sensitive to the
amount of process error (o), observation error (7) or uncer-
tainty in landings (CV). However, the SE results should not be
overinterpreted. First, the operating model was identical to the
SSM used for estimation. Thus robustness to model misspeci-
fication was not tested. Second, for two parameters (¢ and Y0)
only one value was used for the simulations.

4.2 Thornback ray in the Bay of Biscay

With the decline in catches of stocks traditionally targeted,
elasmobranchs have become increasingly exploited by com-

mercial fisheries leading to global catches peaking in the early
2000s (Davidson et al. 2015). Despite this, only few stock
assessments of elasmobranchs stocks have been carried out
(Bonfil 1994; Agnew et al. 2000). Some attempts to assess
thornback ray stocks have been made (Heessen 2003), but
none to the best of our knowledge for the Bay of Biscay mainly
due to lack of data. In this study we tried to overcome this
situation by creating a hypothetical landings time series and
by using a Bayesian approach which made it possible to inte-
grate biological knowledge in addition to the data. The hypo-
thetical landings time series is of course highly uncertain but
we partially accounted for this by modelling errors in catches
(Eq. (4)). Further, the alternative catch time series was of sim-
ilar magnitude for the last four decades, hence would have
given similar results for that period.

Assuming the hypothetical landings were reasonable, a
condition relaxed below, the results indicated that the Bay of
Biscay population of thornback ray has steadily declined since
the start of the 20" Century. Using all available data (FULL
run), the current biomass was estimated as 7% of the carrying
capacity and Bysy as 32000 tonnes (50% of K). Cope et al.
(2015) derived an empirical relationship between species vul-
nerability to fishing and depletion rate of (more or less) un-
managed stocks for the US Pacific coast. For thornback ray in
the Celtic Sea, McCully et al. (2015) estimated a vulnerability
score of 1.61. For this level of vulnerability the empirical re-
lationship of Cope et al. (2015) gives a depletion rate of 0.54.
If our estimates are correct, the depletion of thornback ray in
the Bay of Biscay is rather severe, suggesting either vulner-
ability to fishing is higher than in the Celtic Sea or that un-
managed fishing pressure was much higher than on US Pacific
coast, or both. The posterior predictive check revealed that this
scenario of high depletion is plausible but not the most likely
to happen with the biological parameters estimated with the
model. However, if the research vessel CPUE time series is
trustworthy, the estimated biomass trajectory should be reli-
able. Further, the FULL and SHORT runs led to very similar
biomass trajectories and parameter estimates which indicated
that the estimated depletion state was primarily driven by the
research vessel CPUE and not too dependent on uncertain his-
torical landings. Hence, the hypothetical landings need only
be reasonable for the period 2000 to 2013 for the estimates for
thornback ray in the Bay of Biscay to be considered reliable.
Trials showed that the estimation did not converge when the
time series was reduced to the period for which no landings
had to be reconstructed (2010-2013).

In all runs except the one using only a catch time series, the
estimated biomass of thornback ray in the Bay of Biscay was
below Bysy during the whole second half of the 20" Century.
Even the most optimistic estimates (run with landings only)
showed exploitation above MSY during 35 years in the 20"
Century. The FULL run assessment is in line with previous
evaluations of a decline of the thornback ray population in the
Bay of Biscay (Maurin 1994). There is historical evidence for
the recovery potential of thornback ray (Letaconnoux 1948)
but in the Bay of Biscay, the potential for a fast rate of recovery
seems compromised by the low value of r.

In the Bay of Biscay, the only management of thornback
ray is the Total Allowable Catch (TAC) set for all Rajiformes
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combined for the Bay of Biscay and West Iberian waters (ICES
subarea VIII and IX). This TAC was introduced in 2009 only.
Our study of the biomass trajectory until 2014 therefore cov-
ers primarily the period where thornback ray was not subject
to TAC management but only to fisheries levels management
such as gear and effort regulations.

Survey catchability of thornback ray in the Bay of Biscay
was estimated to be around 0.13. For the morphologically sim-
ilar spotted ray (Raja montagui), Fraser et al. (2007) estimated
a catchability of 0.15 in the International Bottom Trawl Sur-
vey in the North Sea which uses a similar bottom trawling as
in the survey used here. Thus the estimated catchability seems
reasonable.

The application of the SSM to thornback ray involved sev-
eral strong assumptions for creating the landings time series
but also for model formulation. By assuming that the time se-
ries of thornback ray landings followed that of all skates and
rays, it was implied that the proportion of thornback ray in the
landings of skates and rays remained constant. Larger skates
such as white skate (Rostroraja alba) and those of the genus
Dipturus are known to have severely declined (Dulvy et al.
2000; Dulvy and Reynolds 2002), which may have induced
competitive release for medium-sized species such as thorn-
back ray. However, at the same time the cuckoo ray (Leuco-
raja naevus), which represented about 3/4 of total landings of
skates and rays in the Bay of Biscay in the last 10 years (ICES
2015), might have more benefited from this competitive re-
lease as it is a small bodied species, whose spatial distribution
and depth range strongly overlaps with that of larger skates. As
a result, the proportion of thornback ray in total ray landings
could have been stable, as assumed here.

Carrying capacity K and intrinsic growth rate r were con-
sidered constant during the 20" and early 21% Century, that
is during 111 years. This assumption was necessary in the ab-
sence of any information regarding how they might have var-
ied. The intrinsic growth rate is the result of reproduction, indi-
vidual body growth and natural mortality (Hoening and Gruber
1990), processes which are likely to vary with stock density
and environmental conditions. Given their low and rather con-
stant fecundity, elasmobranches may have low compensatory
capacity (Kindsvater et al. 2016). Moreover, temperature in the
Bay of Biscay has varied during the second half of the 20"
Century leading to a change in environmental conditions in
the species’ habitat (Michel et al. 2009). However, the Bay of
Biscay is central in the latitudinal range of the thornback ray,
so that temperature changes should not have evolved beyond
what is suitable for the species. In contrast, natural mortal-
ity may have changed in either direction as a consequence of
changes in biotic interactions driven by the overexploitation of
numerous fish species and the depletion of some apex preda-
tors (Lorance et al. 2009). The population growth rate and
carrying capacity may also have been impacted by long-term
changes in benthic communities driven by fishing (Hiddink
et al. 2011). However, these aspects are unknown for benthic-
feeding rays. Changes in species composition of the benthos in
favor of scavengers (Rumohr and Kujawski 2000) such as gas-
tropods may have increased predation rates on ray and skate
eggs (Lucifora and Garcia 2004). Lastly habitats in the Bay of
Biscay have been modified by fishing and other human pres-

sures, such as eutrophication in coastal waters (Lorance et al.
2009) but the effect of these habitat changes on skates and
rays is unknown. In summary, carrying capacity and intrinsic
growth rate of thornback rays in the Bay of Biscay might have
varied or might have remained stable during the last century,
we simply don’t know.

All models are restricted by data availability and represent
a trade-off between accuracy and complexity. The Bayesian
state space biomass production model provided a useful frame-
work for data integration in the case of data-poor stocks. In re-
cent years, the amount of biological information has increased
on growth, migration, mortality and spatial distribution of a
number of ray and shark stocks in the Northeast Atlantic (e.g.
Walker 1997; Hunter et al. 2005; Maxwell et al. 2009; Ellis
et al. 2011; McCully et al. 2012; Martin et al. 2012). These
data could be used to attempt estimating stock status of other
thornback ray stocks and those of other elasmobranchs. Fur-
ther, the development of a multispecies version of the model to
assess simultaneously several elasmobranch stocks in a given
area could be considered. Rajids species are closely associated
ecologically and it is impossible to target species completely
separately.
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Chapitre 4. Contourner 1’absence de données démographiques : évaluation simultanée de
plusieurs stocks de raies

Dans ce chapitre, I’évaluation de ’état des populatison d’élasmobranches par méthodes
démographiques est poussé plus loin que dans le chapitre 3. Pour ce faire, un modele Bayésien
multispécifique d’estimations de I’abondance a été développé et appliqué aux principales especes
de raies du Golfe de Gascogne. Cette partie a fait 'objet d’un article soumis a I'lCES Journal
of Marine Science.

1. Quelles espéces de raies en Atlantique Nord-Est ?

Plus de 500 especes de raies sont répertoriées dans le monde (Dulvy et al., 2014) dont 44
en Atlantique Nord-Est (Quéro et al., 2003), et seulement 28 dans les eaux atlantiques francaises
(Quero et al., 2017).

Dans le Golfe de Gascogne (zone ICES 8abd), 16 especes de raies ont été débarquées
entre 2005 et 2016 (ICES, 2017) et six d’entre elles répresentent la majorité des débarquements
récents (voir annexe A) : la raie bouclée (Raja clavata), la raie chardon (Leucoraja fullonica),
la raie circulaire (Leucoraja circularis) la raie douce (Raja montagui), la raie fleurie (Leucoraja
naevus) et la raie lisse (Raja brachyura). Ces espéces partagent un cycle de vie similaire malgré
quelques différences notamment dans leur longévité et age de maturité. La figure 4.1 regroupe
et compare quelques données biologiques disponibles pour ces six especes. Elle met ainsi en
avant le manque d’information pour la raie chardon et la raie circulaire. De plus, la fiabilité
de ces données peut étre discutée. Il est par exemple difficile d’échantillonner des individus de
grandes tailles et donc de dériver des parametres de croissance fiables.

Raie bouclée Raie douce
Raie lisse laie chardon Raie circulaire

65 cm 115 cm
Taille r T_P -
maximum . ~
9 ans 18 ans
Longévité m W
.
5 ans 7 ans
Maturité r' #
60 ccufs 140 oeufs

Fécondité _‘—“ﬁ

FIGURE 4.1 : Parametres biologiques des six especes principales débarquées dans le Golfe de
Gascogne entre 2005 et 2016 (Quéro and Vayne, 1997)

Ainsi pour plusieurs especes de raies du Golfe de Gascogne, il est impossible d’appliquer
un modele spécifique tel que celui développé dans le chapitre 3 a cause du manque de données
biologiques mais aussi a cause du manque de données issues des péches commerciales et scienti-
fiques. Pour pallier a ce probleme, un modele Bayésien d’évaluation multispécifique d’abondance
a été devéloppé. Appliqué aux six especes de raies principales du Golfe de Gascogne, il permet
d’estimer leurs trajectoires de biomasses et 1’évolution de la composition spécifique du Golfe.
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2. Article : Détermination des changements dans la com-
munauté de raies du golfe de (Gascogne via 'utilisa-
tion de données non spécifiques

Florianne Marandel', Pascal Lorance ! and Verena M. Trenkel

Soumis a ICES Journal of Marine Sciences - 13 Avril 2018
DOI : A venir

- Une gestion soutenable des ressources halieutiques nécessite la connaissance
du statut des populations et communautés exploitées. Certaines especes accessoires comme les
raies sont gérées ensemble, les menant a la surexploitation voire méme a des problémes de
conservation pour les espéeces les plus vulnérables. Les méthodes traditionnelles d’évaluation de
stock nécessitent des données spécifiques, donnéees disponibles seulement récemment pour les
raies en Europe. Pour pallier a cette situation, un modele Bayésien multispécifique de produc-
tion de biomasse a été développé. Il utilise les debarquements non spécifiques disponibles ainsi
que les indices de biomasses et débarquements spécifiques nouvellement disponibles. L’approche
a été appliquée aux six especes de raies principales du Golfe de Gascogne et a identifié des chan-
gements dans la composition spécifique du Golfe depuis les années 50. La composition spécifique
en 1950 aurait été proche de celle avant exploitation. Depuis les années 90, Leucoraja naevus
est devenue de plus en plus dominante, alors que les autres espéeces déclinaient. Les abondances
de L. fullonica et L. circularis ont beaucoup diminué suggérant une surexploitation chronique.
Avec une analyse prospective basée sur ces résultats, nous avons mis en évidence que I’abon-
dance de toutes les especes sauf deux sont supposées augmenter avec les taux d’exploitation
actuels. L’utilisation d’un modele Bayésien multispécifique a permis d’estimer les changements
historiques dans la communauté de raies du Golfe de Gascogne mais aussi d’estimer les trajec-
toires individuelles des especes. Actuellement, les six especes étudiées sont gérées sous un seul
quota. Néanmoins, comme montré dans ce travail, les taux d’exploitation actuels ne semblent
pas permettre aux especes qui ont le plus décliné de récupérer dans les années a venir.

! Ifremer, rue de I'ile d’Yeu, BP 21105, 44311 Nantes Cedex 3, France
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Determining long-term ray community changes using gpuped
landings and limited species data

Florianne Marandél Pascal Loranc¢eand Verena M. Trenkel
L ifremer, rue de I'lle d'Yeu, BP 21105, 44311 Nanfasiex 3, France

Abstract — Sustainable fisheries management requires tHeaian of the status of exploited populations and
communities. Certain bycatch species such as n@ysanaged together which has led to overexploitadind
conservations concerns for the most vulnerable .ofeaditional fisheries stock evaluation method®dce
species-specific input data while for ray specgseffic landings have become available only regeiril
Europe. To overcome this limitation, we develope@ayesian multispecies biomass production model. In
addition to the grouped landings the input datashter time series with species-specific infoforaflandings
and biomass indices). Applying the approach tostkamain ray species managed together in the B&isufay
(Northeast Atlantic) we identified long-term chaage community composition. The species composition
1950 might have been close to what would be expestéhout fishing. Since the 199Qssucoraja naevus
became increasingly dominant, while the contrimgi@f the other five species declined. The aburetané
Leucoraja fullonica and L. circularis strongly decreased which suggests long-term opésgation. In a
prospective analysis using the model results, wadahat all but two species are expected to iserewer the
next decade under the current harvest rates. Amplgi Bayesian multispecies modelling approach niade
possible to evaluate long-term changes in the HaBiscay ray community and gain insight into indiual
population trajectories. Currently the six studiagl species are managed by a single quota. Howaseshown
here the current harvest level is unlikely to pétime most depleted species to recover during éxé aecade.

Key words: Community changes; Multispecies model; Skates aws ISpecies composition; Stock assessment;

1 Introduction community has shifted from an important occurreotéarger
species to smaller, more productive species dutfireg 20th
A major objective of ecosystem-based fisheriegentury, though with some recent reversal of char{§guotti
management is to maintain species and size diyevsthin et al. 2016). In the Adriatic Sea, a change in elasmaliran
exploited ecosystems (Livingstoet al. 2005). Rajiformes, community composition over the last half centurys raso
hereafter "rays", is a diversified order of the scla been found (Ferrettiet al. 2013), the main driver being
Elasmobranchii (sharks and rays, here after elasnohs), overexploitation (Baraussa al. 2014). In both areas the large
which embody a large diversity of morphological aliié bodied Squatina squatingangel shark) has been extirpated
history traits including 382 species out of 1208satobranchs (Ferrettiet al. 2013; Sguottet al. 2016). This species was once
placing them in a key position for the functionio§ marine also rather common in the Bay of Biscay (Quéro &d@ero
food webs (WoRMS Editorial Board 2017; Duleyal.2017). 1996). Elasmobranch community changes have alsm bee
However, elasmobranchs present relatively low feityrand observed in the Gulf of Mexico which Shepherd & Mye
high sensibility to overfishing (Steverms al. 2000) as these (2005) hypothesized were driven both by direct @ffeof
traits are linked to the potential for populatiorcovery fishing, mainly as bycatch, and indirect effectused by
(Hutchings & Kuparinen 2017). predation release due to the decrease of largerksha
Due to a lack of fishing limits, but also climateange and Evidence for the effect of shark predation releasaays has
habitat loss, several elasmobranch populations kdacéned, also been found in the Western Atlantic (Myetsal. 2007).
sometimes strongly, around the world during th& 2entury Globally, predation release seems to have beemmaortant
(Quéro & Cendrero 1996; Dulvet al. 2014, 2017). For driver for increases in certain ray species, wittiuced fishing
example, the European Union (EU) introduced cajebtas mortality playing a smaller role (see review in \§&taigeet
for Rajiformes in the North Sea in 2004 and theserew al. (2012)).
generalized to all EU waters only in 2009 (CEC 202309). Except for rare cases with long survey time sefeeg.
This lack of management has led to changes in peeies North Sea, Sguotti et al. 2016), estimation of lbegn time
composition. In the Southern North Sea, the elasaman trends of rays has to rely on fishery-dependena deltich
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unfortunately is hampered by low abundances comynonl

resulting in insufficient observations (Kuhnest al. 2011).
Moreover, in European waters rays are subject todatary
species-specific landings statistics only since RQCEC
2009). Prior to this, landings were generally répdras
“miscellaneous rays and skates” if not “miscellaresharks
and rays”. Aiming to investigate long term changethe Bay
of Biscay ray community in such a data limited &iton we
developed a multispecies biomass model that use®riai
landings aggregated across species and more repentes-
specific landing and survey time series to estinlatg-term
time trends. The results provide insights for fise
management and the method has potential for bgipdjea
elsewhere.

In the Bay of Biscay during the past decade, fay r
species represented the majority of commercialiteysdRaja
brachyura blonde ray,Raja clavata thornback ray,Raja
montaguj spotted ray anteucoraja naevussuckoo ray (ICES
2016). The three former species were also commdamulings
in the 19" century (Quéro & Cendrero 1996). In contrdst,
naevuswhich is distributed more offshore may not haverbe
much exploited before the Y@entury.R. brachuyraand R.

To account for uncertainty in landings and survieyet
series as well as life history information we use@ayesian
approach to fit the multispecies model. We expldrexreffect
of different data combinations and variants of piidormation

on species and composition time trends. The mamveas to
obtain robust estimates of time trends in a datééd situation
which is rather common for species which are net itiain

target of fisheries and hence do not benefit frgyprapriate
sampling and recording programs. Projecting pojmnrat

forwards under different harvest regimes we showieat

unless species-specific management measures apteddor
the severely depletedeucorajafullonica and circularis and

hence community structure cannot be expected twvezcThe
other species are expected to continue to incrne@ader current
harvest rates.

2 Material and methods
2.1 Data

All data are available in supporting informationafle
A.3).

clavata are currently classified as Near Threatened aed th

other two as Least Concern by the Internationalobrior
Conservation of Nature (IUCN 2005, 2007, 2008, 2)1#he
major threat coming from target and bycatch fiskeICES

2.1.1.Commercial landings
Landings forL. circularis, L. fullonica, L. naevus R.

2016).R. clavatamost likely severely declined during the 20ttPrachyura, R. clavata and R. montaguias well as grouped

century (Marandel, Lorance & Trenkel 2016). Two esth
species are also present in recent landings witltations for
higher past abundances at least in the northetropdine Bay
of Biscay (Du Buit 1974)..eucoraja circularis(sandy ray) and
Leucoraja fullonica(shagreen ray).. circularis is considered
Endangered and. fullonica Vulnerable by the IUCN (IUCN
2014a; c). These six species were therefore carsidae this
study. Other Rajiformes occurring on the Bay ofdais shelf
and upper slope areR. undulata (undulate ray), R.
microocellata(small-eyed ray)Rostroraja alba(white skate),

landings recorded as Rajidae, Rajiformes, Rajh spp. were
extracted for the Bay of Biscay (ICES divisions @plor the
period 1950 to 2016 (ICES 2011, 2016, 2017). Lagsliwere
missing for some countries and years. These whee in by
interpolation or extrapolation. Some recent landingere
updated using landings corrected by experts (seperglix
Al).

The species composition of grouped landings hasgeth
since 1950. As only the currently most abundantsgigcies
were considered here, a rough estimate of histbrica

Dipturus batiscomplex (blue skate composed of two speciedjPortant species such 4. batis were removed from the
andD. oxyrinchus(longnose skate). These other species wefsouped landings (Figure 1a); no corrections weeglenfor

not considered because they have been subjeatdmtabans
since 2009, occur at low abundance or data are evem
uncertain than for the six main species which wsrelied
here.

All six modelled species are small- to medium-sizays,

other species (see below).

The rough landings estimate f@. batis was obtained
using the following information. Descriptions ofstorical
landings and catch per unit of effort (CPUE) sugggtghat
after WWII, landings oDipturus species may have amounted

with L. naevusandR. montaguhaving maximum size around {0 around 25% of grouped landings (Letaconnoux 1948

80 cm and the other species 120-150 Bnmontaguiand R.
brachyuraare found in shallow waters, while naevusandL.
fullonica are found offshore and circularis is more restricted
to the shelf break and upper continental slope.|t&dand

Further, sampling of landings in 1966-69 in one boar
suggested thdDipturus may have contributed around 10% of
landings from the northern Bay of Biscay (Du Bu&74). In
the 2000s, landings of these species were minarcenghe

juveniles of R. clavata occur in coastal waters including Main decline occurred probably well before, as doeoted for

estuaries (Rousset 1990; Coureatal. 2009); adults are also the Irish Sea (Brandgr 1981Qipturus landings have been
found on the shelf and down to the upper slope, revheP@nned in EU waters since 2010 (CEC 2010).

occurrence of juveniles is uncertain. In the remainof this
article the assemblage containing the six ray sgeuiill be
referred to as ray community of the Bay of Biscay.
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Figure 1: a) Total landings in tonnes for the Rajidae Spe(rajidae, RajiformeRajaspp,L. naevus, L. circularis, L. fullonica, R. clavaf,
brachyura and R. montaguirom (ICES 2011, 2016, 2017) and specific landifigsR. brachyuraR. clavata R. montaguiL. naevusand the
otherLeucoraja sppfrom (ICES 2016)Survey biomass indices and smoothed indices foR (lhontagui(c) R. brachyura(d) other_eucoraja

spp., (e) L. naevuend (f)R. clavata

Corrections for other species were not consideoedHe

From 1950 to 2008 corrected total landings wered use

following reasons. Landings &. undulatawere banned from while after 2009 species-specific landings were sabared

2009 to 2014 and only small quotas have been atldwenore
recent years (EC, 2009, 2016). Its contributionlandings
prior to 2009 is unknown as it was never reportepasately.
The species occurs in shallow waters only and Eoéed
mostly by small-scale coastal fisheries. Thus ituisclear
whether landings from the 1950s were properly idetl in
official landings statistics or not, hence whetlaecorrection
might be warranted®. microocellataoccurs locally along the
coast at low abundance, but it may have been lpCedther
common" in the past (Quéro and Cendrero, 19B6)troraja

albawas mentioned as having been "rather rare" in &t p

reliable. Due to unreliable biomass indices forestfic
surveys (see below), landings forfullonicaandL. circularis
were combined into othéreucoraja spplandings.

2.1.2.Biomass indices

Biomass indices were calculated for each specieéyus
data from the scientific bottom trawl survey (EVHOE the
Bay of Biscay from 1987 to 2016 (with missing ygafer a
survey description see Poulard & Trenkel (20(Riyure 1b-j.
For L. naevusand the thre&aja species, the time series was
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expanded using data from 1973 and 1976 collected thie
same trawl and sampling plan (but limited to depthallower
than 200 m). FolL. fullonica and L. circularis, as numbers
caught in the survey were small, data were combinéa a

single otherLeucoraja spp.index; further biomass indices

were calculated using hauls from the Bay of Biseag the
adjacent Celtic Sea to cover the spatial distributiAs a
consequence biomass indices Lof naevusand Raja species
were available for the years 1973, 1976 and 1986 20d for

other Leucoraja spp.for 1997-2016. Index calculation was

based on first determining an area of occupancyufagg a
100 km radius of influence for each haul) and thesing the
average density to the occupied area. To removergdon
variability indices were smoothed using a loessasgjon (the
span was set to 0.4 for all species excepRfobrachyurafor

which only 8 observations are available and scag @).

2.2 Modelling

2.2.1.Model

The state-space biomass production model is
multispecies extension of the discrete-time modatetbped
for thornback ray (Marandel, Lorance & Trenkel 2D1®he
biomass dynamics of each species was assumedadw fol

C,
ye,t+1 = (re + 1)Ye,t - 7"eYe‘Z,t - KL: + Se,t

@)

Bet
yet = et
y Ke

€et~N(0,0?)

wherer, is the intrinsic growth rates, carrying capacity,
Be: biomass andC,; are landings of speciesin yeart. The
relative biomass in the first year is deno¥@. To overcome
the lack of species-specific landings before 20Q@Be
probability of landings having been from specieat timet
(t<2009) were assumed to correspond to its biompagsortion

at time t-1, i.e. pe. = et and pe(puy ..Psg. This

YeBet-1
assumption is supported by the fact that rays amemlly

bycaught by bottom trawlers, except the more cbaRta
brachyura and R. montaguiwhich are primarily landed by
vessels using passive gears (V. Trenkel unpubliskedits).

Landings by species were then drawn from a multinbm
distribution using these probabilities:

C.~Multi(py, Cror) @

whereq, is a species-specific catchability coefficient.

Species-specific landings,; for 2009-2016 provided
information on species biomass composition and \weleded
in the likelihood function as

lot~N(cor, p*) t=2009,... 2016 4)
Bet—
wherec,, = ZEZ;:_I tot.t-

2.2.2 Model fitting and runs

The model was fitted using a Bayesian approach.
Information on prior distributions and other teatali issues
can be found in the supporting information. In frie
informative priors were created for intrinsic growtatesr,
(equation 1) using life history parameters (McAéis Pikitch
& Babcock 2001) while uninformative priors were dsr
carrying capacities,. Values for the process variane@
(equation 1) and the observation varianceégequation 3) and
p? (equation 4) were assumed known (see Supplementary
Material).
a As no information was available concerning theiahit
biomass of each species in 1950, two sets of pvierg tested
for YO parameters corresponding to two depletion hypethes
(BASE and EXPL). For the BASE run all species were
assumed underexploited in 1950 (prior modeY6£0.8) (see
Table A3). For the EXPL run all species were asslifody
exploited in 1950 (prior mode o¥0=0.5). In addition, to
evaluate the impact of thB. batis total landings correction
described above we ran a third run using a shérter series
during which this correction was less applied andniass
indices were available. Hence this SHORT run usedlihg
from 1973 and assumed all species were fully etqdoin
1973. Results are presented in details for run BAS&iming
underexploitation in 1950, which was thought totbe most
realistic. However, as posterior distributions fg0 were
identical to prior distributions (Fig A.9), we coamed results
from all runs but found no major differences; detiresults
are provided in the supporting information (Suppatary
material).

2.2.2.Analyses

Changes in community composition were studied imse
of the relative contribution of each species taltdtiomass.
For each species relative bioma¥s; trajectories were
analysed. To evaluate the impact of fishing, hdrvaes were
calculated for each species by dividing estimasedlings by

where Cii; are observed total landings of the sixygtimated biomass in each yeky (= C../B..). Harvest rates

species an@; is the vector of species-specific landings.
The observation model links the population biomtss
biomass indiceb

Ie,t = QeBe,t + We ¢

we,tNN(Or Tze)

where standardized by dividing them by the harvede
leading to maximum sustainable yielg;§=r/2).

To explore recovery potential under currestafus qud
harvest rates, populations of all ray species excemaevus
(no recovery needed) were simulated forward dufig/ears
assuming constant harvest rates (mean for 20142045
comparison, constant harvest rates set asthf2is quaand no
harvest were simulated.
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Figure 2: a) Species composition at carrying capacity fer file studied species; b) Mean estimated speciegposition between 1950 and
2017; c) Observed species composition in landirgaden 2009 and 2016.

3.2 Population changes
3 Results
The biomass of all species excéptnaevuscontinuously
3.1 Community composition decreased between 1950 and 2009 and increasedydhen
most recent decade (Fig. 3; Fig A.2). The largiesrease
Without exploitation populations will vary arountieir was observed for othdreucoraja spp(91%), followed byR.
carrying capacity In this situation the smallest species brachyura (69%), R. montaguiand R. clavata(both 50%),
naevuswould be the most abundant species (38% of totahile L. naevusonly decreased by around 20% between 1950
biomass), followed by the oth&eucoraja spp(27%) andR. and 2017L. naevudirst decreased between 1950 and 1991 (-
clavata (17%) (Fig. 2a and Fig A.4)R. brachyuraand R. 2.1% per year) and increased thereafter (+18% par)ylts
montaguiwould present the smallest biomasses (8% and 9@grrent biomass was estimated to be close to 64%isof
respectively). carrying capacity (95 percentile interval: 46-83%Jhe
The mean estimated species composition in 1950 wdecrease oR. clavatastrongly accelerated after 1995 with the
similar to the unexploited situation (Fig. 2b). ®een 1950 current biomass being at around 40% of carryingciy (95
and 1991 the proportion of. naevusremained globally Pl: 25-55%).R. montaguidecreased until 1995 (-1.94% per
constant whileR. clavataincreased to 41%, thus becoming theyear), initially strongly, and increased after 20082% per
dominant species (in biomass). After this. naevus year); its current biomass is at 40% of carryingacaty (95 PI:
increasingly dominated the species composition vetiching 18-66%).R. brachyurafollowed a similar pattern with a strong
63% of the community biomass in 2017. The propogiofR. decrease until 2009 (-1.65% per year) and incretisdafter;
brachyuraandR. montaguicontinuously decreased until 2010the current biomass is at 25% of carrying capa(@ty PI: 8-
and increased thereafter. The proportion of otbemcoraja 44%). OtherLeucoraja spp.reached the lowest biomass in
spp. continuously decreased during the studied peridte 2000 and increased to 8% (95 PI: 10-17%) in 2017.
composition results were insensitive to assumptiegsrding Between 1950 and 1980 estimated landingsxfotlavata,
initial depletion and time series length (see Fig Aor results L. naevusand the otheteucoraja sppwere generally above
for the alternative runs). 1 000 t, decreasing thereafter for all species @igUntil the
In the landings, the proportion df. naevusdecreased early 1990s relative harvest rates indicated oyeogtation for
slightly from 78% in 2009 to 66% in 2016, while sieoof all  all species, in particular othkeucoraja spp(values >1 in Fig.
other species excepR. clavata increased (Fig. 2c). The 3, Fig A.4). Harvest rates are at or below MSYueal since
landings composition in 2009 was not identical toe t 2011 except for the othéeucoraja spp.
community composition, with a higher proportion ather The highest carrying capacity was found for the lkma
Leucoraja spp offshoreL. naevusfollowed by the othekeucoraja sppand
R. clavata R. brachyura and R. montagui had similar
estimatedK (Fig A.6). However absolute values are uncertain
as there was a negative correlation between egtintdK and
survey catchability as well as betweel andr (Fig A.7).
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Figure 3: Estimated relative biomass between 1950 and 20p7¢w), landings between 1950 and 2016 (middig @ind relative harvest rates
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harvest rates correspond to maximum sustainablie. yie

most abundant ray species has declined since tB8s19n
3.3 Management 2017, onlyL. naevuswas estimated to be above 50% of its

carrying capacity; three specieR.(brachyura, R. montagui

Projecting the four depleted speciééq(<0.4) forwards andR. clavata)were estimated to be between 20 and 40% of

indicated that under current harvest rafesclavataand R. their carrying capacity while the two othegucoraja sppwere
montagui are expected to increase above 50% carryirgptimated to be fewer than 10%. The actual values a
capacity (MSY biomass level) (Figure 4). Even withfishing uncertain, but the relative order of species shdgdmore
other Leucoraja spp.are not expected to increase much byobust. Comparable composition changes have besend
2028 (from 8% in 2018 to 12% in 2028). Undstatus quo in the Irish Sea, wherk. naevusstrongly increased anR.
harvestingR. brachyurais predicted to increase to 41% (P| 16clavata and R. montaguidecreased between the early 1960s
66) of carrying capacity within ten years, halvithg harvest and the 1990s (Dulvgt al. 2000).

rate will make it reach the same depletion levehimi around The species composition in 1950 might have beesedo

seven years. what would be expected without fishing, i.e. clésecarrying
capacity for all species. In contrast, since th@0kSthe small

4 Discussion offshoreL. naevusincreasingly dominated the ray community,

while the contribution decreased for the populatioaf
medium-sized species, the offshore otheucoraja sppand
the coastalR. brachyura For all species harvest rates
Understanding changes in exploited communities throughout most of the 67 years were larger thasdHeading
challenging for elasmobranchs because it requiré% maximum sustainable fisheries yield, pointingerfishing
disentangling the effects of exploitation, changegredation by coastal fisheries and as well as fisheries enctintinental
and competition, and environmental changes, inta lifmited SIOP€ @s @ major factor for their strong declinehile/L.
situation (Ferrettét al. 2013). To overcome the data limitation,"@8Vusis also found on the continental slope, its higher
in particular the lack of species-specific landirigs most of Intrinsic growth rate compared to the othesucoraja spp.
the time period, we developed a Bayesian appran'P\ight explains it sustained better the exploitatidior R.

simultaneously modelling all species. Applyingstaipproach clavata, the wide bathymetric distribution, from coastaltbe
indicated that in the Bay of Biscay total biomadsthe six UPPer continental slope might have created reftges

4.1  Community and population changes
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Other Leucoraja spp. | | Raja clavata

Raja montagui Raja brachyura

Relative biomass

2023

2028 2018

2018 2023

2028 2018

2023 2028 2018 2023 2028

Years
= Statu quo harvest rate =-= 1/2 statu quo harvest rate == No harvest

Figure 4: Projected relative biomass for four species utitiere harvest regimes (color and linetype) (medmegawith 95% percentile bands).

fishing, as there is little targeted ray fishingcept in coastal
areas. Analysing data from the Celtic Sea Sheplearal.

(2012) concluded that the spatial heterogeneityfistiing

created refuges for elasmobranchs in this are@vatuate the
potential refuge effect in the Bay of Biscay anlgsia of the
spatial overlap of fishing and species distributiomould be
needed. Unfortunately, the spatial coverage obtittom trawl
survey was insufficient in coastal waters for tretadto be
useable for such an analysis. The insufficient caye of
coastal waters also explains the lack of biomagkés forR.

Predation release is another factor which can éxpla
community changes (Shepherd & Myers 2005; Myetrsal.
2007; Ward-Paigeet al. 2012). Several large elasmobranch
species have declined in the Bay of Biscay, incigds.
squatina(Quéro & Cendrero 1996]). batis complex andR.
alba. Stomach content information collected in the kigl
Channel in the 1930s indicates that large (>120 Bmpatis
feed on bothRaja montaguiand L. naevus(Pinnegar 2014).
Hence predation release might be a potential eagitam for
the increase .. naevuswhile such release might have been

brachyura and R. montaguifor several years and generallycompensated by fishing f&. montaguiLarge and small rays

leads to be prudent regarding the results for thesespecies.
Prior to the 2010s, ray catches were mostly unmethay

European waters. The total allowable catch (TACYy fo

Rajiformes, introduced in 2009 in the study areay mot have
been constraining from the start but only as it \gesdually
reduced from ca. 6400 t in 2009 to ca. 3400 t ih6&2(Note
that this TAC covers the ecoregion including the B&Biscay
and the west Iberian shelf. As a reaction to thatéd catch
opportunities fishers' producer organisations aodeghments
have added various rules, such as a cap on langergsip and
minimum landing sizes. For example in France, raiysller
than 45 cm total length cannot be landed (JORF paad are
therefore discarded at sea. As rays have beenatstinto be
amongst the fish species that survive best beirsgadied
(Depesteleet al. 2014; Morfinet al. 2017; Knoteket al. 2018)
these increased discards actually represented iaulit
reduction of fishing mortality. If this effect isificiently large,
it will lead to a biomass increase, though with sodelay
(Collie, Rochet & Bell 2013). Thus, the biomassreases
observed in recent years for most species mighteast
partially be due to reduced fishing mortality calisby
increased discarding in addition to reduced fishithget
capacity (Mesnil 2008).

may also have overlapping feeding niches (Smaleoswi€y
1992), which could have led to competition release.
Differences in biogeographic affinity can contridub ray
species composition changes (Sguotit al. 2016).
Environmental conditions have changed in the Bapistay
over the last half century. Sea surface temperatse
increased by 0.2°C on average per decade betwedh a8l
2004, with a cooler period in the 1970s, while ittherease was
much less below 100m (Michel, Vandermeirsch & La&@n
2009). Thus, the four species distributed in skalaters will
have experienced warming waters. In the shalloversatf the
North Sea,R. clavataand R. montaguiwere found to be
associated with warmer sea surface temperatures)(SS
(Sguottiet al. 2016). In the Eastern English Channel, SST also
contributed to explain interannual variations ire tepatial
distribution of both species as well as Rirbrachyura(Martin

et al. 2012). Thus, similar impacts of temperature chaoge
the spatial distribution might have occurred in tBay of
Biscay which could then have modified the biomasshe
interaction with fisheries, but in the absence efdidated
studies this remains speculation. While temperagfifects on
teleost body growth in the wild are well documeni@dunel &
Dickey-Collas 2010; Trenkedt al. 2015), there are no studies
quantifying temperature effects on ray growthtlbécurred it
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might have impacted intrinsic population growthesaturing
the study period. It is also likely that temperetaffected
incubation duration of egg-cases as observed ighist shark
(Lyon, Francis & Francis 2011), and thus reducetunaa
mortality.

Assuming constant intrinsic population growth ratesl
carrying capacities over several decades is clealy
simplification. Changes in environmental conditiohsbitat,
competition and predation might
parameters. Also, changes in the species compodgitiche
benthos in favour of scavengers such as gastropoalg
modify predation rates on substrate-attached rgg €igucifora
& Garcia 2004). Further, the different factors kkely to have
affected the six species in different ways.

The multi-species Bayesian model provided an eaffect
way for integrating grouped landings with specipseific
biomass indices and life history information (infative prior
distributions for intrinsic growth rates) to studgng-term
changes for species which could not be investigathdrwise

simply by prohibiting landings of the former, altigh a
management approach leading to more
engagement would probably be more effective in ltreg-

term. This is particularly important for rays, fevhich a

number of conflicts have been created by too strihg
regulations, decided without stakeholder consuitati
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Appendix Al. Data preparation and modelling details

Correcting landings

For Spain landings were missing for several yehisear interpolation was applied for 1970-1982 and
1988-1996. For the years 1950 to 1953, the meam batween Spanish and French landings during 1958
was applied to French landings for 1950-1953 torede Spanish landings. Two years were missing-fench
landings (1957 and 1999) which were filled with thean of the directly preceding and following yeafficial
landings for France for 2005 to 2016 were replaogdorrected French landings as derived by the Vkgrk
Group of Elasmobranch Fisheries (WGEF) (ICES 20Bnilarly for official landings for Spain, United
Kingdom, Ireland and Belgium for the period 2002@16.

Prior distributions

To ensure parameter identifiability rather inforimatpriors were required for the intrinsic growtitasr
(eq 1). As it is the best known species, the modehfe prior distribution foR. clavata prior was derived using
the matrix method described in McAllister et al0@2). This involved simulating an age-structureguylation
model at equilibrium using different demographicgmaeters: fecundity, adult natural mortality (frakfiegand
et al. (2011)) and weight-length parameters (froondD(1986)). To derivate the modes of the priors ffor the
other species, we used the threshold conservaishing mortalities estimated by Le Quesne and Jgi
(2012) to scale the value obtained Rirclavata. Parameter values used for calculating modes faiors are
summarized iri ,

For all species a uniform prior distribution wasddor carrying capaciti.. The limits of the uniform
distributions were somewhat arbitrary but in abeswere wide enough not to be limiting for thénestion.

The prior for survey catchability was the same for all species: Beta(1,3). The foiot /o2 was also the
same for all species: Gamma(400,1).

Fixed parameters

The fixed value forl /72, was set to one over the mean biomass index.fomevus andR. clavata, thus
assuming a variance equal to the mean. For the effexies the variana¢, was set to 10 times the mean as
these species were less well covered by the sufiey.observation variange? for species-specific landings
was assumed to have a CV of 0.2 for all species/aartks.

Bayesian inference

All computations were performed with the R platfoffifilFoundation for Statistical Computing 2008). B\G
(Plummer 2003) was used for Bayesian inference veasl run within R using thejags package (Plummer
2016). Results were calculated for three paralleMC chains, composed of 400 000 iterations witlfied#nt
initialization points. The burn-in for each MCMC aih was 50 000 iterations and autocorrelation among
samples was limited by saving every $Q@arameter value. Global convergence was checkéuitiieé Potential
Scale Reduction FactdPSRF, and the Multivariate Potential Scale ReductiontéadiagnosticMPSRF, which
summarizes individudSRF (Brooks and Gelman 1998).
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Leucoraja naevus | | Other Leucoraja spp. | | Raja clavata | ‘ Raja montagui | | Raja brachyura
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Leucoraja naevus | | Other Leucoraja spp. | | Raja clavata | | Raja montagui | | Raja brachyura
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All species Leucoraja naevus Raja clavata
I T T T T T T 1 I T T T T T T 1 I T T T T T 1
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Prior (grey surfaces) and posterior (lines) disiitns for intrinsic growth rate

for BASE run.
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All species Leucoraja naevus Raja clavata
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Prior (grey surfaces) and posterior (lines) disttitns for carrying capacitiK

for BASE run.
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L. Naevus R. Clavata R. Montagui R. Brachyura Other Leucoraja spp.
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All species Leucoraja naevus Raja clavata
J - -
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Posterior (lines) distribution for survey catchapit) in BASE run
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All species Leucoraja naevus Raja clavata
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: Parameter values used in the Leslie method destby (McAllister et al. 2001)

for defining the prior for the intrinsic populatiarowth rate ofRaja clavata and threshold

conservation fishery mortality values used for deg intrinsic population growth priors for

the other species.

R. L. L.
Par ameter Description R. clavata L. naevus| R. montagui ) ] ]
brachyura | fullonica | circularis
Lo von 118° 83.92° 78.43° 120.0"
k Bertalanffy 0.155° 0.197 0.256° 0.19"
growth
to _ -0.665" -0.151° -0.968 -0.48
function
coefficient
a length-weight | 0.0000034%
relationship
exponent
b length-weight | 3.1807°
relationship
age at 50%
Asg . S
maturity
number of
f 140*©
eggs
threshold
conservation
Feons o 0.23 0.29° 0.25¢ 0.2° 0.21° 0.22°
fishing
mortality

& Wiegand et al. 2011

® Dorel et al 1986

¢ Gallagher et al. 2005

4 McCully et al 2012
®Garcia et al. 2008
" Du Buit 1972

9Le Quesne and Jennings 2011
h Fahy 1991
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Prior distribution for model parameter

Scenario Species Landinas r~Beta YO-Beta K~Uniform 1l/o2~Gamma
9 mode, sd mode, sd min,max mode, sd

L. naevus 0.132,0.05 0.8,0.10 2 000, 800 000 400,1
1 R. clavata 0.105,0.05 0.8,0.10 2 000, 250 000 400,1
R. montagui 1950-2016 0.114,0.05 0.8,0.10 2 000, 250 000 400,1
R. brachyura 0.091,0.05 0.8,0.10 2 000, 250 000 400,1
Other SLpeFL)‘C"raJa 0.098,0.05 0.8,0.10 2 000, 250 000 400,1

L. naevus / 0.5, 0.10 / /

5 R. clavata / 0.5, 0.10 / /

R. montagui / 0.5,0.10 / /

1950-2016 '
R. brachyura / 0.5, 0.10 / /
Other Leucoraja
/ 0.5,0.10 / /
SPp.

L. naevus / 0.5, 0.10 / /

3 R. clavata / 0.5, 0.10 / /

R. montagui / 0.5,0.10 / /

1973-2016 '
R. brachyura / 0.5,0.10 / /
Other Leucoraja
/ 0.5,0.10 / /
SPP.

82



ée de

luation simultan

s

. eva

Chapitre 4. Contourner I’absence de données démographiques

plusieurs stocks de raies

VN VN VN VN VN VN VN VN VN VN ¢0ce | SL6T
YN YN YN YN YN VN VN VN VN YN 9T€S | vL6T
YN VN €L 789 9¢8 VN VN VN VN VN 0CT9 | €L6T
VN VN YN YN YN VN YN VN VN VN 98€S | TL6T
VN VN VN VN VYN VN VN VN VN VN LT8S | TL6T
YN YN YN YN YN VN VN VN VN YN LESY | 0L6T
YN VN YN YN YN YN YN VN VN VN LL6V | 6961
YN VN YN YN VN VN VN VN VN YN 0¢cs | 8961
VN VN VN VN VN VN VN VN VN VN ov6vy | L961
YN YN YN YN YN VN VN VN VN YN 6T6V | 9961
YN VN YN YN YN VN YN VN YN VN 966%7 | S96T
VN VN YN YN VN VN VN VN VN YN 8€9G | 961
VN VN VN VN VN VN VN VN VN VN T¢6Y | €961
YN YN YN YN YN VN VN VN VN VN T99S | 2961
YN VN YN YN YN VN YN VN VN VN 86SY | T96T
VN VN YN YN YN VN VN VN VN YN 681 | 0961
VN VN VN VN VN VN VN VN VN VN L9YV | 6S6T
YN YN YN YN YN VN VN VN VN VN 8L | 8561
YN VN YN YN YN VN YN VN VN VN 198V | LS6T
VN VN YN YN VN VN VN VN VN YN 66¢G | 9961
VN VN VN VN VN VN VN VN VN VN 8¢TS | 9S6T
YN YN YN YN YN VN VN VN VN VN 80%€ | ¥S6T
YN VN YN YN YN VN YN VN VN VN 7909 | €561
VN VN YN YN VYN VN VN VN VN YN 8199 | ¢S6T
YN YN YN YN YN VN YN VN VN VN L6TS | TS6T
YN YN YN YN YN VN VN VN VN VN €89 | 0S6T
‘dds p[p10dna7 JBYIQ pInAyopiq 'y Inbpoiuow 'y DIDADJD'Y SNA3LU T | ‘dds pfpiodna7 JBYIQ DINAYIDIq Y INBDIUOW Y DIDADID'Y SNASDU ] |B10]
SIeaA

(payroowss ssa01) sadipul ssewolg

(3) s3uipuer

[opow uelsakeqg saloadsninwi BN SaIpUI SSBWOoI] PaYI00Ws SSa0| pue sBuipueT

83



ée de

luation simultan

s

. eva

Chapitre 4. Contourner 1’absence de données démographiques

plusieurs stocks de raies

169
€8
080T
€99
TS¢
66T
v8¢
8¢S
00€T
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN

ve

€¢

VN
VN
VN
YN
VN
VN
VN
YN
LT

VN
VN
YN
VN
VN
61

VN
[44

VN
VN
YN
VN
VN
VN
VN
VN
VN
VN
YN

1T
8¢
L9
VN
a9
VN
VN

VN
VN

VN
VN
VN
VN
[c
€€
Ve
8¢
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
1S

€8¢
8¢
L6€
8EY
S6v
999
[44°]
649
[474
VN
€eL
69
VN
969
009
609
ST9
S¢9
0€9
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
999

v6cl
1451
T9LT
€0sT
0TcT
600T
vS6
056
Lv0T
VN
6€CT
0ov6
VN
:14%
1%%%
8
96V
8179
898
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
LL0T

VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN

VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN

VN
VN
VN
YN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN

VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN

VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
YN
VN

9¥8¢
LOTE
60€¢
¥60¢
8661
600¢
ITC
STt
LTST
60€¢
14574
[4°r4
[434
LEST
ST8¢
860¢
6Sve
699¢
1743
9T/€
vL9¢€
98¢e
viee
0T0¢€
85/¢
80¢
8L€¢E
T0cCE
€€ce
[49%3

S00¢
¥00¢
€00¢
¢00¢
T00¢
000¢
6661
8661
L661
9661
S66T
66T
€661
66T
T66T
0661
6861
8861
L8617
9861
9861
861
€861
861
1861
0861
6/6T
861
LL6T
9/61

84



ée de

’

luation simultan

s

. eva

Chapitre 4. Contourner I’absence de données démographiques

plusieurs stocks de raies

[444
[444
144
T6¢
9ty
[451%
8ce
T6¢
€9¢
0SS
99

8¢

VN
YN
VN
VN
VN
Lc

9C

VN
VN
YN

VN
€t
114
0¢
4"
VN
1T

VN

[41%
SLE
€1€
08¢
vLe
88¢
e
140%
[4°i7%
L0S
134%

9€¢C
Trse
08¢
09¢c
L6L1
1344"
[4474"
0svT
01T
0191
SSrT

L8
S6
€9
0s
0s
[4]
9
59
VN
VN
VN

9L
S9
L9
Lt

8T
1T
1T
VN
VN
VN

veT
a9t
114"
60T
98
6
98
S9
VN
VN
VN

9¢¢C
99¢
e
1444
Ixa4
LT¢C
Elg4
6€¢
VN

VN

VN

T00T
474"
LS0T
656
S€6
86
[4014
0T€T
YN
VN
VN

vest
08T
8vST
68€T
SO€ET
9¢eT
0TST
0691
v8¢¢
5667
vL0C

910¢
S10¢
¥10¢
€T0¢
c10¢
T10¢
0T0¢
600¢
800¢
£00¢
900¢

85













-Q,c.\l\uu-\:\\\ ons Rate Re
Sena 3} Ho.







Chapitre 5. Evaluer I'état des populations de raie bouclée : une méthode génétique

Ce chapitre étudie 'estimation de 1’état d’une population de raie par méthode génétique.
L’indicateur choisi est la taille de population efficace. La premiere partie du chapitre développe
et explique le concept de taille de population efficace. La seconde partie étudie par simulation
et par application a des données empiriques ’estimation de la taille de population efficace chez
la raie bouclée.

1. La taille de population efficace, N,

1.1 Définition

Le concept de taille de population efficace (V) a été introduit pour la premiere fois en
1931 (Wright, 1931). II est utilisé depuis des dizaines d’années pour la conservation d’especes
terrestres (Schwartz et al., 2007) et plus récemment pour la conservation d’espeéces marines
(Dudgeon et al., 2012). Elle correspond au nombre d’individus participant réellement a la
prochaine génération, génétiquement parlant (Hamilton, 2009). Autrement dit, les juvéniles,
les individus trop agés pour se reproduire ou ceux produisant des gametes inutilisés ne sont pas
comptabilisés dans cette taille de population. Elle renseigne ainsi sur la taille d’une population
mais aussi sur sa santé génétique (Frankham, 1995; Portnoy et al., 2009).

Sa définition exacte est la taille d’'une population idéale au sens de Wright-Fisher pour
laquelle on aurait une dérive génétique équivalente a celle de la population naturelle étudiée
(Lowe et al., 2004). Cette comparaison avec une population idéale standardise la mesure de
la dérive génétique et permet une comparaison des tailles de populations efficaces d’especes
présentant des traits d’histoire de vie tres différents. A noter que chez une population idéale,
la taille de population efficace est égale a la taille de population absolue, N (Hamilton, 2009).
Cette propriété a été exploitée dans les simulations introductives du chapitre 2. La définition
induit également que, sauf bottleneck intense et récent, la taille de population efficace est plus
petite que la taille de population absolue.

De nombreux facteurs influent sur la taille efficace d’une population. Ils sont brievement
discutés ci-dessous :

— Variation dans la taille absolue : les fluctuations dans la taille absolue d’une popula-
tion entraine souvent des variations dans les fréquences alléliques entrainant a leur tour
des variations dans la taille de population efficace.

— Sex ratio : un sex ratio déséquilibrée influence le taux de dérive génétique et donc la
taille de population efficace. Par exemple, une population présentant un ratio d’un maéle
reproducteur pour plusieurs femelles aura une dérive génétique bien supérieure a une
population présentant un sex ratio de 1 :1 (Smith and Smith, 2001; Hamilton, 2009).

— Succes reproducteur : une population est stable dans le temps lorsque chaque pair d’in-
dividus produit une moyenne de deux descendants. Lorsque certains individus produisent
un nombre de descendants bien supérieurs a d’autres, ils transmettent majoritairement
leur alléles a la prochaine génération entrainant une baisse de population efficace (Hamil-
ton, 2009).

— Consanguinité : la consanguinité induit une baisse de la variabilité génétique d’une
population qui se traduit par une baisse de la taille de population efficace (Lowe et al.,
2004; Hamilton, 2009).
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— Migration et dispersion : lorsque des immigrants se reproduisent dans leur popula-
tion d’acceuil, ils introduisent leur matériel génétique induisant une augmentation de la
variabilité génétique et donc de N, (Smith and Smith, 2001).

— Générations chevauchantes : ce facteur a une influence considérable sur la taille de
population efficace, un individu pouvant se reproduire plusieurs fois au cours de son
existence et potentiellement avec ses descendants. Néanmoins les effets de ce facteur sur
N, restent encore difficilement prévisibles (Waples et al., 2014).

1.2 Estimateurs de la taille de population efficace

Les méthodes génétiques d’estimation de la taille de population efficace sont devenues de
plus en plus abordables grace aux récentes avancées en génotypages, vitesses de calcul et dispo-
nibilité de logiciel user-friendly (Hare et al., 2011). Deux grands types d’estimateurs existent :
ceux estimant la taille de population efficace historique et ceux estimant la taille de population
efficace contemporaine. Dans cette these, le travail s’est concentré sur cette derniere catégorie.
La taille de population efficace contemporaine peut étre estimée génétiquement grace a ’ana-
lyse de marqueurs génétiques précis (Single-Nucleotide Polymorphism et Microsatellites
notamment). La encore, deux grandes catégories existent :

— Estimateurs basés sur un unique échantillonnage génétique : ces estimateurs
nécessitent un unique échantillonnage de la population étudiée. De par leur échantillon-
nage simplifié par rapport aux estimateurs multiples, ils sont tres utilisés et ont vu leur
développement exploser ces derniéres années (Dudgeon et al., 2012). Le plus répandu
de ces estimateurs est basé sur le déséquilibre de liaison entre loci (estimateur Linkage
Disequilibrium), c’est a dire sur I’association non aléatoire d’alléles entre eux.

— Estimateurs basés sur plusieurs échantillonnages génétiques séparés dans le
temps : autrement appellées, méthodes temporelles, ces méthodes nécessitent des échan-
tillons séparés dans le temps soit par de plusieurs générations (Waples and Yokota, 2006),
soit de plusieurs années si les ages des individus échantillonnés peuvent étre déterminés
(Jorde and Ryman, 1995). Le principe général de la méthode repose sur une comparai-
son de I’évolution des fréquences alléliques entre les échantillons, tout changement étant
interprété comme résultant d’'un changement de taille de population efficace.

Tous ces estimateurs reposent sur de nombreuses hypotheses explicites et implicites et sont
donc sensibles a de nombreuses sources de biais. Selon les estimateurs, ces sources et leurs effets
sont plus ou moins bien identifiés néanmoins chacun d’entre eux est sensible a la démographie
de la population étudié et ce de maniere tout a fait imprévisible car spécifique a ’espece.

Dans cette these, 'estimation de la taille de population efficace pour la raie bouclée
a été explorée par simulations afin d’étudier l'effet de sa démographie sur les estimations.
Deux estimateurs ont été sélectionnés a priori en raison de leur popularité mais aussi de leurs
hypotheses. En effet, la méthode "Linkage Disequilibrium" (Do et al., 2014) et la méthode
temporelle corrigée pour la prise en compte des générations chevauchantes (Jorde and Ryman,
1995) sont les méthodes présentant le moins de violations d’hypotheéses d’applicabilité a la raie
bouclée. Dans un second temps, la taille de population efficace de la raie bouclée du Golfe de
Gascogne est calculée a partir des données empiriques du projet GenoPoptaille afin d’étre mise
en relation avec les attendus théoriques mis en évidence par les simulations.
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2. Article : Comparaison de données empiriques et si-
mulées pour l’estimation de la taille de population
efficace : application a la raie bouclée

Article en cours de soumission - 2018

Florianne Marandel!, Verena M. Trenkel!, Olivier Berthele!, Sabrina Le Cam %3, Pascal

Lorance !, Robin S. Waples #, Jean-Baptiste Lamy 3

- La taille de population efficace (V) est un parametre clé en évolution et
en génétique des populations. Néanmoins N, est difficile a estimer dans les populations natu-
relles car soumise a de nombreuses sources potientielles de bias. Ces facteurs incluent les biais
dues a I’échantillonnage, venant des générations chevauchantes mais aussi venant des méthodes
génétiques utilisées pour estimer N.. Dans ce travail, nous avons simulé une population de
poisson structurée en age et imitant la démographie d'une raie bouclée afin d’étudier le bias
et la précision des estimations de N,. Deux méthodes ont été utilisées : la méthode Linkage
Disequilibrium (LDM) et la méthode temporelle (TM). De plus, deux tailles de population ont
été simulées 1 000 et 10 000 individus. Ensuite, N, a été estimé a partir de données empiriques
provenant de raies bouclées du Golfe de Gacsogne a l'aide de la méthode LDM. Les résultats
des simulations montrent un bias de 30% avec la méthode LDM deés que la taille d’échantillon
atteint 100 individus, et ce quelque soit la taille absolue de la population. La méthode TM
performe mieux en terme de bias et précision des lors que le délai entre les échantillon dépasse
7 ans. Les estimations empiriques de N, sont tres variables allant de 400 a 2 700 individus selon
les filtres appliquées aux données. Augmenter le taux de données manquantes tend & augmenter
N¢ lors qu’augmenter le maximum de la fréquence allélique mineur tend a diminuer N,. Ces
estimations semblent indiquer une bonne santé génétique de ’espece dans le Golfe de Gascogne.
De plus, si une correction de 30% est effectuée sur ces estimations, toutes les N, estimées sont
supérieures a 50 ou 500 individus, ce qui garantit le maintien du potentiel adaptatif.

! Ifremer, rue de I'lle d’Yeu, BP 21105, 44311 Nantes Cedex 3, France

2 Université de Bretagne Occidentale, Laboratoire des Sciences de I’Environnement Marin
(LEMAR, UMR 6539 CNRS/IRD/UBO/Ifremer), Institut Universitaire Européen de la Mer
(IUEM), Technopdle Brest-Iroise, 29280 Plouzané, France

3 Ifremer, Génétique et pathologie des mollusques marins, La Tremblade sur mer, France

3 Northwest Fisheries Science Center, National Marine Fisheries Service, NOAA, Seattle,
Washington, United-States

93



Chapitre 5. Evaluer I'état des populations de raie bouclée : une méthode génétique

In preparation

Estimating effective population size for non-modespecies:
insights from simulations and empirical data of thanback ray

Florianne Marandé&l, Robin S. WaplésOlivier Berthelé, Jean-Baptiste LamySabrina Le CafnPascal
Lorancé, Verena M. Trenkél

ifremer, Ecologie et Modéles pour I'Halieutique,rites, France
2lfremer, Génétique et Pathologie des Mollusquesiiaa Tremblade, France
3 Northwest Fisheries Science Center, National MafFisheries Service, NOAA, Seattle, Washington

Abstract — Effective population sizeN) is a key evolutionary parameter of populationeg&s. The number
of studies estimating effective population size besatly increased in recent years with the devatg of
Next-generation sequencing technologies. How&kaemains difficult to estimate for natural poputeis as a
variety of factors are likely to bias estimates.e3é factors include sampling design, violation stineator
assumptions, such as non-overlapping generatisnsgthas the sequencing method and bioinformegatiment
used. One issue inherent to the restriction sise«ated DNA sequencing (RADseq) protocol is migsiata. In
this study, we simulated genetic markers for a mmglel species by taking the thornback ray as exarupl
evaluate the bias and precisiorNafestimates obtained with two estimators: the LirkBisequilibrium method
(LDM) and the Temporal method (TM) corrected foedapping generations. Two population sizes westete
1 000 and 10 000 individuals. Simulation resultsseded an average 30% underestimation using thenefhod
for sample sizes above 100 individuals. The coeddiM performed better in terms of bias and prenisihen
the time lag between samples was larger than agemrity. We also estimateN, from thornback ray
empirical RADseq-derived SNP data (sampled in ttay Bf Biscay, Northeast Atlantic) with the LDM.
Empirical N, estimates were highly variable, ranging from 20@700 individuals depending on the data filters
used. Increasing the allowed percentage of misdatg increasebl, estimates while increasing the maximum
minor allelic frequency decreased estimates. Josithulation results and data sub-sampling provitstyhts
into the expected bias and uncertaintiNpestimates for a non-model species.

Key words —Effective population size, Simulation, Linkage-Oisdibrium, Temporal method, skates and rays,
RADSeq, SimuPOP code

migration, all of which are all likely to be viokd by natural
populations (Waples et al. 2014).

Effective population size N,) is a key parameter of There are two main approaches for estimatih:
population genetics and conservation (Hamilton 2000is demographic methods based on life history trait$ genetic
related to the number of individuals which actuglbrticipate methods mainly based on genetic markers. Demographi
to produce the next generation and thus inform¢hergenetic approaches estimat¢, as a function of classical demographic
health of a population. Estimation ®f is central for the parameters such as survival-at-age and birth ey also
prediction of evolutionary trajectories of natupalpulation as identify key demographic processes that deterngeor a
it can help evaluating population viability. Howewsstimating given species. However, demographic methods ofégn an
N, can be challenging. Conceptualy is defined as the size ofstrong assumptions such as discrete generationba(€eo
an idealized Wright-Fisher population that wouldbesiment 1994, Nomura 2002) or if overlapping generations ar
the same rate of genetic drift as the observed lptipn admitted, stable age structure (Waples et al. 2Régently, a
(Hamilton 2009, Beaumont et al. 2010). This defimitrelies new demographic method was developed which allows
on strong assumptions, such as constant populsiier(census demographic stochasticity and heterogeneity atettpgense of
population size is equal to the effective populatiize in an challenging data demands such as individual-levierination
ideal population), discrete generations and theemtrs of (Engen et al. 2010). Thus the method has not besih msed

1. Introduction

“Corresponding author: florianne.marandel@ifremer +33) 2 40 37 41 64
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Thornback ray demographic data set:

Survival and fecundity per age
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Figure 1. Flowchart of the methods used in the estimatofopmance simulation study. Software referenceseMeg (Waples et al. 2011),
NeEstimator (V2, Do et al. 2014), R (R FoundationStatistical Computing 2008) and simuPOP (Peng dmdri€l 2005).

so far (but see Trask et al. 2017). Genetic methade gained
in popularity and power due to recent advanceseimotyping
and sequencing technologies and computer processiegd.
They rely on the extraction of various genetic algrwhich are
theoretically known to be affected by populationmdgraphy,
mainly effective population size. Among genetic huets,
single sample approaches are appealing since tbqyire
sampling only at one point in time. The most popul
estimator is based on a measure of linkage disbquih (LD)
i.e. the nonrandom association of alleles at diffeteat The
LD method has been widely used during the last diedar a
variety of organisms, including mammals (Cervangtsal.
2011, Juarez et al. 2015), insects (Francuski aridnkbv
2015), reptiles (Bishop et al. 2009) and fishesI§d/i et al.
2014, Pilger et al. 2015). Other widely used genetethods,
called multiple samples estimation, require sampglgsarated
in time. The most widely multiple samples methodtle
temporal method (TM). It measures the observed amofi
allelic frequency change between two temporallyasaied
samples for estimating effective population sizeultijle
samples methods are usually more accurate thate sagple

methods but they are more challenging to implerasrgeveral
samples separated in time or one sample with krigelef the
age of the sampled individuals are needed. Degpitse
difficulties, TM is widely used (Waples and Yoko2006,
Serbezov et al. 2012).

Because all N. estimation methods rely on strong
assumptions, empirical estimates bf are often biased.
Numerous recent genetic studies have documentednhong
realistic simulations or real data, which do noffilfuthe
methods’ assumptions, have tremendous impacts Nan
estimates (Luikart et al. 2010, Waples and Do 26{Hie et al.
2011, Robinson and Moyer 2013, Waples et al. 2Githert
and Whitlock 2015, Marandel et al. submitted). Enetudies
demonstrated that the amount and the directioriasf &s well
as the precision of estimates are species-speaifit thus
highly dependent on life history traits but alsotbha sampling
fraction (Marandel et al. submitted). For non-modpécies,
not only the genome is unknown leading to challenfer
genetic marker development and data quality, butegsdly
also the amount of expected species-specific bas N
estimates. The development of genetic markers famamodel

2
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species typically involves the discovery and thesags Survival rate estimates were obtained in severgsstFirst,
development of each marker which is costly in timed size-at-age,was estimated using the von Bertalanffy equation
research funding (Davey and Blaxter 2010). The r&®p with growth parameters,tK andL,, from the literature (Serra-
consists then in genotyping individuals for thesarkars. A Pereira et al. 2008). Second, mortality-at-&Bgevas estimated
widely used method providing data in one step ®&rietion using the empiric relationship developed by Gistast al.
associated DNA sequencing (RADSeq), which providég010). Third, mortalityM, was transformed to survival-at-age
thousands of sequenced markers across many indigidt S=exp(M,). Finally, to account for senescence survival was
reasonable costs (Davey and Blaxter 2010), buesifrom reduced from age 12 onwards (Figure 2).

missing data for certain individuals for certain rkeas and

unknown physical linkage between markers. g 2 .
To determine the performance N estimation for a non- o | — .
model species, taking the thornback r&ajé& clavata) as an g ! e '\ r o
example, we carried out a genetic simulation sttatytwo E & ," n L e
classicalN; estimators. We also evaluatigestimation for this ~§ 0 | /' \. ° g
species using empirical RADseq data. The simulation % o s \. - 30
explored the effects of sample size, the numbérafused, the § '/ \ L
population size (LD and TM) and the time lag betwee 2N ® °
sampling events (TM only) on estimation bias. Ine th o 4 Aparaassraaaaanm] 2

simulation process, special attention was paid he &ge ‘ ‘ ‘

structure of the simulated nonideal population. fw the
empirical RADseq data, the effect dw. estimates of the
selected range of allelic frequencies and the pmtapo of Figure 2: Blue dots: correction factor as a function of tinge interval
missing data for a given SNP were explored. Togethe T between samples; green triangles: probabilitsdovive to given
simulation and the empirical results gave insigint® the age; purple squares: mean age-specific survivatioat line: age-at-
conditions for reliable estimation of the effectipepulation maturity.

size of a non-model species. 2.1.2  Genetic simulations

5 10 15
Time interval or age in years

Simulations of genetic data were conducted with the

2. Material and methods individual-based program simuPOP (Peng and Kimn@gl52
to produce realistic genetic data for the modeleecies (Fig.
2.1. Simulation study of estimator performance 1). The demographic characteristics were the samesed for

estimating EINJ. Each simulation replicate (50 in total) was
run during 100 years, after a burn in of 150 yedraio
t population size\N were tested, 1000 and 10 000 individuals.
Sex was randomly assigned to all individuals atstaet of the
simulations {=0) assuming a 1:1 sex ratio. Newborn

The main steps of the simulation study as well las t
different software packages and tools used ardlethelow
and summarized in figure 1. The study was set ugpoesen
thornback ray life history traits, i.e. low fecuhdiand

relatively high survival rates. Survival and fecitpdates were ™ :
used in two ways as in Waples et al. (2014): (Jaioulate the individuals were generated by randomly drawing orae and

expected effective population siz&l, using a hybrid one female parent from the pool of potential pareand

Felsenstein-Hill method (AgeNe software, Waplesle2011) afss;}gnlng the sex a(sjsumlnhg Z 11 sex rlatlo. Amm:l parents
and (2) to perform simulations of age-structuredegie data of the same sex and age had an equal opportuniiy frarent.

(simuPOP python module, Peng and Kimmel 2005) (Big. Individuals in the founder generatio‘m:Q). were assumed
unrelated and the genotype of each individual warserated

2.1.1  Expected effective population size for L genetic markers.

The simulated genetic markers correspond to SNRPglES

The expectedNe was. calculated using the derno(:‘]r""phil(\:lucleotid Markers) for which the initial allelicdgquency was
approach implemented in the AgeNe software (Wapleal. set to 0.5. Concerning the number of genetic markar initial

2011). Thls methc_;d is based _on a dlscrete-tlmesagl.e.{qred trial usingL=1600 SNPs ani=1000 individuals showed that a
population dynamics model with sex- and age-speeilivival plateau in bias and precision &f. estimates was rapidly
and fecundity rates and assumes constant populatien. reached. Hence the maximum number of simulated Sis
Outputs are adult population sizB,J as well as generationl_:500 All SNPs were assumed to be located on diffler
Iength ©), expected effective population sizeNg, a_nd the. chromosomes to avoid linkage disequilibrium dueplysical
ratio ENJ/N. The approach makes several Slrnpllfylnﬁnkage. As the simulations covered only a few gatiens,

assumptions, suph as a constant census populaﬂenaad mutation processes were ignored. The simulatiorigdes
constant population structure (for a full descaptsee Waples summarized in Table 1.

et al. 2013).
For thornback ray fecundity was fixed at 140 eggsages 6
years and older (maximum age 18 years) and zererwise.
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Table 1 Summary of simulation design. In black, paransetesed for

simulation results reported in the main text. leygrparameters for

simulation results reported in supplementary makedN census
population size (all individuals); number of SNPSsample size.

Life stage sampled

N L S LD Method Temporal Method
1000, 500, 50, All, Newborn
10000 400, 100, Mature,

300, 200, Immature,

200, 300 Newborn

100

For validating the simulations, for each simulati@plicate
the observed loss of heterozygosity over time veaspared to
the expected loss where the expected loss wasla@dwsing
(Fox and Wolf 2006)

sl =1-(-5)

@

c(T)
e zc(F—§+Ni1) @

with C(T) the correction factor for overlapping generations
calculated from life history traits which depends the time
interval T between sampled cohorts (same birth dasedhe
harmonic mean of the two samples sizNg,the number of
newborns (assumed constant for each coh@tgeneration
length, andF a measure of the change in allelic frequencies
between cohort€(T) andG were calculated from age specific
cumulative survival and birth rates using the safevFactorC
developed by Jorde and Ryman (1995) and improvediobye
(2012). The demographic data used are in figurend a
supplementary table 1.

2.1.4  Performance evaluation

For both estimation methods, accuracy and precisioN,
estimates was assessed by comparison with] HFig. 1).
Moreover, we estimated the effects of sample sBeafd
census population siz&lY on log-transformed\, estimates and

with H,: the heterozygosity at time, T the number of quantified the variance due to simulation replimatior the LD
generations betwee andt, and EN¢] the expected effective method with a liner mixed-effects model; the noiityadf the

population size calculated above. For each sinoriatplicate,
the ratio was calculated between the last time @te@50) and

residuals was checketil and S were treated as fixed effects
and the variance due to simulation replicates depandent

the first time step after burn-ity£150). Only the 30 replicatesrandom effect nested M.

among the 50 carried out presenting the less déverg in
heterozygosity loss from the expected ratio welecsed for
further genetic and statistical analyses. This extssimulation
results were comparable to the calculated expéefidg value.

In terms of sampled ages, four samplings strategiese
investigated for the genetic data: (1) only newbof(ne.
individuals <1 year), (2) only immature individuals 1 year
and <6 years), (3) only mature individuals 7 years) (4) all
individuals (Table 1). In each case, individualgeveandomly
sampled without replacement. Moreover, sampling wgs-
stratified with equal numbers for each age grouguited in
the sample. Different sample sizes were investibatenging
from 50 to 300 individuals (Table 1), as we werteiasted in
accuracy and precision assessment as well in pahstimpling
guidelines. For each simulation replicate and sangite 50
samples were drawn leading to overall 1500 estisnfateeach
sample size (30 replicates with 50 samples eadi®. $ets of

2.2 Estimation of N. from empirical data

2.2.1  Sampling

A total of 159 thornback ray were sampled in they Bd
Biscay (see Supplementary figure 1, for a map ofpdig
locations) between 2011 et 2016 (highest samplm@015
with 83 individuals). Sampled individuals were frorarious
sources: 65 came from the French EVHOE surveyReegard
and Blanchard 2005 and Poulard and Trenkel 200E¥{OE
survey details), 44 were sampled by APECS, 27 warepled
directly in ports and 23 came from the dedicate@nEh
RaieJuve survey. The sex ratio of the sample wasedo 1:1
(78 females, 81 males).

For all individuals, total length was reported;adigidth was
also reported for 138 individuals. Total length igdr from

numbers of SNPs were testé&(100, 200, 300, 400, 500).12.50 to 96 cm and disc width from 8 to 66 cm. M

SNPs with minor allelic frequencies <0.05 were reatfrom

the estimation as suggest by Waples and Do (2020) {5 669

minimize sampling bias, however they were rareimsilations
were carried for 250 years only.

2.1.3 Estimators

Effective population size was estimated from thautated
genetic data using one single point estimation otk{hinkage
Disequilibrium) and a temporal method adapted

occurs at around 73 cm (Serra-Pereira et al. 2068)lying

of the sampled individuals were immature
(Supplementary figure 2).
2.2.2  RAD-sequencing protocol and bioinformatic

treatment

All individuals were genotyped by sequencing usiag
RADseq protocol to effectively subsample the genoaie

f(Pﬁultiple individuals at homologous locations. Thibrdry

overlapping generations by Jorde and Ryman (1988J .,ngtryction followed the original protocol by Biet al.,

improved by Jorde (2012):

(2008).
was digested with the restriction enzyn@bfl-HF (New

Briefly, 1ug of genomic DNA from each individual
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England Biolabs), and then ligated to a P1 addpbaled with  To test whether MAF or the percentage of missinig ded

a unique barcode. We used 16 barcodes of 5-bp #&ndtle bigger effect oM, estimates, a linear model was fitted to
barcodes of 6-bp long in our P1 adapters to buRdpl@x N, estimates, followed by an ANOVA,; residuals weredted
libraries. Seven pools of 32 individuals were magemixing for normality. We also tested the interaction betwéehe two
individual DNA in equimolar proportions. Each posés then main effects (MAF and percentage missing data).

sheared to a 350 pb average size using a CovarZ® S§ R |

sonicator (KBiosciences), and size-selected onosgagel to ™ esults

keep DNA fragments within the size range 300-700dch 37 Simulation study

library was then submitted to end-repair, A-tailiaugd ligation

to P2 adapter before PCR amplification for 18 cgcle3-1-1 ~ Simulations validation

Amplification products from six PCR replicates wereoled
for each library, gel-purified after size selectmmd quantified

0: T r?tlog BLO?S?I):ZH using ths Hollghn Sensitivity m:"tn For thornback ray, the loss of heterozygosity imwudations
(Agilent). Each library was sequenced on a sep o'an as similar to the expected value (0.734), with diféerence

llumina HiSeq 2.500 |nstrument by INTEGRAGEN (91009anging from 0 to 17% depending on replicate (mditfarence
Evry, France), using 100-bp single reads.

7%). As detailed above, 30 replicates with lessn theds
We used the prografacks (Catchen et al., 2011, Catchen e&. ) P o e
al., 2013) before being trimmed to 95 bp. Batnovo and ifference were selected for further analyses. Maikdation

" 9 P- step ensured that the effective population sizézutzaed with

referenceWmappltngl glgfgn?; E(ulsmgt tllnelngcl)Tja erlr?a((:je? the simulated data were comparable to the expecied EN
genome tvang et al. » Wyffels et al. ) vegiglied to calculated with AgeNe.

call individuals genotypes. Genotyped individualsrevtyped
on 389 483 SNPs spread on 35 134 RAD loci (a semued.1.2  Estimation with Linkage Disequilibrium method
starting or ending with a restriction enzyme sit®jven the N
randomness of restriction enzyme digestion DNA ahd Estimates of N, based on age-stratified samples were
cumulated noise due to wet laboratory and sequgnchiderestimated on average by around -30% for all
protocols, we choose to retain loci with a callimgte combinations of sample siz8)(and population sizeNj except
percentage above 33% (CI 95 1.2 - 88). Initial Sé¢Rection for S=50 andN=10 000 for which the mean underestimation
was made for a larger sample of individuals frorffedent Was around -13%, but with high variability amonglieates
locations in the Northeast Atlantic. We therefoeealculated @nd samples (Figure 3). Only fobk estimates were negative
allelic frequencies for the selected individualadiag to some for L=500,S=50 andN=10 000 and none fd=1000.
SNPs in the data set presenting a minor alleligueacy
(MAF) of 0. Sample size

Finally, to reduce the dataset size without losiffgrmation 50 100 200 300
(and reducing redundancy), we kept only one SNPR%&D
loci. This was done by selecting the most polymar@NP for —_
each available RAD locus. Thus the genetic datasisted of Z, 1.2
35 134 SNPs for 159 individuals, with randomly rimigsdata
for certain SNPs for certain individuals (coded NA)

Generation length and age structure of simulatiomse
consistent with the demographically estimated etqukealues.

0.9-
—L— | | |
0.6 ‘ = ;H:I ¢i$
1000 10000 1000 10000 1000 10000 1000 10000
The estimation of No was made with the Linkage Population size
Disequilibrium method implemented in the NeEstimato _ ) _ ] ] ] o
software. As the method is known to be sensitivette Figure 3: Rgtlo of N, calt?ulated using Linkage Disequilibrium
lvmorohism of th netic marker testedfiltars for method for simulated genetic samples anbEfalculated based on
poly .o'p ISm © .e genetic markers, we lestedises 1o demography for different sample sizes. Colors: satad population
the minimum MAF: 0.00, 0.05, 0.15, 0.25, 0.35 anﬁONhere size. Boxplot: Percentile 95, 75, 25, 5 and meanrizbntal black
a value of 0.05 means that MAE (0.05, 0.5). These filters jine).

were combined with five different filters for theasimum

percentage of missing data (NA) for each includbPS30%,  sampled age: All age-stratified sampling types performed
25%, 20%, 15% and 10% leading to 30 empirical denegimilarly in terms of accuracy and precision (Seppéntary
datasets. Confidence intervals at 95% were direzilyputed figure 3). Therefore, only results from sampling ajes are
by NeEstimator. Absolute value ®. estimates will not be presented below.

considered as the sample size (159 individuals)imasfficient  sanple size: Figure 3 comparesV, values for different
for the Bay of Biscay population assumed >10000@@mple sizes. The underestimation was similar flosample

individuals (Marandel et al. 2016). Empirical dateere znd population sizes (except whe¥50 and N=10 000);
therefore only informative concerning the effecttbé MAF jncreasing sample size did not reduce the amount of

filter and the percentage of missing datad\arestimates. underestimation. However, increasing sample sieatty

2.2.3  N.estimation by Linkage Disequilibrium
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Figure 4: Ratio of N, calculated by the Temporal method using NeEstim@af@, Do et al. 2014) and the correction factodofde and Ryman
(1995) and expectelN, calculated by AgeNe (Waples et al. 2011). Boxesne size (mean of the two sampling events) fr@tdb300.
Colors: simulated population size. Boxplot: Percerib,75,25,5 and mean.

improved precision. For example, for populatioresiz1000, Table 2 Simulation results. Summary of the linear mixeteas

the 5%-95% interpercentile (90IP) range f&f was 0.37 for model for the effects of census population size sample size o,

S=50 and 0.22 foB=300; forN=10 000, the 90IP was reduce&stlmates and variance estimates for replicate latioo runs and

from 1.54 to 0.17 when increasing sample sizkkom 50 to sampling.

300 individuals (Figure 3).
Number of SNP: The number of SNPs (tested range 100-504)*ed effect

had no effect on accuracy (Supplementary figuré&ut) more df MS F
SNPs slightly increased precision. F¢¥1000, the 90IP range sample size (S) 3 4.82 133.03

I 0/-
was not reduced (0.22 for 100 and 500 SNPs) whie25% Census size (N) 1 610.26 16842.77

75% interquartile (IQ) range dV, was slightly reduced from
0.08 (100 SNP) to 0.07 (500 SNP).

Population size: Two population sizes were simulated and
the same sampling scheme was applied to both fonating Random effect

S'N 3 5.96 54.84

N (see Table 1 for a summary of the simulation dgsigfhen Variance

sample size was above 100 individuals, the me%‘ephcateslﬂ 1000) 0.008152
underestimation oN, estimates was comparable between thﬁepllcatesl(\l 10 000) 0.003235
two population sizes: -32% fd=1000 and -33% fo=10 000 Residuals 0.036233

(Figure 3). ForS € (200, 300), precision was comparable
between the two population sizes. F&r 300, IP range was
0.22 forN=1000 and 0.17 foN=10 000. However for smaller3.1.3  Estimation withTemporal Method
sample sizesS € (50, 100), precision was higher for the

smaller population size (foB=50, IP range was 0.37 for Using the Temporal Method the mean estimation biat,
N=1000 and 1.27 foX=10 000) (Figure 3). for different time intervals between samples washea

The results of the linear mixed-effects model shibwieat Variable, for example +25% fd#=50 andN=1 000 and -20%
sampling variability (residual variance) was muahger than for S=50 andN= 10 000 (Figure 4). AlIN. estimates were
simulation replication variances, with simulatioaplication Positive.
variance being larger for the smaller populaticreiTable 2). Sample size: Figure 4 shows boxplots ofV, for the four
The results of the ANOVA for this linear mixed-effe model sample sizes for time intervals between the twopsaravents
showed thaN had the biggest effect dt estimates, comparedranging from one to nine years. The effect of ta@sle size on
to Sand the interaction between the two. N, was different for the two population sizes. Rg¢x1000,

mean bias across time intervals decreased bet@sh
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Figure 5: N, with 95% confidence bands for empirical thornbeak data using the Linkage Disequilibrium metho@ESstimator V2, Do et al.
2014) for different minor allele frequencies (MA&)d percent of missing data.

(+25%) andS=300 (+13%) while folN=10 000, the mean bias
decreased betweedr50 (-20%) andS=100 (+13%) and then 3.2  Empirical data
increased forS=300 (+25%). However, for N=10 000, for
sample size$>100 the true value (EE]) was included in the o
IP and 1Q ranges. Conceming precision, the effafctthe Fest the effect of thAe amount of missing data dred MAF of.
sample size differed for the two simulated populasizes. For included SNPs orV, values. The number of SNPs \_/arled
N=1000, increasing improved precision, the mean IP ranggetween 553 and 14 473. A complementary analysith (w
across time intervals decreased from 1.%50) to 0.93 L=1000 apd_400 data sets for each tested MAF ramge a
(S=300); for N=10 000, the IP range decreased from 1 psreent n2|55|ng data) showed that the number ofsSi# no
(S=50) to 1.18 $=300). Surprisingly, for N=10 000, the meafffect on, estimates and little effect on their precisiors(ies
90IP range increased betwesr50 (1.33) ands= 200 (1.52) notshown).
and decreased again 8300 (1.18). AFor all empirical data sets, 95% confidence intisr¢&l) of
Time interval between samples: Globally, increasing the time Ve estimates were narrow. The widest Cl were obtaifced
interval between samples improved precision andaed bias data sets using no filter on MAF (mean CI width B8} and
(Figure 4). The 90IP range decreased with incrgasime the narrowest for data sets with the most strindiéter on
interval from 3.77 to 1.0N=1000 and5=50). The reduction in MAF=0.45 (mean Cl width 37.48). Independent of the
bias with increasing time interval was more markied Percentage of missing data, the value Bf decreased as the
N=10 000 than for N=1000; similarly for larger sampizes. MAF increased (Figure 5). For example, for the desal
For all population and sample sizes, a decreas,invas Percentage of missing data (10%), increased from 200.0 to
observed after interval 6, which corresponds toatgmaturity 1481.0 individuals as the minimum MAF decreasednfi@45
(6 years for thornback ray, figure 2) coming toypla the to 0.00. Finally,N, decreased as the percentage of missing data
correction factiorC(T) in eq 2. decreased. No correlation was found between theuamof
Number of SNP: The number of SNPs used had very littlgnissing data and the MAF of a given SNP which iégemt
effect on bias (Supplementary figure 4) but slighiticreased might have explained the observed pattern (Figjire 6
precision with the 90IP decreasing from 0.91 tolOwith
increasing number of SNPs. Abole200 there was no gain inTable 3 Analysis of variance of the linear model fitted\, estimates
precision or bias by increasing the number of SNPs. for testing the effects of the percent of missiregadand minimum
Population size: Two population sizes were simulated aniAF- Empirical resuits for thomback ray. AdjustBE=0.97.
the same sampling scheme was applied to bothSFa0, the
temporal method performed differently for the twopplation _Name df MS F P-value
sizes with similar amount of bias but different ediions Missing data 1 2954288 178.71 <0.001
(positive for N=1000 and negative fdi=10 000) (Figure 3). MAF 1 9902337  599.01 <0.001
For 200, the sign of the bias was the same for boffesiduals 27 16531
population sizes, but bias was larger 10 000; precision
was also lower.

The LD method was used for the 30 empirical data s
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Figure 6: Number of SNPs with given minor allele frequencyAlR) and percent of missing data (limited to 30%) donpirical genetic data

and associated histograms.

Fitting a linear modelR?=0.97), we found that the empirical for computational reasons. However, the appropriaeple

Ne estimates increased with the percentage of misdatg

size depends on population size (Marandel et dnfited).

(slope 44.38) and decreased with minimum MAF (slepe Thornback ray populations in the Northeast Atlantice

608.64). The ANOVA results showed that the varigbih Ne
estimates was mainly explained by the minimum MABK]e
3).

4. Discussion

4.1 Factors affecting N. estimates

Many marine fish populations have overlapping gatiens
and large population sizes,
population size estimators

thought to range from 500 000 individuals to mohant 3
million of individuals (estimates derived from pdgtion
biomass estimates in Marandel et al. (2016)). Hiusilations
presented here do not inform on appropriate sasipks for
the thornback ray population in the Bay of Biscay.
Contrary to Waples and Do (2010) and Robinson angéevl
(2013), we found no effect of the age of samplatividuals

on N, estimates. Estimates based on newborn samples

performed equally well to samples including a numbé

whereas genetic effecticonsecutives cohorts roughly equal to generatiowtle as
generally assume discréecommended by these authors. Using the Temportiotie

generations and perform poorly for large populationcorrected for overlapping generationdle was globally

(Marandel et al. Submitted). Using a simulationrapgh, we

overestimated for all tested sample sizes and poghulation

evaluated the performance bf estimators for a non-model sizes. The amount of overestimation depended oiplsasize,

species, taking the thornback ray as example h®two most
popular methods: the Linkage Disequilibrium and Tieenporal
method, the latter being corrected for overlappjagerations.
Using the Linkage Disequilibrium methobl, was globally
underestimated for the two simulated populatioresiZl000

population size and the time interval between samplhe
simulation results confirmed the sampling recomnatioc
specifying that the time interval between sampled #e
sample size should be as large as possible to edoias and
increase precision (Robinson and Moyer 2013). Ideeze,

and 10 000 individuals). For sample sizes above 1dine interval between samples should be larger tharage at
individuals and both population size¥, estimates stabilized maturity if the considered samples are cohorts.

at 30% underestimation with slightly increase ireqgsion.

For both estimation methods we found no effect od t

Underestimation o, is a well-known property of the Linkage humber of SNPs on accuracy and little effects @tigion, the

Disequilibrium method for species
generations (Waples et al. 2014). The reported ammaofi
underestimation for random samples of adults liesvben
50% (mosquito) and 10% (cod) (Waples et al. 201i4h the
30% found for a thornback ray like species lyingoatween.
Assuming the simulated demography represents thckntay
demography well, a 30% correction of thornback My
estimates obtained with the Linkage Disequilibrivmethod
could therefore be carried out given sample sizfficiently
large.

A clear effect of sample size was found for bottinestors.
Here only relatively small population sizes coutd dimulated

with  overlappindatter contradicting previous simulation studiesaf#és and

Do 2010, Robinson and Moyer 2013, Waples et al4201
Globally, for all tested sample sizes and timerirats above
six years, the corrected Temporal method perforbegtter in
terms of accuracy than the Linkage Disequilibriuetinod but
it performed worse in terms of precision as expg¢Waples
and Do 2010). Thus the Temporal method appears tthd
better method for estimatirg, for thornback ray. However, it
requires a high sampling effort with samples sepdran time,
which was not available for the empirical data set.
Empirical genetic data from thornback rays samptethe
Bay of Biscay were used to explore the estimatibiNoof a
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non-model species. Genetic markers were obtainedh fr an underestimation df, because the Linkage Disequilibrium
RADseq thus individuals missing data for a givenPSNere caused by migration will be interpreted as genetift by the
common (Nunziata and Weisrock 2018). We studied thestimator (Wang 2005, Gilbert and Whitlock 20153le8tion
effects of the amount of missing data and of theomallelic can also cause non random association of loci whittfagain
frequency of selected SNPs on Linkage DisequilibriNe be interpreted as genetic drift by the Linkage Diskbrium
estimates. Depending on the filter combining prdéipar of estimator (Waples and Do 2010). The Temporal metaith
missing data and minor allelic frequendl,estimates between no correction factor applied) may also lead to wesimation
200.5 and 2681.0 individuals were obtained. Thisesponds in admixed populations under natural selection kit al.
to a multiplier of 13, which is much larger thare trange of 2007).
values found in the simulation study. Thus, the&§ of the  Unlinked loci: In the simulation study, we assumed unlinked
proportion of missing data and the range of seteecténor SNPs while this assumption is far from biologicadlity, in
allelic frequencies had a larger effect than sarsfde (or time particular if a large number of SNPs is used (Wapde al.
interval for the Temporal method). However, as assed 2016). Indeed, the slight improvement of precisfoand by
above, the effect of sample size depends on populaize, increasing the number of SNPs in both methods haittly be
thus the simulation results and the empirical tssulight not true in reality. The number of truly independentP3Ns equal
be completely comparable. The small sample sizethef to the number of chromosomes, which could be rdtheted
empirical data set might have increased the effectaissing in some organisms. The finite number of chromosomis
data and selected allelic frequencies. Neverthelessor create linkage disequilibrium (more precisely gaménkage
allelic frequencies in the simulated data were ado0.5, thus disequilibrium) only due to physical linkage betwe8NPs,
Ne estimates from empiric dataset with minimum MAR®. rather thanN. changes (Waples et al. 2016). However,
were roughly comparable to ti, estimates from simulatedfortunately, thornback ray have a high number ebotosomes
data in terms of selected SNPs. This selected Makige led (Nygren et al. 1971) making this assumption lesblematic.
to the smallest empiricdll, estimates compared to the other

MAF filters. 4.3  Concluding remarks

There exists only one empirichl, estimate for a thornback
ray population in the literature. Chevolot et aR0@8)
estimated the effective population size of the hlriSea
population to be between 283 and 512 individualsedding
on the estimation method used, which is compar&bleur
estimates for the Bay of Biscay.

In conclusion, for a non-model species, speciaknditin
should be paid to the interpretation Nf estimates as large
underestimation or overestimation can occur. Thusilating a
population mimicking the demography of the specieisiterest
is needed to gain insights into the expected hiaspaecision.
For thornback ray, the effects of demography wenand by
simulation to downwardly bial, estimates by around 30% for
the Linkage Disequilibrium method. The effects of

Thornback ray demography: In our simulations, thornback demography o, estimates using the Temporal method were
ray population maintains a constant size and ageilalition less clear as the method is already corrected Yerlapping
over time which means that gene transmission doesary in generations. For time intervals above 6 years (@it to age
time. This is an ideal situation for applying therection factor at maturity) this method appeared to be the moptogpiate
C(T) developed by Jorde and Ryman (1995). We also asburf@ estimatingN.. For this method, a time interval between
that reproduction and survival of individuals inayed was sampled cohorts larger than age-at-maturity shoble
independent of their reproduction status in year For ray preferred. For both methods, appropriate samplessiepend
species which do not provide any parental care,aksumption on absolute population size.
should not be violated. Estimates o, based on empirical data were highly variable

Estimators: In this paper, we choose to use only twdepending on the proportion of missing data andrdmge of
estimators: the Temporal method corrected for eypgihg allelic frequencies included. Our results showedat thhe
generations and the Linkage Disequilibirum meth@dly one amount of missing data had a bigger effect thanntiémum
single point estimator was chos&om a priori knowledge as allele frequency oM, estimates. Further studies are needed to
the other available single point methods (Molecul@axplore the effect of these two factors. Moreoweissing data
coanscestry, Heterozygosity excess) are known tdonpe is a typical problem for RADseq, thus it is an uvidable
poorly for population sizes above 1000 individu@sidovkin problem which reinforces the need to better undadstits
et al. 1996, Luikart and Cornuet 1999, Wang 2016). effects on\, estimates.

Evolutionary forces: N, estimators assume that of the fou
evolutionary forces (mutation, migration, selectanmd genetic
drift), only genetic drift is responsible for thégmsal in the
genetic data. This condition is fulfilled by ourmilation set- We acknowledge funding from the French “Agence
up but is unlikely to occur in natural populatioMdutation Nationale de la Recherche” (ANR) for the GenoPofpdai
probably has little effect on estimates (Waples Bod2010). project and from the Fondation Total for the GerpRalle-
For the Linkage Disequilibrium method, migrationléad to Capsules project. FM thanks Ifremer for a PhD sttelép and

4.2  Simulation assumptions
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Supplementary Table 1:Demographic data used in AgeNe software (Waples @011) and FactorC software

(Jorde and Ryman 2012% mean age-specific survival rate;probability to survive to age; B: mean number of

offspring.

In preparation

Age S L B

0 1 0

1 0.2 0.2 0

2 0.4 0.08 0

3 0.55 0.044 0

4 0.67 0.02948 0

5 0.73 0.02152 0

6 0.77 0.016571 140

7 0.8 0.013257 140

8 0.815404 0.010809 140
9 0.832806 0.009002 140
10 0.846161 0.007617 140
11 0.856647 0.006525 140
12 0.865036 0.005645 140
13 0.8 0.004516 140

14 0.65 0.002935 140

15 0.5 0.001468 140

16 0.33 0.000484 140

17 0.17 0.000082 140

18 0.01 0.000082 140
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Supplementary figure 1: Map of the 159 sampled individuals in the Bay o$diy. Locations are pointed with

transparency: darker is the point, biggest is #mesiy of points.
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Supplementary figure 2: a) Size repartition of the sampled individualgditetical size at maturity is in red

(Serra Pereira et al. 2008); b) Disk width of thenpled individuals
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Chapitre 6. Evaluer la taille de population efficace des populations marines de grandes tailles :
est-ce possible 7

Ce chapitre étudie 'estimation de la taille de population efficace pour des populations
marines de grandes tailles. Pour ce faire des populations de grandes tailles (1 000 000 d’in-
dividus) ont été simulées, chacune présentant une démographie de raie bouclée. La taille de
population efficace a ensuite été estimée grace a la méthode Linkage Disequilibrium afin d’étu-
dier la précision et les biais potentiels de ces estimations. Cette partie fait ’'objet d'un article
soumis a Fish and Fisheries.

1. Les populations marines : des populations de tres

grande tailles

Comme énoncé dans le chapitre 5, les estimateurs de la taille de population efficaces ont été
développés et utilisés sur des populations terrestres depuis des décennies (Schwartz et al., 2007).
Nombres d’entre eux sont explicitement non adaptés a I’estimation de N, pour des populations
de grandes tailles (méthode "Heterozygote Excess" Pudovkin et al., 1996, méthode "Molecular
Coancestry" Nomura, 2008), alors que d’autres le sont de maniére implicite (méthode Linkage
Disequilibrium, Waples, 2016). Cette incapacité d’estimation résulte d’une dilution du signal
génétique résultant de N, dii aux grandes tailles de populations (Waples, 2016).

Pour la majorité des populations naturelles, N, et N sont différentes. La relation entre N,
et N est une notion clé pour comprendre I'effet de I’exploitation sur les especes marines. Pour les
populations marines, les ratios N, /N sont souvent estimés autour de valeurs tres faibles comme
107 et non autour de 0.5, une valeur répandue pour les populations de vertébrés terrestres. La
table ci-dessous regroupe quelques valeurs de ratios N,/ N estimés dans la littérature.

Taille Méthode
Population Lieu N./N absolue utilisée pour Référence
considérée estimée N,
Acoupa blanc Ecloserie Linkage (Bartley et al.,
(Atractoscion nobilis) (Californie) 0,27 - 0,40 Adultes Disequilibrium 1992)
Tr(lgjleczlf“lc Tc;rclhi;el Ecloserie 0.90 Adultes Linkage (Bartley et al.,
4 (Californie) ’ Disequilibrium 1992)
mykiss)
Saumon quinnat NN .
Riviere 0,013 - Linkage (Bartley et al.,
(Oncorhyunchus Sacramento 0,043 Adultes Disequilibrium 1992)
tshawytscha)
Huitre du Pacifique Izlélt(;steg: < 10-6 Adultes Méthode (Hedgecock
(Crassostrea gigas) Washington) temporelle et al., 1992)
Morue (Gadus *1n—5 ) Méthode (Hutchinson
morhua) Mer du Nord 3,910 Adultes temporelle et al., 2003)
Dorade (Pagrus Nouvelle 1.8 - Non précisée Méthode (Hauser et al.,
auratus) Zélande 2.8%1075 p temporelle 2002)
l(DlljleeSroE;;;ij Islande et 9%10~5 Non précisée Méthode (Hoareau et al.,
Mer du Nord P temporelle 2005)
platessa)

TABLE 6.1 : Ratios N./N pour quelques populations marines.
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Chapitre 6. Evaluer la taille de population efficace des populations marines de grandes tailles :
est-ce possible 7

Hare et al. (2011) propose une explication a ces faibles ratios : les populations marines
de grandes tailles seraient plus sensible a la dérive génétique et a la consanguinité induites par
I'exploitation que ce que suggerent leur taille de population absolue. Plus récemment, Waples
(2016) démontre que ces faibles ratios s’expliquerait par l'incapacité des estimateurs disponibles
d’estimer correctement N, pour des populations idéales de grandes tailles (N=N,=10°). Le
chapitre 6 explore cette incapacité d’estimation de N, dans le cas de grandes populations de
raie bouclée.

2. Article : Evaluer la taille de population efficace des
populations de grandes tailles : est-ce possible? Ap-
plication a la raie bouclée

Soumis & Fish and fisheries (Ghoti) - 26 avril 2018

Florianne Marandel!, Pascal Lorance!, Olivier Berthele!, Verena M. Trenkel’, Robin S.

Waples 2, Jean-Baptiste Lamy 3

- L’exploitation durable des populations marines est une tache difficile basée
sur leurs abondances actuelles et passées. Les données issues de la péche commerciale peuvent
se réveler peu abondantes et peu fiables les rendant inappropriées pour la modélisation quan-
titative. Dans ce cas de figure, il est intéressant d’avoir des estimations d’abondance basées
sur des données alternatives notamment génétiques. Une méthode intéressante et indépendante
des données de péche est 'estimation de la taille de population efficace (N.). Dans cet article,
un état de 'art sur 'estimation de N, a partir de données empiriques a été effectué. Conjoin-
tement, un travail de simulation a été effectué afin d’étudier la faisabilité de ’estimation de
N, pour les populations de poissons de grandes tailles grace aux méthodes d’estimations dis-
ponibles. L’état de 'art de 26 études a mis en évidence que les estimations publiées de N,
sont toutes tres similaires malgré des différences dans les especes étudiées. Une population de
poissons structurée en age a été simulée avec plusieurs tailles de population absolues (de 1 000
a 1 000 000 d’individus) et la taille de population efficace a été estimé par la méthode "Linkage
Disequilibrium". Les résultats montrent que pour des tailles moyennes de populations (1 000
000 d’individus) et des tailles d’échantillons répandues (50 individus), la probabilité d’obtenir
des estimations négatives de N, est élevée (>50%). Ces valeurs négatives sont généralement
interprétées comme une taille de population efficace infinie. De plus, les tailles de populations
efficaces estimées sont toujours biaisées. Les simulations indiquent qu’environ 1% de la popula-
tion devrait étre échantillonnée afin d’obtenir des estimations précises. En conclusion, obtenir
des estimations fiables et précises de la taille de population efficace de populations marines de
grandes tailles semble hors de portée actuellement.

! Ifremer, rue de I'lle d’Yeu, BP 21105, 44311 Nantes Cedex 3, France

2 Northwest Fisheries Science Center, National Marine Fisheries Service, NOAA, Seattle,
Washington, United-States

3 Ifremer, Génétique et pathologie des mollusques marins, La Tremblade sur mer, France
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Estimating effective population size of large marie populations, is it
feasible?

Florianne Marandél, Pascal LorancgOlivier Berthel&, Verena M. Trenké] Robin S. Waplés Jean
Baptiste Lamy

Yfremer, Ecologie et Modeles pour I'Halieutique,ritizs, France
2 Northwest Fisheries Science Center, National Mafiskeries Service, NOAA, Seattle, Washington
3lfremer, Génétique et Pathologie des Mollusquesmaa Tremblade, France

Abstract — Sustainable exploitation of marine populations @hallenging task relying on information about thairrent
and past abundance. Fisheries related data cacabsesand unreliable making them unsuitable fomtjtadive modeling.
One fishery independent method that has attradtedtmn in this context consists in estimating éfifective population size
(No), a concept founded in population genetics. Weereed recent empirical studies biaand carried out a simulation study
to evaluate the feasibility of estimatihg in large fish populations with the currently aebile methods. The detailed review
of 26 studies found that published empiribilvalues were very similar despite differences iacés and total population
sizes N). Genetic simulations for an age structured fispuation were carried out for a range of populatmd samples
sizes and\, was estimated using the Linkage Disequilibrium radthThe results showed that already for mediumdsize
populations (1 million individuals) and common sdengizes (50 individuals), negative estimates i&ety to occur which
for real applications is commonly interpreted adidating very large (infiniteN.. Moreover, on averagl, estimates were
negatively biased. The simulations further indidatieat around 1% of the total number of individuadght have to be
sampled to ensure sufficiently precise estimatds,ofor large marine populations this implies ratlhege samples (several
thousands to millions of individuals). If howeverch large samples were to be collected, many mopelption parameters

than onlyN, could be estimated.

Key words —Effective population size, Linkage-Disequilibriufish, management, census population size, simualatio

1 Ng ESTIMATION FOR LARGE MARINE 1931). Effective population size is considered atipent
POPULATIONS parameter for management as it relates to ratgemdtic drift

and loss in genetic variation (Hare et al. 20119ré&bver N, is
a useful concept for evaluating the genetic futofemarine

Fishery science is driven by the need to produéensic Populations (harvested or not) as reductionSiare p}ositively
advice for the management and conservation of marfprrelated with .redu.ctlo.n.s in populatlon_wablI(SfouIe 1987).
resources and ecosystems (Dankel and Edwards 20h&). The use of\e in §C|ent|f|c studies has increased (War_lg 2005,
motivates the collection of information on popubatistatus L€berg 2005, Luikart et al. 2010, Supplementaryurkg 1)
and biology. Increasingly, attention is paid to tfenetic state which can be linked to the |_ncrea§ed ava|Iab|I|tyTtDIelelar
of marine populations (Ovenden et al. 2015) witmatous Markers but also the continual improvement of esiiom
studies being published on genetic diversity (Brgaown et Methods (Luikart et al. 2010; Wang 2016; Wapleal €2016).
al. 2017), genetic population connectivity (Bryare®n et al. Ir_l the_z past,Ne was considered difficult to estimate but this
2017), and genetic population size (Luikart et2610). For situation has cha_nged (Schwartz et al. 1998_; LeB6ab). As_
example, data from the Web of Science (WoS) shoat ti& consequencéy. is nowadays commonly estimated for varied
between 2000 and 2017, the annual number of ptioiea Marine taxa: mammals (DeWoody et al. 2017), crestas
estimating effective population sizé\J] of marine species (Watson et al. 2016), corals (Holland et al. 20a@yl fishes
increased six fold (Fig. S1 in supporting inforroati Web of (Laconcha et al. 2015; Zhivotovsky et al. 2016t al.
Sciences). Theoretically from a genetic point aéwji N, is 2017). Among commercial fish species, both targetu(sen et
defined as the size of an ideal population thaxseriencing @l 2005; Montes et al. 2016) and bycatch spedi&isevolot et
the same rate of change in allele frequencies tardeygosity a!. 2008) have .been stu_d|ed, representing a widgeraf life
as the observed population (Luikart et al. 201Qjeal history strategies, habitats, population structuteg also
populations are made of diploid organisms with abxCeENSUS population sizes (i.e. total number of iidials in the
reproduction, non overlapping generations, randaating, no p_opulatlon_ |n<_:lyd|ng immatures, denot®y from hundreds to
migration, no mutation, but also no natural setectiwright Pillions of individuals.

"Corresponding author: florianne.marandel@ifremer f#33) 2 40 37 41 64
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Figure 1: Meta-analysis of literature reported estimates ftdctive population sizeN,) in relation to sample size for a) studies Wik
estimation as main goal and c) studies with otloagy and in relation to census population sizebjostudies withN, estimation as main goal
and d) studies with other goals. Infinkk estimates<) in the original publications were plotted at 3W0vhile reported negative estimates
were plotted in grey at 30 000. Sources for cepsysilation size estimates are provided in tableP8ihts in common between panels a), b)

and panels c),d) are filled in.

magnitude higher than the mean. Without ruling-dbé
sweepstake hypothesis, Waples (2016) suggestsbthaed
estimation seemed to be a likely cause for creasimgll N

Many marine fish populations are very large comgaie
vertebrates but also present a large variety oforbtive
strategies. In ideal populations as defined abdiviedividuals
have the same reproductive success maklpgqual toN. estimates for large populations.

Natural populations do not have all properties deal To evaluate the success in estimatifigfor natural marine
populations, leading to variance in the reprod@cBuccess of populations, we analyzed 26 studies containing &piecal
individuals implying that some individuals can adlmite estimates ofN\. for fish or crustaceans (tables S1 and S2 in
genetically more to the next generation than oth&hais, in supporting information). These studies correspond all
most natural population, is smaller tham. relevant studies published in 2016 or 2017 andntbst cited

Genetic simulations for ideal populations indicatedt N, studies for 2000 to 2015. Studies were separatém timo
might not be reliably estimated for medium sizegbyations categories according to the main goal of the stedyimating
(Ne>10P), independent of sample size (Waples 2016). s thil, (20 estimates in 14 studies) or other genetic tipres (34
seminal study Waples (2016) investigated two hypstls estimates in 12 studies). For studies estimabibgas a side

which could lead to too smalN. estimates for large goal, sample sizes were smaller compared to stegigmating
populations: unequal reproductive success (swelagsstalN, as the main goal (313 mean & 19 - 1833 95% raagsifle
hypothesis, Hedgecock 1994) or biased estimatiom Hoal; 3481 and 50-4063 95% range for main goal;1&ig c).

concluded that for the biological explanation toldhofew Few studies in either category used sample sizgerighan
individuals would need to be responsible for mosttlee 500 individuals (25% side goal; 43% main goal; Eiga & c).
successful reproductioni.e. the variance in reproductiveOnly studies estimatindl, as a side goal reported negative or
success of same-age, same-sex individuals has todees of infinite N, estimates (Fig 1.c & d). These negative or indiflg
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estimates corresponded to low sample sizes (<G@iduchls) this bias in TM, notably using a long time lag beém
or very largeN (>1 billion individuals). In the reviewed studiegsemporal samples (for example a generation length)sing a
N ranged from thousands of individuals (Zebra shsokithern bias correction. Indeed, two decades ago, a caorefdctor for
Queensland Australia, Dudgeon and Ovenden 2018¢veral estimating N, for species with overlapping generations was
billions (European anchovy in the Bay of Biscay, s et al. developed by Jorde and Ryman (1995) for TM. Theutation
2016) (Fig. 1b). No significant linear relationshiyas found of this correction factor requires knowledge ofe lifistory
betweernN, and eitheiN or sample siz&. This was tested usingtraits, which might explain why it is not alwayseds
a linear model with only main effects and data frdtme 11  To further explore the (non-)feasibility of estinmaf
studies for whichN was available. The absence of relationshiffective population size for large populationsngscommonly
between N, estimates andN seems to corroborate theused sample sizes, we present results from a siowlstudy in
simulation results obtained by Waples (2016), irtipalar the the next section. In contrast to Waples (2016) weukated
conclusion thal, estimates for large populations can be biaseglerlapping generations based on life history graif
to the point of becoming meaningless. thornback ray Raja clavata), an elasmobranch widely
Several factors impad{, estimates, while increasing sampldistributed in European waters. Elasmobranchs aremlly
size generally improves their accuracy and precigiWaples more vulnerable to fishing than teleosts and haveller
and Do 2010). However, for marine populations, it a population size. Census population size of thisigsein the
large number of samples (tissue, scales...) cagifieult and Northeast Atlantic might be millions of individua{Marandel
genotyping costs can also limit sample sizes. Agrssequence et al. 2016). Thus elasmobranchs are of interest Np
most sample sizes were under 1 000 individualbérréviewed estimation both in terms of conservation and tecdini
studies (Fig. 1a & c¢). This led to sample sizegesponding to applicability of the method. FoN, estimation we chose the
less than 1% of the census population (for exan§fe06%, Linkage Disequilibrium method as it is still the shavidely-
for North Sea cod Poulsen et al. 2005; 2E-07% faice used method.
Hoarau et al. 2005, 2E-04% for European sardinedrauand
Planes 2007). Macbeth et al. (2013) showed by sitioul that
for the narrow-barred Spanish mackerel a sample &5000 2 GENETIC SIMULATION OF A LARGE
individuals was necessary to estimalgof a population with POPULATION
census sizeN=10 000 using the Linkage Disequilibrium
method (see below for details regarding this methddhis 2.1  Method

result emphasizes the need for appropriate samgés@ns for  Genetic simulations were set up mimicking thornbagklife
estimating N.. Currently there are few recommendationgistory traits, i.e. a low fecundity with mediumhagh survival
available for appropriate sampling designs formeatingN. as  (Supplementary table S3). PopulationsNofindividuals were
this is expected to be species dependent. For elaamchs, simulated for 151 years but only the last year wasd for
Dudgeon et al. 2012 advised that 50 individualsevearfficient estimatingN,. Life history traits were used in two ways as in
for Ne <200 individuals while in this paper we show byyaples et al. (2014): (1) to calculate the expected
simulation that, for a thornback ray like elasmaiota species (demographic) effective population siz&€[N,] (AgeNe
assuming No <100 (N=1000 individuals), 300 sampledsoftware,Waples et al. 2011), (2) to carry out satiens to
individuals would be needed for precise (thoughs®®l optain age-structured genetic data (simuPOP mo&eleg and
estimation (see below). Other than the samplinggdeshe Kimmel 2005) to which the LDM estimator df, was applied
type (microsatellites or SNPs) and the number ofkera can Fig. S2).
have a large effe_zct oN, estimates (Waples and Do 2010, F. The expected (demographic) effective populatiore sier
Marandel unpublished results). _ enerationE[N,] was calculated using the AgeNe software
Numerous methods and estimators are available gﬁsed on life history traits (Felsenstein-Hill nethWaples et
estimating contemporaryN.. However, two approachesy| 2011). The method assumes a stable populatios Etable

dominate the field: temporal estimation which reesi sge structure) and constant survival and fecursditie age
temporally spaced samples from a population anglesipoint (waples et al 2014, eq. 1):

estimation which requires a sample from only a lsiqpint in
time. Among the two approaches, the most populahoakeis
the single-point Linkage Disequilibrium Method (LDNHill
1981, Waples et al. 2014). It was used for 22 egismamong
the 55 estimates provided in the reviewed studidsle the ~ whereN; is the number of age 1 individuals in the popolati
Temporal Method (TM, Jorde and Ryman 1995) based @and G is the generation length (= mean age of parents of
temporal changes in allele frequencies was used 1fdr newborns). Both depend on survival and fecunditgs;ain
estimates and the Pseudo Likelihood Method (PLM,nyvaaddition N; depends on population si2¢. V, is the inter-
2001) also based on temporal changes in allelaiémcjes for individual variance of lifetime reproductive sucggthe mean
seven estimates. Only 14 estimates used other dwth®M, life time reproductive success for a stable popufats 2,

TM and PLM have been widely reviewed for variougaps hence the 2 in the denominator of equation 1.

(Schwartz et al. 1998; Wang 2005; Waples et al4p@dith All modeled populations in simuPOP were simulateth
emphasis on the need for considering the life hjstif the 1:1 sex ratio and random assignment of age atliaiition
studied species to obtain reliaiNgestimates or even to be abléyear 0). Newborn individuals were generated bywitg one

to interpret correctlyN. estimates. An example is the biaghale and one female from the pool of potential pieAll
induced inN, estimates by overlapping generations (whigpotential parents of the same sex and age had aal eq
occurs in a natural population in contrast to areald probability to become a parent. Two hundred biallgenetic
population), i.e. where more than one breeding gaiom is markers corresponding to SNPs (Single Nucleotidekbta)
present at any one time. There are several waysiomize were simulated with an initial allele frequency 5.

E[N,] = 219 1)(

Vi +2
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Preliminary simulations were conducted with 1 6dallelic
genetic markers showing that a plateau in termgre€ision

circumvent this obstacle, a proxy is used, calted dcomposite

measure of linkage disequilibrium. The full explaoa of this

and accuracy ofN. estimates was reached at around 2@Doxy is out of scope of this article and it reveghin Hamilton

markers.

Table 1: Simulation designN is the simulated population size used in
simuPOPE[N,] is the expectell. estimated with AgeNe.

Simulated N E[Ng] Tested sample sizesS|
1000 87 50, 100, 200, 300
10 000 870 50, 100, 200, 300, 500, 1000
100 000 8700 50, 100, 200, 300, 500, 1000, 1500
50, 100, 200, 300, 500, 1000, 1500,
1 000 000 87 000
5000, 10 000

Four populations sizes were simulatédge (1 000, 10 000,
100 000, 1 000 000) individuals, to evaluate thégumance of
the LDM for different census sizes. Note that tlegést
simulated population size was smaller than many fish
populations due to computational constraints. Amutited
populations contained immatures and overlappingeiggions
with mature individuals reproducing several tim&$Ng] of
each population was smaller than the simulated lptipa size

N (E[Ng=0.087 N, Table 1). For each population size, 30

replicates were carried out to capture the stoddigsinherent
in genetic simulations. For each population repiicaine
sample sizes € (50, 100, 200, 300, 500, 1000, 1500, 500
10 000), were investigated (Table 1); the largenma sizes
could only be explored for the largest populatiozes.
Sampled individuals were randomly drawn from newisoin
the last year. For each population replicate andpa size,
sampling was repeated 50 timés, for each population and
sample size there were 1500 simulated data sets2@0
simulated loci were generally used for estimationless the
minor allele frequency was <0.05 in which caseaswemoved
as suggest by Waples and Do (2010) to minimize 8agp
bias.

The Linkage Disequilibrium (LD)
association of alleles at different gene loci, eliple A at SNP

locus 1 with alleleb at SNP locus 2. When loci are inherited

independently, the frequency of thd loci association is just
the product of the two allele frequenciPg and Py, in the
population. In natural populations, overlapping e@tions,
gene flow and linked loci will influence LD in adutin to finite
population size.

For applying the LDM, the LD is measured by the c
variance D) and the squared correlatiarf)(between loci. The
squared correlatiorf is defined as:

D2
r?=———
PAPqPBPp

)

is the non-random

and Cole (2004).
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Figure 2: Ratio of inverse effective population sizéVl/estimated

@/ith the Linkage Disequilibrium method for simuldtegenetic

samples using NeEstimator (Do et al. 2014) and argeeffective
population size H[N,] for chosen simulation parameters calculated
by AgeNe (Waples et al. 2011). Sample sizes go fs@nto 10 000
individuals (newborns). Colors: simulated populatgine. Box: 75
and 25 percentiles, vertical line: 95 and 5 peitenthorizontal bar:
mean estimates. Dashed lineVJ#1/E[N,]

For estimating\, based on the proxy estimaité adjusted for
sample sizeS related sampling error according to Weir (1979),
the following relationship was used (Waples 2006):

. Ys+ |V g-2.7672
N, =" with 7

2.'5:2/

=72 _ 1/5 _ 3.19/52 (3)

Equation (3) shows that if $/is larger tharn#? a negative

estimate ofV, is obtained. Thus negative estimates occur when

sampling error is larger than the genetic signalrr@dation
between loci, eq 1), without invoking any genetiteet. The

(%I_SUEIJ practitioner interpretation made is that tiggaN,

estimates indicate a very large effective poputasize, hence
negative estimates are replaced by infinity (Laudberg and
Weir 1979; Nei and Tajima 1981). In reality, negatestimates
can also simply be caused by an insufficient sarsigke

The estimator in eq 3 is implemented in NeEstim&®r(Do
et al. 2014) which was used for the simulated data. As this

whereA anda are the major et minor alleles (in frequency) &ftware does not account for overlapping genematil,
SNP locus 1 an@ andb are the major et minor alleles at SNEstimates will be biased to an unknown degree dépgron

locus 2,D =P,z — P,Pg and P,, P, Pg and P, are the
frequencies of allele#, a, B and b respectively.Pss is the

the simulated life history (Waples et al. 2014).
Quantifying accuracy (or bias) and precision ofreates of

haplotype (joint) frequency of the gamete/chromasorgffective population size is complicated becage has a

carrying the alleléA at locus 1 and the alle at the locus 2.
Thus the calculation of LD is based on allele aagplbtype
frequencies. However in most fishery studies, hgplk
frequencies are not available as the data doescaootain
information on which one of the pair of chromosonmedds
which allele making the exact calculationréfimpossible. To

skewed distribution and can be arbitrarily large @ven
negative as discussed above). Accordingly, wefsd Wang
(2001, 2009), who focused on bias and precisioth®finverse
1/N,, which is proportional to the rate of genetic daifid is the
signal for effective size that is detected by aknetic
estimation methods. The estimates M. Were then compared
to the inverse of the expected vakigv,] (eq 1).
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Figure 3: Percentage of negative effective population sitinates ) for a simulated thornback ray like populatiorirested with the Linkage Disequilibrium
method (NeEstimator, Do et al. 2014). Colors arapsB: simulated population size.

Thus we analyzed the distributionﬁ% = % .Notethat 2.3  Bias and precision of N. estimates

In terms of relative bias, all simulated populatisizes
converged to a mean relative positive bias of alotB0%
(Fig. 4a). For allN, precision increased (CV decreased) with
increasing sample size (Fig. 4b). As expected, wurst
precision was obtained fd¥=1 000 000 and=50 for which
1/N, was overestimated as much as 88 times for certain
J1/EIN.] . replicates and samples. Globally for all simulamdlulation
I/TN; and CV =0 (4) sizes, given a sufficient sample size, the CV fé¥,1was

smaller than 0.2. Thus the sample sizes needestdbilizing
where was the mean and the standard deviation of theMean relative bias estimates and achieving a Clésx than
1500 1/N, estimates. 0.2 were around 1% _oN for N €(10 OO_O, 100 000 and
1 000 000). FoN=1 000 it wasS=50 as we did not test smaller
sample sizes.

the effect forN, is then the inverse of that forNl, e.g.
underestimation instead of overestimation. Relatias and
coefficient of variation (CV) of N, estimates were calculated
as:

Relative bias =

2.2  Distribution of N, estimates

For all simulated population sizes the interquartdnge of
relative estimatesE(N,]/N,) decreased with sample size and.4  Discussion

for a given sample size was largest for the laggpulation  Most marine fishes have overlapping generations rang
sizes (Fig. 2, note different scales for y-axisjtifiates were have large population sizes (millions to billionsf o
generally positively biased though negative valbesurred for jndividuals), whereas genetic effective populaticsize
the larger population sizes when sample size wasl.sm estimators generally assume discrete generations atso
No negativeN, estimates for population si2é=1000 were jmplicitly small population sizes. Using a simutatiapproach,
found, whatever the sample si®e50 (Fig. 3). FoN=10 000, e examined the feasibility of estimating the eifex

only the smallest sample siz&=60) led to negativeN,
estimates (3.5%). FAX=100 000 and\=1 000 000, negative
N, estimates were absent when respectively at le& @010
000 individuals were sampled, which represents 194.d-or
sample sizes <100 individuals (the most common $&arsige
found in the literature review above), the percgataof
negativeN, reached a maximum of 53% f8#50 for N=1 000
000. Comparing results foN=10 000 with N=100 000, for
sample sizeS=50, the number of negativél, estimates
increased by 1618%. The same comparison betWeet00

population size of a realistic fish species takingrnback ray
as an example and using the popular LD methodaFgiven
sample size, the results showed a large increas¢hen
percentage of negative estimates with census pipulaize.
For example, in simulations for a population size ome
million individuals, 200 SNPs and sample size Sdividuals,

53% of N, estimates were negative. This means that a study

attempting to estimatbl, for a real thornback ray population
of one million individuals would have a 50% chanoé
producing a negative estimate, which could leathéowrong

000 andN=1 000 000 showed an increase of 120% of negatiw®nclusion that the effective population size wasyvarge,
estimates. Thus with usual samples sizes (Figa pppulation i.e. infinite. Thornback ray populations in the Mwast
of 1 000 000 individuals could easily be evaluateding an Atlantic are thought to range from half a milliam more than
infinite N due to the high probability of obtaining a negativ three millions individuals (F. Marandel unpublishessults).
Ne estimate (>50%). Indeed, Zhivotovsky et al. (2016Jhus the percentage of negative estimateNofor a real
attempted to estimatl, for cod in the Barents Sea using a@hornback ray population can be expected to be déwginer
small sample$= 43) and few microsatellites (13). As expectedhan what we found here if a sample of only 50vidhials is

they found that all estimation methods gave negatfil
estimates.

used. Waples (2016) simulated an ideal populatibrore
million individuals and estimatedN, with 5000 sampled
individuals and 100 SNPs. In this case, the peacgntof
negative estimates reached also 50%. Again thidtreg an
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ideal population corroborates that estimatihgfor large real
fish populations can be challenging already becaabe
sampling difficulties. Moreover, in Waples (2016yen when
N was estimated to be positive,
underestimated by as much as 99%. Thus, for redicagions

even when positive finite estimates Nf are found, these
estimates can still be hugely biased and impre(isg 4).

Note that the simulations assumed perfect genagypimy

genotyping errors will further decrease precision.

The probability of obtaining negativé, estimates/alue can
be reduced by increasing sample size. Our simulagiody

technically this was achieved by coding each SNP aon
different chromosome. This is an ideal situatiorichihis not
likely to happen when using empirical genetic meske

the values werhysical linkage is expected to increase the dowhwaas of

N, estimates (Waples et al. 2016). Further, we ordgdu
samples from newborns but results were similargusamples
stratified by age for all ages or only mature offesMarandel
results not shown). We only studied the effectahple size
and its interaction with census population size &mbred
other sources of errors such as genotyping erpagtijcular
genomic or ecological features such as polyplotdina which

suggests that a sample size of around 1% of theusenwill also impact real life estimates and probabiyply that
population sizeN might be sufficient to obtain precise (buteven larger samples are needed to stabilize bhp@atision.

biased) estimates using LDM, which at the same tiwveds
negative estimates. However, in the case of rayulatipns
this means that appropriate samples sizes can reagral
thousands of individuals. Much larger sample sixéght be
necessary for teleost fish populations which obsipuimits
the economic and logistic feasibility of geneticfeefive
population size studies.

A single sample method such as the LD method csitydze
applied opportunistically in studies whekg estimation is a
side goal (for example, in population genetics igs)] and
thus, rely on small sample sizes that are not dit this
purpose. For example, Watson et al. (2016) studhesl
population genetic structure of the European labstethe
Irish Sea jointly with the estimation ™, for nine sampling
locations. For six locations using the LD methdd, was
estimated to be negative (with confidence intervatsuding
infinity) and thus interpreted to be infinite. Tample sizes
used in this study varied between 29 and 48 indadisl which
suggests that the negatiMg estimates were a consequence
the small sample sizes used rather than infinitect¥e
population size.

In this study simulations were carried out for artiback ray

like species. While N, estimates were rather variable wi

found that for an appropriate sample size, the nmeéative
bias was around +50%. As overestimation &, Iimeans that
N, is underestimated, a 50% overestimation ofV,1/
corresponds to an underestimation\pfof around 31%. The
existence of underestimation is a well-known proper the
LD method for species with overlapping generatiiVaples
et al. 2014). The reported amount of underestimafior
random samples of adults lies between 50% (mosqaitd
10% (cod) (Waples et al. 2014) with the 30% fouadd ray
like species for random samples of newborns lyingatween.
Assuming the simulations were sufficiently reatistfor

thornback ray, the correction Bf estimates obtained with the

LDM for a thornback ray like population might beeahpted,
but only if a sufficiently large sample size wagdis

We now briefly discuss the assumptions made
simulation study and their possible impacts on téesults.
Populations were simulated for 151 years and nengbaere
sampled in the final year only to estimadg with the LDM.
The 150 first years can be considered a long buto-ensure
reaching the equilibrium for population dynamicg hiso for
the allele frequencies of the genetic markers. \WWedu200
SNPs with an allele frequency of 0.5 at the stdsing more
SNPs might increase precision (Waples and Do 2Qt6ygh
initial trials showed that the gain should be smatile using
a different allele frequency, i.e. <0.5 minor aldtequency,
would lead to more SNPs being excluded due to hiofding
(SNPs with minor allele frequency <0.05 in the lpsar were

excluded). No physical link between SNPs was asdum

Lastly, only the LDM was used for estimatiiNg. Numerous
other genetic estimators are available (see Wari® 206r a
complete review) but all are expected to perfornorfyofor
small sample sizes (and several need corrections
overlapping generations).

fo

&
.
3

a a
S o o

B
o
S

Relative bias of 1/NA9
& .
g

-5007

50 100 200 300 500 1000 1500 5000 10000

20~
(

vV of 1/N,

O

N

-40-

100 200 300 500 1000 1500

Sample size (log scale)

5000 10000

Population size ~@- 1 000 10 000 100 000 “* " 1 000 000

Figure 4: a) Relative bias and b) CV of inverse effectivepylation size
estimates (V) calculated by Linkage Disequilibrium method fomslated
genetic samples using NeEstimator (Do et al. 20R&lative bias is with
respect to expected effective population siz&[N/] for chosen simulation
parameters calculated by AgeNe (Waples et al. 2@dhple sizes go from 50
to 10 000 individuals (newborns). Colors: simulgpegulation size.

. f’% CONCLUDING REMARKS
in the

Numerous methods for estimating effective poputatiize
are available but they all suffer from differenusmes of bias
and uncertainty. They also all demand high sampéffort,
sometimes explicitly€g. the temporal method requires several
samples separated in times) and sometimes impli@t. the
Linkage Disequilibrium method requires a large nemiof
individuals to be sampled). The amount of bias enejic
estimates of effective population size depends lom life
history traits of the studied species (Waples ef@14). Thus,
particular attention should be paid to the intetggien of
positive finiteN, estimates as large underestimation or
gverestimation can occur. Moreover, due to largputation
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sizes in the marine environment, negatMg estimates are
commonly found and should be interpreted with casethey
might indicate insufficient sample sizes rathemth#inite true
Ne. In our simulations, foN=1 000 000 and&=50, half of all

replicates led to negativid, estimates suggesting sample size

was insufficient. However, if by chance a positfirgte N, is
estimated, it cannot be interpreted as a proof tatsample
size is sufficient as half of the estimates wedead positive
for this sample size.

While theoretically it might be possible to correbk
estimates, in practice at least two conditions rieetie met.
First, simulations reproducing the species life tdrig
sufficiently well will need to be carried out totiesate a
species-specific bias correction factor. For arthack ray like
species we found NeEstimator underestimaigdby 31%,
while Waples et al. (2014) found a 10% bias for.c®elcond, a
sufficiently large number of individuals needs te $ampled,
probably around 1% or more of census populatioa. sizhile
the first condition is time consuming, it remainsagible.
However, given the large population sizes of margrine
fishes, sampling 1% will require samples sizes Whice often
neither practical nor financially feasible. Thushile the
effective population size concept is suitable fealaating the
genetic status of marine populations, popular toalwd
sampling designs often miss the target (small sarsjze, too
large population). If however precise bias-corréoctstimates
of effective population size can be obtained, dediin Ng
track declines inN and thus, can be
management (Ovenden et al. 2016).

In conclusion, for large marine populations eitappropriate

sample sizes are used Ok should not be estimated and

reported. This study found that for a thornback iles species
sample size should be around 1% of absolute papnlaize
for the Linkage Disequilibrium method. If howeverch large
samples are collected, other population quantitas be
estimated using the same data. Absolute abundance
demographic parameters (fecundity, mortality)
estimated with the close-kin mark-recapture (CKM®gthod

(Bravington et al. 2016a, 2016b). This method iselslaon the
identification of pairs of close relatives (pareaffspring or

half sibling pairs). Pairs of related individualangpled at
different locations can also on inform on migratigreutry et

al. 2017) and be used for estimatiNg (Waples et al. 2018).

However, as these approaches have not been muah use

further studies are needed to evaluate their mamitslimits.

4  Acknowledgements

We acknowledge funding from the French
Nationale de la Recherche” (ANR) for the GenoPoldai
project and the Fondation Total (project GenoPdj&ai
Capsules). FM thanks Ifremer for a PhD studentsing a
grant who allowed her to work at the NOAA of SeattlFM
tanks Bo Peng for his help with simuPOP code. Waldvtike
to thank two anonymous reviewers for constructisenments
which helped to improve the manuscript.

5 References

Bravington, M.V., Grewe, P.M., and Davies, C.R. @81
Absolute abundance of southern bluefin tuna

estimated by close-kin mark-recapture. Nat. Commun.

7:13162. doi:10.1038/ncomms13162.

informative for

cak b

“Agence

Bravington, M.V., Skaug, H.J., and Anderson, E.Cl&b.
Close-Kin Mark-Recapture. Stat. S8il(2): 259-274.
doi:10.1214/16-STS552.

Bryan-Brown, D., Brown, C., Hughes, J., and ConndR.

2017. Patterns and trends in marine population

connectivity research. Mar. Ecol. Prog. &85 243—

256. doi:10.3354/meps12418.

Chevolot, M., Ellis, J.R., Rijnsdorp, A.D., Stam, W, and
Olsen, J.L. 2008. Temporal changes in allele
frequencies but stable genetic diversity over s p
40 years in the Irish Sea population of thornbagk r
Raja clavata . Heredity101(2): 120-126.
doi:10.1038/hdy.2008.36.

Dankel, D.J., and Edwards, C.T.T. 2016. Fisheryesys and
the role of management scienbe Management
science in fisheries: an introduction to simulation
based methods. Routledge, Londdtew York. pp.
3-15.

DeWoody, J.A., Fernandez, N.B., Briiniche-Olsen, A.,
Antonides, J.D., Doyle, J.M., San Miguel, P.,
Westerman, R., Vertyankin, V.V., Godard-Codding,
C.A.J., and Bickham, J.W. 2017. Characterization of
the Gray Whaldschrichtius robustus Genome and a
Genotyping Array Based on Single-Nucleotide
Polymorphisms in Candidate Genes. Biol. Bull.
232(3): 186-197. doi:10.1086/693483.

Do, C., Waples, R.S., Peel, D., Macbeth, G.M. €TilIB.J.,

and Ovenden, J.R. 2014. NeEstimator V2: re-

implementation of software for the estimation of
contemporary effective population size Ne from

genetic data. Mol. Ecol. Resou#(1): 209-214.

doi:10.1111/1755-0998.12157.

Dudgeon, C.L., Blower, D.C., Broderick, D., Gilgs...,

Holmes, B.J., Kashiwagi, T., Kruick, N.C., Morgan,

J.A.T., Tillett, B.J., and Ovenden, J.R. 2012. Riew

of the application of molecular genetics for fisher

management and conservation of sharks and rays. J.

Fish Biol.80(5): 1789-1843. d0i:10.1111/j.1095-

8649.2012.03265.x.

Dudgeon, C.L., and Ovenden, J.R. 2015. The relstipn

between abundance and genetic effective population

size in elasmobranchs: an example from the globally
threatened zebra sha®tegostoma fasciatum within its

protected range. Conserv. Gerigi(6): 1443-1454.

doi:10.1007/s10592-015-0752-y.

Feutry, P., Berry, O., Kyne, P.M., Pillans, R.Dill&ty, R.M.,

Grewe, P.M., Marthick, J.R., Johnson, G.,

Gunasekera, R.M., Bax, N.J., and Bravington, M.

2017. Inferring contemporary and historical genetic

connectivity from juveniles. Mol. EcoR6(2): 444—

456. do0i:10.1111/mec.13929.

Hamilton, D.C., and Cole, D.E.C. 2004. Standardjzn
Composite Measure of Linkage Disequilibrium. Ann.
Hum. Genet68(3): 234-239. doi:10.1046/j.1529-
8817.2004.00056.x.

Hare, M.P., Nunney, L., Schwartz, M.K., Ruzzante;. D

Burford, M., Waples, R.S., Ruegg, K., and Palda,

2011. Understanding and estimating effective

population size for practical application in marine

species management: applying effective population
size estimates to marine species management.

Conserv. Biol25(3): 438—-449. do0i:10.1111/j.1523-

1739.2010.01637 .x.

a

119



Hedgecock, D. 1994. Does variance in reproductiveass
limit effective population size of marine organishhs
Genetics and evolution of aquatic organisms,
Chapman and Hall. Beaumont M, London. pp. 122—
134.

Hill, W.G. 1981. Estimation of effective populatisize from
data on linkage disequilibrium. Genet. R&&(03):
209-216.

Hoarau, G., Boon, E., Jongma, D.N., Ferber, Ssdeal J.,
Van der Veer, H.W., Rijnsdorp, A.D., Stam, W.T.,
and Olsen, J.L. 2005. Low effective population size
and evidence for inbreeding in an overexploited
flatfish, plaice Pleuronectes platessa L.). Proc. R.
Soc. B Biol. Sci272(1562): 497-503.
doi:10.1098/rspb.2004.2963.

Holland, L.P., Jenkins, T.L., and Stevens, J.R.7201
Contrasting patterns of population structure antege
flow facilitate exploration of connectivity in two
widely distributed temperate octocorals. Heredity
1191): 35-48. doi:10.1038/hdy.2017.14.

Jorde, P.E., and Ryman, N. 1995. Temporal allelguency
change and estimation of effective size in popoireti
with overlapping generations. Geneti392):
1071090.

Laconcha, U., Iriondo, M., Arrizabalaga, H., Manaa@.,
Markaide, P., Montes, |., Zarraonaindia, ., Veladp
Bilbao, E., Gofii, N., Santiago, J., Domingo, A.,
Karakulak, S., Oray, I., and Estonba, A. 2015. New

Montes, I., Iriondo, M., Manzano, C., Santos, Mon&lin, D.,
Carvalho, G.R., Irigoien, X., and Estonba, A. 2016.
No loss of genetic diversity in the exploited and
recently collapsed population of Bay of Biscay
anchovy Engraulis encrasicolus, L.). Mar. Biol.
1635). doi:10.1007/s00227-016-2866-2.

Nei, M., and Tajima, F. 1981. Genetic drift andrastion of
effective population size. Geneti@8(3): 625-640.

Ovenden, J.R., Berry, O., Welch, D.J., BuckworttC Rand
Dichmont, C.M. 2015. Ocean’s eleven: a critical
evaluation of the role of population, evolutionand
molecular genetics in the management of wild
fisheries. Fish Fishl6(1): 125-159.
doi:10.1111/faf.12052.

Ovenden, J.R., Leigh, G.M., Blower, D.C., Jone§,.AMoore,
A., Bustamante, C., Buckworth, R.C., Bennett, M.B.,
and Dudgeon, C.L. 2016. Can estimates of genetic
effective population size contribute to fisheriesck
assessments? J. Fish BR®6): 2505-2518.
doi:10.1111/jfb.13129.

Peng, B., and Kimmel, M. 2005. simuPOP: a forwamkt
population genetics simulation environment.
Bioinformatics21(18): 3686—-3687.
doi:10.1093/bioinformatics/bti584.

Pita, A., Pérez, M., Velasco, F., and Presa, P720fends of
the genetic effective population size in the Southe
stock of the European hake. Fish. REXL: 108-119.
doi:10.1016/j.fishres.2017.02.022.

Nuclear SNP Markers Unravel the Genetic StructurePoulsen, N.A., Nielsen, E.E., Schierup, M.H., Lde$e, V.,

and Effective Population Size of Albacore Tuna
(Thunnus alalunga). PLOS ONEL(Q(6): e0128247.
doi:10.1371/journal.pone.0128247.

Laurent, V., and Planes, S. 2007. Effective popartesize
estimation orBardina pilchardus in the Bay of Biscay
using a temporal genetic approach: effective
population sizes of sardines. Biol. J. Linn. SB&4):
591-602. doi:10.1111/j.1095-8312.2007.00747 .X.

Laurie-Ahlberg, C.C., and Weir, B.S. 1979. Allozymi
Variation and Linkage Disequilibrium in Some
Laboratory Populations @rosophila melanogaster.
Genetic92(4): 1295-1314.

Leberg, P. 2005. Genetic approaches for estimé#tiag
effective size of populations. J. Wildl. Man&$(4):
1385-1399. d0i:10.2193/0022-
541X(2005)69[1385:GAFETE]2.0.CO;2.

Luikart, G., Ryman, N., Tallmon, D.A., Schwartz,W. and
Allendorf, F.W. 2010. Estimation of census and
effective population sizes: the increasing usef&snef
DNA-based approaches. Conserv. Geh&f2): 355—
373. doi:10.1007/s10592-010-0050-7.

Macbeth, G.M., Broderick, D., Buckworth, R.C., d@@denden,
J.R. 2013. Linkage Disequilibrium Estimation of
Effective Population Size with Immigrants from
Divergent Populations: A Case Study on Spanish
Mackerel Scomberomorus commerson). G3amp58
GenesGenomesGenetig@): 709-717.
doi:10.1534/g3.112.005124.

Marandel, F., Lorance, P., and Trenkel, V.M. 20A®ayesian

state-space model to estimate population biomatss wi

catch and limited survey data: application to the
thornback rayRaja clavata) in the Bay of Biscay.
Aquat. Living Resour29(2): 209.
doi:10.1051/alr/2016020.

and GrgNkjaer, P. 2005. Long-term stability and
effective population size in North Sea and BalgaS
cod Gadus morhua): effective population size in
atlantic cod. Mol. Ecol15(2): 321-331.
doi:10.1111/j.1365-294X.2005.02777 .X.

Schwartz, M.K., Tallmon, D.A., and Luikart, G. 19%8eview
of DNA-based census and effective population size
estimators. Anim. Conser%(4): 293-299.
doi:10.1111/j.1469-1795.1998.tb00040.x.

Soulé, M. 1987. Viable Populations for Conservation
Cambridge University Press, Cambridge, UK.

Wang, J. 2001. A pseudo-likelihood method for eating
effective population size from temporally spaced
samples. Genet. Re&3(3): 243-257.

Wang, J. 2005. Estimation of effective populatices from
data on genetic markers. Philos. Trans. R. SocioB B
Sci. 360(1459): 1395-1409.
doi:10.1098/rstb.2005.1682.

Wang, J. 2009. A new method for estimating effectiv
population sizes from a single sample of multilocus
genotypes. Mol. Ecoll8(10): 2148-2164.
doi:10.1111/j.1365-294X.2009.04175.x.

Wang, J. 2016. A comparison of single-sample estiraf
effective population sizes from genetic marker data
Mol. Ecol.25(19): 4692—4711.
doi:10.1111/mec.13725.

Waples, R.K., Larson, W.A., and Waples, R.S. 2016.

Estimating contemporary effective population size i

non-model species using linkage disequilibrium asro

thousands of loci. Heredity17(4): 233-240.

doi:10.1038/hdy.2016.60.

Waples, R.S. 2006. A bias correction for estimafexffective
population size based on linkage disequilibrium at
unlinked gene loci*. Conserv. Geng(2): 167-184.
doi:10.1007/s10592-005-9100-y.

120



Waples, R.S. 2016. Tiny estimates of Mg/ N ratio in marine British marine protected area. Fish. RE83 287—

fishes: Are they real? J. Fish Bi8i)(6): 2479-2504. 293. doi:10.1016/).fishres.2016.06.015.
doi:10.1111/jfb.13143. Weir, B.S. 1979. Inferences about Linkage-Diseftiilim.
Waples, R.S., Antao, T., and Luikart, G. 2014. &feof Biometrics35; 235-254.
overlapping generations on Linkage Disequilibrium Zhivotovsky, L.A., Teterina, A.A., Mukhina, N.V.ti®ganov,
estimates of effective population size. Genetics A.N., Rubtsova, G.A., and Afanasiev, K.I. 2016.
197(2): 769-780. doi:10.1534/genetics.114.164822. Effects of genetic drift in a small population of
Waples, R.S., and Do, C. 2010. Linkage disequilitori Atlantic cod Gadus morhua kildinensis Derjugin)
estimates of contemporary Ne using highly variable landlocked in a meromictic lake: genetic variatzord
genetic markers: a largely untapped resource for conservation measures. Conserv. Geligtl): 229—
applied conservation and evolution. Evol. A@B{B): 238. doi:10.1007/s10592-015-0774-5.

244-262. doi:10.1111/j.1752-4571.2009.00104.x.
Waples, R.S., Do, C., and Chopelet, J. 2011. CaticigN .
andN ¢/ N in age-structured populations: a hybrid 6 Competing interests

Felsenstein-Hill approach. ECO'OQQ(?): 1513-1522. We have no Competing interests.
doi:10.1890/10-1796.1.

Waples, R.S., Grewe, P.M., Bravington, M.W., H{{aR., and 7
Feutry, P. 2018. Robust estimates of a Ngh' N
ratio in a top marine predator, southern bluefimatu
Sci. Adv.4(7): eaar7759. doi:10.1126/sciadv.aar775

Watson, H.V., McKeown, N.J., Coscia, I., Wootton, &d
Ironside, J.E. 2016. Population genetic structtith®
European lobsteHomarus gammarus) in the Irish
Sea and implications for the effectiveness of trat f

Funding
The study received funding from the French “Agence
Nationale de la Recherche” (project GenoPopTadtmtract
9ANR-14-CE02-0006-01), the Fondation Total (project
GenoPopTaille-Capsules) and the European Union jgipro
Pandora).

121



Chapitre 6. Evaluer la taille de population efficace des populations marines de grandes tailles :

est-ce possible 7

Supporting information

40

w
S

N
<

=
2

Number of publications

o
1

2000 2005 2010 2015
Year

Figure S1: Number of peer-reviewed publications related tfeative population size in marine
population (from the Web of Science consulted o®D22018, Search: TS = ("effective population
size" AND marine) AND PY= (2000-2017)). Total numbef publications: 343. Line: loess
regression; shape: 95% intervals.

Thornback ray demographic data set:

Survival and fecundity per age

B
200 Loci Nindividuals

Population
dyaamics sadel Agele ] Python code (SimuPOP)
e 7y 5
151 Years

E[N,] :
i Genetic data (SNPs)
' ) R < ode Resampling
L 200loci S |no|\f|dua|5 tSuN] 'rear .151
Tt S5 » ‘ £ s

Samp1ed leneﬁc data tSN Ps]

N, calculation
N Est.‘matur
Linkage Disequilibrium method

Software
Parameters
Estimator
inputs performance study
........ » Output —-[ R mde
F/E[N

Figure S2: Flowchart for simulation study. References foitwafe used: AgeNe (Waples et al. 2011),
NeEstimator (V2, Do et al. 2014), R (R FoundationStatistical Computing 2008) and simuPOP
(Peng and Kimmel 2005).

122



Chapitre 6. Evaluer la taille de population efficace des populations marines de grandes tailles :

est-ce possible 7

‘dd €5 '9€:INODV/LTO IND SIDI rewuaq ‘usbeywssl ‘10z AelN TT-1 (IAIMMIM) $H001S panguisiaiAiepo doysxiop rewyouag ayi jo uoday 'p2T0zZ "SI0

"ddg6 "90:INODV/LTOZ IND SATeq ‘usbeyuadod ‘2 T0Z MdY GZ2-6T ‘(DM4Y) dndigpiiop sauaysi4 o1y 8yl Jo uoday 9/T0Z "S3DI

"ddiy€2T "TZ:NODJWIZ N S3D1 "OH S3DI ‘2102 AeN G—{lidy 92 ‘(L TOEPBEIS pue BaS YUON 83 Ul SHJ01S [esidwad JAUBEDBSSY U0 dnoio Bupiiop ays jo Modsy "q.T0z "S3DI

dd WBINODV/LTO IND SO “ureds ‘oeqig ‘2710z dunr BZ-(YSNVYHOM) auipies pue Aroyouy ‘[21930eN 8sIopyjinos uo dnoio Buiiop 8y Jo uoday "8/T0zZ "SI0

Bunoaw JusWSSasSe X00)S d109€q[e JUBHKOG pue YLON 1v¥DDI £T0Z a3 jo Moday "€T0Z "LvDDlI

"'909—€09 ‘26 ‘A1IpaJoH JO [euINDpWERID SB1SBDS USIPO0Y pagmpied paA-fuo syl Joj 8zIS uone|ndod aANgRIp Uolew s 900z V' ‘Syueg ® "a ‘epiyon-zawos
'92T-02T ‘10T ‘AupaoH * erene(d efed'Ael yoequioy) Jo

uone|ndod eas ysu| ay ul sieak o sdiano Alsianlp anauab ajgels Inq sapuanb@ye ul sabueyd [elodwsa] (8002) 1€ ‘USS|O AL ‘WRIS Q'Y ‘diopsulld “d'C ‘ST N ‘10j0A9YD
"8T0OZ Y2IeN 0Z UO Papeojumoq "us'€0E£S0669WEBDTL S L1 T-TT0Z YN NONI/S0EZ 0T/B10°10p Xp//:dny

"£0£50669VYSS669TL'8 (TTOZ So109dS pauaego Isi pay NONI 8YL ‘sniewwed sniewoH "TT0Z "&IyeM 2 'V ‘PILeIdoei 'Y ‘Yoioxd0D “I ‘4sing

S90UB ;B JRY
(8002) ‘I 18 10]0ABYD UI PaID
SHNSa1 paysigndun s Wi M@0 000 € 8002 ©as ysu| Kel oequioy L
(e2102) S32I 060 000 000 £T LT0Z Keosig Jo Aeg aulpres
(92702) S32!I GO 28E 8EZ G 9102 ©as YLON aore|d
(p2T02) S3DI &0 000 02 ST0Z %001S wiByINos aeH
BYT J0
SSEL Tpel 2 T SIS A% (noni) TT0z e 10 senng pauioads 10NG66 662 ¥ 1102 Je150] ueadoing
NONI uo sbuipue| Ov4 -
BuiAldninw Ag paureilgo

. i d ysipiool
(9002) ‘'[e 19 epIlyoN-zawos pauyoads 1N Z 9/€ ¥¢ 9002 Jljioed uisiseaylioN payoI0|ied

Sesas
(0£102) S32I +2T-9D00 865 962 T 9T0Z | jpBamioN pue suaseg poo

Neslabeys
(92102) S32!I +9-T000 TE€9 792 LTOZ  pue [suuey) ysibu3 pod

ulaiseq ‘eas YUON
(es102) S3ADI IBOO 000 99¥% § LT02 Keosig jo Aeg Anoyouy
£T0Z LVD2I +80D0 000 S2 €102 anuepy Yyuon eun} a10%eq|y

a|qe|rene |
Sy fewiey 92.1Nn0S sabe papnjou]| N Jea A sa100dg

3U0Z S3D)| Jo UoITed0T]

Apnis mainal syl uldyidwa parewnsa yum saloads Jee@s uoneindod snsuad sjge|ieAe 1o) S89In0s IS a|qe L

123



Chapitre 6. Evaluer la taille de population efficace des populations marines de grandes tailles :

est-ce possible 7

9T0Z ‘[e 18 UDS\\-BLIOIDIA wnuqnbasig abexur ayenesololN CT ov VL0V ¢ puejsi ysinug 121sqo| ueadoing

9T0Z ‘[e 18 UDS\\-BLIOIDIA wnuqinbasig abexur ayenesosolN T 1214 ¥'89.- puejs! ysinug 1215qo| ueadoing

9T0Z ‘e 18 UDS\\-BLIOIDIA wnLqinbasiqg abexui ayenesosolN T 6¢ YAVNAS puejs! ysnug 121sqo| ueadoin3g

9T0Z ‘[ 18 UDS\\-BLIOIDIA wnLqunbasiq abexui a)enesoolN T 9€ L'cle- puejs! ysnug 1215qo| ueadoin3g

LTEDS elld poyiaw pooyl|axi-opnasd al|onesolIN S €e8 T 9¢¢ 3901S ulayinos ayey ueadoing

JTOZ ‘[e1@elld UO(1931109 INOYIAA) POYISIN [edodwia ] ayenesoN S €E8 T 8. 3201S ulayinos axey ueadoin3g

/TOR 18 elld wnuqunbasiqg abexui ayenesooIN G €e8 1 T6¢ 001S ulayinos axey ueadoin3g

9TIBQ SOIUON (uonoa1102 YUAN) PoYIaN Jetodwa | dNS 67€  0O€€ Zve 9 Aeasig Jo Aeg Anoyoue ueadoing

GTOZ'}O UIWLIN wnuqnbasig abexur allenesoloN 8T 0€c¢ L'666 BILY YInos qoy Asnqg
. auoz juawabeuep

9T0Z '[e 18 UasImss-zjoyyong wnuglinbasiqg abexui 91l||9Nes0JoIN Vi 0Se STET salaysi4 s.elen JadnoiB Asng
ayioed

9002 ‘e 10 €PIYON-ZoWo  (UORDBLIOD YIM) POLISIN [eiodwa | omjenesoroyy £ 480T  LGT6 UJBISESULON  USIp{o01 paydiojgpiieq

9T0Z JEYSN0I0NIYZ ss92xa AlsobAzolsraH ay|enesosolN ST 08 dNI ©ag sjualeg P09 onuepy

9T02130{SA010AIYZ A1saoue0d Je|nds o allenesololN ST 08 dNI ©as slualeg po2 onuepy

9T0Z ‘|e OISA0IoAIYZ wnuqinbasig abexui ayenesoloN ST 08 dNI ©as slualeg po2 onuepy

9T0Z GEYSN0I0NIYZ ss92xa AlisobAzolsraH ayenesoolN ST 08 V. ©ag Ssjualeg po9 onuepy

9T0Z1320{SA010NIYZ Al1saoue09 Ie|nds|on ay|enesosIN ST 08 dNI ©as sjualeg P09 onuepy

9T0Z ‘|e o|sAol0AIyZ wnuqnbasiq abexur allenesololN ST 08 7'€8T ©os slualeg po2 onuepy
eunuabiy ulayinos

/TOQg®IoUdRA uonewixoidde ueisakeg 3lI||91eS0IIN L €¢ o1t pue [eaua)  apIsia|is uelunuably
eunuabiy ulayinos

/TOQg®IoUdRA uonewixoidde ueisakeg ENN[ENENRIN L 61 vl pue [eaua)  apisia|ls uelunuably
eunuably uisyinos

/TOZg®IouUs[e) uonewixoidde ueisakeg 9I||9NesoIoIN L 44 81 pue [eiua)  apIsIaA|is uelunuabily
eunuabiy uiayinos

/. TO2g®IouUdeA uoiewixoidde ueisakeg 3l1||anesoIoIN L 8t vi pue [eaua)  apisia|is uelunuably

GTBZ3[eyouoIE (uonoa1102 YIAN) POoYISN [etodwa | dNS 85 TETT  86EVI JnueNY YLoN 'un] alodeq|y

S92.N0S poye N ad/Ay e ew ol S °N uoi1ed07] sa10ads

"pasn siayew 2anauab Jo Jaquinu ay) pue azis ajdwes ayjagis uoneindod aAnoa)e PalBWINSS Byl °NIIM SaIpNIS PaMBIASY 7S 3|qe L

124



Chapitre 6. Evaluer la taille de population efficace des populations marines de grandes tailles :

est-ce possible 7

1,102 ‘e uolbuiuuay
1,102 ‘e uolbuiuuay
1702 " uolbuiuusy
/702 '’ uolbuiuuay
G002 IV 18 uosulypin
G0Ba3|uasinod
50933 |uasinod

G004d3[eas|nod

wnuqnbasig abexur
wnuqnbasig abexui
wnuqinbasig abexui
wnLqunbasiqg abexui

(uonoa1102 YIAN) POYIBN Jedodwa
uonewixoidde ueisakeg
uonewixoidde ueisaAeg

poyIaW pooyi|axij-opnasd

S00Z ‘[e 18 UaSINOd  UO(1981102 INOYIAN) POYIB [eiodws |

c00&@ pB%$neH

AusobAzolaray ul asealdaq

2002 ‘[e 19 JasneH uo(931102 INOYNIAN) POYIS|A [elodwia |

/102 ‘Te 18 sanbuuaH

/T0Z e 1@ sanbuuaH
1102 'le 1@ Apoopad

1102 'Ie 1@ Apoopad

/T0Z ‘e 1@ oulwzed
550@|d 19 Juainen
1,00¢ saue|duuneT]

e1ep ON

e1Rp ON
ss92xa AlsobAzolaraH
wnuqinbasiq abexui

wnuqinbasiq abexui

poyisw pooyljaxi-opnasd

(uonoa1i02 INOYIAN) poylaiN [elodwa |
wnuqinbasig abexui

9T0Z '[e 18 UPS\-BLIOIDIA
9T0Z ‘|e 18 UPZ\\-BLIOIJIA
9T0Z ‘|e 18 UPS\\-BLIOIJIA
9702 ‘[e 19 UPs\\-BLONIA
9T0Z '[e 18 UPS\\-BLIOIDIA

wnuqunbasiqg abexui
wnuqunbasiq abexui
wnuqnbasig abexur
wnuqinbasig abexui

a1l||aNeso.oIN
a1l||9Neso.oIN
all|[81esoudIn
911||911es0UdIN
9]1||1911es0UdIN
all||]a1eso.IoIN
911||1911eS0.dIN
91||911eS0.dIN

3)I||o1eSOIDIN
3)||oNESOIDIN
SM||SNESOIIN

all||anesoloIn
911||31esodIN
dNS
dNS

dNS

ejep oN

e1ep oN
SM||SNESOIIN
SM|ISWESOIIN
SM||SHESOLIN
aM||oNes0IIN
SM||SNESOIIN

9

©

©

2 o

O N~ N O O

o

96

96

v€6.

L
L
4
cT
A
A
cT

26¢
26¢

¢6¢

26¢

clL

Tt

Tt

14"

Tt

0§
0§

00T

00T

6¢

6¢

12

T.G¢

T.G¢
8
8y
144
8Y
144

0
dNI

6'T0€

€cl

Tt

6€L

L6V T6V

190¢

890 T

14
9.7

€T
€0L
a4’
vl
S0¢
¢ce
09
9T6-
8'90%-
T¢seT
T'vc6-
6'vEC T-

aly19ed pUE UBIPU|
sueas0
alyI9ed pUE UBIPU|
sueasn
aljI9ed pUE UBIPU|
sueadO
olyIoRd pUE UBIPU|
seag

anfeg pue yuoN
seag

onjeg pue yuoN
seag

onfeg pue yuoN
seag

onfeg pue yuoN
seas

onfeg pue yuoN

puejeaz maN

pueesz maN

(1sam

D3) eoUY yinos

(1sam

40) Loy yinos
(e1ssny)

puels| ulleyxes
(e1ssny)

puels| ulleyxes
EYVEIE)|

auue sobedereo

paes

paes
puest ysnug
puest ysnug
puest ysnug
puest ysnug
puest ysnug

papueg-anbiigo
Jaddeus

papueg-anbiigo
Jaddeus

papueg-anbigo
Jaddeus

papueg-anbiigo
P02 ©aS YUON
p0o92 ©aS YlION
P02 ©aS YUON

P09 ©aS YLON

po2 eas YUON
Jaddeus puejeaz maN
Jaddeus puejeaz maN

dipiBury
dipybury
ajeym Aelo
ajeym Aelo

3reys sobedejes
aulpres ueadoin3
auipses ueadoing
1215qo| ueadoin3g
l1a1sqo| ueadoing
l1a1sqo| ueadoing
l1aisqo| ueadoing
1215qo| ueadoing

125



Chapitre 6. Evaluer la taille de population efficace des populations marines de grandes tailles :

est-ce possible 7

YSYT—SPiT ‘9T ‘Sonsuas) uoneAsksuodbuel paloaloid S) UIYIMm wineiose) ewolsobagiieys vigaz

pauareanqoify ay1 woly sjdwexa ue :syosueiqowse|a ul aziIRmaod aAdays8 Jnauab pue asuepunge usamiggubne|al ayl (§T0zZ) "H'C ‘UspuanQ ¥ "1 ‘uoabpng
"2LET—L9ET ‘62T ‘ABI00S Sa1BUS |- Ued LBy

8y} Jo suonoesureupie|ndod sseq padiis e ul AlSIsAlq @®WO 8zIS uoiendod aARdsY pue 1saAteH 40 1931(0002) "9 ‘A3 % ' “eing “a ‘Asyiem I ‘zeid
"/6T—98T ‘Z€Z ‘uns|Ing [eaiBojoig ayrssuso
alepipue) ul swsiydiowAjod spmpga|buls uo paseg Aeuy BuidAiouss e pue swouas snsngo. sniydLyagey M Aelo ayl jo uonezualoeleyd (LT0Z) ‘M'C

‘weyndigrsy/ D ‘BuIppod-pIepoD “A'A ‘UBUBALIBA Y ‘uaisapA “d ‘[eNBIN ues “IN'C ‘8lfoq “'a’r ‘'sepluciwuas|O-aydlunig “g°N ‘zapueulsd “v'r ‘Apoomed
'92T—02T ‘70T ‘AupaoH " erene(o efédel soequioy) Jo uoneindod eas ysu|

ayy ul sreak o Byrliano Alsianlp ansuab ajgels Ing salouania@ye ul sabueyd resodwa] (8002) 1°C ‘USS|O RAL‘WERIS A’V ‘diopsully “YH'C ‘si3 "IN 10]0A8YD
'£09—68S ‘v ‘ABojouydsloig auliegyonedldw| Juswabeur|y pue sazis

uonendmyoay3 :salljjaresoldl (sniejj@20 sdouaeids)aumey Jo AllsusbolialaH feijodwa] pue Aususboworgds (zo0z) "9 1 ‘UseiN ¥ 'OV ‘lled “M'd ‘uewdey)d

"¥986GT09 ‘IT ‘ANOSOWPYD "A-'L P auoz awabeusmnaysid s.elfel\ ulyum ‘(aepiuelias :1s1sos@eudiew snjaydauid3 ‘1adnois Asng palabuepus ayy

10 sulanaA®auuo) [euoibay pue AloisiH alydesbowaq ‘amgrendod aAnoay3 ‘Alsianlg anauas ‘ainonuggie|ndod (9T02) 'V ‘BIIPA B ‘IN ‘Udsualigs-zjoyyong
"€GZ—TP2 ‘2SS ‘sales ssa4b0.d AB0 |00 aulle|ArdL)yY UINOS Ul Si@wm Jo azis uoneindod ay) arewnsa 01 yoroidde
onauab pumdrdal-yrew parelbaiul uy (9T0Z) 'O ‘@ayne BUIEINYISOO N ‘19AIN 'Y ‘sanbuusH S ‘UapAag WOA 'S ‘Ife/\ Jop UeA “|A ‘uaziny ‘'S ‘moalpuy

S90UB B JPY
(elrensny)

GTOZ uapuapge uosbpng wnuginbasiqg abexui B[ BN el vit LLE puejsuaan® 3Ieys eiqaz
9T0Z 18 moaipuy wnugiinbasiqg afexun allj|enesoIN VT €ee €EE ey yinos Jreys aiym
90033[8apuanO poylaw pooylayi-opnasd al|enesololN 8 T0L €/8071T elensny umeud J1abi|

9002 ‘|2 18 USPUSBAQ  UO0(}231102 INOYUAN) POYIBIA [elodwid | all|lanesoIN 8 TOL 1’998 elensny ume.ud Jabi
[suueyy |oisug

800299aI0AUD pouIaW PooyIjaxIl-opnasd owjenesoloyy ° €9 Cld pue eas ysi| Ke1 soequioy L
e 9 992 (sares panun)

0002 '[e 1 zp! (U01931100 YUM) POYIBIA [esodwd | all||oNes oI euljofed yinos sseq paddins

STOR I Y1aqoeiN wnuqinbasig abexur aljenesoN L €Ir S €97 OF- (enensny) umreq |2Jaxoew ysiueds
salels

2002 fe1o uewdsy  (UONY3LIOD UNAN) POYIBIN [elodwia | ampemesoloy © P9 095 payun 1sesyinos winip pay

2002 ‘[e 18 Jauin (uonoa1102 YIAN) POoyIsN Jelodwa | aenesololN 8 1,96 91 € 02IX3IA JO NSO wnip pay

G0029eeleoH poyiaw pooylayi-opnasd alenesoIN 9 8¢8 €eLT puejal| aole|d

G0039eeleoH poylaw pooylayi-opnasd ay|enesoloIN 9 8¢8 GES 6T ©as YLON aole|d

sueadO Jaddeus

126



Chapitre 6. Evaluer la taille de population efficace des populations marines de grandes tailles :

est-ce possible 7

"8EZ—6¢2 ‘LT ‘SOIBUSD UOITeAISSEBISEaW UOIBAISSUOD pue uoneLeA dnauab epgiioiwoliaw e ul paydojpue| (uibnlisg sisuauipp| enyow snpes)

poo onuepyuoirendod |lews e ul yup onauab Jo s1oey3 (F0IM ‘Asiseurly B V'O ‘eAosIgny "NV ‘AOURBGIA'N ‘BUIPNA “V'Y ‘BUUBISL V' ‘AISA0I0AIYZ
"€62—/82 ‘€8T ‘UdJeasay SollBysiep e palosloid sulew YER 1Sl 8Y) JO SSBUSAII8YS 8yl 1oy suonedldwi

pue eas ysu| ay} ui (snrewweb snrewpppisqol ueadoing ay) jaaams onauab uoneindod (9T02) "'3°C ‘OPISUCIEF UONOOAA | ‘BI9S0D “['N ‘UMOSMIN “A'H ‘UOSIepy
"'9T/—80/ ‘G ‘UdJeasay dlrenby JO [eusnor uedliawy uneqinuably uisisemyniou pue [esuad Bunig@mpisdoulayly :181s08|8 1) Sisualieuoq sayisajuopo

apistanpsunuabliy ay jo suonendod ul Allsusbowoy aflgo asuapina pue ainjonas uonendod onauas @A) D ‘BB B VW ‘Lequiol 'q ‘ZIIA '3 ‘elousfen
"6EET—6CET ‘29T ‘SOIPWRY *(Sn¥e| o0 sdouseds) ust

auuew juspuadaE@ss ‘Juepunge Ue Ul 8ZIS SNSUD }Npe UelBUAgs spniubew Jo S1apIo 8aly) S 8zIS aAI8)AIdD) (2002) "HC ‘PIOD % "d'[ ‘Satep 41 ‘1suin]
"TeE-T2ZE ‘ST ‘AB0j093 rendsjopP2 dnue|e ul 8zis uoneindod aAndays :(eny.iow snpeos))

PO esggIpue Bas YuoN ul 8zis uonreindod sAndsys plagigels wisl-buo (5002) "d ‘18eDNGID B A ‘@@ “HIN ‘dnisiyos 373 ‘uss|sIN “V'N ‘ussinod
‘6TT

—80T ‘T6T ‘UoJessay salloysyey ueadoing ay) Jo %2031s ulayinos @pzis uoire|ndod aAnodaya anauab ay) Jo SPURIIDZ) 'd ‘esaid ® "4 ‘03selaA N ‘zalad 'V ‘elld
"€9TT-TSTT ‘8T ‘SonvuaD) uoneAlsudgisuabedeleh snuiyteyosanjssgobedees) ajibea Alybiy ayl jo suun juswabeuew

pauluopm 8zis uonendod aAndala MO| [eaA3] SANS SRUOUSD (L TOZ) 1 ‘UBPIaMIBH UBA % 'd ‘UgaT-ap-EEsil "D ‘Japopuajdwis 39 ‘saey 'y’ ‘odlwzed
'8€T—/2T '9T ‘AB0|00T e|n3®I0N'IZIS NOILY INAEDHLDIAH443 NNvHd :(Smuajnoass snaeuad) sumeld 1abn

40 uone|ndod yeN¥ Ue JO BZIS SNSUSD }NPe pue dAROYS JnaLEfl (9002) *H ‘UdlPod ® "1'S ‘[99d "'A’S 'SIApN ‘Asuuno) Y 19aNS d '198d "Y'l ‘UspUaAQ
9T ‘ABojoig aulre ("7 ‘snjooseous sijnebdaoyoue Aeasig jo Aeg Jo uonendod pasde|jo0o

Apuadal pue paik® sy ul Alsianip onauab Jo sso| ON (9T0Z) ®quols3 % "X ‘ualobu] Y O ‘oyrenled Qg ‘UIPUAN ‘SOIUBS D ‘OueZUBIN ‘A ‘OpuOol] | ‘SBIUOIN
‘992 ‘19 ‘YoJeasay seremysal4 pue aulresnoluodel snwdbog) qoy Asnp ay) ‘sa1oads pluselds uedly YIEEs|SYIaA0 ue ul 8zis uone|indod aA1l0aye mo| pue

spuaJ] Buipim®Aa) sasAjeur onaua9 (9T0Z) "d ‘BUIpIM-1poREY ‘Jawoolg ‘*d ‘A8|mo) "V ‘amIa Jap ueA-18]1sag ‘yuaqueT 'S ‘yremuay g ‘AadeN ‘1 ‘ulwiiy
"209-T66 ‘06 A1100S Ueauul] 8yl Jo feunor [ealfojoigsaulpies Jo

sazis uonre|ndod aAndaya :ydde onsuab jeiodwsal e Buisn Aeasig Jo Aeg ayi uisnp.reyd|id eulprego uonewnss azgygindod aAndoay3 (2002) 'S ‘saue|d B “A ‘luaine
"L¥282T09 ‘0T ‘INO SO Idenjewwid
o pa (ebunefe snuunyeun] 210Je(|Y JO 9ZIS uoneNndagpay3 pue aIN1onilS J1auUs9) ayl [aARIUN SIFNIENS JesjonN MaN (ST0Z) 'V ‘equols3 % | ‘Ael0 'S

Seinerey v ‘oba@ur ‘obenues N ‘lU0O '3 ‘oeqg ‘| ‘opejgAelipureuoelIez | ‘SSIUOIN d ‘epiexJeN Oepuel C'H ‘ebereqezily N ‘opuol] ‘N ‘eyouodeT]
"2€T2-S2T2 '0/2 's90us133 [eoifiojolg g A1B10os [eA0d sy Jo SBUIPS300 Jfenyiow snpes) poo

eas yuoNSrpwi sabueyd onauab paxrew saleoipul sejdwasigose Jo sisAfeue [eiodwa] (£002) "H'O ‘OYBAIRD'S ‘s1aboy A "D ‘INoYIa1So0 ““4°M ‘UOSUIYIINH
"€0G—/6¥ ‘2.2 ‘SeousIas [eaibojolg g A1e100s [eAoy aui Jo sBuipsso.d (] essere|d sajoeuoIne|q 22re|difppll palojdxalano ue ul Buipaalqul Jo) 82UsapIAS

pue aziene|ndod aAndays Mo (S002) 1L ‘USSIO 7 " IUWNRIS A’V ‘diopsuliy “M'H ‘199 18P UBA ‘[ 1BesSS ‘1agiad "N'g ‘ewbuor “'3 ‘uoog 'O ‘neleoH
"JYITT-2V.TT ‘66 'S90UBI0S JO Awepedy [euoiieN ay) jo sbuipsageme.ine snibed) Jaddeus puepeaz maN jo uoneindod

panojdxalano ueazis uonendod aAndaye MO| pue AlSISAIPA|E0IIW JO SSO07 (Z2002) "H'O ‘oyfeale)d 3 "H aiteey reuiag ‘r'd ‘YIwWsS 'O Y209py ‘] ‘1asneH
‘909

—€09 ‘26 ‘A1IpaoH JO [euInopweld S81Sedas Ysipooy payapprea paai-buo ayy Joj 8z1S uoieindod aAndsyHUORWINST (9002) 'V'IN 'Syued ® 'd "epiyoNn-zawo9

127












Ghibli - Ponyo sur |a falaise






Chapitre 7. Conclusions et perspectives

L’objectif principal de cette these était d’évaluer I'état des populations de raie bouclée
pour leur gestion a ’aide des méthodes génétiques et démographiques disponibles. Cet objectif
a ¢été divisé en trois grandes parties :

1. I’évaluation des méthodes disponibles;
2. I'évaluation de I’état des populations de raie bouclée;

3. la gestion de la raie bouclée.

Les travaux de cette these offrent des réponses aux trois questions précédentes.

Dans les sections ci-dessous, une distinction est faite entre I’évaluation de I'état d’une
population et sa gestion. L’état d’'une population correspond a son statut lors de I’évaluation :
bon état, tendance descendante, en danger, sont par exemple des états possibles. La gestion
d’une population s’intéresse aux mesures quantitatives a mettre en oeuvre (type quota de péche)
afin de maintenir ou ramener une population a un état d’exploitation soutenable, par exemple
a I'aide d'un quota de péche.

1. Evaluation de I’état des populations d’élasmobranches :
est-ce possible actuellement ?

1.1 Une premiere étape indispensable : la délimitation des popula-
tions

La premiere étape pour une gestion soutenable des populations animales consiste en 1’iden-
tification de ces populations et leur délimitation. Différentes méthodes sont disponibles et cette
these s’est intéressée a l'utilisation des connectivités génétique et démographique afin de déli-
miter les populations de raies (chapitre 2).

L’évaluation de la connectivité génétique s’effectue via la comparaison de marqueurs gé-
nétiques issus d’individus de plusieurs populations putatives. Cette méthode nécessite peu d’in-
dividus échantillonnés par population putative (une trentaine suffisent en général) et permet
d’obtenir facilement des valeurs de différenciation génétique. Cependant ces dernieres sont dif-
ficiles a interpréter pour plusieurs raisons. Tout d’abord, il n’existe pas de valeur seuil reconnue
permettant de décider quand regrouper ou quand séparer les populations putatives. Ensuite, il
existe une confusion entre l'effet de la taille de la population putative étudiée et le taux de dis-
persion qu’elle expérimente. Autrement dit, une méme valeur de différenciation génétique peut
s’expliquer par plusieurs combinaisons tailles de population/flux de gene différentes (chapitre
2).

Pour illustrer cette effet, deux populations de raie bouclée expérimentant six taux de
dispersion différents ont été simulées pendant 1 000 ans. La taille d’'une des populations a été
fixée & 10 000 individus tandis que l'autre a varié entre 10 000 et 800 000 individus ( voir la
Fig. 7.1 pour la ratio entre les tailles de populations simulées). Sur cette figure, une valeur
de différenciation génétique d’environ 0,01 peut correspondre a un taux de dispersion faible
(0,001) appliquée a une population de grande taille (50 000) et de faible taille (10 000) mais
elle peut aussi correspondre a un taux de dispersion fort (0,01) appliquée a des populations de
petites tailles (10 000 pour les deux).
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0.034

| —
! - » ;

0.00 HE— i
0.00 0.25 0.50 0.75 1.00
Ratio des tailles de populations étudiées

0.001 #= 0.01 #+ 0.1
0.005 =+ 0.05 = 0.5

Taux de dispersion

FIGURE 7.1 : Différenciation génétique observée (Fsr) entre deux populations de raie bouclée
apreés 1 000 ans en fonction du taux de disperion et du ratio des tailles de populations simulées

Au dela de la difficulté d’interprétation, le signal génétique issu de la connectivité des
populations est long a s’inscrire dans le génome et donc a étre détectable. L’échelle des temps
étudiée correspond a 1’échelle de I'évolution, les valeurs de différenciation estimées au temps t
correspondent souvent a la différenciation observée au temps ¢ — z années (x étant inconnu).
La connectivité génétique renseigne donc sur des unités souvent passées mais aussi a une tres
large échelle géographique, elle trouve ainsi son utilité dans la conservation des especes plus que
dans leur exploitation. Ainsi si I’on se réfere a ’évaluation de connectivité génétique effectué par
Chevolot et al. (2006), I’ensemble des populations de raie bouclée d’Atlantique Nord-Est (hormis
les Agores) sont génétiquement connectées et devraient potentiellement étre gérées ensemble.
Encore une fois ces résultats sont & moduler en fonction du seuil de séparation/regroupement
des populations choisi ainsi qu’en fonction du délai d’apparition du signal de connectivité dans
le génome.

L’évaluation de la connectivité démographique s’effectue grace a I'utilisation du taux de
dispersion entre deux populations putatives et a leurs abondances relatives présumées. Ces deux
variables permettent le calcul du nombre d’immigrants et leur participation a la démographie
de la population puit. Cette derniére valeur permet de quantifier I'importance de 'immigration
pour une population. Dans le cas de la raie bouclée, la population présumée de la Manche Est
présente la plus grand abondance, la placant comme une source potentiellement indispensable
a la survie de ses voisines et au contraire, tout a fait indépendante, démographiquement par-
lant, de ses voisines. L’échelle de temps évalué est ici contemporaine et les populations sont
délimitée a une échelle plus fine et sans doute plus pertinente en gestion. Néanmoins, tout
comme la connectivité génétique, la délimitation de population grace a la connectivité démo-
graphique souffre du manque de valeur seuil reconnue permettant la séparation/regroupement
des populations présumées étudiées.

La figure 7.2 regroupe sous la forme d’'une matrice FFOM (Forces, Faiblesses, Opportuni-
tés et Menaces) les principaux cofits et bénéfices de la délimitation des populations via 1’étude
de la connnctivité des populations en comparant connectivité génétique et connectivité démo-
graphique. Elle reprend les principaux résultats du chapitre 2 ainsi que des aspects logistiques
supplémentaires (cofits financiers, matériels, etc).
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Délimitation des stocks de raies grace a |'étude de la connectivité des populations

Positif

Forces

Démographie

+ Permets de définir des
unités de gestion

= Renseigne sur la structure
géographique contemporaine
» Calculs simples

Interne

Génétique
* Faible taille d’échantillon
nécessaire (<100 individus)
* Permets de définir des
unités de conservation
* Renseigne sur la structure
géographigue a l'échelle de
I"évalution
* Calculs simples

* Echantillonnage non |étal possible
= Données indépendantes de la péche

Opportunités

Démographie

* Méthodes de marguage
pour l'estimation de la
dispersion et suivi d’individus
faciles a mettre en ceuvre et
bien connues

Externe

Génétique
= Coiit de séqguencage et de
génotypage en baisse
* Ressources infarmatiques
croissantes

Négatif

Faiblesses

Démographie

» Taux de dispersions
necessaires

Génétique
= Divergence des populations
visible dans le génome aprés
un long délai (évelution)
* Marqueurs spécifiques &
chague espéce étudiée
= Cait de séquengage

* Abondances nécessaires a l'interprétation
« Absence de valeur seuil clairement définie

Menaces
Démographie

» Methodes de marquage et
suivi d'individus parfois
coiteuses

* Difficulté de recapture des
individus

Génétique

= Mésinterprétation possible
due a une confusion entre
I'effet du flux de géne et
I'effet de la taille de
population

FIGURE 7.2 : Matrice FFOM (Forces, Faiblesses, Opportunités et Menaces) de la délimitation
des populations des raies grace a 1’étude de la connectivité des populations

1.2 L’évaluation démographique de 1’état d’une population : une

tache difficile mais plus impossible

L’évaluation démographique de I'état des populations d’élasmobranches a longtemps été
considérée impossible a cause du manque de données biologiques mais surtout a cause du
manque de données spécifiques issues de la péche professionnelle (débarquements, rejets et
effort et péche) et issues des campagnes scientifiques. Aujourd’hui, la situation a changé. Apres
presque 10 ans d’obligation d’enregistrement des débarquements de maniere spécifique, des
séries de données exploitables issues de péches professionnelles commencent a émerger. Ainsi
certains modeles d’évaluation de stock halieutique deviennent utilisables sur presque toutes les
especes avec des degrés de précision des estimations tres variables. Les stocks d’élasmobranches
peuvent ainsi étre séparés en 4 catégories selon les données disponibles pour évaluer leur état :

— Données spécifiques stratifiées en age : par exemple pour I’Aiguillat commun (Squa-
lus acanthias), les données disponibles sont stratifiées en dge permettant l'utilisation de
modeles en dge/taille (De Oliveira et al., 2013) et donc I'estimation de son état mais aussi
I'obtention d’estimations quantitatives.

— Données specifiques non stratifiées en age : par exemple pour la raie bouclée, les
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données commerciales et scientifiques disponibles sont spécifiques mais non stratifiées en
age. Des modeles quantitatifs monospécifiques peuvent donc étre utilisés pour estimer son
état et dans une moindre mesure pour obtenir des estimations quantitatives peu précises
(chapitre 3 et 4).

Peu de données specifiques non stratifiées en age : par exemple pour la raie lisse
(Raja brachyura), les données spécifiques restent rares. Elles sont néanmoins suffisantes
pour étre utilisées dans un modele multispécifique quantitatif peu précis (chapitre 4) ou
dans des approches de vulnérabilité (McCully Phillips et al., 2015).

Pas de données spécifiques disponibles : pour certaines especes, les données spé-
cifiques sont absentes, ne permettant pas d’évaluer leur état. Néanmoins des approches
génétiques semblent prometteuses pour ces especes, notamment 'utilisation d’ADN envi-
ronnemental (Weltz et al.; 2017) qui permets d’estimer leur présence.

Grace a la multiplication des données spécifiques, il est possible d’évaluer 1’état des po-

pulations d’élasmobranches en adaptant les modeles halieutiques classiques a la quantité et

a la qualité des données disponibles. Néanmoins, il est nécessaire de garder a ’esprit que la

fiabilité et la précision des estimations sont conditionnelles & ces mémes quantité et qualité. De

plus, si ces estimations permettent d’améliorer les connaissances sur les différents stocks, elles

ne permettent pas forcément de mettre en place une gestion appropriée (voir partie 2.2). La
figure 7.3 regroupe les principaux cotits et bénéfices de ’évaluation démographique de 1’état

des stocks d’élasmobranches mis en évidence dans cette these.

Evaluation démographique de I’état des stocks d’élasmobranches

Positif

Forces

» Adaptabilité des modéles a chaque cas d'étude
* Mise en ceuvre rapide

* Hypothéses et propriétés des modéles bien

Négatif

Faiblesses

* Fortes hypotheses des modéles

# Faible précision et/ou fort biais des estimations
en absolu

Interne identifiées * Echantillonnage souvent létal (campagnes,
* Tendances estimables avec fiabilité péches)
« Prédictions a court et long termes possibles = Données spécifiques fiables encore rares
Opportunités Menaces
* Présence d'un organisme d'évaluation externe » Difficulté d'identification des stocks a évaluer
(CIEM] « Difficulté d'obtention de données si espéce a
* Obtention annuelle des données de péches faible intérét commercial

Externe (scientifique et commerciale) s Qualité des données dépendante des Etats

* Financement de la collecte des données dans le
cadre Européen

* Ressources informatiques croissantes

* Données en libre accés

* Disponibilité des dennées de péche
dépendante de la coopération entre Etats

FIGURE 7.3 : Matrice FFOM (Forces, Faiblesses, Opportunités et Menaces) de 1'évaluation

démographique de 1’état des stocks d’élasmobranches
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1.3 L’évaluation génétique de I’état d’une population : un outil de
conservation avant tout

Depuis une trentaine d’années, la génétique est devenue un outil répandu en écologie et
gestion des populations naturelles, avec une utilisation accrue ces 15 dernieres années. L’appli-
cation d’outils génétiques sur les populations d’élasmobranches permet I’étude de leur diversité
génétique, leur structure de populations mais aussi leur phylogénie (Dudgeon et al., 2012). Ces
utilisations sont supportées par la possibilité qu’offre la génétique d’effectuer des échantillon-
nages non létaux mais aussi par le besoin d’échantillons de tailles souvent inférieures a celles
des modeles démographiques classiques.

L’émergence de nouvelles technologies génétiques et la baisse des cofits de génotypage a
également permis 1’émergence de modeles et estimateurs permettant d’estimer les tailles des
populations naturelles (absolue et efficace). Ces modeles et estimateurs sont appliqués depuis
des décennies sur les populations terrestres (Schwartz et al., 2007) mais émergent seulement
depuis une quinzaine d’années pour les populations marines. Ils présentent ’avantage d’utiliser
des données indépendantes de la péche mais reposent sur de fortes hypotheses de modélisations
(voire section 1, du chapitre 5). Par exemple, la majorité des estimateurs de taille de population
efficace ne prend pas en considération les générations chevauchantes, pourtant inhérentes a
presque toutes les populations naturelles. La violation de ces conditions entraine de forts biais
(chapitre 5) qui, couplé a la faible précision des estimations génétiques, rendent ces méthodes
bien souvent inutilisables en gestion.

Dans cette these, les deux méthodes les plus populaires d’estimation de la taille de popu-
lation efficace ont été discutées par le biais de simulations (chapitre 5). La premieére méthode,
Linkage Disequilibrium, ne nécessite quun seul événement d’échantillonnage mais présente une
forte sensibilité aux traits d’histoires de vie de I'espece étudiée. Pour la raie bouclée, les estima-
tions de N, obtenues par cette méthode présente une sous-estimation constante de 30% laissant
penser qu’une correction soit possible. Néanmoins I'intensité de cette correction est dépendante
des traits d’histoire de vie et son estimation nécessite un travail de simulation conséquent. La
seconde méthode, Temporelle corrigée pour prendre en compte les générations chevauchantes,
est basée sur la comparaison d’échantillons séparés dans le temps. Elle performe mieux que la
premiere méthode avec des biais réduits lorsque le délai entre les deux éveénements d’échantillon-
nage dépassent sept annnées. Néanmoins, sa mise en oeuvre nécessite un échantillonnage précis :
soit deux séries d’échantillonnage séparées dans le temps soit un seul événement d’échantillon-
nage et la comparaison d’individus d’age différents. De plus, la correction spécifique nécessite
de connaitre précisément et quantitativement les traits d’histoire de vie de I'espece étudiée. Ces
deux conditions limitent ainsi son usage.

Au dela des propriétés et hypotheses des estimateurs génétiques, 'utilisation de la gé-
nétique pour I'évaluation de I’état des populations marines et leur gestion est limitée par les
tailles d’échantillons nécessaires a sa mise en oeuvre. Par exemple, pour estimer la population
efficace d’'une espece de poisson, une taille d’échantillon correspondant a 1% de sa population
totale semble étre nécessaire (chapitre 6), ce qui se traduit par plusieurs milliers d’individus
dans le cas des populations marines. De telles tailles d’échantillons sont, dans un premier lieu,
difficiles et cofiteuses a obtenir et dans un second temps, cofliteuses a séquencer et génotyper.

Dans I’hypothese ou de telles tailles d’échantillons puissent étre échantillonné, un autre
probléeme se pose : la grande taille des populations halieutiques (chapitre 6). L’ensemble des
estimateurs de la taille de population efficace repose sur la détection d’un signal génétique dont
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la variation refleterait la variation de la taille de population efficace. Cependant, si une partie
de ce signal correspond bien a la taille de population efficace, une autre partie est issue de la
stochasticité inhérente a 1’évolution génétique d’une population et cette derniere partie peut
étre estimée & tord comme reflétant N,. Ainsi pour des populations de trés grandes tailles (<10°
individus), le signal génétique inhérent & N, est noyé dans le bruit et N, n’est souvent plus
estimable. Ce phénomene se traduit entre autres par des estimations négatives.

L’utilisation des outils génétiques pour estimer 'abondance efficace d’une population na-
turelle ne semble pas adaptée aux populations marines exploitées de part la grande taille des
populations étudiées, les hypotheses des estimateurs mais aussi le biais spécifique a 1’espece
étudiée et la faible précision des estimations. Néanmoins, les outils génétiques permettant d’es-
timer la diversité génétique d’une population et donc son potentiel adaptatif semble étre tres
intéressants pour les espéces marines entrant dans la catégorie "Conservation". En effet, une po-
pulation d’assez grande taille mais avec une faible taille de population efficace signifie que peu
d’individus participent génétiquement a la prochaine génération. Autrement dit, cette popula-
tion présente une faible diversité génétique et donc une perte de son potentiel adaptatif. Une
telle population a plus de chance de s’éteindre qu’'une population de taille moyenne avec une
grande diversité génétique. Ce type de constat ne peut étre fait avec ’étude de la démographie
d’une population. La figure 7.4 résume sous la forme d’une matrice FFOM (Forces, Faiblesses,
Opportunités et Menaces) les principaux cotits et bénéfices de 1’évaluation génétique de 1'état
des stocks d’élasmobranches via 1’estimation de la taille de population efficace.

Evaluation génétique de I’état des stocks d’élasmobranches grace a la
taille de population efficace

Positif Négatif

Forces

s Echantillonnage non létal possible
* Données indépendantes de |la péche
= Permets de s'interroger sur la santé génétique

Faiblesses

» Fortes hypothéses des estimateurs

* Biais et faible précision des estimations
» Echantillonnage conséquent nécessaire

|nterne et 'adaptabilité au long terme » Marqueurs specifiques a chague espece étudiée
» Tendances estimées reflétent celles de la taille * Coit de séquencage
absolue de population
= Comparaison interspécifique directe (N,
normalisée par la taille d’une population idéale)
Opportunités Menaces
= Colt de séguengage et de genotypage en baisse = Logiclels user-friendly entrainant la
 Ressources informatiques croissantes méconnalssance des estimataurs voire une mauvaise
(notamment Big Data) utilisation
Externe = Regroupement des estimateurs disponibles * Mangue de recul sur les estimations

sous forme de logiciels user-friendly
(NeEstimator, LdNe, etc)

= Difficultes de transposition des estimations a la
gestion

* Difficulté d'identification des stocks & évaluer
» Evaluation en continue difficile mais plutét
reposant sur des projets scientifiques limités &
quelques années

FIGURE 7.4 : Matrice FFOM (Forces, Faiblesses, Opportunités et Menaces) de I’évaluation
gééntique de 'état des stocks d’élasmobranches grace a 'estimation de la taille de population

efficace
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1.4 Evaluation de I’état d’un stock de raie : bilan graphique

La figure 7.5 résume les différentes étapes nécessaires a ’étude de 'état d’un stock de
raie. La premiere étape (engrenage 1) consiste en la délimitation des différents stocks d’une
espece, ceci pouvant étre réalisé a 1’aide de données génétiques et démographiques (chapitre 2).
L’évaluation génétique de la connectivité renseigne a large échelle et sur une échelle temporelle
écologique. L’évaluation démographique de la connectivité renseigne a une échelle fine et a une
échelle temporelle plus immédiate.

La seconde étape consiste en I’évaluation de 1’état du stock a proprement parler (engre-
nage 2). La encore, I’évaluation peut se faire grace aux deux outils, génétique et démographique.
L’outil génétique apporte des informations sur la survie au long terme du stock et sa conser-
vation, voir sur ses tendances en abondance (chapitres 5 et 6). L’outil démographique permet
une évaluation a plus court terme via I'obtention de tendances en abondance voire des esti-
mations en absolu si la qualité des données le permet (chapitre 3). Ces informations s’avérent
essentielles en gestion. Suite a ces évaluations, il est possible de mettre en place des mesures
d’exploitation (engrenage 3A) ou de conservation (engrenage 3B) du stock étudié. Dans le cas
des raies, 'exploitation est multispécifique et il est difficile voire impossible a I’heure actuelle
de gérer en Atlantique Nord-Est une espéce de raie sans prendre les autres en considération
(chaptitre 4).

Evaluation d’un stock de raie

Délimitation l Evaluation de

o stk Fetatdustock [ Exploitation J [Conservstmn]

Population suppasee A Echange dindividus Papulation supposée B
- Travail de recherche

"~ {
& = - e Données

Démographie
q Génetique

Conservation

Délimitation de stocks

Exploitation |
Evaluation de I'état du stock Xp-oavon |

FIGURE 7.5 : Schématisation de I’évaluation de I’état d’un stock de raie et apport des différentes
disciplines (démographie et génétique)
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2. Bilan de I’état des populations de raie bouclée

2.1 Abondance de la raie bouclée dans le Golfe de Gascogne

Dans le chapitre 3, I’état de la raie bouclée du Golfe de Gascogne a été estimé a ’'aide
d’un modele Bayésien monospécifique utilisant des débarquements et des indices de biomasses
spécifiques (Fig. 7.6 a,b). Sous réserve que les données fournies au modele soient fiables, le
stock de raie bouclée du Golfe de Gascogne est estimé en mauvais état écologique autour de
3% de sa biomasse vierge, soit 2 046 tonnes en 2014 (Fig. 7.6 f), avec une stagnation autour de
cette valeur depuis les années 90. La capacité biotique est estimée autour de 60 000 tonnes (K,
Fig. 7.6 d) avec un taux de croissance intrinseque de 0,105 (r, Fig. 7.6 ¢) et une capturabilité
avoisinant 0,12 (¢, Fig. 7.6 e).

Le modele multispécifique utilisé dans le chapitre 4 estime les trajectoires de biomasse des
six especes de raies principales du Golfe de Gascogne. Il a été utilisé avec des débarquements
(2009-2016) corrigés et retravaillés par le WGEF (groupe de travail européen travaillant sur
les stocks d’élamsobranches) en 2016 et des indices de biomasse lissés (Fig. 7.6 a,b pour la
raie bouclée). Les débarquements entre 1950 et 2009 sont estimés par le modele. Le modele
multispécifique estime des biomasses de raie bouclée légerement plus élevées que le modele
monospécifique mais un état totalement différent (Fig. 7.6 f). Le stock de raie bouclée du
Golfe de Gascogne est estimé autour de 40% de sa biomasse vierge en 2017 (autour de 5 200
tonnes, Fig. 7.6 f) et donc, grossierement, & sa biomasse au Rendement Maximum Durable
(Brup)-

Avec ces deux modeles, les biomasses récentes sont estimées faibles mais conjointement
avec des capacités d’acceuil tres différentes (K, Fig. 7.6 d) : presque 70 000 tonnes pour le
monospécifique et seulement 19 000 tonnes pour le modele multispécifique. De plus, le taux de
croissance intrinséque est estimé deux fois plus grand avec le modele multispécifique (autour
de 0,17, Fig. 7.6 c) et la capturabilité, deux fois plus faible (autour de 0,07, Fig. 7.6 e). Ces
différences sont dues aux hypotheses des modeles mais surtout aux données fournies. Dans
le modele monospécifique, les débarquements spécifiques 2009-2014 ont été couplés a des dé-
barquements reconstitués (1903-2008) afin d’améliorer la précision des estimations et ce, avec
des effets minimes sur la moyenne des estimations (chapitre 3). Les débarquements spécifiques
2009-2016 utilisés dans le modele multispécifique sont différents car retravaillés et corrigés par
le WGEF en 2016 (Fig. 7.6 a). Pour les indices de biomasse, le choix a été fait dans le modele
multispécifique de lisser les indices disponibles alors qu’ils sont utilisés bruts dans le modele
monospécifiques (Fig. 7.6 b). Cette différence de lissage se retrouve dans les estimations des
trajectoires de biomasses des deux modeles (Fig. 7.6 f).

Deux jeux de données, les plus vraisemblables et réalistes possibles, ont été utilisés a 2
années d’intervalles pour estimer ’abondance de la raie bouclée. Chacun méne a un état de la
population tres différent : bon état pour le modele multispécifique et tres mauvais état pour le
modele monospécifique. Dans le premier cas, la raie bouclée du Golfe de Gascogne est classée
dans la catégorie "Gestion" alors que dans le second cas, elle est classée en "Conservation".
Ces estimations tres différentes renforcent le besoin de données spécifiques de bonne qualité et
fiables quant a I’évaluation de I’état des populations de raie.
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Afin de valider I’hypothese selon laquelle il est possible d’estimer 1’état des populations
de raie a 'aide des outils démographiques disponibles des lors que 'on posséde des données
fiables, le modeéle monospécifique a été utilisé avec les mémes débarquements de 2009 a 2016 et
les mémes indices de biomasse que ceux utilisées dans le modele multispécifique (Fig. 7.7 a,b).

Les distributions a posteriori estimées pour r et K sont identiques aux distributions
obtenues précédemment (Fig. 7.6 et 7.7 ¢,d) mais la distribution a posteriori de ¢ a été divisée
par 6 (0,02 contre 0,12 précédemment, Fig. 7.6 et 7.7 e). Cette diminution de capturabilité se
retrouve dans les estimations des trajectoires de biomasse estimées (non montrées). En effet,
ces dernieres sont nettement supérieures menant a un état relatif actuel estimé autour de 48%
(Fig. 7.7 f) de K et donc similaire a celui estimé par le modele multispécifique (40% de K, Fig.
7.7 f1).

Bien que les deux modeles aient des hypotheses intrinseques différentes, ils estiment tous
les deux le méme état pour la raie bouclée dans le Golfe de Gascogne. Ainsi la population de
raie bouclée du Golfe de Gassogne semble étre en bon état écologique, proche de sa biomasse au
Rendement Maximum Durable. Cette espéce peut donc étre classée dans la catégorie "Gestion'
et non "Conservation'. Néanmoins, les deux modeles ne permettent pas d’obtenir des estimations
en valeur absolue pour la gestion a proprement parler. En effet, le modele monospécifique estime
des captures au RMD de 1 498 tonnes par an et le multispécifique, des captures au RMD de
828 tonnes par an. Cet écart tres important ne permet donc pas l'utilisation de ces modeles en
gestion. Néanmoins, les débarquements de raie bouclée de 2016 étant de 226 tonnes, ils sont
probablement soutenables, cette interprétation étant confirmée par I'augmentation récente de
I'indice de biomasse.
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2.2 Taille de population efficace de la raie bouclée dans le Golfe de
Gascogne

Utilisant les données génétiques échantillonnées par le projet GenoPopTaille en 2015-2016,
la taille de population efficace de la raie bouclée du Golfe de Gascogne a été estimée a 1'aide
de la méthode Linkage Disequilibrium. Les estimations varient entre 4245 et 2 681 individus
selon les filtres appliqués aux marqueurs génétiques (chapitre 5). L’étude de simulation nous
a permis de mettre au point une correction spécifique aux traits d’histoire de vie de la raie
bouclée et permettant de corriger la sous estimation de 30% systématiquement observée. En
appliquant cette correction, les estimations varient entre 552 et 3 485 individus. Cette gamme
de valeurs ne reflete probablement pas la réalité au vu des quantités de raie bouclée débarquées
dans le Golfe de Gascogne (plusieurs centaines de tonnes).

L’interprétation de ces valeurs pour la gestion est encore aujourd’hui compliquée. Franklin
(1980) propose la regle des 50/200 (tres critiquée, voir Lande, 1995) préconisant que 50/500
individus efficaces sont un minimum pour éviter I'extinction a court terme/long terme. Si 'on
applique ces regles a la raie bouclée, aucun risque d’extinction a court terme n’émerge mais
la variabilité des estimations empéche de conclure a long terme. De plus, une estimation de
la taille de population efficace ne permet pas d’inférer directement des mesures concretes de
gestion mais doit étre reliée a la taille totale de la population (Ovenden et al., 2016). Ce
lien peut étre fait grace au ratio N./N, estimable par génétique ou par démographie (AgeNe,
Waples et al., 2011) avec encore une fois une faible précision. Dans le cas de la raie bouclée,
le ratio N./N estimé par AgeNe (chapitres 5 et 6) est de 0,087. Appliqué aux N, estimées et
corrigées dans le chapitre 5, il conduit a des tailles de populations absolues de 6 343 et 40 060
individus, incompatibles avec tonnages péchés chaque année. En appliquant un poids moyen de
1,42 kg (calculé par simulation de cohorte en utilisant les parametres de croissance de Serra-
Pereira et al., 2008), cela signifierait que la fraction participant génétiquement a la prochaine
génération ne représenterait que 9 a 56 tonnes.

2.3 La gestion multispécifique des raies : une situation compliquée

L’évaluation des élasmobranches dans les eaux Européennes de I’ Atlantique Nord-Est, mer
du Nord et mer Baltique est effectuée par le CIEM (Conseil International pour I’Exploration de
la Mer, ICES en anglais). Un groupe de travail leur est dédié : le WGEF (Working Group for
Elasmobranch Fisheries). Il se réunit annuellement et rassemble les données disponibles pour
ces especes afin de décrire leur état dans les différentes zones CIEM et, quand c’est possible,
émettre un avis quant a leur gestion.

Pour pouvoir gérer les stocks dits & données limitées (incluant des stocks de téléostéens), le
CIEM a mis en place en 2012 une clasification en six catégories selon les estimations disponibles
apres évaluation (ICES, 2016a) :

— Catégorie 1 - Stocks disposant de données estimées suffisantes permettant une évaluation
analytique quantitative compléte (biomasse féconde, mortalité par péche)

— Catégorie 2 - Stock disposant de données estimées suffisantes permettant une évaluation
scientifique analytique (tendances de biomasse féconde, de mortalité par péche mais pas
de valeurs absolues)
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— Catégorie 3 - Stock disposant uniquement de données permettant d’obtenir des ten-
dances d’évolution de biomasse (sans évaluation analytique)

— Catégorie 4 - Stock disposant uniquement de données de capture fiables
— Catégorie 5 - Stock diposant uniquement de données de captures ou de débarquements

— Catégorie 6 - Stoks disposant uniquement de données de débarquements négligeables

Toutes les especes d’élasmobranches gérées par le CIEM font parties des catégories 3, 5
et 6 a I'exception de 1’Aiguillat commun (catégorie 1). L’ensemble des raies d’Atlantique Nord-
Est font donc partie des catégories a données limitées. Ce manque se traduit par une gestion
plurispécifique : depuis 2009 (2005 pour la Mer du Nord), la gestion des raies se fait via un
TAC (Total de Captures Admissibles) plurispécifique. Ce TAC était non limitant au départ, il
ne l'est devenu qu’au cours des années 2010 induisant de nouvelles mesures de gestion locale.
Par exemple, en France, les raies de moins de 45 cm ne sont pas débarquées (JORF, 2017), leur
survie aux rejets étant supposée élevée.

L’introduction du TAC plurispécifique a permis d’améliorer la gestion des raies néanmoins,
comme vu dans le chapitre 4, les états des différentes especes de raie dans le Golfe de Gascogne
sont tres variés. Les especes de grande taille présente des états préocuppants alors que certaines
especes de plus petite taille semble étre en bon voire tres bon état écologique. Cette variété
d’états ne se reflete pas dans le TAC plurispécifique bien qu’elle soit prise en compte en amont
lors de I'évaluation des stocks par le WGEF. En effet, bien que des évaluations quantifiées
de stock ne soit pas disponibles, des débarquements recommandés basés sur une approche de
précaution sont émis chaque année par le groupe de travail, certaines especes étant évaluées en
années paires et les autres en années impaires (Fig. 7.8) (ICES, 2016b, 2017).
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FIGURE 7.8 : Débarquements spécifiques conseillés par le CIEM en 2016-2017 pour les stocks de

raies d’Atlantique Nord-Est (les débarquements spécifiques conseillés nuls ne sont pas affichés)
(ICES, 2016b, 2017)

En se basant sur les débarquements recommandés du CIEM, il serait possible de passer
a une gestion basée sur des TAC monospécifiques. Ce type de gestion présente de nombreux
avantages quant a la conservation des especes de raies mais aussi d'un point de vue économique
pour les pécheurs. En effet, le TAC plurispécifique alloué actuellement est en deca de la somme
des débarquements conseillés par le CIEM. Passer a des TAC monospécifiques permettrait sans
doute d’augmenter les débarquements de certaines especes abondantes et donc d’induire un
gain économique.

145



Chapitre 7. Conclusions et perspectives

Néanmoins, le passage a une gestion monospécifique serait en pratique trés compliqué.
A cause de l'obligation de débarquement mise en place en 2016, toute espéce soumise a un
TAC induit la fermeture des pécheries la concernant si ce TAC est rempli (CEC, 2013). Dans
le cas des raies, cela signifie que les TAC monospécifiques pourraient devenir limitants pour
d’autres pécheries a fort interét commercial et donc entrainer leur fermeture. Ce constat induit
une remise en question dans la gestion des raies et plusieurs solutions sont envisagées dont
I’abandon total des quotas sur les raies ou la mise en place d'une dérogation de l'obligation a
débarquer.

3. Conclusion générale et perspectives

La premiere partie de ce travail de these a permis de mettre en évidence le besoin de
définir des unités de populations adaptées a la gestion des especes. L’étude de la connecti-
vité démographie apparait comme le meilleur moyen d’y parvenir malgré sa forte exigence en
données.

Les évaluations génétiques de la taille de population efficace effectuées dans cette these
mettent en avant I’aspect conservation et santé a long terme d’une population exploitée mais
ne permettent pas de mettre au point des mesures de gestion adaptées et proactives. De plus,
I'effort d’échantillonnage nécessaire et plus que conséquent ne justifie probablement pas les
estimations peu fiables et peu précises obtenues. Il existe néanmoins d’autres méthodes géné-
tiques d’évaluation de I’abondance d’une population non étudiées dans cette these. La méthode
"Close-Kin Mark-Recapture" est notamment tres prometteuse bien qu’elle soit aussi gourmande
en données que les estimations de N,.. Elle permet entre autres d’estimer la taille absolue
d’une population via I'idendification génétique de paires d’individus apparentés (lien parent-
descendant, fréere/soeur et demi-frere/soeur) (Bravington et al., 2016).

Enfin, les évaluations démographiques effectuées démontrent qu’il est possible aujourd’hui
d’évaluer I'état d’une population de raie afin d’en améliorer la gestion. La raie bouclée a ainsi
été estimée dans un état proche du RMD dans le Golfe de Gascogne ainsi qu’en constante
augmentation depuis les années 90 en Manche Est (résultats non montrés ici). Le modele dé-
veloppé pourrait étre appliqué a d’autres zones pour obtenir une image globale de I'état de la
raie bouclée dans son aire de répartition. Il pourrait, de plus, étre appliqué a d’autres espéeces
possedant des données suffisantes comme la raie fleurie. Pour les autres especes, 1'utilisation
du modele monospécifique permet d’estimer leur état, il pourrait ainsi étre appliqué a d’autres
zones et donc a d’autres especes. Néanmoins, I’état des données actuelles ne permet pas encore
d’estimer des valeurs de débarquements conseillés en absolu. Il y a eu depuis plusieurs années
une prise de conscience quant a I'importance des especes accessoires et le besoin de les gérer
durablement, il est donc tout a fait probable que la situation s’améliore dans les années a venir.
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Abondance Nombre total d’individus d’un stock, toutes classes d’age confondues. 1

Allele Un allele est une version variable d’'un méme geéne ou d’'un méme locus génétique. 92

Capacité biotique Biomasse maximale de population que le milieu peut accueillir. 37

Caryogramme Arrangement standard de ’ensemble des chromosomes d’une cellule a partir
d’une prise de vue microscopique. 6

Chromosomes homologues Chromosomes associés dans une méme paire dans une cellule
durant la méiose. 6

Courbe de survie de type I Ce type de survie est caractérisé par des probabilités de survie
élevées aux premiers stades de vie, suivis d’un déclin rapide de ces probabilités pour les
stades plus avancés. Il correspond a des especes a longue durée de vie et avec de faibles
fécondités. 7

Courbe de survie de type III Dans ce type de survie, la mortalité la plus élevée est expéri-
mentée dans les premiers stades de vie, avec des taux de mortalité faibles pour le reste du
cycle. Il caractérise des especes produisant beaucoup de petits avec une maturité sexuelle
précoce. 7

Débarquement Quantité de poissons capturés et mis a terre. 4, 37

Déme Groupe monospécifique d’individus, isolé et génétiquement différencié des autres groupes
voisins. 2

Diversité génétique Degré de variété des genes au sein d’une méme espece. 1

Espece démersale Les especes démersales sont constituées d’animaux vivant a proximité du
fond. 5

Espeéces accessoires Espéces involontairement péchées mais présentant un intérét commercial
et donc débarquées. 1

Générations chevauchantes Se dit d'une espece dont les individus vivent plusieurs années
et ou des croisements inter-générations sont possibles. 16

Génome Ensemble du matériel génétique d’un individu. 6

Locus Emplacement précis sur un chromosome. 15



Glossaire

Microsatellites Portion du génome constituée de petites séquences hautement répétitives de
deux a dix nucléotides. 7, 92

Pécherie Somme de toutes les activités halieutiques portant sur une ressource donnée. 1

Palangre Engin de capture se composant d'une ligne principale (grosse corde, filin d’acier ou
de nylon) sur laquelle sont montés des avangons avec des hamecons appatés. 5

Population Ensemble des individus se reproduisant entre eux et vivant dans un ecosysteme
donné et possédant des caracteres communs transmissible par hérédité. 1

Population idéale Au sens d’Hardy-Weinberg, se dit d’une population présentant les carac-
téristiques suivantes : taille infinie, espéce diploide a reproduction sexuée, rencontre aléa-
toire des individus et des gametes, absence de migration, absence de mutation, absence
de sélection naturelle et absence de générations chevauchantes. 15

Rejets Partie des captures qui n’est pas débarquée mais rejetée a la mer pour des raisons di-
verses (taille illégale, poisson endommagé, absence de marché ou dépassement des quotas).
5

Rendement Maximum Durable Captures maximales pouvant étre maintenues a long terme.
Abbréviation : RMD ; MSY en anglais. 140

Sex ratio Rapport du nombre males et de femelles au sein d’une espece a reproduction sexuée.
2

Single-Nucleotide Polymorphism Variation (polymorphisme) d’une seule paire de bases
du génome entre individus d’une méme espece. Abbréviation : SNP. 9, 92

Stock Ensemble des individus exploitables d’une espece dans une zone donnée. Chaque stock
est considéré n’avoir que des contacts limités avec le stock voisin ; il a également sa
dynamique propre (croissance, reproduction). 1

Taille de population absolue Nombre total d’individus dans une population (incluant la
fraction immature). 7, 16

Taille de population efficace Nombre d’individus dans une population idéale selon Wright-
Fisher se reproduisant et contribuant génétiquement a la prochaine génération. 7, 16

Utilisation durable Utilisation des éléments constitutifs de la diversité biologique d'une ma-
niere et a un rythme qui n’entrainent pas leur appauvrissement a long terme, et sauve-
gardent ainsi leur potentiel pour satisfaire les besoins et les aspirations des générations
présentes et futures. 19
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1. Introduction

The raw material of evolution * and adaptation to local environments is the genetic vari-
ability of individuals in local population (Smith and Smith, 2001) which ultimately leads to
speciation. Genetic variability can be created by mutation and recombination but its distribu-
tion is defined by evolutive forces such as migration, selection and genetic drift. The pattern
of genetic variation can be investigated to understand evolution and adaptation of a species or
a population (Lowe et al., 2004; Hamilton, 2009). Such investigations are not recent. Ecological
genetics were already a central element of research as soon as 1922 but over the last 30 years, the
application of genetics in ecology has increased for a wide variety of biological problems (Dudgeon
et al., 2012; Lowe et al., 2004; Portnoy and Heist, 2012). The development of molecular markers,
such as SNP (Single Nucleotide Polymorphism) or microsatellites was also fundamental for the
spread of genetic analyses. Moreover the increasing affordability of new analyses and the pressing
need to address critical conservation and management issues led to the development of genetic
analyses in numerous fields including investigations of stock structure and population demography
in fisheries. A great virtue of genetic approaches is that a small tissue sample collected from the
living or deceased animal at any age contains its complete nuclear and mitochondrial genomic
information (Dudgeon et al., 2012). One famous example is the extraction of DNA from frozen
woolly mammoths (Smith and Smith, 2001). DNA analysis in general allows the investigation of
genetic relationships at several organisational levels (species, population, individual) and can be
applied to numerous ecological problematic like natural selection, mating system or migration
(Smith and Smith, 2001; Lowe et al., 2004; Dudgeon et al., 2012).

Contemporary ecological genetics investigate the origin and maintenance of the genetic vari-
ation within and between populations. Population size, population structure, the interactions
between local selection and genetic drift are some of the main issues studied nowadays (Ryman
and Utter, 1987; Lowe et al., 2004; Nikolic, 2009; Beaumont et al., 2010; Dudgeon et al., 2012;
Portnoy and Heist, 2012). Among them, genetic variation is a great way to study the effect of
loss in a population. Populations of many plants and animal species are being reduced to small,
sometimes isolated, populations leading genetic deterioration. Genetic analysis allows us to quan-
tify the loss of genetic diversity and the loss of adaptative potential and thus provide advice for
the conservation and the management of such species (Smith and Smith, 2001). When the genetic
population structure of a species is known, the distribution of sub-populations can be estimated
and used for harvest regulation (Ryman and Utter, 1987).

Fisheries management requires understanding biological principles underlying resource dy-

namics. Management has focused for many years on ecology and population dynamics to the

*Words in bold are in glossary
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detriment of understanding population genetics. Ecological and population dynamics can be
seen as short-term focus and genetics as long-term and short-term focus. Genetics has not been
forgotten in all studies, and its importance has maybe been more admitted for fishes than for
other vertebrates. As early as the beginning of the XXe century, genetics was studied for fish
sub-populations. In 1983, 15% of the concerns relating to the genetics of animals referred to fish
(Ryman and Utter, 1987). In parallel, estimation of the effective population size (N,) in fish-
eries management and marine conservation is quite recent and is emerging since the beginning
of the XXI century (Dudgeon et al., 2012) while it has featured in terrestrial conservation efforts
for decades (Schwartz et al., 2007). Genetic monitoring can estimate a population’s effective size
to evaluate abundance and genetic health, complementing conventional stock assessment methods
(Hamilton, 2009). N, is indeed a fundamental parameter in evolutionary biology (Hare et al., 2011)
and conservation biology (Waples and Do, 2010). It is also a potential indicator for conservation
and fisheries management and reference points exit to be compared with estimated N, (Smith
and Smith, 2001; Portnoy and Heist, 2012). Effective population size indicates a population’s
current and future viability (Hare et al., 2011). The aim is to preserve high genetic variability
and a sufficient effective population size to maximise the adaptive potential in the face of new
environmental conditions. However, using genetics can be a tough job, especially because of the

specialised vocabulary and the many assumptions required for practical applications.

In this literature review, some fundamental aspects of population genetics are presented to
introduce the notion of effective population size. Estimation methods, ecological processes affecting
it, and its use in fishery research are also discussed. The definition of population used is the genetic

one (but see glossaries).

2. Basics of genetics

Inherited characteristics of a species and variations in individuals are transmitted from par-
ents to offspring. The sum of the hereditary information carried by the individual is the genotypes
which directs the development of the individual and underlies the morphological, physiological and
behavioral characteristics of the individual. The universal support of the hereditary information is
the desoxyribonucleic acid, the DNA, present in every cell of the organism (Schleif, 1993; Hartl and
Jones, 1998). It is a complex molecule with two strands in the shape of a double helix. Strands are
linked by nitrogenous bases, which are paired: adenine (A) and thymine (T) (the purines bases),
cytosine (C) and guanine (G) (the pyrimidine bases). The hereditary information is coded by the
sequential pattern in which the base pairs occur. Each species is unique with its own base pairs

arrangement and its own number of base pairs (Smith and Smith, 2001; Beaumont et al., 2010).
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In eukaryotic cells, DNA is present in larger units called chromosomes going by pair, human
possess 23 pairs of chromosomes for example. Each chromosome carries units of heredity, the genes
which are also paired in the body cells. One version of a gene is inherited from the mother and the
other one from the father, where each one forms a haplotype. Processes leading to a new eggs
cell are summarized in Fig.1 which shows how maternal and paternal haplotypes are transmitted
to the next generation during the fertilisation. Processes such as replication and meiosis are not
explicated in details. The position of a gene on a chromosome is the locus; genes occupying the
locus on a pair of chromosomes are called alleles. If each member of the allele’s pair affects a
given trait in the same manner, the two alleles are homozygous; if not, they are heterozygous
(Hamilton, 2009). During the formation of germ cells, the pairs of chromosomes are split, so that
each resulting cell nucleus receives only one-half of the full number of chromosomes (Beaumont
et al., 2010).
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Figure 1: Fertilisation and inheritance of maternal and paternal haplotypes

During the separation, several processes, such as recombination, occur which modify the
genetic information and create variation. However, they are several others sources of variation of
genetic information, like mutation (Smith and Smith, 2001). The genetic variation is a key notion
in population genetics which inform of the genetic health of a population and its structure. The
genetic variability of a population is a global measure of genetic differences among individuals.
Those differences are the bases for the multiple observed phenotypes.The genetic variability is
the basis of natural selection and so the driving force of evolution. Its estimate is directly linked
to a population’s capacity to respond to environmental changes (which is also determined by
demographic features such as fecundity and natural mortality). For a natural population, its
degree of genetic variability is directly associated to its viability. Several indicators are available

to characterize the genetic variability and are explicated below.
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3. Introduction to evolutionary genetics

The marine environment has often been considered as very dispersive and so, marine species
have often been supposed as genetically unstructured. However, numerous marine species present

a strong spatial genetic structure...

BOX 1. It’s a population, isn’t it ?7
The word "population" has been used previously, imprecisely, to designate a group of organisms
belonging to the same species. At this point, we need to clarify the concept. At least, three
different population definitions can be recognized. In statistics, a population represents all the
items under study. In ecology, a population is a group of individuals of the same species within
the same habitat at the same time. However, in population genetics, a population designates
a group of individuals of the same species which live in a geographical zone small enough that
each member can reproduce with every other member. So a genetic population encompasses
all individuals connected by gene flow (Hartl, 1994; Lowe et al., 2004). The three definitions

may coincide, although more frequently they will not :

. ' ' | .. Individuals colored according to

|
| oiT ies ati
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The figure represents examples for the relationships between statistical (dashed line), ecological
(dotted lines) and genetical (colored points) populations. a) the sampled individuals comprise
the entire statistical population and the ecological and genetical populations coincide. b) the
sampled individuals comprise the entire statistical population but the ecological and genetical
populations do not coincide. c¢) the sampled individuals do not comprise the entire statistical
population but ecological and genetical populations coincide. Figure inspired from Lowe et al.
(2004).

In this review, we use the genetical definition of a population.
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3.1 Some principles of evolutionary biology

Evolutionary biology is a body of statements about the processes of evolution that are be-
lieved to have caused the history of evolutionary events (Pigliucci, 2009). Evolution is a change in
the gene pool of a population. In order to understand evolution, it is necessary to view populations
as a collection of individuals, each harboring a different set of traits. A single organism is never
typical of an entire population unless there is no variation within that population. Individual
organisms do not evolve, they retain the same genes throughout their life. The differentiation of
a species into genetically different populations is a fundamental part of the process of evolution
and requires genetic variation (Sober, 1994); several mechanisms exist to increase or create genetic
variation and mechanisms to decrease it.

Genetic variation has two components: allelic diversity and non random associations of alleles.
In most populations, there are enough loci and enough different alleles that every individual,
identical twins excepted, has a unique combination of alleles.

The evolution of the genetic variability of natural populations is driven by four forces (Grant
and Waples, 2000):

Mutation

Mutation represents the main source of genetic variability (Hartl, 1994). The cellular ma-
chinery that copies DNA sometimes makes mistakes which alter the sequence of a gene. This is
called a mutation. There are many kinds of mutations. A point mutation is a mutation in which
one 'letter" of the genetic code is changed to another. Lengths of DNA can also be deleted or
inserted in a gene. Finally, genes or parts of genes can become inverted or duplicated. Mutations
are often known for being deleterious (cystic fibrosis, trisomy) but most mutations are thought to
be neutral with regards to fitness. (but see Kimura, 1990) Mutations provide the raw material
for evolution but they are rare: typical rates of mutation are between 1071° and 107! mutations

per base pair of DNA per generation. In contrat, rates of mutation in microsatellite loci are up to
107,

Natural selection

Natural selection is the only mechanism of adaptive evolution. It is defined as differential
reproductive success of pre-existing classes of genetic variants in the gene pool. Natural selection
can maintain or deplete genetic variation depending on how it acts. When selection acts to weed
out deleterious alleles, or causes an allele to sweep to fixation, it depletes genetic variation.
When heterozygotes are more fit than either of the homozygotes, however, selection causes genetic
variation to be maintained. Natural selection may not lead a population to have the optimal set

of traits. In any population, there would be a certain combination of possible alleles that would
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produce the optimal set of traits (the global optimum); but there are other sets of alleles that would
yield a population almost as adapted (local optima). Transition from a local optimum to the global
optimum may be hindered or forbidden because the population would have to pass through less
adaptive states to make the transition. Natural selection only works to bring populations to the
nearest optimal point. This idea is Sewall Wright’s adaptive landscape (Wright, 1932). This is one
of the most influential models that shapes how evolutionary biologists view evolution.

Natural selection can be broken down into many components, of which survival is only one.
Sexual attractiveness is a very important component of selection, so much so that biologists use
the term sexual selection when they talk about this subset of natural selection. Sexual selection is

natural selection operating on factors that contribute to an organism’s mating success.

Gene flow

New organisms may enter a population by gene flow from another population. If they mate
within the population, they can bring new alleles to the local gene pool. In marine species, gene
flow can result from dispersal at different life-history stages, including active movement as adults
and juveniles and passive transport during pelagic egg and larval stages (Grant and Waples, 2000)
but also by migration, ie round-trip movements of animals between regions or habitats. In genetics,
migration is often considered as movements of individuals between sub-populations without any
distinction between dispersal and round-trip movements. In this review, we chose to use the

restrictive definition of migration with a distinction between dispersal, gene flow and migration.

Genetic drift

Allele frequencies can change due to chance alone. This is called genetic drift where the drift
is due to stochastic sampling variability of the gene pool. Otherwise, the alleles that form the
next generation’s gene pool are a sample of the alleles from the current generation. When sampled
from a population, the frequency of alleles differs slightly due to chance alone. The intensity of
the genetic drift is a function of population size. In very small populations, genetic drift can lead
to a high loss of diversity and to a genetic bottleneck. It can also lead to the apparition of a
genetic differentiation between two populations separated in space, by a different trajectory of
their allele frequencies. The impact of genetic drift is modulated by the sex ratio and the variance
in reproductive success. Moreover, genetic drift can modulate the effects of migration and natural

selection (Hamilton, 2009).
3.2 Linking genetics and evolutionary biology

Lamarck published a theory of evolution in 1809 (Lamarck, 1809), he thought that species

arose continually from nonliving sources. These species were initially very primitive, but increased
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in complexity over time due to some inherent tendency. Lamarck proposed that an organism’s
acclimatization to the environment could be passed on to descendants by inheritance of acquired
characters. Fifty years later, Darwin’s contributions include hypothesizing the pattern of common
descent and proposing a mechanism for evolution — natural selection (Darwin, 1859). In Darwin’s
theory of natural selection, new variants arise continually within populations. A small percentage
of these variants cause their bearers to produce more offspring than others. Darwin’s theory did
not accord with older theories of genetics. In Darwin’s time, biologists subscribed to the theory
of blending inheritance — an offspring was an average of its parents. We now know that the idea
of blending inheritance is wrong. At the same time, Gregor Mendel, in his experiments on hybrid
peas, showed that genes from a mother and father do not blend (Mendel, 1866). An offspring from
a short and a tall parent may be medium sized; but it carries genes for shortness and tallness. The

genes remain distinct and can be passed separately to descendants.

BOX 2. Mendel’s laws
Between 1856 and 1863, the monk Gregor Mendel carried out experiments with pea plants
that demonstrated the concept of particulate inheritance. He showed that phenotypes
are determined by units that are inherited intact and unchanged through generations.
Mendel used pea seed coat color as a phenotype easily tracked across generations.By
establishing yellow and green "pure'-breeding lines of peas and by using them as parents,
he crossed green-yellow "impure" lines. This work allowed him to reason on dominant
traits (yellow seed coat here) and recessive trait (green seed coat here) in impure or
heterozygous individuals.
His work is now well known for his two laws:
— Mendel’s first law (law of segregation): Two members of a gene pair (i.e : the alleles)
segregate separately into gametes, so the segregation of alleles at a single locus is

independent.

— Mendel’s second law (law of independent assortment): During gamete formation,
the segregation of alleles of one gene is independent from the segregation of alleles

of another gene.

Between 1900 and about 1925, Darwin’s theory was regarded as outdated and replaced by
Mendelian genetics - the two approaches were regarded as incompatible rivals. In 1908, Hardy
(Hardy, 1908) and Weinberg (Weinberg, 1908) worked independently to formulate a relationship
to predict allele frequencies given genotype frequencies. This relationship is well known as the

Hardy-Weinberg equation: p? + 2pq + ¢> = 1 where p and ¢ are allele frequencies for a genetic

177



Chapitre A. Etat de 'art : la génétique des populations pour les halieutes

locus with two alleles (Smith and Smith, 2001; Hamilton, 2009; Beaumont et al., 2010). A single
generation of reproduction where a set of conditions are met will result in a population that
meets the Hardy-Weinberg expected genotype frequencies (Ryman and Utter, 1987). The list

of conditions is long and includes:

— Diploid organism — Random union between gametes

— Sexual reproduction — Infinite population size

— Non overlapping generations
PPIng & — Negligible gene flow

— Allele frequencies identical among both

sexes Negligible mutation

— Random mating — Absence of natural selection

These conditions make sense when examined. For example, if natural selection acts within a
single generation some genotypes will be more frequent than others, breaking the Hardy-Weinberg
(HW) equilibrium. However, it’s legitimate to wonder if a model with so many conditions is
relevant and if all the assumptions are likely to be met in real life. The Hardy-Weinberg model
was not meant to be an exact description of current populations. We must see it as a null model to
which compare current populations (Hamilton, 2009). However, the majority of empirical studies
on natural populations demonstrate equilibrium conditions even though population size is unlikely
to be be infinite (Waples, 2015).

A very large population size, effectively infinite, is one of the HW conditions. Population size
has profound effects on allele frequencies in biological populations and we accept that all biological
populations are finite. Therefore, no current population ever exactly meets the population size
condition of HW. Genotype and allele frequencies fluctuate from one generation to the next due to
genetic drift. After some time, a small population will become homozygous for some alleles, and
other alleles will be lost. Over time, allele frequencies spread out progressively as the proportion of
fixed genes increases (see fixation), ultimately resulting in homozygous populations. The amount
of genetic drift increases as the number of the individuals used to produce the next generation
decreases (Ryman and Utter, 1987; Smith and Smith, 2001; Hamilton, 2009; Beaumont et al.,
2010). A way to restate the population size condition of HW is to say instead that there is very
little or no genetic drift occurring. This brings us to the Wright-Fisher model which introduced
a schematic of the biological life cycle, with an infinite number of gametes in a finite population.
The Wright-Fisher model is not biologically realistic but it allows the process of genetic drift to be
modeled in a simple fashion (Hamilton, 2009). It makes assumptions identical to the conditions
underlying the Hardy-Weinberg equation in addition to assuming that the sex ratio is equal and

that each generation is founded by sampling 2N gametes from an infinite pool of gametes (Smith
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and Smith, 2001). Here, we have 2N gametes which refers to the diploid state of the organism.

Several applications of the HW equilibrium exist. It is used to predict the expected frequency
of a DNA profile, this application can often be seen in newspapers about crime scene and suspect
identification. A second common application is the test of deviation from the HW equilibrium
considered as null model. If a population has genotype frequencies which do not fit HW expecta-
tion, this is considered evidence that one or more of the evolutionary processes considered absent
in the HW model are active (Holsinger, 2001; Hamilton, 2009).

Finally, many of the concepts of population genetics have been combined with ideas from

population ecology to make up the field of evolutionary biology or evolutionary ecology.

3.3 Molecular markers for measuring genetic variation

Genetic variation can be measured and quantified at several levels: differences between se-
quences of DNA fragments, differences between proteins resulting from DNA coding sequence
variation, etc... The first markers of genetic variation were phenotypic even though the DNA
structure was discovered in 1953. Variations at protein levels were discovered during the 1960s
and mitochondrial DNA was developed during the 1980s. Finally, the main emergence of the DNA
molecular markers was after the 1990s and the introduction of the PCR technique (for Polymerase
Chain Reaction) which allowed cheap and rapid amplification of DNA fragments (Hartl and Jones,
1998; Beaumont et al., 2010). Animal cells contain two types of DNA molecules with distinct
characteristics: mitochondrial DNA and nuclear DNA. In review, we only explicit two types of
nuclear genetic markers: the microsatellites and the Single Nucleotide Polymorphisms
(SNPs).

Microsatellites

Microsatellite loci contain repeated motifs of two to five bases and are scattered throughout
the genomes of most eukaryotes Fig. 2, the number of alleles represents all the possible variants.
The number of repeated units contained within a particular microsatellite can vary within a pop-
ulation, producing variation in the length of the locus. They are co-dominant, assumed to be

neutral and hypervariable with a fast mutation rate.

GT patternrepeated 5 times: AATGCACGTGTGTGTGTTTCAT
GT patternrepeated 3 times: AATGCACGTGTGTTTCAT

Figure 2: Example of microsatellite sequences. The first sequence presents two alleles G and T
repeated 5 times and the second one presents the same allelic pattern repeated 3 times.

Microsatellites are powerful markers for which two decades of experience have established the
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advantages and limits. Indeed, the assumption of neutrality is coming into question and they are
limited by the need of a mutation model (Chevolot, 2006). The mutation rate of microsatellites is
around 10™* (Brumfield et al., 2003).

Single Nucleotide Polymorphisms

SNPs are the most common form of genetic variation and their occurence throughout the
entire genome makes them ideal for studying the inheritance of genomic regions (Baird et al.,
2008). A SNP is a variation at a single nucleotide position in the genome between the maternal
haplotype and the paternal haplotype, Fig.3, which occurs in at least 1% of the individuals within
a species (Vignal et al., 2002). SNPs occur every 1000 bases or so in the human genome but can
be much more frequent in many marine species. Their occurrence throughout the genome also
makes them ideal for analyses of speciation and historical demography, especially in light of recent
theory suggesting that many unlinked nuclear loci (meaning of unlinked loci is explained later)
are needed to estimate population genetic parameters with statistical confidence (Brumfield et al.,
2003; Beaumont et al., 2010). SNPs have relatively low mutation rates (107® to 107%) (Nielsen,
2000; Brumfield et al., 2003).
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*
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Figure 3: Example of two Single Nucleotide Polymorphisms (SNPs) in a diploid organism, het-
erozygous for the two SNPs are presented. For visibility only, chromosoms are represented at
mitosis.

Two types of SNP are distinguished: transition, which is a change between two purine or two
pyrimidine bases and transversion, which is a change between a purine and a pyrimidine base. In
theory, one SNP can show up to the four allels but in most cases, a SNP is diallelic at each locus
(Vignal et al., 2002; Beaumont et al., 2010). Two types of SNP data are available (Morin et al.,
2009) phased data, if haplotypes are considered and unphased data if genotypes are considered.
For haplotypic data the linkage phase is known, while for genotypic data the linkage phase is
unknown (Schaid, 2004). In the Fig. 4, we have the example of two SNPs: the first one presents
the possible allelic states T and A and the second one, the possible allelic states C and A. In the
populations, there is numerous haplotypes possible and only four examples are listed in the Fig.
4.
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Genotypic daca: A AT G C A . o
A

A

CGTTCA T
Sowe haplotypes possibles

Maternak AATGCATCGTTCACT Matarna: AATGCATCGTTCAAT
Parernal AATGCAACGTTCAAT Paternal AATGCAACGTTCACT

Figure 4: Example of haplotypic corresponding to genotypic SNP data. Here, we consider 2 SNPs
which possess each two possible allelic states: T or A and C or A.

The haplotype can be inferred from the genotype in several ways :

— Using biochemistry methods

— Using family information : if the parental genotypes are known, the genotypes of progeny

can generally be deduced.

— Using statistical tools and algorithms of genotypes such as implemented in the programm
ARLEQUIN (Excoffier et al., 2005).

Several approaches have been developed to infer haplotypes from genotypes with statisti-
cal tools. The most known approach is by Clark (1990) which reduces the number of possible
haplotypes with a parsimony approaches.

SNPs are simple (bi-allelic) and easy to model which make them powerful contributors to infer
population histories. They also present low mutation rates and low scoring error rates. When all
population genetic and analytical considerations are weighed, SNPs are superior to microsatellites
(Tab. 1).

Finally, evolutionary genetics (which includes population genetics) is a central discipline
in the study of evolutionary processes. It uses both molecular and classic genetic methods to
understand the origin of variation. It describes patterns of genetic variation within and among
populations and species, and employs both empirical studies and mathematical theories to discover

how this variation is affected by processes such as genetic drift, gene flow, and natural selection.
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Molecular markers

Pros

Cons

Low mutation rates
Bi-allelic

Variation easy to interpret

High number of SNPs required

High Ascertainment bias

SNPs
— Deviation tests from neutrality Challenging for computational
available treatment
— Low scoring error rates
. . High i 5
— Few microsatellites needed for 1gh mutation rates
population genetics Mutation rates variables across
) ) ) .. . loci and across alleles within the
Microsatellites — Display large allelic diversity

Deviation tests from neutrality

same locus

Conducive to Ascertainment

available bias

Table 1: Pros and cons of two types of DNA markers for use in population genetics (Brumfield
et al., 2003; Helyar et al., 2011)

3.4 Population structure and gene flow

The expectation that genotypes will be present at Hardy-Weinberg equilibrium frequencies
depends on the assumption of random mating. Several processes in actual population make this
assumption unlikely to hold for many populations (Waples, 2015). For example, within large
populations the chances of mating are not uniform but depend on the location of the two mates
within the population. This leads to what is called population structure. This phenomenon
has profound implications for genotype and allele frequencies. Subdivision breaks up a population
into smaller units that are genetically independent to some degree. Omne consequence is that
each subpopulation has a smaller effective population size than the effective size of the
entire population if there was random mating. Processes that cause population structure can
be considered both as creative or constraining in evolutionary changes (Slatkin, 1987). Genetic
isolation, for example, can prevent novel alleles from spreading but can also maintain unique alleles
as required for genetic adaptation to local environments. As explained in above, a distinction is
made between migration, dispersal and gene flow. As dispersal is simply the movement of
individuals from one place to another, it may or may not result in gene flow. To confuse matters

further, models do not make the distinction and the variable m (for migration rate) is almost

universally used to indicate the rate of gene flow.
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3.4.1 Studying population structure

In any population study, the ideal first step would be to collect samples of the species across
its entire range to estimate genetic differentiation within the species as a whole. However, for
economic or sampling constraints, most studies focus on limited sampling in specific areas with an
economic or conservation interest. Depending on the markers employed, genotypes or haplotypes
are scored for the individuals sampled and the data are analyzed in a variety of ways to quantify
genetic variation between populations (Beaumont et al., 2010). There is no universal rule for the
minimum number of individuals to sample per location. Waples and Do (2008) proposed that
50 individuals appears to be a good trade-off between sampling cost and the biais in estimating
population structure.

Several indicators of genetic differentiation exist. One of the most applied indicators is the
F-statistics, which was developed by Wright (1949, 1950).

3.4.2 Wright’s F-statistics

Before introducing population structure measures, we need to define a key parameter in popu-
lation genetic : the fixation index (Hamilton, 2009), sometimes called the inbreeding coefficient
(Smith and Smith, 2001). A quantity, symbolized F, is commonly used to compare how much het-
erozygosity is present in an actual population relative to expected levels of heterozygosity under
random mating (and other HW equilibrium conditions):

H,— H,
= ]-
H, (1)

where H, is the HW expected frequency of heterozygotes based on the population allele

F

frequencies and Hj is the observed frequency of heterozygotes.
Dividing by the expected heterozygosity puts F' on a convenient scale of —1 and +1. Negative

values indicate an excess of heterozygotes and positive values indicate an excess of homozygotes.

Accounting for divergence of sub-populations, studying the genetic differentiation among
populations necessitates several new versions of the fixation index, the so called F-statistics
(Wright, 1950). The concept of F-statistics was developed by Sewall Wright during the 1920s but
the three parameters as we know them now were proposed in the 1950s (Wright, 1949, 1950). These
indicators were designed to describe the population genetic structure of diploid organisms. Basic
assumptions are that all populations are of the same size and that there are equal possibilities for
any population to exchange individuals with any other population (Beaumont et al., 2010).

Firstly, heterozygosity is calculated for each diallelic loci and then averaged according to

the scale considered (total population, subpopulation) (Beaumont et al., 2010). So, a series of
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hierarchical measures of heterozygosity were defined:

— Hj : mean observed heterozygosity across subpopulations

— Hpg : mean expected heterozygosity across subpopulations with random mating within each

subpopulation

— Hry : expected heterozygosity with random mating within total population

where subscript T indicates the total population, S the subpopulation and I the individual
level (Wright, 1965). Considering a diallelic loci, with the two alleles at equal frequencies, Hy and
Hg have maximum values of 0.5 and H; can vary between 0 (no observed heterozygotes) and 1
(all observed individuals are heterozygote).

Now, based on H;, Hg and Hyp, three hierarchical F-statistics are defined : Fyg, Fsr, Fir.

Fis : inbreeding coefficient.
Fo="""1  _1<Fg<1 (2)

The Fs coefficient represents the difference between the average observed and the HW
expected heterozygosity due to non random mating, so it is a measure of the extent of genetic
inbreeding within subpopulations. At the lower supbpopulation level, it is the correlation between
homologous alleles within individuals with reference to the local population (Wright, 1949, 1950,
1965; Beaumont et al., 2010). In other words, it is the correlation between homologous alleles
within individuals with reference to the local population (ie. the subpopulation under study). A
Frs value close to —1 means that all individuals are heterozygous or that there is an excess of
heterozygotes compared to Hardy Weinberg expectations, 0 means that the subpopulations meet
the HW assumptions and a value close to +1 means that there are no observed heterozygotes
(Beaumont et al., 2010).

Fsr : fixation index.

Hr — H
FST:TTTS 0< Fsr <1 (3)

The Fgr coefficient represents the difference between the average expected heterozygosity
of subpopulations and the expected heterozygosity of the total population, so it measures the
reduction in heterozygosity due to subpopulation divergence in allele frequency (Lowe et al., 2004;
Hamilton, 2009). At a lower level, it is the probability that two alleles sampled at random from
a single subpopulation are identical by descent (Smith and Smith, 2001). A Fgr value close to
0 means there is no differentiation between subpopulations and a value close to +1 that there is

complete differentiation between subpopulations.
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Although Fgr has a theoretical range between 0 and 1, the observed maximum is usually
much less than 1. Wright suggested the following qualitative guidelines for the interpretation of
Fsp (Wright, 1984) :

— the range 0 to 0.05 may be considering as indicating little genetic differentiation
— the range 0.05 to 0.15 may be considering as indicating moderate genetic differentiation

— the range 0.15 to 0.25 may be considering as indicating great genetic differentiation

— wvalues above 0.25 indicate very great genetic differentiation

Frr @ overall fization index.
F]Tzi —1§F[T§1 (4)

The Fyr coefficient is the correlation between homologous alleles within individuals with ref-
erence to the total population (Beaumont et al., 2010). It describes the reduction of heterozygosity
within individuals relative to the total population due to non-random mating within subpopula-

tions and population subdivisions (Lowe et al., 2004).

The three F-statistics are not independent but interrelated according to the formula:

(Frr — Frs)

Fop —
T (1— Fig)

Finally, Wright’s F-statistics provide answers to two different questions:

— for the scored loci, are the genotypes in the proportions predicted by the HW model? (Fjg

and Frr provide answers)

— for the scored loci, are the allele frequencies different between various populations ? (Fsp

provides answers)

The original formulation of Fgr by Wright considered only one biallelic locus. This was
extended to accommodate multiple loci termed Ggr (Nei, 1973). 6 or O (Weir and Cockerham,
1984; Weir, 1996) or ¢pgr (Excoffier et al., 1992) are estimators based on analysis of variance of allele
frequencies within and among sub-populations, etc... One of the biggest weaknesses of Wright’s
F-statistics is the ignorance of the bias due to the number of sampled individuals. The 8 estimator
by Weir and Cockerham (1984) takes this bias into account; it is often used as an alternative to
the F-statistics.
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BOX 3. Example of F-statistics calculation

The data shown in the following table are based upon three loci surveyed in three pop-
ulations (Lowe et al., 2004). Allele frequencies have been calculated assuming HW equi-
librium ; all means are arithmetic and it is assumed that sample sizes are equal.
For example, for the first locus :
Hr =(0.4+0.4+0)/3 =0.2667
Hs=(054+0.48+0)/3=0.33
Hr =2%0.7%0.3
Expected number of
Phenotype frequency | Allele frequency heterozygotes in
random mating total
population
a/a | a/b b/b a b
Locus 1
Population 1 | 0.3 0.4 0.3 0.5 0.5 0.5
Population 2 | 0.4 0.4 0.2 0.6 0.4 0.48
Population 3 | 1.0 0 0 1.0 0 0
H; 0.2667
Mean population allele frequency 0.7 0.3 Hs=0.33
Hr 0.42
Locus 2
Population 1 | 0.3 0.1 0.6 |0.35 0.65 0.455
Population 2 | 0.25 0.5 0.25 | 0.5 0.5 0.5
Population 3 | 0.65 | 0.2 0.15 | 0.75 0.25 0.375
H; 0.2667
Mean population allele frequency 0.53 0.47 Hg=0.44
Hr 0.4982
Locus 3
Population 1 | 1.0 0 0 1.0 0 0
Population 2 | 1.0 0 0 1.0 0 0
Population 3 | 1.0 0 0 1.0 0 0
H; 0
Mean population allele frequency 1.0 0 Hs=0
Hy 0
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BOX 3. Example of F-statistics calculation - cont.

So the averages are the following :
Hr =(0.42+0.4982+0)/3 = 0.31
Hg = (0.3340.44 4 0)/3 = 0.26

H; = (0.2667 4 0.2667 + 0)/3 = 0.18

Wright’s F-statistics can be derived as :

FIT — Hr—Hp — 0.31-0.18 _ 042

Hr 0.31
_ Hr—Hg _ 0.31-0.26 __
Fogr = = s 0.16
_ Hg—H; _ 0.26-0.18 __
Frg = T LT o0 0.31

Positive Frg and Fjr indicate a deficit of heterozygotes with respect to HW expectation.
Fgr around 0.16 means that 16% of the total genetic variation is between subpopulations,
with 84% of the variations within subpopulations. It indicates a great genetic variation

between subpopulations.

4. Genetic population size

The concept of effective population size appeared for the first time in 1931 proposed by the
geneticist Sewall Wright (Wright, 1931). The definition of population size in population genetics
relies on the dynamics of genetic variation in the population. It means that the size of a population
is defined by the way genetic variation in the population behaves (Hamilton, 2009; Beaumont
et al., 2010; Hare et al., 2011). There are two types of population sizes. One is the real count
of individuals in a population (including immatures), called the census size N.. The other one
is the genetic size of the population, determined by comparing the genetic drift in a studied real
population with the genetic drift in an ideal population, i.e. meeting the Wright-Fisher model
which assumes Hardy-Weinberg conditions plus infinite number of gametes and equal sex ratio.
The population size of an ideal population that produces the same rate of genetic drift as observed
in the current population is the genetic size of the current population or its effective size (Hamilton,
2009). Thus the effective size, denoted N., is the size of an ideal population that experiences as
much genetic drift as an actual population (regardless of its census size) (Lowe et al., 2004).
This comparison with a theoretical ideal population standardizes the measurement of genetic
drift and makes N.comparable across populations with very different life histories (Hare et al.,
2011). To summarize and give an ecological interpretation, the census size is the total number
of individuals and the effective size is the number of breeding adults that currently contribute to
the next generation (Hamilton, 2009). The effective size excludes juveniles, individuals too old to

reproduce and those that provide non-contributory gametes. If N, is very large, the variance in
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allele frequencies between successive generations is very small (Beaumont et al., 2010). In an ideal
population, N, is equal to the census population size of a generation (Hamilton, 2009).

One of the major difficulties in discussing N, is that there are two commonly estimated
measures of N,. Variance effective size is the size of an ideal population experiencing genetic drift
at the same rate than the actual population and inbreeding effective size is the size of an ideal
population losing heterozygosity due to increased relatedness. Typically both are not discussed in
detail because for large, stable populations, they are similar. However, the sizes of many wildlife

populations are not stable (Leberg, 2005).

4.1 Factors influencing effective population size

Population fluctuations, like bottleneck events have a high impact on effective size but there
are several other aspects of biological populations (Tab.2) that have the same impact by increasing
the sampling error in allele frequency across generations (Lowe et al., 2004).

Population size fluctuations can lead to changes in alleles represented in later generations
which lead to changes in effective size.

An unequal sex ratio has a high influence on genetic drift and so on the population effective
size of a population. For example, in a polygamous population with a ratio of one breeding male
to several females, the offspring will be half or full siblings, leading to an increase in genetic drift
compared to a case with breeding sex ratio of 1:1 where all offspring are less closely related (Smith
and Smith, 2001; Hamilton, 2009).

A third factor is the degree to which adult individuals in the population contribute to the
next generation. A population is stable in size over time when each pair of individuals produces
on average two progeny. The variance in family size can be used to describe variation among
individual reproduction. If the variance in family size increases, the alleles passed to the next
generation come increasingly from those parents producing more offspring. When the variance
in family size is equal to the average family size (kK = 2), then the population size of parents is
the effective population size. The Wright-Fisher model assumes that family sizes follow a Poisson
distribution (i.e. mean equal to variance). An interesting fact is that in the case where the variance
in family size is less than the mean family size, N, can be larger than N (Hamilton, 2009).

A finite population size can be seen as a form of inbreeding. In small populations, the chance
of mating with a relative is large since the number of mates is limited. Genetic drift also occurs due
to finite population size. Both phenomenon increase homozygosity and decrease heterozygosity
leading to a decrease in effective population size (Lowe et al., 2004; Hamilton, 2009).

Migration and dispersal are also phenomenons acting on the effective population size. If
immigrants become part of the breeding population, they introduce a different genetic sample that

tends to reduce genetic drift. Information from the field on genetic effects of migration is lacking
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because of the difficulty to collect data (Smith and Smith, 2001).

Finally, overlapping generations have a great influence on the effective size of a population

because age-structured species presents many co-evolutionary process (Waples et al., 2014). How-

ever, the exact effects of overlapping generations remain unclear.

Event

Consequences for genetic diversity

Population size
fluctuations

Changes alleles represented in later generations

Changes effective size

Unequal sex ratio

Increases genetic drift

Reduces N, (max if breeding sex ratio 1:1)

Variance in
reproductive success

Stable population : parents produce 2 offspring (k = 2)

If K =2 : population size of parents is the effective size

Inbreeding

Increases homozygosity

Decreases population effective size

Migration

Increases or decreases genetic drift

Increases or decreases population effective size

Overlapping generations

Effects remain unclear

Table 2: Summary of effects of different factors influencing genetic drift and population effective
size (Smith and Smith, 2001; Hamilton, 2009)

All factors contributing to genetic drift are confounded in the variable N, so a small value

indicates strong drift but does not identify the causes. Estimating N, is valuable for harvested

population in a stock assessment context but can also provide insights into patterns of connectivity

among populations.
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4.2 Relationship between N, and N,

The first thing to understand is that, for most real populations, effective size and census
size are not the same (Leberg, 2005). Commonly, due to genetic bottlenecks for example, the
census size is larger than the effective size (Lowe et al., 2004). Many factors can cause N, # N,
including unequal sex ratios, high variation in reproductive success, non random mating, mating
system, philopatry, gene flow, overlapping generations and temporal fluctuations in population size
(Leberg, 2005).

BOX 4. Commonly N, differs from N.: example

Assume a population of 100 individuals at time ¢ — 1, which was reduced to 10 individuals
at time ¢ (by a bottleneck for example) and increased again to 100 individuals at time
t+ 1 (each couple produced offspring)(Hamilton, 2009). The effective size of a population
fluctuating over time is calculated as the reciprocal of the average of the sum of reciprocals
of the effective number of each generation (Smith and Smith, 2001). This special sort of
average is called the harmonic mean of N, and is given by the following expression:

1 1 1 1 1

— == + +.+
Ne & | Ne=1)  Ne(r=2) Ne(t)>

In our example, NV, is equal to 25 and the mean census size is 70. Only those alleles that
pass through the genetic bottleneck of 10 individuals are represented in later generations.
Using the census size to predict the behavior of allele frequencies will underestimate
the genetic drift. We expect allele frequencies in the current population to behave like
the allele frequencies in an ideal Wright-Fisher population with a constant size of 25

individuals over three generations (Hamilton, 2009).

The relationship between N, and NV, is a key to understanding the effects of harvesting: in
marine species, N, /N, ratios are often as low as 107°. This very low ratio seems to indicate that
enormous marine population may be more sensitive to genetic drift and inbreeding from intensive
harvest than census size alone suggests (Hare et al., 2011). However these low ratios can also be
a consequences to insufficient sample sizes (Waples, 2016).

Effective population statistics inform us about the genetic health of a population. To be able
to handle the loss of genetic variability, inbreeding, a population must reach a critical size. The
number of individuals that will ensure the persistence of a population in a viable state for a given
interval of time is the Minimum Viable Population (MVP) (Soulé and Wilcox, 1980; Shaffer,
1981; Smith and Smith, 2001; Rai, 2006). It must be large enough to cope with environmental
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changes, genetic drift or variation in individual birth and death. Different studies have been
conducted to estimate threshold values for effective size. In 1980, M. Soulé addressed the question
of MVP size in order to prevent extinction and concluded a minimum effective size of 50 individuals
was needed (with a maximum of inbreeding at 1%). The same year, Franklin suggested that in the
long term, genetic variability will be maintained only if population sizes are an order of magnitude
higher than 50. This suggestion is based on the assumption that continued evolutionary change
is necessary for populations and species survival, and that response to natural selection is limited
by small population sizes. Due to this, Franklin proposed that for long term viability the effective
size should be 500 in order to account for the expected rapid loss of genetic variance (Franklin,
1980). The two studies gave rise to the 50/500 rule which has been strongly criticized (Caughley,
1994; Lande, 1995).

Given loss of genetic variability can been expressed as the loss in heterozygosity, Meffe and
Carroll (1997) argued that an effective size of 50 individuals was not enough for long term conser-

vation (Fig. 5).

BO|

sl

Heterozpgosity ramaiing

T
2

Genarations

Figure 5: Simulated loss of genetic variability after 10 generations according to the effective size
Ne. Populations with large Ne maintain their genetic variability while small ones loose it. (Meffe
and Carroll, 1997)

Experiences with drosophila showed that a median extinction time of 47.5 generations was
necessary to extinct a population of 50 effective individuals (Reed and Bryant, 2000). Such ex-
periences have never been realized on rajids and it is hard to predict a minimal effective size for
a given minimal time leading to the extinction of a population. Thus, MVP is only a general
guideline for the genetic management of endangered species. Past studies showed that applying
the 50/500 rule on wild populations can be a dangerous game for species survival. For example, a

species with highly density-dependent reproduction, living in a more or less constant environment
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may persist for a long time despite a decline in genetic diversity. There is no universal rule about
MVP (Smith and Smith, 2001).

4.3 Estimators of effective population size

Genetic methods for estimating N, have been increasingly practicable by recent advances in
genotyping, software and computer processing speed (Hare et al., 2011). Just as there are several
models based on different assumptions to describe how genetic variation over time, there are several
ways to estimate the effective population size. Two main definitions of the effective population
size exist (Hamilton, 2009):

— inbreeding effective population size which represents the size of an ideal population that
would show the same probability of allele copies being identical by descent as an actual

population.

— variance effective population size which represents the size of an ideal population that would

show the same sampling variance in allele frequency as an actual population.

For the conservation and the management of wildlife populations, estimates of contemporary
N, are of interest. When estimates are based on single-cohort samples, they reflect the effective
number of breeders in one reproductive cycle (N,) (Dudgeon and Ovenden, 2015). For mixed-age
sample, N, estimates reflect the harmonic mean of the number of breeders over several generations
(Waples et al., 2014).

Several estimates of IV, exist which can be summarized in two broad categories of estimates
(Dudgeon et al., 2012) :

— Estimate of long-term or historical effective population size.
— Estimate of the contemporary or short term effective population size.
These two estimates of effective population sizes can be derived from samples collected at a

single point in time or from temporally spaced samples. In receent years, several estimators based

on single-sample method were developped (Waples et al., 2014).

4.3.1 Long-term N, estimation methods

Estimates of long-term N, are used if the goal is to understand the long-term N, of a species
prior to contemporary influences. The main method used is the coalescent method which requires
only a single random sample of individuals (Hare et al., 2011). This method traces the history of
genes in a population back to a common ancestor in order to describe the process of coalescence

of allelic copies in the population back in time (Nikolic, 2009). Such models investigate patterns
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among individuals from the past to the present and aim at reconstructing versions of events such as
inbreeding, gene flow or natural selection in the past that could have lead to the current observed
population. A coalescent event is defined as the merging back in time of two lineages into a single
ancestral lineage. The method aims at connecting current lineages observed in the sample back to
a single ancestor in the past, the most recent common ancestor (MRCA) (Hamilton, 2009). The
coalescent model leads to definitions of the inbreeding effective population size that are identical
to those obtain using autozigosity (Smith and Smith, 2001). For most management applications,
this method targets the period just prior to human intervention (Alter et al., 2007).

Historical effective population size has been widely estimated for terrestrial species but also
to elasmobranchs species such as Raja typus (Castro et al., 2007), using ARLEQUIN software
(Excoffier et al., 2005), Negaprion brevistoris (Schultz et al., 2008), Sphyrna lewini (Nance et al.,
2011), using the method developed by Beaumont (Beaumont, 1999) and implemented in the soft-
ware MSVAR and sleeper sharks (Murray et al., 2008).

4.3.2 Contemporary N, estimation methods

Contemporary N, can be estimated using demographic methods or genetic method, here only
the genetic methods are detailed. Short-term N, estimation are usually based on allelic changes
between two samples like loss of heterozygosity, loss of alleles or the increase of the inbreeding
coefficient. Commonly, four methods are considered suitable for estimating N, indirectly from
genetic data. All four methods have limited power to estimate N, when the true value is large,
but since conservation is focused on small populations, these methods are increasingly used in the

conservation context.

Multiple sample estimation

The temporal method requires population samples separated by at least two generation times
(Dudgeon et al., 2012). The effective population size is estimated by relating the observed amount
of allele frequencies change to that expected under pure genetic drift. This method estimates
the variance effective population size using the expected variance in gene frequencies (Grant and
Waples, 2000). Several factors may introduce bias into these estimates : sampling error, migration,
natural selection, etc... Some developments made during the last decade address these aspects to
minimize these bias. For example, several formulas are used for calculating N, depending upon of
the sampling scheme: random sampling of the entire population, only reproductive adults, single-
cohort of newborns... (Waples and Yokota, 2006). Moreover, Jorde and Ryman (1995) developed
a correction factor based on life history traits for accounting for overlapping generations.

Precision and accuracy of N, estimates can be improved by increasing the number of loci,

the number of alleles, the sample size or the amount of time between temporal samples. However,
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the last option is the most difficult as it requires conducting long-term studies or that old samples

are available. As a consequence, it is rarely applied (Leberg, 2005).

Single-sample estimation
Estimations of N, using the single-time point estimate approach requires only a single sam-
pling of the population. In the last decade, various estimation methods have been developped or

improved (Dudgeon et al., 2012).

— Linkage-Disequilibrium (LD)
— Heterozygosity Excess (HE)

— Molecular Co-ancestry (MC)

4.4 Estimation of effective population with Linkage-Disequilibrium

4.4.1 Definition and estimation of the Linkage-Disequilibrium

In population genetics, Linkage-Disequilibrium (LD) is the non random association of alleles
at different loci i.e the presence of statistical associations between alleles at different loci that are
different from what would be expected if alleles were independent, based on their individual allele
frequencies. When the genotype present at one locus is independent of the genotype present at
another locus, they is a Linkage-Equilibrium.

The assumptions for using LD are the same than the Wright Fisher model, but also assume
that loci are unlinked. Genes located close to each other on the same chromosome are said linked
(Fig. 6, a). If two alleles from different genes on the same chromosome tend to be associated
in different individuals at a greater frequency that expected due to random association, there is
linkage disequilibrium between these genes. Two genes located on different chromosomes or at

large distance on the same chromosome are unlinked (there is Linkage-Equilibrium).

a) b) )

< Gene 1

&—————CGene 1

€—Gene 1 P

< Gene 2 < Gene 2 < Gene 2
Linked Unlinked Unlinked

Figure 6: Chromosomes illustrating linkage between loci. Two genes are shown in each situation.
As illustrated genes 1 and 2 are linked in the first situation and unlinked in the others.
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When numerous loci are used, it is usually unavoidable that some will be linked. However,
linkage becomes an issues only if genes are very close together or if the recombinaison rate is very
low. The recombinaison rate can be seen as the proportion of gametes produced by an individual
with haplotype differing from the two haplotypes of the individual. For example, an individual
A1B1/A2B2 will produce 2 types of gametes: parental type (A1B1 and A2B2) and recombinant
type (A1B2 and A2B1). r is the proportion of recombinant type and is bounded between 0.5
(genes are unlinked or very far from each other on the chromosome, Fig. 6 b and ¢) and 0 (genes
are linked Fig. 6, a).

Linkage-Disequilibrium is measured by two statistics, D and r, which can be interpreted
as the co-variance and the correlation between loci. These statistics are explicited in subsequent
parts. The effective population size estimated by the LD method is a variance effective population

size.

4.4.2 Origins of the Linkage-Disequilibrium

Several factors can create Linkage-Disequilibrium.

— Genetic drift : genetic drift conducts to a loss of variability over generations (by random
disappearance of alleles or haplotype). genetic drift is much stronger when the population

size is small.

— Mutation : mutation can occur in a haplotype and create a Linkage-Disequilibrium between
the mutated locus and this haplotype. This disequilibrium normaly reduces over generations

but can increase if genetic drift or selection occur.

— Gene flow : LD can also be created by the mix between populations or by migration.
At the beginning, LD is proportional to the allelic differences between populations and is
independent of the distance between markers. Over generations, LD decreases but the rate
of decrease varies with the link between loci. For independents loci, LD tends to disappear

and for linked loci, it persists much longer.

— Selection : as genetic drift, selection conducts to a decrease in the number of breeders and
so a decrease in the number of haplotypes in the population. Alongside, this decrease leads

to an increase of consanguinity:.

— Recombination : the recombination rate is not constant along the genome. LD is strong

in regions with an low recombination rate and high in not recombinate regions.
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4.4.3 Assessing the population effective size with the Linkage-Disequilibrium method

LD can be illustrates by considering 2 SNPs markers A and B on the same chromosome. A
possess the alleles A;,4; and B the alleles By,Bs. Four haplotypes are possibles : A; By, A;Bs,
A2B1 and A2B2 (Flg 9)

' 3
Genotypic data: A A T G C A :] CGTTCA ]'31 T

Four haplotypes are possible :
DAATGCAA CGTTCAB, T
NDAATGCAA, CGTTCADB, T
NAATGCAA CGTTCAB,T
HDAATGCAA,CGTTCADB,T

Figure 7: Illustration of the four haplotypes possible by considering a heterozygous individual at
two SNPs markers A and B.

If each allele possess a frequency of 0.5 and that the Hardy Weinberg conditions are met, each
haplotype should have a frequency of 0.25. Any deviation to this haplotypic frequency reflects a
Linkage-Disequilibrium. Several measures of the LD are available between alleles with 2 loci and
all depend on the following equation where D is the coefficient of LD, p4, represents the frequency

of the allele A; and pa,p, the frequency of the haplotype A, By:

D = Da,B, = pa,p, — Pa,Pp, (6)

Linkage-Disequilibrium between A;Bs, A3B; and A B, can also be calculated. When the
genetic markers used are bi-allelic (like SNPs), results between all calculations are exchangeable
(Da,p, = —Da,p, = —Da,p, = Da,p,). This does not apply to multi-allelic markers, such as
microsatellites.

D is a non normalized equation. Other statistics have been derived and are more commonly

used.

— Hill and Robertson (1968) defined the correlation coefficient (r?) between alleles for bi-allelic

loci.

2 D2

rf=—
Pa,PA,PB,PB,

0<r*<1 (7)

Under the null hypothesis (Hy : D;; = 0) this statistics follows a x distribution. Moreover,

the correlation coefficient is less sensitive to the population size than other statistics.
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— Lewontin (1964) proposed the D" (widely used in medicine):

_|D D _ min[pAy 0By, pAspBi] ifD >0 -
Dinas” max|[pAipBy, pAs, pBs)] ifD <0

D/
The 72 and the D’ as presented here are statistics of LD at 2 loci but it is more useful to
consider LD on a chromosomal region. One of the classical approaches is to calculate a local

average of LD for pairs of loci.

BOX 5. Linkage-Disequilibrium with unphased data

In diploid species, it is much easier to determine genotypes (unphased data) than haplo-
type (phased data). Consequently, which nucleotides, corresponding to SNP alleles in fig.
7, occur together on individual DNA molecule (chromosome) is usually unknown. This
makes it difficult to estimate statistical associations such as LD among loci, as shown
below. Let’s consider two SNPs on the same pair of homologous chromosomes at two
loci. A possess the alleles Ay, A; and B, By and B,. All the possible genotypes and the

examplified number of sampled individuals are summarized in the following table:

BB | By
AL A, 0 1
A 0 1
0 0 0
Genotypes of sampled individuals are:
Individual 1 | A, B,

Individual 2 | A A, | By

Therefore, there are 4 possible haplotypes for individual 1: A, By, A5, A,B; and
and :
Dy g, = fA1 By — fALfB:

fi. =075 fp =05
fi. =025 f. =05

But f A, By is not directly available.

197



Chapitre A. Etat de 'art : la génétique des populations pour les halieutes

As developed in the Box.5, estimates of Linkage-Disequilibrium in case of genotypic data is
not a direct calculation. Methods currently used to estimate LD bypass this issue by inferring
haplotype frequencies from a maximum likelihood method (Hill, 1974; Rogers and Huff, 2009) or
by using the composite Burrows method (Weir, 1979, 1996). The first inference method developed
by Hill (1974) requires that random union of gametes occurs in the population, in which case
population genotypic frequencies can be replaced by products of gametic frequencies. Such cases
are discussed and Weir (1979) recommended the use of the Burrows method which does not
require random mating assumption and provides a straightforward calculation. Dr Peter Burrows
(unpublished work but see Cockerham and Weir, 1977) considered a composite measure of LD : A.
It performs better than an alternative maximum likelihood estimator (Weir, 1979; Schaid, 2004)

and is estimated directly from genotype counts as follow (Russell and Fewster, 2009) :

A NAB PO
AAlBl = Tll - - 2pA1p31 (9)

where n 4, g, are the sample counts of possible genotypes (see Box 5.) and n the total number
of counts (sampled individuals). pa, and pp, are proportions of alleles in the sample A; and Bj in
the n individuals genotyped at both loci. A small-sample correction factor of n/(n — 1) should be
applied to Ay, g, (Weir, 1979, 1996).

The corresponding correlation coefficient can be estimated as :

AAlBl

{]3,41<1 - pAl) + (EAlAl - p212)}{ﬁB1(1 - ﬁBl) + (iLBlBl - pé12)}

fAlBl - (10)

where h A4, and h B, B, are the observed proportions of A;A4; and B;B; homozygotes in the

sample of size n .

The correlation coefficient r has E(r) = 0 for unlinked loci; in finite populations however,
the correlation is likely to take non-zero values with small populations giving the largest values
so the expectation of its square is non-zero and is a function of the effective population size, N,
(Russell and Fewster, 2009). The expression for E(r?) depends upon the mating structure and
recombination fraction ¢ in a population, and is also affected by sample size S (Waples, 2006;
Russell and Fewster, 2009) The distribution of 72 is not known but Weir and Hill (1980) showed
that the expectation of squared disequilibrium coefficients is strongly affected by the mating system

and recombination fraction (c¢) between the studied loci. For dioecious random mating :

() = (zlzv_c(é)z _+10) *3 )
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If the loci are unlinked (¢=0.5), this equation simplify to :

1 1
E(7?) = + 5 12
") =53+ (12)
E(7?) can be expressed as the sum of a term due to finite population size, E(73,,;), and
a term due to sampling a finite number of individuals, E(2,,,,.), (Waples, 2006; Russell and

Fewster, 2009).

E(ig) - E(’F(erift) + E(ﬁgample) (]‘3)

Waples (2006) suggested that if S varies among loci, the harmonic mean should be used.
Replacing E(#?) with its estimate, 72, and rearranging leads to an estimator for N, (for dioecious
random mating):

N 1

Y= 5@ s o

Waples (2006) investigated the fact that equation 14 does not provide an unbiased estimate
of effective population size for the range of S/N, ratios likely to occur in the study of natural
populations. N, is downwardly biased if S is less than about 2/N,, and the bias is substantial for
S < N,, particularly for samples of small census population size. By examination of data from
samples taken only in generation 0 (which mimics samples from a population of infinite size) and
so with a E(75,;;,) = 0, Waples found that 1/5 4 3.19/5% can be a good approximate of E(73 )

sample

if S>30 and 0.0018 4+ 0.907/S + 4.44/S5? otherwise. As F(72 ) and r? can both be calculated

sample

directly from data, 73, can be deduce and the effective population size can be estimated as

follows (here for large samples S > 30) :

o 1/34/1/9 = 2.767%,,,

e

. (15)
2T§rift

For calculating confidence intervals, the distribution of 72 is approximated by a x? distribution

with M = L(L — 1)/2 degrees of freedom and L the number of loci (Hill, 1981; Waples, 1991).

Confidence limits for 72 are estimated with :

(1= a)CT = (FPM/X{aj2) .00 7 M/ X1 —ajoy 1) (16)

As explained above, the method assumes that loci are neutral (non-selected) and physi-
cally unlinked (¢ = 0.5). Microsatellite loci are highly suitable for the Linkage-Disequilibrium
method (Schwartz et al. 1998), because they are highly polymorphic and nearly selectively neu-
tral, although this may be compromised by genetic hitchhiking. SNPs can also be used for
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Linkage-Disequilibrium. Do et al. (2014a) showed that precision of the LD method is better with
200 SNPs compared with 20 microsatellites. The relationship between the estimated r? and N,
with LD method takes the form of a hyperbolic curve. When #2 is less than 1/n, negative estimates
of N, are possible. In these cases, which are most likely to arise when the sample size is small,
the contribution of genetic drift to Linkage-Disequilibrium is swamped by the contribution from
statistical sampling. Because it is not possible for N, to be negative, the conventional way of
interpreting a negative N, is to replace it with an estimate of infinity (Waples, 1991). In other
words, negative estimates occur when the genetic results can be explained entirely by sampling

error without invoking any genetic drift (Waples and Do, 2010).

4.4.4 Applm’ication of the Linkage-Disequilibrium method for calculating popula-

tion effective size

The LD method is based on some simplifying assumptions: selective neutrality, closed pop-
ulations, discrete generations that may not apply to many natural populations. LD method also
assumes that of the four evolutionary forces (mutation, selection, migration and genetic drift),
only drift is responsible for the signal in the data (Waples and Do, 2010). The consequences of vi-
olating these assumptions have been widely studied during the last 5 years. Effects of overlapping
generations (Waples and Yokota, 2006; Robinson and Moyer, 2013; Waples et al., 2014), migration
(Waples and England, 2011), Hardy-Weinberg assumptions (Waples, 2015), physical link between
the used loci (Waples et al., 2016), the sample size (Waples, 2006; Waples and Do, 2010) and a
comparison of the genetic markers used are synthesized in Tab. 3 and Fig.8 (Waples and Do, 2010;
Do et al., 2014a). Nevertheless, the neutrality assumption needs to be evaluated more precisely
for a use with a high number of SNP loci. Tenesa et al. (2007) studied the estimation of human
effective population size with 1,000,000 of SNPs. In this study, for each chromosome, pairwise 2
was calculated, only for SNP pairs between 5 kb and 100 kb apart from each ohter to avoid the
influence of gene conversion on observed LD at SNPs that are closer and to minimize the effect

of a very recent expansion of the human effective population size on LD.

200



Chapitre A. Etat de 'art : la génétique des populations pour les halieutes

Tested effects

Protocole

Used estimators

Reference

Sample size,
number of loci,

Random subsamples of the total data set

Dudgeon and

concurrent effects available. NeEstimator Ovenden (2015)
of both
parameters.
Populations simulated with and without COI?\I/}}I:;N(?NG;
Mioration migration. Comparison of thes estimates NeEs tima:cor' Gilbert and
& and the simulated N, values with the ' Whitlock (2015)
RMSE (Root Mean Square Error) ONeSAMP;
' TMVP
. Simulations of age-structured genetic data LDNe (old .
Overlapping . ) . . Waples et al.
enerations which tracked demographic and genetic version of (2014)
& processes. Studies of the bias associated. NeEstimator) '
Overlapping Simulation of several life-history scenarios. .
. . . , Robinson and
generations and Comparison of the estimates’ CV and the LDNe ,
: Moyer (2013)
age-structure. simulated N, values.
Populations simulated with and without .
. . . . . . Waples and
Migration migration. Comparison of these estimates LDNe England (2011)
and the simulated N, values. granc
Comparison SNPs Slmulamor.ls of the two types ,O f ge.znetlc Unavailable Waples and Do
and microsatellites data. Studies of the CV of N, estimates rooTam (2010)
and of the MSE (Mean Square Error). prog
Sample size, . . . .
number of loci, Slmulatl(?ns O.f genetic data. Studies of the Unavailable Waples and Do
CV of N, estimates and of the MSE (Mean
number of alleles program (2010)
Square Error).
per locus.
. Simulations of genetic data. Studies of the . .
Allele .exc.lusmn CV of N.’ estimates and of the MSE (Mean Unavailable Waples and Do
criteria program (2010)
Square Error)..
Sample size, alleles | Simulations of genetic data. Comparison of LDNe Macbeth et al.

exclusion criteria

the estimates and the true values.

(2013)

Table 3: Summary of the main bias and sensitivity analysis conducted on the LD method.
N Estimator: Do et al. (2014a), ONeSAM P: Tallmon et al. (2008), M LN,.: Wang and Whitlock
(2003), COLONY: Jones and Wang (2010), CoN: Anderson (2005), TMV P : Anderson (2005),

LDNe :

Waples and Do (2008).
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Figure 8: Effects of independently doubling sample size of individuals (.S), number of loci (L), and
number of alleles per locus (K) on the coefficient of variation (C'V) of N,. Results are shown for
three different ideal population sizes of N individuals (here N corresponds to N.) (Waples and
Do, 2010). Violet box can be interpreted as 180 SNPs and green box as 10 and 20 microsatellites
with 20 and 10 alleles respectively.

Softwares

The most widely used software for estimating the population effective size is NeEstimator
(Do et al., 2014a) which calculates contemporary unbiased estimates of the population effective size
based on LD. Moreover, the softwares provides estimates of N, based on others methods : Heterozy-
gosity Excess, Molecular Co-ancestry, temporal method. The LD method with NeFEstimator has
been most widely used with microsatellite data but can be used with SNP data as well. Accurate
estimates of N, can be obtained with non overlapping generations by using 10-25 microsatellites,
which correspond to approximately 180 SNPs and samples of at least 25-50 individuals. Precision
can be improved by sampling more individuals or by sampling more genetic markers. However, pre-
cision can be improving more by doubling the number of individuals, especially for SNPs (Waples
and Do, 2010).

In 2015, a new tool was developed to inferring historical NV, trends based on SNP data only :
SNeP (Barbato et al., 2015). This software is a complementary tool for investigating demography
through Linkage-Disequilibrium.

Applications

The Linkage-Disequilibrium method has been widely used for estimating effective population
size and after temporal method, the Linkage-Disequilibrium (LD) method is the most widely used.
As soon as 1991, Waples studied the feasibility of using LD method on cetacean populations for
estimating population effective size and concluded that the LD method may provide meaningful
information if a high number of polymorphic gene loci can be resolved (Waples, 1991). Beyond

its application on marine mammals, LD method has been applied on several species including
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terrestrial such as human (Tenesa et al., 2007), ruminants (Cervantes et al., 2011; Do et al., 2014b;
Barbato et al., 2015) or cougar (Juarez et al., 2015) populations but also on insects (Francuski and
Milankov, 2015), reptiles (Bishop et al., 2009; Monzon-Argiiello et al., 2015) and of course, fishes
(Macbeth et al., 2013; Van Doornik et al., 2013; Wilson et al., 2014; Dudgeon and Ovenden, 2015;
Pilger et al., 2015; Perrier et al., 2015).

4.5 Estimation of effective population with Heterozygosity Excess

4.5.1 Definition and measures of the Heterozygosity Excess method

This method is based on the following principle: when the effective number of breeders (V)
in a population is small, the allele frequencies will (by chance) be different in males and females,
which causes an excess of heterozygotes in the progeny with respect to Hardy-Weinberg equilibrium
expectations (Pudovkin et al., 1996; Luikart and Cornuet, 1999; Leberg, 2005). In other words,
when the number of breeders is small, the allele frequencies in males and females will be different
due to binomial sampling error, which generates an excess of heterozygotes in the progeny relative

to the HW expected proportions (Robertson, 1965; Rasmussen, 1979).

The proportion of heterozygotes expected in a progeny produced by a small and equal number

of males and females can be calculated as followed :

H' = 2pq +pq/n = 2pq(1 +1/(2n)) (17)

where n is the number of haploid genomes in the mothers or fathers and p and ¢ are the

frequencies of alleles at a locus.

Pudovkin et al. (1996) called H’ the proportion of heterozygotes expected to be observed
(Hobs) in the progeny (given a limited number of parents), whereas the expected proportion of

heterozygotes in the base population under Hardy-Weinberg proportions, 2pq, was designated as
Heyp. So:

~ H
Nyp= 18
’ 2(I—[obs - Hemp) ( )

If the sample size of individuals is finite, H.,, must be estimated using the following unbiased
estimator of 2N (2pq)/2N — 1 where N is the number of progeny sampled (Luikart and Cornuet,
1999).

Pudovkin et al. (1996) proposed an other estimator of N.b by using Selander (1970) index D,
the excess of deficiency of heterozygotes, which is the reciprocal of the ratio Heyp/(Hobs — Heap)-

203



Chapitre A. Etat de 'art : la génétique des populations pour les halieutes

So the following more exact equation was derived :

% 1 1 Hobs
Np=—t+—— with D=
*=op "o+ ™ H.op

(19)

4.5.2 Application of the Heterozygosity Excess method for calculating population

effective size

Luikart and Cornuet (1999) conducted a simulation studies on the Heterozygosity Excess
(HE). Results show that when the method is applied to natural populations, it often give estimates
of N, equal to infinity with a poor precision. According to the authors, those results were not
surprising in that only a few number of polymorphic loci were analyzed with a small number of
progeny. They concluded that additional empirical evaluations are needed, but it is extremely
difficult to find large data sets containing individuals produced from a known number of parents.
Pudovkin et al. (2010) studied the sampling properties of the method. The larger is the number
of loci surveyed or the larger is the sample size, the narrower is the confidence interval. The vast
majority of simulations with large N.b, the upper limits of the 95% confidence intervals often
reach infinity. Authors concluded that the Heterozygosity Excess estimator is quite effective for
very small numbers of parents, up to 30 individuals, if the sample sizes are larger than 200 and the
cumulative numbers of alleles is more than 80. Larger numbers of alleles or loci can compensate
for smaller sample sizes. If N.b is large (50-100 individuals), samples size and the number of
independent alleles should be much larger (500 — 1 000 individuals, 450 — 900 independent alleles).
To summarize, Heterozygosity Excess (HE) method is a little biased estimator with a very low
precision. The estimator is usefull only for very small random mating populations when many
markers are genotyped from a large sample (Wang, 2005; Leberg, 2005). The assumptions of no
mutation and no selection in the HE method are valid in general, because only one generation
is concerned and markers are "neutral". The assumption of a single isolated population without
immigration is violated in some natural populations. The strongest assumption made by the HE
method seems to be random mating. When mating is not at random, then the HE generated by
drift can easily be overwhelmed by that generated by non random mating (Wang, 1996, 2005).
However, the method has some interesting properties : it requires only one single sample in time
and is straightforward to compute (Balloux, 2004).

Software

As for the LD method, the most widely used software is NeFEstimator, mostly used with
microsatellite data (Do et al., 2014a). An other software is available Nbgyet Ex (Zhdanova and

Pudovkin, 2008).
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Applications
The Heterozygosity Excess method for estimating effective size is less used than the two

previous methods (Launey et al., 2001; Nomura, 2009; Zhivotovsky et al., 2015).

4.6 Estimation of effective population with Molecular Co-ancestry

The molecular co-ancestry between two individuals is the probability that two randomly
sampled alleles from the same locus in two individuals are identical. It possess a straightforward
relationship with genealogical co-ancestry and can be used to assess genetic diversity within and
between populations (Nomura, 2008).

Let f; be the coancestry among two randomly sampled individuals in generation ¢, and P be
the probability that two randomly sampled alleles each from different individuals in generation ¢
come from the same individual in generation ¢ — 1.
fo=P(F) - Py (20)

where F}_; is the inbreeding coefficient of individuals in generation t — 1.

The effective number of breeders, V., can be described.

No = (21)
P

Like the Heterozygosity FExcess method, the Molecular Co-ancestry method can estimate the
population effective size of breeders from a simple formula if the actual N, is very small. It also
suffers from a poor precision of the estimates (Luikart et al., 2010; Gilbert and Whitlock, 2015).

As for the previous methods, the most widely used software is NeFEstimator, mostly used
with microsatellite data (Do et al., 2014a). An other software is available Molkin (Gutierrez et al.,
2005).
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4.7 Summary

Methods Principle Limits Softwares & references
Multiple samples
Changes in alleles frequencies be-
tween samples geparate‘d in time | Requires population N.estimator Do et al.
Temporal from a population, which reflect | samples separated by at (2014a)
genetic drift, are used to calculate | least two generations. ‘
the effective population size.
Single sample
Measure the non random associ-
ation of alleles at different loci.
That LD measure is related to a | Potentially strongly bi-
Linkace signal from the drift inside the | ased by substructures, | N.estimator Do et al.
Dise uili%rium population and to a signal related | overlapping generations, | (2014a), OneSAM P
E to the finite sample. Those signals | migration and small sam- | Tallmon et al. (2008)
are also related to the population | ples.
effective size which allow its infer-
ence.
The proportion of heterozygotes in
the population is measured and
Heterozveosit compared to the expected propor- | Effective only for a very | NyHetEx  Zhdanova
EXCZES Y| tion of heterozygotes As the pro- | small number of parents. | and Pudovkin (2008),
portion of heterozygotes is linked | Very low precision. Balloux (2004)
to the effective population size, it
can be inferred.
The estimator is obtained from a
simple parameter (molecular co-
ancestry) of allele sharing among
sampled individuals. The molecu- | Poor precision and ap-
Molecular

co-ancestry

lar co-ancestry between two indi-
viduals is the probability that two
randomly sampled alleles from the
same locus in two individuals are
identical by state.

plicable to small popula-
tions only.

Nomura (2008)

Table 4: Summary of the main methods available for estimating contemporary effective population
size in natural populations
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5. Synthesis of the tools available for genetic studies

The aim of this part is to review some of the available tools for studying populations genetics.
Literature reviews, open source softwares developed by scientist and R-packages are described

below. This review is non exhaustive.

5.1 Review articles available

The following table summarizes the main literature reviews on the use of genetic material in

ecology, fisheries or for estimating population sizes.

Year Title Reference

A review of the application of molecular genetics for
2012 fisheries management and conservation of sharks Dudgeon et al. (2012)
and rays

Molecular markers: progress and prospects for
2012 understanding reproductive ecology in
elasmobranchs

Portnoy and Heist
(2012)

Understanding and estimating effective population
size for practical application in marine species

2011 . . . . Hare et al. (2011)
management: applying effective population size
estimates to marine species management
Estimation of census and effective population sizes: .
201 Luikart et al. (201
010 the increasing usefulness of DNA-based approaches nikart et al. (2010)
9005 Genetic approaches for estimating the effective size Leberg (2005)

of populations

Table 5: Summary of review articles available to our knowledge

5.2 Review of population genetic software and PYTHON modules

available

5.2.1 Softwares and PYTHON modules

In the genetic field, numerous softwares are available for studying populations genetics. Al-

most all of them can be freely downloaded from the internet. The following list is non exhaustive
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but aim to give a short review of the software available, their use, the input data type, the type

of results provided, the last version available ...

> ARLEQUIN
ARLEQUIN (Excoffier and Lischer, 2010) is the powerful genetic package performing a wide
variety of tests which can be divided into two categories : intra-population and inter-population

methods. Here are some examples :

— Standard indices calculation

— Haplotype frequency estimation

— Test for Hardy-Weinberg equilibrium

— AMOVA (Analyses of MOlecular VAriance)

The current version available is the 3.5.2.2 at the following address: http://cmpg.unibe.
ch/software/arlequin35/ and Arlequin can be launch from R with an R package. The graphical
interface is designed to allow users to rapidly select the different analyses they want to perform
on their data. It can handle several types of data either in haplotypic or genotypic form: DNA
sequences, microsatellite data, allele frequency data, etc...

Several data formats are recognized (GENEPOP, Biosys, Phylip, Fstat, ...) but will be save

in an Arlequin format .arp.

> Bottleneck

Bottleneck (Piry, 1999) is a program for detecting recent effective population size reduc-
tions from allele data frequencies. The principle as described in the internet page (http://wwwl.
montpellier.inra.fr/CBGP/software/Bottleneck/pub.html) is the following. It computes for
each population sample and for each locus the distribution of the heterozygosity expected from
the observed number of alleles, given the sample size under the assumption of mutation-drift equi-
librium. This distribution is obtained through simulating the coalescent process of n genes under
three possible mutation models. This enables the computation of the average (H.,,) which is
compared to the observed heterozygosity (Hobs, in the sense of Nei’s gene diversity) to estab-
lish whether there is an Heterozygosity Excess or deficit at this locus. The distribution obtained
through simulation enables also the computation of a P-value for the observed heterozygosity.

Bottleneck recognized several data formats, all are text files. The two main formats are the
GENEPOP and GENETIX formats. The current version available is the 1.2.02 at the following
address: http://wwwl.montpellier.inra.fr/CBGP/software/Bottleneck/.
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> BottleSim

BottleSim (Kuo and Janzen, 2003) is a computer simulation program for simulating the
process of population bottlenecks. It can implement an overlapping-generation model and simulate
a wide range of scenarios regarding changes in population sizes. An option of generating raw
genotypic data output is also available. The raw genotypic data output file contains the genotypic
data from the last year of each iteration. The genotypic data output is in GENEPOP format.

The current version available is the 2.6 at the following address: http://chkuo.name/

software/BottleSim.html.

> CERVUS

CERVUS (Kalinowski et al., 2007) is a computer program for assignment of parents to their
offspring using genetic markers. It analyses genetic data from codominant genetic markers such
as microsatellites (STRs) and SNPs. It assumes that the species is diploid and that markers are
autosomal, although sex-linked markers can be used for some analyses. It also assumes that markers
are inherited independently of each other, in other words that they are in Linkage-Equilibrium.
The statistical method behind in a maximum likelihood one.

The last version available is the 3.0.7 from http://www.fieldgenetics.com/pages/login.
jsp.

> COLONY

COLONY (Jones and Wang, 2010) implements a maximum likelihood method to assign
sibship and parentage jointly, using individual multiloci genotypes at a number of co-dominant
or dominant marker loci. It can be used in estimating full- and half-sib relationships, assigning
parentage, inferring mating system (polygamous/monogamous) and reproductive skew in both
diploid and haplo-diploid species.

The last update is COLONY?2 available at http://www.zsl.org/science/software/colony.

> CoNe

CoNe (Anderson, 2005) computes the likelihood of Ne given data on two temporally spaced
genetic samples. The statistical model used is based on the coalescent method using Markov chain
Monte Carlo.

The last version available is the 1.0.1 available at https://swfsc.noaa.gov/textblock.
aspx?Division=FED&ParentMenuld=54&1d=3436.

> DnaSP
DNA sequence polymorphism (Librado and Rozas, 2009) is an interactive computer pro-

gram for the analysis of DNA polymorphism from nucleotide sequence data. It calculates several
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measures of DNA sequence variation within and between populations and also provides some
neutrality tests. The program can also conduct computer simulations based on the coalescent
process. DnaSP can read unphased data and can reconstruct the haplotype phases. DnaSP can

automatically read several type of formats.

The last version is the 5.10.1, available at http://www.ub.edu/dnasp/.

> DIY ABC
DIYABC (Cornuet et al., 2014) is a software package for analyzing of population history

using approximate Bayesian computation on DNA polymorphism data. It allows DNA sequence,
microsatellites and SNPs. The program allows considering complex population histories including
any combination of population divergence events, admixture events and changes in past population

size (with population samples potentially collected at different times).

The last version is the 2.1.0 available at http://wwwl .montpellier.inra.fr/CBGP/diyabc/.

> FASYPOP
EASYPOP (Balloux, 2001) is a computer program allowing to simulate population genetics

datasets. It allows generating genetic data for haploid, diploid, and haplodiploid organisms under
a variety of mating systems. It includes various migration and mutation models. Output can be
generated for the FSTAT, GENEPOP, and ARLEQUIN genetic analysis packages.

The lastest version available is the 2.0.1, on the following page http://www.unil.ch/dee/

en/home/menuinst/softwares--dataset/softwares/easypop.html.

> FSTAT
FSTAT (Goudet, 2001) is a computer package for PCs which estimates and tests gene

diversities and differentiation statistics from co dominant genetic markers. It can provide al-
lelic richness per locus and sample, the F-statistics per locus ad sample, ... and can perform
jackknifing and bootstrapping over loci. The current version is the 2.9.3.2,) available at http:
//wwu2.unil.ch/popgen/softwares/fstat.htm. The input file must be in a FSTAT format or
GENEPOP. The format of the output file is a FSTAT format.

> GENEPOP
GENEPOP (Rousset, 2008) is a population genetics software package which computes ex-

act tests fro Hardy-Weinberg equilibrium, population differentiation or F-statistics estimates by
example. The input format is a GENEPOP format and the program allows the conversion into

several widely used formats as FSTAT.

The current version is the 4.2, available at http://genepop.curtin.edu.au/.

210



Chapitre A. Etat de 'art : la génétique des populations pour les halieutes

> GENETIX
GENETIX (Belkhir et al., 1996) computes several basic parameters of population genetics

such as Nei’s D and H, Wright’s F-statistics. It also proposed permutation-based statistical infer-
ence procedures, jackknifing and bootstrapping. The program handles only multiloci genotype on
diploid organisms. Data can be written directly in the program or can be import from FSTAT,
GENEPOP formats.

The current version is the 4.05 available at http://www.genetix.univ-montp2.fr/genetix/

constr.htm#download.

> LAMARC
LAMARC (Likelihood Analysis with Metropolis Algorithm using Random Coalescence) (KKuh-

ner, 2006) is a program which estimates population-genetic parameters such as population size,
population growth rate, recombination rate, and migration rates. It approximates a summation
over all possible genealogies that could explain the observed sample, which may be sequence, SNP,
microsatellite, or electrophoretic data. All methods used in the program are derived from the
coalescence theory. It requires random samples from each sub-population. A converter integrated

to the program can convert PHYLIP file.

The latest version is the 2.1.0 available at http://evolution.genetics.washington.edu/

lamarc/lamarc_download.html.

> MLNE

MLNE (Wang and Whitlock, 2003) is a program for calculating maximum likelihood esti-
mates of effective population size (V) and migration rate from the observed temporal and spatial
differences in marker allele frequencies.

The software is available at the following page http://wuw.zsl.org/science/software/

mlne.

> MolKin

MolKin (Gutierrez et al., 2005) is a population genetics computer program that conducts
several genetic analyses on multilocus information. Primary functions carried out by MolKin
are the computation of the between individuals (and populations) Molecular Co-ancestry coeffi-
cients, the Kinship distance at individual and population levels. Additionally, users can compute
with MolKin a set of among populations, genetic distances and F-statistics (Wright, 1950) from

multilocus information.

The latest version is 3.0 available at https://pendientedemigracion.ucm.es/info/prodanim/

html/JP_Web.htm.
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> ONeSAMP

ONeSAMP (Tallmon et al., 2008) uses approximate Bayesian computation to estimate effec-
tive population size from a sample of microsatellite genotypes. It requires an input file of sampled
individuals’ microsatellite genotypes along with information about several sampling and biologi-
cal parameters. The program provides an estimate of effective population size, along with 95%
credible limits.

Not available at this moment (04/05/2018).

> N, Estimator

N Estimator (Do et al., 2014a) is a tool for estimating contemporary effective population
size (Ne) using multi-locus diploid genotypes from population samples. Data can be microsatellites
of SNPs. Four methods are available to calculate ; three single-sample (point estimation) methods
and one two-sample (temporal) method. The single sample methods available is the Linkage-
Disequilibrium method, the Heterozygosity Excess method and the Molecular co-ancestry method.
The user needs to provide genotypic data in one of the accepted formats (FSTAT, GENEPOP).

The last version available is the 2.01 on http://www.molecularfisherieslaboratory.com.

au/neestimator-software/.

> POPGENE

POPGENE (Yeh and Boyle, 1997) is a user-friendly computer freeware for the analysis of
genetic variation among and within populations using co-dominant and dominant markers. It
computes both comprehensive genetic statistics (e.g., allele frequency, gene diversity, genetic dis-
tance, G-statistics, F-statistics) and complex genetic statistics (e.g., gene flow, neutrality tests,
Linkage-Disequilibrium, multi-locus structure).

The current version is the 1.32 available at https://www.ualberta.ca/~fyeh/popgene_
download.html.

> simuPOP

simuPOP (Peng and Kimmel, 2005) is a general-purpose individual-based forward-time pop-
ulation genetics simulation environment. It models individuals with genotypes and simulates the
transmission of individual genotype when a population evolves generation by generation. Although
the basic evolutionary scenario follows a discrete non-overlapping generation model, aged struc-
tured populations can be mimicked using special non-random mating schemes. simuPOP evolves
populations forward in time, subject to arbitrary number of genetic and environmental forces such
as mutation, recombination, migration and population/subpopulation size changes. Statistics of
populations can be calculated and visualized dynamically. simuPOP is provided as a number

of Python modules, which provide of a large number of Python objects and functions, including
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population, mating schemes, operators (objects that manipulate populations) and simulators to
coordinate the evolutionary processes. Users have to write a Python script to link these modules
and run simulation.

The procedure to install simuPOP is available at the following address : http://simupop.

sourceforge.net/Main/Download.

> STRUCTURE

STRUCTURE (Pritchard et al., 2000) is a software package for using multi-locus genotype
data to investigate population structure. Its uses include inferring the presence of distinct pop-
ulations, assigning individuals to populations, studying hybrid zones, identifying migrants and
admixed individuals, and estimating population allele frequencies in situations where many indi-
viduals are migrants or admixed. It can be applied to most of the commonly-used genetic markers,
including SNPS, microsatellites, RFLPs and AFLPs.

The last version available is the 2.3.4 at http://pritchardlab.stanford.edu/structure.
html.

5.2.2 Use of population genetic software for estimating contemporary N,

Softwares used in a few published studies to estimating contemporary Ne are listed in table

6. The table compiles a few examples and is in no way an exhaustive review.
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Case studies and publication

N, Estimator

OneSAMP

COLONY

Other software

Cetaceans populations
Waples (1991)

PP

Human populations
Tenesa et al. (2007)

PP

Crocodile populations
Bishop et al. (2009)

XX

T™M3.1

Ruminant populations
Cervantes et al. (2011)

Molkin

Gecko populations
Hoehn et al. (2012)

XX

Mackerel populations
Macbeth et al. (2013)

Salmon populations
Van Doornik et al. (2013)

SALMONND

Sturgeon populations
Wilson et al. (2014)

XXX

Shark populations
Dudgeon and Ovenden (2015)

X

Fly population
Francuski and Milankov (2015)

Methods not
precised

Simulation only
Gilbert and Whitlock (2015)

XX XX

Cougar populations
Juarez et al. (2015)

CoN,; MLN,

Snake populations
Monzén-Argiiello et al. (2015)

XXX

Salmon populations
Perrier et al. (2015)

X

Endemic fishes populations
Pilger et al. (2015)

X

X

Table 6: Software used for calculating the contemporary effective population size and the asso-
ciated method : Linkage-Disequilibrium, Heterozygosity Excess, Co-ancestry method, Temporal
estimation method. Personnal Programm : PP, N,Estimator: Do et al. (2014a), ONeSAM P:
Tallmon et al. (2008), COLONY: Jones and Wang (2010), SN.P: Barbato et al. (2015), TM3.1:
Berthier et al. (2002), SALMON Nb: Waples et al. (2006), CoN,: Anderson (2005), M LN,: Wang
and Whitlock (2003), MolKin: (Gutierrez et al., 2005).
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5.3 R-packages for studying population genetics

As for software, several R package exist for studying population genetics but only a few for
estimating effective population size. Here, choice has been made to only present packages which
are still available on the CRAN (https://cran.r-project.org/) or which can be downloaded
directly from the programmer website. The following package descriptions are those provided in
the CRAN R Project web page of the package or the programmer’s description on his own website.

Only two packages are available for calculating the population effective size. The first one
uses a two samples method and the second one calculates the population effective size of simulated
populations with known demographic data. No R-package which calculate the population effective
size of natural population with single sample methods was found when this review was compiled

(2015). However, several packages can estimates Linkage-Disequilibrium or Heterozygosity Excess.

> adegenet: tool-set for the exploration of genetic and genomic data.

Adegenet provides formal classes for storing and handling various genetic data, including
genetic markers with varying ploidy and hierarchical population structure, alleles counts by pop-
ulations, and genome-wide SNP data. It also implements original multivariate methods (DAPC,
sPCA), graphics, statistical tests, simulation tools, distance and similarity measures, and several
spatial methods. A range of both empirical and simulated data sets is also provided to illustrate
various methods (Jombart, 2008; Jombart and Ahmed, 2011).

User manual: https://cran.r-project.org/web/packages/adegenet/adegenet.pdf.

> ape: Analyses of Phylogenetics and Evolution

This package provides functions for reading, writing, plotting, and manipulating phylogenetic
trees, analyses of comparative data in a phylogenetic framework, ancestral character analyses,
analyses of diversification and macro-evolution, computing distances from allelic and nucleotide
data (Paradis et al., 2004).

User manual: https://cran.r-project.org/web/packages/ape/ape.pdf.

> diveRsity: A comprehensive, general purpose population genetics analysis package

This package allows the calculation of both genetic diversity partition statistics, genetic
differentiation statistics, and locus informativeness for ancestry assignment. It also provides users
with various option to calculate bootstrapped 95% confidence intervals both across loci, for pairwise
population comparisons, and to plot these results interactively. Parallel computing capabilities and
pairwise results without bootstrapping are provided. Weir and Cockerham’s 1984 F-statistics are
also calculated. Various plotting features are also provided, as well as Chi-square tests of genetic

heterogeneity are also provided. Functionality for the calculation of various diversity parameters
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is possible for RAD-seq derived SNP data sets containing thousands of marker loci. A shiny
application for the development of microsatellite multiplexes is also available.

User manual: https://cran.r-project.org/web/packages/diveRsity/diveRsity.pdf.

> gap: genetic analysis package

This package is designed as an integrated package for genetic data analysis of both population
and family data. Currently, it contains functions for sample size calculations of both population-
based and family-based designs, probability of familial disease aggregation, kinship calculation,
statistics in linkage analysis, and association analysis involving genetic markers including haplotype
analysis with or without environmental covariates (Zhao, 2015).

User manual: https://cran.r-project.org/web/packages/gap/gap.pdf.

> Geneland: detection of structure from multilocus genetic data
This package provides tools for stochastic simulations and MCMC inferences of structure
from genetic data.

User manual: https://cran.r-project.org/web/packages/Geneland/Geneland.pdf.

> genetics: population genetics

The package genetics provides classes and methods for handling genetic data. It includes
classes to represent genotypes and haplotypes at single markers up to multiple markers on multiple
chromosomes. Functions include allele frequencies, flagging homo/heterozygotes, flagging carriers
of certain alleles, estimating and testing for Hardy-Weinberg disequilibrium, estimating and testing
for Linkage-Disequilibrium, ...

User manual: https://cran.r-project.org/web/packages/genetics/genetics.pdf.

> hapassoc: inference of trait associations with SNP haplotypes and other attributes using
the EM algorithm

The package is used for inference of trait associations with haplotypes and other covariates
in generalized linear models. The functions are developed primarily for data collected in cohort
or cross-sectional studies. They can accommodate uncertain haplotype phase and handle missing
genotypes at some SNPs (Burkett et al., 2006).

User manual: https://cran.r-project.org/web/packages/hapassoc/hapassoc.pdf.

> haplo.stat: statistical analysis of haplotypes with traits and covariates when linkage phase
is ambiguous
A suite of R routines for the analysis of indirectly measured haplotypes. The statistical meth-

ods assume that all subjects are unrelated and that haplotypes are ambiguous (due to unknown
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linkage phase of the genetic markers).
User manual: https://cran.r-project.org/web/packages/haplo.stats/haplo.stats.
pdf.

> hwde: models and tests for departure from Hardy-Weinberg equilibrium and independence
between loci
Fits models for genotypic disequilibrium.

User manual: https://cran.r-project.org/web/packages/hwde/hwde.pdf.

> LDcorSV: Linkage-Disequilibrium corrected by the structure and the relatedness
The package provides a set of functions which aim is to propose four measures of Linkage-
Disequilibrium: the usual 7? measure, the r% measure (r? corrected by the structure sample), the

rZ (r? corrected by the relatedness of genotyped individuals), the r.S measure (r?

corrected by
both the relatedness of genotyped individuals and the structure of the sample).

User manual: https://cran.r-project.org/web/packages/LDcorSV/LDcorSV.pdf.

> NB: Maximum Likelihood method in estimating effective population size from genetic data

The allele frequencies in a closed population change over time, which is known as genetic
drift. The magnitude of change is directly related to N.. This package aims to estimate this
quantity from genetic samples collected over multiple time points.

User manual: https://cran.r-project.org/web/packages/NB/NB.pdf.

> NEff: Calculating effective sizes based on known demographic parameters of a population

This package estimates effective population size with data obtained within less than a gen-
eration but considering demographic parameters is possible. This individual based model uses
demographic parameters of a population to calculate annual effective sizes and effective popu-
lation sizes (per generation). A defined number of alleles and loci will be used to simulate the
genotypes of the individuals. Step-wise mutation rates can be included. Variations in life his-
tory parameters (sex ratio, sex-specific survival, recruitment rate, reproductive skew) are possible.
These results will help managers to define whether existing populations as viable or not.

Demographic parameter of a population are used as input values to calculate annual effective
sizes and effective population sizes (per generation). The demographic input are the age of sexual
maturity, the number of offspring per female per year, the sex ratio, the female and male variances
in reproductive success and the female, male and juvenile survival rates. Heterozygosity over time
is observed and used to calculate effective sizes. The population can be adapted to every life

history parameter combination or genetic variation.
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population(max.repeat=3, max.time=50, Na=200, n.recruit.fem=2, surv.ad.fem=0.7,
N. loci=190, N.allele=2)

've done the repeat number 1

've done the repeat number 2

've done the repeat number 3

HoH -+ Y

summary table of an optimal behaviour of your population:

§parameters

parameter value 95% lower CI 95% upper CI
1 slope of heterozygosity loss per year -0.0011 -0.0013 -9e-04
2 slope of heterozygosity loss per generation -0.0033 -0.0036 -0.0029
3 mean generation length 3.2 2.694 3.706
4 Ny[simulation] 457.4719 421.0097 493,934
5 Ny[calc] 402.224 <NA> <NA>
6 Ne[simulation] 153.7963 132.7237 174. BGEE
7 Ne[calc] 125.695 <NA <NA

Figure 9: Example of application of the packkage NEff. A population of 200 individuals is simu-
lated over 50 years. The survival rate of the female is 0.7 and the number of offspring per female
per year is 2. Genetic data used are simulated as 490 bi-allelic SNPs. The simulated effective
population size is estimated at 154 (IC 95%: [133 ; 175]) and the calculated population effective
size is estimated at 125.7.

User manual: https://cran.r-project.org/web/packages/NEff/NEff.pdf.

> NeON: R-package to estimate human effective population size and divergence time from
patterns of Linkage-Disequilibrium between SNPs

The NeON R package has been designed to explore population’s LD patterns in order
to reconstruct two key parameters of human evolution: the effective population size and the
divergence time between populations. NeON starts with binary or pairwise-LD PLINK files,
and allows (a) to assign a genetic map position using HapMap (NCBI release 36 or 37) (b) to
calculate the effective population size over time exploiting the relationship between N, and the
average squared correlation coefficient of LD (r2LD) within predefined recombination distance
categories, and (c) to calculate the confidence interval about N, based on the observed variation
of the estimator across chromosomes. This package also allows to estimating the divergence time
between populations given the Ne values calculated from the within-population LD data and a
matrix of between-populations Fig7. These routines can easily be adapted to any species whenever
genetic map positions are available.

Package and user manual available at http://www.unife.it/dipartimento/biologia-evoluzione/

ricerca/evoluzione-e-genetica/software.

> pegas: population and evolutionary genetics analysis system

This package provides functions for reading, writing, plotting, analysing, and manipulating
allelic and haplotypic data, and for the analysis of population nucleotide sequences and micro-
satellites including coalescence analyses (Paradis, 2010).

User manual: https://cran.r-project.org/web/packages/pegas/pegas.pdf.
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> Popgen: statistical and population Genetics

This is a package that implements a variety of statistical and population genetic method-
ology, for example, LD measures from genotypes or haplotypes, clustering of SNPs, inferences of
population structure, etc...

User manual: https://cran.r-project.org/web/packages/popgen/popgen.pdf.

> poppr: Population genetic analyses for hierarchical analysis of partially clonal populations
built upon the architecture of the 'adegenet’ package.

This package provides tools for population genetic analysis, which include genotypic diversity
measures, genetic distances with bootstrap support, native organization and handling of population
hierarchies, and clone correction (Kamvar et al., 2014).

User manual: https://cran.r-project.org/web/packages/poppr/poppr.pdf.
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Glossary

Allele Variant or alternative form of the DNA sequence at given locus. 5

Allele exclusion criteria Exclusion criteria of rare allele. Commonly fixed at 0.05, 0.02 or 0.01.
33

Ascertainment bias A possible form of bias that occurs when genetic loci are assumed to rep-
resent population (or species) wide genetic variation but are actually a feature of a small

subset of the population (or species). 14

Bottleneck Sudden reduction in population size including a loss in genetic variation. It increases
allele frequencies sampling error and has a disproportionate impact on the effective popula-

tion size in later generations even if census sizes increases. 22

Census size The total number of individuals in a population including immatures. 19

Codominant genetic marker A genetic marker in which both alleles are expressed, thus het-

erozygous individuals can be distinguished from either homozygous state. 41

Dioecious Species having the sexual organs (male and female) upon distinct individuals. 30
Diploid A nucleus or individual having two copies of each chromosome. 12

Dispersal Leaving an area of birth or activity for another area. 8, 14

Effective population size The number of individuals in an ideal Wright-Fisher population re-
producting and contributing to the alleles present in the next generation. This population

experiences as much genetic drift as an actual population regardless of census size. 4, 14

Evolution Change in gene frequency through time resulting from natural selection and producing

cumulative changes in characteristics of a population. 3
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F-statistics A set of statistics used to estimate deviations from the Hardy-Weinberg model in
populations and to estimate the degree to which a group of populations is genetically subdi-
vided. 15

Fixation The loss of alleles from a polymorphic population until only one remeains, i.e., becomes

monomorphic. 7, 10

Fixation index The proportion by which heterozygosity is reduced or increased relative to the

heterozygosity in a randomly mating population with the same allele frequencies. 15

Gene Specific nucleotide sequence of DNA that codes for a particular protein, tRNA or rNA,

usually means an exon or series of exons. 5

Gene conversion Nonreciprocal transfer of genetic information between homologous chromo-

some. 32
Gene flow Exchange of genetic material between populations. 8, 14, 27

Genetic drift Change in allele frequecies within a population over time due to the sampling effect

of small population size. 3, 10, 27

Genetic hitchhiking Occurs when an allele changes frequency not because it itself is under natu-
ral selection, but because it is near another gene on the same chromosome that is undergoing

a selective sweep. 31

Genetic marker A sequence of DNA or protein than can be screened to reveal key attributes
of its state or composition and thus used to reveal genetic variation. Example : SNP,

microsatellites,.... 11

Genotype State for a particular genetic locus of an organism. 4

Haplotype Genetic data from a single chromosome. 5

Hardy-Weinberg equilibrium The proposition that genotypic ratios resulting from random
mating remained unchanged from one generation to another, provided natural selection,

genetic drift and mutation are absent. 10
Heterozygosity Can be seen as the probability of a gene to be heterozygous. 15

Heterozygosity Excess excess of heterozygotes in the progeny relative to the HW expected
proportions due to differences in allele frequencies in males and females caused by binomial

sampling error. 26
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Inbreeding Reproduction between closely related individuals; include autogamy. 15

Linkage-Disequilibrium Two alleles from different loci on the same chromosome co-occuring at

a significantly greater frequency than expected by a random association. 26

Locus A specific region or position on the genome or chromosome. 5

Mating system Behavioural mechanism involved in the acquisition of a mate, including the
number of mates acquired, the manner in which they are acquired, the nature of the pair

bond and provision of parental care. 3

Microsatellite Short tandem repeats of a short sequence of (typically two to four) nucleotides

randomly distributed throughout the genome. 11

Migration Intentional, directional, usually seasonal movements of animals between two regions or
habitats; involving departure and return of the same individual; i.e. a round trip movement.
3,8, 14

Minimum Viable Population The minimum effective population required to persist despite

genetic drift, demographic and environmental stochasticity. 22
Mutation Transmissible change in structure of a gene or chromosome. 3, 27

Mutation rate The frequency at which a particular mutation occurs in a genome. 11

Non overlapping generations Populations where individuals of each generation die before the

birth of individuals from the next generation. 10

Population (Genetics) All the individuals connected by gene flow, i.e., the gene pool. 3

Population genetic Studies of populations’ reproduction and not individuals’ reproduction, i.e.
the studies of the distribution and the evolution of the alleles and genotypes frequencies in

populations. 4

Population structure Heterogeneity in allele frequencies across a population caused by limited

gene flow. 3, 14

Recombination Exchange of genetic material between two homologous chromosomes to break

up linkage groups and yield allelic combinaisons not occuring in parental generations. 3, 27

Selection The influence of the environnement in determining which individuals will breed and

pass their genes on to the next generation and which will not breed. 3, 27
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Sex ratio The relative number of males and females in a population. 10
Siblings Individuals having the same mother and the same father. 20

Single Nucleotide Polymorphism (SNP) Single base pair substitution distributed through-
out the nuclear genome. The majority of SNPs are diallelic with low chances of homoplasy.
11

Subpopulation Spatially distinct unit of a population. 14

Wright-Fisher model A simplified version of the biological life cycle where all sampling to found
the next generation occurs from an infinite pool of gametes built from equal contributions of

all individuals. This approximation is commonly employed to model genetic drift. 10
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Francais : raie chardon
Latin : Leucoraja fullonica
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ARTICLE INFO ABSTRACT

Keywords:
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Trace metal concentrations in muscle and liver tissues from two offshore species of skate were examined.
Concentrations of mercury in muscle of Leucoraja circularis (n = 20; 23-110.5 cm total length, 157-490 m water
depth) and L. fullonica (n = 24; 28.5-100 cm total length, 130-426 m water depth) were 0.02-1.8 and
0.04-0.61 mg kg~ !, respectively. Concentrations of both As and Hg increased with total length. Only the largest
specimen had a concentration of Hg in muscle > 1.0 mg kg~ !. Data were limited for specimens > 90 cm long,

and further studies on contaminants in larger-bodied skates could usefully be undertaken.

Skates (Rajformes) are demersal elasmobranchs that are widespread
in shelf seas and deep-water habitats. This speciose order includes ap-
proximately 290 species (Last et al., 2016), that range up to ca. 250 cm
total length. In terms of their trophic position, the order contains many
species that are benthic predators, whilst some are more piscivorous,
including some species that predate on other elasmobranchs. The esti-
mated trophic levels of skates range from 3.48-4.22 (Ebert and
Bizzarro, 2007). As some species are of low market value, skates are an
important group of commercial fish in many parts of the world, in-
cluding Europe. Given their demersal habitat and potential longevity,
they may bioaccumulate various contaminants, such as mercury and
persistent organic contaminants (Nicolaus et al., 2016a; Lyons and
Adams, 2017). Trace elements reach the marine environment via an-
thropogenic and natural inputs (Nicolaus et al., 2016b) and ultimately
bind to sediments due to their strong affiliation with particulate matter
(Zhang et al., 2007). Consequently, demersal fish that may forage and
bury in upper surficial sediments, such as skates, may be exposed to
trace metals in sediments.

Various studies have examined the contaminants of skates from the
inner continental shelf of European seas (Dixon and Jones, 1994; De
Gieter et al., 2002; Storelli and Barone, 2013) and elsewhere, but data
are limited for those skates living in deeper water (Mormede and
Davies, 2001), despite there being some evidence that Hg concentra-
tions in marine fish can increase with water depth (Choy et al., 2009).

Sandy ray Leucoraja circularis and shagreen ray L. fullonica are two
offshore skates that are widespread along the edge of the continental

* Corresponding author.
E-mail address: manuel.nicolaus@cefas.co.uk (E.E.M. Nicolaus).

http://dx.doi.org/10.1016/j.marpolbul.2017.08.054
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Available online 30 August 2017

shelf from Iceland and northern Norway to north-west Africa, including
the Mediterranean Sea (Ebert and Stehmann, 2013). Despite their broad
distribution range, the offshore nature of these two species means there
are very few published biological investigations (Du Buit, 1972;
Consalvo et al., 2009; Mnsari et al., 2009). Currently, the life histories
of these two species are poorly known, they are both relatively large-
bodied species, reportedly attaining maximum lengths of 120 cm. Both
species predate on crustaceans and fish (Du Buit, 1972), with L. full-
onica (trophic level = 4.6) also predating on other elasmobranchs
(Ebert and Bizzarro, 2007).

The United Kingdom's Clean Seas Environmental Monitoring
Programme (CSEMP) samples flatfish species, mostly at sites within
22 km (12 nautical mile) of shore, to assess spatial and temporal con-
centrations of contaminants in fish liver and muscle (Nicolaus et al.,
2016b). The dab Limanda limanda is a useful indicator species for in-
shore waters, but it does not occur along the edge of the continental
shelf. To better understand the concentrations of trace elements in
offshore fish, samples of muscle and liver from L. circularis and L. full-
onica caught in the Bay of Biscay and Celtic Sea were analysed.

Specimens of L. circularis (n = 20) and L. fullonica (n = 24) were
caught during annual trawl surveys of the Bay of Biscay and Celtic Sea
(EVHOE survey: EValuation Halieutique de 1'uest de 1'Europe; see
Mahé and Poulard, 2005 and ICES, 2010) in 2014-2016. These speci-
mens were collected from the deeper parts of the survey area (Fig. 1) in
waters of 130-490 m depth. Specimens were frozen whole for sub-
sequent collection of biological data (total length (L), disc width, total

0025-326X/ © 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/BY/4.0/).
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Fig. 1. Sampling locations of Leucoraja circularis (open circles) and L. fullonica (open triangles) in the Bay of Biscay and Celtic Sea.

weight, sex and maturity) and tissue sampling. Sections of dorsal
muscle, excluding skin and ceratotrichia, were excised, and either the
whole liver (small specimens) or sub-samples from the three main lobes
taken. These samples were then re-frozen until analysed for trace ele-
ments.

Trace metal analysis followed standard procedures (Jones and
Laslett, 1994). Tissue samples underwent an acid digestion using an
enclosed vessel microwave (Multiwave 3000, Anton Paar, Hertford,
UK). Typically, approximately 1 g of homogenised sample was weighed
out and pre-digested overnight in 6 mL of nitric acid (Aristar grade
69%, VWR, Leicestershire, UK). The digestion was performed using a
temperature-controlled microwave programme specific for the sample
matrix. The digest was diluted further prior to analysis by inductively
coupled plasma-mass spectrometry (ICP-MS) using an Agilent 7500ce
(Agilent Technologies, Waldbronn, Germany). Quantification of the
trace elements was performed by external calibration and deploying
eight levels (0, 0.5, 1, 5, 10, 20, 100 and 500 pg L™ Y of working
standard solutions which were prepared from a customised mixed metal
standard solution of 100 mg L™ 1 (SPEX Certiprep Ltd., Middlesex, UK).

To ensure a high level of quality assurance, a reagent blank and a

388

certified reference material (CRM TORT-2-Lobster hepatopancreas,
National Research Council Canada, Halifax, Nova Scotia, Canada) was
analysed within-batch to monitor method performance on a day-to-day
basis. Concentration data derived from the analysis of the CRM were
then added to existing quality control Shewhart charts (using North
West Analytical Quality Analyst™, Northwest Analytical Inc., USA) for
the assessment of the on-going method performance from the batch
analysis of real samples. The validity of results was established using
the warning and control limits of the Shewhart chart, which are defined
as 20 and 30 of the mean, respectively.

In addition to internal quality control, the analytical laboratory
biannually participates in the proficiency testing scheme Quasimeme
(Quality Assurance of Information for Marine Environmental
Monitoring in Europe) as external quality assurance. A summary of the
accuracy of the analytical methods is provided in the Supplementary
Material (Table S1).

To carry out an effect-based assessment, the approach of Nicolaus
et al. (2015) and Nicolaus et al. (2017) was used, which compares the
measured environmental concentrations (MEC) for set determinants to
derived assessment criteria (Table 1). A risk characterisation ratio
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Table 1

Assessment criteria used to analyse the contaminant status of Leucoraja circularis and L.
fullonica for concentrations (mg kg~ ') of Cd, Pb and Hg in muscle (based on European
regulations on the maximum levels in foodstuffs (CEC, 2006)) and Cd and Pb in liver
(based on the preliminary OSPAR, 2009 indicators of environmental quality, whereby it
was suggested using the statutory dietary limits of Cd and Pb in bivalves as proxy
thresholds for concentrations in fish liver). Note: CEC (2006) lists Hg limits for “rays (Raja
species)” as 1.0, and this is the assumed level used in the current analysis, as both species
were formerly in the genus Raja.

Metal Threshold Percentage of Leucoraja  Percentage of L. fullonica

concentration circularis exceeding exceeding limits

(mgkg™ 1) limits

Muscle Liver Muscle Liver Muscle Liver
cd 0.05 1 0% 5% 0% 0%
Pb 0.3 1.5 0% 0% 0% 0%
Hg 1.0 - 5% - 0% -

(RCR) was then calculated by dividing the MEC by either the limits
defined in European Commission Regulations (proxy Environmental
Assessment Criteria - EAC) that cite the safe maximum levels of con-
taminants in seafood (above which the concentration may be harmful to
human health (CEC, 2006)) or the thresholds suggested by OSPAR
(2009) for indicators of environmental quality.

It was also assessed whether there were differences in contaminant
concentrations at length (L) between the two species for three con-
taminants: As, Se and Hg. The models used for As and Se were linear
models (contaminant concentration = a + b Ly + error), with a non-
linear model used for Hg (contaminant concentration = a Ly b 4 error),
where a and b are parameters estimated by least squares and the error is
assumed to be Normally distributed with mean 0 and constant variance.
To compare the concentration for the species across all lengths, the fit
to the data was compared (as defined by the residual sum of squares
RSS1) when a model was fitted to each species separately against the fit
when a single model was fitted to all data (RSS0). An F-test was used to
evaluate a p-value based on the differences between RSSO and RSS1
(Mead and Curnow, 1984).

Concentrations of 11 trace elements (As, Cd, Cr, Cu, Fe, Hg, Mn, Pb,
Ni, Se and Zn) were analysed in the muscle and liver of L. circularis
(n = 20; 23-110.5 cm total length, 157-490 m water depth) and L.

Table 2
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fullonica (n = 24; 28.5-100 cm total length, 130-426 m water depth).
Data (Table 2, and Tables S2-S3 for raw data) indicate that both Pb and
Cr occurred in low concentrations in the muscle, with 52.3% and 54.5%
of samples (species combined) below the detection limits for Pb and Cr,
respectively. For those specimens with detectable limits, the mean
concentrations of Cr and Pb were 0.010 and 0.011 mg kg™, respec-
tively (species combined).

Concentrations of As in the muscle ranged from 4.9-95 and
22-141 mg kg~ ' in L. circularis and L. fullonica, respectively, and there
was a significant difference in the concentration of As between the two
species with length (F = 161.8, df = 4,40, p < 0.001). Whilst con-
centrations of As increased significantly with length (Fig. 2), data were
limited for skates > 90 cm L.

Concentrations of Hg in muscle were 0.02-1.8 and
0.04-0.61 mgkg ™' in L. circularis and L. fullonica, respectively
(Table 2), and increased with Ly (Fig. 2). Only one specimen (a
110.5 cm Ly L. circularis) had a concentration of Hg in muscle > 1.0
mgkg~ ! (and had a Hg concentration of 4.1 mgkg™ ' in the liver).
There is a need to examine more samples of skates > 90 cm Ly to
better understand the proportion of large skate specimens that might
exceed EC regulations on safe maximum levels of contaminants. For Hg,
there was also a significant difference between the two species at dif-
ferent lengths (F = 452.7, df = 4,40, p < 0.001; Fig. 2).

Concentrations of Se in muscle ranged from 0.36-0.64 and
0.29-0.4mgkg ™! in L. circularis and L. fullonica, respectively, and
concentrations were significantly different between the two species at
different lengths (F = 348.2, df = 4,40, p < 0.001; Fig. 2).

Whilst sample sizes were relatively limited, there was the indication
that concentrations (at length) of both Hg and Se were higher in L.
circularis, and As higher in L. fullonica, although the reasons for this are
unclear.

Comparing the results to the available assessment criteria, one
specimen of L. circularis failed the proxy EAC for Cd in liver, no samples
failed the proxy EAC for Hg or Pb in liver. For Hg in the muscle tissue,
only one specimen of L. circularis failed the proxy EAC (1.0 mg kg™ ).

By analysing the Hg:Se ratio, it became apparent that only one
sample for Leucoraja circularis showed a ratio above one, indicating that
the organism itself could suffer from physiological impacts (Nicolaus
et al., 2016a). If the ratio is above one, it means that there are more Hg

Mean concentrations (mg kg~ 1, + SD and range) of 11 trace elements in muscle and liver tissues of Leucoraja circularis (n = 20) and L. fullonica (n = 24) [samples below detection limit
concentrations were omitted from the summary data, which explains the lower sample sizes for some trace elements].

Species Trace element Liver Muscle
Mean * SD Range N Mean *= SD Range N
L. circularis As 16.77 + 6.41 6.4-34 20 46.65 = 19.38 4.9-95 20
Cd 0.39 + 0.56 0.09-2.7 20 0.01 + 0.00 0.01-0.01 7
Cr 0.03 = 0.04 0.01-0.17 20 0.06 = 0.05 0.01-0.19 20
Cu 7.34 £ 415 2.3-20 20 0.26 = 0.11 0.13-0.57 20
Fe 89.15 * 60.24 39-301 20 2.01 * 0.99 0.96-5.4 20
Pb 0.02 * 0.01 0.01-0.05 9 0.01 * 0.00 0.01-0.02 10
Mn 0.44 + 0.17 0.26-1 20 0.29 + 0.24 0.08-1.0 20
Hg 0.33 + 0.89 0.01-4.1 20 0.43 + 0.38 0.02-1.8 20
Ni 0.03 + 0.03 0.01-0.1 18 0.04 + 0.03 0.01-0.14 17
Se 1.13 + 0.63 0.65-3.7 20 0.45 += 0.08 0.36-0.64 20
Zn 10.65 + 2.60 7.9-19 20 4.73 = 1.17 3.4-7.8 20
L. fullonica As 19.33 + 5.77 4.9-35 24 47.88 = 24.15 22-141 24
Cd 0.17 £ 0.05 0.08-0.26 24 0.01 + 0.00 0.01-0.01 13
Cr 0.04 + 0.03 0.01-0.16 22 0.11 + 0.08 0.01-0.37 24
Cu 3.00 £ 1.72 1.4-8.4 24 0.32 + 0.09 0.17-0.48 24
Fe 40.63 *= 24.46 15-113 24 2.38 + 0.96 1.2-5 24
Pb 0.01 = 0.00 0.01-0.02 8 0.01 += 0.00 0.01-0.02 11
Mn 0.59 * 0.13 0.35-0.84 24 0.30 = 0.16 0.11-0.61 24
Hg 0.04 + 0.03 0.01-0.12 23 0.13 + 0.14 0.04-0.61 24
Ni 0.04 + 0.03 0.01-0.16 22 0.08 + 0.07 0.02-0.36 23
Se 0.96 + 0.25 0.16-1.3 24 0.35 £ 0.03 0.29-0.4 24
Zn 10.71 + 5.33 4.5-34 24 491 * 1.06 3.4-6.7 24
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Fig. 2. Concentrations of As, Hg and Se (mg kg~ !) in muscle in relation to total length in
Leucoraja circularis (SAR, circles) and L. fullonica (SHR, triangles) from the Bay of Biscay
and Celtic Sea. The relationship between concentrations and length in L. circularis were
As = —1.167 + 0.701Ly, Se = 0.399 + 0.000755Ly, and Hg = 1.156 % 10~ "L>*°. The
relationship  between concentrations and length in L. fullonica were
As = —0.846 + 0.979Ly, Se = 0.386-0.000396Ly, and Hg = 2.462 % 10~ °L>1%°,
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Fig. 3. Relationship between the Hg:Se ratio and total length in the muscle of Leucoraja
circularis (circles; dashed trendline) and L. fullonica (triangles; solid trendline).

moles than Se moles present in the individual, which suggests that
methylmercury exposure could limit selenoprotein synthesis, which is
part in the routine functioning of enzymes in multiple biological pro-
cesses (EERC, 2011). There was a positive and similar relationship
between the Hg:Se ratio in both species (Fig. 3).

Mean concentrations of other trace elements (Ni, Cu, Zn, Mn and Fe)
were low (Table 2). The concentrations of Cu in muscle were all at
detectable limits, the highest concentrations were only 0.57 and
0.48 mgkg ™! for L. circularis and L. fullonica, respectively. Further-
more, the mean Cu concentrations in the muscle were only 0.26 (L.
circularis) and 0.32 (L. fullonica) mg kg™ ', which are generally lower
than the concentrations reported in shallower-water fish species
(Collings et al., 1996, Mormede and Davies, 2001).

Monitoring programmes examining metals and other contaminants
in fish and shellfish around the UK provided data for a range of skate
species during the 1970s (Murray, 1979, 1981; Murray and Portmann,
1984), with thornback ray Raja clavata also examined regularly into the
1990s (Franklin, 1987; Franklin and Jones, 1995). Since then, however,
monitoring efforts have focused on a smaller groups of core species,
with dab presently the main indicator species studied (Nicolaus et al.,
2016b).

Other previous studies on contaminants in skates from European
seas have generally focused on the more coastal and more widespread
R. clavata (Dixon and Jones, 1994; Chouvelon et al., 2012; Tiirkmen
et al., 2013; Torres et al., 2016), a species that has also been used in
experimental studies of metal accumulation (Pentreath, 1973, 1976,
1977a, 1977b). In contrast, the levels of contaminants in other skate
species have been subject to more limited study (Table 3).

This is the first published study on the trace element concentrations
in L. fullonica, and in L. circularis from Atlantic waters, and results in-
dicated that concentrations of Hg could exceed 1.0 mg kg™ ! in larger
specimens. Storelli et al. (1998) reported a mean Hg concentration of
1.47 mg kg™ ! in muscle of L. circularis from the southern Adriatic Sea,
with this based on two pooled samples from 10 specimens. The case-
study species are both members of the outer shelf and upper slope fish
assemblage, and neither species are frequent in shallow waters.
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Consequently, the concentrations of contaminants are not expected to
be related to recent anthropogenic inputs. Observed contaminants le-
vels, in particular Hg, are therefore likely to reflect ocean basin scale
burden (from natural processes and longer-term, historical inputs over a
continental scale), rather than local/regional input.

Most published studies on metals in skate muscle have indicated that Hg
concentrations are often < 1.0mgkg~ ! (Table 3), Hg concentrations >

1.0 mg kg~ ! wet weight have been observed in a range of skate species,
including R. clavata (Storelli et al., 1998), long-nosed skate Dipturus oxy-
rinchus (Storelli et al., 1998), common skate Dipturus batis (Collings et al.,
1996; although the timing and location of sampling infers a degree of doubt
to the species, and it may refer to R. clavata), and brown ray Raja miraletus
(Storelli et al., 1998, 2013). The latter study reported that 35% of samples of
R. miraletus from the Adriatic Sea exceeded 1.0 mg g~ ! (wet weight). Other
studies have reported Hg concentrations > 1.0 mgkg™' dry weight, in-
cluding for round skate Rajella fyllae and spinytail skate Bathyraja spinicauda
(Zauke et al., 1999) and R. clavata (Chouvelon et al., 2012). Skates can also
have high concentrations of other toxic contaminants, such as As (Collings
et al.,, 1996; De Gieter et al., 2002). Consequently, further studies could
usefully ascertain levels of contaminants of skates, focusing on areas of
known contamination, and also on longer-lived (or larger-bodied) species.

Whilst some studies (e.g. Storelli and Barone, 2013; Lopez et al.,
2014; Taylor et al., 2014) have used robust sample sizes, many previous
studies examining the concentrations of metals in skates have been
based on low sample sizes (see Table 3). Studies indicating high con-
centrations of contaminants but based on small sample sizes, should be
used with a degree of caution, given the potential variability in metal
concentrations.

Within Europe, EC Regulation 1881/2006 established a maximum
level of 1.0 mg kg~ ! of Hg in Raja spp., presumably with the intent to
refer to all members of the family, with the maximum concentrations of
Pb and Cd being 0.30 and 0.05mgkg™ !, respectively (CEC, 2006).
Whilst the concentrations of Pb and Cd observed in the present study
were all below these limits, concentrations of Hg can exceed maximum
levels, and further studies of skates in either area of known historical
contamination and of larger-bodied species could usefully be under-
taken to better ascertain spatial and ontogenetic influences on Hg
concentrations.

Skates in European seas are not aged routinely by national fisheries
laboratories, and age estimates for the species studied here are not
currently available. The increasing concentrations of contaminants in
larger specimens may be related to both biomagnification (e.g. through
eating higher trophic level prey) and/or bioaccumulation (Lyons and
Adams, 2017). Older fish typically exhibit reduced growth rates, and so
there can be more variability in the length at age for older fish. Given
this, and that bioaccumulation of contaminants can be related more
closely to age than length (Braune, 1987), there is a need to have ap-
propriate sample sizes of fish in larger size classes.

Skates are large-bodied demersal species, often of commercial
value, and the order Rajiformes has both a broad bathymetric range and
an extensive biogeographic range, especially in temperate and sub-
tropical seas. Hence, they could potentially be a useful taxon for ex-
amining broader scale patterns in contaminant levels. It would be useful
if published studies on contaminants in skates also included depth in-
formation, clarification of whether the ‘size’ reported is disc width or
total length, and covered as broad a size (age) range as possible.
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Summary

Biological data were collected from 25 specimens of Leucoraja fullonica and 14 specimens of
Leucoraja circularis collected from the Northeast Atlantic. Conversion factors are presented along
with data on hepato- and gonado-somatic indices, maturity information, nidamental gland width
and clasper length data. Preliminary information on diet composition is also given.

Introduction

To date, there are very limited published investigations on the life history of either of these relatively
large-bodied skates. Shagreen ray Leucoraja fullonica reaches a maximum size of between 100-120
cm total length (Bauchot, 1987; Muus and Nielsen, 1999). Its reputation in the literature has been
largely restricted to date, on presence in trawl surveys, and distributional range (Ellis et al., 2015).
Very little is known regarding its biology and reproductive cycle, other than that it is oviparous, and
produces egg cases that measure about 80 mm by 50 mm (Stehmann and Biirkel 1984). McCully et
al. (2012) reported on a limited number of specimens from trawl surveys of the Celtic Sea (1992
2011), with total length (L;) ranging from 21 to 96 cm and 24 to 70 cm in males and females,
respectively. All female specimens were immature, while only two males at 75 and 96 cm L; were
mature; the largest immature male caught was 82 cm L;. It is an offshore species, usually occurring
on the outer parts of the continental shelf. In the Northeast Atlantic, it is suspected that there have
been continuing population declines of 30-50% over three generations, and is classified as
‘Vulnerable’ by the IUCN (McCully and Walls, 2015).

Sandy ray Leucoraja circularis is even more data-limited than its congener. The maximum recorded
size is 120 cm L; (Stehmann, 1990), but most individuals caught are between 70 and 80 cm L;
(Serena, 2005, Ebert and Stehmann, 2013). Very little is known regarding its biology and
reproductive cycle, other than that it is oviparous, and produces egg cases that measure 88-90 by
50-60 mm (Stehmann and Biirkel 1984; Mnsari et al. 2009). Age at maturity, longevity, size at birth,
reproductive age, gestation time, reproductive periodicity, fecundity, rate of population increase
and natural mortality are all unknown (McCully et al., 2015). It is also an offshore species, occurring
in deeper shelf and slope waters, down to depths of up to 800 m. Given that this species was often
reported in historical accounts as occurring in shelf seas, but is now restricted to deeper waters, it is
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suspected to have declined in the Northeast Atlantic and Mediterranean Sea by more than 50% in
the last three generations, and is classified as ‘Endangered’ by the IUCN (McCully et al., 2015).

Materials and Methods

Specimens of both species were caught during the Ifremer EVHOE surveys of the Celtic Sea in 2014
and 2015. Some additional specimens were included from Cefas’ observer programme and fisheries-
independent surveys. Specimens were initially frozen prior to detailed examination in the laboratory
(see Table 1 for measurements collected). Some specimens that were subjected to prolonged
freezing were dehydrated and therefore excluded from length-weight analyses. Maturity for males
was assigned based on gross external examination of the claspers and internal inspection of the
testes, while for females, it was assigned following internal examination of the ovaries, oocytes and
development of nidamental gland. Specimens were classified as immature (A), maturing (B), mature
(C), or active (D), according to the maturity key given in Appendix I. Only fish at Stages C and D are
considered to be mature (i.e. capable of reproducing).

Table 1: Parameters collected from the Leucoraja cadavers.

All specimens (where possible)*: Males only:

o Sex e Quter clasper length (mm)

e Total length (cm) e Inner clasper length (mm)

e Disc width (mm)

e Total weight (g) Females only:

e Liver weight (0.1 g) e Nidamental gland width (mm)

e Gonad weight (0.1 g, including epigonal organ) | ® Number of mature follicles

e Weight of stomach contents (0.1 g) e  Maximum follicle diameter (mm)

e Gutted weight (g)

e  Maturity stage

e Stomach ‘fullness’ score

e |dentification of stomach contents

*not all parameters (e.g. stomach contents) were possible for all specimens, due to freezer damage

Results

To date, 14 Leucoraja circularis (7 female, 7 male) and 25 Leucoraja fullonica (12 females, 13 male)
samples (Figure 1) have been obtained and fully dissected for scientific study.
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Leucoraja circularis Leucoraja fullonica [ [
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Figure 1: Number of Leucoraja biologically sampled by length and sex

Length-weight conversion factors

In fisheries science, conversion factors between total length and weight are important parameters.
Assessment of species status is either length- or age-based, and given that elasmobranchs are not
routinely aged, length information is critical to studies of population dynamics. Figure 2 shows the
relationship between total length and weight in the specimens sampled by sex. The trend is very
similar between the species, especially in the smaller specimens. In the larger skate, L. circularis
were marginally heavier for a given L; than L. fullonica, although data for larger L. circularis were
lacking, and the low sample size of larger specimens may skew the estimated length-weight
relationship. Skates are traditionally landed for the market gutted. Therefore, a conversion factor of
eviscerated weight to length is also a useful parameter to determine (Figure 3) to augment data
collected during market sampling programmes. Again, the relationship was very similar between the
species, with large overlap within the 95% confidence limits throughout most of the size range.
These relationships were not examined by sex, given the small sample size.
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Figure 3: Total length to gutted weight relationship, represented by the equation: y=8.2x"% (L.
circularis ¥ = 0.985) and y=7.8x"* (L. fullonica r* = 0.983)
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Hepatosomatic index

Livers were removed and weighed for each specimen, as relating the relative weight of this organ to
fish condition and maturity stage is critical to understanding the reproductive cycle of elasmobranch
fish. The relationship between liver weight and total length was examined (Figure 4) and, although
positively correlated, it is likely to be dependent upon several factors, including sex, maturity stage
and season. The liver weight can be expressed as a proportion of and body weight (the
hepatosomatic index, HSI; Table 2). It is a good indicator of the energy reserve in an animal, thus the
lowest values are usually seen in females nearing the end of the reproductive cycle (McCully Phillips
& Ellis, 2015), however, this is not evident here due to the lack of mature and active females.
Changes in this index can indicate spawning seasons and environmental quality. The average HSI
across all samples was 4.94, with the smallest (2.78) exhibited by the smallest sandy ray in the
samples (Ly = 23cm), with two smaller shagreen ray specimens having larger HSI, indicating that the
smaller bodied species (sandy ray) is likely to have a reduced HSI to the larger bodied species
(shagreen ray). The largest index (10.28) from a mature shagreen male (L; = 86cm), with the largest
shagreen female (L; = 93.5) having a lower HSI (8.96) due to the presence of large mature follicles,

which would have reduced the available energy reserve.

Table 2: Hepatosomatic index (HSI) of Leucoraja sampled by sex and maturity stage

Maturity Stage Mean HSI (females) Mean HSI (males)
L. circularis (n) | L. fullonica (n) | L. circularis (n) | L. fullonica (n)
A 4.02 (7) 4.77 (11) 3.91(3) 4.67 (9)
B - - 4.76 (2) -
C - 8.96 (1) 5.02 (2) 7.64 (3)
500+
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Figure 4: Relationship between total length and liver weight represented by the equation: y=22x°%
(L. circularis r* = 0.973) and y=23x>**(L. fullonica r* = 0.970)
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Gonadosomatic index

The basic relationship between total length and gonad weight was explored (Figure 5). The pattern
seen across this length range showed a clear increase with size. The association between gonad
weight and total body length was expressed as the gonadosomatic index (GSI), and the average GSI
by sex and maturity stage is given in Table 3. As expected, this increases throughout life to the
‘mature’ stage.

Table 3: Mean gonad weight and gonadosomatic index (GSI) by sex and maturity

Sex Female Male
Maturity Mean gonad Mean GSI (%) Mean gonad Mean GSI (%)
Stage weight (g) weight (g)
L. circularis L. fullonica L. circularis L. fullonica L. circularis L. fullonica L. circularis L. fullonica
(n) (n) (n) (n)
A 3.36(7) | 1.6(11) 0.32 0.31 2.37(3) | 1.46(9) 0.31 0.25
B - - - 10.9 (2) - 0.48 -
C - 36.3 (1) - 0.73 18.25(2) | 21.5(3) 0.69 0.81
Leucoraja circularis ‘ Leucoraja fullonica
= 304
ysicd
g o Mat
o .
:Ii‘\() ;)2'73”7 f:) 50 60 luihi‘ o0 100 0 ((lii". 30 ‘.1; 50 hl-i"‘. 7&‘)75‘()71[\ D
Total length (em)
Figure 5: Relationship between total length and gonad weight
Maturity

The size at which fish mature is an important factor to determine in fisheries management. Often in
elasmobranchs, it may be better to ‘protect’ the larger female proportion of the population, as they
are the most fecund and may contribute the most to recruitment. Indeed, maximum landing lengths
have been used as measures to protect the largest individuals of both spurdog and porbeagle in EU
waters. For other populations, skate in particular, minimum landings sizes are introduced to protect
the juveniles until adulthood. Length at 50% maturity ogives and estimates cannot be given due to
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the lack of samples, especially of mature females. What these data do show is that maturity is at a
large size in comparison to other rajidae, and is conceivably similar to that of Raja brachyura (Lso of
78.0 and 83.4 for males and females respectively; McCully et al., 2012).

Table 4: Maturity estimates for the samples to date (number of samples available in brackets)

Female Male
L. circularis | L. fullonica | L. circularis | L. fullonica
Smallest NA 93.5(1) 77 (2) 81(3)
mature
Largest 79 (7) 67.5(11) 84 (5) 56 (10)
immature

The nidamental gland is where the oocytes become fertilised before passing down into the uterus
where they form the egg-cases. The width of this gland is closely associated with the onset of
maturity. This can be an important parameter to measure — especially where different biological
studies employ different maturity scales. Figure 6 shows this relationship for both immature and
mature females, which separate between approximately 10-35 mm width mark, although
unfortunately a more accurate estimate is hampered by the lack of mature females.

Similar to the nidamental gland width in females, clasper length of males can also provide a
quantitative measure of maturity to augment the qualitative assignment of maturity scales. The
outer clasper length to total length relationship for the males sampled to date, by maturity stage is
shown in Figure 7, with the maturation of males occurring approximately between 90—-100 mm outer
clasper length.

40 Species
* Leucoraa circulans

® Loucoraia fullanica a

Description
® Immature
A atue

30

20

Nidamental Gland Width (mm)

20 30 40 50 60 70 80 a0 100
Total length (cm)

Figure 6: Relationship between nidamental gland width and total length in females.
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Figure 7: Relationship between outer clasper length and total length in males.

Diet composition and stomach fullness

The stomachs of each specimen were extracted, qualitatively given a ‘“fullness’ score, before being
emptied and the contents weighed, then analysed for prey species identification. The weights on the
stomach contents (to nearest 0.1 g) ranged from 0-261.5g, with an average of 19.4g (n = 38). The
species identified are given in Table 5. Primarily, the most common contents were digested,
crustacean and fish remains, but of those remains which could be identified, shrimps and Capros
aper (Figure 8) dominated the diet of L. circularis. The diet of L. fullonica, was generally more
piscivorous, with Scyliorhinus canicula, euphausiids, Leucoraja naevus and Processa spp. dominating.
One 86 cm L; specimen had a 37cm Ly L. naevus in its stomach (possibly consumed in the net, Figure
9), while two specimens contained S. canicula, one of which had consumed 13 individuals up to 22

cm Ly

Total length (cm)
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Figure 8: Stomach contents of L. circularis showing Capros aper (left) and an unidentified
Polychelidae (right)

Figure 9: Stomach contents of L. fullonica showing a freshly consumed 37cm L; L. naevus

Table 5: Species present in the stomach contents of Leucoraja.

Amphipoda

Capros aper

Crab (brachyura indet.)
Crustacean remains
Digested remains
Euphausiids

Fish remains
Polychelidae

Leucoraja naevus
Polychaete

Processa spp.
Scyliorhinus canicula
Shrimps indet.
Solenocera membranacea
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Appendix |: Maturity scale used in the present study

Maturity stage

Males

Females

A (Immature)

Claspers undeveloped,
shorter than extreme tips of
posterior margin of pelvic
fin

Testes small and thread-
shaped

Ovaries small, gelatinous, or
granulated, but with no
differentiated oocytes visible

Oviducts small and thread-
shaped, width of shell gland not
much greater than the width of
oviduct

B (Maturing)

Claspers longer than
posterior margin of pelvic
fin, their tips more
structured, but claspers soft
and flexible and
cartilaginous elements not
hardened

Testes enlarged, sperm ducts
beginning to meander

Ovaries enlarged and with more
transparent walls. Oocytes
differentiated in various small
sizes (<5 mm).

Oviducts small and thread-
shaped, width of shell gland
greater than width of the
oviduct, but not hardened

sperm present in clasper
groove, or flowing if
pressure exerted on cloaca

C (Mature) Claspers longer than Ovaries large with enlarged
posterior margin of pelvic oocytes (>5 mm), with some
fin, cartilaginous elements very large, yolk-filled oocytes
hardened, and claspers stiff (ca. 10 mm) also present

Testes enlarged, sperm ducts | Uteri enlarged and wide, shell
meandering and tightly gland fully formed and hard
filled with sperm

D (Active) Clasper reddish and swollen, | Egg capsules beginning to form

in shell gland, partially visible in
uteri, or egg capsules fully
formed and hardened and in
oviducts/uteri, or egg case
being exuded from cloaca
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BRETAGNE

Evaluation de I'état des populations de raie bouclée

Mots clés : Modélisation, génétique, taille de population efficace, connectivité, conservation, élasmobranches

Résumé : Sous l'effet de la péche, de nombreuses
espéces de raies des eaux européennes ont décliné
au cours du 20eme siecle. La conservation de ces
espéces est un objectif majeur quant a la gestion des
ressources marines. La raie bouclée (Raja clavata)
est I'espéce de raie la plus répandue d'Atlantique
Nord-Est. Sa gestion, basée sur un quota non
spécifique, repose  principalement sur les
observations scientifiques et professionnelles et non
sur des méthodes d'évaluations d'abondance. Les
objectifs de cette these consistent ainsi & comparer
les méthodes d'évaluations d'abondances disponibles
pour cette espéce et a les appliquer aux données
disponibles. Deux grands axes sont creusés

l'utilisation de méthodes basées sur la démographie
de I'espéce et de méthodes basées sur la génétique.

Cette thése s’articule autour de 3 grandes patrties :
1) délimitation des populations de raie bouclée pour
leur gestion ; 2) évaluation de l'abondance des
populations de raie bouclée ; 3) comparaison de
I'état de la raie bouclée avec les autres espéces de
raies de I'Atlantique Nord-Est.

Les résultats mettent en avant l'utilité des outils
démographiques pour I'exploitation de I'espéce. En
effet, les modéles halieutiques développés
permettent d’estimer 'état de la biomasse de la raie
bouclée grace a des tendances. Le stock du golfe de
Gascogne a notamment été estimé dans un bon état
écologique. Les outils génétiques présentent une
grande utilité dans la conservation des especes
marines car ils renseignent principalement sur la
santé génétigue au long terme.

Assessment of the state of thornback ray populations

Keywords : Modelling, genetics, effective population size, connectivity, conservation, elasmobranchs

Abstract : During the 20th century, several skates
and rays species in European waters declined
because of fishing. Conservation of these species is
a major objective of the management of marine
resources. The thornback ray (Raja clavata) is the
most widespread species of the North-Est Atlantic.
Its management is based on a nonspecific quota and
lay on observations only as no stock assessment is
available. Thus this thesis aims to compare the
available stock assessments methods for this
species and to apply them to empiric data. Two
types of methods are investigated: methods based
on population demography and methods based on
population genetics.

The thesis is separated in three parts: 1) assessment
of management units; 2) assessment of the state of
the thornback ray populations; 3) comparison of the
thornback ray population’s states with the other rays
species of the Northeast Atlantic.

Results highlight the usefulness of the demographics
methods for the harvest of the species. Indeed, the
developed halieutics models are able to estimate the
biomass state of the thornback ray by using
tendencies. The Bay of Biscay stock was estimated
in a good ecological state. Genetics methods are
very useful in conservation as they inform on the
genetic health as a long timescale.



