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Résume

Le monde vivant peut étre décrit comme un vaste et complexe réseau de connexions :
les organismes, en se déplacant eux-mémes dans I'espace et le temps sont les liens
entre des populations, ou localités. De tels déplacements résultent de la dispersion,
soit le mouvement d'un individu depuis son site de naissance jusqu’a son site de
reproduction. Les mécanismes de dispersion sont extrémement variés : ils découlent
de la capacité de chaque organisme a se mouvoir par lui-méme ou grace a un tiers.
On parle respectivement de dispersion active ou passive. Dans I’océan, la dispersion
passive est facilitée par les propriétés physiques intrinseques de I’environnement ma-
rin : de nombreuses espéeces benthiques a semi-sédentaires a I'état adulte dispersent
ainsi durant leurs premiers stades de vie, en relachant dans la colonne d’eau des
cohortes de propagules (ceufs, larves, fruits, etc.) qui sont ensuite transportées par les
courants marins. La connectivité entre populations est réalisée lorsque les propagules
survivent a une telle phase pélagique puis s’'installent sur un habitat favorable pour
s’y reproduire. Démographiquement, la connectivité est constitutive de la dynamique
spatiale des populations : c’est un processus écologique clef dans la régulation et
la persistance des populations. Génétiquement, la connectivité est vectrice de flux
génique, qui, avec les autres forces évolutives, module les schémas contemporains de
biodiversité. La connectivité via la dispersion est ainsi déterminante dans la résilience
des populations face aux pressions anthropiques : sa compréhension est essentielle
pour une bonne gestion et sauvegarde des écosystéemes, notamment pour le design
d’aires marine protégées (AMPs) ou la gestion des péches. Dans cette these, nous
avons défini un cadre analytique qui permet de caractériser la connectivité démogra-
phique et de localiser les zones de pontes pour toutes espéces présentant une phase
pélagique, en combinant I'utilisation d’'un modele biophysique Lagrangien avec des
données d’analyses d’otolithes et biogéographiques. Nous avons d’'une part montré
que les patrons de connectivité sont expliqués par la variabilité spatio-temporelle
de la circulation océanique, et d’autre part quantifié le role des AMPs dans I'appro-
visionnement en propagules des zones non protégées. Nous avons ensuite défini
analytiquement les probabilités de connexions génétiques résultant d’événements

successifs et cumulatifs de dispersion, cumulant ainsi les différentes possibilités de



flux de genes entre populations sur plusieurs générations. Pour un nombre de gé-
nération fixé, la connectivité filiale, qui quantifie la probabilité qu'une population
soit parente a une autre, a été distingué de la connectivité coalescente, qui quan-
tifie la probabilité sous-jacente que deux populations partagent des « populations
anceétres » communes. Nos résultats montrent que les barrieres hydrodynamiques,
jusqu’ici considérées comme une cause de structuration génétique, sont effective-
ment perméables a la connectivité coalescente. Ces modéles de connectivité filiale
et coalescente ont permis d’estimer le flux de génes chez 47 espeéces a cycle de vie
biphasique, compilées dans une méta-analyse couvrant 58 études de génétique des
populations en mer Méditerranée. La connectivité coalescente nouvellement définie
retourne les meilleures prédictions de flux de génes pour I'ensemble des espéces et
explique environ 50 % de la variabilité des différentiations génétiques observées a
I’échelle de la méta-analyse. De plus, nos résultats suggerent une relation étroite entre
les échelles temporelles (i.e. nombre d’évenements de dispersion) et spatiales (i.e.
étendu des patrons de diversité génétique) de la connectivité génétique, illustrant
les interactions éco-évolutives caractéristiques d'un tel processus. Dans un dernier
temps, nous avons étudié I'influence de la considération précise de I'habitat obte-
nue par modeles de niche, dans la prédiction du flux de genes. Cette these, au-dela
d’établir de nouveaux outils méthodologiques pour une meilleure compréhension
de la connectivité démographique et génétique, identifie de nouvelles pistes de re-
cherche qui contribueront a mieux évaluer I'impact du flux de genes et des autres

forces évolutives sur la biodiversité marine.

Mots clés : Recherche multidisciplinaire, Modeles biophysiques Lagrangiens, Dyna-

miques éco-évolutives, Théorie des graphes, Biogéographie, Mer Méditerranée



Abstract

The living world can be viewed as a wide and complex network of connections.
By moving over space and time, organisms themselves establish links between pop-
ulations or localities. Movements of an individual from its birthplace to its site of
reproduction is called dispersal. This is a multifaceted mechanism: we distinguish
active dispersal due to the individual’s own locomotion from passive dispersal induced
by a third party. In the sea world, where passive dispersal is favoured thanks to the
physical properties of the marine environment, most benthic and sedentary species
disperse through marine currents during their early-life stages by means of drifting
propagules (eggs, larvae, fruits, etc.). Population connectivity is effective when an
organism survives its pelagic phase, settles, and eventually reproduces. Demographi-
cally, connectivity governs population dynamics and is thus a key ecological process
for recruitment and persistence. Genetically, connectivity drives gene flow between
populations, which, in interaction with the other evolutionary forces (i.e. drift, mu-
tation, natural selection), shapes the contemporary biodiversity patterns. Hence,
connectivity via dispersal processes plays a fundamental role in the resilience of pop-
ulations to anthropogenic stressors: appraising connectivity is essential for sound
management and conservation initiatives, such as the design of Marine Protected
Areas (MPAs) and effective fishery management. In this thesis, we build a multi-
disciplinary analytical framework to characterise spatial patterns of demographic
connectivity and to pinpoint spawning areas for any species with a pelagic phase,
by combining Lagrangian modelling, network theory, otolith analyses and biogeo-
graphical information. We show that connectivity patterns are well-explained by the
spatio-temporal variability of ocean currents, and we quantify larval export from
MPAs to surrounding unprotected areas. We then formulate and model the probabil-
ity of genetic connections arising from successive dispersal events, depicting gene
flow between populations over multiple generations in a cumulative manner. We
define filial connectivity, which unveils explicit parents-to-offspring links and, for

the first time, coalescent connectivity, which assesses genetic cohesiveness among



populations that share a common ancestor. Our results suggest that the seascape is
more open than previously thought since its physical barriers supposedly leading to
genetic structuring appear indeed permeable to coalescent connectivity. Filial and
coalescent connectivity models allow predicting gene flow over the most extensive
meta-analysis of population genetic studies in the Mediterranean Sea, encompassing
58 phylogenetically divergent sedentary species such as corals, endangered territorial
fishes, and endemic seagrass. We show that our novel coalescent dispersal model
outperforms all previous approaches when simulating gene flow and explains almost
50 % of observed genetic differentiation at the meta-analysis scale. Our results sug-
gest that the temporal (i.e. the number of generations predicting best observed gene
flow) and spatial (i.e. extend of observed genetic patterns) scales implied in genetic
methods are tightly linked, hence shedding lights on the typical eco-evolutionary
scales of genetic connectivity. Finally, we use species’ distribution modelling outputs
to test the relative importance of habitat heterogeneity in multi-generation dispersal
modelling and investigate its impacts on gene flow predictions. Beyond developing
new methodological tools to improve our knowledge about demographic and genetic
connectivity, this thesis identifies novel research directions that should contribute to
better assess the respective influences of gene flow and the other evolutionary forces
on biodiversity. For conservation biologists, the results developed in this thesis might

help improving the reliability of management plans.

Keywords: Multidisciplinary research, Lagrangian biophysical models, Eco-Evolutionary

dynamics, Graph theory, Biogeography, Mediterranean sea
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1. Introduction

Une chose peut voyager partout

rien qu’en restant immobile

Richard Powers, I'Arbre-Monde

1.1. De la connectivité a la dispersion, une histoire
de liens et de mouvements

1.1.1. La connectivité : contexte global et définitions
1.1.1.1. Définitions générales

En 2022, et comme depuis un siecle, la science s’écrit en anglais. Il en résulte par-
fois des difficultés pour certains jeunes produits de 1'école républicaine Francaise
a communiquer efficacement au sein de la communauté scientifique. Aussi, du fait
de traductions techniques difficiles, de nombreux anglicismes persistent lorsqu'’il
s’agit d’écrire dans sa langue maternelle, notamment dans le cadre d'une these. Ce
travail n'échappe pas a la regle : ici, le terme connectivité, mot-clef de cette thése, est
un anglicisme directement tiré de connectivity (the ability of systems, platforms and
applications to be connected to each other, Oxford dictionaries en ligne, s. d.). Bien qu’il
soit largement employé et compris instinctivement, le mot « connectivité » n’existe
pas, a proprement parler, dans la langue francaise. Pour bien le définir, il faut chercher
des mots étymologiquement proches, partageant la racine latine connexio (lien, en-
chainement) : connexion, «action de lier par des rapports étroits; fait d’étre lié; liaison,
enchainement »; connexité, « rapport étroit qui existe entre deux ou plusieurs choses ».
Ou encore le verbe connecter défini par « unir des choses en les mettant en relation
entre elles », (les définitions proviennent du Larousse en ligne, s. d.). Ainsi, ce travail
de these s’'intéresse a la facon dont les connexions s’établissent de maniere globale

entre deux ou plusieurs entités et aux conséquences de tels liens.

15



1. Introduction - 1.1. De la connectivité a la dispersion, une histoire de liens et de

mouvements

Ca serait enfoncer une porte déja grande ouverte que de dire que le monde n’a
jamais été aussi connecté qu’aujourd’hui : notre époque mondialisée a lié chaque
espace du globe par des relations économiques, les réseaux sociaux permettent a toute
personne de rentrer en relation avec une autre au moyen d’'un « tissu de solitudes
reliées » (Damasio, 2019), ou encore I'explosion exponentielle du flux d’informations
et de données lie notre expérience du monde avec le monde lui-méme comme jamais
auparavant. Méme si un tel niveau d’interconnexions mondiales a permis d’aug-
menter notre niveau de vie (surtout pour les habitants des pays industrialisés), cela
questionne aussi notre rapport au monde dans un contexte de changement global (e.g.
tourisme de masse, échanges de matieres premieres et de matériaux transformés, cofit
de stockage des données numériques, etc.). La pandémie actuelle souligne, peut-étre,
les limites de notre époque interconnectée : il faut justement casser ces liens et s’isoler
pour lutter efficacement contre les vagues épidemiques successives de COVID-19.
Cela nous oblige a modifier notre rapport direct aux autres, notre connectivité so-
ciale, pour éviter de mettre en péril '’économie mondiale. Il en est de méme pour le
monde numérique, dont paradoxalement, il faut parfois se déconnecter pour mieux
se reconnecter (a soi-méme? au vivant?). Il en reste que la connectivité caractérise
et questionne notre rapport au monde, qu’il soit économique, social, numérique ou

vivant.

1.1.1.2. Comment représenter la connectivité ?

Les connexions entre deux ou plusieurs entités peuvent étre définies de maniere
quantitative (e.g. nombre de voyageurs entre deux villes) ou qualitative (e.g. rela-
tion sociale entre deux personnes). Dans le premier cas, on peut alors quantifier
les connexions par un flux ou une probabilité d’échange. Pour le deuxieme cas, les
connexions sont plutot binaires : il y a présence ou absence de lien. On peut toutefois
y ajouter parfois un degré qualitatif (e.g. ces personnes se connaissent peu et celles-la
tres bien). Le nombre de connexions possibles est fonction du carré du nombre d’enti-
tés considérés : il en résulte des structures complexes, qui peuvent étre résumées par
des objets mathématiques appelé graphes (Bondy et Murty, 1976). Dans un graphe,
les entités sont représentées par des noeuds et les connexions par des liens. Lorsque
les liens sont asymétriques, c’est notamment le cas pour des connexions quantitatives,
on parle de graphes orientés. De maniére opposée, les graphes non orientés sont
caractérisés par un unique lien symétrique entre deux nceuds, typique des connexions

qualitatives. Lorsque les nceuds et liens d'un graphe peuvent étre appliqués a une
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situation réelle, ou du moins lorsqu’on s’affranchit de I’abstraction mathématique, on
peut utiliser le terme « réseaux» (Figure 1.1). Ainsi, la science des réseaux applique la
théorie des graphes dans diverses disciplines : la physique, 'économie, la climatologie,

les sciences sociales, la biologie, etc.
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FIGURE 1.1. - Réseau illustrant les patrons de citations entre disciplines scientifiques
(Rosvall et Bergstrom, 2008). Ce réseau a été construit en utilisant des informations
provenant de 6 128 journaux scientifiques, connectés entre eux par 6 434 916
citations. Cette theése multidisciplinaire lie au sens large les disciplines d’« Ecologie
et évolution », de « Biologie moléculaire », de « Physique », de « Géoscience » et,
dans une moindre mesure de « Mécanique des fluides ».

1.1.2. La connectivité dans le monde du vivant

Le monde vivant peut étre décrit comme un vaste réseau d’interactions entre orga-
nismes sur différents niveaux organisationnels (e.g. espéce, population, communauté,
écosysteme, biomes). En ce qui concerne le vivant « hors-humain », les éthologues
ont pu mettre en évidence différentes structures sociales en étudiant les relations
entre individus ou catégories d’individus, et ce chez différents phylum (e.g. structure
sociale des grands singes ou au sein des colonies de fourmis). De plus, de nombreuses
interactions biologiques entres espéces existent au sein d'un méme écosysteme. Les
liens d'un réseau peuvent alors définir différents types de symbioses en fonction des

effets combinés de telles relations sur les paires de neceuds, c.a.d réciproquement entre
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individus ou especes. Par exemple, une relation compétitive va étre nuisible pour les
deux parties, alors qu'une relation de commensalisme profite a une seule espece sans
nuisance ni bénéfice pour I'autre (Figure 1.2). Dans un écosysteme relativement stable,
la sélection naturelle favorise le plus souvent les interactions a bénéfice réciproque :
les interactions néfastes ont tendance a étre réduites ou éliminées car elles entrainent

a terme l'extinction des populations concernées (Odum et Barrett, 2005).

Mutualisme

O,,Pmm*‘ Competition

Commensalisme

S

Neutralisme

Amensalisme

FIGURE 1.2. — Schéma représentant les six interactions biologiques principales. Dans
ce réseau, les nceuds représentent I'effet des interactions sur I'individu (le symbole
+ pour bénéfice, - pour nuisance et = pour sans effet).

A court terme, la prédation a le méme effet que le parasitisme : le prédateur bénéfi-
cie directement de sa prédation sur la proie, qui comme on peut I'imaginer, ressent
comme une nuisance le fait d’étre mangée. Au sein d'un écosysteme, les relations
prédateurs-proies entre espéces peuvent étre résumées par un réseau trophique
(Pimm et al., 1991 ; Pringle et Hutchinson, 2020). Au sein d’'un tel réseau, les especes
représentent les nceuds, et les relations de prédation entre espece les liens (Figure 1.3).
Ainsi, tous les organismes présents dans un écosystéme sont plus ou moins interdé-
pendants : chaque interaction étant caractérisée par sa durée, sa propriété bénéfique
ou nuisible ou son degré d’association des organismes impliqués.

La connectivité du vivant s’étend au-dela des relations entre individus. Les orga-
nismes, en se déplacant dans I'espace et le temps, vont étre eux méme les connecteurs,
les liens, entre des populations. Le concept de population peut étre défini de diffé-
rentes manieres, principalement en fonction du processus écologique ou évolutif
auquel on s’'intéresse (Waples et Gaggiotti, 2006). Ainsi, aucune définition consen-
suelle reliant ces deux paradigmes n'émerge dans la littérature. Toutefois, on peut

caractériser les populations (i) d'une perspective écologique comme un ensemble d’in-
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dividus qui interagissent entre eux et peuvent étre identifiés a une aire géographique
spécifique et (ii) d'une perspective évolutive comme un ensemble d’individus qui se
reproduisent entre eux et qui co-existent dans le temps et I'espace (voir Tableau 1 dans
Waples et Gaggiotti, 2006 pour une compilation des différentes définitions dans la
littérature). Les déplacements d’individus ont un impact important sur la dynamique
spatiale et temporelle des populations et de I’écosysteme qu’elles constituent. De tels
mouvements induisent des flux d’énergie, de biomasses, de nutriments (Zuercher et
Galloway, 2019) ou de carbone (Hyndes et al., 2013, Gounand et al., 2018) entre patchs
d’habitat (c.a.d. que les structures des réseaux trophiques vont étre dépendantes des
mouvements individuels de chaque espece, donc pour chaque nceud les constituant).
IIs induisent également des modifications démographiques et de traits fonctionnels
au sein de chaque population, ainsi que des échanges de genes entre populations
(Kool et al., 2013). Le concept de connectivité fonctionnelle intégre toutes ces diffé-
rentes composantes et pourrait se définir comme le transfert des principales fonctions
écologiques (résultant des interactions inter- et intra-especes) entre écosystémes ou
biomes (e.g. Gerber et al., 2014; Selkoe et al., 2016; Turgeon et al., 2010).

1.1.3. La dispersion comme vecteur de la connectivité
1.1.3.1. Définition

Le vivant se déplace dans le temps et I'espace au travers différents mécanismes :
dispersion, migration, exploration, recherche de nourriture, etc. D’apres la définition
de Clobert et al., 2012, seule la dispersion permet de maintenir efficacement une
ou plusieurs connexions entre des populations. En effet, la dispersion est définie
comme le mouvement d'un individu depuis son site de naissance jusqu’a son site de
reproduction, soit « tout mouvement amenant a du flux de génes spatial ». En d’autres
termes, tout mouvement amenant au flux de génes entre populations. Les auteurs
ajoutent qu’il n'y a pas besoin que la reproduction s’additionne au mouvement, dans
le sens o1 un individu déplace ses propres genes dans I'espace. Dans la littérature, la
dispersion peut étre mentionnée comme migration, bien que la migration fait réfé-
rence également a des mouvements réguliers et cycliques dans I’espace, n’entrainant
pas forcément du flux de génes (comme les migrations saisonnieres ou journalieéres,
Clobert et al., 2012). Par exemple, les sternes arctiques migrent de plusieurs milliers de
kilometres vers le sud pour se nourrir, avant de retourner dans leurs zones de repro-

duction et nidification (Egevang et al., 2010). En transférant de la matiére organique
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FIGURE 1.3. — Exemple d'un réseau trophique : I'écosystéeme subtidal des cotes cen-
trales chilienne (Pérez-Matus et al., 2017). Dans ce réseau, 147 taxons sont repré-
sentés par des nceuds, et leurs positions verticales dépend du niveau trophique.
La taille des nceuds indique le nombre de liens joins a celui-ci : c’est-a-dire le
nombre de relation de prédation associé a ce taxon.
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(e.g. carbone, azote, etc.) dans I'espace, les sternes arctiques favorisent ainsi la connec-
tivité fonctionnelle (cf section 1.1.2). Les mécanismes amenant a la dispersion sont
extrémement variés. Ils dépendent de la capacité de chaque organisme a se mouvoir
par lui-méme ou grace a un tiers (c.f. section 1.1.3.1 et 1.1.3.2, respectivement) et
peuvent induire des déplacements directs du site de naissance au site de reproduction
jusqu’a des comportements complexes d’exploration et de relations sociales (voir
Figure 1.4, Matthysen, 2012). De maniere synthétique, le processus de dispersion se
découpe en trois étapes successives : émigration depuis le site de naissance, transfert
ou déplacement dans I’espace, immigration dans le site de reproduction (Clobert
etal., 2012).

La dispersion est donc un mécanisme qui éloigne les individus de leurs sites de
naissance. De ce fait, la littérature s’est intéressée a comprendre le réel bénéfice de
la dispersion, par rapport au cotit potentiel de tels mouvements (Bonte et al., 2012;
Burgess et al., 2016; Matthysen, 2012; Pechenik, 1999). Les principaux avantages
écologiques et évolutifs a la dispersion sont :

— De réduire les potentielles interactions avec les congéneres. Cela permet d’évi-
ter la compétition avec ses parents proches tout en minimisant le risque de
dépression de consanguinité.

— D’augmenter la valeur sélective (fitness) attendue en confrontant la descendance
a un maximum d’environnement variables dans I’espace et le temps. En d’autres
termes, d’échelonner les conditions de survie puis de reproduction sur différents
contextes environnementaux (stratégie de minimisation des risques ou de « ne
pas mettre tous ses ceufs dans le méme panier »).

— D’échapper a des conditions locales défavorables comme la surpopulation,
I’éventuelle absence de partenaires viables ou des pressions externes telles qu’an-
thropiques.

Parallelement, en plus du cott stricto sensu sensus-stricto dit au mouvement (dé-
pense énergétique et physiologique, ainsi que le développement de structures de
locomotions permettant de se déplacer), les inconvénients de la dispersion sont nom-
breux : perte de coopération avec les congéneres, risque de dépression hybride et
possibilité de se déplacer dans un habitat moins favorable, i.e. augmentation de la
prédation et réduction des ressources en nourriture (Bonte et al., 2012; Matthysen,
2012). Cependant, ces cofits peuvent étre différents entre les milieux terrestre et marin,
notamment a cause des propriétés physiques du médium considéré (i.e. air, terre ou

eau, voir section 1.1.3.3, Burgess et al., 2016).
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FIGURE 1.4. - Schéma représentant les différents mécanismes amenant a la dispersion
des individus, soit au flux de génes entre des populations distinctes dans I'espace.
Ici, n représente le site de naissance (pour natal site) et b le site de reproduction
(pour breeding site). Les fleches pleines représentent le processus de dispersion
alors que les fleches en pointillés indiquent d’autre type de mouvements (mi-
gration, exploration, etc.). a La dispersion est induite par un seul mouvement
entre le site de naissance et de reproduction (e.g. dispersion des especes sessiles).
b Un individu se déplacant dans son aire vitale de naissance (représenté par le
rond gris foncé) avant de disperser et d’établir son aire vitale de reproduction. c
Lindividu disperse d’abord dans une aire vitale ou il ne se reproduit pas (repré-
senté par le rond gris clair), d’ou il se déplace pour se reproduire. d L'individu
se meut dans une zone vitale étendue, qui inclue une zone natale réduite d’ou
il disperse vers une autre zone vitale étendue, qu’il diminue pour se reproduire.
e L'individu explore son environnement en dehors de sa zone vitale avant de
disperser. f Lindividu disperse de son groupe social de naissance vers un groupe
social voisin. g L'individu se déplace tout au long de sa vie et se reproduit de
maniere intermittente dans des zones de reproduction spécifiques. Schéma et
légende tirés de Matthysen, 2012.
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1.1.3.2. La dispersion active

Parmi tous les mécanismes de dispersion, la dispersion est dite active lorsque
I'individu se déplace dans I’espace grace a ses propres moyens : il présente alors
un comportement orienté de marche, de nage ou de vol. La dispersion active est
caractéristique des animaux juvéniles et adultes. Son intensité varie entre les capacités
de mouvement de chaque espece et dépend de plusieurs facteurs, comme la taille
de la population locale, la compétition pour les ressources ou la qualité et la taille de
I’aire vitale. Cela peut aussi dépendre de la structure sociale spécifique a I’espéce :
un systeme social qui dépend d’un seul male ou femelle dominant adulte (i.e. un
systeme de reproduction en harem observable chez certains mammiferes, oiseaux ou
poissons) force les juvéniles a disperser pour pouvoir se reproduire (Figure 1.4f). Bien
que la migration n'implique pas toujours de la dispersion, la méta-analyse de Hays et
Scott, 2013 suggere que plus l'individu est lourd, plus il se déplace et peut disperser
sur de grandes distances (Figure 1.5). C’est d’autant plus le cas pour les marcheurs. Les
especes qui se déplacent en volant dans I'atmospheére sont celles qui se déplacent le
plus loin, suivies des espéces nageant dans I'océan puis celles marchant sur le paysage
terrestre. Cela peut s’expliquer par le fait que les barriéres physiques au mouvement
(e.g. fleuves, montagnes pour le terrestre, détroits et fronts pour le milieu marin) sont
moins marquées voire absentes dans I’atmospheére. Les distances peuvent aller de

quelques km a pres de 10 000 km.
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FIGURE 1.5. — Distance de migrations en fonction de la masse corporelle pour les
espeéces se mouvant en marchant, nageant et volant. Adapté depuis Hays et Scott,
2013, depuis des données de Hein et al., 2012
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Il estintéressant de noter que les végétaux peuvent présenter une sorte de dispersion
active (i.e. déplacement endogene mais non orienté). Un exemple non exotique est
celui du concombre d’ane, ou cornichon sauteur, Ecballium elaterium. Cette espece
est une des rares cucurbitacées spontanées en Europe (un individu est présent aux
alentours du MIO, Figure 1.6a). Elle disperse en projetant ses graines jusqu’a plusieurs
metres a une vitesse de 10 m.s™! par I'explosion de son fruit préalablement pressurisé

a environ 6 bars (Forterre et al., 2016).

1.1.3.3. La dispersion passive

En opposition a la dispersion active, un individu disperse passivement lorsque
son déplacement n’est pas induit explicitement par ses capacités de mouvement,
réduisant le controle de sa trajectoire dans I'espace mais en augmentant possiblement
les distances parcourues. Ne dépensant ainsi pas ou peu d’énergie pour se déplacer,
le processus de dispersion passive est réalisé pour ces individus, par I'intermédiaire
d’'un tiers biotique ou abiotique.

Pour les plantes, la dispersion passive biotique est souvent induite par la consomma-
tion des fruits par d’autres animaux capables de mouvements, i.e. par endozoochorie,
et donc dépend d'une stratégie évolutive. Un exemple intéressant parmi beaucoup
d’autres est celui du casse-noix moucheté (Nucifraga caryocatactes) qui se nourrit des
graines de I'arole (Pinus cembra), tout en les enfouissant dans le sol pour ses réserves
hivernales (Figure 1.6b). En oubliant pres de trois quarts de ses cachettes, il assure
quasi-exclusivement la dispersion de 'arole, et favorise ainsi sa régénération sur d’an-
ciennes patures (Camaret et al., 1998). Cette interaction biologique peut étre qualifiée
de mutualiste puisqu’elle bénéficie aux deux especes : la connectivité de I’arole est en
effet induite par sa connexion avec le casse-noix moucheté, illustrant ’organisation du
vivant en une multitude de réseaux (voir section 1.1.2 et Figure 1.2). Les autres aspects
de la dispersion passive biotique relevent plutot d’interactions de commensalisme
ou d’amensalisme : le processus de dispersion n’a pas d'impact pour I'organisme
vecteur, et peut étre bénéfique ou non chez I'organisme qui disperse. Pour les plantes,
on parle d’épizoochorie: le fruit s’attache aux animaux par le biais de mucus collant,
de piquants ou de crochets, comme les bardanes par exemple. On retrouve aussi ce
systeme chez certains invertébrés marins comme les bivalves qui se « ferment » sur les
pattes des oiseaux afin de disperser sur de longues distances (Figure 1.6¢c, A. Green et
Figuerola, 2005). On peut inclure dans cette catégorie la dispersion d’individus par les

eaux de ballast, en considérant les navires comme un vecteur biotique, ou du moins
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FIGURE 1.6. - Illustrations de quelques exemples de mécanismes de dispersion. a Le
cornichon sauteur, qui disperse ses graines par I'explosion de son fruit (individu
photographié a c6té du MIO). b L'arole qui disperse grace au casse noix moucheté
(crédit photographique : achrntatrps depuis Flickr). ¢ La coque commune qui peut
disperser en s’accrochant a la patte d'un Bécasseau variable (A. Green et Figuerola,
2005). d Araignée éjectant ses fils de soie, qui vont augmenter sa portance afin
d’étre dispersée par le vent (crédit photographique : Jeff Mitton depuis Flickr).
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anthropogénique. Au-dela d’induire du flux de genes, le transport d’organismes par
les eaux de ballast a causé I'introduction d’espéces non-indigenes (Saebi et al., 2020),
amenant de nombreux problemes écologiques et économiques (Gollasch, 2007).

La dispersion passive dite abiotique concerne toutes les especes qui sont transpor-
tées par le vent ou les courants marins, ce qui conduit a considérer une approche
méthodologique convergente pour étudier la dispersion passive aérienne et aquatique
(Lett et al., 2020). Dans I'’environnement terrestre, les plantes sont majoritairement
concernées : le vent permet de disperser leurs pollens et graines, sur parfois de longues
distances (Nathan et al., 2002). I1 y a également toutes les especes de petite taille qui
composent le plancton aérien dispersant avec le vent : des protistes, champignons,
microbes, bactéries, etc. (D. Smith, 2013). On dénote aussi certains arthropodes qui
utilisent leurs soies pour avoir assez de portance et ainsi étre transportés par le vent
(ballooning dispersal, Figure 1.6d, Bell et al., 2005). De maniere générale, ces orga-
nismes terrestres présentent des adaptations a la dispersion passive dans I’atmosphere
(Burgess et al., 2016). De facon opposée, les adaptations a la dispersion passive via
les courants océaniques sont habituellement absentes chez les organismes marins
(Burgess et al., 2016). Cela est notamment dii aux différences de propriétés physiques
entre le medium « air » et « eau » : différence de viscosité, de masse volumique, de
vitesse terminale, de capacité thermique et d’approvisionnement en oxygene (Burgess
et al,, 2016). En d’autres termes, la dispersion passive demande des « efforts » dans

I'atmosphere, alors qu’elle est relativement « facile » dans I'océan.
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1.2. La dispersion dans I’océan, ou comment les
courants induisent le déplacement des
organismes marins

1.2.1. Des organismes marins a cycle de vie biphasique

Dans I'océan, la dispersion passive est omniprésente chez les especes dites ben-
thiques (sessiles ou démersales). Le processus de dispersion est réalisé pendant les
premiers stades de vie : des cohortes d’individus sont alors relachées dans la colonne
d’eau sous forme de propagules (ceufs, larves, spores, fruits, etc.) puis transportées par
les courants marins. Durant cette phase pélagique, les individus peuvent échapper a
la prédation existante dans le milieu benthique et, pour les espéces ne bénéficiant pas
de réserves de nutriment pour se développer, bénéficier de la présence du phyto- et
zooplancton dans I’océan ouvert pour se nourrir (Pechenik, 1999). La phase pélagique
prend fin lorsque les propagules survivent et s’établissent sur un substrat adéquat
(par exemple les zones de nourricerie), grace, ou non, a des capacités intrinseques de
déplacement et d’orientation. De nouveau fixés ou associés a un habitat, les individus
adoptent un mode de vie benthique comme leurs parents, réalisant ainsi un cycle de
vie biphasique (Figure 1.7). La durée caractéristique de la phase pélagique, nommée
Pelagic Larval Duration (PLD), dépend des conditions environnementales in situ et
des caractéristiques biologiques propres a chaque espéce. Elle peut varier de quelques
minutes a plusieurs semaines selon les espéces considérées (voir Tableau 1 dans
Shanks, 2009). Parallelement, les individus peuvent disperser pendant cette phase
pélagique sur des distances s’échelonnant de quelques metres a plusieurs centaines
de kilometres (Shanks, 2009). De manieére générale et lorsqu’on considere différents
phylums, les variations de la PLD expliquent pres de 50 % des variations de distances
de dispersion : plus la phase pélagique est longue, plus les organismes tendent a
disperser loin (Shanks, 2009). Il est intéressant de noter qu’a I’échelle mondiale, la
PLD augmente avec la latitude, illustrant le fait que, comme la plupart des processus
physiologiques, des températures plus chaudes raccourcissent la phase pélagique (B. S.
Green et Fisher, 2004 ; Munday et al., 2009). Parallelement, en considérant les vitesses
et directions des courants, les espéces de moyennes latitudes (de 20°a 40°) tendent a
disperser moins loin que les espéces tropicales et de hautes latitudes (Alvarez-Noriega
etal., 2020).

Pour ces especes a cycle de vie biphasique, la dispersion passive induite par les
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FIGURE 1.7. - Schéma du cycle de vie biphasique caractéristique de nombreux phy-
lum marins. Les organismes dispersent pendant la phase pélagique, lorsque les
premiers stades de vie sont advectés par les courant marins. La phase benthique
est spécifique de I’état adulte, lorsque les organismes sont fixés au substrat ou
sont sédentaires.

courants marins se découpe en trois processus successifs : la ponte ou la remise des
propagules dans la colonne d’eau (émigration), le transport pélagique (transfert ou
déplacement dans I'espace) et l'installation des propagules dans un habitat favorable

(immigration).

1.2.2. Le transport pélagique des propagules par les courants
marins

Le transport correspond au déplacement horizontal sensu-stricto de propagules
entre deux points géographiquement définis dans ’espace (Figure 1.8 encadré bleu,
Pineda et al., 2007). Le déplacement dans I'espace est en premier lieu induit par I’ad-
vection des propagules par les courants marins, mais il peut également étre modulé
par les différents comportements larvaires observés chez les espéces a cycle de vie
biphasique (Leis, 2006). Méme si sa définition se veut simple, I'interaction des dif-
férents processus océanographiques associée a la grande variabilité des conditions

hydrodynamiques rend le transport larvaire difficile a appréhender et a évaluer.

1.2.2.1. La circulation océanique

Durant la phase pélagique les organismes sont advectés par le déplacement des
masses d’eaux, sous I'effet combiné du vent, des forces de marées, des gradients de
masse volumique, de la force de Coriolis, des forces de frottement dues a la viscosité et
des contraintes géographiques du bassin océanique. Le transport des propagules est

ainsi déterminé par les différents processus hydrodynamiques induits par ces forcages
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FIGURE 1.8. — Schémas représentant les différents processus imbriqués induisant de
la connectivité via la dispersion larvaire dans le milieu marin. Le processus de
transport larvaire (encadré bleu) est en premier lieu induit par I’advection (et
éventuellement la diffusion, négligée ici) des propagules par les courants marins
(section 1.2.2). Au transport larvaire s’additionne la ponte, la survie des propagules
pendant le déplacement puis l'installation pour rendre compte du processus de
dispersion larvaire (encadré vert, section 1.2.3). La connectivité entre populations
alieulorsque l'individu, apres le processus de dispersion larvaire, survit et s’établit
dans la population adulte (encadré orange, section 1.3). D’apres Pineda et al.,
2007.
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(Figure 1.9). Ces processus, constitutifs de la circulation océaniques, sont caractérisés
par un continuum d’échelles spatio-temporelles imbriquées, qu'on peut subdiviser
par simplification en trois catégories : la sous-méso-échelle (dizaines de m — dizaine de
km, horaire a journaliers), la méso-échelle (dizaines de km — centaines de km, dizaines
de jours — quelques mois) et la large-échelle (centaines de km — milliers de km, année
— plusieurs décennies). Les différentes conditions hydrodynamiques rencontrées par
les propagules combinent ainsi des processus turbulents a sous-méso-échelle (e.g.
turbulence verticale, ondes internes gravitationnelles, vagues déferlantes, instabilité
locale due aux courants de marée et la topographie, etc.) jusqu’aux processus de
large échelle (e.g. courants géostrophiques, grandes gyres océaniques stables, ondes
de Rossby, oscillations climatiques du type El Nifio/Southern Oscillation ou North-
Atlantic Oscillations, etc.), en passant par des processus instables a méso-échelle (e.g.
fronts séparant des masses d’eau différentes, tourbillons ou eddies qui se déplacent,
upwelling cotiers, courants de marée, etc.).

Bien que tous les processus cités ci-dessus affectent théoriquement les processus de
transport dans I'océan, les échelles spatio-temporelles déterminantes dépendent au
premier ordre de la durée de la phase pélagique, mais aussi, dans une moindre mesure,
de la zone considérée et des caractéristiques intrinseques des propagules en ques-
tion (i.e. taille, densité, etc.). Pour les especes caractérisées par des PLDs comprises
entre quelques minutes et heures (observable chez des invertébrés, comme différents
cnidaires, tuniciers ou bryozoaires, Shanks, 2009), le transport est directement induit
par les processus turbulents de sous-méso-échelle. Par leurs caracteres chaotiques,
ces processus sont difficilement mesurables et quantifiables (McWilliams, 2016), et
sont souvent mal représentés dans les modeles hydrodynamiques, notamment dans
les systemes cotiers (section 1.2.2.2). Les especes dispersant pendant des PLDs de
plusieurs jours a plusieurs semaines (~ 90 % des especes pour lesquelles on a des
informations biologiques de premiers traits de vie, Shanks, 2009) ce sont les processus
de méso— et de large—échelles qui sont déterminant dans le transport des propagules.
Les patrons spatiaux de dispersion peuvent ainsi étre en premier lieu expliqués par la
circulation moyenne induite par les processus océaniques a large-échelle : 'emplace-
ment de la ponte est majoritairement située en amont des courants géostrophiques
par rapport au lieu d’installation (voir Chapitre II).

Les courants géostrophiques résultent de I’équilibre entre les forces de pression et la
force de Coriolis, et sont spécifiques de la circulation océanique moyenne de surface

alarge-échelle. Bien qu'’ils soient caractérisés par de la variabilité intra-annuelle ou

30



1. Introduction - 1.2. La dispersion dans I'océan, ou comment les courants induisent

le déplacement des organismes marins

-----

100 years |- o0 .
Decadel Oscillatigm;/ N
Fish Regime Shifts ——m - N

10 years [~ large-echelle __ - N

1
7 7 - n. 4
| meso-ecC h e I e . Fronts, Eddies Seasoned Mixed Layer
1) 1 month . & /Filaments Depth & Biomass Cycles
i‘:; oastally Trapped
Q . Waves
D eek | , , .
g Sous-méso-échelle ~€__Synoptic Storms, River
o and-Sea BreezeY °  Outflows, & Sediment
o . dhunderstorms /+ Resuspension
Tdayp- el <
= Inertia/Internal
& Solitary Waves
1 hour [~

‘(" Turbulent Patch
Size
1 min
Molecular
Processes

| | | | | | |
1 mm 1cm 1dm 1m 10m 100m 1km 10km 100 km 1,000 km 10,000 km

.

1sec |-

Horizontal Spatial Scales

FIGURE 1.9. — Echelles temporelles et spatiales des processus océanographiques. Les
processus constituant la circulation océanique peuvent étre caractérisés par trois
grandess catégories spatio-temporelles : la sous—méso—échelle (dizaines de m —
dizaine de km, horaire a journalier), la méso-échelle (dizaines de km — centaines
de km, dizaines de jours — quelques mois) et la large-échelle (dizaines de km —
centaines de km, dizaines de jours — quelques mois). D’apres Dickey et Bidigare,
2005; Nichols et Raghukumar, 2020.

31



1. Introduction - 1.2. La dispersion dans I'océan, ou comment les courants induisent

le déplacement des organismes marins

saisonniere induite par la variabilité des forcages environnementaux, les courants
géostrophiques sont relativement stables dans le temps (large-échelle, Figure 1.9).
Cela permet d’identifier et de cartographier les schémas moyens de circulations de
surface, grace notamment a 'utilisation combinée de méthodes d’altimétrie spatiale
et de modélisation hydrodynamique, mais aussi de données de flotteurs ARGO (Fi-
gure 1.10, Poulain et al., 2012). Ainsi, ce sont ces courants qui sont représentés sur
de nombreuses cartes océaniques (e.g. Millot et Taupier-Letage, 2005; Pinardi et al.,
2015; Poulain et al., 2012 pour la Méditerranée) et qui servent bien souvent a inter-
préter les réseaux de connectivité démographique et génétique (voir section 1.3). La
circulation moyenne de surface en Méditerranée est caractérisée par les processus
de large échelle, notamment les courants géostrophiques qui présentent des vitesses
d’advection importantes jusqu’a 1 m.s~!. Par exemple le courant Nord qui s'établit
le long de la Méditerranée nord-occidentale ou le courant Algérien depuis le dé-
troit de Gibraltar jusqu’au détroit de Sicile, identifiables également sur la circulation
journaliere de surface (Figure 1.11). Les structures circulaires relativement stables
dans le temps et I'espace sont identifiées comme des gyres a large-échelle (e.g. gyre
Nord-Tyrrhénien, gyre Sud—Adriatique ou gyre Est—Alboran, Figure 1.10), induites
par des régimes marqués de vent et la topographie (Millot et Taupier-Letage, 2005;
Poulain et al., 2012). Caractérisés par plus de variabilité, les tourbillons ou eddies a
méso-€échelle sont des structures qui se créent et disparaissent continuellement tout
en se déplacant (Poulain et al., 2012). Elles résultent essentiellement des instabilités
des courants géostrophiques (e.g. vortex représentés au nord du courant Algérien,
Figure 1.10, identifiables sur la circulation journaliere, Figure 1.11). A méso—échelle,
la variabilité spatio—temporelle de la circulation océanique rend le transport des
propagules difficile a déterminer (e.g eddies, front océaniques, courants de marée,
upwelling cotiers, etc.). Dans ce cas, les patrons de dispersion peuvent étre contraires
aux schémas de circulation moyenne, di a des zones hautement turbulentes (e.g.
détroits ou promontoires qui modifient le flux, a 'origine partiellement laminaire
des courants moyens) ou des changements rapides dans I'intensité du vent et de son

forgage sur la surface (voir Chapitre II).

1.2.2.2. Les modeéles hydrodynamiques Eulériens de circulation océanique

Les modeles hydrodynamiques sont largement utilisés pour simuler, comprendre et
étudier la circulation océanique et les processus de transport résultant, et ce en en-

globant, suivant leurs résolutions, les structures a large échelle jusqu’a possiblement
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FIGURE 1.10. — Représentation schématique de la circulation moyenne géostrophique
de surface de la mer Méditerranée. Cette représentation est obtenue avec des
données de flotteurs et de données altimétriques satellitales pour la période 1992-
2010 (Poulain et al., 2012, voir également Figure 2 dans Millot et Taupier-Letage,
2005 ou Figure 12 dans Pinardi et al., 2015.

les processus turbulents a sous-méso échelle (un domaine en cours de développe-
ment). Ils se basent sur la résolution des équations dites primitives : les équations de
Navier-Stokes et leurs équations de continuité, les équations de conservation pour la
température et la salinité et 'équation d’état de 'eau de mer de 'UNESCO. Les résolu-
tions des équations sont basées sur plusieurs approximations et hypotheéses, comme
I’approximation hydrostatique, I'approximation de Boussinesq ou la fermeture New-
tonienne de Boussinesq. Les équations primitives sont discrétisées temporellement et
spatialement sur des schémas a différences finies, le plus souvent homogenes sur I'ho-
rizontale (e.g. grille Arakawa-C représentée sur la Figure 1.12) mais qui peuvent étre
également hétérogenes et déstructurés (e.g. le modele SLIM qui utilise les méthodes
de Galerkine discontinues, utilisé par exemple dans Dobbelaere et al., 2020). Sur la
verticale, on distingue également les discrétisations homogenes de celles hétérogenes.
Ces dernieres sont qualifiées de modele a coordonnées sigma. Les modeles sont para-
métrés par des conditions aux frontieres : (i) en surface, par les tensions dues au vent,
les conditions cinématiques, ainsi que les flux de chaleur et d’eau douce, (ii) sur les
autres frontieres (au bord et au fond du domaine étudié) par les tensions de cisaille-

ment et les conditions cinématiques. Les modeles hydrodynamiques produisent ainsi
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des champs de courants grillés et indexés dans le temps (e.g. un champ de courant
toutes les heures ou tous les jours pendant une période donnée), indiquant les valeurs
de vitesse zonale, méridionale et verticale pour les modéles en trois dimensions, sur

chaque point de grille horizontale et ce, sur plusieurs couches verticales (Figure 1.11).
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FIGURE 1.11. - Instantané de la circulation de surface journaliere en Méditerranée :
la direction des courants est indiquée par les fleches blanches, I'intensité du
courant (norme du vecteur de courant ou mean modulus) par la couleur de fond.
Le champ de courants cartographié ici provient du modele hydrodynamique
Mediterranean Forecasting System basé sur NEMO-OPA (Madec et al., 2015).
Ce modele opérationnel est implémenté sur la Méditerranée avec un maillage
horizontal régulier de 1/16° (Oddo et al., 2009) et un maillage vertical homogene.
Les courants moyens cartographiées sur la Figure 1.10 sont identifiables sur cet
instantané (e.g. courant Algérien, courant Nord, gyre de Pelops, etc.).

Lorsque I'on s'intéresse au processus de transport larvaire et que I’on veut étudier la
dispersion sous-jacente, deux parametres sont fondamentaux dans I'implémentation
d’'un modéle hydrodynamique ou le choix des champs de courants modélisés : (i) la
taille du domaine modélisé, pouvant aller d'une baie locale de quelques dizaines de km
aun basin océanique de plusieurs milliers de km, (ii) la durée de la simulation, pouvant
aller de quelques mois a plusieurs dizaines d’années. Généralement, et en lien avec la
puissance de calcul requise, les simulations a I’échelle du bassin sont disponibles pour
une période plus longue, avec une itération temporelle journaliere ou hebdomadaire,
que celles qui rendent compte de la circulation a I’échelle locale. Parallelement, les
modeles locaux sont plus précis (maillage horizontal de quelques centaines de métres,
et champs de courant calculés d’heures en heures, Rossi et al., 2020) et rendent mieux

comptent des processus physiques a méso- et sous-méso-échelles (Figure 1.9). Pour
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les modeles a grande échelle, le cotit de calcul potentiel induit un maillage horizontal
plus étendu, de 'ordre d'une dizaine de km. Ainsi, les modeles a petites échelles sont
adéquats pour des questions de connectivité démographique (cf. section 1.3.1), alors
que I'étude de la connectivité génétique demande plutdt des modeles a grande échelle
(cf. section 1.3.2).

——=Interpolated velocity field
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FIGURE 1.12. — Schéma du calcul des trajectoires de particules fluides (en cyan) sur
une grille de modele hydrodynamique (ici, une grille Arakawa-C). Les vitesses
méridionales (U; ;) et zonales (V; ;) des courants sont données sur les points
magentas. Les fleches bleues correspondent a I'interpolation linéaire du champ
de vitesse. En considérant que les particules sont relachées sur le bord gauche
(i-1), les lignes cyan correspondent a leurs trajectoires. Elles sont obtenues en
calculant les positions successives des particules a chaque pas de temps avec une
méthode de Runge-Kutta d’ordre 4. Adapté depuis van Sebille et al., 2018.

1.2.2.3. Les modeles biophysiques Lagrangiens pour simuler le transport
des propagules par les courants marins

Les champs de courant produits par les modeles de circulation océanique repro-
duisent les conditions hydrodynamiques observées par les propagules pendant leurs
transports et ce pour chaque point de grille, et pour toute la durée de la phase péla-
gique. IIs décrivent donc, pour un pas de temps donné, I'écoulement hydrodynamique
depuis un référentiel fixe : c’est une approche Eulérienne. Lapproche Lagrangienne,

elle, décrit I'’écoulement hydrodynamique depuis un référentiel mobile, une particule
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fluide, dans I’espace et le temps. En d’autres termes, 'approche Eulérienne étudiera
I'écoulement d'une riviere en mesurant la vitesse d’écoulement a un point fixe, comme
depuis un pont par exemple, alors que I'approche Lagrangienne obtiendra une mesure
comparable en estimant la vitesse d'un point dérivant avec le fluide, comme depuis un
kayak. Les modeles Lagrangiens permettent de simuler le déplacement de particules
fluides (i.e. des propagules numeériques) dans 'espace et le temps (Figure 1.12). Il
existe une multitude de modéles, qui utilisent des techniques différentes pour étudier
le transport de matiére dans I’'océan (décrites et détaillées dans van Sebille et al., 2018).
Pour cette these, on utilise le modéle Lagrangian Flow Network (Ser-Giacomi, Rossi
et al,, 2015, son principe général étant détaillé dans les chapitres II et III). C’est un
modele offline : les trajectoires de particules fluides sont obtenues par itérations suc-
cessives de leurs positions sur un champ de vitesse, lui-méme simulé par un modele
hydrodynamique Eulérien (Figure 1.11).

Durant le processus de dispersion, trois parametres biologiques sont primordiaux
pour simuler le transport des propagules par les courants marins : le lieu du relargage
des propagules dans la colonne d’eau, sa date et la PLD. Ces trois parametres indiquent
respectivement ’emplacement initial des particules fluides, le choix des champs de
courants simulés par les modeles hydrodynamiques et le temps d’intégration des
particules fluides au sein de ce champs de courants. Les trajectoires des propagules
calculées par le modéle biophysique Lagrangien pourront ainsi rendre compte du
transport par les courants marins entre deux points géographiquement définis dans

I'espace.

1.2.2.4. Influence de la biologie sur le processus de transport

Parmi les différentes types de propagules observée pendant la phase pélagique pour
disperser passivement par les courants marins, les larves sont la forme de développe-
ment la plus étudiée (Burgess et al., 2016). On distingue habituellement deux types de
larves, caractérisées par leurs modes de nutritions :

— Les larves lécithotrophes se développent d’abord dans des ceufs relativement
grands et peu nombreux (de I'ordre d’'un millier par ponte) puis se nourrissent
grace a une vésicule vitelline pendant le transport. La disponibilité en nourriture
étant limitée, ces larves ont possiblement une durée de dispersion relativement
courte (mais cette hypotheése est rarement testée et peu confirmée, Mercier et al.,
2013).

— Les larves planctotrophes se développent d’abord dans des petits ceufs trés nom-
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breux (jusqu’a plusieurs millions par ponte) pendant une durée relativement
courte puis se nourrissent de phyto- ou zoo- plancton dans la colonne d’eau.
Bien que dépendantes des ressources du milieu, les larves planctotrophes ne
sont pas limitées par un stock fixé d’énergie et peuvent disperser sur une période
relativement longue.

Il est estimé que 60 a 90 % des invertébrés marins produisent des larves plancto-
trophes, pour environ 10 % de larves lécithotrophes (Pechenik, 1999). Cependant,
les larves lécithotrophes sont peut-étre mieux adaptées a I'acidification des océans
(Dupont et al., 2010). D’autres formes de développement larvaire existent, sans pour
autant étre caractérisées par cette dichotomie lécithotrophe/planctotrophe (Allen
et Pernet, 2007). Par exemple des larves qui se nourrissent dans la colonne d’eau
mais qui posseédent une phase larvaire courte. Cette phase larvaire pourrait avoir été
sélectionnée pour permettre une plus grande fécondité, améliorer la croissance et
limiter la prédation des larves plutot que pour permettre I’expansion de 'aire vitale ou
répondre aux extinctions locales de population (voir section 1.3.1, Mercier et al., 2013).
Bien que les larves soient la forme de développement la plus présente, ou du moins
la plus étudiée pour disperser (i.e. dispersion larvaire, Cowen et al., 2007; Cowen
et Sponaugle, 2009; Pineda et al., 2007), on dénombre également d’autres formes
pélagiques. Chez les herbiers marins (Zosteraceae, Posidoniaceae, Cymodoceae et Hy-
drocharitaceae), il existe quatre formes de déplacement : les pollens, les propagules
sexuées (graines ou fruits), les fragments végétatifs décrochés par fortes contraintes
hydrodynamiques et la propagation des individus par clonage (Kendrick et al., 2017;
Kendrick et al., 2012; McMahon et al., 2014). Chacune de ces formes est associée a une
période et a un temps particulier de dispersion (Figure 1.13, McMahon et al., 2014).
Le méme mécanisme s’observe chez les algues, qui peuvent disperser sur de courtes
distances via la reproduction et ’envoi de gametes dans la colonne d’eau, ou sur de
plus grandes distances par le détachement de fragments d’individu lors de tempétes
(Buonomo et al., 2017; Norton, 1992).

1.2.3. Le processus de dispersion : de la ponte jusqu’a
'installation

La dispersion considere donc, en plus de la survie des propagules pendant le trans-
port, le processus de ponte et d’installation (Figure 1.8 encadré vert, Pineda et al.,
2007).
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FIGURE 1.13. — Estimation de la distance et du temps de dispersion en fonction
du mode de dispersion chez trois groupes d’herbiers marins : Posidonia spp,
Thalassia spp et Zostera spp. Il n'y a pas de données pour les mouvements induits
par la dispersion de fragments végétatifs, donc la catégorie n’est pas indiquée sur
la figure. Tiré de McMahon et al., 2014.

1.2.3.1. La ponte

La ponte, en définissant le moment et le lieu ot la phase pélagique débute est
déterminante pour I'’ensemble du processus de dispersion. En d’autres termes, la
ponte fixe le point et la date de départ des possibles routes migratoires décrites par les
propagules. Un changement dans ’espace ou le temps du processus de ponte peut
potentiellement induire des schémas de dispersion totalement différents du fait de la
variabilité spatio-temporelle de la circulation océanique. Plusieurs facteurs peuvent
déclencher le mécanisme de ponte, et sont donc décisifs dans le processus global
de dispersion. Ils peuvent étre abiotiques comme le changement de température de
I’eau de mer ou biotiques comme la quantité de réserves lipidiques des géniteurs
(c.f. Chapitre II et Tableau 2 dans I'annexe A.2 pour une compilation des différents
facteurs influencant le processus de ponte chez les téléostéens, Di Stefano et al.,
2022). Au-dela du moment de la ponte, la qualité et la quantité de la descendance,
déterminante dans le taux de survie lors du transport puis de I'installation, est fonction
de la condition des géniteurs : de leurs ages, de leurs disponibilités en ressources, ainsi
que du succes de leurs fécondations (Pineda et al., 2007). Lefficacité de la dispersion
larvaire dépend donc de la santé des populations génitrices (voir Chapitre II, Lester
et al,, 2009; Marshall et al., 2019). Dans le cas de certaines espéces de poissons cotiers,

plusieurs centaines d’individus se regroupent au méme endroit pour se reproduire

38



1. Introduction - 1.2. La dispersion dans I'océan, ou comment les courants induisent

le déplacement des organismes marins

et synchroniser leurs pontes (i.e. spawning aggregation, Figure 1.14, surtout étudiée
dans les récifs coralliens, Domeier et Colin, 1997). Ces agrégations de frai permettent
d’augmenter les chances de fécondation des gametes (i.e. probabilités de rencontre)
et la survie des larves (saturation du milieu diminuant la pression de prédation, etc.),
mais rendent également les géniteurs vulnérables a la prédation. Ils deviennent en
effet une cible facile et lucrative pour les pécheries lorsque de telles agrégations sont
localisées, ce qui rend les populations extrémement sensibles a la surexploitation
(Erisman et al., 2017; Mitcheson et al., 2008).

FIGURE 1.14. —- Mérous camouflage (Epinephelus polyphekadion) pendant une agré-
gation de frai dans la passe de Fakarava (crédit photographique : Laurent Ballesta
— Andromede Océanologie).

Il est important de noter que le passage de la phase benthique a la phase pélagique,
donc du début du processus de dispersion, ne fait pas toujours suite a une ponte.
Chez les herbiers marins et les algues (c.f. section 1.2.2.4) la séparation des propagules
sexuées (graines ou fruits), la libération des gametes ou encore le détachement de
fragment d’organisme lors de fortes contraintes hydrodynamique induisent également
le début du processus de dispersion. Dans cette thése, le terme « ponte » englobe

tous ces mécanismes différents.

1.2.3.2. Linstallation

Apres avoir été transportées par les courants marins, les propagules, en s’installant
sur un substrat grace, ou non, a des capacités intrinseques de déplacement et d’orien-
tation (Faillettaz, Paris et al., 2018; Leis, 2006; Paris, Atema et al., 2013), mettent fin
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FIGURE 1.15. — Schéma représentant les mécanismes successifs influencant la dis-
persion depuis la ponte jusqu’a I'installation et la survie sur un substrat ou un
habitat. Labondance relative des individus décroit au fil du temps sur I'effet de la
mortalité importante observée durant la phase pélagique. Voir également Figure
2 dans Cowen et Sponaugle, 2009. Adapté depuis Pineda, 2000.

au processus de dispersion. Si certaines especes s’adaptent a une grande variété de
substrats, la plupart doivent parvenir durant leurs phases pélagiques a un habitat
spécifique, leur permettant de continuer leur cycle de vie (Pineda et al., 2007). De
plus, l'installation est un événement risqué ou le taux de prédation est important.
Lefficacité de la dispersion larvaire est alors contrainte par ce processus, ou le nombre
de larves arrivées sur un lieu d’installation aprés le transport (larval supply) n’est gé-
néralement pas corrélé avec le nombre de larves qui s'installent effectivement (Pineda
etal., 2010).

Ainsi, depuis la ponte, ol entre plusieurs milliers et plusieurs millions de propagules
(respectivement pour les larves lécithotrophes et planctotrophes, section 1.2.2.4) sont
relachées dans la colonne d’eau, seule une fraction va survivre jusqu’a 'installation
(Figure 1.15, Pineda, 2000). La connectivité entre populations est alors théoriquement
réalisée lorsque les propagules survivent au processus complet de dispersion, se déve-
loppent dans leurs nouveaux habitats, poursuivent leur croissance pour finalement se
reproduire entre individus adultes (Figure 1.8 encadré orange, Cowen et Sponaugle,
2009; Pineda et al., 2007).
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1.3. La connectivité dans le monde marin : de
I’échange d’individus au flux de génes

1.3.1. La connectivité démographique

La connectivité démographique est un des indicateurs de la connectivité entre po-
pulations (Kool et al., 2013). Elle se réfere spécifiquement a I'impact du flux d’individus
(i.e. immigration et émigration) sur le bilan démographique d’'une population, indexée
par 'équilibre entre les apports de la natalité et de I'immigration (repeuplement) et
les pertes d’effectifs dues a la mortalité et a I'’émigration (Lowe et Allendorf, 2010). La
connectivité démographique est déterminante dans la dynamique spatio-temporelle
des populations en influant ainsi sur leurs croissances, leurs maintiens et leurs ex-
tinctions (i.e. bilan démographique respectivement positif, nul et négatif). L'étude de
la dynamique des populations est fondamentale dans la gestion des pécheries pour
définir des rendements durables. La connectivité démographique entre populations
nécessite une coopération entre des pays possédant des pécheries limitrophes, et peut
entrainer des répercussions importantes sur leur sécurité alimentaire, I'économie et
I’emploi (Kough et al., 2013; Ramesh et al., 2019).

Pour les espéces a cycle de vie biphasique, I'étude démographique doit étre adaptée
a la particularité de la phase pélagique et au caractere sédentaire des populations
adultes. Lors de la ponte, on peut considérer que toutes les propagules relachées dans
la colonne d’eau sont des émigrants. Seuls les individus, qui, a I'issue du processus
de dispersion s’établissent dans la méme population émettrice peuvent donc étre
considérés stricto-sensu comme des naissances. Ils sont alors « auto-recrutés » dans
leur population d’origine. Le processus d’auto-recrutement est souvent considéré
comme prédominant dans le maintien démographique des populations des pois-
sons tropicaux (e.g. Almany et al., 2007; Teske et al., 2016), alors que les systemes
tempérées sembleraient dépendre autant des immigrants que des auto-recrutés (Hi-
dalgo et al., 2019). C’est ainsi qu'’il a été défini le ratio d’auto-recrutement, soit le
rapport —adividus auto-recrutés _ g sford et al., 2009; Dubois et al., 2016). La dispersion

nombre total d'immigrants
étant réalisée pendant les premiers stades de vie, le reste des émigrants ne doit pas

étre considéré démographiquement (i.e. temps de résidence nul). On peut tout de
meéme quantifier la rétention locale, un indicateur qui renseigne I'efficacité de I’auto-
recrutement par rapport a la production locale de propagule. le ratio de rétention

ARG individus auto-recrutés . :
locale est défini par le rapport — === > Fémigrants (Botsford et al., 2009; Dubois et
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al., 2016). Contrairement a I’auto-recrutement, la rétention locale est difficilement
quantifiable in situ du fait de la complexité d'un échantillonnage exhaustif des émi-
grants. Cependant, ces deux métriques peuvent étre calculée grace a la modélisation
biophysique (e.g. Dubois et al., 2016).

Linterdépendance démographique entre deux populations ou entre une population
et sa métapopulation (i.e. un assemblage de populations distinctes qui sont connec-
tées entre elles par un flux d’'individus, Cowen et Sponaugle, 2009) ne dépend pas
seulement du nombre absolu de propagules échangées pendant la dispersion, mais
également de la compensation de la mortalité par I'auto-recrutement de chaque popu-
lation (Figure 1.16, Lowe et Allendorf, 2010). Pour une population caractérisée par une
démographie croissante (i.e. auto-recrutement >> mortalité), |’apport de propagules
par d’autres populations connectées peut étre important mais ne représenter qu'une
fraction du nombre total d’'immigrant (i.e. ratio d’auto-recrutement ~ 1). Parallele-
ment, le flux d'individus immigrants peut compenser un auto-recrutement faible ou
une mortalité importante dans des populations stables ou en déclins. Dans une situa-
tion ou une population est proche de I'extinction (i.e. auto-recrutement << mortalité),
I'apport d’'individus depuis d’autre populations est déterminant dans son maintien
potentiel (i.e. rescue-effect, Eriksson et al., 2014 ; Sanz-Aguilar et al., 2016) et représente
une fraction importante du nombre total d'immigrants (i.e. ratio d’auto-recrutement
~ 0). De maniere générale, une population est dite interdépendante démographique-
ment lorsque son ratio d’auto-recrutement est inférieur ou égale a 0.9 (i.e. au moins
10 % des individus recrutés proviennent d’autres populations, Waples et Gaggiotti,
2006). La dispersion est ainsi déterminante dans la persistance des populations locales
(Burgess et al., 2014).

Forte )
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- '

T | "Rescue-effect” : Compensatoire
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e >
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FIGURE 1.16. — Impact de la connectivité (en italique) sur la dynamique démogra-
phique des populations, en fonction de I'intensité de 'auto-recrutement et de la
mortalité (Lowe et Allendorf, 2010).
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La connectivité démographique, permet également la colonisation par la disper-
sion de patchs d’habitat qui ne contiennent pas de populations adultes. Une telle
absence peut étre due a la connectivité démographique elle-méme et au déficit anté-
rieur d'influx de migrant pour les espéces annuelles (i.e. déclin démographique) ou a
'extinction des populations précédentes (e.g. pression de péche, pollution, vague de
chaleur, etc., Leggat et al., 2019). La colonisation de nouveaux habitats a également
lieu lors de 'introduction d’especes invasives (e.g. Azzurro et al., 2013) ou par des
évenements rare de dispersion longue distance en dehors de I'aire de répartition de
I'espece. Dans le dernier cas, les individus qui sont sur le front de I’expansion peuvent
se reproduire puis disperser facilement car ils bénéficient d'un environnement vacant,
empéchant les seconds colonisateurs de s’établir. Ce processus démographique dé-
pendant de la densité peut avoir des répercussions critiques sur la structure spatiale
de la diversité spécifique et génétique (i.e. hypotheése du « founder takes all », Waters
etal., 2013).

1.3.2. La connectivité génétique

La dispersion, potentiellement suivi de la reproduction, conduit également au flux
de genes, soit a ’échange de matériel génétique d'une population a une autre. Le
flux de genes, en redistribuant continuellement les fréquences alléliques dans 'es-
pace, tend a homogénéiser la variabilité génétique entre populations, contrebalangant
I’adaptation locale et la dérive (Hellberg, 2009; Slatkin, 1987; Slatkin, 1985). En permet-
tant I'introduction d’alléles étrangers dans des populations locales, le flux de genes
minimise I'effet de dépression de consanguinité mais peut contribuer également a
réduire I'adaptation des individus de la population aux conditions locales (Hellberg,
2009; Lenormand, 2002 ; Lowe et al., 2017).

Létude de la connectivité génétique consiste a caractériser le flux de genes entre
populations et a évaluer son influence relative par rapport aux autres processus évolu-
tifs (i.e. dérive génétique, mutations et sélection naturelle) sur la distribution spatiale
des fréquences alléliques (Lowe et Allendorf, 2010). Le flux de genes est directement
induit par I’échange d’individus entre populations sur une génération. Du fait de la
transmission d’alléles d'une génération a I'autre, le flux de génes peut également étre
engendré entre des populations éloignées (i.e. non connectées démographiquement)
par plusieurs processus de dispersion successifs entre différentes populations inter-
meédiaires. Il en résulte que le flux de génes impacte les structures génétiques sur des

échelles spatio-temporelles caractéristiques des processus écologiques et évolutifs

43



1. Introduction - 1.3. La connectivité dans le monde marin : de I'’échange d’individus

au flux de génes

simultanément. Les méthodes de génétique des populations utilisées dans cette these
permettent d’étudier les phénomenes évolutifs sur le temps long et ne reflete que
I'intégration de la connectivité génétique sur des échelles spatio-temporelles plus

grandes que celles de la connectivité démographique.

1.3.3. Différentes méthodes empiriques pour évaluer et
quantifier la connectivité multi-échelle

Pour quantifier le processus de dispersion, on utilise des méthodes qui permettent
d’évaluer empiriquement les mouvements d’individus dans I’espace et le temps (cf.
section 1.1.3). Il existe différentes méthodes pour estimer de maniere directe les
mouvements individuels. Chacune d’entre elle est caractérisée par une portée et une
résolution spatio-temporelle adaptée a I'espece étudiée (Calo et al., 2013 ; Kool et al.,
2013) : observation visuelle, marquage-recapture, télémesure, capteur GPS, radar,
surveillance par image satellitaire (e.g. dérive des sargasses dans I’Atlantique, Berline
etal., 2020), avion ou récemment drone (Oleksyn et al., 2021).

Méme si ces méthodes directes permettent d’obtenir les informations les plus
précises sur les déplacements d’individus pour caractériser la connectivité démogra-
phique, elles ne sont pas adaptées pour quantifier la dispersion de propagules par les
courants marins (e.g. taille des propagules rapportée a I’échelle spatiale de dispersion,
marquage a la ponte, etc., Calo et al., 2013). Lemploi de méthodes indirectes est donc
nécessaire pour estimer la connectivité. Dans cette these, on utilise des données issues

de méthodes d’analyse d’otolithes et de méthodes génétiques.

1.3.3.1. La sclérochronologie et I’analyse géochimique des otolithes

Les otolithes sont des concrétions minérales que I’on retrouve dans I'oreille interne
des vertébrés, et qui croissent pendant toute la durée de leurs vies (Thorrold et al.,
2007). Ce sont des structures uniques, caractérisées par I'ajout successif journalier
de concrétions de carbonate de calcium depuis le début de 'ontogenese, et qui ne
sont pas soumises a des modifications ultérieures. L'étude sclérochronologique des
otolithes permet ainsi d’estimer la durée des premiers stade de vie, soit la date de
ponte et la PLD (Calo et al., 2013; Di Franco et al., 2011; Di Franco et al., 2013). De
plus, les otolithes incorporent dans leurs matrices de carbonate de calcium des traces
d’éléments chimiques, reflétant leurs disponibilités dans I'environnement proche des
individus (Campana, 1999; B. Green et al., 2009; Thorrold et al., 2007). Cette propriété
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permet d’utiliser les otolithes comme des marqueurs naturels en analysant leurs com-
positions en élément traces ou en isotopes stables, afin d’identifier des signatures
géochimiques particulieres pour les différents stades de vie des poissons (Calo et al.,
2013; Di Franco et al., 2015; Di Franco et al., 2012; Thorrold et al., 2007). Particu-
lierement, 'analyse géochimique du cceur de 'otolithe (formé avant I’éclosion des
ceufs) permet de distinguer chez des larves qui viennent de coloniser des nourriceries,
différentes origines natales (Di Franco et al., 2015; Di Franco et al., 2012), sans pouvoir
toutefois les définir spatialement. Méme si I'utilisation des otolithes est adaptée a
I’étude indirecte de la connectivité des poissons osseux cotiers (e.g. Ostéichtyens),
cette méthode d’analyse sclérochronologique et géochimique peut également étre
appliquée sur les statolithes (analogue des otolithes pour certains invertébrés), les pro-
toconques (coquilles larvaires de certain mollusques) ou les carapaces des crustacées
(Thorrold et al., 2007).

1.3.3.2. Les méthodes moléculaires issues de la génétique des
populations

En génétique des populations, différentes méthodes génétiques indirectes sont
utilisées pour estimer la connectivité a multi-échelle. L'analyse de parenté utilise
un échantillonnage conséquent d’individus (e.g. plusieurs milliers d’adultes et de
juvéniles échantillonnées sur quelques dizaines de km), qui sont ensuite génotypés
afin d’établir des liens de parenté génétique et d’identifier (au mieux) des couples
parents-enfants (on peut parfois simplement estimer des populations d’origine pro-
bables pour certains individus sans pouvoir identifier leurs parents précisément).
L'analyse de parenté permet ainsi d’estimer la connectivité démographique entre
populations pour une génération de dispersion, en particulier son échelle spatiale
caractéristique (i.e. noyaux de dispersion, D’Aloia et al., 2015; Pinsky et al., 2017), ses
différents patrons spatiaux (Harrison et al., 2020) et sa variabilité temporelle (Catalano
etal., 2021). Ce type d’analyse est parfois impossible a réaliser pour les espéces peu
structurées spatialement, et ce quel que soit le nombre, la qualité et le polymorphisme
des marqueurs moléculaires caractérisés.

Les mesures de distribution de fréquence allélique par I'utilisation de différents mar-
queurs génétiques (e.g. microsatellites, SNPs, RADseq, voir Chapitre IV) permettent
d’évaluer les différentiations génétiques entre populations sur une échelle spatiale
allant de quelques kilometres (e.g. Schunter et al., 2019) a plusieurs centaines de
kilometres (e.g. Weber et al., 2015). Dans cette these, I'indice de fixation Fst (Wright,
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1931), qui est un des indices les plus utilisés dans la génétique de population, permet
de quantifier cette différentiation génétique entre paires de populations :
pste—2 (1.1)
q(1—-q)
ol g et 0 sont respectivement la moyenne et la variance de la fréquence allélique
entre populations. Cet indice varie entre 0 et 1 et permet de distinguer le cas ou les
populations ont exactement les mémes fréquences alléliques (Fst égal a 0) des cas
ou les populations ont des fréquences plus ou moins différentes entre elles. Quand
chaque population a un allele unique et différent de chaque autre population, leurs
Fst égalent 1. Les populations caractérisées par un flux de genes important voient
leurs fréquences alléliques ssThomogénéiser et présentent de faibles valeurs de Fst.
Dans le cas opposé, un flux de genes limité ou nul induit des valeurs de Fst élevées :
les populations sont alors structurées génétiquement. Les mesures de différentia-
tion génétique estiment ainsi indirectement la connectivité génétique sur différentes
échelles spatiales (plus étendues que I'analyse de parenté) et intégrées sur de multiples

générations de dispersion (Kool et al., 2013).

1.3.4. Utilisation des modeéles biophysiques pour estimer la
connectivité démographique et génétique

La connectivité est réalisée lorsque les propagules survivent au processus de disper-
sion pour potentiellement se reproduire dans une nouvelle population. Les modeles
biophysiques permettent de simuler le transport de propagules par les courants ma-
rins, et offrent ainsi une approche mécaniste a la quantification spatiale de la connec-
tivité entre population par la dispersion. Les simulations directes de connectivité
par les modeéles biophysiques sont ainsi complémentaires des analyses empiriques
indirectes de la connectivité démographique et génétique.

Cette complémentarité s’illustre spécifiquement avec les méthodes d’otolithométrie
pour étudier la connectivité démographique. D'une part, ’analyse sclérochronolo-
gique des otolithes, en évaluant la date de ponte etla PLD in situ, permet de paramétrer
finement les modeles biophysiques (c.f. section 1.2.2.3). D’autre part, les modeles
biophysiques, en simulant dans le processus de dispersion, la trajectoire des larves
depuis la ponte jusqu’a l'installation, peuvent de maniere rétrospective délimiter les

différentes origines natales identifiées par les analyses géochimiques (voir Chapitre
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Comprendre comment les différents processus écologiques et environnementaux
du milieu marin influent sur les structures génétiques spatiales identifiées grace aux
méthodes moléculaires, et pour quelles échelles spatio-temporelles caractéristiques,
s’inscrit dans 'approche multidisciplinaire du seascape genetics (Figure 1.17, Riginos
et Liggins, 2013; Selkoe et al., 2016; Selkoe et al., 2008). Parmi tous les processus
environnementaux, I’étude de la relation entre les courants marins et les structures
spatiales génétiques est fondatrice dans le seascape genetics (Selkoe et al., 2016). Les
courants marins influencent les structures génétiques sur des échelles spatiales allant
de quelques meétres a plusieurs milliers de kilometres (i.e. de la sub-méso-échelle a
la large-échelle, section 1.2.2.1), et pour des échelles temporelles allant de quelques
heures a plusieurs milliers d’années (i.e. échelles écologiques et évolutives, respec-
tivement, Figure 1.15c). Dans ce cadre, les modeles biophysiques ont été largement
utilisés pour estimer la connectivité démographique entre paires de population (Fi-
gure 1.15a, Jahnke et Jonsson, 2022), et ensuite les comparer avec des mesures de
différentiation génétique (Liggins et al., 2013). Lhypothese sous-jacente est que le
nombre d’individus échangés entre paires de population (N,m, voir section 1.3.3.2)
est inversement proportionnel au Fst, ou du moins diminue quand le Fst augmente
(Lowe et Allendorf, 2010).

Toutefois, les estimations de connectivité démographique sont inadaptées pour éva-
luer I'influence de la dispersion par les courants marins sur les structures génétiques
a des échelles temporelles évolutives de plusieurs centaines de milliers d’années
(Riginos et Liggins, 2013). L'utilisation de méthodes issues de la théorie de graphes,
elle, permet d’'intégrer la dispersion estimée par les modeles biophysiques sur de
multiples générations et sur de multiples populations étapes, pour rendre compte de

la connectivité génétique a large échelle spatio-temporelle (Kool et al., 2013).
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1.4. Problématique générale

Dans cette thése, nous nous attachons a étudier I'influence de la connectivité dé-
mographique et génétique via la dispersion sur la structure des populations et les
schémas de biodiversité en mer Méditerranée. Le travail est structuré autour de deux
grandes questions :

— Quel est 'impact de la dispersion sur la structure spatiale des populations ?

— Comment délimiter les zones de pontes et caractériser la connectivité démo-
graphique chez les poissons cotiers?

— Quelles sont les impacts de la variabilité océanique sur la ponte et la connec-
tivité démographique?

— Quel est le role de la dispersion sur les patrons de diversité génétique ?

— Comment définir et quantifier la connectivité génétique a partir d’événement
de dispersion successifs ?

— Quelles sont les échelles spatio-temporelles qui permettent d’évaluer les
structures génétiques entre populations?

Les quatre prochains chapitres s’attellent a répondre a ces problématique sous la
forme d’articles scientifiques publiées, en révision ou qui sera soumis prochainement.
Le dernier chapitre consiste a une contextualisation générale du travail de thése et

fournit des perspectives et recommandations de recherche.
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dispersion larvaire chez des
poissons cotiers

2.1. Résumé

Comme vu en introduction, le processus de dispersion larvaire pour les especes
benthiques et sédentaires est réalisé par le transport des premiers stades de vie par
les courants marins. Délimitée par la ponte et I'installation, cette phase pélagique
dispersive est un vecteur de connectivité démographique entre populations marines.

Dans ce chapitre, nous avons créé un cadre analytique qui permet de quantifier
les échelles de dispersion, de caractériser les patrons de connectivité et de localiser
les zones de pontes. Pour ce faire, nous avons couplé I'utilisation d'un modele bio-
physique de dispersion larvaire, de données biologiques sur les premiers stades de
vie et d'informations biogéographiques sur I'espece considéré. Ce cadre est pensé de
sorte a étre appliqué a n'importe quelle espece a cycle de vie biphasique, et est modu-
lable en fonction des données biologiques a disposition. En effet, les diagnostiques
finaux de connectivité sont raffinés au fur et a mesure que sont rajoutés des filtres bio-
géographiques déduits des informations biologiques sur I'espéce ciblée (i.e. forcages
environnementaux sur le comportement de ponte, habitat préférentiel des adultes, ou
encore densité et taille d’adultes femelles matures). Nous avons testé et validé cette
méthode avec deux études de cas centrées sur les poissons cotiers : le sar commun Di-
plodus sargus sargus (Linnaeus, 1758) et le sar a téte noire Diplodus vulgaris (Geoffrey
Saint Hilaire, 1817). Pour nos deux études de cas, les informations biologiques sont
obtenues grace a I’étude des otolithes collectés sur des larves installées (post-settlers

en anglais, i.e. des larves de 1 a 1.5 cm de long qui viennent de s’installer dans des
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zones de nurseries avant d’étre recrutées dans les populations adultes). Ces larves
sont elles-mémes échantillonnées dans sept localités le long de la cote Apulienne, au
sud-ouest de la mer Adriatique. L'étude sclérochronologique des otolithes permet
d’obtenir la durée de vie larvaire (PLD) ainsi que la date de ponte pour chaque indi-
vidu. Ces données vont permettre de paramétrer notre modele bio-physique afin de
contraindre les simulations lagrangiennes (i.e. date de départ et durée d’intégration
des particules numériques) aux observations. L'étude géochimique permet quant a
elle de distinguer des assemblages différents dans la composition en éléments mé-
talliques du cceur des otolithes, et ainsi de distinguer des origines natales différentes,
sans toutefois savoir ou elles se situent.

Bien qu’appartenant a la méme famille, nos deux sujets d’études sont caractérisées
par des traits de premier stade de vie différents : D. sargus pond au printemps et a une
PLD moyenne de 17 jours, alors que D. vulgaris pond en hiver et a une PLD moyenne
de 47 jours. Ces différents traits écologiques des premiers stades de vie se répercutent
sur les échelles typiques de dispersion : les populations Apuliennes de D. vulgaris ont
des zones de pontes potentiellement quatre fois plus étendues, et ce sur les deux cotes
de I’Adriatique, ainsi qu'une distance maximale de dispersion deux fois supérieure a
celle de D. sargus (environ 500 km). Grace a I'approche probabiliste du modele bio-
physique, chaque zone de ponte est caractérisée par un potentiel de ponte, c’est-a-dire
la probabilité d’étre la source larvaire des post-settlers échantillonnés le long de la
cote Apulienne. Pour les deux especes, la cote Apulienne affiche un potentiel de ponte
important, illustrant la haute proportion d’auto-recrutement chez les especes a cycle
de vie biphasique (e.g. Almany et al., 2007; Teske et al., 2016). En prenant en compte le
potentiel de ponte, les origines natales identifiées grace a 'analyse géochimique des
otolithes ont pu étre délimitées spatialement : on en dénombre trois sur la cote Est et
quatre sur la cote Ouest de la mer Adriatique. Les origines natales les mieux représen-
tées pour les deux especes se trouvent sur la cote Apulienne. Nos résultats montrent
que les aires marines protégées (AMPs) représentent une source de larves considé-
rable. Pour respectivement D. sargus (2 AMPs) et D. vulgaris (9 AMPs), prés d'un tiers
et un quart du total des larves arrivant sur la cote Apulienne proviennent d’AMPs. Or, il
est montré que des AMPs bien gérées ont un effet bénéfique sur la biomasse et la taille
des poissions cotiers (Lester et al., 2009), ce qui pourrait augmenter significativement
la quantité de larves émises pendant la ponte (jusqu’a cinq fois plus en comparaison
d’une zone non protégée, Marshall et al., 2019). La prise en compte, dans notre modeéle

de connectivité, d'une telle variabilité spatiale de la production larvaire soulignerait

51



2. Délimitation des zones de pontes et quantification de la dispersion larvaire chez

des poissons cotiers —2.1. Résumé

d’autant plus 'effet bénéfique des AMPs dans le réapprovisionnement en migrants
des zones non protégées. Nos résultats mettent en évidence qu'une description de la
circulation océanique correspondant a la période de dispersion explique les schémas
de connectivité démographique pour une période donnée : les plus hauts potentiels
de ponte se situent en amont de la circulation moyenne de surface. Parallelement, la
turbulence a fine échelle peut expliquer des connexions non-intuitives comme celles
qui vont a I’encontre de la circulation moyenne. Les courants marins présentent par
nature une haute variabilité spatiale et temporelle, ce qui induit potentiellement une
variabilité interannuelle du processus de dispersion larvaire. La ot notre description
des schémas de connectivité représente un instantané pour un événement annuel de
ponte, on peut s'interroger sur la possible variabilité interannuelle de ce processus.

Ce dernier point présente une perspective intéressante a ce chapitre. C’est pour-
quoi, dans la continuité des questions posées par ce travail, nous avons proposé puis
encadré un stage de Master ayant pour sujet : « la variabilité spatio-temporelle de la
ponte et de la connectivité démographique chez des poissons cotiers ». Les résultats de
ce stage on fait I’objet d'un article soumis et actuellement en révision dans Fisheries
oceanography. Le manuscrit est intégré en Annexe A.2, et est résumé dans cette section
introductive du Chapitre II.

Dans cet article, nous avons utilisé le cadre analytique détaillé précédemment pour
identifier les zones de pontes chez D. sargus pour deux années successives (2008
et 2009) et a différentes localités (mer Adriatique, Ligurienne et Tyrrhénienne). En
d’autres mots, nous avons exploité au mieux I’échantillonnage de post-settlers et
I'analyse sclérochronologique sous-jacente des otolithes réalisée dans de précédentes
études (Di Franco et al., 2011; Di Franco & Guidetti, 2011). Grace a cette délimitation
spatiale des populations sources, nous avons pu identifier une gamme de tempéra-
tures favorable a la ponte pour le nord de la Méditerranée centrale chez D. sargus. La
température étant considérée dans la littérature comme le principal facteur abiotique
environnemental (et donc quantifiable a large échelle) déclencheur de la ponte. En
tenant compte de tous les habitats favorables aux populations adultes de D. sargus
(herbiers de posidonie, substrats durs et rocailleux), Nous avons pu, en utilisant le
cadre analytiquelocaliser toutes les zones de ponte potentielles et determiner si le pro-
cessus de ponte était effectif en fonction de la température locale pour une décennie
(2005-2014) al’échelle de la Méditerranée centrale.

Le processus de ponte et la connectivité sous-jacente sont marqués par une haute

variabilité intra-annuelle et interannuelle. Les années marquées par des hivers longs
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et froids (2012) et parallelement courts et chauds (2007) sont respectivement déléteres
et favorables pour I'efficacité du processus de ponte, et apparaissent donc comme
des années particulieres sur la période étudiée. Cette variabilité interannuelle semble
étre induite par des oscillations climatiques a large échelle (Adriatic-lonian Bimodal
Oscillating System, BiOS), mais aussi par des conditions océanographiques locales (e.g.
événements sporadiques d'upwelling ou downwelling). A I’échelle intra-annuelle, la
probabilité pour chaque population d’étre une zone de ponte effective est hautement
variable au fil de la saison de ponte potentielle (de début janvier a fin juillet). Grace a
une méthode de clusteristation, nous avons pu attribuer a chaque zone de ponte une
phénologie caractéristique. Nous avons dénombré quatre phénologies différentes,
chacune expliquée par des conditions climatiques et océanographiques particulieres.
A T'échelle décennale, 50 % des zones de pontes présentent la méme phénologie
d’'une année a l'autre, illustrant a la fois la présence de routes migratoires constantes
(notamment en mer Ligure), mais aussi la variabilité interannuelle dans les patrons
de connectivité démographique et la structure sous-jacente des populations.

Ainsi, nous avons produit des simulations décennales de connectivité démogra-
phique al’échelle du bassin central Méditerranéen en nous affranchissant des contraintes
induites par un échantillonnage souvent limité dans I’espace et le temps. La varia-
bilité temporelle marquée des patrons de connectivité démographique suggere un
brassage génétique complexe entre populations a I’échelle de plusieurs générations
successives de dispersion. Caractériser ainsi '’ensemble des connexions génétiques
nécessite 'emploie de la théorie des graphes, avec comme finalité, la modélisation

mécanistique du flux de genes entre populations.

2.2. Article

Legrand, T., Di Franco, A., Ser-Giacomi, E., Calg, A. & Rossi, V. (2019). A multidiscipli-
nary analytical framework to delineate spawning areas and quantify larval dispersal in
coastal fish. Marine Environmental Research, 151, 104761. https://doi.org/10.1016/j.
marenvres.2019.104761
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Assessing larval dispersal is essential to understand the structure and dynamics of marine populations. However,
knowledge about early-life dispersal is sparse, and so is our understanding of the spawning process, perhaps the
most obscure component of biphasic life cycles. Indeed, poorly known species-specific spawning modality and
species-specific early-life traits, as well as the high spatio-temporal variability of the oceanic circulation ex-
perienced during larval drift, hamper our ability to appraise the realized connectivity of coastal fishes. Here, we
propose an analytical framework which combines Lagrangian modelling, network theory, otolith analyses and
biogeographical information to pinpoint and characterize larval sources which are then grouped into discrete
spawning areas. Such well-delineated larval sources allow improving the quantitative evaluations of both dis-
persal scales and connectivity patterns. To illustrate its added value, our approach is applied to two case-studies
focusing on Diplodus sargus and Diplodus vulgaris in the Adriatic sea. We evidence robust correlations between
otolith geochemistry and modelled spawning areas to assess their relative importance for the larval replenish-
ment of the Apulian coast. Our results show that, contrary to D. sargus, D. vulgaris larvae originate from both
eastern and western Adriatic shorelines. Our findings also suggest that dispersal distances and dispersal surfaces
scale differently with the pelagic larval duration. Furthermore, 30.8% of D. sargus larvae and 23.6% of D. vulgaris
larvae of the Apulian populations originate from Marine protected area (MPA), exemplifying larval export from
MPAs to surrounding unprotected areas. This flexible multidisciplinary framework, which can be adjusted to any
coastal fish and oceanic system, exploits the explanatory power of a dispersal model, fine-tuned and backed-up
by observations, to provide more reliable scientific basis for the management and conservation of marine eco-
systems.

1. Introduction

prerequisite for the management and conservation of marine ecosys-
tems. Potential applications of connectivity studies range from in-

Dispersal has been identified as a crucial ecological and evolu-
tionary process which influences demography, population survival,
gene flow and local adaptation (Burgess et al., 2016; Lowe et al., 2017).
The persistence and dynamics of marine populations are controlled, in
addition to local birth and death rates, by connectivity processes (Kool
et al.,, 2013). Connectivity has been defined as the exchange of in-
dividuals among geographically separated populations that comprise a
metapopulation (Cowen et al., 2006).

Studying dispersal, and more generally the closely-related concept
of connectivity, is thus essential to understand population structuring, a

* Corresponding author.
E-mail address: terence.legrand@mio.osupytheas.fr (T. Legrand).
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forming design of local Marine Protected Areas (MPAs) to replenish
fished neighboring areas (Di Franco et al., 2012a; Pelc et al., 2010;
Pujolar et al., 2013) and informing maritime spatial planning (Bray
et al., 2017; Henry et al., 2018) to improve the design of broad-scale
MPAs network and assess their efficiency (Dubois et al., 2016; Rossi
et al., 2014).

For coastal fishes, connectivity is assumed to be primarily driven by
the dispersion of early-life stages (“propagules”) which are transported
by ocean currents, a process called “larval dispersal” (Pineda et al.,
2007). Indeed, most coastal fishes are characterized by a bipartite life
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Fig. 1. Schematic representation of our integrative framework which combines Lagrangian modelling and expert knowledge (including otolith analyses) in order (i)
to investigate the scales of dispersion, (ii) to determine the patterns and magnitude of connectivity and (iii) to locate and characterize spawning areas for con-
servation purposes. Our framework is structured according to the color code: blue annotations refer to the numerical methodologies, green annotations symbolize
expert knowledge (from existing bibliography) and red boxes highlight the key results. PLD stands for Pelagic Larval Duration and CFL for Courant-Friedrichs-Lewy
(see section 2.2) for a definition of all the terms used). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

cycle, governing how fish populations structure in space and time. A
first highly pelagic dispersive phase, encompassing egg and larval
stages, is followed by a second relatively sedentary phase as juveniles
and adults (Thresher et al.,, 1989). The transition occurs when in-
dividuals take up permanent residence in the demersal habitat, a pro-
cess named settlement (Levin, 1994), which usually coincides with the
metamorphosis of larvae into juveniles (Kingsford, 1988). Then, after a
short period, juveniles recruit into the adult fraction of the population
(Richards and Lindeman, 1987), which generally constitutes the stages
of exploitation and managerial interests.

Even though spawning and subsequent larval dispersal constitute
the cornerstones of the fish life cycle, spawning aggregations (areas
where fishes gather in high density to reproduce, Domeier and Colin,
1997) can be massively harvested by fisheries, sometimes inducing
collapses in aggregating fish stocks (Sadovy and Domeier, 2005) and
ultimately leading to the risk of species extinction (Mitcheson et al.,
2013). Furthermore, spawning aggregations can be seen as productivity
hotspots of ecological significance since they support both coastal and
offshore trophic chains (Fuiman et al., 2015; Heithaus et al., 2008).

It has been recently suggested that scientists and managers should
focus on spawning areas since their protection could lead to large
benefits for fisheries, ecotourism stakeholders and biological con-
servation (Erisman et al., 2017). Nevertheless, the precise locations
where eggs are spawned are actually one of the main unknown of the
fish life-cycle since studies are rarely dedicated solely at identifying
spawning areas (e.g. Calo et al., 2018). The only few spawning sites that
have been well documented are situated mainly in tropical reef systems
(Domeier and Colin, 1997; Russell et al., 2014), perhaps where con-
nectivity studies are facilitated by the relatively small-size and close-
ness of the seascape. It contrasts with the openness and continuous
coastlines of temperate systems, such as the Mediterranean Sea, where
spawning areas are largely unknown. In addition, while knowledge
about fish home range exists (Di Franco et al., 2018), the way it is
usually defined disregards the reproductive movements, despite ob-
servational evidence that many coastal fishes may move offshore during
the spawning season (Aspillaga et al., 2016; Giacalone et al., 2018).

In a context of anthropogenic and environmental perturbations
(Ciannelli et al., 2013), a major challenge is thus to provide scientifi-
cally-based information about spawning areas in all oceanic systems to
achieve a sound spatial management and protection of coastal fishes.
However, this objective has been hampered by the complexity of fish
life-cycles, the paucity and disparity of observational records and the
absence of a unifying methodology to do so. One way to investigate
where fishes spawn is to build on available information on larval dis-
persal. Many methods, each with its own strengths and weaknesses,
have been used to investigate the ins and outs of larval dispersal (Calo
et al., 2013). They are principally divided into four categories: surveys
of marine larvae, artificial tags, natural tags (genetics, otolith scler-
ochronology, otolith geochemical analyses) and numerical modelling
(physical or bio-physical, Nolasco et al., 2018). To increase the accu-
racy of larval dispersal analyses, it seems fundamental to use a com-
bination of complementary methodologies, maximizing the strengths of
each technique. However, while the proportion of works that mixed
different methodologies is currently growing, only few studies have
used at least two methods to characterize larval dispersal, with a pre-
ferential combination of numerical biophysical models with genetic
markers and/or otoliths analysis (Nolasco et al., 2018).

Most of these multi-disciplinary studies aimed to locate the

56

potential destinations of propagules by means of forward-in-time ad-
vection from pre-determined hypothesized sources, such as MPAs or
sampling sites (Bray et al., 2017; Carlson et al., 2016; Di Franco et al.,
2012a; Melia et al., 2016; Pujolar et al., 2013). Di Franco et al. (2012b,
2015) have investigated connectivity for two coastal fish species using
otolith techniques; their results set the lower limits of dispersal and
distinguish several natal origins for both fishes, but there was little
information about regional connectivity patterns and no indication at
all of the geographical extension and localization of these spawning
areas.

In this paper, we propose a flexible analytical framework to de-
lineate and characterize fish spawning areas by integrating model si-
mulations, information from otolith studies and biogeographical
knowledge. We test our framework by exploiting two data-rich case-
studies focusing on the coastal fishes Diplodus sargus sargus (Linnaeus,
1758) and Diplodus vulgaris (Geoffrey Saint Hilaire, 1817) in the
Adriatic sea.

2. Materials and methods
2.1. General description

Our analytical framework consists of dissecting, backward-in-time,
the main steps of dispersal, namely the “origins”, the “transport” pro-
cess and the “destinations”. “Destinations”, i.e. settlement sites, are pre-
determined by the locations where juveniles were collected for the
otolith studies. A Lagrangian bio-physical model, parameterized with
early-life traits of the target species (obtained from otolith schler-
ochronology data), is used to assess “transport” (“Lagrangian Flow
Network” box in Fig. 1). Concerning the “origins”, one of the main
novelty is to consider the whole oceanic domain of interest as a mosaic
of potential larval sources. These are refined stepwise by biological
knowledge (including otolith geochemical data) of our target species
(“Filtering” box in Fig. 1). It allows us to assess larval dispersal scales
(“Scales of dispersion” box in Fig. 1) in a robust manner thanks to
millions of simulated larval trajectories. Normalizations procedure al-
lows computing the proportion of each source to the total larval pool
supplied into pre-determined destinations (“Diagnosing” box in Fig. 1).
These probabilities are then exploited to quantitatively assess the
connectivity induced by larval dispersal (“Patterns and magnitude of
connectivity” box in Fig. 1). Then, by incorporating additional ecolo-
gical and connectivity knowledge, we fit simulated larval sources with
otolith geochemistry to better locate and evaluate the relative im-
portance of discrete spawning areas (“Localization & characterization of
spawning areas” box in Fig. 1) for the replenishment of the sampled
locations.

2.2. Lagrangian Flow Network: tuning parameters and computing

The Lagrangian Flow Network (LFN) methodology combines net-
work theory tools and particle-tracking modelling to investigate trans-
port and dispersal processes in oceanic flows. As most off-line particle
tracking model, it can be coupled to any gridded two- or three-di-
mensional velocity fields available, returning dispersal diagnostics as
realistic as the input flow field. Full description can be found in Rossi
et al. (2014); Ser-Giacomi et al. (2015a, b) and Dubois et al. (2016).
Here, the LFN simulates the dispersal of passively drifting larvae as
horizontal Lagrangian trajectories obtained through the integration of a
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high-resolution flow field generated by a regional hydrodynamical
model.

The ad-hoc LFN configuration is obtained by selecting the most
adequate hydrodynamical model and thanks to the fine-tuning of seven
LFN parameters (“Parameters tuning” box in Fig. 1) in accord with both
biological (including the information derived from the otolith analyses)
and numerical knowledge from the scientific literature. Only the most
relevant elements are summarized hereafter (see SI A-1.1 for further
information). The starting date of each numerical experiment e is si-
mulating a single spawning event while the ensemble of Lagrangian
experiments E has to cover the full range of spawning dates obtained
from otolith sclerochronology. Tracking time is set to mimic the Pelagic
Larval Duration (PLD; i.e the time larvae spend in plankton), which is
also estimated from otoliths sclerochronology. The network of nodes
(i.e. sub-areas of the discretized oceanic domain) resolution is ad-
justable, compromising both the level of analyses and the computation
time. It must be at least twice larger than the spatial resolution of the
velocity field given by the hydrodynamical model. Note that each node
has the same area and contains the same initial number of particles. The
number of particles per node should be larger or equal to 100 particles,
as prescribed by Monroy et al. (2017) and the Runge-Kutta time step
should fulfill the Courant-Friedrichs-Lewy (CFL) condition imposed by
the velocity field itself (Courant et al., 1928). The vertical layer of the
velocity field (for z-coordinates model) must be chosen according to the
most probable depth at which larvae of the target species are more
likely to be found. Note that our Lagrangian trajectories are currently 2-
dimensional, without considering any larval diel migration. We attrib-
uted one or more location nodes in the close vicinity of each sampled
location (i.e. where juveniles were collected for otolith studies).

After computing hundred million Lagrangian trajectories and re-
cording the initial and final positions of each particle, a connectivity
matrix of particles is built similarly for each numerical experiment
e € [1; E] (“Computing” box in Fig. 1, see SI A-1.2 for further in-
formation). We saved an ensemble of E connectivity matrices, which
have as many rows and columns as the total number of nodes N in the
network and which contain all information about dispersal. Each matrix
element indexedij characterizes the connection between the origin node
i € [1, N] and the destination node j € [1, N] from a given starting date
and during a fixed tracking time.

The connection between any pairs of nodes can be characterized at
two levels: the binary link (presence/absence of connection, L° ma-
trices) and its weight (the number of transported particles associated to
the existing link, M*® matrices Ser-Giacomi et al., 2017). The binary
links are used to successively filter-out the putative origin nodes in
order to locate the effective sources of larvae (see section 2.3). The
associated weights are used to compute probabilities of larval emission
from the effective sources to the surveyed locations (see section 2.4).

2.3. Filtering

We aim at determining the most relevant sources, among all the
putative origins, of the larvae whose trajectories ended in the pre-de-
termined location nodes (“Filtering” box in Fig. 1). The effective sources
of larvae are investigated by applying successively restrictive filters
over the full set of potential origin sources, sequentially refining our
characterization. The flexibility of our framework allows us to add or
skip any given filter depending on the level of knowledge of the studied
species and on the confidence to be attributed to each piece of in-
formation. It implies that the more information we have about the
biological traits of the studied species (“Biological knowledge” and
“otolith data” boxes in Fig. 1), the more precise and realistic are the
final larval sources. Different filtering layers are defined hereafter and
subsequently applied to the suite of connectivity matrices:

e Among all potential sources (i.e. all nodes), the first filter selects
those which are connected, at least once over all experiments (i.e.
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over all spawning events) to at least one out of all sampled locations
(i.e. one of all location nodes). Note that this first filter, based only on
the cumulative binary matrix L, is a strong constraint imposed by
the geographical extent of the sampled locations. When mapping
those selected nodes, it gives us the maximal and theoretical extent
of all sources (see SI A-2 for further information).

The second step filters in all putative sources that are favorable for
spawning based on the best available knowledge concerning
spawning behavior of the studied fish. This could be derived from
any environmental criteria triggering spawning (e.g. threshold of
temperature, light, etc) or any constraint restricting spawning (e.g.
bathymetric limit, see section 2.6.3).

The third step filters in all putative sources whose environmental
characteristics are suitable for adults (e.g. preferential habitats).
Indeed, the overall contribution of adults to broad-scale dispersal
can be reasonably neglected since these stages are rather territorial,
especially littoral fishes that show strong site fidelity (Di Franco
et al., 2018).

One may add as many additional filters as possible to further refine
the characterization of the putative larval sources. These extra filters
must be spatialized dataset derived from the finest biological
knowledge of the target species. For instance, spatial information
about fish density, sex-ratio and size class structure, which, in
combination with a female size/eggs production relationship
(Marshall et al., 2019), could further constrain the initial larval
production of each source node.

The last filter selects those larval sources whose downstream con-
nections (e.g. forward-in-time dispersal) are concordant with the
diversity of origins revealed by otolith geochemistry. In other words,
larval sources must send larvae to at least the minimal number of
sampled location successfully replenished by the less-ubiquitous fish
natal origins, as assessed from otolith geochemical analyses.

After the superposition of all filters, the remaining “origin” nodes
are the most likely larval sources of the pre-determined sampled loca-
tions.

2.4. Diagnosing

The filtered larval sources are analyzed from the weighted con-
nectivity matrices M° to quantitatively characterize, as explained
hereafter, the probabilities of connection with all sampled locations
(“Diagnosing” box in Fig. 1, see SI A-3 for further information).

First, to take heed of the temporal heterogeneity of spawning, our
ensemble of experiments E must simulate the observed spawning
variability. This is achieved by defining a new matrix M® for each ex-
periment which modulates each original connectivity matrix M®, re-
presenting one spawning event, with a weight p¢ prescribed by its
corresponding spawning dates frequency obtained from the otolith
analyses.

To be interpreted as probabilities, connectivity matrices of particles
must be normalized. When looking for the probabilities of connection
from location node j to filtered source node i, we approximate backward-
in-time dynamics by a column-normalization of each connectivity ma-
trix, even though it has been originally computed forward-in-time (Ser-
Giacomi et al., 2015a, b). These backward-in-time “upstream” prob-
abilities are interpreted as follows: if we randomly select a particle
settled in any location node j after the tracking time (PLD), this particle
has a probability € [0,1] to originate from node i. Therefore, this
probability measures the relative contribution of that source node i to
the total pool of larvae sent by all sources which successfully settled in
location node j. The numerical experiments are merged together by
averaging all E connectivity matrices into one final probabilistic matrix
denoted as K which summarizes all the relevant connectivity informa-
tion. By selecting in this final matrix K the row i, corresponding to the
index of any filtered sources, and the column j, corresponding to the
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indices of all location nodes, one can investigate the probability of
connection for all existing pairs of source node and location node. In
addition, one can consider all location nodes together by averaging the
probabilities of their corresponding nodes (column indexed j) into one
vector called A. Here we mainly exploit this configuration as it allows to
take a global perspective of the surveyed area, which is compatible with
the next clustering step.

2.5. Clustering

Besides the characterization of larval sources described in previous
section 2.4, our final objective is to pinpoint spawning areas in our
simulations as constrained by the results of otolith geochemistry. As
such, once the most relevant sources have been selected through the
successive filters and their transport probabilities characterized
(“Mapping” box in Fig. 1), we aim here at grouping these sources into
several regional clusters whose relative contributions for supplying
larvae to the surveyed locations would match the natal origins revealed
by otolith geochemistry (“Clustering” box in Fig. 1). Determining per-
tinent criteria and numerical algorithm for clustering is not a trivial
issue (e.g. Fortunato, 2010; Rossi et al., 2014; Ser-Giacomi et al.,
2015a). We retain here five criteria which are based on empirical and
published knowledge that are used to gather the full set of source nodes
into several clusters as follows:

o The number of clusters must be equal to the number of natal origins
deduced from otolith geochemical analyses.
e Each cluster must be composed of geographically contiguous or al-
most contiguous source nodes, fulfilling the assumption that sea-
water geochemistry is homogeneous at small-scale (e.g. within a
given water mass).
Each cluster should have a maximal extension of about 400 km since
it is the typical length-scale at which the geochemical composition
of seawater is supposed to vary substantially, hence conferring
distinct geochemical signatures in otoliths (Gibb et al., 2017).
e Any relevant connectivity information about the spatial differ-
entiation of fish population must be considered in the cluster deli-
mitation (e.g. through genetics, tagging and tracking techniques;
Calo et al., 2013).
The precise delimitation of each simulated cluster can be further
refined by considering the observed proportions of natal origins
derived from otolith geochemistry. In other words, the fine-tuning of
the clusters' boundaries must be done while maximizing the corre-
lation between natal origin proportions and the aggregated prob-
abilities of larval sources.

2.6. Case-studies

We exploit two data-rich case-studies to test our framework and its
effectiveness for locating spawning areas and for evaluating con-
nectivity patterns of both Diplodus sargus and Diplodus vulgaris in the
Adriatic Sea (Fig. 2).

2.6.1. Oceanic domain and hydrodynamical model

The Eulerian gridded velocity field comes from the high-resolution
(1/45 °) Adriatic-Ionian REGional configuration (AIREG, Ciliberti et al.,
2015; Oddo et al., 2006), which is based on the NEMO kernel (Madec
and others, 2015) and has been developed by the CMCC Ocean Lab
(Fig. 2a, see SI B-1 for further information).

2.6.2. Otolith data

Post-settlers (i.e. 1-1.5 cm body length) of D. sargus and D. vulgaris
were collected at seven distinct sampled locations separated by
10-30 km, corresponding to about 180 km stretch of the Apulian coast
(Fig. 2b; Di Franco and Guidetti, 2011; Di Franco et al., 2013, 2012b,
2015). Data gathered from otolith sclerochronology (Di Franco and
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Guidetti, 2011; Di Franco et al., 2013) and geochemical analysis (Di
Franco et al., 2012b, 2015) are reported in Table 1 (see SI B-3.1).

2.6.3. Biological traits

Knowledge of biological traits is generally sparse and uncertain for
most fish species. Concerning our case-studies, quite reliable informa-
tion is however available for both studied species. Recent reports of the
depths at which D. sargus and D. vulgaris commonly spawn range be-
tween 0 and 80 m deep (Aspillaga et al., 2016; Giacalone et al., 2018).
Moreover, larvae of D. sargus have been mainly observed at around
10 m depth (Olivar and Sabatés, 1997). Both species have similar adult
sedentary behavior, with individuals home ranges that are typically
smaller or equal to 1 km? (Al6s et al., 2012; Di Lorenzo et al., 2014; Di
Franco et al., 2018). Concerning the preferential habitat of adults, D.
sargus and D. vulgaris inhabit coastal rocky reefs, Posidonia oceanica
meadows and coralligenous formations (Guidetti, 2000; Harmelin-
Vivien et al., 1995; Lenfant and Planes, 1996).

High-resolution maps of these fish preferential habitats over the
whole Adriatic were obtained from seabed habitat maps downloaded on
the EMODnet portal. They were then hand-corrected using 2-steps
procedures (see SI B-3.2). To our knowledge, this improved map re-
presents perhaps the best and most updated geo-referenced seafloor
cartography for the Adriatic Sea.

2.6.4. Tuning model parameters from published knowledge

Biological information derived from otolith analyses and literature
review on biological traits for D. sargus and D. vulgaris are used to fine-
tune the LFN parameters introduced in section 2.2 (see SI B-4). The
parameters retained for this case-study are reported in Table 2. For each
connectivity matrix, the LFN model builds a network of around 10000
quasi-rectangular oceanic nodes of 1/16° side (that is about 7 km) and
computes around 9 million trajectories. In total, about 380 million of
particles trajectories were calculated to produce 43 high-resolution
connectivity matrices for both species.

3. Results
3.1. Scales of dispersion

The first filter returns the maximal and theoretical extent of all the
larval sources, as constrained by the oceanic circulation experienced
during larval drift. For D. sargus, filter-1 larval sources spread from
43.2°N to 40.2 °N along the Italian coast (Fig. 3a). Median dispersal
distance is 175km, maximal dispersal distance is 355km and the
“backward” dispersal plume surface is 35662 km? (see Tables 3 and SI
B-5). For D. vulgaris, putative larval sources extend from 44.2 °N to 36
°N in almost all the Adriatic Sea and the northern Ionian Sea (Fig. 3b).
The maximal dispersal distance median is 1.7 times higher than D.
sargus's one whereas the median distance is quite similar (ratio of 1.0).
The dispersal plume surface is 233199 km?, around 6.5 times larger
than D. sargus's one (Table 3).

The second filter selects all larval sources whose environmental
characteristics fulfill the favorable conditions for spawning to occur.
Here it is a “coarse” bathymetric filter selecting all nodes whose depths
range 0-80m, that is the depths at which D. sargus and D. vulgaris
commonly spawn (see section 2.6.3). For D. sargus, filter-2 larval
sources extend from 42.5°N to 40.2 along the Italian coastline (Fig. 3a).
The dispersal plume surface is 12918 km?, which corresponds to a re-
duction of the filter-1 plume by about 64% (Table 3). For D. vulgaris,
sources spread from 43.8 °N to 37.2 °N (Fig. 3b). The dispersal plume
surface is 41606 km?, indicating a reduction by 82% from filter-1 plume
(Table 3). Median and maximal dispersal distances as well as dispersal
plume surface are higher for D. vulgaris than for D. sargus, with a ratio of
1.1, 1.5 and 3.2, respectively (Table 3).

The third filter display all larval sources which house adults pre-
ferential habitats, that is rocky reefs, Posidonia oceanica meadows and
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Fig. 2. Geographical location, topography and schematic circulation of the study area. Panel a) displays the network domain (36 °- 46 °N, 12 °E — 22 °E). Panel b)
discloses a zoom over the Apulian coast and indicates the seven locations (colored dots) named, from north to south: Bari (BA), Monopoli (M), Hotel La Darsena
(HLD), Torre Guaceto Marine Protected Area (TGMPA), Punta Penna (PP), Casalabate (CAS) and San Andrea (SA). Location nodes, associated with each sampled
location, are colored according to their land ratio (see SI A-1.1). The red triangle corresponds to the barycenter of all location nodes centers. Panel c) presents a
schematized view of the mean surface circulation of the Adriatic Sea (red arrows). The system is dominated by the Western South Adriatic (W-SAd) current, the
Eastern South Adriatic (E-SAd) current, the Western Middle Adriatic (W-MAd) current, the Northern Adriatic (NAd) current, the South Adriatic (SAd) gyre, the
Middle Adriatic (MAd) gyre and the North Adriatic (NAd) gyre (adapted from Artegiani et al., 1997b; Millot and Taupier-Letage, 2005). The thin grey lines in panel c)
corresponds to isobaths 80 m, 100 m, 200 m and 1000 m, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)

Table 1

Summarized information and early-life traits gathered for D. sargus (Di Franco
and Guidetti, 2011; Di Franco et al., 2012b) and D. vulgaris (Di Franco et al.,
2013, 2015), as obtained from sclerochronology and geochemical analyses of
their otoliths.

Table 2

Summary of species-specific numerical parameters (and their corresponding
early-life traits) for D. sargus and D. vulgaris. The common parameters are a
node size 0f 1/16 °, the selected vertical layer of the flow at 10 m deep, a Runge-
Kutta time step of 20 min and an initialization of 900 particles per node.

Early-life traits Species Numerical parameters Species
D. sargus D. vulgaris D. sargus D. vulgaris
Number of samples 140 160 04/05/2009-24/05/2009 05/11/2009-28/01/2010
Period of spawning 04/05/2009-24/05/2009 20/10/2009-14/02/2010 Range of starting dates
Median PLD (days) 17+1 47+8 ~ spawning duration
Number of natal origins 3 7 Starting dates interval 1 4
(days)
~ spawning periodicity
Tracking time (days) 17 47
coralligenous formations in our case-studies (see section 2.6.3). For D. ~ PLD
sargus, filter-3 larval sources extend from from 42.2 °N to 40.2 °N Number of experiments 2 22

(Fig. 3a). The dispersal plume surface is 3700 km?, corresponding to a
reduction by 71% of the filter-2 surface (Table 3). For D. vulgaris, larval
sources expand from 43.6 °N to 38.8 °N (Fig. 3b). The dispersal plume
surface is 11160 km?, implying a reduction by 73% of the filter-2 sur-
face (Table 3). The maximal dispersal distance and the dispersal plume
of D. vulgaris are respectively 1.9 and 3.0 times higher than those of D.
sargus. The median dispersal distance for D. sargus is 1.5 higher than for
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~ spawning events

D. vulgaris (Table 3).

The fourth filter selects the larval sources which are connected to
the minimum number of sampled locations successfully replenished by
the less-ubiquitous fish natal origins, as assessed from otolith
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Fig. 3. Spatial scales of dispersion as given by the characterization of larval sources by successive filtering procedure for D. sargus (panel a) and D. vulgaris (panel b).
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

geochemical analyses. In other words, the fourth filter selects the larval
sources which send larvae to at least “x” different sampled locations,
“x” being determined by the minimum number of sampled locations in
which the rarest fish natal origins was found. Here, “x” is four for D.
sargus and three for D. vulgaris (see SI B-3.1). In our case-studies, this
last filter provides the most refined sources which take into account all
constraints imposed by realistic oceanic dispersal as well as observa-
tion-based biological knowledge. For D. sargus, filter-4 larval sources
expand from 42.2 °N to 40.8 °N (Fig. 3a), located especially along the
Apulian coast and around the Tremiti archipelago (composed of the
main island and the isolated Pianosa islet; see Fig. 2a). The dispersal
plume surface is now 2183 km?, that is a reduction by 41% of the filter-
3 plume (Table 3). For D. vulgaris sources spread from 43.6 °N to 39.6 °N
on both Adriatic shores. Note that some sources are located within the
gulf of Taranto and one noticeable larval source remains in the middle
of the Adriatic Sea, next to the Palagruza island at 42.4 °N, 16.3 °E
(Fig. 3b). The dispersal plume surface is 7884 km?, corresponding to a
reduction by 29% of the filter-3 plume. The maximal dispersal distance

Table 3

and the dispersal plume of D. vulgaris are higher than those of D. sargus,
with a ratio of 1.9 and 3.6, respectively. The median dispersal distance
for D. sargus is 1.5 higher than for D. vulgaris.

Altogether, the superposition of the four filters has reduced the
dispersal plume surface by 94% for D. sargus and by 97% for D. vulgaris.
When comparing three quantitative dispersal diagnostics between both
species, the mean ratios of D. vulgaris to D. sargus are 0.9 + 0.2 for
median distances, 1.7 + 0.2 for maximum distances and 4.1 + 1.6 for
dispersal surfaces (Table 3).

3.2. Patterns and magnitude of connectivity

The flexibility of our approach allows us to map and analyze the
probabilities of all source nodes, i.e. the probability that larvae whose
dispersal ended up in one of the seven sampled locations originated
from that source node, for each levels of filtering. We chose here to
exploit mainly the most constrained larval sources returned by the su-
perposition of the four filters (Fig. 4, see SI B-6 for the other filters).

Quantitative evaluation of the dispersal scales of D. sargus and D. vulgaris for each filter successively applied. Median/maximal dispersal distance corr

esponds,

respectively, to the median/longest distance measured between all source nodes and the barycenter of the seven sampled locations (see SI B-5). The dispersal plume

surface corresponds to the total surface of all nodes acting as putative larval sources.

Quantitative diagnostics Filter-1 Filter-2 Filter-3 Filter-4
Species
D. sargus Median dispersal distance (km) 175 185 135 135
Maximal dispersal distance (km) 355 355 245 245
Dispersal plume surface (km?) 35662 12918 3700 2183
D. vulgaris Median dispersal distance (km) 170 210 90 90
Maximal dispersal distance (km) 590 550 470 470
Dispersal plume surface (km?) 233199 41606 11160 7884
7
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superposition of the four filters), along with their associated probabilities (the probability of that node to supply larvae to the surveyed stretch of Apulian coastline)
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Note that this larval source probability are integrated here as the larval
source's spawning potential. For D. sargus, the core larval sources are
located along the Apulian coast and around the Tremiti archipelago.
Sources situated next to the main islands of the Tremiti archipelago are
characterized by high probabilities, i.e. spawning potential (0.1). The
other isolated source located next to the isolated Pianosa island has
moderate spawning potential (~ 0.01). Sources along the Apulian coast
are characterized by a wide range of spawning potential spanning
0.001-0.1. Three locals maximal, with spawning potential ranging from
0.01 to 0.1, can be distinguished at around 41.5 °N, 41.1 °N and 40.7
°N. The other sources have moderate to low spawning potential of the
order of 0.001-0.01. For D. vulgaris, the core larval sources are located
from 43.6 °N to 39.6 °N on both Adriatic shores (see section 3.1). Most
probable sources (spawning potential of 0.1) are around the Tremiti
archipelago and the Palagruza island (42.4 °N, 16.3 °E). Sources of in-
termediate spawning potential (~ 0.01) are found along the Apulian
coast (from 41.2 °N to 40.2 °N), on the eastern part of the gulf of Tar-
anto (around 39.9 °N, 18.1 °E), next to the Croatian islands (from 43 °N
to 42.5 °N), along the southern Croatian coastlines (42.3 °N), and along
both northern (41.5 °N) and southern Albanian coastlines (40.2 °N). The
remaining sources, i.e. near Ancona cape (43.5 °N, 13.8 °E) and along
the northern Apulian coast, are associated to low spawning potential
(~ 0.001).

We next analyze, for both species, the strengths of the existing
connections between MPAs and the sampled locations. It is equivalent
to assess the proportions of larvae supplied by the local MPA network to
the sampled locations (Fig. 4, see SI B-7). Our model simulations sug-
gest that two MPAs for D. sargus (Fig. 4a) and nine MPAs for D. vulgaris
(Fig. 4b) are supplying larvae to the sampled locations. The spawning
potential associated to each MPA, interpreted here as proportions of the
total pool of larvae supplied to the sampled locations, is reported in
Table 4. Tremiti MPA emerges as the most important larval supplier,
providing 26.4% of all D. sargus larvae and 7.5% of all D. vulgaris larvae
settled along this stretch of Apulian coastline. By summing up prob-
abilities, the total contribution of the local network of MPAs to the total
pool of larvae settled in the sampled locations is 30.8% for D. sargus and
23.6% for D. vulgaris.
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Table 4

MPAs associated proportions for D. sargus and D. vulgaris, indicative of their
relative contribution to the total larval pool supplied to the sampled stretch of
Apulian coastline. Note that the proportions of larvae supplied by each MPA
into each location is given in SI B-7.

MPAs Species (%)

Index Name D. sargus D. vulgaris
1 Tremiti islands 26.4 7.5
2 Torre Guaceto 4.4 7.5
3 Porto Cesaro - 0.1
4 Pantana - 0.9
5 Lastovo archipelago - 5.6
6 Mljet - 0.5
7 Mali Ston Bay - 0.4
8 Lumi Buna-Velipoje - 0.5
9 Karaburun-Sazani Island - 0.6
- All 30.8 23.6

3.3. Localization and characterization of spawning areas

To pinpoint the most robust and realistic spawning areas, we exploit
the flexibility and statistical power of the LFN model while we constrain
the grouping procedure to match the natal origins revealed by otolith
geochemistry. Using criteria defined in section 2.5, filter-4 larval
sources are grouped into three and seven clusters (e.g. “coherent
spawning regions”) for D. sargus and for D. vulgaris, respectively (Fig. 5a
and b). For both species, one cluster embraces the larval sources around
the Tremiti archipelago while the sources located along the Apulian
coast are separated into two clusters by a boundary that we imposed to
both species. Indeed, this boundary was fixed for D. sargus by following
the last clustering criterion (that is to maximize the fit between model
estimations and otolith geochemical analyses, see SI B-8); the same
boundary is then used for D. vulgaris assuming water geochemistry
background is the same for both species. Concerning the four other
spawning areas of D. vulgaris, one cluster corresponds to the north-
ernmost source located next to Ancona cap and three other clusters
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Fig. 5. Spawning areas geographically-delimited thanks to criteria defined in section 2.5 and characterization of their relative contributions to the total pool of larvae
settled in the Apulian coast. Clusters of the most constrained larval sources (panels a, b) and correlations between simulated larval contributions and observed natal
origin proportions (panels ¢, d) for D. sargus (panels a, ¢) and D. vulgaris (panels b, d).

represent subgroups of all the source nodes spread along the eastern
shores.

We report the relative larval supply proportions attributed to each
cluster by summing up the probabilities, i.e. spawning potential, of all
the source nodes pertaining to a given cluster. For D. sargus, cluster 2 is
characterized by the highest spawning potential (0.61), cluster 3 has
intermediate spawning potential of 0.29 and cluster 1 exhibits the
lowest contribution (0.1; Fig. 5a,c). For D. vulgaris, cluster 1 has the
highest spawning potential (0.4) whereas clusters 4, 6 and 7 are char-
acterized by the lowest spawning potential (> 0.01, 0.05, 0.03, re-
spectively). Clusters 2, 3 and 5 have moderate contributions of 0.23,
0.12 and 0.17, respectively (Fig. 5b,d).

We analyze the correlations between these cluster spawning po-
tential and the natal origin proportions derived from the otolith geo-
chemical analyses across all sampled locations. Pearson's coefficient r is
0.9912 with a p-value of 8.4664 x 1072 for D. sargus and r is 0.9555 with
a p-value of 7.8507 x 10~* for D. vulgaris (Fig. 5¢ and d). Note that the
largest number of natal origins for D. vulgaris provides a more robust
correlation for D. vulgaris (indicated by its smaller p-value of 7.8507 x
10~*) than for D. sargus (p-value of 8.4664 x 1072). When considering
each sampled location independently, it is worth noting that the cor-
relations still hold for both species, despite slightly larger spread (see SI
B-8).
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4. Discussion

4.1. Fitting modelled larval sources with otolith geochemistry to delineate
and evaluate spawning areas

We delineate and evaluate the relative larval supplies of several
discrete spawning areas by correlating simulated cluster spawning po-
tential and observed natal origin proportions. By doing so, we confront
a probabilistic model using millions of particle trajectories and an ob-
servational approach relying only on hundreds of otolith samples. The
regression coefficients (i.e. the slope of the regression curve) are around
0,7 for both species, indicating that the model tends to overestimate the
poorly represented natal origins and to underestimate the dominant
ones (or the other way around, from the observational point-of-view). It
suggests that the probabilistic approach is able to capture the larval
sources of low probabilities, whereas the observational approach may
have missed, or underrepresented, those weak sources since the cor-
responding post-settlers are rare and scattered in the field. Similarly,
the dominant larval sources simulated by our model are one to two
orders of magnitude more probable than the rare ones, indicating that
the post-settlers sampled in the field have high probability to originate
from these prominent sources and that the rare ones are likely to be
missed. Ideally, and despite the arduous financial costs and efforts, field
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surveys should consider increasing the number of samples to apprehend
properly those rare, yet ecologically important, sources. Our integrative
approach shows great promises for the “a-priori” testing of different
sampling strategies in order to provide scientifically-based guidance for
the adequate spacing, sizing and sampling efforts of future field sur-
veys. Despite difficulties owing to the large surfaces involved, further
research could consist in surveying the discrete spawning areas re-
vealed here to observe, and eventually subsample, spawning aggrega-
tions of mature adults to validate our results.

Notwithstanding the good agreement between cluster spawning
potential and natal origin proportions, our empirical clustering proce-
dure, which is based on expert knowledge, could be further generalized
by using automatic and objective community detection algorithms (e.g.
Rossi et al., 2014; Ser-Giacomi et al., 2015a). However, this is beyond
the scope of the present manuscript due to the species- and sites-specific
characteristics, the lack of information about seawater geochemistry
(Di Franco et al., 2012b, 2015), along with the general opacity and
inflexibility of most automatic clustering algorithms. Nonetheless, more
precise and realistic characterization of spawning areas could be ob-
tained through our empiric clustering methodology by incorporating
additional information such as a geochemical atlas of seawater or
supplementary connectivity knowledge inferred from genetic or
tracking studies.

Our general approach allows to locate spawning areas and to better
quantify larval connectivity patterns from pre-determined origins and
destinations (Nolasco et al., 2018). In a context of sparse knowledge
about fish spawning aggregations (Erisman et al., 2017), this informa-
tion is critical for the management and conservation of marine eco-
systems (see section 4.4). Furthermore, the existent published knowl-
edge is rather biased toward tropical reef fishes (Russell et al., 2014). In
this view, the present study complements recent research efforts (Calo
et al., 2018) to improve our ability to locate spawning areas for tem-
perate fish species inhabiting large and opened seascapes.

4.2. Biological controls of connectivity

Our results evidence distinct scales of dispersion for both species,
which are primarily due to species-specific biological traits, namely the
Pelagic Larval Duration (PLD, i.e. the time that larvae spend drifting in
the ocean circulation). Indeed, D. vulgaris's PLD is almost three time
longer than D. sargus's one, giving a ratio of ~ 2.8 which resemble most
the mean ratio of their dispersal plume which reaches 4.1+ 1.6. In
contrast, the mean ratio of D. vulgaris to D. sargus's median dispersal
distances is 0.9+ 0.2, while it is 1.7+ 0.2 for the maximal distances. It
suggests that dispersal distances and surfaces have very different re-
lationship with the PLD, challenging the commonly accepted view that
PLD is a good predictor of dispersal (Shanks et al., 2003). We consider
here only the median PLDs of both species to design our numerical
experiments whereas the range of PLDs derived from otolith scler-
ochronology is indeed more extended (Di Franco and Guidetti, 2011; Di
Franco et al., 2013). Previous findings suggest that considering more
appropriately the full ranges of observed PLDs could return slightly
different dispersal distances and surfaces. More specifically, the exact
dispersal scales would theoretically be individual-specific since each
larva (or each meter-scale larval patch) would follow a unique trajec-
tory crossing various environmental conditions which can affect bio-
logical traits, including the PLD due to slower or faster development
than average (Cowen and Sponaugle, 2009). However, since Monroy
et al. (2017) showed that connectivity estimates for long PLDs are more
robust against PLD uncertainties than for short PLDs, we expect some
substantial influences of the extreme PLDs on the quantitative patterns
of connectivity mainly for D. sargus.

From spawning to recruitment, the key factors controlling the
connectivity of early-life stages are: (i) physically-driven larval trans-
port processes, (ii) larval behavior potentially influencing the drift, (iii)
substrate availability for settlement, and (iv) local biotic interactions
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among the post settlers (Pineda, 2000). Fine-tuning of model para-
meters by data derived from otoliths of post-settled juveniles, which
settled successfully and survived to local biotic interactions, allows to
take factors (i), (iii) and (iv) into account in our framework. Factor (ii)
has not been explicitly accounted for here, while Sparidae larvae reared
in the lab showed some swimming abilities toward the end of their
ontogeny (Clark et al., 2005) and possibly orientating themselves via
the position of the sun (Faillettaz et al., 2018). The assumption of
passive larval drift was retained here because knowledge about species-
specific larval behavior in the field are sparse and very uncertain. In
addition, Nolasco et al. (2018) recently documented better correlations
between connectivity observations and dispersal models simulating
passive rather than active drift. Indeed, the diffusion applied to tra-
jectories when adding random components to simulate active move-
ments, as is commonly done, is of the same order of the numerical
diffusion induced by the spatial discretization of the oceanic domain,
including over the nearshore regions where swimming potential would
be more probable (Rossi et al., 2014). Moreover, the sequential filtering
reduces successively the dispersal distances that the passive assumption
could have overestimated (Shanks, 2009). Although the early-life stages
of most marine organisms, including coastal fishes, are thought to be
the main drivers of dispersal, the active movements of adults and ju-
veniles may also affect connectivity (Di Franco et al., 2015). Never-
theless, because juveniles have been sampled few days after settlement
(Di Franco and Guidetti, 2011; Di Franco et al., 2013), that is before any
significant post-settlement movements would occur, these processes do
not affect our results. Last but not least, the overall contribution of
adults to broad-scale dispersal can be reasonably neglected since these
stages are rather territorial, especially littoral fishes that show strong
site fidelity (Di Franco et al., 2018).

4.3. Hydrodynamical control of connectivity

Besides the biological control exerted on dispersal distances and
surfaces discussed above, finer discrepancies of connectivity pathways
and magnitudes are rather well-explained by the spatio-temporal
variability of ocean currents. Larval sources found along Italian shor-
elines for both species are linked to the surface circulation of the
Adriatic Sea (Artegiani et al., 1997a; Millot and Taupier-Letage, 2005).
Most sources are located north-westward (i.e. upstream) of the sampled
locations, which is in agreement with the dominant south-eastward
alongshore transport related with the W-NAd, W-MAd and W-SAd
currents (Carlson et al., 2016). Along the Apulian coast, source nodes
with high probabilities are found close to the sampled locations, in line
with Dubois et al. (2016) and Bray et al. (2017) who have already
shown that the Apulian coast tends to act as a sink of larvae. Despite the
presence of the W-SAd current transporting efficiently larvae south-
eastward, prominent nearshore sources can be related to wind-induced
coastal downwelling which prevails in this region during winter
throughout to early spring (Artegiani et al., 1997b; Bakun and Agostini,
2001). Downwelling, and its associated coastal convergence, pushes
larvae toward the coastline and increases retention there, leading to
these high probabilities. This is consistent with Dubois et al. (2016)
who showed that wind-driven convergent oceanic systems are usually
characterized by larval sinks.

The coast-to-coast connections, linking both coastlines of the
Adriatic Sea, is related to the sub-gyres cyclonic circulation (Carlson
et al., 2016), namely the SAd and MAd gyres. While this finding has
ecological and managerial implications (see section 4.4), these inter-
coastal connections have a marginal contribution as compared to the
sources spread along the Apulian shores, as suggested by Melia et al.
(2016). Since the southern branch of the S-Ad gyre induces west-to-east
connection (Carlson et al., 2016), the presence of larval sources on both
sides of the Otranto strait for D. vulgaris would be rather due to the
turbulent character of the local circulation, as evidenced by high eddy
kinetic energy values (EKE, see SI B-2). Chaotic surface circulation
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could create intermittent but repeated pathways which allows inter-
coastal connectivity against the main direction of the current. In the
same way, filaments of high EKE stretch out until the gulf of Taranto,
allowing larval sources to be found there (Fig. 4b). Conversely, the
narrower and intensified W-SAd jet-like current associated with low
EKE off the Apulian coast in spring imply a directional connectivity
with little cross-shore exchanges, explaining why only upstream well-
aligned sources were captured for D. sargus, contrasting the more dif-
fused and latitudinally-extended sources found for D. vulgaris in winter.
In fact, while Lagrangian particles are here simulating passive larvae,
they can also be seen as a finite fluid parcel. In this view, Ser-Giacomi
et al. (2015a) found analytical relationships between diagnostics de-
rived from the LFN connectivity matrices and finite-time Lyapunov
exponent, which is a measure of local stretching properties in the ocean,
as is EKE (Waugh et al., 2006), hence supporting the link between
purely physical variables and our connectivity diagnostics.

While a climatological description of the surface circulation ex-
plains well the differential connectivity of both species, ocean currents
exhibit in nature high levels of variability, including for longer time-
scales (e.g. years/decades). Oceanographic functioning of the Adriatic
Sea have been shown to respond to the Bimodal Oscillating system
(BiOS) at annual and decadal time-scales inducing substantial varia-
bility of the circulation (Mihanovic et al., 2015). The dispersal patterns
reported here would surely be impacted by such low-frequency varia-
bility, similarly to the strong inter-annuality of connectivity demon-
strated in the north-west Mediterranean (Hidalgo et al., 2019). Note
however that the BiOS has been related to large changes not only of
hydrodynamics, which affect directly dispersal (Civitarese et al., 2010),
but also of other abiotic properties such as temperature, which in-
directly influences larval dispersal by modifying spawning behavior
and larval traits (Green and Fisher, 2004). Analyzing inter-annuality of
spawning is thus a complex task in which non-linear effects between
several counter-acting processes may drive non-predictable results.

4.4. Exploiting connectivity information for conservation purposes

By delineating spawning areas and quantifying connectivity pat-
terns which account for the spatio-temporal variability of ocean cur-
rents and the spawning phenology, our framework provides informa-
tion about when and where spawning aggregations could occur.
Considering that many coastal fishes, including those of our case-stu-
dies, are exploited by small-scale (professional and recreational) fish-
eries, this is essential information for managers that is currently lacking
(see section 4.1). It could constitute a sound scientific basis to improve
fisheries management, for instance thanks to conservation plans that
would specially target the discrete spawning areas, that is where pu-
tative spawning aggregations take place. The more abilities we have in
appraising when and where spawning aggregation events occur, the
more appropriate will be the dynamical and adaptative management
measures (Heyman, 2014), hence favoring healthier local ecosystem
and larval export into neighboring exploited areas (Erisman et al.,
2017; Pelc et al., 2010). Indeed, small investments on well-placed and
well-timed managerial constraints (e.g. seasonal closures, restricted no-
take zone, etc) targeting spawning areas could lead to large benefits for
fisheries, ecotourism and biodiversity conservation (Erisman et al.,
2017).

In our case-studies, we showed that D. vulgaris Apulian subpopula-
tion likely originate from several spawning areas located on both
Adriatic shorelines. It suggests the need of a tight international colla-
boration between adjacent countries, e.g. Italy, Greece, Croatia and
Albania, to ensure efficient fishery spatial management in the Adriatic
Sea (Hidalgo et al., 2019; Ramesh et al., 2019). Among the total pool of
larvae supplied to the Apulian coast, where professional and recrea-
tional fishing occurs, 30. 8% of D. sargus larvae and 23. 6% of D. vulgaris
larvae originated from the surrounding MPAs. Tremiti MPA emerges as
the most important larval supplier of the studied stretch of coast: 26. 4%
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of D. sargus larvae and 7. 5% of D. vulgaris larvae settled in the Apulian
coast likely originated from this MPA. Our model results, backed-up by
observation, clearly support the fact that an upgrade of Tremiti MPA
enforcement level, currently under low enforcement (Guidetti et al.,
2008), could induce significant benefit to D. sargus and D. vulgaris
Apulian's populations. Then, using our findings to inform management
(Erisman et al., 2017), we would recommend to strengthen conserva-
tion policies of Tremiti MPA.

Moreover, properly enforced MPAs have positive effects on biomass
and size distribution of larger fish (Lester et al., 2009), leading to an
increase of their reproductive outputs. Indeed, MPAs could produce at
least five times more offspring than same size unprotected areas
(Marshall et al., 2019). Thanks to the flexibility of our model results,
MPAs associated proportions (Table 4) could be scale up accordingly.
Thus, all connected MPAs (Tremiti MPA alone, respectively) would
send almost 70% (60%, respectively) of D. sargus larvae and 60% (20%,
repectively) of D. vulgaris larvae settled in the Apulian coast, dramati-
cally highlighting the benefit of MPAs in the replenishment of Apulian
coast. Providing such useful information is well aligned with the ne-
cessity to incorporate connectivity knowledge in conservation plans
and MPAs design (Dubois et al., 2016; Balbar and Metaxas, 2019).

We also provide spatially-explicit and quantitative information to
potentially implement new protection measures for the other non-yet
protected regions identified here during the spawning seasons of each
species. Indeed, our framework not only appraises the efficiency of the
local MPAs network but also inform where and when additional mea-
sures could be implemented for the protection of spawning aggrega-
tions.

For both target fishes, our results evidence well-defined spawning
areas, encompassing several spawning events occurring during a given
year (e.g. spring 2009 for D. sargus and winter 2009-2010 for D. vul-
garis), that are directly useable by stakeholders for that given year.
What remain to be investigated however is how the geographical de-
limitation and relative contributions of these spawning regions vary
from one year to another. As said in section 4.3, this non-trivial task is
kept for future work since investigating properly the inter-annual
variability of spawning areas requires the considerations of all biotic
and abiotic factors (e.g. in addition of the ocean circulation) displaying
inter-annual variations.

5. Conclusion

We proposed an integrative framework which combines Lagrangian
particle modelling, network theory and published knowledge encom-
passing otolith analyses, ecological and biogeographical information. It
allows to locate fish spawning areas and assess their respective con-
tributions through an improved quantitative characterization of dis-
persal scales and connectivity patterns. Our multidisciplinary metho-
dology is flexible as it can be readily adapted to any other case-study,
providing a certain degree of knowledge about the target species with
biphasic life-cycle. Biological traits such as the PLD and the spawning
phenology (derived from otolith analyses), along with larval dispersal
pathways imposed by the turbulent oceanic circulation (simulated by
state-of-the-art Lagrangian modelling), shape together connectivity
patterns and allow us to identify spawning areas, that are critical for
adequate spatial conservation planning. We showed that our analytical
approach is a powerful tool providing unprecedented information about
spawning areas, which can be further refined as ocean circulation
models gain in reliability and as connectivity knowledge from com-
plementary observations increases. Furthermore, if the environmental
(e.g. temperature) controls of spawning are well-known and con-
sidering the current development of forecasts by operational ocean
models, our approach could even anticipate some days ahead when and
where spawning events are likely to occur, hence providing near-real
time information for adaptive management and conservation plans.
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3.1. Résumé

Dans le chapitre précédent, nous avons détaillé comment la connectivité démogra-
phique via la dispersion larvaire structure spatialement les populations, et comment
les patrons sous-jacents de connectivité sont influencés par la variabilité environ-
nementale saisonniere et interannuelle. Au sein du cycle de vie biphasique de deux
especes de sparidés, nous avons pu identifier des zones ou la phénologie de ponte
est similaire a I’échelle décennale, et envisager des trajectoires migratoires stables
mais aussi hautement variables au fil des événements successifs de dispersion entre
populations. La dispersion larvaire, en permettant le déplacement d’'individus et de
leurs génomes dans I’espace induit du flux de genes (Clobert et al., 2012). L'étude de
la connectivité génétique consiste a caractériser ces échanges de genes entre popu-
lations et, en raison du caracteére héréditaire du matériel génétique, doit considérer
les événements successifs de dispersion larvaire. En d’autres termes, la connectivité
génétique considere le flux de genes sur plusieurs générations et entre plusieurs po-
pulations successives, 1a o1 la connectivité démographique considere la dispersion
larvaire d'une génération a I'autre et d'une population a l'autre. Il faut ainsi dévelop-
per de nouveaux outils théoriques qui s’approchent au plus pres des caractéristiques
particuliéres de la connectivité génétique.

Dans ce chapitre, nous avons théorisé et formulé la connectivité de maniere a
évaluer la probabilité de connexion génétique entre n'importe quelle paire de popu-

lations via des événements successifs et cumulatifs de dispersion larvaire. En effet,
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cette approche cumule chaque probabilité de connexion associée a un nombre de
générations (i.e. un nombre d’événements de dispersion successifs) jusqu’au nombre
de générations total. En d’autres termes, elle ne prend pas seulement en compte la
probabilité de connexion a un nombre donné de générations comme il était fait jus-
qu’a présent (Boulanger et al., 2020; Buonomo et al., 2017; Foster et al., 2012; Jahnke
et al., 2018; Kool et al., 2010; White et al., 2010), mais considere également toutes
les connexions assurées par les nombres de génération inférieurs. De plus, dans ce
chapitre, nous introduisons une nouvelle notion, celle de connexion implicite que
nous différencions des connexions que nous définissions comme explicites, les seules
qui étaient considérées avant nos travaux. Les connexions explicites sont les plus
intuitives lorsqu’on considere la connectivité génétique : elles correspondent au lien
filial, c’est a dire la relation parents-enfants entre deux populations. Elles sont utilisées
dans toutes les simulations de connectivité génétique (Jahnke & Jonsson, 2022). Les
connexions implicites, jusqu’alors inconsidérées dans la littérature, appréhendent le
lien entre sceurs et freres, c’est-a-dire lorsque que deux populations peuvent montrer
une cohérence génétique car elles accueillent des migrants qui dispersent depuis une
meéme population source.

Les connexions explicites et implicites, nouvellement définies comme cumulatives
sur de multiples générations, sont appliquées sur un réseau d’environ 1000 nceuds
représentant le transport océanique pour une période de 30 jours a la surface de la mer
Méditerranée. En d’autres termes, et en adaptant aux concepts introduits dans cette
these, ce réseau correspond a I’ensemble des connexions démographiques réalisées
par des populations théoriques situées sur I'entiére surface du bassin méditerranéen,
et pour une espece qui a une PLD typique de 30 jours. Il apparait que les connexions
implicites, contrairement aux connexions explicites, s’affranchissent des barrieres de
transport, aussi appelé barrieres hydrologiques a la dispersion, initialement identifiées
sur la période d’intérét. De plus, la moyenne des probabilités des connexions multi-
générations implicites sature plus rapidement (a environ 500 générations), et avec
une valeur moyenne de probabilité de connexion cinq fois supérieure que pour les
connexions explicites. Les résultats développés dans ce chapitre suggerent que les
processus de connectivité génétique a la surface de 'océan ont pu étre largement
sous-estimés et que les barrieres de transport, jusqu’a présent considérés comme
vectrice de structure génétique, sont potentiellement perméables aux connexions

implicites.
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Connectivity is a fundamental structural feature of a network that determines the outcome of any dynamics
that happens on top of it. However, an analytical approach to obtain connection probabilities between nodes
associated with paths of different lengths is still missing. Here, we derive exact expressions for random-walk
connectivity probabilities across any range of numbers of steps in a generic temporal, directed, and weighted
network. This allows characterizing explicit connectivity realized by causal paths as well as implicit connectivity
related to motifs of three nodes and two links called here pitchforks. We directly link such probabilities to
the processes of tagging and sampling any quantity exchanged across the network, hence providing a natural
framework to assess transport dynamics. Finally, we apply our theoretical framework to study ocean transport
features in the Mediterranean Sea. We find that relevant transport structures, such as fluid barriers and corridors,
can generate contrasting and counterintuitive connectivity patterns bringing novel insights into how ocean

currents drive seascape connectivity.

DOI: 10.1103/PhysRevE.103.042309

I. INTRODUCTION

Connectivity is a key feature of network’s structure [1,2]
that determines how strongly and quickly different nodes can
be linked by consecutive edges [3—5]. Indeed, for any dynam-
ics running over a network, connectivity strongly influences
the temporal and spatial evolution of the associated processes
and patterns [6]. This has been proven in several contexts,
such as epidemic or information spreading [7,8], biological
interactions [9], neural networks [10], social systems [11],
and fluid transport [12]. Globally, connectivity is determined
by topological properties of the network: link density, degree
and weight distributions, clustering, modularity, reciprocity,
etc. However, these metrics describe statistical features of the
network and do not inform about local patterns of connectivity
between specific pairs of nodes [3,13].

The conventional approach to characterize pairwise con-
nectivity consists in studying random walks and their
trajectories. In fact, random walkers can be seen as agents that
navigate through the network drawing paths between pairs of
nodes [14-16]. Each of these pathways can be thus defined

“enrico.sergiacomi @ gmail.com

2470-0045/2021/103(4)/042309(15)
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by the sequence of nodes visited by a random walker and, by
multiplying the node-to-node single-step transition probabil-
ities, one can obtain the probability of occurrence of any of
them [17-20].

In this way, connectivity can be characterized within a solid
probabilistic framework. Moreover, when a given quantity,
such as people [21], fluid [12], goods [22], or information
[23], is transported across the network, random walker tran-
sition probabilities can be related to fractions of exchanged
quantities between node pairs. More concretely, this means
that it is possible to calculate the probability that an amount of
quantity that has been tagged or sampled in a given node will
reach another specific destination node forward- or backward-
in-time, respectively. As a result, random walks can also
mimic transport, dispersion and mixing processes across a
network [18,24]. Eventually, this could permit to rigorously
establish a quantitative link between the structural features
of a network and the dynamics of any transported quantity
across it. Such connection would also be relevant in temporal
networks, especially under mixing regimes in which network
connectivity patterns and random walks unfold on comparable
time scales [25,26].

However, to our knowledge, analytical expressions for
connectivity probabilities between any pair of nodes that

©2021 American Physical Society
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FIG. 1. Sketch of the different connectivity probabilities consid-
ered. The sections introducing each quantity are indicated within
brackets while greek letters correspond to their mathematical
expressions.

take into account connections realized by paths of different
lengths (i.e., paths composed of different number of steps)
in a “cumulated” manner are, to our knowledge, still lacking.
Indeed, while the probabilities of connection realized by paths
of the same lengths (i.e., imposing a prescribed number of
steps) are readily obtained with simple matrix products, the
cumulated probabilities across generic ranges of path lengths
(i.e., across different numbers of steps) has not been derived
yet. This is mainly due to the fact that connection events
between two nodes realized by paths of different lengths are
not mutually-exclusive from a probabilistic point of view,
making the calculations to obtain them quite convoluted. It
is worth noting that this shortcoming holds for both static
and temporal network. As such, the current approach to study
pairwise connectivity is through Monte Carlo numerical sim-
ulations. Specifically, it consists in releasing large numbers of
random walkers in a given starting node and in estimating the
connection probability with any other destination node from
the proportion of walkers that ended up there after a given
number of steps.

Moreover, also the concept of connectivity by itself could
be extended. Indeed, the explicit connectivity probabilities de-
scribed above are conceptually associated with the pathway of
a random walker that joins two nodes, symbolizing a kind of
“parent-child” relationship between starting and ending node.
Nevertheless, we can also be interested in looking contempo-
raneously at the entire network in a synoptic fashion. This is
the case, for instance, when modeling a transport or spreading
phenomena on a network [27] or when tracking differentiation
across a phylogenetic tree [28]. In such processes, each pair
of nodes could be simultaneously influenced by a third node
(or more than one) and such “sibling-sibling” relationships
can determine similarities between nodes pairs that we could
regard as a form of implicit connectivity. These connectivity
patterns, at one step, are realized by a particular kind of three-
nodes motif, here called pitchfork, composed of a node acting
as common source (or destination) for two other nodes (see
Fig. 1). Examples of such kind of interactions can be found in

ecological networks when two species compete for the same
resource [29] or in social systems when two agents are both
influenced by a third one [30]. Thus, implicit connections
associated with pitchforks are in this sense complementary to
the aforementioned standard explicit patterns and, despite be-
ing mostly overlooked, could play a major role in determining
network dynamics.

In this paper, we derive exact analytical expressions for
explicit and implicit random-walk connectivity probabilities
across any range of numbers of steps in a generic temporal,
directed and weighted network. First, in Sec. II we set the the-
oretical background and delineate the relationships between
random walk transition probabilities and the transport dynam-
ics of a given quantity across the network. In Secs. III and IV,
we introduce the concept of cumulated connectivity that per-
mits to calculate connection probabilities not only for a fixed
number of steps but also across an arbitrary range of possible
numbers of steps, allowing probability values to eventually
saturate toward an asymptotic value. Such approach is adopted
to provide exact formulas for: (i) explicit connectivity patterns
associated with causal paths among two nodes and (ii) implicit
connectivity patterns realized by multistep pitchforks (see a
summary of the different connectivity patterns in Fig. 1).
Moreover, if a given quantity Q is transported across the
network, then we can relate random walk probabilities to pro-
cesses of tagging and sampling such quantity in specific nodes
of the network. This allows linking the probabilistic view of
connectivity with an interpretation in terms of transport and
diffusion. In Sec. V, we calculate connection probabilities for
two simple networks and we numerically confirm our analyt-
ical results highlighting significant differences between static
and temporal network connectivity. In Sec. VI, we further
apply our theoretical approach to characterize connectivity
features of a network describing the transport of surface wa-
ter masses across the Mediterranean Sea [12,31-33]. From
probabilistic estimations of connectivity we provide both spe-
cific site-to-site and global basin-scale statistics. We find very
relevant differences among explicit and implicit probabilities
and across different ranges of number of steps. We also show
that such probabilities, in average, saturate to different, non-
trivial values. Finally, we discuss the implications of such
results.

II. RANDOM WALKS AND TRANSPORT PROCESSES

A. Network adjacency matrix and its normalizations

We consider a generic directed, weighted, and temporal
network of N nodes. Hence, each of its links is directed
and characterized by a positive weight that measures the
“intensity” of the connection realized between two nodes.
Moreover, due to the temporal character of the network, such
weights can change in time. Given a discrete time sequence
{to, t1, ..., tm—1, ti}, the time-dependent structure of the net-
work can be thus described by a set of adjacency matrices in
which each element A”.” " is the weight of the link from
node i to node j during the time interval [#;, #;41]. For con-
vention, links are hereafter established forward-in-time across
different layers representing consecutive discrete times [34].

042309-2
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We define the out-strength and in-strength of node i as

P — 1) = ) AL M
j

St = t141) = Z Al 2)
J

Assuming that S and S’ are always positive, two normaliza-
tions for the matrix Ai’jﬁ 41 are possible:

=ty
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obtaining the  following  conservation  conditions:
e NS B 1 —>10
Z_/ Fl.j =land ), Bj,. =1.

B. Random walk transition probabilities
and transport dynamics

Once the adjacency matrices of the network A"~ %+ are
normalized, a random walk can be defined on it. Indeed,
in the [#, #;4,] time interval, FE’.H 41 s the forward-in-time
transition probability for a random walker to jump from node
i to j while B'f,.*' " is the backward-in-time transition prob-
ability to go tfrom j to i. Hence, the direction of the links
is always associated with the forward-in-time direction but
still, for a given link, we are able to define both the forward-
and backward-in-time transition probabilities. If we assume
a Markovian dynamics, then the probability for a random
walker to visit a given sequence of nodes will be given by the
product of the associated single-step transition probabilities.

If link weights can be associated with a generic transported
quantity Q across the network, random walk transition prob-
abilities can be related to processes of tagging and sampling
the transported quantity. Indeed, imagining to tag a portion
of Q inside i at #;, Ff’jﬁ +1 is the probability that such tagged
quantity will arrive to j at #;;;. Consequently, B"' ~" is the
probability of sampling a portion of Q in j at 7,4 that was in
i at #;. Pushing forward this analogy, we can quantify the frac-
tion of transported quantity between the pair of nodes i, j in
the time interval [#;, ;1] by means of transition probabilities
[18,24]. Indeed, Ff’jﬂ fi+1 is the fraction of Q present in i at #;

that arrives to j at #;4. Similarly, Bt}i*‘ —h

present in j at ;1 that was in i at 7.

is the fraction of Q

C. Paths in temporal weighted networks

We denote a path p of M-steps between nodes i and
j as a (M + 1)-tuple {i,ky,...,ky—1,j} corresponding to
the sequence of nodes visited by a random walker at times
{to,t1, ..., tu—1,ty}.

Thus, assuming a Markov process, the forward-in-time
probability for a random walker to take the M-steps path
1 under the condition of starting in ¢ and ending in j is
[18,20,24,35]

fo —> 1 t —> 1
Filq Fk]kz

IM—1 — In

IM—2 = -1
F ;
km-1]j

C T ky—ckm—n

®

Conversely, the backward-in-time probability to take the
M-steps path p under the condition of starting in j and

ending in i is
BZM —>ty_1

IM—1 —> -2 Btz — 1 Bn — 1y
Jkm-1 e

kaky ki

(6)

Note that, due to the temporal dependence of the network,
the above probabilities depend not only on the number of steps
(as in the static case) but also on the specific initial or final
time considered.

knr—1kpr—2

III. EXPLICIT CONNECTIVITY

In this section we provide exact analytical expressions for
random walk probabilities associated with paths. Depending
on the number of steps considered, we can define single-step
(M = 1) or multistep (M > 1) connectivity. First, we intro-
duce connectivity for the case of a fixed number of steps M
(noncumulated connectivity). Then, we extend this conven-
tional concept by considering connections occurring over a
given range of number of steps spanning 1 to M (cumulated
connectivity). Hence, the noncumulated connectivity is asso-
ciated with the probability that a random walker joins two
nodes in a specific number of steps. Note that, for the temporal
case, since the network is time-dependent, we should also
specify the initial time. This probability does not include the
possibility of reaching the destination node before or after
the exact number of steps chosen. Cumulated connectivity
overcomes this limitation by considering the probability that a
random walker reaches the destination in an arbitrary number
of steps as long as it is comprised within a given range of
numbers of steps. When a generic quantity Q is transported
across the network, we can also find a relation between the
above probabilities and portions of Q (see Sec. II B).

A. Single-step explicit connectivity

Single-step explicit connectivity is associated directly with
the elements of the F and B matrices (see Sec. II B). Consider-
ing the [17, #;41] time interval, we define the single-step explicit
connectivity calculated forward-in-time from node i to j as

1= 1141

v (6, 01) = F; )

Similarly, we define the backward-in-time single-step explicit
connectivity as

b t 1

y' n) =B " (8)
If some generic quantity Q is transported across the network
and one tags an amount of it that is present in node i at time
11, then the probability that will arrive in node j at time #;4; is
exactly Fi’lﬂ 1 Analogously, if one samples an amount of Q

in i at time f;4, then the probability that was in j at time #; is
Bt-/-“ —1
ij °

B. Noncumulated multistep explicit connectivity

To obtain the total probability of connection among any
given pair of nodes in exactly M steps, we need to sum the
probability of each of the paths that connect that pair. Hence,
using the Chapman-Kolmogorov equation, we define, given a
fixed number of steps M, the noncumulated multistep explicit
connectivity calculated forward-in-time as

}'f(l‘(), ty) = Fo—hph—h M2 -1 Rl = 9)
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FIG. 2. Several consecutive multistep windows are used together
to calculate cumulated connectivity matrices. Each window is de-
fined by an initial time, a final time and a certain number of steps
in between. One of the two times is kept fixed (either the initial or
the final one) while the other is moving while it draws windows
with a progressively larger number of steps. Specifically, in the
forward-in-time case, the initial time #; is fixed and we increase the
number of steps ending at larger #’s up to ), (top panel). Going
backward-in-time, we instead end always at #), but starting from
decreasing #,’s until reaching 7y (bottom panel).

Similarly, we define the noncumulated multistep explicit con-
nectivity calculated backward-in-time:

yb(to, ty) = B¥ -t B~ iu2 BB~ (1)

In both definitions above we used the fact that summing
probabilities over all the paths corresponds to performing the
matrix product of the associated adjacency matrices. There-
fore, y/ is a matrix whose element i — j is the probability
for a random walker to reach j starting from i after M-steps
forward-in-time. Similarly, y? is a matrix whose element i — j

is the probability for a random walker to reach j starting
from i after M-steps backward-in-time. It is straightforward to
prove that the matrix elements of both y/ and y? are always
bounded in between 0 and 1.

C. Cumulated multistep explicit connectivity

We now consider the case of multiple numbers of steps
together to introduce the novel concept of cumulated connec-
tivity (see Fig. 2). We still refer to the discrete time sequence
{to.t1, ..., tm—1,tm} introduced before and we provide the
probability for a random walker to connect two nodes in a
finite range of possible number of steps. In the forward-in-
time case, the initial time f; is fixed and the number of steps
increases progressively ending up at larger #;’s. Backward-in-
time, we instead end always at , but starting from decreasing
t;’s while increasing the number of steps. Without loss of
generality, we consider in the following multistep connectivity
realized in a range of number of steps comprised between 1
and M.

1. Deriving up to three-steps cumulated multistep
explicit connectivity

Let us start considering the forward-in-time connectivity.
Keeping fixed the initial time 7y, we focus on a starting node i
and a destination node j and we aim to find an expression for
the union of the multistep explicit probabilities of one, two,
and three steps. We start defining the following three events:

(1) A:reaching j from i in one step,

(2) B:reaching j from i in two steps,

(3) C:reaching j from i in three steps.

Since the events connecting i to j in different numbers of
steps are not mutually exclusive, we cannot obtain the three-
events union probability by simply summing their individual
probabilities. Such union probability, which will be used to
define the cumulated multistep explicit connectivity, can be
written as

P(AUBUC);; =P(A)+PB)+P(C)+ PANBNC)—PANB)—P(ANC)—P(BNC)
= P(A)+ P(B) + P(C) + P(A)P(B|A)P(C|AN B) — P(A)P(B|A) — P(A)P(C|A) — P(B)P(C|B). (11)
Following Eq. (9), the multistep connectivity probabilities of the events A, B, and C are
PA)=Fy", (12)
P(B) = ZFZO*W[ Ffl*”z (13)
PCO)=)" F?;j" F 7R FRTE (14)
k1
Using Eqgs. (12), (13), and (14) into Eq. (11) we obtain
P(A UBU C)ij — F?J,_ar. + ZFn,atl Frl —h + ZFH,»:, Ft] ) Fn»@ + F?j_atl Fljlj*)tz F;.zj%l‘g
— FSTUFLTE - Y RS T R TR TS = Y R TR TR T (15)

!

k
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Developing the second and the third terms in Eq. (15), we find
P(AUBUC);; = Fmﬁn + ZFmﬁn Ftl*)tv + ZZF;(;{HH F;{ll‘))‘Z F;zjﬁtz
k#j k#j 1#]
=F7" 4+ Y R T = 8)F T + Y R T — )R T (1 — 8,)F TR (16)
k k.l
From a geometrical point of view, impeding the indexes k and / from taking the value of j means excluding the contribution to
the union probability of all the paths that visit j more than once.

Denoting with a circle the Hadamard (or element-wise) product, we can write Eq. (16) for any pair i-j in a compact form and
define the matrix:

rf(fo, t3) — th—>t1 + F[()—)f] (]L o F1| —>[2) + Fto—>l| {]L ° [FI| —>12(]L ° F[?_—)t})]}’ (17)
where L is the all-ones matrix minus the identity matrix, i.e., L = J — T and L;; = (1 — §;;).

2. Generalizing up to M-steps cumulated multistep explicit connectivity

To generalize the result from the previous section, we consider the probability of the union of M different events Ay, ..., Ay
and, using the inclusion-exclusion formula, we can write such probability as

M M M M
P<UA,-> =Y PAi)— Y P@A;, NA)+ -+ (=DM 3" P@A; NA, N NA4A,,)
i=1

=1 iy <ipy i <--<iy
= P(A1) + P(A{ NAy) + P(A{NASNA3) + -+ + P(AT N -+ NAG,_ NAy). (18)

Expanding Eq. (18) we find an expression for the probability union that is a generalization of Eq. (17) to the generic case of
M-steps. Keeping fixed the initial time 7y, we define thus the cumulated multistep explicit connectivity calculated forward-in-time
as

l‘f(zo, tM) — Fto»rl + Fto%tl (]L ° Ft1~>t2) + Ft0~>t1 {IL ° [Ft‘ *)tg(H_J OF!z%t])]}
+o + Fo7 Lo [F" 72 . (LoFv 7). . ]} (19)
Similarly, keeping fixed instead the final time #),, we derive the cumulated multistep explicit connectivity calculated backward-
in-time:
rb(l‘o IM) — Bn— -1 + BIM — -1 (]L o BM-17 erz) + BtM — tu—1 {]L ° [BtM,l —ty—2 (]L ° BtM’z — -3 )]}

4o BT o[BI (Lo BT ) (20)

Hence, T'/ and I'? provide the expected probabilities for a random walker to connect pairs of nodes in a range of possible
number of steps comprised between 1 and M, forward- and backward-in-time respectively. Consequently, I'/ corresponds also
to the probability that a portion of quantity O tagged in node i arrives into node j, forward-in-time. Similarly, I'® corresponds to
the probability that a portion of sampled quantity Q in node i comes from node j, backward-in-time.

3. Bounding M-steps cumulated multistep explicit connectivity probabilities

Let us consider the forward-in-time dynamics (the same argument holds for the backward-in-time case) and write down
Eq. (19) for a specific matrix element associated with the origin node i and destination node j, we have

o — 1 o —> 1 1 —> I o —> 1 It > h ph —> 13 o —> 1 tM 1>
Fij + ZFlkl Fklj + Z ZFlkl Fklkz Fk’/ + Z Z Flkl . kM 1

ki#j ki#] ka#] ki#j ky—1#]
— Flo—h fo —> 11 t —> 1 t =1 fw 2= Iy iM—2 = -1 i -1 —> T
- Fij + ZFikl {Fklj + ZFklkl |: ( k2] + Z ka 2ky-1 FkM 1J ) o i|} 2h
ki#j ka#j kn—1#]j
[
Recalling that ) ; F;j =1 and F;; <1, we note that the and nodes. Such motifs are expected to be associated with
quantity in the inner parenthesis is bounded to 1. This au- different dynamical processes depending on their geometry.
tomatically bounds to 1 the quantity in the more external  In particular, we focus here on the so-called pitchforks mo-
parenthesis. Recursively, we can finally see that all the ex- tifs and their associated random walk connectivity pattern
pression is bounded to 1 too. that we call implicit connectivity. We define pitchforks as a
particular subgroup of motifs composed of three (sometimes
IV. IMPLICIT CONNECTIVITY two) nodes and two links. We call converging pitchfork a

motif of three (or two) nodes and two links pointing to one

Paths are not the only connectivity patterns that can be  of them; we call instead diverging pitchfork a motif of three

found in a network. In general, one can identify different (or two) nodes and two links emanated from one them (see
network motifs composed of an arbitrary number of links  Fig. 3).
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FIG. 3. Schematic representation of diverging (left) and converg-
ing (right) pitchforks. Black dots represent network nodes, arrows
symbolize directed temporal links.

We relate such motifs to an implicit relationship between
two nodes i-j that are somehow influenced (or influencing) by
a third node k. If “third-party” nodes k’s are more than one for
a given pair i- j, then we consider them together summing over
k. The strength of these implicit relationships can be associ-
ated with the probability that two random walkers starting (or
arriving) in k end up (or come from) one in i and the other in
Jj. Similarly, the probability can be summed over k to obtain
the global implicit connection probability for i-j. As for the
explicit case (Sec. III), we can derive (see below) both non-
cumulated and cumulated implicit connectivity probabilities
and, consequently, relate these probabilities with portions of a
quantity Q transported across the network (see also Sec. 11 B).

Note that implicit connections studied here happen “syn-
chronously.” For the temporal case, it means that both random
walkers ensuring connections start from (or end up in) node k
at the same time. It is also the same time at which they reach
(or start from) node i and j, respectively. For static networks,
it means that we consider for each single noncumulated con-
nection two random walks of the same number of steps. From
a physical perspective, this is tantamount to sampling/tagging
a transported quantity at the same time. This requirement is
consistent with the fact that, for any dynamics running on the
network, the states of each node would change in time so that
it would be difficult to interpret nonsynchronous relationships.
More generally, if we look for a correct synoptic view of a
system, then we need to consider comparable snapshots of
the associated network, i.e., matching time intervals (temporal
case) or the degrees of separation (static case). This would
be the case, for instance, when studying indirect interactions
between competitors for the same resource in food webs,
shared “influencers” of opinions in social systems or common
sources of pollutants in fluid transport networks.

A. Pitchfork motifs and the implicit connectivity concept
1. Single pitchfork motifs

From now on, let us focus on diverging pitchforks (an
analogous approach can be used for the converging ones) over
a time interval [fo;¢;]. Both links composing the pitchfork
emanated from the “source” node k and point to nodes i and j.
We look for the probability that two random walkers, released
simultaneously in i and j at #;, moving backward-in-time,
arrive together into & at ty. Such probability can be related to a
sampling process on the pair i — j. Indeed, if we take a sample
of the quantity Q in i at time ¢, the probability that such
sample was in k at time 7o is B}, ~ . Similarly, the probability
for j would be B'j'k_’ ", Hence, if we sample simultaneously in

i Bt j i
o —> 0 [ ]

O

FIG. 4. Degenerate pitchforks composed of two nodes instead of
three, i.e., when k =i or k = j respectively. Black dots represent
network nodes, arrows symbolize directed temporal links.

B/_jt].to j
— 0

U

t-t, ty+t,
B, % Bt

i and j at f; the probability that both samples were in k at 7, is

B " B’j‘k_’ o, (22)

Note that in the particular case (called here degenerate
pitchfork) for which k =i or kK = j the formulation is con-
ceptually consistent. For instance, for k = i the probability of
Eq. (22) becomes Bj; ~ “B'; " and the node i acts as source
as well as destination (see Fig. 4).

2. Summing over pitchforks

We now address a more general question: if one samples
a quantity in nodes i and j at 71, then what is the probability
that both samples share the same origin at 7y (regardless of the
origin nodes)? This is equivalent to looking for the probability
that two random walkers, released simultaneously in i and j
at 11, arrive backward-in-time into the same node at #y. By
generalizing Eq. (22), such probability is the simple sum over
all the £ nodes that form a pitchfork with i and j. This is
because (i) the probability that a sample in i comes from k
is independent from the probability that a sample in j comes
from k and (ii) sampling quantities coming from different
k’s inside a single node are mutually-exclusive events. We
associate this backward-in-time total probability with what we
call as implicit connectivity and we define it as:

=ty _ Yh—to _ H—>tlopti =1l _ ph—t Tt —ty.
Iij _Iji = E Bik Bjk =(B B )ijs
k

(23)
where with "B" = we denote the transpose of B 1,

Note that when i = j we have I} 7" =", (B?}(_"“)2 that
corresponds to the probability that two random samples of
the quantity in i came from the same origin (assuming a
sampling with replacement). This measure corresponds to
the backward-in-time Rényi-entropy for ¢ = 2 of the node i
defined in Ref. [12]. Interestingly, I} ~™ is also related to
the definition of the well known Simpson index and could
be interpreted thus as a measure of diversity of origins of the
quantity contained in i.

For the case of converging pitchforks an analogous devel-
opment can be done. Indeed, when the two links converge to
a common “destination” node k, we can calculate the prob-
ability that two random walkers, released simultaneously in
i and j at tp, moving forward-in-time arrive together into k
at #1. Such probability corresponds also to the chance that
given portions of tagged quantity in i and j at #o will reach
simultaneously & at 7.
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3. Bounding implicit connectivity probability
We want to prove that L;”" < 1 for every i, j. Using
that B'j‘kﬁ <1 and B;}cﬁ’“ < 1 and that ), B?}ﬁ’“ =1 and
>« B = 1 one can easily find the following relationship:

o0y BT =1, 4)
k

70y BT =1 (25)
k

B. Noncumulated multistep implicit connectivity

Here, analogously to what we did for explicit connectivity
(Sec. III), we first define the noncumulated multistep implicit
connectivity by focusing on a fixed number of M steps (in-
stead of single links). We develop only the case of backward
implicit connectivity but the same reasoning can be used for
forward-in-time dynamics.

For M = 2, the multistep implicit connectivity between
node i and j is denoted as

Z ( Z Bl‘z -1 Bt. — 1y Z Br/2m—> len — 1o
m
= [(B2 "B~ 0) (BRI ]
We can generalize Eq. (26) formula to M steps to define
the noncumulated multistep implicit connectivity calculated
forward-in-time in matrix form as

(26)

M (g, ty) = (Fo =0, R = in) [(Ro=n = i)
(27

and the matrix form of the noncumulated multistep implicit

connectivity calculated backward-in-time as

B! azo) T(BrM =t

Al(to, ty) = (B 0t L B ).

(28)
|

C. Cumulated multistep implicit connectivity

Similarly to Sec. IIIC, we now further consider the case
of multiple numbers of steps to introduce the cumulated mul-
tistep implicit connectivity (see Fig. 2). We refer gain to the
discrete time sequence {to, t1, . .., ty—1, fyr} introduced before
and, without loss of generality, we consider multistep connec-
tivity realized in any number of steps comprised between 1
and M. In other words, we look for a generic analytical expres-
sion to obtain the probability of linking two nodes by implicit
connections occurring over a range of possible number of
steps. For forward-in-time dynamics, the initial time 7y is fixed
while the number of steps considered increase successively
up to largest #;’s. Backward-in-time, the final time #), is fixed
while the number of steps considered starts from the lowest
#;’s and increases successively.

1. Deriving up to 3-steps cumulated multistep implicit connectivity

We consider in the following the forward-in-time implicit
connectivity and, as before, all the derivations are similar
for the backward-in-time case. Keeping fixed the initial time
tp, we focus on the nodes i and j and we want to find an
expression for the union of the multistep implicit probabilities
increasing progressively the number of steps from 1 to M.
Since the probabilities at different numbers of steps are not
mutually exclusive, we cannot use the simple probability sum.
First, we evaluate the probability union from one to three steps
and then we generalize it up to a generic M. We define the
three events:

(1) A: reaching the same destination from i and j in one
step,

(2) B: reaching the same destination from i and j in two
steps,

(3) C:reaching the same destination from i and j in three
steps.

The union of the probabilities of the above three events,
which we call cumulated multistep implicit connectivity, is
derived from Eq. (11). Following Eq. (27), we have

PA) =) Fy 7 Fy7N, (29)
k
P(B) = Z (ZF’W" | ZF’D*’ ’2> (30)
P(C) — Z < Z le‘(l) — 1 F;lf—> IzFIfzk—> 13 Z Fljam—> “ng; tzFla — t3> (31)
k Lf mg
Consequently, the remaining terms of Eq. (11) are

P(A)P(BlA) — Z < Z Fm—>t| Fn —>tsz—> n Ft| — lv)’ (32)
P(B)P(C|B) — Z ( Z F.m -1 Fr, — tzFrz —13 Z th',mﬁ tlFtl — tan — z;) , (33)

k m
PAPCIA) = ) (ZF?P“ T DI e ) (34

k Lf g
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P(A)P(B|A)P(CIANB) = Z (ZF?;M,F;T 12F33k—> 13F391—>1|F;1f—> zzefZ: 13)_ (35)
k Lf

Developing properly the sum ), in Eq. (30) and the sums )
inside Eq. (11) and we finally find

PAAUBUC); =Y Fy "Fy”7 "+ (Z Fo 7 "F TRy CFY R ’2>
k

k I m#l

cx (T T ) -
Lr

k m#l,g£f

From a geometrical point of view, preventing the indexes m and g from taking the values of / and f corresponds
to excluding the paths starting from i and j that converge to any common destination node more than once. Re-
calling the definition of the matrix IL as the all-ones matrix minus the identity matrix i.e., L =J — [, we can write
Eq. (36) as

in Eq. (31), the contributions from Eqs. (32)—(35) cancel out

m.g

PAAUBUC); =Y Fs7"Fy”7" + ( > Ry F T L, K R ’2)
k k lm

N (o | @
k

L.f.m.g

By using the Hadamard product and performing some transpositions, we can finally find an expression for Eq. (37), for every
pair i — j, in a compact form and define the matrix:

Ab(to ) = Flo—n TFmetl 4 Fo—n Lo (Ft] -t TFt] -t N TFt(,ar.
+FO (Lo (F' 2L o (F2 =0 TFe i) T ey o=, (38)

2. Generalizing up to M-steps cumulated multistep implicit connectivity

To generalize the result derived in the previous section, we consider the probability union of M different events Aj, ..., Ay
using the inclusion-exclusion formula of Eq. (18). Keeping fixed the initial time #;, we derive thus the cumulated multistep
implicit connectivity calculated forward-in-time:

A f(t() ty) = Foo—n TFto ~h 4 Fl—n [Lo (Ftl —1n TF” - N TFtO =1
4+ Fo—h (Lo {Ft1 ‘”Z[]L o (theg Tth»m)] TFt| ~>t2}) TF’O"’I o
FFO TN o (F" 72 (Lo ... (Fu- — i TR~y ) Tpn =) Tgo—>n, (39)

Similarly, keeping fixed instead the final time #);, we derive the cumulated multistep implicit connectivity calculated backward-
in-time:

A b(lO fM) — BIM = Im-1 TBIM —> -1 + BIM —> -1 []L ° (BIM—I —>Iy-2 TBIM—I —> M2 )] TBIM —> -1

+ Bim = -1 (IL o {BtM—] —> Iy []L ° (BZM’Z —> -3 TBfoz —>1tm-3 )] TBtM—] - thz}) TBtM = Iy-1 .

+ BIM_’IM—I []L o (BtM—l —> Iy {]L o [ . (Btl —> 1o TBll i to) . ]} TBIM—I —>t,w72)] TBIM —> Iy . (40)
[
Hence, A’ and A ® provide the expected probabilities for two V. EXAMPLE APPLICATIONS BASED ON
random walkers released at the same time in two nodes of the SIMPLE NETWORKS

network of arriving both into the same node in over a range of
steps comprised between 1 and M, forward- and backward-
in-time respectively. Consequently, A/ corresponds also to
the probability that two portions of tagged quantity Q from

a_n(?de pair bWiH arrive to the same npfie forward-in-ti.me. multistep explicit and implicit connectivity assuming no time-
Similarly, A corresponds to the probability that two portions dependence (Table I). In Table I we report the values of TV

of sampled quantity Q from a node pair come from the same and A with M = 1, 5 and 100 for every pair of nodes in both

node backward-in-time. networks. We then perform numerical experiments releasing

We now study the performance of our novel connectivity
metrics when applied on two simple, static networks repre-
sented in Fig. 5. To start simple, we compare the analytical
and the numerical results for the forward-in-time cumulated
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TABLE 1. Tables reporting connectivity values of I/ and A/ with M = 1, 5, and 100 for every pair of nodes of the two example networks
shown in Fig. 5. The left table reports values for the network A and the right table reports values for the network B.

r/ A r/ A
M=1 M=5 M=100 M=1 M=5 M =100 M=1 M=5 M=100 M=1 M=5 M=100
a—a 0 0.855 1 0.52  0.84976 1 a—a 0 0.7 0.7 0.58 0.706 1
a—b 06 09856 1 0.3 0.67607 1 a—b 07 0.7 0.7 0 0.153 1
a—c 04 058 1 042  0.755562 1 a—c 03 0.51 1 0.3 0.51 1
a—d 0 0.9275 1 0 0.6402272 1 a—d 0 0.7 0.7 0 0.2601 1
b—a 0 0.9375 1 0.3 0.67607 1 b—a 0 1 1 0 0.153 1
b—b 05 094 1 0.5 0.73775 1 b—b 0 0.7 0.7 1 1 1
b—c 0 0.35 1 0.5 0.73775 1 b—c 0 0.3 1 0 0.3 1
b—d 05 096875 1 0 0.57058 1 b—d 1 1 1 0 0.153 1
c—a 0 0.9125 1 042  0.755562 1 c—a 0 0 0 0.3 0.51 1
c—b 0.7 0.964 1 0.5 0.73775 1 c—>b 0 0 0 0 0.3 1
c—>c 0 0.33 1 0.58  0.77971 1 c—c 1 1 1 1 1 1
c—d 03 095625 1 0 0.58398 1 c—d 0 0 0 0 0.51 1
d—a 1 1.0 1 0 0.6402272 1 d—a 1 1.0 1 0 0.2601 1
d—b 0 0.952 1 0 0.57058 1 d—b 0 0.7 0.7 0 0.153 1
d—c 0 0.52 1 0 0.58398 1 d—c 0 0.51 1 0 0.51 1
d—d 0 0.855 1 1 1 1 d—d 0 0.7 0.7 1 1 1

thousands of random walkers across the networks verifying
that their encounter probabilities match perfectly the values
of I/ and A’/. As highlighted in Fig. 6, we clearly see that
explicit and implicit connectivity present marked differences.
Moreover, the results show that, while explicit connectivity
is not necessarily symmetric with respect to i and j, implicit
connectivity is symmetric by definition (i.e., Af;; = A ;).
We note also that, for explicit connectivity with M = 100,
the probabilities saturate to one only for the network A of
Fig. 5. This can be explained by the fact that the network A
is strongly connected while the network B is not, for such
reason the node c in the network B acts as an absorbing
state for random walkers impeding the saturation to one of
all probabilities.

To include the effect of temporal dynamics and highlight
its relevance for connectivity patterns, we also study the case
of a temporal network. To this aim, we consider the network A
of Fig. 5 and we cyclically modify some of its weights while
keeping the average equal to the original static network. In this
way, we can properly assess the differences between a tempo-

ral network and its aggregated static counterpart. Specifically,
we use the following temporal weights sequences:

a—b (0.6,0.5,0.4,0.7,0.8),
a—c (0.4,0.5,0.6,0.3,0.2),
c—>b (0.7,0.6,0.5,0.8,0.9),
c—d (0.3,0.4,0.5,0.2,0.1),

where each sequence describes the weights of a link for five
time intervals and then is repeated, the other weights are kept
constant in time as in network A. In Table II we report the
values of I/ and A with M = 1, 5, and 100 for every pair of
nodes in both networks. We note that, consistently, for M = 1

TABLE II. Table reporting connectivity values of I/ and A
with M = 1,5, and 100 for every pair of nodes of the temporal
version of the network A shown in Fig. 5.

r/ A

M=1 M=5 M=100 M=1 M=5 M=100

(@) d (b) d a—a 0 0.865 1 0.52  0.8705 1

) § a—b 06 09952 1 03 07102 1

05 s a—c 04 052 1 0.42 0.7829 1

@/ / a—d 0 0.9325 1 0 0.6438 1

a0 e b [0 a0 T————eb b—a 0 09375 1 03 07102 1

. b—b 05 09 1 0.5  0.766 1

o4 o7 03 O b—c¢ 0 0.4 1 0.5  0.766 1

. . b—d 05 096875 1 0 0.5581 1

c c c—>a 0 0.9125 1 0.42  0.78296 1

c—>b 07 0964 1 0.5  0.766 1

FIG. 5. Examples of two small static networks: a strongly con- c—c 0 0.319 1 0.58 0.80344 1

nected network A (left panel) and a weakly connected network B c—>d 03 0956 1 0 0.5869 1

(right panel). Black dots represent network nodes, arrows symbolize d—a 1 1.0 1 0 0.6438 1

directed static links. Small letters label different nodes and numbers d—b 0 0.95 1 0 0.5581 1

are forward-in-time probabilities of transition associated with each d—>c 0 0.55 1 0 0.5869 1

link. Note that while the network A is strongly connected, the net- d—>d 0 0.87 1 1 1 1
work B is not.
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FIG. 6. Schematics highlighting the differences between explicit
and implicit connectivity metrics applied to both aggregated and
temporal descriptions of the network A of Fig. 5. The four upper
panels represent explicit and implicit connections for M = 1 and 5
with arrows colored according to their probabilities (see also Table I).
The two lower panels show the probability differences (i.e., the
aggregated case, Table I, minus the temporal case, Table II) of both
explicit and implicit metrics of connectivity for M = 5.

and 100 the probabilities coincide with the static case. Indeed,
on the one hand, in the first time interval the static network
A coincide with its temporal version while, on the other hand,
for M = 100 probabilities saturate to 1 driven by links geome-
try rather than weight’s values. As shown in Fig. 6, for M =5
we can find instead significant differences between the static
and aggregated case that are a clear signature of the temporal
dynamics.

All in all, the above results suggest that T/ and A/ can
provide different and complementary information about the
connectivity processes occurring across a network. Moreover,
as already pointed out by several studies [2], connectivity
patterns can change significantly between a full temporal net-
work description and its aggregated counterpart and this is
well reflected in our simple examples.

VI. APPLICATION TO OCEAN TRANSPORT

We now apply our theoretical framework on a real-case
network representing the dynamics of fluid elements by geo-
physical transport processes (e.g., oceanic or atmospheric
circulation). Network approaches have demonstrated great ef-
fectiveness in assessing transport and mixing of fluid parcels
in both theoretical and geophysical settings [12,24,36—40].
Studying the connectivity of such networks consists in esti-

mating the probability of exchanging fluid parcels among dif-
ferent geographical locations. Since water (air, respectively)
parcels carry numerous particulate and dissolved substances,
connectivity is tantamount to evaluating how any almost-
passive tracer is transported and dispersed by the oceanic
(atmospheric, respectively) circulation. As such, relevant ap-
plications of transport networks already include studying the
spread of oceanic tracers [41,42], microplastics [43], biologi-
cal propagules [44—47] and of atmospheric pollutants [48].

Focusing on the ocean, network-based studies recently
reported the presence of both preferential corridors and
semipermeable barriers of transport within realistic oceanic
flows [12,18], as documented also by alternative methods
developed from dynamical systems theory [49,50]. These
dynamical features, which were associated with relatively per-
sistent fronts [51] (jetlike currents [52], respectively) tend to
prevent (facilitate, respectively) the chaotic advection of water
parcels across (within, respectively) them. Their existence
determines the magnitude of connectivity among distinct
oceanic subregions [53] and results in the emergence of broad-
scale transport patterns [31,42,44]. However, this view of
ocean connectivity has been mainly described by only consid-
ering explicit connections associated with a precise transport
duration. Hence, the cumulated and implicit approaches in-
troduced in the previous sections can bring new insights into
how different places of the ocean can be connected by water
parcels dispersal. In the following, we apply our previous
analytical results to provide a broader and more general per-
spective of the connectivity of a realistic transport network
in the Mediterranean Sea. In particular, we illustrate how our
new metrics allow extracting novel and relevant information
(that is well explained by current oceanographic knowledge)
from a state-of-the-art oceanic flow field but we by no means
intend to assess the reliability of the hydrodynamical model
that generated it.

Adopting the Lagrangian flow network approach [12], we
define a set of N = 967 oceanic nodes representing small,
equal-sized subregions of the Mediterranean Sea surface.
Links and weights between such set of nodes quantify water
parcels exchanges driven by ocean currents over a time-
interval of 30 days forward-in-time. To construct the network,
we use a reference horizontal flow fields produced by an op-
erational data-assimilating ocean model whose outputs have
been validated [54]. More specifically, we exploit realistic
daily currents at 10 m depth over a 30-day period spanning
01/06/2012-01/07/2012 [top-left insert in Fig. 7(a)]. The
examination of M-steps on this network corresponds to the
concatenation of M-times transport events of 30 days under
the approximation of negligible diffusion and vertical dis-
placements [18,24]. Explicit forward-in-time connectivity, in
this case, is associated with the probability for a fluid parcel of
traveling from one node to another and thus, to the probability
that tagging a volume of water in one region of the ocean
it will arrive to another given destination (after 30 days).
Implicit connectivity represents instead the probability for two
water parcels, belonging each of them to different nodes, of
ending up in a third specific node. Again, this can be seen as
the probability that two tagged volumes of water will meet
together at a different common place in the ocean afterwards
(after 30 days).

042309-10

79



3. De la connectivité démographique a la connectivité génétique : une approche

EXPLICIT AND IMPLICIT NETWORK CONNECTIVITY: ...

multi-génération cumulative — 3.2. Article

PHYSICAL REVIEW E 103, 042309 (2021)

Latitude (°N)

[ w W w
[+ ~ © ©

w
3]

Latitude (°N)
w w w w »
(<] ~ © © o

w
a

Longitude (°E)

Mean modulus (m.s )

0.01

FIG. 7. Maps of the study area covering the western Mediterranean Sea. (a) Horizontal currents direction (thin white arrows) and mean
modulus (background colors, in m s~!) of the 10 m flow field averaged over one month (01/06/2012-01/07/2012). The top-left insert displays
the whole model domain covering the entire Mediterranean basin. (b) Streamlines of the 10 m flow field averaged over one month (01,/06/2012—
01/07/2012). The red dot indicates the studied coastal site located south of Cartagena. Other annotations highlight the main transport features,
adapted from [57,58]. Transport Barriers (TB) are depicted in black dotted lines with the Almeria-Oran front (TB1), the Cartagena-Tenes
front (TB2), the Balearic front (TB3), and the meandering barrier associated with the northern Tyrrhenian gyres (TB4). Mean positions of the
preferential Transport Corridors (TC), associated with the main geostrophic jetlike currents, are represented as plain red lines with the Algerian
current (TC1), the Atlantic-Ionian jet (TC2), and the Northern current (TC3).

We first investigate how the conventional appraisal of
ocean connectivity (i.e., single step explicit) changes when
computing our connectivity metrics at a few different time
steps. To do so, we arbitrarily select a coastal site located
to the south of Cartagena [see the red dot in Fig. 7(b)] in
the Alboran Sea and we analyze the evolution of a dispersal
plume starting from this reference site using both I'/* and
AS for M = 1,2, and 5 (Fig. 8). Assigning the index i to
the targeted location and by considering all the nonvanish-
ing indexes j, we can map all the nodes, along with their
associated probabilities, which are explicitly or implicitly
connected with the reference coastal site. Next, we briefly
review the main transport barriers and conduits documented
by previous research in the study-area and we highlight
how explicit connectivity conforms with previous findings

while implicit connectivity brings new insights to ocean
connectivity.

In the western Mediterranean Sea, previous research high-
lighted, on the one hand, the presence of several Transport
Barriers (TB, black annotations in Fig. 7) associated with
major oceanographic fronts: the Oran-Almeria front [44,55],
the Carthagena-Tenes front [56] and the North-Balearic front
[42,44,57]. On the other hand, preferential Transport Corri-
dors (TC, red annotations in Fig. 7) are associated with the
main geostrophic jetlike currents such as the Algerian current,
the Atlantic-Ionian jet and the Northern current [18,58,59].

When M =1 in the explicit case (Fig. 8) (e.g., equiva-
lent to single-step explicit estimates), the dispersal plume is
spatially inhomogeneous with two cores of medium to high
probabilities (~107! to 1072) which are well-explained by
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FIG. 8. Forward-in-time dispersal plumes for a tracking-time of 30 days starting from Cartagena, as derived from the explicit (left panels
a, ¢, and e) and implicit (right panels b, d, and f) connectivity metrics using different number of steps (from upper to lower panels: M = 1,
2, and 5). Each node is colored according the probability of connection starting from our reference site (red dot) located south of Cartagena.

White nodes indicate no connectivity (null probability).

the pre-identified transport features [Figs. 7(a) and 7(b)]. The
Almeria-Oran and Cartagena-Tenes fronts, likely associated
with an intense quasi-stationary eddy [Fig. 7(b)] trap water
parcels south of Cartagena while the nearshore pathway of
the Algerian current [Fig. 7(b)] allows some parcels to flow
across TB2 and thus to disperse eastward into the Algerian
basin (up to 5°E only, Fig. 8). The single-step implicit con-
nectivity plume is much larger, extending from the strait of
Gibraltar to about 10°E, and associated with more homo-
geneous probabilities than in the explicit case. While both
cores of high probabilities (ranging from ~1072 to 107")
are similar in both cases, the implicit plume exhibits mod-
erate to low probabilities (~107%) in the western Alboran
Sea and in the north-eastern Algerian basin. These implicit
patterns are counter-intuitive and more difficult to interpret
as they involve indirect connections ensured by “third-party”
nodes. The reference site appears to be connected to the
western Alboran Sea despite the presence Oran-Almeria front
(TB1) and the continuous entrance of Atlantic waters (surface
transport is mostly eastward) because they send waters to
common downstream locations. Similarly, the low probabili-
ties found in the north-eastern Algerian basin are probably due
to recirculation processes and indirect connections ensured
by coastal (counter-) currents and the meandering Algerian
current. It suggests that, while the Cartagena-Tenes transport
barrier constrains strongly the explicit plume [55], it becomes
permeable in the case of the implicit plume.

For M =2, the explicit connectivity dispersal plume ex-
tends north-eastward, reaching 10° E [Fig. 8(c)]. The cores of

high probabilities (~10~") match those revealed by the single-
step (M = 1) plumes, corroborating the cumulative property of
our methodology. Less probable connections (~1072 to 10™%)
are found in most of the Algerian basin after approximating 60
days of advection, whereas they were absent for M = 1. Act-
ing as a transport barrier, the Balearic front [TB3, Fig. 7(b)]
might explain why the plume does not extend further north.
As such, explicit two-step connectivity suggests that our ref-
erence site remains disconnected from the French and Italian
coastlines and from the Alboran Sea. Conversely, the implicit
connectivity plume spreads substantially across the western
Mediterranean, connecting our reference site to most shore-
lines until ~10°E and ~45°N [Fig. 8(d)]. Probabilities are
larger or equal than ~10~2 south of TB3 while they drop down
to 10~ north of the barrier [Figs. 8(c) and 8(d)]. It indicates
that weak implicit connections across the Balearic front occur
at M = 2 despite the large distances and the supposed trans-
port barrier effect. This can be explained by the fact that, in the
vicinity of the front, water parcels coming from the reference
site can encounter parcels coming from north of the barrier,
realizing thus such implicit connections [Fig. 7(b)].

For M = 5 (i.e., surface transport over 150 days), the mul-
tistep explicit connectivity plume [Fig. 8(e)] spreads across
most of the western Mediterranean basin and penetrates the
Ionian Sea. These connectivity patterns are well-explained
by the mean circulation highlighted in Figs. 7(a) and 7(b).
The northern Tyrrhenian meanders (the Almeria-Oran and
Cartagena-Tenes fronts, respectively) prevent effective con-
nections with the northern Tyrrhenian Sea (the Alboran Sea,
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FIG. 9. Mean probabilities of connection (left panel) and the associated standard deviations (right panel) for all possible pairs of nodes in
our ocean network for steps ranging M = 1 to M = 1000. Black plain (dotted, respectively) lines stand for the cumulated multistep explicit

(implicit, respectively) connectivity.

respectively). The Northern current (the Atlantic-Ionian jet,
respectively) ensure rare connections (~107*; 1073) with the
northern shorelines (with the eastern Ionian Sea, respectively).
The multistep implicit connectivity plume [Fig. 8(f)] is larger:
it covers the entire western Mediterranean basin and spreads
over the Ionian Sea as well as the southern Adriatic Sea,
despite the presence of the previously mentioned transport
barriers. In comparison with the two-step implicit connectiv-
ity, the core of elevated probabilities extends further north,
suggesting that the barrier effect of the Balearic front vanishes
when longer transport durations are considered. For M =5
and using both explicit and implicit methods, our reference
site is weakly but consistently connected to most distant coast-
lines, except the northern Adriatic shores.

Finally, we analyze the global statistical distribution of our
explicit and implicit proxies as a function of the number of
steps. To do so, we compare the forward-in-time cumulated
multistep explicit (I'/) and implicit (A) connectivity met-
rics for different M spanning 1-1000 by computing mean
probabilities of connection, and their associated standard de-
viations, for all pairs of nodes (i.e., N x N = 935 089 pairs) of
our flow network (Fig. 9). We find that the mean I/ probabil-
ities grow sublinearly with the number of steps until reaching
a plateau at around 0.1 after about M = 800 steps. Mean A/
probabilities grows almost-linearly with the number of steps
until reaching a plateau at around 0.5 after approximatively
M = 500 steps. For both metrics, saturation does not reach 1,
as it was shown for one of the theoretical cases (see Sec. V),
due to the presence of weakly connected components in our
realistic ocean network. At saturation, explicit probabilities
are spread-out over a wide range of values since the standard
deviation tend to overcome the means. Implicit probabili-
ties are more homogeneous and closer to the mean, even at
saturation.

All in all, the newly introduced “implicit connectivity”
proxy suggests thus that the connectivity of the surface ocean
could have been substantially underestimated by previous
methods, providing novel possible directions for the study
of dispersion and transport patterns of any tracer across the
ocean.

VII. CONCLUSIONS AND PERSPECTIVES

Our theoretical approach can be applied to study any
kind of temporal, weighted and directed network in which
a random walk can be defined. This should guarantee a
broad applicability to various fields such as ecology, epi-
demics spreading, mobility, genetics and fluid-dynamics. By
introducing the cumulated connectivity formalism, we pro-
vide exact analytical expressions for random walk connection
probabilities between any pair of nodes and across arbitrary
ranges of number of steps. This framework could constitute a
first step for future modeling efforts to characterize network
connectivity from a probabilistic perspective. We first focused
on explicit connectivity patterns realized by paths and then for
a novel implicit connectivity concept associated with network
pitchforks. Such implicit view of connectivity highlighted net-
work topological features overlooked until now. Future stud-
ies could indeed investigate how different network topologies,
such as random, small-world or scale free, would be reflected
in implicit connectivity patterns and how the latter would be
related to different network dynamical regimes. Moreover,
when random walk single-step transition probabilities can be
mapped to fractions of a given quantity exchanged across the
network, it is possible to link the probabilistic connectivity
interpretation to transport dynamics. Indeed, we showed that
explicit connection probabilities correspond to probabilities
related to processes of tagging or sampling the transported
quantity in a node forward- or backward-in-time, respectively.
Analogously, implicit connection probabilities are also related
to tagging or sampling processes but in two nodes simultane-
ously. These relationships can be further developed both the-
oretically and for practical applications, such as tagging and
sampling experiments on spatial systems, discovering indirect
interactions in complex ecological networks or further char-
acterize diseases spreading and opinion dynamics in social
systems. Possible extensions of our approach can also include
nonconservative dynamics such as production, consumption
and transformation of a transported quantity by modulating
the probabilities at node scale. We finally illustrated an ex-
ample of how our results can be applied to characterize fluid
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transport driven by ocean currents in the Mediterranean Sea.
We showed that our approach extends and generalizes the way
physical connectivity in the ocean was understood until now
and unveils hidden connections between different regions of
the Mediterranean Sea. Consequently, this changes also our
understanding of the role of some oceanographic features,
such as transport barriers and transport corridors, in control-
ling fluid connections across the seascape. Applications of
this methodology to geophysical flows could provide novel
insights on the spreading of drifting organisms, pollutants and,
more generally, any tracer that is transported by the flow.

The Python codes used to compute connectivity probabili-
ties are available online [60].

ACKNOWLEDGMENTS

E.S.-G. is grateful to C. Payrat6 Borrés for discussions on
the analytical derivations. T.L. is funded by a Doctoral fel-
lowship obtained through Aix-Marseille University. V.R. and
T.L. acknowledge financial support from the European project
SEAMoBB (Solutions for sEmi-Automated Monitoring of
Benthic Biodiversity), funded by ERA-Net Mar-TERA (id.
145) and managed by the ANR (Grant No. ANR-17-MART-
0001-02, P.I.: A. Chenuil). I. H.-C acknowledges the Viceng
Mut contract funded by the Government of the Balearic Island
and the European Social Fund (ESF) Operational Programme.
This study has been conducted using E.U. Copernicus Marine
Service Information.

[1] S. Boccaletti, V. Latora, Y. Moreno, M. Chavez, and D.-U.
Hwang, Phys. Rep. 424, 175 (2006).

[2] P. Holme and J. Saramiki, Phys. Rep. 519, 97 (2012).

[3] D. J. Watts and S. H. Strogatz, Nature 393, 440 (1998).

[4] E. Estrada and N. Hatano, Phys. Rev. E 77, 036111 (2008).

[5] H. H. K. Lentz, T. Selhorst, and I. M. Sokolov, Phys. Rev. Lett.
110, 118701 (2013).

[6] A. Barrat, M. Barthelemy, and A. Vespignani, Dynamical Pro-
cesses on Complex Networks (Cambridge University Press,
Cambridge, UK, 2008).

[7] Y. Moreno, R. Pastor-Satorras, and A. Vespignani, Eur. Phys. J.
B 26, 521 (2002).

[8] R. E. ULANOWICZ and J. S. Norden, Int. J. Syst. Sci. 21, 429
(1990).

[9] D. Garlaschelli, G. Caldarelli, and L. Pietronero, Nature 423,
165 (2003).

[10] M. Rubinov and O. Sporns, Neuroimage 52, 1059 (2010).

[11] D. Kempe, J. Kleinberg, and E. Tardos, in International Collo-
quium on Automata, Languages, and Programming (Springer,
Berlin, 2005), pp. 1127-1138.

[12] E. Ser-Giacomi, V. Rossi, C. Lopez, and E. Herndndez-Garcia,
Chaos 25, 036404 (2015).

[13] M. E. Newman, Nat. Phys. 8, 25 (2012).

[14] L. Lovasz et al., Combinatorics 2, 1 (1993).

[15] M. E. Newman, Soc. Netw. 27, 39 (2005).

[16] N. Masuda, M. A. Porter, and R. Lambiotte, Phys. Rep. 716, 1
(2017).

[17] D. Brockmann and D. Helbing, Science 342, 1337 (2013).

[18] E. Ser-Giacomi, R. Vasile, E. Hernandez-Garcia, and C. Lépez,
Phys. Rev. E 92, 012818 (2015).

[19] A. Gautreau, A. Barrat, and M. Barthélemy, J. Stat. Mech.:
Theory Exp. (2007) L09001.

[20] S. Huntsman, in International Conference on Complex
Networks and their Applications (Springer, Berlin, 2018),
pp. 433-444.

[21] A. Barrat, M. Barthelemy, R. Pastor-Satorras, and A.
Vespignani, Proc. Natl. Acad. Sci. USA 101, 3747 (2004).

[22] M. A. Serrano and M. Bogund, Phys. Rev. E 68, 015101(R)
(2003).

[23] R. Pastor-Satorras and A. Vespignani, Evolution and structure
of the Internet: A Statistical Physics Approach (Cambridge
University Press, Cambridge, UK, 2007).

[24] E. Ser-Giacomi, R. Vasile, 1. Recuerda, E. Herndndez-Garcia,
and C. Lopez, Chaos 25, 087413 (2015).

[25] N. Perra, A. Baronchelli, D. Mocanu, B. Gongalves, R. Pastor-
Satorras, and A. Vespignani, Phys. Rev. Lett. 109, 238701
(2012).

[26] M. Starnini, A. Baronchelli, A. Barrat, and R. Pastor-Satorras,
Phys. Rev. E 85, 056115 (2012).

[27] W. Wang, M. Tang, H. E. Stanley, and L. A. Braunstein, Rep.
Prog. Phys. 80, 036603 (2017).

[28] C. R. Woese, Proc. Natl. Acad. Sci. USA 97, 8392 (2000).

[29] C. Gracia-Ldzaro, L. Herndndez, J. Borge-Holthoefer, and Y.
Moreno, Sci. Rep. 8, 1 (2018).

[30] D. Chen, L. Lii, M.-S. Shang, Y.-C. Zhang, and T. Zhou, Physica
A 391, 1777 (2012).

[31] P. Miron, F. J. Beron-Vera, M. J. Olascoaga, J. Sheinbaum, P.
Pérez-Brunius, and G. Froyland, Sci. Rep. 7, 7021 (2017).

[32] R. V. Donner, M. Lindner, L. Tupikina, and N. Molkenthin, in
A Mathematical Modeling Approach from Nonlinear Dynamics
to Complex Systems (Springer, Berlin, 2019), pp. 197-226.

[33] R. Banisch, P. Koltai, and K. Padberg-Gehle, Chaos 29, 063125
(2019).

[34] H. Kim and R. Anderson, Phys. Rev. E 85, 026107 (2012).

[35] P. Koltai and D. M. Renger, J. Nonlin. Sci. 28, 1915 (2018).

[36] E. Ser-Giacomi, V. Rodriguez-Méndez, C. Lopez, and E.
Herndndez-Garcia, Eur. Phys. J.: Spec. Top. 226, 2057
(2017).

[37] V. Rodriguez-Méndez, E. Ser-Giacomi, and E. Hernandez-
Garcia, Chaos 27, 035803 (2017).

[38] M. Lindner and R. V. Donner, Chaos 27, 035806 (2017).

[39] K. Padberg-Gehle and C. Schneide, Nonlin. Process. Geophys.
24, 661 (2017).

[40] D. Wichmann, C. Kehl, H. A. Dijkstra, and E. van Sebille,
Nonlin. Process. Geophys. 27, 501 (2020).

[41] A. Baudena, E. Ser-Giacomi, C. Lopez, E. Hernandez-Garcia,
and F. d’Ovidio, J. Marine Syst. 192, 1 (2019).

[42] E. Ser-Giacomi, G. Jorda-Sanchez, J. Soto-Navarro, S.
Thomsen, J. Mignot, F. Sevault, and V. Rossi, Geophys. Res.
Lett. 47, €2020GL089941 (2020).

[43] D. Wichmann, P. Delandmeter, and E. van Sebille, J. Geophys.
Res. Oceans 124, 6086 (2019).

[44] V. Rossi, E. Ser-Giacomi, C. Lépez, and E. Hernandez-Garcia,
Geophys. Res. Lett. 41, 2883 (2014).

042309-14

83



3. De la connectivité démographique a la connectivité génétique : une approche

EXPLICIT AND IMPLICIT NETWORK CONNECTIVITY: ...

multi-génération cumulative — 3.2. Article

PHYSICAL REVIEW E 103, 042309 (2021)

[45] C. J. Thomas, J. Lambrechts, E. Wolanski, V. A. Traag, V. D.
Blondel, E. Deleersnijder, and E. Hanert, Ecol. Modell. 272,
160 (2014).

[46] M. Dubois, V. Rossi, E. Ser-Giacomi, S. Arnaud-Haond, C.
Lépez, and E. Hernandez-Garcia, Global Ecol. Biogeogr. 25,
503 (2016).

[47] N. Ramesh, J. A. Rising, and K. L. Oremus, Science 364, 1192
(2019).

[48] S. Fellini, P. Salizzoni, L. Soulhac, and L. Ridolfi, Atmos.
Environ. 198, 291 (2019).

[49] S. Wiggins, Annu. Rev. Fluid Mech. 37, 295 (2005).

[50] G. Haller and G. Yuan, Physica D 147, 352 (2000).

[51] M. J. Olascoaga, 1. Rypina, M. G. Brown, F. J. Beron-Vera, H.
Kogak, L. E. Brand, G. Halliwell, and L. K. Shay, Geophys.
Res. Lett. 33, L22603 (2006).

[52] M. V. Budyansky, M. Y. Uleysky, and S. V. Prants, Phys. Rev.
E 79, 056215 (2009).

[53] P. Celentano, P. Falco, and E. Zambianchi, Deep Sea Res. 166,
103431 (2020).

[54] S. Simoncelli, C. Fratianni, N. Pinardi, A. Grandi, M. Drudi, P.
Oddo, and S. Dobricic, Mediterranean Sea Physical Reanalysis
(CMEMS MED-Physics) (Version 1) [Data set], Copernicus

Monitoring  Environment Marine Service (CMEMS)
(2019), https://doi.org/10.25423/MEDSEA_REANALYSIS_
PHYS_006_004.

[55] J. Tintore, P. La Violette, 1. Blade, and A. Cruzado, J. Phys.
Oceanogr. 18, 1384 (1988).

[56] I. Hernandez-Carrasco and A. Orfila, J. Geophys. Res.: Oceans
123, 4398 (2018).

[57] A. M. Mancho, E. Hernandez-Garcia, D. Small, S. Wiggins, and
V. Fernandez, J. Phys. Oceanogr. 38, 1222 (2006).

[58] C. Millot and 1. Taupier-Letage, in The Mediterranean Sea
(Springer, Berlin, 2005), pp. 29-66.

[59] P.-M. Poulain, M. Menna, and E. Mauri, J. Phys. Oceanogr. 42,
973 (2012).

[60] https://github.com/serjaaa/cumulated-net-conn.

Correction: The original Ref. [54] has been deleted. The
source information for the original Ref. [55], now set as [54],
has been modified. Subsequent references have been renum-
bered. The omission of a support statement has been fixed.

Second Correction: A wording error in the abstract and several
wording errors in text have been fixed.

042309-15

84



4. La connectivité coalescente sur
de multiples générations predit
le flux de genes pour divers
phylums marins

4.1. Résumé

Dans le chapitre précédent, nous avons défini la connectivité génétique a partir
d’évenements successifs et cumulatifs de dispersion larvaire, représentant les diffé-
rentes possibilités de flux de génes sur plusieurs générations entre populations. Les
connexions que nous appelons explicites appréhendent le lien filial : la transmission
sur une ou plusieurs générations de matériel génétique entre individus. Pour une
population cible, nous allons pouvoir quantifier la probabilité qu'une autre popula-
tion soit parente a un nombre de générations fixé. Les connexions que nous appelons
implicites considerent quant a elles la similitude génétique entre individus provenant
de mémes populations ancétres : elles permettent de quantifier la probabilité sous-
jacente que deux populations partagent les mémes populations sources. Le parallele
est net avec la théorie coalescente qui, en génétique des populations est un modele
rétrospectif qui estime le temps écoulé depuis un possible ancétre commun (Sig-
wart, 2009). Ainsi, toutes les populations considérées dans la connectivité coalescente
sont contemporaines (i.e. on estime la probabilité qu’elles partagent une population
ancétre commune). Ce n’est pas le cas pour la connectivité filiale, ou les paires de
populations sont temporellement séparées par le nombre de génération considéré.

Ici, nos modeles mécanistiques de connectivité filiale et coalescente (i.e. utilisant
respectivement les connexions explicite et implicite) vont estimer le flux de genes
potentiel entre paires de populations afin de les comparer aux patrons de structures

génétiques observés. Ces structures sont elles-mémes évaluées a partir de mesures
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de différentiation génétique (c’est-a-dire de variation de fréquence allélique) entre
paires de populations. Chaque paire de population est ainsi définie par un indice de
différentiation génétique, i.e. Fst (c.f. section 1.3.3.2). Méme si le flux de géne est le
pendant évolutif de la dispersion larvaire, de nombreuses incertitudes empéchent
de relier précisément la probabilité d’échange d’individus entre populations et les
Fst mesurés (Whitlock & Mccauley, 1999). Ces incertitudes concernent d'une part la
modélisation de la connectivité génétique a partir d’événements successifs de disper-
sion larvaire (voir Chapitre III), et d’autre part les restrictions quantitatives et spatiales
de I’échantillonnage de chaque étude individuelle de génétique des populations. 11
faut également mentionner les phénomenes de sélection naturelle et les phénomeénes
aléatoires agissant sur les fréquences alléliques des genes marqueurs utilisés pour
calculer les Fst entre des populations.

Dans ce chapitre, nous avons modélisé la connectivité filiale et coalescente pour
estimer le flux de géne chez 47 especes a cycle de vie biphasique, compilées depuis
58 études de génétique des populations. Les especes considérées dans cette méta-
analyse appartiennent a divers représentants marins du vivant (e.g. anthozoaires,
crustacés, mollusques, téléostéens, ou encore des phanérogames) avec des traits de
premier stade de vie et des stratégies de dispersion différentes. Les probabilités de
connexions explicites et implicites calculées sur de multiples générations succes-
sives de dispersion sont comparées avec les mesures de Fst entre chaque paire de
population.

Le modeéle de connectivité coalescente qui considére des événements de dispersion
sur de multiples générations montre les meilleures prédictions de flux de génes pour
I’ensemble des taxons, et explique en moyenne ~ 50 % de la variabilité des diffé-
rentiations génétiques observées a I’échelle de 1a méta-analyse. De plus, le modele
de connectivité filiale prédit le flux de géne avec plus de précision que les modeles
classiques d’isolement par la distance (i.e. IBD). Léchange de genes sur une seule gé-
nération, est quant a lui le modele le moins adéquat. Nos résultats mettent également
en évidence le caractere déterminant de I’échantillonnage dans la compréhension des
patrons de diversité génétique : il faut un échantillonnage conséquent et réparti de
maniere homogene a I’échelle du bassin étudié pour pouvoir prédire efficacement
le flux de géne. D’autre part, pour une capacité de dispersion constante (i.e. une
PLD fixée), plus I’échantillonnage est étendu spatialement, plus le modele qui rend
compte du flux de géne de facon optimale correspond a un nombre de générations

élevé. Parallelement, pour un échantillonnage fixé, plus la capacité de dispersion est
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grande, plus ce nombre de générations est petit. Cette relation entre le nombre de
générations adéquates pour comprendre les patrons de flux de géne et I'étendue de
I’échantillonnage modulé par la capacité de dispersion suggere une relation étroite
entre les échelles temporelles et spatiales de la connectivité génétique. De maniere
générale, le nombre moyen de générations adéquates a I’échelle de la méta-analyse (20
générations) est assez nettement inférieur a la valeur de saturation (celle pour laquelle
la probabilité de connexion atteint un plateau) identifiée dans le chapitre précédant
(500 générations, pour une PLD de 30 jours). Cela suggere que le flux de gene et la
dérive génétique ne sont pas a I’équilibre, potentiellement a cause de la variabilité
des forcages environnementaux, elle-méme modifiée par les activités anthropiques a
'origine du changement climatique.

Modéliser la connectivité génétique coalescente a permis d’estimer avec une meilleure
précision le flux de gene chez des organismes marins multicellulaires couvrant un
large éventail phylogénétique. Cette méthode pourrait également étre appliquée pour
les especes terrestres dispersant par le vent (Lett et al., 2020). Nos résultats ouvrent de
nouvelles perspectives quant a la compréhension de 'impact relatif des différentes
forces évolutives sur la structure génétique et a I’évaluation des échelles spatiales

caractéristiques sous-jacentes.

4.2. Article
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4.2.1. Abstract

Gene flow governs the contemporary spatial structure and dynamic of populations
as well as their long-term evolution. For species whom migration is realized through
propagule dispersal driven by atmospheric or oceanic flows, biophysical models allow
predicting the migratory component of gene flow, which facilitates the interpretation
of broad-scale spatial structure inferred from observed allele frequencies among pop-
ulations. However, frequent mismatches between dispersal estimates and genetic
diversity prevent an operational synthesis for eco-evolutionary projections. Here we
use an extensive compilation of 58 population genetic studies of 47 phylogenetically
divergent marine sessile species over the Mediterranean basin to compare genetic
differentiation observations against gene-flow predictions obtained with Isolation-By-
Distance, single-generation dispersal and novel multi-generation dispersal models.
Unlike previous approaches, they unveil explicit parents-to-offspring links (filial con-
nectivity) and, for the first time, implicit links among siblings from a common ancestor
(coalescent connectivity). We find that genetic sampling strategy is determinant to
predict accurately genetic structure and that 50 % of observed genetic differentiation
variance is explained by coalescent connectivity over multiple generations, signif-
icantly outperforming other models. Our results offer great promises to untangle
the eco-evolutionary forces that shape sessile population structure and to anticipate

climate-driven redistributions, altogether improving spatial conservation planning.

Keywords: Connectivity, Population genetics, Meta-analysis, Seascape genetics,
Stepping-stone dispersal, Network structure, Eco-Evolutionary dynamics, Isolation-

by-distance, Conservation biology, Lagrangian biophysical models.
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ing bibliographic references in the supplementary material. The Python codes used to
compute multi-generation explicit and implicit dispersal probabilities are available

online here
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4.2.2. Introduction

Gene flow counterbalances natural selection and genetic drift, reshuffles mutations
among spatial locations and contributes to shaping the contemporary spatial patterns
of biodiversity (Hellberg, 2009; Lenormand, 2002; Lowe et al., 2017; Slatkin, 1987,
Slatkin, 1985). By introducing foreign alleles to local population, gene flow spreads
adaptative changes and tends to alleviate the effect of inbreeding depression (Hell-
berg, 2009; Lowe et al., 2017). Simultaneously, gene flow homogenises allele frequency
among populations, which counterbalances local adaptation, hence reducing the
mean fitness of populations (Lenormand, 2002). Fundamentally, gene flow is en-
sured when dispersal is followed by reproduction and subsequent offspring survival
(Duputié and Massol, 2013). A common confusion prevails between demographic
connectivity (i.e. the number of migrants exchanged among populations), which is
usually assessed by direct detection of individuals (field observations and parentage
analyses of genetic data), and genetic connectivity (i.e. the efficient transfer of genetic
material between distant populations), which is indirectly estimated thanks to pop-
ulation genetics (Hellberg, 2009; Lowe and Allendorf, 2010; Lowe et al., 2017; Selkoe
et al., 2016; Slatkin, 1987; Weersing and Toonen, 2009; Whitlock and Mccauley, 1999).
In this way, demographic and genetic connectivity seem to interact on specific -yet
poorly appreciated- temporal and spatial scales (Benestan et al., 2021; Bode et al.,
2019; Gagnaire, 2020; Lowe et al., 2017; Pinsky et al., 2017). This may explain the
numerous mismatches between demographic connectivity and gene flow estimates
(Lowe and Allendorf, 2010; Selkoe et al., 2016; Weersing and Toonen, 2009), all of
which question the relative roles of eco-evolutionary forces in shaping population
spatial structure.

This paradox could stem from the fact that dispersal is a complex and multi-aspect
process involving interlocked ecological and evolutionary mechanisms (Clobert et al.,
2012; Cowen and Sponaugle, 2009; Duputié and Massol, 2013). Dispersal results from
movements of individuals themselves or those induced by third-parties categorized
as biotic, (e.g. thanks to other moving organisms, Tomback et al., 2001; Viana et al.,
2016), or abiotic, that is driven by winds and ocean currents (Cowen and Sponaugle,
2009; Nathan et al., 2002; Selkoe et al., 2016). This study focuses on sessile population
which adults have no or little displacement abilities, so that their connectivity is
mostly ensured by the abiotic dispersal of propagules, like numerous marine and
terrestrial taxa. This alleviates the difficulties in appraising the movements of wild

populations and biotic third parties. In marine sessile populations, early-life non-
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motile stages (e.g. seeds, eggs, larvae) are regularly released in the water column
and are then passively transported across the seascape by anisotropic currents over
various spatial scales (Cowen et al., 2006; Shanks, 2009) ensuring the replenishment of
both local and distant populations (Hidalgo et al., 2019; Legrand et al., 2019). As such,
the proper evaluation of current-driven dispersal should help us disentangling the
evolutionary forces (gene flow, natural selection, genetic drift or long term mutation)
shaping marine biodiversity and its climate-driven redistributions (Blowes et al.,
2019). While a small proportion of migrants could be sufficient to ensure gene flow
between distant populations (Lowe and Allendorf, 2010), the inherent spatial scales
of genetic structures are generally a few orders of magnitude higher than potential
dispersal distances over a single generation (Marshall et al., 2010), even for species
exhibiting extremely rare long-distance dispersal (Crandall et al., 2012; T. M. Smith
etal., 2018). Likewise, a single generation dispersal event does not allow to evaluate
the evolutionary timescale over which gene flow shapes genetic diversity (Duputié and
Massol, 2013). Theory predicts instead that consecutive dispersal events of numerous
propagules, acting in synergy with other evolutionary forces, shape together the
genetic diversity observed at broad-scale (Crandall et al., 2012; Saura et al., 2014).
Consequently, modelling genetic diversity from the unique perspective of water-borne
dispersal should enlighten the typical scales and relative importance of evolutionary
forces that shape the spatial structure of marine sessile populations.

Modelling water-borne dispersal is a multidisciplinary challenge sharing tight com-
monalities with air-borne dispersal (Lett et al., 2020). First, it requires to jointly
account for the spatio-temporal variability of currents, the species-specific early-life
traits, the habitat patchiness (D’Aloia et al., 2015; Weersing and Toonen, 2009) as
well as to consider all possible connectivity pathways (Kool et al., 2013). Second, it
must simulate consecutive dispersal events by considering multiple generations of
migrants where each intermediary connected population acts as a steppingstone.
Bio-physical models, which simulate explicitly the dispersal of propagules by oceanic
chaotic flows, have been widely used in the last few decades to derive physical con-
nectivity metrics such as dispersal kernels (Cowen et al., 2006; Legrand et al., 2019;
Mari et al., 2020). Simulations of single-generation dispersal commonly provide quan-
titative estimates of how distant populations are connected with each other. However
they rarely match observed gene flows (Selkoe et al., 2016), possibly due to intrinsic
flaws such as disregarding the multi-generational character of successive dispersal

events (Boulanger et al., 2020; Jahnke et al., 2018) while overlooking intermediate
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stepping-stone connexions.

In the marine realm, current models considering multi-generational dispersal are
seldom, concern only a few specific species or taxa, and still inadequately explain ge-
netic differentiation measures. They rely on the computation of connectivity matrices,
which are mathematical objects describing dispersal of propagule exchanged between
discrete populations. Such matrices can be interpreted as adjacency matrices of di-
rected and weighted network (or graph). Thus, an approach consists in considering
network theory tools such as shortest paths analysis to estimate the strength of con-
nections among two distinct populations over multiple dispersal events (Boulanger
et al., 2020; Buonomo et al., 2017). As shortest and most-probable paths of such
networks differ (Ser-Giacomi, Vasile, et al., 2015), these methods neglect all other
possible pathways that may drastically change the resulting connectivity (McRae and
Beier, 2007). Other approach uses Markov chains and matrix multiplications to esti-
mate the probability of connection between population-pairs over a given number
of generations (Foster et al., 2012; Jahnke et al., 2018; Kool et al., 2010; White et al.,
2010). Studies using this method did not consider all the inherent dispersal pathways
as they only assessed the connection probabilities occurring at a given number of
generations (equivalent to the exact number of multiplication) while neglecting all
intermediate connections associated to any number of generations lower or equal
to the prescribed number of dispersal events (Ser-Giacomi et al., 2021). Moreover,
and to our knowledge, all present modelling approaches simulate stepping-stone
dispersal of single lineages; in other words, they estimate the connectivity resulting
from all explicit parents-to-offspring connections, i.e. filial connectivity. However, it is
conspicuous that two fully disconnected populations which are both replenished by
migrants originating from the same source population should share common alleles,
thus displaying similar allele frequencies. The consideration in dispersal models of
this new conceptual view of connectivity (Ser-Giacomi et al., 2021) that highlights
links among siblings through common ancestors, i.e. coalescent connectivity, has
been overlooked to-date, although it could largely alter gene flow predictions and
contribute to the aforementioned discrepancies between predicted dispersal and
realized gene flow assessments (Hellberg, 2009).

This paper presents an exhaustive comparison between demographic and genetic
basin-scale connectivity based on classical and novel dispersal metrics across a meta-
analysis of several marine taxa. While our results mainly apply to marine sessile

populations whose dispersal is mediated by ocean currents, our new models and con-
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clusions have the potential to transform how water- as well as air-borne dispersal of
sessile terrestrial populations are evaluated. Here, we introduce state-of-the-art multi-
generation dispersal models that evaluate all connections among population-pairs
for a fixed number of generation while simultaneously cumulating those ensured by
previous generations (Ser-Giacomi et al., 2021). Our models provide not only a precise
estimation of the explicit links (filial connectivity) but also allow computing, for the
first time, the implicit links existing between any population-pair having common
source populations through multi-generational dispersal (coalescent connectivity).
After parameterizing our model with the main dispersal traits of various taxa encom-
passing seagrasses, algae and metazoans, we test modelled gene flow predictions
against an extensive compilation of observed genetic structures (i.e. genetic differenti-
ation estimates given by Fst between population-pairs) over the whole Mediterranean
Sea. We find that coalescent connectivity through multi-generation dispersal explains
50 % of the observed variance of genetic structures, substantially improving gene flow
predictions with respect to previous approaches. Furthermore, the optimal number
of generations to best predict gene flow significantly correlates with the sampling
coverage scaled by the species-specific dispersal abilities, enlightening the typical
scales of eco-evolutionary processes. It suggests that our model could be used to infer

population genetic structures, a key pre-requisite for management and protection.

4.2.3. Results

We test the predictions of our multi-generation explicit and implicit dispersal mod-
els (Ser-Giacomi et al., 2021), simulating filial and coalescent connectivity respectively,
against an extensive compilation of 58 genetic structures observed in the Mediter-
ranean Sea. The dataset contains 3821 Fst measures between population-pairs for
phylogenetically divergent 47 marine species (Figure 4.1a) which are characterized by a
biphasic life-cycle, i.e. early-life free-swimming dispersing propagules and full to semi-
sedentary adult (Figure 4.2a). We model the full range of variability of current-driven
dispersal over the whole Mediterranean basin for each species using a fine-tuned
particle-tracking model (Dubois et al., 2016; Monroy et al., 2017; Rossi et al., 2014;
Ser-Giacomi, Rossi, et al., 2015) fed by the horizontal multi-year velocity field from
an operational data-assimilative ocean model (Oddo et al., 2009). Each species is
characterized by three main dispersal traits: Pelagic Larval Duration (PLD, i.e. the time
propagules spend drifting with ocean currents, Fig. 2a), spawning seasons and adult

habitats (Figure 4.1b,c). These biological factors were identified as the major ones
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governing how the variability of ocean currents reflect on our probabilistic connectiv-
ity metrics (Monroy et al., 2017). Based on Wright's island model that expresses Fst
as a function of the effective population size and the migration rates (Wright, 1931),
modelled Fst are computed using the connection probabilities obtained from five
dispersal models as an equivalent of the migration rates. It allows directly comparing
modelled Fst with observed Fst values through Mantel tests.
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Figure 4.1. - Meta-analysis summary, estimated habitats and geographical locations
of the sampled populations. a Exemplary pictures of marine species belonging
to the nine taxonomic groups comprised in the compilation of 58 population
genetics studies. b Basin-scale view of all sampling locations compiled in the
meta-analysis (dark green dots) and putative populations (light green squares)
that act as steppingstones in our multi-generation dispersal model for the shallow
coastal habitat. ¢, same as b but for the neritic shelf habitat

Among the 58 compiled basin-scale population genetic studies (Figure 4.1), we
search for Mantel correlations between observed Fst and modelled Fst obtained with
our novel cumulated explicit and implicit dispersal models (Figure 4.2b,c) consid-
ering both single- and multi-generation estimates. We also test for conventional
Isolation-By-Distance (IBD) models, using either Euclidian or sea-least cost distances.
The number of significant Mantel tests is 10 for single-generation explicit, 19 for
Euclidian IBD, 21 for multi-generation explicit, 22 for sea least-cost IBD and 23 for
multi-generation implicit models respectively (Figure 4.3). Comparing the set of 58
p-values of Mantel tests for each study, Fisher’s combined probability tests are sig-

nificant for all methods (p-values***). Among the significant Mantel tests, the lowest
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mean Mantel R? is found for the single-generation explicit dispersal model (0.19 +
0.05, i.e. 95% confidence intervals), followed by both sea-least cost (0.31 + 0.07) and
Euclidian (0.35 + 0.11) IBD models. The highest mean Mantel R?> stem from both
multi-generation models, with 0.45 + 0.13 for explicit dispersal (Figure 4.3d) and 0.46
+ 0.13 for implicit dispersal (Figure 4.3e) models.

Next, we compare the five different models based on the correlations with observed
Fst by computing pairwise relative differences of mean Mantel R? (i.e AR?). The multi-
generation implicit dispersal model displays mean mantel R? higher than any other
method: mean AR? is 0.20 + 0.12 with Euclidian IBD, 0.16 + 0.10 with sea-least cost
IBD, 0.32 £+ 0.11 with single-generation explicit and 0.05 + 0.05 with multi-generation
explicit dispersal models (Figure 4.3e). Furthermore, the modelled and observed Fst
correlations obtained with a given model are tested for being greater than those
obtained with other models (Hendrickson et al., 1970; Silver et al., 2004), applying
Fisher’s combined probability tests on p-values. It shows that multi-generation im-
plicit dispersal model is greatly (p-values**) to highly (p-values***) significantly better
than any other method to predict gene flow at the meta-analysis scale (Figure 4.3e).
Note that single-generation explicit dispersal model displays the lowest Mantel R
(Figure 4.3c). Hence, our novel multi-generation implicit dispersal model provides the
best correlations with observed Fist.

When inspecting the study-specific accuracy of the best multi-generation implicit
dispersal model, Mantel R? values range from 0.07 for the European hake Merluccius
merluccius (Milano et al., 2014) to 0.97 for green crab Carcinus aestuarii (Schiavina
et al., 2014, Figure 4.4a). For studies that include abundant genetic markers, it is
possible to identify markers with particularly high Fst values (i.e. outlier; based on
appropriate models), suggesting that natural selection filtered alleles differentially
among populations. For a sea urchin Paracentrotus lividus (Carreras et al., 2020),
Fst-outlier loci returns a Mantel R? of 0.36*, which is much higher than the R? of
0.23"" obtained considering all the loci. Note that two studies focusing on the same
species using both microsatellite markers, can display contradictory results: Corallium
rubrum is characterized by a highly significant and tight correlation (Mantel R? =
0.506***, Aurelle et al., 2011) as well as a non-significant loose correlation (Mantel RZ =
0.206"°,Costantini et al., 2013, Figure 4.4a), exemplifying inter-study variability. For the
flathead grey mullet (Durand et al., 2013), which have been sampled homogenously
across the Mediterranean basin (i.e. the “Spatial Sampling Representativeness” SSRep,

which evaluates the spatial coverage of the sampling by computing the mean distance
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Figure 4.2. — Modelling multi-generational water-borne dispersal. a Schematic
representation of a biphasic life cycle composed of sessile or sedentary adults
and dispersive early-life stages, that is a distinctive feature of all species included
in the meta-analysis. During the dispersive phase, numerous individuals are
dispersed across the seascape by turbulent currents (represented in the Mediter-
ranean miniature). b Explicit dispersal model evaluates filial connections between
population-pairs. ¢ Implicit dispersal model estimates coalescent connections
between population-pairs. Schematics highlight the simulated genealogy over
two generations and illustrate one of many multi-generational dispersal pathways
that are considered by our models when estimating the connectivity between
distant populations A and B.
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Figure 4.3. — Cross-comparison of gene flow predictive models using pairwise uni-
lateral tests. Squares indicate mean Mantel R? and dots indicate mean AMantel
R? computed as R? of each reference model (left) minus R? of all models (right)
for a IBD (Euclidian) model, b IBD (sea least-cost) model, ¢ single-generation
explicit dispersal connectivity, d multi-generation explicit dispersal model and
e multi-generation implicit dispersal model. Only the significant predictions
(p-value*) of each reference model (left) are considered in these comparative
analyses. The number of significant predictions per model (over the total of 58
studies) is reported on the right of each square. Error-bars represent the 95 %
confidence intervals. Asterisks indicate if the reference model (left) is significantly
better than the others (right) to predict observed gene flows at the meta-analysis
scale. Note that asterisks inform us about the significant of the statistical tests as
follows: * < 0.05; ** < 0.005; *** < 0.0005 and “"**” stands for not significant.
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between sampling sites and their barycenter, is 1,200 km for this study, Table SI),
the network representation of modelled Fst mimics well the one of observed Fst
(Figure 4.4b). Observed Fst are low between population-pairs located in the western
basin but relatively high between western and eastern Mediterranean populations,
suggesting spatial genetic structuring that is well predicted by coalescent connectivity
(see the scatter plot of Figure 4.4b, Mantel R? = 0.42**). Similar results are obtained for
instance for a seagrass species (Alberto et al., 2008, Figure 4.4c). Although in this case
spatial sampling is spatially more restricted (SSRep = 830 km), the genetic structure
(high observed Fst) between the Adriatic and Spanish populations is well reproduced
by modelled Fst (Mantel R? = 0.62**).

We then test the robustness of the multi-generation implicit dispersal model with
respect to the species and studies attributes. None of these factors (taxa, PLD, spawn-
ing season, genetic marker, and SSRep) has a significant effect on Mantel correlation
results (R?, p-value, Table SI-2 in annexe B). Yet, we find a significant linear negative
correlation between the logarithm of Mantel p-values and the number of sampled
population (R? = 0.15**) as well as with the range of observed Fst (R? = 0.25***, Table
SI2). Furthermore, the probability to obtain a significant Mantel correlation between
modelled Fst and observed Fst (i.e. successful gene flow predictions) as a function of
the number of sampled populations is well predicted by a logit model using a bino-
mial distribution (R? = 0.50***, Figure 4.5a). It suggests that = 11 populations must
be sampled across the Mediterranean basin to achieve more than 50 % of successful
model predictions, while it reaches 90 % with more than 23 sampled populations
(Figure 4.5a). Finally, we find a positive linear relationship between the base 10 loga-
rithm of the optimal number of modelled generations and the base 10 logarithm of
SSRep normalized by the PLD (R? = 0.59***, Figure 4.5b), considering only the studies
whose genetic observations are significantly correlated with our model predictions.
This surprisingly tight relationship has several interesting implications. First, if the
spatial structures of two species are evaluated through the same sampling design,
our dispersal model needs more generations for short PLD than for long PLD species
to reproduce well the genetic observations. Consequently, our model conforms to
the intuitive view that a species needs more successive events of dispersion across
generations to disperse widely across the seascape. Moreover, if two species have
similar PLDs, our model requires a higher number of generations to simulate well
the genetic structure of the one whose sampling is wider and more comprehensive.

Last, when parametrized correctly with the dispersal ability (i.e. PLD) of the target
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Figure 4.4. — Accuracy of the multi-generation implicit dispersal model in explaining
compiled genetic structures. a Mantel R?> between modelled Fst and observed
Fst. Filled dots highlight the 23 significant correlations (p-value*). Note that
some results reported by a given study are analysed separately: (i) Weber et
al., 2015 used SNPs marker (1) and mtDNA marker (2); (ii) Carreras et al., 2020
considered all the loci together (3) and then only the Mediterranean outliers loci
(4); (iii) Marzouk et al., 2017 analysed SNPs marker (5) and mtDNA marker (6). b
network representation of modelled Fst (left) and observed Fst (right) and their
corresponding scatterplot for the flathead grey mullet (Mugil cephalus; Durand
et al., 2013; red dot in a). ¢ same as b but for a seagrass (Cymodocea nodosa;
Alberto et al., 2008; red dot in a).
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species, the predictive ability of the implicit dispersal model scales with the SSRep.
Altogether and assuming that the species-specific dispersal traits have been accu-
rately parametrized, it suggests that the non-significant gene flow predictions (e.g.
35 studies among the meta-analysis) could be attributed to too scarcely (Figure 4.5a)
and too spatially-restricted sampling (Figure 4.5b) rather than to the model abilities

themselves.
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Figure 4.5. — Sensitivity of the multi-generation implicit dispersal model. a Probabil-
ity of significant gene flow predictions (i.e. probability to obtain significant Mantel
correlations between modelled Fst and observed Fst) as a function of the number
of sampled populations. The thick black line represents the logit model (R? =
0.50 and p-value***). b Correlation between the 10 base logarithm of the optimal
number of generation and the 10 base logarithm of the spatial sampling repre-
sentativeness normalized by the species-specific PLDs (R? = 0.59 and p-value***).
The thick black line represents the regression curve and the dotted grey ones the
95 % interval of confidence.

4.2.4. Discussion

For gene flow predictions at the meta-analysis scale, the cumulated multi-generation
implicit dispersal model (Ser-Giacomi et al., 2021), which evaluates coalescent con-
nectivity, significantly outperformed explicit dispersal models, which assess filial
connectivity, as well as IBD models. Nearly half of the compiled studies, which
spanned a wide phylogenetic range of mostly sessile taxa with contrasted disper-
sal traits, displayed significant Mantel correlations between modelled and observed
genetic differentiation estimates. It is more than twice the proportion displayed by the

explicit single-generation dispersal model, which emerges as the worst model in our
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meta-analysis. Overall, the best models are the multi-generation implicit and explicit
dispersal, suggesting unambiguously that modelling multiple generations to predict
accurately genetic connectivity is crucial. To our knowledge, the only model that
considers both coalescent and filial connectivity uses circuit theory to approximate
how barriers and corridors of habitat affect genetic connectivity through a process
called Isolation-By-Resistance (McRae, 2006). While this empirical model helped
interpreting gene flows for self-dispersing organisms across well-known and relatively
stable landscape (McRae and Beier, 2007), it has not yet been applied to the marine
realm probably because the seascape is highly variable and in perpetual movements.
Contrarily, our new dispersal models are mechanistic and plainly consider the dynam-
ical properties of ocean currents that drives water-borne dispersal, so that it can be
readily apply to air-borne dispersal (Lett et al., 2020).

We find that multi-generation dispersal models performed significantly better than
IBD models. Similar results are found when using explicit multi-generation models
for the seagrass Zostera marina in the North Sea (Jahnke et al., 2018) and the mollusc
Kelletia kelletii along the Californian shores (White et al., 2010). Yet, Boulanger et al.,
2020 found a tighter and more significant correlation of observed genetic structure
with sea least-cost IBD model than with their explicit multi-generation dispersal
model for the fish Mullus surmuletus (Dalongeville et al., 2018). When using the same
data of observed Fst, our multi-generation implicit dispersal model returns a better
correlation than IBD models while explicit dispersal models are not significant.

Our results also show that IBD models (Euclidian and sea-least cost distance) better
explain observed genetic differentiation than the single-generation dispersal model,
in accord with previous studies (Boulanger et al., 2020; Jahnke et al., 2018). About
one third of the compiled studies displayed significant IBD predictions with a mean
Mantel R?, which is comparable to a previous meta-analysis (Jenkins et al., 2010).
Note however that our results highlight no significant improvement when using sea
least-cost distance rather than straight line distance, even though it may provide more
realistic estimation of spatial isolation (Pante and Simon-Bouhet, 2013). Still, for
some studies which do not consider multi-generation, single-generation dispersal
models were reported to improve gene flow prediction as compared to IBD models (e.g.
Alberto et al., 2011; Selkoe et al., 2010; Xuereb et al., 2018). The apparent contradiction
with the present results may be due to a publication bias: single-generation dispersal
predictions that were worse than IBD’s ones could have been withheld by authors.

Single-generation dispersal models are worse than IBD models to predict genetic
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connectivity probably because IBD is supported by robust theory (Rousset, 1997).
Indeed, IBD models have been proven useful for various terrestrial and marine taxa
(Jenkins et al., 2010; Selkoe and Toonen, 2011). Second, broad-scale single-generation
dispersal modelling studies often reported that most distant populations are not
connected, suggesting genetic isolation that is often explained by dispersal barriers
due to major oceanographic features such as fronts and jet-like currents (Pascual
et al,, 2017). Our results contradict this view: multi-generation dispersal models
suggest that these population-pairs are connected through stepping-stone dispersal
despite the supposed physical barriers (Ser-Giacomi et al., 2021). Notwithstanding,
our models showed that physical barriers hamper the levels of connectivity (see Figure
8 of Ser-Giacomi et al., 2021 1) while exhibiting different levels of connectivity, as
reflected in observed genetic differentiation and as predicted by theoretical gene flow
magnitudes (Lowe and Allendorf, 2010; Lowe et al., 2017). Since IBD is an analytical
model explaining genetic differentiation only by geographical distances, it does not
allow disentangling the relative importance of evolutionary processes that control
gene flow. In line with the distinction between IBD and Isolation-by-Environment
(Wang et al., 2013), and since our mechanistic multi-generation dispersal models
realistically simulate stepping-stone dispersal, one can tease apart the respective role
of evolutionary forces in driving gene flow. Altogether, our results suggest that the
seascape and its supposed physical barriers are more permeable to dispersal than
previously thought (Pascual et al., 2017) and that genetic isolation in the marine realm
could be rather due to environmental selection acting on drifting propagules and
settled adults as well as intrinsic reproductive isolation (Bierne et al., 2011). Since
both ocean currents (Sen Gupta et al., 2021), transport and mixing (Ser-Giacomi et al.,
2020) and temperatures (Jorda et al., 2020) are already changing fast, the structure of
marine populations is expected to fluctuate accordingly, consistently with the recent
evidence of spatial reorganization of marine biodiversity (Blowes et al., 2019).

Our models perform better than previous ones probably also because they consider
properly the mesoscale variability of ocean currents, they are parametrized with
species-specific dispersal traits, and they allow testing explicitly what number of
generations maximize correlations with observed data. Since there is no consensus on
the adequate number of generations required to comprehend gene flow, other multi-
generational approaches used shortest path algorithms (minimum number of steps to

connect sampled population-pairs) with 25 or less intermediate steps (Boulanger et al.,

1. Chapitre III
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2020; Buonomo et al., 2017) or set arbitrarily the number of generations from dozens
(as it was considered sufficient to span the studied domain, Jahnke et al., 2018) to
thousands (i.e. the number of Markov chain iterations needed to reach convergence)
of generations (White et al., 2010). It illustrates that the typical time-scales over which
demographic connectivity interplays with genetic connectivity are difficult to infer
(Hellberg, 2009; Lowe et al., 2017). The relationship between the optimal number of
generations and the SSRep normalized by the main dispersal trait (PLD) implies that
the temporal scales estimated with our model (from 1 to several tens of generations,
e.g. ecological time) and spatial scales derived from genetic methods (over typical
evolutionary scales, from a hundred to a few thousands of kilometres) are tightly
linked. This is aligned with estimates of dispersal kernels that were found congruent
over ecological and evolutionary time (Pinsky et al., 2017). Moreover, Fst theory
assumes that the whole population has reached an equilibrium between gene flow
and genetic drift, suggesting that the coalescent connectivity model should predict
best observed Fst for long-term multi-generation dispersal, that is when dispersal
probabilities reach convergence (White et al., 2010), i.e. after about 500 generations in
our case (see Figure 9 of Ser-Giacomi et al., 2021). The relatively low optimal number
of generations disclosed here (~ 20) further suggests that gene flow and drift have
insufficient time to reach equilibrium due to environmental stochasticity and rapidly
changing ecological forces (Whitlock and Mccauley, 1999). Moreover, the substantial
impacts of ecological processes on genetic structures shown here could explain why
chaotic genetic patchiness has been recently documented at small space and time
scales (Benestan et al., 2021; Eldon et al., 2016; Jackson et al., 2018; Pascual et al., 2016;
Pérez-Portela et al., 2019; Schunter et al., 2019), which are also the scales over which
dispersal and environment co-vary. As such, dispersal could be characterized as one
of the evolutionary force shaping the contemporary spatial patterns of biodiversity,
along with natural selection, providing evolutionary changes occurring over ecological
timescales of few generations (Carroll et al., 2007; Schunter et al., 2019).

Last but not least, our multi-generation mechanistic dispersal models, which allow
assessing both filial and coalescent connectivity and are applicable to other taxonomic
groups and ecosystems, could serve as future guidelines to optimize sampling design
for population genetic studies and anticipate the structure of wild sessile populations.
In the context of biodiversity loss (Butchart et al., 2010) and spatial reorganization
(Blowes et al., 2019), it is urgent to better understand the eco-evolutionary dynamics

that continuously shape population structures to improve protection strategies (Sala
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et al,, 2021) and natural resources management natural resources such as fisheries
(Hauser and Carvalho, 2008).

4.2.5. Methods
4.2.5.1. Studies characteristics

We screen the published literature of the last two decades to gather the population
genetic studies focussing on marine species at basin-scale in the Mediterranean Sea.
While our meta-analysis intends to be the most comprehensive possible in terms of
collected data and taxa covered, pre-selected studies are filtered out based on two
criteria: the biological traits of the species and the sampling design. In this way,
we exclude datasets that are not appropriate to address our research question while
optimizing statistical discriminatory power. More specifically, we select studies (i)
whose target species is mostly sessile, i.e. that is characterized by a biphasic life
cycle with early-life free-swimming dispersing propagules (e.g. seeds, eggs, larvae
or body fragments) and full to semi-sedentary adult behaviour (Figure 4.1a), and
(ii) which must present at least four distinct sampled populations with at least 15
individuals in each one of them. As a result, this meta-analysis compiles 58 population
genetic studies published between 2002 and 2020, encompassing 47 different marine
species distributed in nine taxonomic groups: Algae, Anthozoa, Ascidiacea, Crustacea,
Demospongiae, Echinodermata, Fish, Mollusca and Phanerogam (Figure 4.1a). In
total, 559 populations were sampled across the basin (dark green dots in Figure 4.1b,c),
representing 3821 population-pairs. Fst fixation index allows evaluating the genetic
differentiation between population-pairs using six types of genetic markers (allozymes,
microsatellites, mitochondrial DNA sequences, RADseq/GBS and SNPs). Note that,
when applicable, we analyse separately different genetic markers extracted from the
same study, i.e. mitochondrial DNA and SNPs for Ophioderma longicauda (Weber
et al., 2015) and Hexaplex trunculus (Marzouk et al., 2017).

To gauge the sampling strategy of each selected study, we compute the mean
straight-line geographical distances (in km) from all sampled populations to their
barycentre. This geometrical metric, that we called “Spatial Sampling Representative-
ness” (SSRep), quantitatively evaluates the spatial coverage of the sampling strategy
carried out in each study. The larger the study-specific SSRep, the more scattered and

spatially comprehensive is the sampling (see Annexe B, Table SI-1).
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4.2.5.2. Species characteristics

Based on literature review (see Annexe B, section I), all species are classified accord-
ing to their main dispersal traits. Reproductive phenology comprises five groups to
reflect seasonal (spring, summer, fall, winter) and annual spawning strategies. Pelagic
Larval Durations (PLD) are categorized in five groups: very-low (1 day), low (10 days),
low-to-medium (20 days), medium-to-high (30 days) and high (45 days) dispersal
abilities. Finally, two broad-scale classes of habitats are distinguished (see Annexe B,
section II): the shallow coastal habitat (inner continental shelf whose depths span
0-50 m; Figure 4.1b) and the neritic shelf habitat (mid to outer continental shelf whose

depths range is 50-200 m; Figure 4.1c).

4.2.5.3. Bio-physical modelling

Tracking passive Lagrangian particles is a common approach to characterize flow-
driven dispersal of propagules (Cowen et al., 2000; Cowen et al., 2006; Dubois et al.,
2016; Legrand et al., 2019; Lett et al., 2020; Rossi et al., 2014; Figure 4.2a). To provide
synthetic -yet realistic- views of basin-scale propagules dispersal while encompassing
the full variability of ocean currents and for various dispersal abilities, we use the
Lagrangian Flow Network framework (LFN, Dubois et al., 2016; Rossi et al., 2014;
Ser-Giacomi, Rossi, et al., 2015). It combines a particle-tracking model with graph
theory tools to generate and analyse connectivity matrices (see Annexe B, section III),
allowing us to investigate oceanic dispersal in a robust and efficient manner (Monroy
etal., 2017).

The Mediterranean Sea surface characterized by favourable habitats is subdivided
into several i °sub-areas that represent theoretically isolated marine populations,
resulting in 7 = 1170 populations in the shallow coastal habitat (Figure 4.1b) while the
neritic shelf habitat is composed of n = 1163 populations (Figure 4.1c; see Annexe B
section II). For each LFN experiment, we track 100 propagules per population by
integrating daily gridded velocity fields generated by a data-assimilative operational
ocean model implemented in the Mediterranean Sea at a % °horizontal resolution
(Oddo et al., 2009). We use the horizontal flow field at 10 m and 100 m for species
inhabiting shallow coastal and neritic shelf habitats, respectively. Overall, virtual
propagules trajectories are modelled at two specific depths during the five PLDs sim-
ulating consecutive propagule release events with a 10-day periodicity over 2000 to
2010. Assuming that the long-term (e.g. decadal, centennial and longer) variability of

ocean currents is negligible as compared to their inter- and intra-annual variations,
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our approximation using 10 recent years allows comprehending the full variability of
both contemporary and past oceanic flows. By computing billions of Lagrangian tra-
jectories and recording their initial and final positions, the LEN construct 402 matrices
for each of the 10 habitat/PLD combinations, resulting in 4020 matrices in total. The
elements m;; of each raw n x n connectivity matrix encode the number of propagules
advected between all population-pairs; they are converted into backward-in-time

m

dispersal probabilities thanks to a column-normalization m;; = s7—-—. Then con-

nectivity matrices M are aggregated (i.e. element-by-element averalgzéd)”according to
their starting dates to match each species-specific spawning phenology (i.e. averaging
402 matrices for year-round release and about 100 matrices for seasonal release, see
Annexe B Table SI-4). In other words, we compute for each species a composite matrix
P which fits best with its dispersal traits, averaging ten years of realistic current-driven
dispersal in the Mediterranean Sea. Single-generation dispersal estimates are directly
extracted from one of these composite matrices. As explained next, multi-generational
dispersal estimates are finally obtained by applying additional computations on these

composite matrices.

4.2.5.4. Cumulating implicit and explicit links in multi-generation dispersal
models

Explicit pathways of connectivity correspond to direct filial links from parents to
children, assuming unique lineage (i.e filial connectivity, Figure 4.2b). It is the usual
proxy of connectivity used in other multi-generation models to assess gene flow be-
tween populations (Boulanger et al., 2020; Buonomo et al., 2017; Foster et al., 2012;
Jahnke et al., 2018; Kool et al., 2010; White et al., 2010). Implicit pathways of connec-
tivity (Ser-Giacomi et al., 2021) evaluates indirect links among siblings with common
parents, considering multiple lineages (i.e. coalescent connectivity, Figure 4.2c). To
estimate multi-generation dispersal probabilities between all population-pairs, con-
sidering explicit or implicit links, we apply the theoretical formulations described in
(Ser-Giacomi et al., 2021) on composite matrices. The main novelties are the adequate
consideration of putative intermediate stepping-stones as any of the non-sampled
populations of both habitats (Figure 4.1b,c) and the fact that it allows cumulating
connectivity pathways over each consecutive generation, i.e. from generation 1 to a
fixed number of generations. Analytical formulations for both cumulated explicit and
implicit probabilities for any number of generation are established in (Ser-Giacomi

etal., 2021) and are theoretically bounded to 1 for an infinite number of generations.
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— The general expression of explicit dispersal probabilities over G = 2 generations

based on the composite matrix P is:
P92 =P+ P(LoP) (4.1)

The circle denotes the Hadamard product, and L is the all-ones matrix minus
the identity matrix. When applying equation (4.1) for two populations A and
B (example illustrated in Figure 4.2b), explicit link cumulates: (i) the sampled
population-pair explicit probability (P4p) and (ii) the products of probabili-
ties between sampled populations and their second generation intermediate
population (P, Pk, B, Figure 4.2b), that is :

PS3% = Pag + Pag, Py 4.2)

— The general expression of implicit dispersal probabilities over G = 2 generations

based on the composite matrix P is:
PY=2 = PP+ P[Lo (P'P)]'P 4.3)

As before, the circle denotes the Hadamard product, and L is the all-ones matrix
minus the identity matrix. When applying equation (4.3) for two populations A
and B (example illustrated in Figure 4.2c) implicit link cumulates: (i) the product
of probability between sampled populations and their common source (i.e. par-
ent) populations (P4, Pgi,); and (ii) the product of probability between sampled
populations and their common source populations through two generations
(Par,Pr,k, PR3 P13k, » Figure 4.2¢), that is:

PAGEZ = Pak, Pk, + Pa1,P1,k, PBI5 P13k, (4.4)

The Hadamard product vanished in equation (4.2) and equation (4.4) because
there is no self-loop (i.e. self-recruitment) in none of our simplified exemplary
populations. If self-recruitment exists, e.g. if k; = A in Figure 4.2c), siblings
are found in both origin and destination populations implying that implicit
links also encompass explicit links. Since Fst are theoretically symmetrical (i.e.
Fstap equals Fstpy), explicit dispersal probabilities have been transformed
following 1 — (1 — P4p) * (1 — Pp4) to be symmetrical. Note that implicit dispersal

probabilities between population-pairs are symmetrical by construction. Both
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multi-generation explicit and implicit dispersal models are computed for 1, 5, 10,
20, 40, 60, 80, 100, 150, 200, 300, 400 and 500 generations using species-specific

composite matrices.

4.2.5.5. Translating dispersal probabilities into proxies of genetic
differentiation

We use the theoretical formulation of the Island model (Wright, 1931), Fst = 1/(4N.m+
1), which assumes no selection nor mutation, and equilibrium between migration
and drift. Two parameters are used in this model: Ne the effective population size (i.e.
the number of individuals that reproduce) and m the migration rate (ranging between
0 and 1). Nym is thus the number of migrants successfully entering a population.
Considering the obvious analogy between the migration rate m and our simulated
dispersal probabilities, we compute modelled Fst for each sample pair of each study by
applying the Island model formulae on our dispersal probabilities. As such, a modelled
Fst can be interpreted as a probability of gene exchange through dispersal, and it can
be readily compared against observed Fst for all population-pairs compiled in our
meta-analysis. Moreover, the Island model permits to handle null connection proba-
bilities (which are often found between distant population-pairs for small generations)
without artificially adding very low probabilities due to the log! transformation done
in Crandall et al., 2012 and Jahnke et al., 2018. Note that Ne is only a non-linear
scaling factor that do not affect our results since they consist exclusively in Mantel
correlations (R? primarily depends on m which is given by multi-generation dispersal
probabilities) rather than the slope of the observed vs modelled Fst relationship. Since
estimating Ne requires complex analyses (reviewed in Hare et al., 2011), sensitivity
tests on the values of Ne have been performed and revealed little dependence of our
results for any Ne spanning 100 to 10* (see Annexe B Figure SI-4). We choose then
to set Ne = 100 because it matches the number of artificial propagules released per
population. Moreover, we neglect local demography dynamics for all populations, as
assumed in the Island model, and we assume constant larval mortality and recruit-
ment over space and time. We then translate single- and multi-generation explicit and

implicit estimates into modelled Fst for all the species types described above.

4.2.5.6. Mantel tests

We investigate correlations between the modelled Fst derived from multi-generation

dispersal models for 1 to 500 generations and observed Fst for all studies of the meta-
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analysis with Mantel tests. For each study, we parametrize our models by selecting
the optimal number of generations as the one for which the Mantel R? display the
highest value. When imposing the same number of generations for all studies, the one
maximising the significant Mantel correlations appears to be 40 generations for both
explicit and implicit models (17 and 18 significant studies respectively, see B section
I and IV). In general, for medium to high dispersal species (i.e. PLD = 20 days), the
optimal number of generations is between 20 and 40 generations for explicit model
and 20 generations for implicit model. The optimal highest number of generations (=
100) are only obtained for very-low dispersal species characterized by 1-day PLDs (see
B section I and IV). We use the optimal generations of each study for all subsequent
analyses, including the modelled Fst derived from all dispersal probabilities (single-
and multi-generation, considering both explicit and implicit models). In addition, we
perform Isolation-By-Distance (IBD) analyses of all compiled genetic structures with
two proxies of distance between population-pairs: the Euclidian distance (i.e. straight-
line geographical distances) and the sea least-cost distance, which corresponds to the
length of the shortest path considering only maritime areas. Sea least-cost distances
are calculated thanks to the Marmap package (Pante & Simon-Bouhet, 2013, version
1.0.4) on R (version 4.0.2). For the IBD analyses, we consider a two-dimensional
dispersal model and thus compared log, (distance) with 1/(1 — Fst) (Rousset, 1997).
Mantel tests are performed with the scikit-bio package (version 0.5.6) with Python
(version 3.7.3) using Pearson correlations and 10000 randomizations (see Annexe B

section V).

4.2.5.7. Statistics at the meta-analysis scale

We apply Fisher’s combined probability tests (Fisher, 1934) to examine all study-
specific Mantel p-values associated to the single-generation dispersal models and
to the optimal generation estimates using the same null hypothesis (H,: modelled
Fst and observed Fst are not correlated). If H, is rejected, the Fisher's combined
probability test gives the significance of the correlation at the meta-analysis scale. We
applied the same method to test the IBD models. For each study, we compare Mantel
correlations among them to determine the best method to appraise gene flow. More
specifically, we cross-compare model predictions across the entire meta-analysis: (i)
single-generation explicit dispersal model against both multi-generation explicit and
implicit dispersal models (Hendrickson et al., 1970), (ii) multi-generation explicit

dispersal model against multi-generation implicit dispersal model (Hendrickson et
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al., 1970), (iii) IBD model against single-generation explicit dispersal model (Silver
et al., 2004) and (iv) IBD model against both multi-generation explicit and implicit
dispersal models (Silver et al., 2004) using the R-package COCOR (Diedenhofen &
Musch, 2015, version 1.1-3). For all tests, we set the one-sided “model A correlations
are greater than model B correlations” alternate hypothesis at an 0.05 alpha level (see
B section VI). We finally use Fisher’s combined probability test on the p-values for the
meta-analysis interpretation. We test the sensitivity of the Mantel correlations results
(R? and p-values) against species-specific (taxonomic group, PLD, spawning season)
and studies-specific (marker, number of sampled populations, SSRep and Fst range)
characteristics with ANOVA and linear regressions (see Annexe B section VII). We use a
logistical regression with a binomial distribution to model the probability of obtaining
significant gene flow predictions as a function of the number of samples. Sensitivity
tests are performed using the Matlab software (version 9.4). Throughout the entire
manuscript, asterisks inform about the significance of all statistical tests, as follows: *
< 0.05; ** < 0.005 ; *** < 0.0005 and “’**” stands for not-significant.
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5. La considération de I’habitat
dans la modélisation de la
connectivité geneétique

5.1. Avant-propos

Avant de conclure, nous allons, dans ce dernier chapitre, utiliser des estimations de
distribution spatiale d’espece ou d’écosysteme afin de mieux comprendre comment
la fragmentation des habitats affecte le calcul de la dispersion multi-génération. En
d’autres termes, ce travail met I'accent sur la prise en compte de I’hétérogénéité
spatiale de la démographie (et implicitement sur I'efficacité du processus de ponte
et d’'installation) dans la modélisation de la connectivité génétique, et questionne
I'impact relatif de son intégration dans la prédiction du flux de génes. Ce dernier
chapitre est particulier : plus court que les précédents, il n’est pas sous la forme
d’un article scientifique publié ou soumis, et est rédigé en francais. Il se veut comme
un approfondissement du travail réalisé dans le chapitre précédent et pourra étre

transformé en article ultérieurement.

5.2. Introduction

Pour définir les limites spatiales des deux habitats présentés dans le Chapitre IV (i.e.
shallow coastal and neritic shelf), nous avons couplé un seuil bathymétrique avec
des données spatiales de type de substrat (SIG, issue du portail européen EMODnet
Seabed Habitats ). Précisément, nous avons rendu « actifs ou inactifs » les nceuds des

réseaux de connectivité représentant le transport de propagule pour une PLD fixée en

1. information contained here has been derived from data that is made available under the Euro-
pean Marine Observation Data Network (EMODnet) Seabed Habitats initiative (http://www.emodnet-
seabedhabitats.eu/), financed by the European Union under Regulation (EU) No 508/2014 of the
European Parliament and of the Council of 15 May 2014 on the European Maritime and Fisheries Fund.
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mer Méditerranée, en fonction de leurs positions. Si ces nceuds étaient situés entre
deux isobathes préalablement définis (i.e. 0-50 m et 50-200 m) ou qu’ils contenaient
un substrat particulier (i.e. associé a 'infralittoral ou le circalittoral), ils étaient consi-
dérés comme un habitat possible dans le calcul de la dispersion multi-génération.
Dans le cas contraire, c’est-a-dire pour des nceuds non caractérisées par la présence
d’habitat favorable, le flux de genes est rendu impossible. 11 était difficile d’obtenir un
raffinement supplémentaire a I’échelle de la méta-analyse en considérant la grande
variété de substrats (e.g. sables, vase, rochers, etc.) car la disponibilité de telles don-
nées spatiales est hétéroclite en Méditerranée. Les cotes nord occidentales sont en
général bien représentées, alors que pour les cotes sud ou orientales, les données sont
souvent éparses et imprécises. Cette disparité représente une des difficultés princi-
pales pour une délimitation d’habitat adéquate : les nceuds localisés le long des cotes
sud et orientales de la Méditerranée seraient le plus souvent considérés inactifs, ce qui
induirait une évaluation biaisée du flux de genes a I’échelle du bassin. Considérant
I’ensemble des especes compilées, une détermination relativement « rudimentaire »
de ces deux types d’habitats a partir de la bathymétrie et des données géographiques
de substrats était une approximation nécessaire a la généralisation et la cohérence
de I'approche méta-analyse, qui a permis d’avoir une vision globale des processus de
connectivité génétique.

En se focalisant sur une seule espéce et sur un domaine moins étendu, d’autres
études de connectivité génétique couplée a de la dispersion multi-génération simulée
ont utilisé (i) des données précises de substrat cartographié par des experts (i.e. habitat
rocheux dans le sud de I'Italie et le détroit de Sicile afin de modéliser I'habitat de I’algue
Cystoseira amentacea, Buonomo et al., 2017, de la méme maniere que réalisé dans
le Chapitre II pour la définition des habitats des sars) ou (ii) des données récentes
et historiques de distribution de I'espece considérée (’herbier Zostera marina en
mer Baltique, Jahnke et al., 2018). Toutefois, a I’échelle du bassin méditerranéen,
Boulanger et al., 2020 n’ont pas pris pas en compte le substrat préférentiel du rouget-
barbet Mullus surmuletus, et ont considéré tous les nceuds cotiers de leur réseau de
connectivité comme habitat favorable. Il en est de méme a une échelle beaucoup plus
locale pour White et al., 2010 avec I’étude du gastéropode Kelletia kelletii dans le canal
de Santa Barbara au sein de I'upwelling de Californie (Pacifique Nord-Est).

Lutilisation de modéles de niche (species distribution models, SDMs) permet de
mieux définir les habitats dans la compréhension de la connectivité a large échelle

(Mari et al., 2020), et pourrait apporter une réelle plus-value a la modélisation de
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la connectivité génétique sur de multiples générations de dispersion. Ces modeles
permettent de prédire la répartition spatiale d'une espéce ou d'un écosysteme a partir
d’observations de présence (et plus rarement d’absence) qui sont corrélées a des va-
riables environnementales afin d’en déterminer des enveloppes favorables autorisant
ensuite une extrapolation spatiale (Guisan & Thuiller, 2005). Les prédictions quantita-
tives de distribution ainsi obtenues sont continues et homogeénes dans I’espace, et ce
potentiellement a large échelle. Il faut toutefois considérer les possibles incertitudes
liées aux données d’occurrences d’especes et a la précision des données environne-
mentales. En estimant la probabilité d’occurrence d'une espéce ou d'un écosystéme,
les SDMs permettent d’aller plus loin que la délimitation binaire d’habitats favorables :
cette probabilité peut servir a moduler les probabilités de connexion obtenues par la
modélisation du transport de propagules par les courants marins. Cette modulation
peut se faire en amont du transport, en émettant ’hypothese que plus la probabilité
de présence d'un organisme est grande, plus I'’émission de propagules est impor-
tante, ou en d’autres termes, plus le processus de ponte est efficace. De méme en
aval : plus la probabilité de présence est grande, plus le processus d’installation est
efficace (notamment pour les espéces non limitées par une taille maximale de leurs
populations). Cette méthodologie de modulation de la connectivité entre population
par le taux de propagules émises et I'efficacité de l'installation a été appliquée sur
les récifs coralliens caribéens (Foster et al., 2012; Kool et al., 2010) et les herbiers
de posidonie en Méditerranée (Mari et al., 2020), en bénéficiant respectivement des
données cartographiques précise de présence d’habitat (Andréfouét & Bionaz, 2021)
et des données de probabilité d’occurrence d’espéce issues de SDMs (Giannoulaki
etal., 2013).

Ainsi, la question scientifique abordée ici est la suivante : quel est 'impact de la
considération de la démographie et de sa variabilité spatiale sur la prédiction de flux
de genes en utilisant le modele de connectivité coalescente (Chapitre III et IV) ? Une
premiere hypothese serait que le nombre de générations optimales pour représenter
la connectivité génétique augmenterait, les probabilités de connexion sous-jacentes
étant inférieures a cause de la modulation par les probabilités d’occurrences a la
ponte et a l'installation. Une deuxieme hypothése serait qu’en définissant mieux
I'habitat et en considérant dans les simulations la variabilité spatiale du processus de
ponte et d’installation de I'espece considérée, les prédictions du flux de genes seraient
améliorées. Pour vérifier ces hypotheses, nous avons utilisé des données de probabilité

de présence d’herbiers de posidonie (Giannoulaki et al., 2013) et de coralligéne (Martin
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TABLEAU 5.1. — Traits biologiques des premiers stades de vie des quatre especes mo-

deles.
N Ha,b l.t at Habitat .. Saison de e
Espece Spéci- PLD (j) Référence
global ponte
fique
. . . Shallow Toutel’'an- Melia et al., 2016;
P oceanica Posidonie 30 J
coastal née Serra et al., 2010
P lividus Posidonie Shallow 30 Printemps Pedrotti, 1993
coastal
llige hall . ..
P clavata Coralligene - shallow 1 Printemps  Guizien et al., 2020
surface coastal
Coelho et Lasker,
Coralligene Neritic , 2016; Costantini
C. rubrum profond shelf 10 Eté et al., 2013; Teixid6

etal., 2011

et al., 2014) en Méditerranée, pour mieux définir ’habitat de la posidonie, de I'oursin
violet, du corail rouge et de la gorgone pourpre dans la modélisation de la connectivité

coalescente via la dispersion multi-génération.

5.3. Méthode

Especes modéles. Nous avons utilisé quatre especes modeles et leurs études phylo-
géographiques correspondantes : la posidonie (Posidonia oceanica, Arnaud-Haond
et al., 2007) et 'oursin violet (Paracentrotus lividus, Paterno et al., 2017) respecti-
vement constitutives et habitant ’écosystéme de 'herbier de posidonie; le corail
rouge (Corallium rubrum, Aurelle et al., 2011) et la gorgone pourpre (Paramuricea
clavata, Mokhtar-Jamai et al., 2011) habitant I’écosystéme a coralligene. Leurs traits
biologiques des premiers stades de vie, ainsi que les caractéristique des études de
génétique des populations associées sont référencées respectivement dans le Tableau
5.1et 5.2.

Modele de distribution spatiale d’habitat. Nous avons utilisé les données de dis-
tribution spatiales modélisées d’écosystéemes spécifiques sur 'ensemble de cotes
Méditerranéennes. Il s’agit de I’herbier de posidonie (Giannoulaki et al., 2013) et du
coralligene (Martin et al., 2014), tous deux disponibles depuis le portail EMODnet
Seabed Habitat'. La modélisation de la distribution de ces deux écosystémes clefs de
Méditerranée, ici considérés comme des habitats, s'inscrit dans le projet Européen

MEDISEH (Giannoulaki et al., 2013) qui avait pour but de mieux définir et caractériser
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TABLEAU 5.2. — Caractéristique des études de génétique de population utilisées SSRep
signifie Spatial Sampling Representativenes soit la distance moyenne
entre les sites d’échantillonnage et leurs barycentre (voir Chapitre IV).

Espece Marqueur génétique Nombre depop SSRep (km) Reference

P oceanica Microsatellites 29 859 Arnaud-Haond et al., 2007
P lividus SNPs 10 758 Paterno et al., 2017

P clavata Microsatellites 24 687 Mokhtar-Jamai et al., 2011
C.rubrum  Microsatellites 39 842 Aurelle et al., 2011

les habitats sensibles de Méditerranée. Dans ce travail, on émet I’hypothese que la
probabilité d’occurrence de ces deux habitats est corrélée avec la probabilité d’oc-
currence d’espéeces constitutives (i.e. la posidonie) ou inféodées (i.e. I’oursin violet,
la gorgone pourpre et le corail rouge). La prédiction de la distribution spatiale des
herbiers de posidonie est basée sur des informations de présence-absence de 'espece
(voir Figure 1 de Telesca et al., 2015) et I'utilisation de 36 variables environnementales
(e.g. bathymétrie, caractéristiques physico-chimiques, concentration de polluants
et indicateurs d'impacts anthropiques). L'utilisation d'un modele de niche corrélatif
permet ainsi d’obtenir une cartographie de la probabilité d’occurrence des herbiers
(comprise entre 0 et 1) a haute résolution 1/240°, soit environ un point tous les 500 m
sur I’ensemble du bassin méditerranéen. De la méme manieére, la modélisation de la
distribution du coralligéne a haute résolution (environ un point tous les 400 m) fut
établit grace a la compilation d’observations de présence d’espéces le composant et
de 17 variables environnementales prédictives. Il en résulte une cartographie continue
de la probabilité d’occurrence (comprise entre 0 et 1) du coralligéne le long des cotes

méditerranéennes (voir Figure 4a de Martin et al., 2014).

Interpolation des données de distribution spatiale sur le réseau de connectivité.
En tirant profit des outils de la théorie des graphes, le modele Lagrangian Flow Network
(LFN; Dubois et al., 2016; Rossi et al., 2014 ; Ser-Giacomi, Rossi et al., 2015) utilisé
pour simuler le transport larvaire, subdivise premiérement le domaine océanique
en un ensemble de nceuds d'une résolution de 1/4°. De la méme manieére que dans
le Chapitre IV, nous avons choisi d'implémenter cette subdivision sur les champs
de courant du modele hydrodynamique opérationnel Mediterranean Forecasting
System (Oddo et al., 2009, voir Annexe B section III) aux profondeurs verticales de 10
m (3516 noeuds) et 100 m (3137 noeuds). Dans ce travail, nous avons ainsi modélisé

la dispersion uniquement sur la dimension horizontale en retenant la profondeur
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moyenne de présence de I'espece considérée. Les données de distribution spatiale des
herbiers de posidonie et du coralligene sont ensuite interpolées (« coarse-graining »)
sur la grille du LEN en calculant la moyenne pondérée des probabilités d’occurrences
contenues dans chaque nceud de 1/4°. Tous les nceuds caractérisés par une probabilité
d’occurrence non nulle représentent alors des populations distinctes établies sur des
patchs d’habitat de posidonie ou de coralligene et considérées comme isolées (i.e.
reliées uniquement par la dispersion de propagules). Nous avons ainsi caractérisé
pour chaque population les probabilités d’occurrence d’herbiers de posidonie et
de I'oursin violet (Figure 5.1a, 1106 populations) de la gorgone pourpre en surface
(Figure 5.1b, 1404 populations) ainsi que du corail rouge en profondeur (Figure 5.1c,
1085 populations). Linterpolation des données de distribution spatiale sur le réseau
de connectivité représentent ainsi les trois habitats spécifiques utilisés pour modéliser
la connectivité coalescente de nos quatre espéces cibles. Les habitats « globaux » sont
les mémes que décrits dans le Chapitre V (i.e. shallow coastal ou neritic shelf), et

servent de références dans cette étude (Figure 5.1).

Modélisation Lagrangienne. La méme méthodologie que celle du Chapitre IV est
utilisée pour obtenir, pour chaque espece modele, deux matrices de connectivité com-
posites synthétisant 10 années de dispersion en mer Méditerranée et s’ajustant aux
traits de premier stade de vie de I'espéce étudié. La matrice Pg représente les habitats
globaux du Chapitre IV (de dimension 1170 * 1170 pour I'habitat shallow coastal et
1163 * 1163 pour I'habitat neritic shelf) et la matrice Ps représente I'habitat spécifique
défini précédemment (de dimension 1106 * 1106 pour I’habitat Posidonie, de dimen-
sion 1404 * 1404 pour I'habitat Coralligéne surface et de dimension 1085 * 1085 pour
I'habitat Coralligene profond). Ces matrices indiquent ainsi la probabilité moyenne
pour une population de recevoir des propagules d'une autre population en considé-
rant de 100 a 400 évenements de ponte (évenement de ponte saisonnier ou annuel
respectivement, voir Figure 5.1) pendant 10 ans : elles quantifient de maniere synthé-

tique des processus de transport complexes dus a la circulation marine (Figure 5.2a).

Prise en compte de la probabilité d’occurrence dans la modélisation de la disper-
sion. En utilisant la probabilité d’occurrence des deux habitats extrapolé a chaque
population définie précédemment, nous avons construit une matrice H de méme
dimension que P; qui associe a chaque paire de population la probabilité de ponte
de la particule envoyée (Figure 5.2b). De maniére similaire, sa transposé ‘H associe a

chaque paire de population la probabilité d’installation d'une particule regue. Ainsi,
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FIGURE 5.1. — Cartographie des différents habitats spécifiques et des probabilités d’oc-
currence associées. Les sites d’échantillonnage des quatre espéces modeles sont
indiqués par les symboles rouges. Les nceuds associés aux populations échan-
tillonnées sont encadrés en rouge. a Habitat Posidonie, interpolé sur la couche du
modele hydrodynamique a 10 m de profondeur. Les sites d’échantillonnage de la
posidonie (Arnaud-Haond et al., 2007) et de I’oursin violet (Paterno et al., 2017)
sont représentés respectivement par les cercles et les triangles rouges. b Habitat
Coralligéne de surface, interpolé sur la couche du modele hydrodynamique a 10 m
de profondeur. Les sites d’échantillonnage de la gorgone pourpre (Mokhtar-Jamai
etal., 2011) sont représentés par les cercles rouges. ¢ Habitat Coralligene de fond,
interpolé sur la couche du modéle hydrodynamique a 100 m de profondeur. Les
sites d’échantillonnage du corail rouge (Aurelle et al., 2011) sont représentés par
les cercles rouges.
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nous avons défini une matrice finale qui considére successivement la probabilité de
ponte, la probabilité de transport et la probabilité d’installation (Figure 5.2c; Foster
etal., 2012; Kool et al., 2010; Mari et al., 2020) :

P =HoPso'H (5.1)

Le signe o correspond au produit matriciel de Hadamard. La matrice Pf est ensuite
normalisée en divisant chaque terme par la somme de sa colonne, afin que pour

chaque population, la probabilité totale de recevoir des particules soit égale a 1.

Calcul de la connectivité coalescente. Pour chaque étude, on applique le modele de
dispersion multi-génération identifiant les liens implicites (Chapitre III, Ser-Giacomi
et al., 2021) sur les matrices Pg et Pg . Nous considerons ainsi la connectivité géné-
tique pour des habitats globaux (de la méme maniere que dans le chapitre IV) et
pour des habitats spécifiques (i.e. herbiers de posidonie et coralligéne). Le calcul des
probabilités de connexion coalescente est réalisé pour un nombre de génération allant
de 1 a 250 (jusqu’a 500 génération pour Paramuricea clavata car elle est caractérisée

par une PLD de un jour, voir Figure 4.5b du Chapitre IV).

Prédiction du flux de geénes. Enfin, les indices de fixation génétique (Fst) et les pro-
babilités de connexion multi-génération associées aux mémes paires de populations
sont comparés pour chaque étude avec des tests de Mantel réalisés sur R (version
4.0.5) via le package vegan (version 2.5-7). De la méme maniere que dans le chapitre
IV (section 4.2.5.5), les probabilités de connexion, étant fonctions inverses des Fst,
sont d’abords transformées en suivant le modele d’ile de Wright, 1931 : Fst = m.
N, est fixée a 100 (équivalent au nombre de propagules modélisées pour chaque
populations) et m est donné par les probabilités de connexion coalescente calculées
entre paires de populations. Notons que toutes les corrélations présentées en résultat

sont significatives au seuil de 5 %.

5.4. Résultats & Discussion

Dans ce chapitre, nous avons utilisé des données de différentiation génétique de
quatre especes constitutives ou inféodées dans deux habitats écologiquement clefs de
Méditerranée. L'objectif est ici de tester I'effet de la considération de la distribution
spatiale de ces habitats dans le modéle de dispersion multi-génération sur la précision

des prédictions de flux de genes via la connectivité coalescente. Les deux hypotheses
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FIGURE 5.2. — Schéma illustrant la prise en compte de la probabilité d’occurrence
des deux habitats considérés dans la modélisation de la dispersion. a Probabilité
de connexions entre trois populations caractérisées par des probabilités d’occur-
rence d’herbiers de posidonie différentes. b Matrices associant a chaque paire de
population la probabilité de ponte (H) ou d’installation (‘H). ¢ Matrices compo-
sites synthétisant les probabilités de connexions entre paires de populations (Ps),
et en prenant en compte les probabilités d’occurrence d’herbiers de posidonie
P.
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de recherche sous-jacentes a cette considération des probabilité d’occurrence sont :
(i) que le nombre de générations optimales augmenterait, (ii) que les prédictions du
flux de genes seraient améliorées.

Parmi les quatre especes considérées, seule la prédiction de flux de genes de la
posidonie (Arnaud-Haond et al., 2007) répond positivement a ces deux hypotheses.
Le nombre de générations optimal avec I'habitat spécifique est de 72 générations,
soit 24 générations de plus qu’avec ’habitat global. Le coefficient de corrélation de
Mantel est également faiblement supérieur : R?péci Fique = 0.35 contre Rélobal =0.33
(Figure 5.3a). Toutefois, la corrélation avec I'’habitat spécifique est significativement
supérieure a celle obtenue avec 'habitat global (p-value = 0.0185, Hendrickson et al.,
1970). Pour I'oursin violet (Paterno et al., 2017), le nombre de générations optimal avec
I'habitat spécifique est également supérieur, 74 générations contre 40 générations
pour I'habitat global. Cependant, le coefficient de corrélation est similaire entre les
deux habitats (R?péci Fique = R; tobal = 0-77)- Cela peut étre dii au fait que I'oursin violet
n’est pas uniquement présent sur les herbiers de posidonie et peut également s’établir
sur d’autres substrats, comme les fonds rocheux ou sableux. La distribution spatiale
de la posidonie serait ainsi trop restrictive par rapport a un habitat global (i.e. qui
prend en compte tous les substrats possibles d'un étage littoral, voir Chapitre IV)
pour modéliser plus efficacement son flux de génes. Le caractere restrictif des prédic-
tions de distribution spatiale par les SDMs pourrait ainsi induire un biais potentiel
dans la modélisation de la connectivité génétique. Il faut également considérer les
inconsistances potentielles dans les données spatiales empiriques de présence (et
possiblement d’absence pour les especes sessiles) des espéces, utilisées pour paramé-
trer les SDMs : erreurs d’identification, approximations géographiques, étendue des
données d’occurrence non représentative de I'aire de répartition, biais d’échantillon-
nage (e.g. entre cote nord et sud de la mer Méditerranée), etc. Pour ces deux espéces
constitutives ou présentes dans les herbiers de posidonie, le rapport entre le nombre
de générations optimal pour I'habitat global et I'habitat spécifique est du méme ordre
de grandeur, soit 1/3 pour la posidonie et 1/2 pour I'oursin violet. Du fait que ces
deux especes sont caractérisées par la méme PLD (i.e. 30 jours, Tableau 1) et par une
SSRep quasi-similaire (i.e. 859 km et 758 km, respectivement), cela indiquerait que la
relation entre les échelles spatiales et temporelles montrée dans le chapitre précédant
(i.e. Figure 4.5b du Chapitre V) serait conservative.

Pour les deux especes présentes sur le coralligéne, aucune des deux hypotheses

de recherche n’est vérifiée par les résultats. Le nombre de générations optimales
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avec 'habitat spécifique est deux fois inférieur a celui avec 'habitat global pour la

gorgone pourpre (11 vs 22), et le coefficient de corrélation est également 1égérement
_ 2 _ . .

lobal = 0-22 Us Rspécifique = 0.21, Figure 5.3c). Pour le corail rouge, et

contrairement aux trois autres études, les courbes décrivant la valeur du coefficient

inférieur (Rg

de Mantel par rapport au nombre de générations sont quasi-similaires pour les deux
habitats : elles augmentent linéairement jusqu’a atteindre a 36 générations un seuil
a R? = 0.5. Ces résultats contradictoires aux hypothéses peuvent étre dus a I'effet de
I’échantillonnage centré sur la Méditerranée nord occidentale pour ces deux especes
(87 % pour la gorgone pourpre et 86 % pour le corail rouge), qui coincide avec une
zone d’homogénéité relative de la distribution spatiale du coralligene qui y apparait
peu fragmenté (Figure 5.1b,c).

Afin d’étudier 'adaptation locale, Mokhtar-Jamai et al., 2011 ont pour moitié échan-
tillonné la gorgone pourpre de maniere tres localisée et sur plusieurs profondeurs
(e.g. 7 sites dans la région catalane, 13 sites dans la région marseillaise, 5 sites au nord
de la Corse), tout en prélevant d’autres populations plus distantes (e.g. un unique
site d’échantillonnage en mer Adriatique et Egée). Appliqué a nos problématiques et
avec notre méthodologie, un tel échantillonnage combinant fine et large échelle est
moins adapté. En effet, en étudiant la connectivité génétique et modélisant le flux
de génes a I’échelle du bassin Méditerranéen, notre modele ne peut pas résoudre
les différences génétiques a I’échelle de quelques dizaine de km ni sur différentes
profondeurs. Une telle étude de la connectivité génétique a fine échelle nécessiterait
un modele hydrodynamique tridimensionnel local a haute résolution, comme celui
utilisé dans Rossi et al., 2020 pour modéliser la connectivité démographique du co-
ralligéne (a partir d'une cartographie haute résolution de I'’écosystéme) dans la baie
de Marseille. Il faudrait également un modele bio-physique qui simule la trajectoire
des propagules sur les trois dimensions de I'espace. Ici, les sites d’échantillonnage
qui sont seulement distants d'une dizaine de km sont pour la plupart caractérisés
par un méme nceud, ou par un nceud adjacent, voir Figure 5.1b. La méme situation
s’observe pour le corail rouge (Figure 5.1c). Pour une espece dispersant peu comme
la gorgone pourpre (i.e. PLD de 1 jour), il en résulte que toutes ces populations tres
proches sont connectées entre elles pour un faible nombre de générations alors que
les probabilités de connexions sont nulles entre les autres paires de populations. Sur
la courbe représentant le coefficient de corrélation en fonction du nombre de géné-
rations, le pic observé a ~ 10—20 générations (Figure 5.3c) est induit par la situation

«artificielle » ot la proportion de paires de populations connectées par rapport au
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FIGURE 5.3. — Coefficient de corrélation de Mantel entre les Fst et les probabilités de
connexion en fonction du nombre de générations considérées dans le modele
de dispersion multi-génération. Les courbes pleines et noires correspondent a
I’habitat spécifique représentant I’ecosystéme a herbier de posidonie (Giannou-
laki et al., 2013) ou a coralligene (Martin et al., 2014). Les courbes pointillées
et grises correspondent a I’habitat global. a La posidonie Posidonia oceanica
(Arnaud-Haond et al., 2007). b Loursin violet Paracentrotus lividus (Paterno et al.,
2017). ¢ La gorgone pourpre Paramuricea clavata (Mokhtar-Jamai et al., 2011).
Les pourcentages représentent la proportion de paires de populations connectées
pour un nombre de générations fixé par rapport au nombre maximal potentiel-
lement possible (ici 561 paires de populations). Les étoiles bleus correspondent
au nombre de génération pour lequel le coefficient de corrélation de Mantel est
maximal. Les étoiles orange indiquent le nombre de génération pour lequel le
nombre de paires de population connectées est maximal (i.e. égale au nombre a
500 générations). d Le corail rouge Corallium rubrum (Aurelle et al., 2011).
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nombre maximum potentiel est d’environ 50 %. Ainsi, les paires de populations voi-
sines sont caractérisées par des probabilités de connexions proches de 1 et des Fst
relativement faibles et de maniere contraire, les paires de populations plus éloignées
sont caractérisées par des probabilités de connexions nulles et des Fst relativement
plus élevées. Toutefois, les prédictions de flux de genes sont meilleures avec I’habitat
spécifique qu’avec I'habitat global lorsque toutes les populations sont connectées
entre elles pour 'habitat spécifique (pour environ 70 générations, étoile orange sur
la Figure 5.3c¢) alors que ~ 30 % des paires de populations restent déconnectées pour
I'habitat global, et ce jusqu’a 500 générations. Le modele de niche, en définissant
de maniére plus fine les habitats de coralligene, notamment au niveau de la mer
Adriatique, du canal de Sicile et des iles Baléares (voir Figure 4.1b du Chapitre IV
par rapport a la Figure 5.1b), a permis de considérer des populations clefs dans le
calcul de la connectivité génétique multi-génération. Sans la prise en compte de ces
populations, notre modele ne peut estimer le flux de génes entre un tiers des paires
de population échantillonnées (Mokhtar-Jamai et al., 2011). La considération de la
distribution spatiale est ainsi déterminante pour étudier les processus de connectivité
génétique a large échelle. Pour les espéces caractérisées par une PLD tres courte, le
nombre de générations optimal est obtenu pour le plus grand nombre de générations
modélisé (Figure 4.5b du Chapitre IV), similairement a la saturation des probabilités

de dispersion multi-génération (Figure 9 du Chapitre III).

Seuil d'habitat

1

Capacité porteuse

Probabilité d'installation

Probabilité d'occurence

FIGURE 5.4. — Exemple d’intégration de la capacité porteuse dans la transformation
des probabilité d’occurrence d’écosysteme en probabilité d’installation

Une des raisons pour lesquelles les prédictions de flux de génes ne sont pas si-

gnificativement améliorées avec I'utilisation des habitats spécifiques réside dans la
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prise en compte des probabilités d’occurrence et leur interprétation biologique dans
le modele de dispersion multi-génération. Nous avons suggéré que plus la proba-
bilité d’occurrence de I'habitat considéré est grande, plus le processus de ponte et
d’installation est efficace. En utilisant les mémes données de distribution spatiale
des herbiers de posidonie, Mari et al., 2020 appliquent cette méme méthodologie
pour caractériser la connectivité démographique de la posidonie sur I’ensemble des
cOtes méditerranéennes. De plus, ils définissent un seuil de probabilité d’occurrence
pour définir un habitat viable ou non (Figure 5.4). Kool et al., 2010 ont également
estimés la probabilité de ponte et d’installation en fonction du nombre de patchs
d’habitats favorables (i.e. les récifs coralliens de la mer des Caraibes) contenus dans
les limites géographiques des nceuds de leur réseau de connectivité. Cette relation
linéaire entre probabilité d’occurrence d’'un habitat favorable et probabilité d’ins-
tallation est adaptée pour des espéces a court cycle de vie, ou connues pour ne pas
saturer leurs habitats (i.e. populations caractérisées par une forte mortalité, donc
avec une dynamique démographique potentiellement dépendante du nombre de
migrant, voir section 1.3.1), mais ne semble pas justifiée lorsque les populations ou
patchs d’habitats sont limités par le nombre d’individus qu’ils peuvent accueillir (e.g.
les herbiers marins). En d’autres termes, la prise en compte de la capacité porteuse
(Del Monte-Luna et al., 2004) induirait qu'une population ne peut plus supporter
d’autres immigrants lorsque un seuil de probabilité d’occurrence d'un habitat est
franchi. Dans ce cas, la probabilité d’'installation serait alors fortement réduite passé
ce seuil défini par la capacité porteuse (Figure 5.4). A la génération suivante, les propa-
gules des quelques migrants qui ont pu s’installer vont étre diluées dans le nombre
considérable de propagules relachée par les populations autochtones, et vont avoir
une tres faible chance de contribuer au flux de genes (i.e. High-density-blocking, voir
Box 1 dans Waters et al., 2013). De telles transformations de probabilités d’occurrence
pourraient, en fonction de ’espece considérée, apporter des solutions simples et mo-
dulables a 'implémentation de la dynamique spatiale des populations dans I'étude

de la connectivité génétique.
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6.1. Résumeé et contextualisation

Lobjectif de ce travail de thése a été d’étudier I'influence de la connectivité multi-
échelle via la dispersion sur la structure des populations et les schémas de biodiversité
en mer Méditerranée. La modélisation des mécanismes de dispersion passive par les
courant marins et la compréhension de la connectivité multi-échelle attenante ont
nécessité I'utilisation couplée de modeles biophysiques paramétrés par les premiers
traits de vie des especes cibles, de données biogéographiques et de développements
théoriques s’appuyant sur la théorie des graphes.

En premier lieu, I'étude des parametres biologiques des premiers traits de vie, c’est-
a-dire de la période de ponte et de la durée de la phase de dispersion pélagique, a
rendu possible la paramétrisation du modele biophysique. Dans cette these, ce sont
des données in situ d’analyse d’otolithes de deux especes de poissons cotiers pour un
évenement de dispersion en mer Adriatique, et des compilations d’information biblio-
graphiques sur prés de cinquante especes a cycle de vie biphasique a I’échelle de la
mer Méditerranée. Ensuite, 'analyse biogéographique des espéces étudiées a permis
de définir les lieux d’habitats des populations adultes via I'intégration d'informations
spatiales sur les différents types de substrats, la bathymétrie, ou les prédictions d’oc-
currence d’espece via des modeles de niches. Finalement, en modélisant le transport
larvaire spécifique entre des sous-divisions spatiales des habitats favorables (i.e. des
populations) et en utilisant les outils de la théorie des graphes, le modele biophysique
quantifie des liens dans un réseau de nceuds. Ces liens représentent alors des flux
d’individus ou de genes entre des populations, et caractérisent respectivement la
connectivité démographique ou génétique.

Au-dela de la nécessité d'une recherche multidisciplinaire pour étudier ces deux
aspects de la connectivité, on a, dans cette thése, considéré de maniere simultanée
les échelles écologiques et évolutives spécifiques induites par le processus de dis-

persion. Ce processus influe, par définition (Clobert et al., 2012), simultanément sur
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I’échange d’individus et de genes dans |'espace. La dispersion impacte la dynamique
spatio-temporelle démographique des populations, et dans le méme temps, leurs
structures génétiques. Cependant, il est difficile de faire un lien méthodologique entre
ces deux mécanismes écologiques et évolutifs théoriquement distincts, notamment
du fait des échelles temporelles typiques supposées différentes : que ce soit pour
quantifier les échanges d’individus a partir de mesures de différentiation génétique
entre populations ou de facon opposée, d’estimer le flux de genes a partir de mo-
deles biophysiques d’échanges d’individus. En définissant théoriquement les liens
explicites (i.e enfants-parents) et implicites (i.e. partage d'un parent commun) entre
populations sur des générations successives d’événements de dispersion cumulatifs,
on a pu convertir la quantification de flux d’'individus en estimation de flux de genes
(Chapitre III). Les liens implicites, qui n’étaient jusqu’a présent pas considérés dans
I’étude de la connectivité via la dispersion, retournent les meilleures prédictions de
flux de genes lorsqu’elles sont comparées aux observations de structure génétique
chez 47 especes différentes sur I'’ensemble du bassin méditerranéen (Chapitre IV). Ces
meilleures prédictions de flux de génes sont obtenues a un nombre de générations
optimal qui est fonction de I'échelle spatiale considérée (i.e. étendu des patrons géné-
tiques échantillonnés), liant ainsi les échelles temporelles et spatiales pertinentes pour
évaluer la structure génétique. De plus, pour la méta-analyse, le nombre moyen de
générations optimal est relativement faible (~ 20 générations) par rapport au nombre
de générations nécessaires pour que les probabilités de connexions implicites sa-
turent (~ 500 générations, Chapitre III), ce qui questionne le postulat d'un temps
évolutif «long » nécessaire a I'établissement des structures génétiques observées. Cela
suggere que le flux de genes n'est pas a I'équilibre avec la dérive génétique a cause
du caractere stochastique des forcages environnementaux et des rapides fluctuations
écologiques biotiques. La variabilité a méso-échelle du processus de dispersion, en
impactant directement la dynamique des populations, peut étre un moteur de ces
changements écologiques. Cette variabilité est due a des conditions hydrodynamiques
locales changeantes (e.g. cycle saisonnier dans le transport des courants, fronts, ed-
dies, événements sporadiques d'upwelling, etc.) mais également a des oscillations
climatiques a large-échelle (oscillations décennales, exemple du BiOS, Di Stefano et
al., 2022, en Annexe A.2). Pourtant, pour une génération de dispersion, la circulation
océanique in situ, par les courants géostrophiques dominants, les mécanismes de
convergence cotiere amenant a de la rétention (e.g. downwelling) ou la turbulence,

explique relativement bien les patrons de connectivité démographique (Chapitre II).
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Dans le cas de I'estimation du flux de genes, la prise en compte des liens implicites
entre populations sur plusieurs générations montre que la connectivité génétique
coalescente sous-jacente s’affranchit des barriéres hydrodynamiques induites par
les courants géostrophiques ou les gyres identifiés a large-échelle, contrairement a
la connectivité filiale (Chapitre III). Il en résulte que les explications des structures
génétiques observées par la circulation océanique moyenne doivent étre revisitées.
Méme si la dispersion influe simultanément sur la démographie et la structure gé-
nétique des populations pour une échelle spatio-temporelle qui semble congruente,
la connectivité démographique ne caractérise pas les méme liens entre populations
que la connectivité génétique. En effet, la connectivité génétique coalescente, en
considérant des liens implicites que deux populations contemporaines partagent une
population « ancétre » commune, ne quantifie pas le flux d'individus mais le flux de
genes potentiel, et permet de mieux interpréter les patrons de diversité génétique
observées. Finalement, la prise en compte, dans la modélisation de la connectivité
coalescente, de la distribution spatiale d'une espece (Chapitre V) permet de consi-
dérer de la variabilité spatiale de la taille de la population et potentiellement des
phénomenes densité-dépendants, qui sont également directement influencé par la
dispersion.

Pour conclure, cette these, en utilisant des outils et données complémentaires
issus de différentes disciplines, a permis de cerner les lacunes et d’améliorer nos
connaissances sur la relation entre connectivité démographique et génétique. Par
son caractere éco-évolutif, le processus de dispersion influe simultanément sur la
structure spatiale des populations et les patrons de diversité génétiques a des échelles
spatio-temporelles qui semblent similaires, mais via des connexions intrinsequement
différentes. La définition de la connectivité coalescente ouvre de nombreuses perspec-
tives quant a I’évaluation de I'impact relatif du flux de génes par rapport aux autres
forces évolutives sur la diversité génétique, et notamment du role potentiellement
dominant de I'adaptation aux fluctuations environnementales, mais questionne éga-
lement 'influence de la dynamique temporelle de la démographie locale sur de telles

structures génétiques.
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6.2. Quelles sont les perspectives apportées par
cette théese ?

6.2.1. De nouveaux outils méthodologiques
6.2.1.1. Le cadre analytique

Le cadre analytique, détaillé dans le chapitre II (c.f Figure 1 du Chapitre II), per-
met de quantifier les échelles de dispersion larvaire, de caractériser les patrons de
connectivité démographique et de localiser les zones de pontes. Lintérét premier
de ce cadre est sa modularité en fonction de la précision des données biologiques a
disposition sur I'’espece considérée. A partir d'une ou plusieurs simulations Lagran-
giennes de dispersion larvaire sur I'intégralité de la zone d’étude, I'ajout de filtres
successifs représentant des contraintes environnementales pour la ponte, les habi-
tats préférentiels des adultes puis des données démographiques (densité et taille
d’adultes matures pour chaque population ou taille de la population effective sil’on
s’'intéresse a la génétique des populations) permet théoriquement d’affiner, étape
par étape, la précision et la pertinence des diagnostiques de connectivité. Technique-
ment parlant, les caractéristiques biologiques et démographiques sont considérées
en modifiant certains éléments d'une matrice de connectivité brute, c‘est-a-dire en
supprimant des lignes ou colonnes (avant normalisation) et en modulant les probabi-
lités de connexions (comme procédé par exemple dans Foster et al., 2012 ; Kool et al.,
2010; Mari et al., 2020, Figure 6.1). Cette méthodologie probabiliste résumant I'in-
formation de millions de trajectoires apparait plus flexible qu'une approche centrée
sur I'individu (i.e. se réfere ici a 'approche proposée par les modeles biophysiques
comme Ichthyop, Lett et al., 2008 ou Connectivity Modeling System,Paris, Helgers
etal., 2013, c.f. section 6.2.2.2), dans laquelle les caractéristiques biologiques et démo-
graphiques parametrent directement I'implémentation des particules numériques.
En effet, on peut étudier la variabilité spatio-temporelle des conditions biologiques et
démographiques en comparant le résultat de plusieurs modulations conditionnelles
appliquées sur les mémes matrices brutes (Figure 1.1, comme il a été fait dans le
chapitre V). Une perspective intéressante serait de créer des banques de matrices de
connectivité, représentant un événement précis de dispersion (Chapitre II et III) ou
composites sur plusieurs années (Chapitre IV et V), pour pouvoir ensuite les moduler
selon les questions scientifiques posées. Ce cadre est utilisé dans le chapitre II pour

étudier la variabilité spatio-temporelle du processus de ponte a I’échelle interannuelle,
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dans le chapitre IV pour considérer les deux catégories d’habitats, les cinq périodes de
pontes et les cinq PLDs différentes pour les 47 especes de la méta-analyse et dans le
chapitre V pour moduler les probabilités de connexion en fonction de la probabilité

d’occurrence d’herbiers de posidonie et de coralligene dans chaque population.

Installation
Modulation
quantitative 0.2 0 0.7 0 —3 - Probabilité d'occurence (Chapitre V),
capacité porteuse
Modulation
qualitative > - Echantillonnage otolithométrie, génétique (Chapitres II,1V)
1 0 1 0 - Données substrat +bathymétrie (Chapitre IV)
Matrice brute Matrice probabilitées qualitative
0.8 1 4 112 | 2 | 30 0.13| 0 |0.11] O
2| 0 0 7 13 12| 1 0o/ 0 0 o0
c .
S >
& 101 1 26 | 9 |16 | 9 0.87| 0 |0.89| O
0 2 5 3 |11 0 0 0 0
* Chapitres II, III, IV

Normalisation par les colonnes
Dynamique "Backward-in-time"

Y

Matrice probabilitées quantitative

055 0 |[05] O

AMPs

Probabilité d'occurence (Chapitre V) - -€&— | ©

0 0] O 0
045 0 |05 O
0 0] O 0

Echantillonnage génétique (Chapitre IV) -

onnées substrat +bathymétrie (Chapitres II, IV) -

Chapitre V

FIGURE 6.1. — Schéma simplifié du cadre analytique général et de son utilisation dans
cette these. La matrice brute est le produit du modele bio-physique LFN, ou
chaque élément m;; correspond au nombre de particules échangées entre les
populations i et j. Les caractéristiques biologiques et démographiques (habitat
préférentiel et site d’échantillonnage) sont considérées en modulant la matrice
brute de maniere qualitative (Chapitre II, III, et IV) ou quantitative (V). Les
perspectives de modulation quantitatives sont en italiques, et concernent le
processus de ponte (considération de la possible production plus importante de
larves dans les AMPs) et d’installation (considération de la capacité d’accueil).
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6.2.1.2. La connectivité filiale et coalescente via la dispersion
multi-génération pour caractériser le flux de genes

La formulation théorique des connexions explicites et implicites multi-générations
cumulatives décrites dans le Chapitre III est un outil méthodologique novateur pou-
vant étre appliqué a n'importe quel réseau temporel et orienté. Les connexions expli-
cites et implicites sont appliquées dans le Chapitre IV pour modéliser respectivement
la connectivité filiale et coalescente induite par la dispersion sur de multiples géné-
rations chez des especes marines de différents phylums. Grace a cette méta-analyse,
nous avons montré que la connectivité coalescente est le meilleur modele pour esti-
mer de maniere mécanistique le flux de génes inhérent au processus de dispersion
par les courants marins. Les connexions implicites multi-générations cumulatives
représentent ainsi une contribution importante a la discipline récente du seascape
genetics, soit I’étude conjointe des patrons génétiques identifiés par la génétique des
populations, de I'environnement marin et des conditions écologiques et démogra-
phiques (c.f. section 1.3.4, Jahnke et Jonsson, 2022; Riginos et Liggins, 2013; Selkoe
etal., 2016; Selkoe et al., 2008). Lestimation du flux de genes par un modele mécanis-
tique ouvre de nouvelles perspectives quant a la dissociation des influences relatives
de la sélection environnementale et du flux de génes sur les structures génétiques
observées (e.g.Wang et al., 2013). La connectivité filiale pourraient étre appliquées
pour étudier les processus de colonisation sur plusieurs générations de dispersion
successives. Théoriquement, les connexions explicites permettent d’évaluer comment
une espece étend son aire de répartition par événement de dispersion successif. D'un
point de vue démographique, les probabilités de connexion filiale sur plusieurs gé-
nérations peuvent étre comparées a I’historique des observations de présence d'une
espece invasive. Par exemple, cela peut étre appliquée chez les espece invasives en
Méditerranée apres un évenement de migration lessepsienne depuis la mer Rouge, et
qui colonisent de génération en génération les cotes orientales puis occidentales (e.g.

Fistularia commersonii, Azzurro et al., 2013).

6.2.2. La modélisation Lagrangienne et le comportement
larvaire

6.2.2.1. Le comportement larvaire

Certaines especes, notamment chez les poissons cotiers (Leis, 2006) mais également

les invertébrés marins (Chia et al., 2011), présentent des comportements larvaires
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actifs : cela correspond a la capacité des larves a se mouvoir en dehors de la dérive
induite par les courants océaniques. De telles capacités natatoires se développent au
cours de I'ontogénese : pour les poissons, il y a d’abord le stade de flexion (courbure
de la colonne vertébrale), puis le développement complet des vertebres, des nageoires
caudales et enfin des nageoires dorsales (Clark et al., 2005). Le potentiel maximal de
mouvement endogene est ainsi obtenue a la fin de la phase pélagique. Pour quantifier
le comportement larvaire, la majorité des études sont menées en laboratoire dans des
aquariums simulant les contraintes des conditions pélagiques. La vitesse critique des
larves (i.e. un proxy de la vitesse maximale atteinte sous incrémentation successives
des courants) chez des poissons tempérés peut aller de 10 cm.s™! 2430 cm.s™! ala fin
de leur développement (Figure 6.2a, Baptista et al., 2019; Clark et al., 2005; Faillettaz,
Durand et al., 2018; Leis, 2006). Sous la contrainte de courants de 10 cm.s™! (i.e.
caractéristique d’'un courant moyen), les larves peuvent nager a la fin de la phase
pélagique pendant une dizaine de km environ (Figure 6.2b, Baptista et al., 2019; Clark
et al., 2005). Dans le cas d'un cisaillement vertical de la circulation océanique, cette
capacité de mouvement accroit la rétention locale en permettant aux larves de ne pas
étre exporté au large en nageant verticalement entre les couches de surface (Ayata
etal., 2010; Leis, 2006; Sponaugle et al., 2002). Cela s’'observe notamment pendant les
cycles de marées, dans les estuaires ou les upwellings (Menge et al., 2011; Queiroga et
Blanton, 2005; Thiébaut et al., 1992). Il a été montré in situ que les larves répondent a
des signaux olfactifs envoyés par leurs substrats préférentiels (ici les récifs de coraux)
en nageant plus rapidement vers la direction voulue (Paris, Atema et al., 2013). A
la fin de la phase pélagique, les larves de plusieurs espéces de poissons cotiers de
Méditerranée peuvent également tenir un cap dans leurs mouvements, cap qui peut
étre indexé par la position du soleil (Berenshtein et al., 2014 ; Faillettaz et al., 2015)
ou du champ magnétique (Bottesch et al., 2016). Ces comportements natatoires et
d’orientation permettent aux larves d’augmenter leurs chances de s’installer sur un

substrat adéquat en fin de phase pélagique (Faillettaz, Paris et al., 2018).

6.2.2.2. Lapproche de modélisation Lagrangienne centrée sur I'individu

Plusieurs modeles Lagrangiens (e.g. Ichthyop, Lett et al., 2008, Connectivity Mode-
ling System, Paris, Helgers et al., 2013) adoptent une approche centrée sur l'individu
(individual-based model) pour rendre compte du comportement larvaire pendant le
processus de transport. Ils considérent a chaque pas de temps de I'intégration des

trajectoires des particules, la vitesse horizontale (e.g. Faillettaz, Durand et al., 2018) ou
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FIGURE 6.2. — Evolution des capacités natatoires durant ’'ontogenese pour trois es-
peces tropicales (A. melanopus, P amboinensis, S. nematoptera) et trois especes
tempérées (M. novemaculeata, P auratus, A. japonicus) évaluée en laboratoire.
a Vitesse critique de nage (cm.s™1), soit la vitesse maximale atteinte sous incré-
mentation successives des courants. Les courbes rouges et vertes indiquent les
vitesses critiques de nage par unité de taille par seconde (SL, standard length),
soit respectivement 10 SL.s™! et 20 SL.s™!. A la taille d’installation (10-12 mm SL),
la vitesse critique moyenne est d’environ 15 cm.s~!. b Endurance de nage sous la
contrainte de courant de 10 cm.s™! . A la taille d’installation, ’endurance et de
I'ordre d'une a deux dizaines de km. D’apres Clark et al., 2005; Leis, 2006
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verticale (e.g. Ayata et al., 2010; Guizien et al., 2020) de nage potentielle de I'espece
étudiée. La température observée pendant la trajectoire de chaque propagule numé-
rique peut étre considéré dans le taux de croissance supposé des larves (revue dans
Lett et al., 2010), et peut également impacter la mortalité sous-jacente (Kool et al.,
2010). De tels modeles peuvent possiblement mettre fin a la simulation du processus
de transport lorsque la propagule se situe sur un habitat favorable apres une période
fixée de dispersion, qui correspond au temps nécessaire a la larve de se développer
suffisamment pour pouvoir s'installer (Faillettaz, Paris et al., 2018, voir Ayata et al.,
2009 avec l'utilisation d'un modele Eulérien). En suivant individuellement chaque
propagule numérique, cette approche centrée sur I'individu est évidemment plus cou-
teuse en temps et puissance de calcul. Elle nécessite des connaissances biologiques,
le plus souvent inexistantes, sur le comportement larvaire pendant la dispersion :
taux de croissance en fonction de I'environnement, développement des capacité de
mouvement pendant I'ontogénie, capacité d’orientation, schéma de migration ver-
ticale (Ayata et al., 2010; Guizien et al., 2020), etc. De plus, conditionner in silico la
croissance et la mortalité des propagules par des facteurs abiotiques demande de
modéliser avec précision les variations environnementales a sous-méso-échelle, ce

qui n’est pas encore le cas de nos jours.

6.2.2.3. Perspectives d’amélioration du modele

Dans cette these, nous avons utilisé le modele Lagrangian Flow Network (Dubois et
al., 2016; Rossi et al., 2014 ; Ser-Giacomi, Rossi et al., 2015) pour modéliser le transport
de propagules par les courants. Nous avons choisi de ne pas intégrer de comportement
larvaire dans le calcul des trajectoires de chaque particule. Uhypothése sous-jacente
est que la simplification faite en négligeant le comportement larvaire est du méme
ordre de grandeur que la diffusion numérique induite par la définition spatiale large
des nceuds du modele (i.e. ’'emplacement final des propagules numériques au sein
d’'un nceud n’a pas d’importance). En effet, la taille de coté de ces nceuds, qui est de
1/16° (soit ~ 7 km) dans le chapitre II et de 1/4° (soit ~ 25 km) dans le chapitre IV et
V, et les capacité moyennes d’endurance observées en laboratoire sont d’'une a deux
dizaines de km (Figure 6.2b, voir également discussion dans la section 4.2 du Chapitre
ID).

Comme proposé par les modeles centrés sur I'individu, de nombreuses perspec-
tives existent quant a une meilleure intégration du comportement larvaire dans la

modélisation Lagrangienne proposée dans cette these. Une solution idéale serait d'im-
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plémenter les considérations biologiques de comportement des modeles centrés sur
I'individu (Lett et al., 2008 ; Paris, Helgers et al., 2013) sur la routine de modélisation La-
grangienne du modele LFN. On pourrait ainsi bénéficier des avantages de ce modele,
soit 'approche probabilistique et les pre- et post-traitement des matrices de connecti-
vité facilitant la modulation et I'utilisation des outils de la théorie des graphes, tout en
considérant les comportements larvaires. Toutefois, lorsqu’il est question d’étudier la
connectivité génétique, il faut prendre en considération les processus physiques réso-
lus par les modeles Eulériens a I’échelle du bassin (voir discussion Pineda et al., 2007).
Pour les modeles a grande échelle, avec des simulations disponibles sur plusieurs
décennies, les incertitudes sur les processus a méso-échelle (e.g. les ondes de gravité,
les ondes de surface et interne de marée, les vagues, le cisaillement aux frontieres,
les vitesses et la stratification verticales, etc.) sont comparables voire supérieures aux
effets potentiels des capacités natatoires des larves (le modéle Eulérien utilisé dans
le Chapitre III, IV et V produit des champs de courants horizontaux a une précision
d’1/16°).

En plus de la diffusion numérique induite par la taille des nceuds et si'on considére
la possible variabilité temporelle induite pour modéliser la connectivité génétique, im-
plémenter un sous-modele de marche aléatoire pendant I'intégration des trajectoires
permettrait de prendre en compte les processus stochastiques de turbulence (e.g.
Ayata et al., 2010) et de nage (e.g. Paris, Atema et al., 2013) a la fois sur I'horizontale et
la verticale.

Il serait intéressant d'implémenter dans notre modele biophysique la considération
des conditions environnementales (notamment la température) observées par les par-
ticules pendant 'intégration de leurs trajectoires. De ce fait, en plus de modéliser les
probabilités de ponte et d’installation en fonction de ’habitat, on pourrait également
prendre en compte la mortalité des propagules, ainsi que leurs pré-compétence pour
s’'installer dans un habitat favorable pendant le processus de transport en fonction
des conditions environnementales (Ayata et al., 2009; Faillettaz, Paris et al., 2018). La
prise en compte de la variabilité spatio-temporelle de 'environnement pourrait égale-
ment étre indexée pour chaque population (Di Stefano et al., 2022, voir annexe A.2),
afin d’étudier I'influence relative de la sélection environnementale sur les structures

génétiques.
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6.2.3. Délimitation spatiale de communautés dans les réseaux
de connectivité génétique

Pour étudier I'influence de I'environnement sur la diversité génétique, les méthodes
employées se basent généralement sur la comparaison de mesures de différentiations
génétiques (e.g. Fst) avec diverses mesures de distances ou différences entre paires
de populations : par exemple I'isolement par la distance (Rousset, 1997), I'isolement
par I'environnement (Wang et Bradburd, 2014), I'isolement par la résistance (McRae,
2006), ou I'isolement par 'océanographie (terme qui regroupe I’évaluation par des
modeles biophysiques des connexions entre populations via la dispersion passive
des propagules par les courants, Jahnke et Jonsson, 2022). Pour le dernier cas, on a
effectivement comparé dans le Chapitre IV des matrices de Fst avec des matrices de
distances entre paires de populations (isolement par la distance et par I’océanogra-
phie). Cependant, la considération de quelques paires de populations directement
indexées par I’échantillonnage, peut étre restrictif dans la compréhension des struc-
tures spatiales a I’échelle globale du bassin étudié. En effet, en utilisant I'exemple de
la posidonie, échantillonnée de maniere conséquente sur les cotes Méditerranéennes
(29 sites d’échantillonnages, Arnaud-Haond et al., 2007), on a testé dans le Chapitre
IV et Vla corrélation entre Fst et probabilité de connexion pour 406 paires de popu-
lations, soit moins de 1% du nombre total de connexions du réseau de connectivité
coalescent sous-jacent (i.e. 683 865 et 611 065 paires de populations pour respective-
ment ’habitat global et I'habitat spécifique, Chapitre V). Au-dela de I'indexation des
paires de populations contrainte par I’échantillonnage, chaque population peut étre
caractérisée par sa propre importance au sein du réseau de connectivité (quantifiée
par des métriques issues de la théorie des graphes, e.g. local retention, self recruit-
ment, source-sink degree, betwenness centrality et eigenvector centrality, Andrello et al.,
2017; Dubois et al., 2016; Ser-Giacomi, Rossi et al., 2015; Treml et al., 2008). Paralle-
lement, I'’étude des caractéristiques des réseaux de connectivité permet d’identifier
des communautés, rassemblant les populations qui sont bien connectées entre elles
et peu avec leurs voisines (e.g. Jacobi et al., 2012; Rossi et al., 2020; Rossi et al., 2014;
Rosvall et Bergstrom, 2008; Ser-Giacomi, Rossi et al., 2015). De telles communautés
peuvent correspondre a I'identification de sous-populations (Jacobi et al., 2012) et
permettent de localiser les possibles barrieres a la dispersion (De Wit et al., 2020;
Jahnke et al., 2018), indépendamment de la contrainte de I’échantillonnage. Dans le
cas de la connectivité coalescente, identifier des communautés dans un tel réseau de

liens implicites reviendrait (i) a grouper ensemble les populations qui partagent les
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meémes populations ancétres et (ii) a délimiter des régions a l'intérieur desquelles le
flux de génes induit par la dispersion peut étre considéré comme relativement ho-
mogene mais distinct du flux de la région voisine. Les frontiéres entre communautés
représentent ainsi des barrieres au flux de genes inhérentes au réseau de connectivité
coalescent, c’est-a-dire qui représentent a la fois I'entiereté des liens implicites entre
chaque population et I'hétérogénéité spatiale de '’habitat. La considération de telles
«méta-populations coalescentes » (voir Figure 6.3 pour I'exemple de la posidonie)
permettrait de s’émanciper de I'analyse comparative entre populations et d’optimiser
la stratégie d’échantillonnage en répartissant les sites d’échantillonnage au sein des
différentes régions. Ces méta-populations coalescentes peuvent faciliter I'interpré-
tation des clusters génétiques, et de leurs interpolations spatiales (e.g. De Wit et al.,
2020; Jahnke et al., 2018). Elles permettent également, en estimant la structure géné-
tique spatiale et en définissant des unités de conservation a I’échelle d'un bassin, de
fournir des informations cruciales pour la gestion des populations marines, alors que

le génotypage peut étre couteux pour couvrir de telles échelles spatiales.

6.2.4. Direction future et recommandations

Les résultats dévelopés dans cette thése ont été obtenus en réutilisant des données
biologiques et génétiques déja publiées, et en employant des données biogéogra-
phiques et hydrodynamiques disponibles sur les portails européens (EMODnet et
Copernicus respectivement). D’une part, la réutilisation de données a de nouvelles
hypotheses de travail a de nombreux avantages : réduction des cotts de recherche,
approfondissement des questionnements scientifiques, vision d’ensemble grace aux
méta-analyse, etc. D’autre part, la stratégie d’échantillonnage proposée pour répondre
aux problématiques initiales n’est pas forcément adaptée a d’autres hypotheses de
recherche : nos résultats ont été en quelque sorte contraints par le choix antérieur
des especes cibles et des stratégies d’échantillonnage. Inversement, nos résultats per-
mettent d’offrir des pistes de réflexions pour mieux étudier les processus de connecti-
vité multi-échelle :

— Selon le Chapitre IV, un échantillonnage de plus de 11 populations est nécessaire
pour avoir au moins 50 % de prédiction significative de flux de genes par le
modele de connectivité coalescente. De plus, un échantillonnage combinant
fine et grande échelle est inadapté pour I'évaluation de la connectivité génétique
(Chapitre V). Pour de prochaines études de connectivité génétique se plagant a

I’échelle d'un bassin, nos résultats suggerent un échantillonnage homogene et
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FIGURE 6.3. — Délimitation de « méta-populations » dans le réseau de connectivité
coalescente de la posidonie par ’algorithme InfoMap (Rosvall et Bergstrom, 2008).
Le réseau de connectivité coalescente a été modélisé en considérant les probabili-
tés d’occurrence des herbiers de posidonie détaillée dans le Chapitre V. Au sein de
chaque région, le flux de génes modélisé peut étre considéré comme homogene.
a 11 communautés sont détectées pour une courte période de dispersion (i.e.
1 jour, connectivité coalescente calculée pour 600 générations), caractéristique
du transport des pollens et des graines par les courant (McMahon et al., 2014,
c.f. Figure 1.13). b 4 communautés sont détectées pour une longue période de
dispersion (i.e. 30 jours, connectivité coalescente calculée pour 72 générations),
caractéristique du transport des fruits par les courant (McMahon et al., 2014).
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conséquent (plus de 20 populations échantillonnées) le long des cotes du do-
maine étudié. La répartition spatiale des sites d’échantillonnage peut étre orien-
tée par la délimitation préliminaire des méta-populations coalescentes donnée
par nos modélisations biophysiques. Les sites d’échantillonnages doivent étre
espacés a minima d'un ordre de grandeur supérieur a la précision des modeles
hydrodynamiques grande échelle, soit plusieurs dizaines a une centaine de km.
En effet, 1a précision horizontale des modeles hydrodynamiques opérationnels,
fournissant des champs de courants journaliers a I'échelle d’'un bassin pour
une période d’'une trentaine d’années est actuellement d’environ 4 km pour la
Baltique-Mer du Nord ! et la mer Noire? , 7 km pour la mer Méditerranée > et 10
km pour les cotes Atlantiques Nord * et Sud®. Les processus physiques cotiers
caractérisés par quelques dizaines de km et moins ne sont ainsi pas résolus, et
ne permettent pas de différencier des données, par exemple de différentiation
génétique, échantillonnées a cette échelle. Pour les études de génétique des
population combinant un échantillonnage a sous-méso-échelle (sites séparées
de quelques km) et a large-échelle (sites séparées de plusieurs centaines de
km, e.g. Aurelle et al., 2011; Mokhtar-Jamai et al., 2011), il serait intéressant de
pouvoir regrouper les populations proches (i.e. distantes de moins d'une dizaine
km) en une unique population lors de 'application de modele biophysiques a
large-échelle. A noter que les champs de courants issus de données altimétriques
possédent une précision moindre (~ 1/4°, soit environ 25 km) et résolvent mal
les processus physiques cotiers. Lutilisation de produits altimétriques est ainsi
réservée a l’étude du transport « transcontinental » par les courant marins (e.g.
sargasse, Beron-Vera et al., 2015).

— Létude de la connectivité génétique a sous-méso-échelle serait idéale dans des
milieux fermés ou semi-fermés, comme les étangs ou les lagons En d’autres
termes, un domaine ou les populations présentes sont constitutives d’'un unique
réseau de connectivité, et ne sont pas seulement un sous échantillonnage d'un
réseau global. Par exemple, pour I'étude précise de la baie de Marseille (Rossi
etal., 2020, ot la résolution horizontale du modéle hydrodynamique est de 400

m), les populations échantillonnées dans cette zone (~ 10 km, e.g. Aurelle et al.,
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2011; Mokhtar-Jamai et al., 2011) sont aussi connectées avec des populations
qui ne sont pas prises en compte au sein du petit domaine modélisé, ce qui peut
nuire a la compréhension des patrons spatiaux génétiques identifiés. De plus, la
modélisation de la circulation hydrodynamique a haute-résolution est facilitée
dans des milieux fermés (e.g. absence de considération de la circulation globale,
simplification des hypothéses hydrodynamiques, données plus précises des
forcage environnementaux). Méme si c’est une technologie couteuse en argent
et entretien, il serait envisageable d’obtenir des observations des courants de
surface a haute résolution spatio-temporelle grace aux radars hautes fréquences
combiné a des méthodologies de réseaux de neurones (Herndndez-Carrasco
etal., 2018).

— Pour étudier la variabilité temporelle des patrons de différentiation génétique, il
serait intéressant de procéder a un échantillonnage a I’échelle du bassin consi-
déré (voir premier point) sur plusieurs années (e.g Jackson et al., 2018; Pascual
et al., 2016; Pérez-Portela et al., 2019). On pourrait ainsi comparer 1’échelle
temporelle induite par notre modele de connectivité coalescente (nombre de
génération optimale) et celle induite par I'observation de patrons de structure
génétique entre des populations échantillonnée a un intervalle de quelques
années (Pascual et al., 2017; Pérez-Portela et al., 2019).

— Pour une approche de seascape genetics utilisant un modele biophysique, le
choix d'une espece cible doit étre conditionnée, a un degré moindre que son
statut de conservation, par rapport (i) a I'état de ses connaissances biologiques,
notamment sur les premiers traits de vie (e.g. période de ponte, facteurs bio-
tiques ou abiotiques déclenchant la ponte, comportement larvaire pendant la
dispersion) mais également a I'état adulte (e.g. habitat préférentiel, déplacement
des juvéniles, e.g. Di Franco et al., 2015, déplacement vers des zones de ponte)
et (ii) aux données disponibles sur sa distribution spatiale (i.e. cartographie
par observation a petite échelle, e.g. Rossi et al., 2020 ou par modele de niche
corrélatif a grande échelle, Chapitre V).

— En plus de 'utilisation de données de distribution spatiale spécifique, la consi-
dération de la capacité porteuse de chaque population, ou de la saturation des
patchs d’habitats, dans les modeéles biophysiques de connectivité génétiques
semble primordiale pour ’amélioration des estimations de flux de genes. De plus,
cela permettrait d’étudier théoriquement I'impact des phénomeénes densité-

dépendants sur le flux de génes et les structures génétiques sous-jacentes avec
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un modele mécanistique de dispersion (e.g. high-density blocking, gene surfing,
etc., Waters et al., 2013).

En prenant tous ces points en considération, les espéces constituants les herbiers
marins seraient des especes cibles adéquates dans la mise en place d'un projet futur,
qui aurait pour objectif de comprendre I'impact relatif du flux de génes par rapport aux
autres forces évolutives. Elles ne présentent pas de comportement larvaire (transport
passif des fruits, des graines ou des rameaux décrochés par les courants de surface), et
leurs distributions spatiales sont bien cartographiées (e.g. Jahnke et al., 2018; Telesca
etal., 2015), ce qui permet de développer des modeles de niches corrélatifs pour définir
des probabilités d’occurrence sur 'ensemble du domaine considéré, quand ce n’est
pas déja fait (Giannoulaki et al., 2013). L'étude de la connectivité génétique a grande
échelle pourrait se concentrer sur la zostére Zostera marina en mer Baltique ou des
produits réanalysés de champs de courant horaires a la surface sont disponibles a une
résolution d’environ 4 km. De plus, mis a part la Russie qui occupe un espace cotier
restreint, 'ensemble des pays riverains de la mer Baltique appartiennent a I’'Union
Européenne, ce qui faciliterait les démarches pour un échantillonnage homogeéne
et pluriannuel, contrairement a la Méditerranée, ou un tel échantillonnage de la
posidonie, du bassin occidental a I'oriental et du Nord au Sud, est irréalisable a ce jour

et au vu des tensions géopolitiques.
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Part A
Methodological details of our
multidisciplinary analytical

framework

1. Lagrangian Flow Network

The Lagrangian Flow Network (LFN) is a methodology which combines
network theory tools and Lagrangian trajectories to investigate transport and
dispersal processes in oceanic flows. Full description can be found in Rossi et al.

(2014); Ser-Giacomi et al. (2015a,b) and Dubois et al. (2016).

1.1. Parameters tuning

The ad-hoc LFN configuration is obtained through the selection of the most
adequate hydrodynamical model and the fine-tuning of seven LFN parameters
in accord with otolith analyses and both biological and numerical information.

The domain of the circulation model generating the required velocity field
should be larger or equal than the oceanic region of interest. Its time range must
be in accord with the spawning phenology determined by otolith sclerochronol-
ogy analyses. The vertical layer (for z-coordinates model) must be chosen ac-
cording to the most probable depth at which larvae of the target species are
more likely to be found.

The starting date of each numerical experiment is simulating a single spawn-
ing event while the ensemble of Lagrangian experiments has to cover the full
range of spawning dates derived from otolith sclerochronology. Moreover, if a
broadcast spawner species is known to spawn repeatedly over a few months, a
starting date periodicity of 5-10 days still provides robust results while mini-

mizing computation needs (Monroy et al., 2017). When the spawning occurs
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repeatedly but over shorter periods (e.g. few weeks to a month), a daily period-
icity should be implemented to properly consider connectivity fluctuations due
to the variability of ocean currents (Monroy et al., 2017).

Tracking time must be chosen to mimic the Pelagic Larval Duration (PLD),
estimated from otoliths sclerochronology. According to the results of Monroy
et al. (2017), LEN connectivity diagnostics are robust to small uncertainties on
the PLD when it is greater than 15 days (which is true for many Mediterranean
fishes, Macpherson and Raventos, 2006; Dubois et al., 2016). In this case, a
single tracking time can be retained, corresponding to the median PLD.

The discretization of the domain of interest into a network of nodes provides
a coarse-grained version of the information contained within the time- and space-
dependent velocity field (Ser-Giacomi et al., 2015a,b). The spatial discretization
can be of any size, compromising both the level of analyses and the computation
time, given that it must be at least twice larger than the spatial resolution of
the velocity field itself (so that each node contains at least 4 grid points of the
flow field). To circumvent the typical issue of poorly resolved nearshore areas,
each node is characterized by a variable called "land ratio" which estimates the
proportion of land area within them (Ser-Giacomi et al., 2015a).

Land ratio is calculated as the ratio of grid points per node characterized by
missing values ("land") to those for which the Eulerian model simulates realistic
velocities ("ocean'). A node with a land ratio of 1 is considered fully covered
by land and there is no current data in this node, hence no particles are seeded
there. Contrarily, a node with a land ratio of 0 is considered to be entirely
covered by the ocean. In this case, the entire node is covered by particles and
all velocity field grid points comprised within this node have reliable current
speeds and directions to integrate trajectories for all particles. For intermediate
situations (e.g. node half covered by land, half by ocean), the seeding of particle
is adjusted to the coverage of the flow field, initializing a particle only if it
has four neighboring grid points with realistic currents to compute trajectories.
In this way, all particles move around during the simulations and the slightly

different number of initial particles per node is accounted for when normalizing
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the matrices, ensuring its stochasticity.

Furthermore, we attribute for each sampling location s € [1; S] one or more
location nodes, e.g. those few nodes which are located in the close vicinity
of each sampled location (see section 4). Thus, for each sampling location
s € [1;5] with, z;, € N is the n" index i or j assigned to the location node s,
with 7 € [1; H]. We may consider ,, as the n'* index i or j of all the combined
location nodes.

The specification of purely numerical parameters, such as the Runge-Kutta
integration time step and the number of particles per node, controls the robust-
ness of the Lagrangian trajectories and corresponding connectivity matrix. The
number of particles per node should be larger or equal to 100 particles, as pre-
scribed by Monroy et al. (2017) and the Runge-Kutta time step should follows
the Courant-Friedrichs-Lewy (CFL) condition imposed by the properties of the
velocity field (Courant et al., 1928). Even though, due to numerical limitations
when integrating trajectories, some particles may be confronted to the "beach-
ing" effect. Indeed, when a particle is advected within the current field in the
vicinity of the shoreline at a time ¢, its next position at time t + At, At being
the Runge-Kutta time-step, might end up on land (i.e. without any velocity).
Because this particle is no longer in the flow field, its next position cannot be
integrated, and the particle is considered as lost. However, beaching issues are
minimal in this study with the retained Runge-Kutta time-step, i.e. 20 min,
satisfying the Courant-Friedrichs-Lewy (CLF) criteria. It concerns around less
than 5 % of all particles and it occurs mainly in nodes with very high land ratio

(Ser-Giacomi et al., 2015a, 2017).

1.2. Computing

Given E experiences (i.e. a set of simulations with different starting times
but with similar tracking duration, depth of dispersion and network grid) in-
dexed by e € [1; E], the associated Lagrangian Flow Networks (LFNs) are char-

acterized by a set of weighted, directed connectivity matrices (i.e. adjacency
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matrices) M¢ (Figure SI-1b) defined as:
M;; = number of particles from node 7 to node j during experience e (1)

Another set of unweighted, directed matrices L¢ represent the binary connec-

tivity matrices (Figure SI-1c) defined as:

. 1 ifM5>0
Lij = (2)
0 otherwise

Both matrices describe, with different levels of details, the connections between

any pair of nodes of the entire network (Ser-Giacomi et al., 2015a, 2017).

J ) j

Trajectories

%
starting date starting date +7

Figure SI-1: A schematic representation of the transport network (panel a) which permits
the construction of a connectivity matrix M€ (panel b) and a binary connectivity matrix L¢
(panel c). For a fixed tracking time 7, particles display trajectories from the origin node
i € [1, N] to the destination node j € [1, N]|. Adapted from Ser-Giacomi et al. (2015a).

2. Filtering

The first filter is obtained by computing first the cumulative binary matrix
L through the sum of all the binary connectivity matrices for all experiments
e € [1; E] as follows: Zle L*. Then, we select in L the corresponding columns
Jj to all the x,, indices of location nodes. Finally, we sum these selected columns
into one vector: Zf:*f L,-z%. By displaying the non-zero elements of that vector
on a map, the first filter gives all the putative sources which are connected at

least once to at least one of the seven locations.
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3. Diagnosing

To take heed of the temporal variability of spawning in our ensemble of
experiments, each connectivity matrix M€ must be weighted in accord with the
observed spawning distribution. Thereby, we define a vector of multiplicating
factors p¢ (ranging from 0 to 1 and whose total sum is equal to 1) to weight
each connectivity matrix according the starting date of that experiment. The
factors p¢ € [0, 1] are deduced by fitting a normal distribution on the observed
distribution of spawning dates and by selecting the "normalized frequency" p©
for the retained spawning dates of our numerical experiments. We define thus a
set of matrix M‘fij = p°M;; that are a modulation of the original connectivity
matrix M€ with the weight p¢. Finally, we compute the cumulative weighted

matrix M as:

M=> M¢ (3)

To be interpreted as probabilities, the particle matrix M¢ must be row- or
column-normalized. To do so, each element is divided by the sum along each
row (Z;VZI ]\472-‘"]-) or along each column (Zfil ]\i{"j), respectively. It returns a
normalized weighted matrix that we denote as K°. By doing such normalization,
it ensures the row- or column-stochasticity of the matrix, i.e all elements of each
row or column sums to 1 (Ser-Giacomi et al., 2015a,b). In the case of a row-
normalized matrix, the element K¥; gives the probability for a particle randomly
chosen within departure node i to end up into node j. In the case of a column-
normalized matrix the matrix element K¥; returns instead the probability for a
particle randomly chosen in arrival node j to originate from node 3.

Hence, the column-normalization of a particle matrix computed forward-
in-time provides an approximation of the backward-in-time dynamics. In this
study, we build and exploit column-normalized probabilistic matrices to identify
spawning areas from pre-determined settlement sites. We denote f¥ the index
of a node selected by filter (o), a € [1,2,3,4] with n € [1, F®] (being F'* the

total number of filtered-in nodes). Consequently, we retain in M€ the rows 4
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corresponding to all the f{ indices of filtered-in nodes and the columns j cor-
responding to all the xj, location nodes. For each filtered-in node f, transport

probability is obtained as follows:

(i) column-normalize each matrix M€ to obtain the corresponding normalized
matrix K€: B
Me fox
Kfoe, = SFa 70— (4)
Zn:l M famy

(ii) sum all the column-normalized matrix K¢ into one matrix:
E
e=1

(iii) construct an array Aj. which averages the H columns corresponding to

all the location nodes indices x, into one column:

Hx*S
Zn:l Kfr‘f Tn

Fe HxS
Zn:l n=1 Kf;f-rn

Thus, Aje indicates for each filter (), the probability for each putative node

source f{¥ to be connected to any of the .S sampled locations.
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Part B
Case-studies: Diplodus sargus
and Diplodus vulgaris in the

Adriatic Sea

1. Hydrodynamical Eulerian model

The velocity field comes from the Adriatic-Ionian REGional model (AIREG)
developed by the CMCC Ocean Lab (Ciliberti et al., 2015; Oddo et al., 2006).
This configuration is forced by momentum, water and heat fluxes using the
horizontal-resolution operational atmospheric data provided by the European
Centre for Medium-Range Weather Forecast. The initial and lateral boundary
conditions originated from the Mediterranean Forecasting System (Oddo et al.,
2009; Tonani et al., 2008). It covers the Adriatic and the Ionian Sea, from 31
°N to 46 °N and 6 °E to 22 °E over the years 2009-2010. The AIREG is based
on the Nucleus for European Modelling of the Ocean model (Madec and others,
2015). The primitive equations are discretized horizontally on a 1/45%rid, with
a final resolution of approximatively 2.2 km. It uses 121 vertical levels with high

resolution in the top 100 m and stretched at the subsurface.

2. Overview of the regional circulation

To have a first glimpse at the circulation in the study area, as simulated
by AIFS, two simple physical diagnostics were calculated over specific temporal
periods: the mean modulus and the mean Eddy Kinetic Energy (EKE; Figure
SI-2). The time ranges are chosen according to the total period of dispersion
of both species, that is from the first spawning date to the last day of pelagic
larvae drifting (i.e. the last starting date plus the tracking time). Thus, for D.
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sargus the time range is from 04,/05/2009 to 10/06/2009 and for D. vulgaris the
time range is from 05/11/2009 to 16/03/2010.

The mean modulus is a time-averaged modulus (e.g. the current vector
norm, (u2 4 v2)2) at each grid point of the flow field.

The EKE is first calculated by decomposing the full velocity in an average
term, < u > and a turbulent (or eddy) term, v’ with v =< u > +u’. The
averaged term corresponds to the time average for each grid point of the model.
Then, v’ is calculated by subtracting (< w >) to the total velocity at each
grid point for each day of the time range. Second, EKE is calculated according
to the formula, 3 * (v 2y 2). EKE is a physical variable commonly used
to diagnose mesoscale activity (filament, eddies, frontal structures with spatial
scales spanning 10-100 km and temporal scales ranging from of a few weeks to

several months) and its variability (Waugh et al., 2006).

10
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Mean Modulus (m.s™)
o 005 01 o 02 02 03 03 04 o5 05

Latitude (°N)

oW o1 61 18 v o2 o2 1 1 15 6 w1 w2
Longitude (°E) Longitude (°E)

0 50

Latitude (°N)

w0 5 e 1
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Figure SI-2: Averaged velocity fields (red arrows) superimposed on the mean modulus (colored
background) over the periods of larval dispersal for a) D. sargus and b) D. vulgaris. Maps of
mean EKE over the periods of larval dispersal for ¢) D. sargus and c) D. vulgaris.

3. Biological and biogeographical knowledge

3.1. Ototith analyses

Post-settlers (i.e. 1-1.5 cm body length) of D. sargus and D. vulgaris were
collected at S = 7 distinct locations s € [1;.5] € N separated by about 10-30
km, corresponding to about 180 km stretch of the Apulian coast. Within each
location, two sites separated by 2 to 6 km were randomly selected for sampling.

In this study, we decided to restrict our analyses at the scale of the locations by

11
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considering both replicate sites together. Preliminary tests (not shown) revealed
that the distances between sites are too small to be well discriminated in our
transport network; moreover, by summing up the natal origins of both sites for
each location, the number of representative samples per location increase, hence
favoring the statistical power of our discriminating analyses.

Note that the central location is situated within the Torre Guaceto Marine
Protected Area (TGMPA), while the other locations are not under any type of
protection. The TGMPA was founded in 1991 but enforcement became effective
in 2000-2001. The whole MPA stretching along 8 km of coastline and covering
about 22.27 km? in total, is divided into three zones.

Repeated visual surveys by divers allowed estimating the settlement peak;
all specimens were then collected within 10 days to reduce temporal bias. After
the samples collection, otoliths were removed from each specimen. First, scle-
rochronology techniques applied on otolith growth-increment allow estimating
larval biological traits of interests (Di Franco and Guidetti, 2011; Di Franco
et al., 2013). Second, the geochemical compositions of otolith cores were ana-
lyzed to gain insights into the fish natal origins (Di Franco et al., 2012, 2015).
Three and seven different natal origins emerged for D. sargus and D. vulgaris.,
respectively. The proportions of each natal origin for each location are reported
in Table SI-1. Note that the minimum number of sampled location in which the
rarest natal origin was found is four for D. sargus (Table SI-1). For D. vulgaris,
it is three hen removing those three outliers natal origins named A, B and D

which appeared only once at one location (Table SI-1).

12
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Table SI-1: The proportion (%) of each natal origin for D. sargus (Di Franco et al., 2012) and
D. wvulgaris (Di Franco et al., 2015) at each sampling location and at all locations together as
obtained from the otolith analyses. Here we are not considering otoliths with a "NA" origin.

Species BA M HLD TGMPA PP CAS SA | ALL
Number of samples 14 17 16 18 16 19 19 119
Natal origin (%)
A 0 6 0 6 19 0 16 7
D. sargus B 14 12 6 50 0 42 21 22
C 86 82 94 44 81 58 63 71
Number of samples 14 21 22 21 17 16 20 131
Natal origin (%)
A 0 0 5 0 0 0 0 1
B 0 5 0 0 0 0 0 1
C 21 38 32 24 6 31 25 26
D. vulgaris D 0 0 0 0 0 0 5 1
E 36 38 55 48 53 31 50 45
F 43 19 9 24 41 31 15 24
G 0 0 0 5 0 6 5 2

3.2. Habitat mapping

Fish preferential habitats mapping was produced in GIS using QGIS soft-
ware (QGIS Development Team, 2009). We used as base-layer the seabed habi-
tat map available on the EMODnet portal (European Marine Observation and
Data Network, http://www.emodnet.eu/seabed-habitats) that represents the
most updated georeferenced seafloor map for the Mediterranean Sea. Habitat
information were extracted from the EUSeaMap2016, a broad-scale habitat map
with at 250m resolution, aggregated into the Benthic Broad Habitat Types of
the Marine Strategy Framework Directive (MSFD) habitat classification. We
retained only substrate types that represent preferential habitats for adults and
sub-adults of D. sargus and D. vulgaris, i.e. the types ’infra-littoral and circa-
littoral rock and other biogenic reefs’. This category accounts for coastal rocky

reefs, Posidonia oceanica meadows and coralligenous formations, representing
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the habitats inhabited by the selected species (Harmelin-Vivien et al., 1995;
Lenfant and Planes, 1996). The EUNIS habitat map is associated with a confi-
dence layer that indicates the level of reliability (from 1=low to 3=high) of the
source data (Figure SI-3). Some areas of the map included in the model domain
are associated to a low level of confidence (i.e. eastern part of the Adriatic
Sea). For areas with low confidence we carried out a two-steps approach aimed
at refining the information and improve substrate map accuracy. Specifically,
1) we crossed-checked information on the original map with the distribution of
coastline substrate type reported in Furlani et al. (2014), and for all the areas
were information did not match, 2) we analyzed high-resolution satellite images
(Google-Earth) to ascertain substrate type. In case of mismatch, that is when
Furlani et al. (2014) reported rocky areas where EUNIS did not, our analysis
of images confirmed the presence of rocky substrates. In these cases, we hand-
corrected the map in QGIS by adding a buffer of rocky substrate along the coast
with its extent being proportional to the sea bottom slope (the higher the slope,
the shorter the width of the buffer). The same correction was applied for the
portion of EUNIS original map where habitat information was absent (e.g. the

north-eastern Ionian Sea, Figure SI-3).

A 2 B I cow corfidence

Moderate confidence

- High confidence

Figure SI-3: EUNIS original habitat map for the sector considered (A) and Confidence map for
the habitat layer (B). Areas in black indicate portions of the map where habitat information
was absent.
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4. Parameters tuning: specific parametrization of the framework

Parameterizing spawning temporal variability

The spawning phenology and duration is specific for each species. D. sargus
was found to spawn over a relatively short period (20 days) in spring (Figure
SI-4a). In contrast, D. vulgaris spawns repeatedly over a longer period (around
three months) in winter SI-4b. Following the prescriptions of Monroy et al.
(2017), we use a spawning periodicity of one day for D. sargus while a spawning
periodicity of four days is retained for D. vulgaris. Note that the full distribution
of spawning dates for D. vulgaris revealed four outliers, which would significantly
increase the range of spawning period but that are disregarded here due to
their rareness (see Figure SI-4). Overall, we generate and analyze 21 numerical

experiments for D. sargus and 22 experiments for D. vulgaris.
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Figure SI-4: Frequency of occurrence (histogram) of the otolith-derived spawning dates for
D. sargus (panel a) and for D. vulgaris (panel b). The fitted normal distributions (red lines)
are constructed using the mean and standard deviation of the spawning dates of each species.
The starting dates of our numerical experiments are indicated by black crosses.

Location node: dealing with nearshore model limitations

To account for the poorly resolved small-scale nearshore circulation, we at-
tributed H = 4 location nodes over and in the vicinity of each sampling location
while minimizing the land ratio of the selected nodes (Figure 2b). Preliminary
tests (not shown) were performed using different number of location nodes and
different geometrical shapes of the retained area. This "square form" with H = 4

location nodes was retained to fit the profile of the Apulian coastline and to
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obtain a minimized averaged land ratio that is comparable among the seven
locations (from north to south, the mean land ratio of location nodes is 0.08,

0.16, 0.1, 0.26, 0.05, 0.12, 0.11).

5. Quantitative dispersal diagnosis

The dispersal distances are calculated as the euclidean distances between the
center of any source node and the barycenter of all location node centers. Then,
all dispersal distances were classified into categorical bins. The probability
associated to each bin corresponds to the summed probabilities of all source
nodes whose dispersal distances fall within the bin edges. The median dispersal
distance is given by the center of the bin (i.e. the mean of its two edges)
associated to the first cumulative probability equal to or greater than 0.5. The
maximal dispersal distance is given by the center of the last bin which contains
the maximal euclidean distance (given by the source node the furthest away

from the locations).
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Figure SI-5: Cumulative histograms of dispersal distances obtained for the four consecutive
filters (as indicated in the subtitle) for D. sargus (panel a) and D. vulgaris (panel b). The
orange bars indicate the median distance bin.
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6. Patterns and magnitude of connectivity as derived from the filter-

1, filter-2 and filter-3

Figure SI-6 displays probabilities for each source node selected by the filter-
1: it indicates the probability for that source node to be a supplier of larvae
whose dispersal ends up in one of the seven sampled locations. Another inter-
pretation is as follows: it gives the relative proportion of larvae supplied by that
node source, among all selected sources (e.g. summing to 1), to the total pool
of larvae received by sampled locations. For D. sargus, sources characterized
by high probabilities, i.e. a high spawning potential (close to 0.01), are located
along the Gargano promontory, next to the Apulian coast (~ 40.8 °N and 40.4
°N) and offshore (~ 42 °N, 17 °E; Figure SI-6a). Sources situated within the gulf
of Manfredonia are characterized by low spawning potential (0.0001). For D.
vulgaris, sources characterized by high spawning potential (0.001), are situated
in the western middle Adriatic sub-basin and across the western and eastern
south Adriatic sub-basin. Note that the core of the south Adriatic sub-basin
is characterized by medium spawning potential (~ 0.0001). The northern Io-
nian Sea is characterized by medium to spawning potential, spanning 0.0001 to

0.00001.
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Figure SI-6: Quantitative patterns of connectivity for D. sargus (panel a) and for D. vulgaris
(panel b): maps of the larval sources (after applying filter-1), along with their associated
probabilities (the probability that larvae whose dispersal ended up in one of the seven sampled

locations originated form that larval source) which are integrated here as the larval source’s
spawning potential.

Figure SI-7 displays spawning potential for each source node selected by the
filter-2, i.e all sources whose environmental characteristics fulfill the favorable
conditions for spawning to occur. Here it is a bathymetric filter selecting all
nodes whose depths range 0-80 m (see section 2.6.3). For D. sargus, sources
characterized by high spawning potential (close to 0.05) are located along the
Gargano promontory (Figure SI-7a). Note that sources characterized by spawn-
ing potential (0.005) are situated next to the Apulian coast (~ 40.8 °N and 40.4
°N). For D. vulgaris, sources characterized by high spawning potential (close to
0.01) are located all along the Italian coastline, especially from ~ 43.2 °N to 42
°N and along the Apulian coast, and around the Tremiti archipelago and the
Palagruza island (42 °N, 17 °N, Figure SI-7b). Medium spawning potential are
found next to the Croatian islands (from 43 °N to 42.5 °N).
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Figure SI-7: Quantitative patterns of connectivity for D. sargus (panel a) and for D. vulgaris
(panel b): maps of the larval sources (after applying filter-2), along with their associated
probabilities (the probability that larvae whose dispersal ended up in one of the seven sampled

locations originated form that larval source) which are integrated here as the larval source’s
spawning potential.

Figure SI-8 displays spawning potential for each source node selected by
the filter-3, i.e all sources which house adults preferential habitats (rocky reefs,
Posidonia oceanica meadows and coralligenous formations in our case-studies,
see section 2.6.3). For D. sargus, Sources situated next to the main islands
of the Tremiti archipelago are characterized by high spawning potential (0.1,
Figure SI-8a). Along the Apulian coast, two locals maximal (with probabilities
ranging from 0.01 to 0.1) can be found at around 41.5 °N, 41.1 °N and 40.7
°N. The other sources have moderate to low spawning potential of the order of
0.001 to 0.01. For D. vulgaris, sources characterized by high spawning potential
(0.1) are around the Tremiti archipelago and the Palagruza island (Figure SI-
8a). Sources of intermediate spawning potential (~ 0.01) are found along the
Apulian coast (from 41.2 °N to 40.2 °N) and next to the Croatian islands (from
43 °N to 42.5 °N).

When comparing the extents and magnitudes of larval sources over the gulf

of Manfredonia for filter-1 and filter-2 (Figure SI-6,S1-7), D. vulgaris sources are
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found until the inner gulf with a quite wide maxima of probabilities offshore,
contrasting those of D. sargus displaying a thin local maxima that does not
prevail inside the gulf. Indeed, during spring, the W-SAd current flows as a
narrow intensified jet following closely the 100 m isobath (Figure SI-3a). It
tends to create a transport barrier preventing exchange across the main current
axis, thus isolating the inner gulf (Figure SI-6a,SI-7a). In contrast, a wider and
more unstable W-SAd current during winter provides pathways for the sources

located inside the gulf to connect with our locations (Figure SI-6b,SI-7b).

Spawning potential

Latitude (°N)
Latitude (°N)

® 7
Longitude (°E)

1 n
Longitude (°E)

Figure SI-8: Quantitative patterns of connectivity for D. sargus (panel a) and for D. vulgaris
(panel b): maps of the larval sources (after applying filter-3), along with their associated
probabilities (the probability that larvae whose dispersal ended up in one of the seven sampled
locations originated form that larval source) which are integrated here as the larval source’s
spawning potential.

7. Contributions of the current Marine Protected Areas network

Connected Marine Protected Areas (MPAs) are indexed following the MA-
PAMED database (http://www.medpan.org/main_activities/mapamed/) and
without considering any specific legal status (i.e. marine national park, site of
community importance or protected landscape). Note that Natura 2000 areas
are not considered since they do not have fish protection as objective and have
been showed to not deliver any direct benefit to fish populations (Guidetti et al.,

2019).
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Similarly to the association of four "location nodes" to each sampled location,
we attribute to each MPA a number of representative nodes to account for the
poorly resolved small-scale nearshore circulation. As such, a MPA is considered
connected if a node source is located within a 20 km radius from the exact
location of the MPA.

The proportion of larvae supplied by each connected MPA into each loca-
tion is given in the Figure SI-9. These results revealed that TGMPA is both
an important larval supplier of the sampled stretch of the Apulian coastline,
itself included (Figure SI-9) due to elevated self-recruitment (Pujolar et al.,
2013). Considering that MPA implementation should favor both network and
self-persistence to sustain marine populations (Planes et al., 2009), our results
conform with the view that TGMPA is well placed. This finding is even more
interesting considering that TGMPA has been showed to be an highly effective
MPAs in protecting fish populations (Giakoumi et al., 2017; Guidetti et al.,
2014).
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Figure SI-9: Proportions of larvae supplied by each connected MPA, as given by the last filter
4, into each location for a) D. sargus and b) D. vulgaris. Note that TGMPA is located within
the Torre Guaceto MPA. Connected MPAs are indexed as follow: (1) Tremiti islands, (2)
Torre Guaceto, (3) Porto Cesaro, (4) Pantana, (5) Lastovo archipelago, (6) Mljet, (7) Mali
Ston Bay, (8) Lumi Buna-Velipoje and (9) Karaburun-Sazani Island.
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8. Full description of the clustering procedure

Otolith geochemistry revealed that the number of clusters to be determined
for D. sargus and D. wvulgaris is respectively three and seven. In spite of the
blind use of an automatic clustering algorithm, we apply an empiric grouping
based on the criteria described in the section 2.5 of the manuscript.

The most constrained larval sources (i.e. obtained after applying our four
consecutive filters) have a bimodal spatial distribution (see section 3.1 of the
manuscript) with a consistent group of source nodes located along the Apulian
coast whereas all the remaining sources are rather patchy. These isolated sources
must be assigned to different clusters.

For both species, one cluster embraces the sources located around the Tremiti
archipelago. For D. vulgaris, one cluster corresponds to the northernmost node
source located near Ancona cap and three clusters are obtained by grouping
all the node sources spread along the eastern shores. Consequently, the two
remaining clusters to be defined for both species enclose all sources located
along the Apulian coast. We must set the optimal latitudinal limits between
these two Apulian clusters.

Starting with the simpler case of D. sargus, we indexed all the Apulian node
sources by D € [1,36], with D = 1 the southernmost source and D = 36 the
northernmost source. Considering the cluster criteria, optimally setting the
delimitation between these two clusters corresponds to finding the "boundary"
node D which maximizes the fit between clusters probabilities and natal origin
proportions derived from otoliths. We tested all the possible clustering options
by shifting the boundary node D along the Apulian shores, one node after
another while evaluating the fit between cluster probabilities and natal origin
proportions.

To do so, we computed the Pearson correlation r between cluster probabil-
ities and natal origin proportions for all locations (i.e. the seven locations are
aggregated into one) and for each location. We also computed the corresponding

regression coefficients 31 and the y-intercepts B2 (Figure SI-10).
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The most adequate boundary node should maximize the correlation, that
is the Pearson correlation coefficients r closest to 1 for all locations and for
each location. It should also have a regression coefficient 31 closes to 1 and a
y-intercept B2 close to 0. Those conditions are best fulfilled for node D = 3,
and the 2 nodes surrounding it, while the correlations decrease tremendously
when selecting other boundary nodes (Figure SI-10). We finally retain the
delimitation between the two Apulian clusters at node D = 3, returning the
best fit against otolith data.

We then apply the same boundary for D. wulgaris since the geochemical
imprints of ambient waters left in otoliths is assumed comparable between both

species.
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Figure SI-10: Pearson correlation r for all locations (triangle) and for each location (diamond);
regression coefficient 81 (square) and the y-intercept B2 (circle) between cluster probabilities

and natal origin proportions for all the possible clustering combinations (the value of D
indicates the "boundary" node).

When considering each sampling location independently, it is worth noting
that the correlations still hold for both species, despite slightly larger spread
for D. sargus, as reported in Figure SI-11. Then, these reliable fits found for D.
vulgaris when aggregating all locations (see Figure 5b), as well as for both species
when treating each location (see Figure SI-11), suggest that the optimization
procedure of the correlation between dispersal model and otoliths geochemistry,

performed on D. sargus’s case only, is pertinent.
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Figure SI-11: Correlations between natal origin proportions and cluster probabilities, consid-
ering each location independently, for a) D. sargus and b) D. vulgaris.
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In bipartite life-cycle fishes, spawning represents the onset of propag-
ules dispersal, with eggs and larvae experiencing anisotropic transport
and high mortality rates, before eventually metamorphosing and settling.
Hence, early-life stages operate as bottlenecks for population demogra-
phy by strongly constraining recruitment. Despite its significance, spawn-
ing is rarely explicitly considered in ecosystem management due to a lack
of knowledge, for many species, about where and when spawning occurs.
Previous evidences suggest that temperature is among the main drivers
of spawning in Teleosts. Using the ecologically and economically rele-
vant white seabream Diplodus sargus in the central Mediterranean Sea as
a case study, we assess the abiotic factors that regulate the onset and
duration of spawning and subsequent dispersal. Lagrangian backtrack-
ing simulations fed with early-life observations allow locating 11 spawn-
ing events, which are then associated to simulated temperatures ranging
from 14.8 to 20.6°C, in close agreement with previous estimates. Based
on this range of suitable temperature, we model the spatio-temporal vari-
ability of spawning success at broad-scale over 10 years (2005-2014)
following the backtracking approach with hypothetical constant settle-
ment areas. It highlights a prominent inter-annual variability in the Adri-
atic and Siculo-Tunisian strait driven by oceanographic processes. More-
over, a powerful clustering method uncovers relatively stable spawning
areas in the Ligurian and Tyrrhenian seas with both early (January to
Mid-February) and late (April to June) spawning peaks. Our methodol-
ogy can be applied to other species and oceanic systems to investigate
how oceanic processes impact spawning success, enabling the design of

sound management strategies.
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2 Variable spawning due to currents and temperature

KEYWORDS

Spawning event, larval dispersal, marine connectivity,
Mediterranean sea, Diplodus sargus, Lagrangian Flow Network,
ecosystem management, lagrangian backtracking model, oceanic

variability

1 | INTRODUCTION

The Mediterranean is one of the most over-exploited sea in the world with about 75 percent of the assessed
fish stocks being currently overfished, mostly by large scale fisheries (Tsikliras et al., 2015; FAO, 2018). Moreover,
among coastal species, which are essentially targeted by small scale and recreational fisheries, many are currently not
assessed despite declining catches (Lloret & Planes, 2003). While local conservation initiatives (e.g. Marine Protected
Areas, MPAs) have been shown to have positive effects on such coastal species locally (Sala et al., 2012; Abecasis et al.,
2015; Di Franco et al., 2016; Giakoumi et al., 2017), their large-scale protection and management remain challenging
because of complex life cycles and high environmental variability (Cadrin & Secor, 2009). Due to the current lack of
information to design sound management strategies and fisheries restrictions for coastal fish at basin-scale, there is
an urgent need to develop research and management for a more sustainable exploitation of fish stocks in this semi-
enclosed and densely populated sea.

In this context, determining the location and onset of spawning now represents a key element for fishery science
(Sadovy de Mitcheson, 2016). Indeed, spawning aggregations are often targeted by fisheries as it represents relatively
easy and lucrative catches in a first place, but ultimately lead to a rapid decrease in stocks and to long-term reduction
of fishery activities (Sadovy & Domeier, 2005). Moreover, spotting spawning areas is crucial to appraise the dispersal
of propagules (i.e. eggs and larvae) and hence understand population connectivity (Bauer et al., 2014; Dubois et al.,
2016; Calo et al., 2018; Legrand et al., 2019), especially for bipartite life-cycle for which the spatial scales of ecological
connectivity are mainly determined by the dispersal of early-life stages by currents across the seascape (Nathan et al.,
2003; Gaines et al., 2007; Burgess et al., 2016). These early-life stages start with the spawning process, when fish
aggregates and gametes are released into the water column, then eggs hatch into larvae which, after a first phase
mostly passive, will acquire the capability to actively swim, just before metamorphosing in juveniles and settling in
coastal habitats (Thresher et al., 1989). Enormous amounts of propagules are generally assumed to have the potential
to disperse over large distances, spanning tens to hundreds of kilometres (Cowen et al., 2006) while exhibiting high
mortality (Pineda et al., 2007). Nevertheless, by introducing migrants into a population, dispersal can impact growth
and mortality rates, a process called demographic connectivity (Cowen & Sponaugle, 2009). Demographic connectiv-
ity is fundamental in fishery and conservation science as it has been shown to influence dynamics and persistence
of spatially structured populations (Burgess et al., 2014; Hidalgo et al., 2019). Few management tools have already
been considering demographic connectivity explicitly, thus limiting their efficiency (Fogarty & Botsford, 2007) and
pointing out the necessity of a change in the management approach to a more sustainable exploitation of marine
living resources (Carr et al., 2019).

However, the location and timing of spawning events and their eventual stability/variability in space and time
remain major unknown of the fish life cycle (Calo et al., 2018). Since field observations of spawning events are very
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sparse and fragmentary, they do not provide sufficient quantitative information about when and where spawning
occurs. Moreover, monitoring the spawning activity of a given fish species over broad-scale would be overly costly, if
not impossible. As such, indirect methodologies must be considered. One approach, which we follow here, consists in
using field observations of just-settled juveniles (i.e. post-settlers) as indirect evidence of the successful occurrence
of one or multiple spawning events. Then backtracking larvae trajectories from settlement sites to putative spawning
areas and identifying the abiotic conditions that prevail during these spawning events may help gain insights into
which abiotic conditions favour spawning. By extrapolating these relationships and thanks to constant monitoring
of abiotic conditions, one could then predict future events and use this information to design sound management
strategies enabling the protection of these propagules’ sources, contributing to the replenishment of both local and
distant sub-populations (Pelc et al., 2010; Di Franco et al., 2012; Erisman et al., 2015; Pittman & Heyman, 2020).
Development of hydrodynamical models backtracking larvae from settlement areas to potential spawning areas is
actively trying to fill this gap (Bauer et al., 2014; Calo et al., 2018; Legrand et al., 2019). Combining these models
with the variability of environmental factors, known to control the onset of fish spawning in favourable areas, could
improve the simulation of the spawning process and thus enhance scientific-based knowledge of this event (Werner
et al., 2007; Huret et al., 2010).

Among all potentially relevant abiotic factors, previous findings suggest seawater temperature playing a key role
as a trigger of fish spawning, both in freshwater (King et al., 2016) and in marine species (Gill et al., 1996; Winters
& Wheeler, 1996; Hereu et al., 2006). In the Mediterranean sea, temperature as a spawning cue has been already
reported for Sparids: changing temperatures seem to trigger the onset of spawning for this family (Goncalves, 2000;
Pajuelo et al., 2003; Pajuelo et al., 2006; Pajuelo et al., 2008; Mouine et al., 2011). Here, we focus on a demersal fish
of the Sparid family, the white sea bream Diplodus sargus (Linnaeus, 1758) as it is a relatively data-rich case study in the
Mediterranean. D. sargus, is known to spawn once a year (Mouine et al., 2007). More precisely, the rise of seawater
temperature from the winter minimum throughout spring has been related with the onset and the duration of the
spawning period for this species (Morato et al., 2003; Mouine et al., 2007, 2012; Di Lorenzo et al., 2014; Potts et al.,
2014; Aspillaga et al., 2016). The white seabream is a keystone species as it feeds on sea urchins Paracentrotus lividus,
and regulate their grazing pressure on algae, therefore potentially controlling regime shifts (from vegetated to bare
rocky coastal habitats) in the Mediterranean ecosystem (Hereu et al., 2005). Moreover, this species is economically
relevant in the Mediterranean Sea as targeted by both recreational and professional fisheries (Sala et al., 1998), despite
the lack of stock assessment for this species (FAO, 2006).

Our objectives here are to understand how abiotic factors influence the timing and location of spawning events for
D. sargus in order to appraise the locations and periods that are potentially favourable for spawning, hence delivering
useful inputs to design sound management and conservation strategies. We first determine a range of temperatures
that trigger spawning by building a backward-in-time particle tracking model fed with early life traits and settlement
locations for the investigated species. Based on this range, we use multi-year outputs of a regional ocean model to
simulate and analyse the inter-annual variability / stability of dispersal and spawning over ten recent years at large
scale. We finally discuss our results against the published literature and interpret them in the context of dynamic

spatio-temporal management.
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2 | MATERIAL AND METHODS

2.1 | Modelling the dispersive phases using Lagrangian Flow Networks

The Lagrangian Flow Network (LFN) model, which combines network theory tools and a particle-tracking model,
has been successfully applied to study marine connectivity (Rossi et al., 2014; Dubois et al., 2016; Hidalgo et al.,
2019; Legrand et al., 2019; Rossi et al., 2020) thanks to robust theoretical foundations (Ser-Giacomi et al., 2015) and
comprehensive sensitivity studies (Monroy et al., 2017). It simulates the dispersal of fish early-life stages (eggs, larvae)
by calculating passive horizontal trajectories at a given depth for predetermined starting times and durations.

Here the LFN is coupled offline with an hydrodynamical model, the Adriatic-lonian REGional configuration (AIREG;
QOddo et al., 2006; Ciliberti et al., 2015, Figure 1), which is based on the NEMO kernel (Madec & the NEMO team,
2008). We use the high-resolution (1/45°) AIREG outputs that consist in daily three-dimensional velocity and tem-
perature fields on 121 depths for years ranging from 2005 to 2014. The LFN first discretizes the AIREG domain in a
non-regular mesh of equal-area boxes, called nodes, and computes a land ratio for each of them (e.g. a node with a
land ratio of 0/1 is considered fully covered by sea/land, respectively). The node size is set to a horizontal resolution
of 1/16° to properly consider the typical intricate coastlines and small islands found in the full AIREG domain. In
total, the LFN builds 48 839 nodes, which are quasi-squared boxes of about 6 km width and a surface of around 40
km?. Just-released eggs and subsequent larvae are represented as passive particles drifting at a fixed depth of about
10 metres, following the few available evidence for Sparid larvae dispersal (Olivar & Sabatés, 1997). While chang-
ing in buoyancy or ontogeny of larvae could potentially modify vertical positioning of larvae of some species, hence
modifying trajectories (Pineda et al., 2007), no study has documented this effect for D. sargus yet. Moreover, small
vertical displacements (e.g. tens of meters) within the surface mixed layer (which ranges from 30 to 100 m or more
in the Mediterranean Sea) would return similar trajectories as modelled near-surface currents are mostly barotropic.
Another potentially relevant biological behaviour occurs at the end of the larval phase, when competent larvae gain
swimming abilities to move toward more suitable settlement sites located 1 or 2 km away (Clark et al., 2005; Staater-
man et al., 2012; Faillettaz et al., 2018). Our model indirectly includes the effect of such behaviour since such small
nearshore movements are clearly imperceptible in nodes of 40 km?. In addition, note that this coarse-graining pro-
cedure allows the consideration of adult movements in our simulations since the home range of adult individuals is,
on average, smaller than 1 km? (Di Lorenzo et al., 2014; Aspillaga et al., 2016) while individuals can display longer
distance movement (for 1 or 2 km) during spawning. For each numerical experiment, about 100 Lagrangian particles
(for full-sea node; otherwise slightly less, proportionally to the land ratio) are homogeneously seeded in each node,
representing around 2.5 million particles for the entire AIREG domain. The Runge-Kutta time step used to integrate
Lagrangian trajectories is 30 min, fulfilling the Courant-Friedrichs-Lewy condition (Courant et al., 1928; Legrand et al.,
2019). Each experiment is characterized by specific starting dates and particle-tracking durations, which are chosen
according to D. sargus spawning dates and Pelagic Larval Durations (PLD, here assumed to be the time comprised be-
tween spawning and settlement) determined through otoliths' reading (Di Franco et al., 2011; Di Franco and Guidetti,
2011; see Table S1).

Finally, the LFN builds a connectivity matrix that encodes the particles exchanged between any pairs of nodes
and retained within them. Such a connectivity matrix contains all the dispersal information: each element of the raw
matrix is the number of particles exchanged between the departure node, corresponding to the row, and the arrival
node, corresponding to the column. Therefore, the diagonal element of the matrix represents the retention of particles
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in each node.

2.2 | Identification of successful spawning areas and determination of favourable
temperatures using observation-constrained simulations

The first part of the study consists in spatially delimiting successful spawning areas associated with settlement
areas previously identified and for which specific information on early life traits is available (Di Franco et al., 2011;
Di Franco & Guidetti, 2011). To do so, we track early-life stages from their settlement sites back to their spawning
areas (Legrand et al., 2019) using our dispersal model and fine-tuned parameters following the biological observations
collected at each site (see Table S1 and Figure S2). Then, we determine and compile all the modelled temperatures
found within these discrete spawning areas over well-defined temporal periods. This range of spawning suitable
temperatures is finally used as a parameter of the second modelling exercise (see following section 2.3).

Along the Italian coasts, 10 D. sargus juveniles per site were caught at 4 sites in June 2008 and 20 juveniles per site
at 7 sites in June 2009 (Di Franco et al., 2011; Di Franco and Guidetti, 2011; Figure 1). Since the timing of the sampling
have been chosen in accord with the supposed settlement peak of each region (Di Franco et al., 2011; Di Franco
& Guidetti, 2011), these observations should provide reliable information about the maximum spawning activities
associated with each site and year. For each site, we derive a range of spawning dates (minimum and maximum)
obtained by keeping 95 percent of a normal probability distribution adjusted on the spawning dates obtained thanks
to otoliths’ reading (see Table S1). We consider this range of spawning dates as the temporal duration of that distinct
spawning event: as such, we run as many daily LFN experiments (characterized by a connectivity matrix attributed to
each spawning date) as the number of days comprised within this period. For the LFN tracking-time, we retain the
median of all observed PLDs (see Table S1) that have been also determined by otolithometry (Di Franco et al., 2011;
Di Franco & Guidetti, 2011).

Based on the analytical framework developed by Legrand et al., 2019, the full dispersal information contained in
the raw connectivity matrices must be pre-processed for our purpose. The first filter is applied on arrival nodes (note
that in backward-in-time dynamics, they act as departure nodes) to consider only the surveyed settlement sites. To
account for the coastal processes non-resolved by the AIREG model and to limit the impacts of “beaching" artefacts,
we retain here four nodes encompassing each sampled site and its vicinity (note that the mean land ratio of the retained
four nodes is low and similar between sampling sites). The second filter, applied on departure nodes (becoming the
arrival nodes in backward-in-time), simulates the suitable habitat of low-moving adult stage of D. sargus. Adults are
generally associated to rocky substrate and Posidonia oceanica meadows (Guidetti, 2000) and have been observed at
least until 80 metres depth during the spawning period (Aspillaga et al., 2016; Giacalone et al., 2018). The filter is
thus constructed by keeping all nodes that encompass those substrates and a conservative bathymetric limit that is
shallower than 100 metres depth (see Figure 1). To do so, we exploit the hand-made corrected habitat maps published
in Legrand et al., 2019 and the ETOPO1 Global Relief Model (National Geophysical Data Center, 2021). After applying
both filters, each element of the filtered matrices represents the number of particles sent by the effective spawning

habitat toward the surveyed settlement site.

The elements of such matrices can be readily transformed into dispersal probabilities thanks to a column-normalization
of the number of particles, hence approximating backward-in-time dynamics (Rossi et al., 2014; Ser-Giacomi et al.,
2015; Legrand et al., 2019). After the spatial filtering and the column-normalization, all daily matrices (i.e. 6 to 31 ma-

202



A. ANNEXES - A. Chapitre 11

Variable spawning due to currents and temperature

45

40 -

Latitude (°N)

35

30

~_

@
Algeria < © Tunisian \.
Strait N s

2100w,

©  Samples 2008

©  Samples 2009
I Rock or other hard substrata
[ Posidonia oceanica meadows
I Dead mattes of Posidonia
—-100— |sobath -100m

N 10
® Siculo Nt

8 10 12 14

Longitude (°E)

16 18 20 22

FIGURE 1 Seabed substrates downloaded from the EMODnet portal (European Marine Observation and Data
Network, EMODnet, 2013) and 100 meters isobath (dark thin line) used to determine the spawning habitat in section
2.2 and the spawning and settlement habitat in section 2.3, in accord with the literature concerning D. sargus (Guidetti,
2000; Di Lorenzo et al., 2014; Aspillaga et al., 2016; Giacalone et al., 2018). The sites of 2008 are in pink colour: 1.
Genova, 2. Maratea, 3. San Isidoro, 4. Torre Guaceto. The sites of 2009 are light blue: 1. Bari, 2. Monopoli, 3. Hotel La
Darsena, 4. Torre Guaceto MPA, 5. Punta Penne, 6. Casalabate, 7. San Andrea. Those sites represent the settlement
habitat in section 2.2.
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trices, depending on the site considered) representative of a given surveyed site are weighted averaged into a unique
composite matrix to obtain the total probability of all spawning nodes to send larvae into the surveyed settlement site
during the entire spawning period (spanning 6 to 31 days). More specifically, the weight attributed to each daily matrix
is determined according to the position of the corresponding spawning date in the Gaussian distribution fitted on the
total spawning period of each site (see Figure S1 and Table S1). Only non-zero elements of the composite matrix are
kept, meaning that the retained spawning areas effectively deliver larvae to the settlement site. Overall, we delineate
11 spawning events composed of several nodes representing the spawning areas during their corresponding spawning
period for each of the 11 surveyed settlement sites.

Finally, we gather all the temperature values simulated by the AIREG model (Oddo et al., 2006; Ciliberti et al.,
2015) for depths ranging from O to 50 metres within each previously identified spawning area for the entire effective
spawning period. All those temperatures values are compiled into a single dataset while taking into account the
larval contributions of each spawning node (e.g. dispersal probabilities are interpreted as proportion of larvae) to
the settlement sites they replenished. Quantile values are then estimated using a kernel density estimation method
(Simonoff, 1996). It allows retaining a 95% temperature interval that controls the spawning outbreak of D. sargus in
the north western Mediterranean Sea. These favourable seawater temperatures are then used as a threshold for the
broad-scale modelling exercise of spawning success (Figure 2; see following section 2.3).

SPAWNING DISPERSAL SETTLEMENT SPAWNING DISPERSAL SETTLEMENT
a) Habitat filter + LFN (backtracking) + Habitat filter (sampled b) Habitat filter + LFN (backtracking) + Habitat filter
biological parameters’ | biological parameters sites, discrete) H >Temperature filter biological parameters (continuous)
Data-constrained simulation Simulation of spawning success
of 11 spawning events i at broad-scale over 10 years

Suitable range of : patio-temporal stability / variability of
temperature spawning & Management implications

FIGURE 2 Schematic representation of the modelling approach for a) the data-constrained simulation and b) the
inverse simulations of spawning success at broad-scale. Green boxes identify the inputs of the numerical experiments
represented by the red boxes. Blue boxes represent the analysed outputs of the study. A more detailed version of
this figure is available in Supplementary Material (see Figure S2).

2.3 | Inverse simulations of spawning success at broad-scale

Building on the range of temperature suitable for spawning, determined through a combination of modelling and
field observations (see previous section 2.2), we now investigate the spatio-temporal variability of spawning over the
entire model domain over 10 years (2005 to 2014). In our inverse approach that considers non-varying habitats, the
sources of variability affecting early-life stages are ocean currents, which control the backward-in-time dispersal from
settlement to spawning areas, and seawater temperature, which govern where and when spawning occur.

We performed LFN experiments every five days (Monroy et al., 2017) from the 5th of January to the 29th of June
each year from 2005 to 2014 (available data of AIREG model; Oddo et al., 2006; Ciliberti et al., 2015). Consequently,
we compute 36 connectivity matrices per year. The conservative choice of the spawning period relies on the informa-
tion gathered from the literature (Table 1), revealing that D. sargus spawning may occur as early as January and until
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June. Since Monroy et al., 2017 showed little to none effects of small PLD changes, we fix the PLD to 16 days, equal
to the median PLD from individuals collected at all settlement sites (see Table S1; Di Franco et al., 2011; Di Franco and
Guidetti, 2011). Note that some output files of the AIREG model are corrupted; as such, a few connectivity matrices
(10/01, 15/01, 20/01, 25/01 and 30/01/2012) cannot be modelled so that year 2012 has only 31 matrices.

For each connectivity matrix, we apply the same habitat filter (e.g. Posidonia oceanica, rocks and maximum 100
metres depth, see section 2.2 and Figure 1) on both departure (i.e. spawning areas) and arrival (i.e. settlement areas)
nodes to consider all possible spawning and settlement connections across the full domain (Figure 2). The habitat
filter used for settlement is the same as the spawning one whereas, in nature, literature specifies that juveniles recruit
between 0 and 2 metres deep in sandy bays and rocky shores (Harmelin-Vivien et al., 1995; Lenfant & Planes, 1996).
However, there is no continuous and reliable information about marine micro-habitats at basin-scale. Moreover, the
spatial resolution of our approach is too coarse and the node surface too wide to allow distinguishing settlement sites
at this scale. Therefore, based on data constraints we operate this choice to perform a filter of the potential settlement
sites based on depth and habitat. Then, we sum all the columns of each matrix into a vector (i.e. all the settlement
nodes are now represented as one global settlement area). Each element of this vector gives the total number of
particles sent by a given spawning node to the total settlement area over one spawning event. This vector is column-
normalized to transform its elements into backward-in-time probabilities of “physical connectivity”, co-varying only
with the oceanic circulation. They are interpreted as the probabilities for any node pertaining to the spawning habitat

to send larvae into any of the favourable settlement sites for a given spawning event.

Then, for each non-zero element of a vector (meaning a physical connection exists between the corresponding
pair of spawning and settlement nodes), we evaluate if surface and subsurface temperatures (from O to 50 metres)
encompassed in a given spawning node fall into the reference range of spawning favourable temperatures. More
specifically, we determine the “thermal niche” probability as follows: a kernel density estimation has been fitted over
the temperature distribution of each node and integrated between the bounds of the reference thermal range (i.e. we

calculate the surface under the estimator, bounded by the temperature range, see Figures S2 and S3).

Finally, the “successful spawning probability” for each node and for the 2005-2014 period/each spawning event
is obtained by multiplying the “physical connectivity” probability vector and the “thermal niche” probability vector
(Figure 2), considered independent (not shown). For each year over 2005-2014, we thus compute 36 vectors of
probability of successful spawning (31 vectors for 2012), each of them representing a spawning event. Note that
the range of successful spawning probabilities depends on the total number of nodes of the studied domain. Hence,
our subsequent analyses disregard absolute probabilities but rather focus on highlighting and interpreting the rela-
tive differences among node probabilities. Note also that our “successful spawning probabilities” comprehend how
ocean temperatures control spawning and how ocean currents influence dispersal while it neglects the time and space
variability of early-life stages natural mortality.

These vectors are further exploited by first averaging all events and all years and computing associated standard
deviations to highlight spatial differences between regions potentially due to interannual or seasonal variability (see
Figure 6). To dig into the origins of this variability, the “successful spawning probability” vectors are also exploited by
computing seasonally averages and associated standard deviations to observe if the variability is seasonal or if there
are interannual differences in the spawning process according to the season and the region (see Figures S4 and S5).
Moreover, the “successful spawning probability” vectors are yearly averaged and their standard deviations computed
to highlight spatio-temporal patterns between regions, according to the year without considering the seasonal aspect
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(see Figure S6). With all the “successful spawning probability” vectors of all years, we run a non-normalized Principal
Component Analysis on a data table composed with nodes as observations (1500 nodes x 10 years) and 36 dates as
variables (FactoMineR package/library on R version 3.6.0 (Lé et al., 2008)). The 2D mapping of the principal compo-
nents (coordinates of each node) allows to display the different years (yearly mean of the node coordinates). Note
that the unfavourable nodes with probabilities equal to zero for all years and events were removed from the Principal
Component Analysis.

Finally, a Model Based Clustering (R package mclust (Scrucca et al., 2016)) is implemented using the 10 first
principal component coordinates accounting for about 80% of the entire variability. The selection of a small number
of node clusters in which spawning is expected to have the same pattern over time is operated using a BIC criterion.
These clusters highlight the dynamical behaviour of spawning probabilities through years and thus show potential
interannual stability of some areas (Figure 2). Our objective is to highlight and categorize the spatio-temporal windows
suitable for spawning. Consequently, the unfavourable nodes with probabilities equal to zero for all years and events
were removed from the analysis.

3 | RESULTS

3.1 | Data-constrained simulation

Discrete spawning areas are simulated, along with the respective larval contribution of each node to the total larval
pool, through back-tracking experiments using the LFN model for each of all settlement sites sampled in 2008 (Figure
3) and 2009 (Figure 4). In the Adriatic Sea, our model suggests that Apulian juveniles settled in 2009 (light blue dots for
sites 1 to 7 in Figure 1 and red-edged nodes in Figure 4) originated mostly (90% to 100% of the larval contribution) from
nearby spawning areas located along the Apulian shores, more or less north-westward of each settlement site. The
same pattern occurred in 2008 for Torre Guaceto, with few additional larvae (less than 10%) coming from the south
(Figure 3d). In the Ligurian sea, our model simulates that the spawning areas situated south-eastward of Genova are
the main contributors (~ 75%) of this settlement site in 2008, while a relatively small proportion (~ 25%) of propagules
were released westward of Genova (Figure 3a). In the Tyrrhenian sea, the Maratea settlement site was replenished
equally by the northern (~ 50%) and southern (~ 50%) spawning areas surrounding the settlement site (Figure 3b). For

San Isidoro, the larvae would have been released from Southern Apulia following the coastline (Figure 3c).

Concerning the node-specific probabilities of larval replenishment, which can also be interpreted as larval con-
tribution, the minimum is 10~* and the maximum is around 0.5 for both years while probabilities are not equally
distributed over space. For most sites, a few nearby nodes constitute the main suppliers (probabilities spanning 0.1
to 0.5, yellowish colours, Figures 3 and 4) while a large proportion of widespread nodes act as minor but significant
contributors (probabilities lower than 0.1). Note that some rather distant nodes constitute non negligible suppliers
despite their weak contribution (from ~ 1073 to 3.107") as in Tremiti Islands (42.1°N, 15.6°E) and inside the Gulf of
Manfredonia (41.5°N, 16.3°E) for Apulian sites (Figures 3d and 4) or such as contributors of San Isidoro localised on
the Eastern side of Apulia (Figure 3c). Furthermore, the locations of the main spawning areas (nodes with higher
probabilities) replenishing Torre Guaceto vary among years, as this site was sampled twice (Torre Guaceto, Figure 3d
for 2008 and Figure 4d for 2009). Moreover, it shows that the spatial extent and larval replenishment probabilities
of spawning areas vary among eco-regions, exemplifying a substantial spatio-temporal variability of the spawning

206



A. ANNEXES - A. Chapitre 11

10 Variable spawning due to currents and temperature

process.

When compiling all the modelled temperatures extracted from the specific dates and locations defined by the 11
backtracked spawning areas for depth spanning O to 50 m, we find a range of temperature with a minimum around
13°C and a maximum of 24°C (Figure 5a). 95% of temperature values that are suitable for spawning ranged between
14.8°C and 20.6°C (Figure 5b). This data-constrained range of seawater temperatures is then used as a threshold
triggering spawning in the following section.

3.2 | Simulated spawning success at broad-scale

3.2.1 | Inter-annual variability

Adopting an inverse modelling approach, we now identify spawning areas and their associated larval contributions
at broad-scale over a 10-year period for all potential D. sargus populations inhabiting our domain of interest (see Figure
1). The 10-year averages of spawning success (Figure 6a) are analysed along with the standard deviation (Figure éb)
to highlight spatial patterns and assess their inter-annual variability.

High averaged probabilities of larval replenishment (around 10-3) are modelled in the Croatian Islands and on
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FIGURE 3 Backtracked spawning areas and associated probabilities of larval replenishment for four spawning
events inferred from the post-settlers sampled in 2008 around a) Genova; b) Maratea; c) San Isidoro; d) Torre Guaceto
(see also Figure 1). The red-edged nodes represent the settlement sites;
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FIGURE 4 Backtracked spawning areas and associated probabilities of larval replenishment for four spawning
events inferred from the post-settlers sampled in 2008 around a) Bari; b) Monopoli; c) Hotel La Darsena; d) Torre
Guaceto; e) Punta Penne; f) Casalabate; g) San Andrea (see also Figure 1). The red-edged nodes represent the settle-
ment sites;

both sides of Calabria (Figure 6a) with moderate variability (around 5.10°4, Figure 6éb). Similar mean values are visible
on both sides of Apulia, in Eastern Corsica and Eastern Sardinia, combined with high variability (standard deviation
around 2,5.10°3, Figure 6b). Low probabilities (from 107> to 10°4) appear around the islands of the Siculo-Tunisian
Strait (Figure 6a), associated with very little variability around 104 (Figure 6b). Thus, the situation is rather contrasted
with the emergence of high (low, respectively) means that are not necessarily associated with high (low, respectively)
variability. This conclusion highlights the necessity of disentangling further the temporal variability into seasonal and
interannual signals to better evaluate how they manifest themselves over space.

The Principal Component Analysis run on the spawning success probabilities of 36 yearly events over 10 years
reveal that both first axes explain 54% of the inter-annual variability of spawning success (Figure 7a). 2007 and 2012
emerge as the most contrasted years while a sub-group encompasses 2008/2014 and another larger one concerns
2005/2006/2009/2010/2013. 2007 appears as a very particular year and seems to represent, along with 2012 that
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is closer to the other sub-groups, a great part of the variability of both first and second dimensions. The main reason
behind this interannual structuring could be the magnitudes of probabilities, 2007 being a year with particularly high
mean probabilities across the entire domain and the whole studied period (around 1073, Figure 7b) as compared with
other years such as 2012 (Figures 7c and Sé).

3.2.2 | Intra-annual variability

Intra-annual variability of spawning success is analysed using climatological averages (see Figure S4) and standard
deviation (see Figure S5) by considering the 10 yearly replicates for each of the 36 events spanning January-June.
Overall, the probability associated to an area is strongly dependent on the date (see Figure S4). In fact, average
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FIGURE 5 a) Kernel density function (red line) fitted on the histogram (grey bars) of modelled temperatures ex-
tracted from the 11 discrete spawning areas. b) Corresponding cumulated probability distribution function (red line).
¢) Corresponding quantile function (red line) with the 2.5t and 97.5!" quantiles (dotted dark lines) used to determine
the temperature range triggering spawning.
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FIGURE 6 Total (10-year) a) average and b) standard deviation of successful spawning probabilities (logarithmic
scale) over 2005-2014 considering all 36 spawning events simulated each year from January to June.
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probabilities over most of the domain are quite high in January (=~ 5.104) and then decrease to the lowest values
around February and March (= 2,5.10°%), except in Apulia where it remains elevated in late winter. Then, spawning
success probabilities rise nearly everywhere from April until mid-June (up to 2,5.10°3) and then decrease rapidly,
especially in Apulia, Gulf of Gabes and Toscana. Apulia, Eastern Calabria, Corsica and Sardinia are the sub-regions
where intra-annual variability is the highest (~ 1073, see Figure S5). March appears as a stable month with the lowest
variability on the whole domain (less than 2,5.10°4). On the contrary, there is a high variability from April to mid-June

(around 1073) and then this variability decreases.

3.2.3 | Clustering of spawning areas

The Model-Based Clustering methodology defines in an objective manner 4 clusters, i.e. sub-groups of nodes
sharing similar magnitude and intra-annual variability of the spawning success probabilities. Each cluster is described
by a specific intra-annual cycle of the spawning success on the studied period (Figure 8). For each year, all the nodes
with the cluster they belong to are represented in the Figure S7. Clusters 1 and 4 characterize areas with elevated
spawning potential from late March to the end of June, peaking at mean values of around 10-3 from mid-April to the
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FIGURE 7 a)2D-mapping of the Principal Component Analysis of the spawning success probabilities. Displayed
years correspond to the mean coordinates of all nodes belonging to a given year. Spatial representation of the yearly
mean spawning success probabilities (logarithmic scale) for the most contrasted years: b) 2007 and c) 2012. Yearly
mean maps for the remaining years are reported in Figure Sé.
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FIGURE 8 Intra-annual cycles of the spawning success probabilities for the four clusters obtained thanks to the
Model-Based Clustering. The coloured shading represents the 0.25 and 0.75 quantiles, the black dot line is the median
and the black bold line is the mean. The colours are used in the following to identify the clusters.

end of May. Cluster 4 is uni-modal with a unique spawning peak in late season, contrarily to the bi-modality of cluster
1 that also presents an early spawning peak in winter (January to mid-February). As both previous clusters, cluster 3
characterises areas with a late spawning success, peaking from the end of March to the end of July but with weaker
probabilities (mean of about 2,5.10™4). Moreover, it is worth noting that the seasonal cycles reported in Figure S4 are
consistent with those revealed by clusters 1, 3 and 4 with very weak to null spawning success around February to
April and very low variability (see Figure S5), followed by high spawning success, with high variability, until the end of
June. Cluster 2 represents areas characterized by elevated spawning potential pretty much over the whole studied
period (January to June average is around 1073, Figure 8) but with high variability throughout the spawning season.
The probabilities and the variability are decreasing from about early May to the end of June, but the exact duration
of the spawning period is too difficult to forecast for this cluster due to its high variability over the studied period.

We now analyse the spatial distribution of the four clusters, representative of four seasonal modalities of spawn-
ing success. Each node belonging to a given cluster, one can investigate at which frequency a node is objectively
characterized by the same cluster across years. We set an arbitrary threshold to distinguish the discrete spawning
areas whose seasonal behaviour is consistent from one year to another, from those whose seasonality varies at inter-
annual time scales. In other words, the nodes whose cluster frequency is lower than 0.7 are subjected to prominent
inter- and intra-annual variability; conversely, nodes characterized by cluster frequency greater or equal to 0.7 can be
considered with relatively stable seasonal behaviour across years. The coloured nodes displayed in Figure 9 represent
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FIGURE 9 Spawning areas whose intra-annual variability (see also Figure 8) is stable across years (i.e. whose

cluster frequency is greater or equal to 0.7) are coloured according to the cluster they belong to. Light grey nodes
represent the overly variable spawning areas (i.e. whose cluster frequency is lower than 0.7).

the spawning areas whose simulated success is highly stable across years, representing about 50

4 | DISCUSSION

4.1 | Abiotic and biotic factors affecting spawning

Using the white seabream Diplodus sargus in the central Mediterranean Sea as a case study, we investigate the
role of seawater temperature in controlling broad-scale spawning onset and duration of coastal fish by identifying the
suitable temperature range for spawning while ensuring that spawning and settlement areas are effectively connected
by oceanic dispersal. The key role of temperature for triggering spawning has been indeed already documented in
previous research (Table 2, see “Temperature" row). Literature also suggests that spawning can be affected by multi-
ple other abiotic or biotic factors (Table 2). Some papers focus primarily on abiotic factors (Table 2), such as oceanic
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TABLE 1 Literature review reporting the minimum and maximum values of temperature (in °C) suitable for spawn-
ing and the favourable period (in month) for spawning documented for Diplodus sargus in the Mediterranean Sea. The
last line reports the values derived from the present study.

. Minimum Maximum Minimum Maximum

Article temperature temperature spawning date spawning date
Aspillaga et al., 2016 13 14.5 March April
Di Lorenzo et al., 2014 13 18 April May
Mouine et al., 2007 15 18 March May
Mouine et al., 2012 14.8 15.6 March June
El Maghraby et al., 1982 17 20 January April
Benchalel and Kara, 2010 15 18 February April
Man-Wai, 1985 14 16 April May
Present study 14.8 20.6 January June

temperature, upwelling, photoperiod, solar irradiance, lunar cycle (also linked to tides) and daylight/dark diurnal al-
ternation. These studies often discuss the physiological internal processes (feeding status, gonad maturation) which
would explain how environmental forcing somehow indirectly control fish spawning behaviour. Other researches fo-
cus on biotic factors (Table 2) at both population, such as demography and inter-specific competition, and individual

levels, such as feeding status through lipid storage.

Here we specifically focused on temperature as this abiotic factor has been predominantly reported as crucial
in the compiled literature, comparatively with other factors (see Table 2). While this overrepresentation might orig-
inate from a publication bias, it is easily ruled out by some multi-factorial studies that reported major influences of
seawater temperature on spawning as compared to other factors (such as photoperiod or lunar cycle, especially in
the Mediterranean (De Vlaming, 1972; Hereu et al., 2006; Sheaves, 2006; Potts et al., 2014)). More generally, this is
consistent with the key role of seawater temperatures in driving major ecological patterns in the global ocean, such as
fish biodiversity and dynamics (Tittensor et al., 2010; Burrows et al., 2019). The current warming trend of the coastal
ocean due to climate change (Lima & Wethey, 2012; Liao et al., 2015) thus raise concerns about possible temporal and
spatial shifts of spawning for coastal fishes, as already observed in demersal fish such as cod Gadus morhua and sole
Solea solea (Fincham et al., 2013; McQueen & Marshall, 2017; Auth et al., 2017). Our modelling framework, which
has been especially designed to consider the full environmental variability of both ocean temperature and current in
evaluating spawning success, could be used to predict future changes as well as to guide future sampling efforts.

Our findings highlighted a range of seawater temperatures suitable for spawning (14.8°C - 20.6°C, see section
3.1) that is consistent with the ranges compiled from the literature, especially for the minimum temperature (Table
1). The small mismatches between our range derived from modelled temperatures over multiple depths and those
already published (Table 1) may result from the fact that they exclusively used Sea Surface Temperature, despite the
fact that the vertical distribution of coastal fishes when living and/or spawning is much higher than just the sea surface
(Aspillaga et al., 2016; Giacalone et al., 2018). Moreover, the surprisingly good agreement for the lower temperature
threshold that triggers spawning may be partly explained by the fact that the spawning onset and associated temper-
atures are often derived from observational studies of juveniles targeting especially the supposed settlement peak
(Table 2 and Di Franco and Guidetti, 2011). On the other hand, the upper thermal range is slightly higher than previ-
ous estimates, suggesting that our approach may slighty overestimate the spawning duration. While this flaw would
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especially concern the warmer eco-regions (e.g. Gulf of Gabes) during the late spawning season (May/June), observa-
tions showed that some spawning events have indeed occurred in these space/time windows (Morato et al., 2003;
Benchalel & Kara, 2010). It is worth noting that the cessation of spawning could also be related to a combination of
both external (environmental) and internal (biological) factors. In fact, some fishes could have stopped spawning after
a certain duration of active spawning not necessarily due to non-favourable abiotic factor but rather due to biological
limitations such as spent gonads (Mouine et al., 2012) or behavioural cessation of spawning aggregation (Colin, 2010;
Aspillaga et al., 2016). Overall, it suggests that the control exerted by oceanic temperature on the spawning process
may be more relevant to simulate the spatio-temporal variations of its onset rather than its termination.

Furthermore, more detailed analyses of temperatures for 2008 and 2009 spawning events point out different
suitable temperatures: mean optimal temperatures are around 18°C for all the sites of 2008 and around 16°C for
all those of 2009. This could be explained by the different sampling design between 2008 (four sites relatively well
scattered across the studied domain) and 2009 (seven sites, all located in Eastern Apulia). These regional differences of
triggering temperatures could suggest local adaptation (Takahashi et al., 2012) but the small statistical samples prevent
any further analyses. It is worth noting that other factors neglected here, such as saturation of the settlement habitat
(Di Franco et al., 2013) or local hydrodynamics (Cuadros et al., 2018), could also be responsible for the variations of
PLDs and spawning dates. Moreover, when analysing early-life traits of D. sargus settlers in another area (Marseilles,
France) during years 1994 and 1995, Vigliola, 1998 found a mean PLD that is considerably higher than the one used in
the present study (i.e. 28 vs 16 days). Hence, expanding our study to other areas and other years with more numerous

observations could help studying the spatio-temporal variability of these early-life traits.

4.2 | Disentangling the spatial and temporal variability of spawning
421 | Spatial variability of backtracked spawning areas

Backtracking model experiments constrained by settlers observations (Calo et al., 2018; Legrand et al., 2019)
allow us to characterize several discrete spawning events by well-delineated areas associated with their respective
contribution to the larval replenishment of 11 settlement areas, considered here (Di Franco et al., 2011; Di Franco &
Guidetti, 2011). Their spatial locations and relative larval contributions can be reasonably well explained by both local

and regional hydrodynamics and topography.

Our model identifies the spatial locations of the major spawning areas (i.e. highest probabilities) within the path-
ways of surface currents prevailing in the region (Millot & Taupier-Letage, 2005; Poulain et al., 2013), generally up-
stream from their settlement locations. Once released off Livorno and La Spezia, fertilized eggs and larvae tend to
follow the Liguro-Provencal current toward the Genova settlement site (Figure 3a). In the Tyrrhenian Sea, the influx
of Atlantic Water entering from the Sardinia Channel (lacono et al., 2021) carries propagules in a counter-clockwise
direction following the shorelines of western Calabria up to Maratea (Figure 3b). In the Gulf of Taranto, the San Isidoro
settlement site is replenished thanks to a coastal current that originates from the southern Adriatic Sea, then circles
around the Salanto peninsula while being pushed westward by the North lonian Gyre (Gaci¢ et al., 2010; Crisciani and
Mosetti, 2016; Figure 3c). Finally, the south-westward coastal current in the Adriatic Sea is the main contributor to
the Apulian settlement sites sampled in 2008 and 2009 (Figures 3d and 4), which is in good agreement with Pujolar
et al., 2013, Bray et al., 2017 and Legrand et al., 2019.
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TABLE 2 List of factors influencing the spawning process of Teleosts (in blue: of Sparids only) according to a
literature review.

Factor Species Area Articles
Teleosts Victoria, Australia King et al., 2016
Clupea harengus Newfoundland, Canada Winters and Wheeler, 1996
Pseudogobius olorum Western Australia, Australia Gill et al,, 1996
Teleosts Oregon, USA Auth et al., 2017
Solea solea Irish sea, North Sea, Channel Fincham et al., 2013
Epinephelus marginatus Medes Islands MPA, Catalonia, Spain Hereu et al., 2006
Gadus morhua North Sea, Scotland McQueen and Marshall, 2017
Thunnus thynnus, Auxis rochei, T.
Balearic archipelago, Spain Reglero et al., 2012
alalunga
Temperature Sparidae Meta-analysis Sheaves, 2006
D. sargus subspecies Meta-analysis Potts et al., 2014
D. sargus, D. annularis, D. . . X
puntazzo, D. vulgaris Gulf of Tunis, Tunisia Mouine et al.,, 2011
D. cervinus cervinus Canarian archipelago, Spain Pajuelo et al., 2003
D. vulgaris Canarian archipelago, Spain Pajuelo et al., 2006
D. puntazzo Canarian archipelago, Spain Pajuelo et al., 2008
D. vulgaris South Western Portugal Gongcalves, 2000
D. sargus Azores archipelago, Portugal Morato et al., 2003
D. sargus sargus Gulf of Tunis, Tunisia Mouine et al., 2007
D. sargus sargus Torre Guaceto MPA, Puglia, Italia Di Lorenzo et al., 2014
D. sargus Medes Islands MPA, Catalonia, Spain Aspillaga et al., 2016
Teleosts Meta-analysis De Vlaming, 1972
Lepomis macrochirus Story County, lowa, USA Mischke and Morris, 1997
Photoperiod Dicentrarcus labrax West Coast of Portugal Vinagre et al., 2009
D. vulgaris South West Coast of Portugal Gongcalves, 2000
Sparids Meta-analysis Sheaves, 2006
Irradiance D. vulgaris South West Coast of Portugal Gongcalves, 2000
Cheilinus undulatus Republic of Palau Colin, 2010
Paracirrhites forsteri Kuchierabu-jima Island, Japan Kadota et al., 2010
Takifugu niphobles Kyushu Island, Japan Yamahira, 1997
Moon / Tides Epinephelus marginatus Medes Islands MPA, Catalonia, Spain Hereu et al., 2006
Thalassoma bifasciatum Puerto Rico Appeldoorn et al., 1993
Acanthopagrus pacificus Queensland, Australia Sheaves and Molony, 2013
Acanthopagrus berda Kosi estuary, South Africa Garratt, 1993
. Osmerus mordax Newfoundland, Canada Bradbury et al., 2004
Dark / Night
Acanthopagrus berda Kosi estuary, South Africa Garratt, 1993
Upwelling Centroberyx gerrardi South-Western Australia Coulson et al., 2019
Sardinops, Engraulis California, USA Lluch-Belda et al., 1991
Demography Teleosts Meta-analysis Wright and Trippel, 2009
Lipid storage Gambusia affinis Illinois, North Carolina, New Jersey, USA Reznick and Braun, 1987
D. annularis, D. sargus, D.
. puntazzo, D. vulgaris, Oblada Marseille, France Harmelin-Vivien et al., 1995
Competition
melanura, Sarpa salpa
D. puntazzo, D. sargus, D. vulgaris North-West Mediterranean Sea Planes et al., 1999
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Counter-intuitively, some minor spawning areas (i.e. lowest probabilities) are found downstream for Genova,
Maratea and Torre Guaceto in 2008. These more complex patterns can be caused by seasonal slowdowns of the
main currents, by the presence of mesoscale eddies creating turbulent and anisotropic dispersal or by coastal counter-
currents creating small-scale recirculation patterns (Millot & Taupier-Letage, 2005; Poulain et al., 2013). Moreover,
the settlement site of Torre Guaceto was sampled in both 2008 and 2009 (Figures 3d and 4d), returning different
spawning dates and spatial distribution of backtracked spawning areas. It exemplifies the substantial inter-annual
variability of hydrodynamics that could be linked to the current reversal of the North lonian Gyre occurring between
these years (Gaci¢ et al., 2010; Crisciani & Mosetti, 2016).

Concerning the levels of contribution, a general pattern is that the closest to the settlement area, the highest the
larval contribution for Maratea and San Isidoro in 2008 (Figures 3b and 3c). It can be related to the relatively short
PLDs of D. sargus and the sluggish circulation in these regions, resulting in limited dispersal. Note that the probabili-
ties reported here must be interpreted with caution as we assumed similar larval production in each spawning area.
In other words, the spatial heterogeneity of larval contributions originates essentially from the effective connectivity
(controlled by ocean currents) between spawning and settlement areas. Since the mean number of fish eggs produced
by mature adults is proportional to the size of the individuals (Lester et al., 2009), spatially explicit quantitative informa-
tion about adult biomasses, or directly about eggs production (Blanco et al., 2017), could help improving the accuracy
of our simulations in the future. Even without this valuable information, a more affordable improvement could be to
scale the larval production of each spawning node according to its protection status, as done in Legrand et al., 2019.
Indeed, current MPAs are expected, when effectively managed and enforced, to host bigger individuals producing
large number of eggs (Di Franco et al., 2012; Marshall et al., 2019) that could act as effective source of propagules for
surrounding unprotected populations. Some distant sources highlighting weak but non negligible larval supply to the
settlement site, such as Tremiti Islands (42.1°N, 15.6°E; Figures 3d and 4), could thus contribute to a higher level of
larval replenishment than what is initially expected because they are protected by an effective MPA.

4.2.2 | Spatio-temporal variability of simulated spawning success

One of the overarching goals of this study is to evince how the variability of oceanographic processes, namely
hydrodynamics and seawater temperatures, affects the simulated spawning success in order to draw more general
conclusions applicable to other oceanic systems. Globally, our model suggests that there are two peaks of favourable
conditions for spawning to occur: January to early/mid-February and from April to June for all clusters, primarily
due to suitable temperatures for spawning during these periods. Beyond too simplistic latitudinal patterns, note that
the early occurrence of suitable conditions for spawning concerns not only the most southern locations (e.g. Gulf of
Gabes, also backed-up by observations of mature spawners during winter by Mouine et al., 2007 or Benchalel and
Kara, 2010 in Algeria) but also more septentrional locations (such as Sicily and Southern Italy), suggesting the need
to collect field observations earlier in the season in these regions. For clusters 1, 3 and 4 (as well as for cluster 2,
to a lesser extent), our results suggest weak to null spawning success from early February through to March, which
seems to be due to seawater temperature lower than the suitable range (i.e. < 14.8°C) in these areas. This bi-modality
of the simulated spawning success could be explained by the general seasonal cycle of oceanic temperatures that is
slighty delayed as compared to air temperatures: coldest sea temperatures occur in late winter/early spring while air
temperature are already warming up. The non-favourable conditions simulated from February to April are probably
linked to deep convection and dense water formation events that have been documented in the southern Adriatic
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and the Ligurian sea (Millot & Taupier-Letage, 2005).

More specifically, south-eastern Sicily, Greece and Albania are represented by cluster 2. For this cluster, the
period between February and April exhibits lower spawning success (but still positive) than the early and late peaks.
It suggests that temperature rarely goes below the prescribed threshold in these regions (far from the deep water
formation areas) and that the small variations could be due to the variability of ocean currents. These areas are
indeed characterized by highly turbulent mesoscale circulation such as the North lonian Gyre and the Mid-lonian Jet
(Millot & Taupier-Letage, 2005; Poulain et al., 2012).

The cluster 4 represents areas in Ligurian Sea, Corsica, Sardinia, Toscana and French Riviera, which seem more
impacted by temperature due to higher latitudes. The Ligurian sea is characterized by the Northern Current and is
also known for deep-water formations (Poulain et al., 2012) which, along with the latitude, could explain why cluster
4 prevails in the Ligurian sea whereas cluster 1 predominates in the Tyrrhenian Sea (e.g. North Sicily, Calabria and
Campania). In fact, this relates to the influx of warmer Atlantic waters coming from the Algerian Current: a major part,
known as the Atlantic-lonian stream, goes through the Siculo-Tunisian Strait to warm-up the southernmost locations
(e.g. Gulf of Gabes) while another smaller contribution invades the Northern Sicily coastlines and the rest of the
Tyrrhenian Sea (Millot & Taupier-Letage, 2005; Poulain et al., 2012; lacono et al., 2021). Note that the large variability
of the Atlantic-lonian stream may also explain why the spawning success is characterized by unstable clusters in the

Siculo-Tunisian Strait.

In fact, the Siculo-Tunisian Strait region is known to present particularly high eddy kinetic energy due to the
presence of the particularly unstable Atlantic-lonian stream (D’Ovidio et al., 2004), explaining why the spawning
success probability is very low due to non-favourable dispersal routes that poorly connect spawning and settlement
areas (Cuttitta et al., 2016; Figure 6a). Moreover, the regular coastal upwelling occurring on the western coast of
the Sicily (Piccioni et al., 1988) could play a role too but its effect on the spawning success probability is difficult
to disentangle from the influence of the Atlantic-lonian stream in this region. More local analyses on spawning and
larval dispersal, as realised by Cuttitta et al., 2016, could help to further understand the coupled bio-physical processes
occurring in the region. On the other hand, the high variability of the spawning success in the Gulf of Gabes (unstable
interannual clusters, see Figures 9 and S7) could be explained by a quick rise of the temperature and the large air-sea
interactions (e.g. evaporation and heat fluxes) enhanced by the very shallow bathymetry in this region.

Finally, cluster 3 is found around some islands of the Siculo-Tunisian Strait and in Aeolian Islands which are highly
turbulent areas. This cluster is represented by a very weak peak from April to June, however temperature is in the
good range in the concerned regions (Figure 8), but the high variability of currents in these areas could be responsible
of the limited connectivity among spawning and settlement areas. On the other hand, clusters 3 and 4 are interlocked
in the same areas (Ligurian Sea, Corsica, Sardinia, French Riviera, Toscana; see Figure 9) with cluster 3 appearing
regularly in similar nearshore areas. These patterns could be a methodological artefact and must be interpreted with
caution as these nodes present a mean land ratio of 0.75 (i.e. meaning that three quarter of the node is represented
by land) due to the poor resolution of the ocean model around these complex coastlines.

Despite intricate spatio-temporal variations, we also highlight high probabilities and high variability of spawning
success in the Adriatic, especially in Apulia and in Croatian Islands (Figure 6), supported by the unstable interannual
clustering (Figures 9 and S7). For the Croatian Islands, this pattern can be explained by a shallow bathymetry (<
100 metres depth) and sluggish circulation probably implying a quick rise of temperature in these areas. Concerning
Apulia, Gacic¢ et al., 2014 studied the BiOS (Adriatic-lonian Bimodal Oscillating System), which is a regime-shift of the
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North lonian Gyre occurring at inter-annual/decadal time scales, modifying the regional-scale currents, including at
the entrance of the Adriatic Sea (Gaci¢ et al., 2010; Crisciani & Mosetti, 2016). Those circulation changes could partly
explain the inter-annual variability of spawning highlighted here. In fact, the path of the waters entering the Adriatic
through the Strait of Otranto can considerably vary from one year to another as a function of the BiOS regimes, leading
to large variations in temperature and salinity (Gacic et al., 2013). When the gyre is anticyclonic (e.g. 2007-2008), the
waters come from the Atlantic-lonian stream and the Levantine waters originate from the west. When the regime is
cyclonic (e.g. 2012-2013), the waters are directly coming from the Levantine Sea located to the South-East of the
Adriatic Sea (Gaci¢ et al., 2010). Consequently, it could be more or less favourable for spawning, depending on the
BiOS regime.

Moreover, Gaci¢ et al., 2014 observed a transition from cyclonic to anticyclonic circulation during 2005-2006,
which is consistent with the central positions of both years in Figure 7a. In accord with the prominence of anticyclonic
circulation during 2007-2008, years 2007 (and 2008, to a lesser extent) appears in the upper right corner of Figure
7a. It is characterized by extreme positive values for both dimensions and by the highest probabilities over the entire
domain (Figure 7b). Thereafter, a second reversal of the basin-wide circulation occurred in 2009/2011, potentially
explaining why these years are close to the centre of Figure 7a. Years 2012/2013 are characterized by negative values
for both dimensions (lower left corner, Figure 7a), which is coherent with the prevailing cyclonic circulation during this
period. Moreover, 2012 has been described as a very harsh winter by Gaci¢ et al., 2014, probably explaining the lowest
negative values for both dimensions (Figure 7a) and the very low probabilities of spawning success (Figure 7c). While
the very specific position of year 2012 could have been slightly affected by the lack of five dates in January, it is likely
that the main conclusions still hold since these dates are characterized by very low probabilities during the other years
(see Figure S4).

Overall, our results suggest that colder and longer winters than average, as monitored by the BiOS index, are dele-
terious for the spawning success in our studied domain while warmer and milder winters than average are favouring
spawning success at regional scale. In fact, cluster 2, characterized by favourable spawning success over the entire
season, is predominant over year 2007 (see Figure S7) which seems to be a warmer year than average due to a partic-
ularly short winter in comparison with the extreme 2012 winter (Gaci¢ et al., 2014). The opposite behaviour of both
years (Figure 7a) confirm the particularly high spawning success probability over the entire domain during 2007 (see
Figure S6). Hence, 2014 must be a mild year too, mainly represented by the cluster 2 (see Figures S6 and S7) and by
positive values for both dimensions on Figure 7, such as 2007.

Note that the variability of spawning success in the Adriatic Sea could also reflect local rather than regional
oceanographic dynamics. It is indeed a semi-enclosed sea with its own intrinsic variability associated to local oceano-
graphic processes such as coastal cooling/warming due to sporadic upwelling/downwelling events forced by Bora
winds and/or fine-scale circulation changes (Magaldi et al., 2010). However, additional temperature analyses (not
shown) highlight a change in the general dynamic of the temperature at regional scale, consistent with the BiOS
regime. In fact, from 2005 to 2008, the warming of the waters is realised from the North-East to the South-West
(i.e. Adriatic first, Liguria second, Tunisia last) contrary to the period 2009-2014 for which the warming of the waters
occurs from the South-East to the North-West (from the Eastern Mediterranean sub-basin to the Adriatic and the
Western Mediterranean sub basin).

Overall, seawater temperature seems to be a preponderant factor of the triggering and intensity of spawning suc-
cess, whereas currents act like a “background noise” of the spawning success, except in places where highly turbulent
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currents have a major impact in the spawning success due to limited connectivity.

4.3 | Implications for management

Despite the fact that stocks of Diplodus sargus are not currently assessed by the General Fisheries Commission for
the Mediterranean (FAO, 2006), coastal fishes like Sparids are targeted by small scale and recreational fisheries with
reports of declining catches (FAQ, 2004). In this context, the specific variability of the spawning success demonstrated
by our results could help selecting the most adapted management tools and best spatially-allocate restrictions, as
advised by Erisman et al., 2015; Sadovy de Mitcheson, 2016. Note that while Hussein et al., 2011 reported that
permanent fishing closures appeared more efficient on juveniles habitat (e.g. settlement) than on spawning zones,

these conclusions need revisions as the ISIS-Fish model neglects the dispersal of early-life stages.

By assuming that any management initiative should be consistent over several years to be worth implementing,
all nodes whose cluster frequency is lower than 0.7 (Figure 9) could be excluded since they exhibit too much inter-
annual variability. In contrast, all nodes whose simulated spawning success and its intra-annual evolution are relatively
stable across years are good candidates following the current trend of spatially fixed management measures such as
the Fisheries Restricted Areas (FAO, 2021). Areas characterized by clusters 1 and 4 consistently across years with
favourable spawning success in late season could be managed by restricting fishing when spawning potential is the
highest (e.g. through April, May, June, see Figure 8). These measures represent useful management tools to protect
and rebuild populations of exploited as well as patrimonial species (Di Franco et al., 2012; Guidetti et al., 2014; Di
Franco et al., 2018). Note that the relevance of considering the early spawning peak (early January to mid-February) of
cluster 1 for management could be questioned as Mouine et al., 2007 and Mouine et al., 2012 documented in the Gulf
of Tunis that gonads of D. sargus were not mature for spawning during this period. Using a gonado-somatic index, they
stated that spawning onset is linked to temperature increase, whereas in January it generally decreases or stabilizes
in Western Mediterranean, except in places where winter is briefer like Tunisia or Algeria (see spawning period of
Benchalel and Kara, 2010 in Table 1). Thus, the regions of North Sicily, Western Calabria and Apulia represented by
cluster 1 could probably be protected during the late season only, such as cluster 4. In this study, we only look at
external factors triggering spawning but they could be favourable in periods where the gonado-somatic index is not,
so it would be important to consider biotic processes in future studies. Such as clusters 1 and 4, cluster 3 presents
a spawning potential late in the season but the weakness of the spawning success peak questions the relevance of
a protection for the concerned areas, that require more information to be correctly managed. Finally, the spawning
success of the areas typified by cluster 2 (south-eastern Sicily, Albania and Greece in Figure 9) is very stable and
elevated over time, which require long-term measures. In fact, these areas could be protected all year long with
"static" measures like MPA allowing the resilience of neighbouring exploited areas thanks to larval export (Fogarty &
Botsford, 2007; Jones et al., 2007; Gaines et al., 2010).

Furthermore, dynamic measures could be required in order to adapt management with the oceanic variability.
Some regions, highly dependent on oceanic temperature (areas represented by clusters 1 and 4 such as Corsica, Sar-
dinia or North Sicily), could be ideal places to test implementing flexible protected areas and adaptive measures of
protection or regulation, based on the variation of this environmental trigger of spawning (Maxwell et al., 2015). It is
worth mentioning that, in the coming years, fishes are more likely to move to higher latitudes due to climate change
and ocean warming, especially exacerbated near the coast (Perry et al., 2005; Lima & Wethey, 2012; Liao et al., 2015),
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and dynamic management measures could thus be a standard in the future.

However, planning management measures at this scale could be challenged by the political context of the Mediter-
ranean Sea, with potential straddling fish stocks encompassed by multiple jurisdictions or multiple countries (Hidalgo
et al., 2019), for instance between Greece and Albania, making these measures difficult to apply without the concer-

tation and collaboration of the various stakeholders.

Nevertheless, the methodology of this study could be used for other species with a bipartite life cycle in any other
oceanic system for which operational ocean model exist. Our results could help considering the interannual variability
of spawning in the management of resources, and more especially in a context of adaptive and dynamic management
(Maxwell et al., 2015). As future perspective, even more effective recommendations could probably be achieved by
considering an ecosystem-based approach that would study together multiple key species of an ecosystem to enhance
their sustainability and reduce the negative impacts of human activities on these resources (Levin & Lubchenco, 2008).
While our modelling approach could be well-adapted to guide these efforts, the accuracy and reliability of its outcome
still rely on the performance levels of operational ocean models (Reglero et al., 2018). Finally yet importantly, it is
worth noting that the forecast lead-time of operational ocean models does not currently exceed a few days. It implies
that historical analyses such as this one are promising while future projections at these scales are still out-of-reach.

5 | CONCLUSION

In this study, we use backward-in-time particle tracking model from juveniles’ settlement observations to delin-
eate 11 spawning events and to determine a range of suitable temperatures for spawning. With this range that is
consistent with the literature, we model and analyse the intra- and inter-annual variability of spawning locations and
duration over ten years, from 2005 to 2014. Thanks to a Model Based Clustering method, we disentangle the different
levels and sources of variability in the simulated spawning success, putting the emphasis on the role of oceanographic
processes. The approach and tools developed in this study could guide future efforts that aims at evaluating when
and where spawning occur for other territorial fish species to help managers and conservationists.
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I. Mediterranean meta-analysis: selected references, model
parameterization and literature review

Table SI-1: Summarized description of the 58 population genetic studies included in the meta-analysis. Note
that some results reported by a given study are analysed separately: (i) Weber et al., 2015 used SNPs marker (%)
and mtDNA marker (%); (i) Carrera et al., 2020 considered all the loci together () and then only the
Mediterranean outliers loci (*); (iii) Marzouk et al., 2017 analyzed SNPs marker (°) and mtDNA marker (°).
Asterisks indicate the significance of the Mantel tests performed between explicit/implicit modelled Fst and
observed Fst for each study: * < 0.05; ** <0.005 and *** < 0.0005 and “ns” stands for not-significant. SSRep
stands for spatial sampling representativeness, i.e. evaluating the effective spatial scattering and seascape
coverage by the sampling carried out in each study.

Species characteristics Study characteristics
Taxa Species Habitat PLD Season Study Marker Nbr o.f Optlm.a! M OP"m?I_ M
population explicit implicit
Algea Cystoseira amentacea shallow coastal 1all Susini et al., 2007 RAPD 4 1615ns 1ns
Anthozoa Astroides calycularis shallow coastal 1 summer |Casado-Amezua et al., 2012 microsat 16 1172 5 *** 300 *
Anthozoa Corallium rubrum neritic shelf 10 summer |Aurelle et al., 2011 microsat 24 687 40 *** 80 **
Anthozoa Corallium rubrum neritic shelf 10 summer |Costantini et al., 2013 microsat 5 2341ns 1ns
Anthozoa Eunicella cavolinii shallow coastal 1all Masmoudi et al., 2016 microsat 18 821 300 *** 300 **
Anthozoa Leptopsammia pruvoti shallow coastal 10 spring  |Boscari et al., 2019 RADseq/GBS 10 385 10 *** 20 **
Ascidiacea Botryllus schlosseri shallow coastal 1all Reem et al., 2017 microsat 11 1182 500 * 500 *
Ascidiacea Halocynthia papillosa neritic shelf 20 summer |Villamor et al., 2014 mtDNA 4 444 5ns 10ns
Ascidiacea Microcosmus squamiger shallow coastal 1 summer |Ordéfiez et al., 2013 microsat 6 18 1ns 1ns
Ascidiacea Pycnoclavella communis shallow coastal 1all Pérez-Portela et al., 2007 microsat 4 459 500 ns 500 ns
Crustacea Carcinus aestuarii shallow coastal 30 fall Schiavina et al., 2014 microsat 8 41760* 40 *
Crustacea Melicertus kerathurus shallow coastal 20 all Arculeo et al., 2010 microsat 9 6141ns 10 ns
Crustacea Melicertus kerathurus shallow coastal 20 all Zitari-Chatti et al., 2007 zymes 9 173 1ns 5ns
Crustacea Pachygrapsus marmoratus  shallow coastal 30 all Fratini et al., 2013 microsat 8 57 500 ns 5ns
Crustacea Palinurus elephas shallow coastal 45 spring  |Palero etal., 2011 microsat 5 89440ns 20 ns
Demospongiae Spongia officinalis shallow coastal 1 summer |Dailianis et al., 2011 microsat 9 1106 500 * 500 *
Echinodermata Astropecten aranciacus shallow coastal 45 all Zulliger et al., 2009 microsat 7 1001 10 ns 1ns
Echinodermata Holothuria mammata shallow coastal 20 spring  |Borrero-Pérez et al., 2011 mtDNA 4 1188 150 * 60 ns
Echinodermata Ophioderma longicauda shallow coastal 10 spring  |Weber etal., 2015" mtDNA 13 1142 500 ns 500 ns
Echinodermata Ophioderma longicauda shallow coastal 10 spring  |Weber etal., 20152 SNPs 11 1324 200 ns 500 ns
Echinodermata Paracentrotus lividus shallow coastal 30 spring  |Penantetal., 2013 mtDNA 12 1019 500 ns 40 ns
Echinodermata Paracentrotus lividus shallow coastal 30 spring  |Paterno etal., 2017 SNPs 10 758 40 ** 40 **
Echinodermata Paracentrotus lividus shallow coastal 30 spring  |Carreras etal., 2020° RADseq/GBS 8 1296 40 ns 40 ns
Echinodermata Paracentrotus lividus shallow coastal 30 spring  |Carreras etal., 2020* RADseq/GBS 8 1296 40* 40 *
Fish Apogon imberbis shallow coastal 20 summer |Muths et al., 2015 microsat 4 17 5ns 1ns
Fish Coris julis shallow coastal 30 summer |Fruciano etal., 2011 mtDNA 10 819 80ns 300 ns
Fish Diplodus sargus shallow coastal 20 spring  |Gonzalez-Wangiiemert etal., 2010  microsat 5 590 150 ns 10ns
Fish Diplodus vulgaris shallow coastal 45 winter  |Kaouéche et al., 2013 zymes 6 179 5ns 1ns
Fish Epinephelus marginatus shallow coastal 30 summer |Schunter et al., 2011 microsat 9 669 10 ns 20 ns
Fish Lithognathus mormyrus shallow coastal 30 all Hammami et al., 2007 zymes 4 180 5ns 500 ns
Fish Merluccius merluccius neritic shelf 45 all Milano et al., 2014 SNPs 14 992 10* 10*
Fish Mugil cephalus shallow coastal 45 all Durand et al., 2013 microsat 12 1221 20 ** 20 **
Fish Mullus barbartus shallow coastal 30 spring  |Maggio et al., 2009 microsat 14 513 1ns 1ns
Fish Mullus surmuletus shallow coastal 30 spring  |Galarza et al., 2009 microsat 6 1066 1ns 60 ns
Fish Mullus surmuletus shallow coastal 30 spring  |Dalongeville et al., 2018 SNPs 47 1163 60 ns 100 *
Fish Oblada melanura shallow coastal 20 spring  |Gkafas et al., 2013 microsat 8 198 10ns 500 ns
Fish Oblada melanura shallow coastal 20 spring  |Calo etal., 2016 microsat 9 3761ns 1ins
Fish Pagellus erythrinus shallow coastal 45 spring  |Fassatoui et al., 2009 zymes 6 243 1ns 20 ns
Fish Serranus cabrilla shallow coastal 30 spring  |Schunter et al., 2011 microsat 13 987 500 ns 1ns
Fish Solea solea shallow coastal 30 winter |Bahri-Sfar et al., 2011 zymes 10 698 60 ** 20 **
Fish Solea solea shallow coastal 30 winter |Garoia et al., 2007 microsat 4 1047 500 ns 5ns
Fish Sparus aurata shallow coastal 45 fall Franchini et al., 2012 microsat 12 31910* 5*
Fish Symphodus tinca shallow coastal 10 spring  |Carreras et al., 2017 SNPs 6 2425ns 20 *
Mollusca Cerastoderma edule shallow coastal 10 all Sromek et al., 2019 RADseq/GBS 7 796 10* 20 *
Mollusca Chiton olivaceus shallow coastal 10 spring  |Villamor et al., 2014 mtDNA 4 444 500 ns 80 ns
Mollusca Hexaplex trunculus shallow coastal 1all Villamor et al., 2014 mtDNA 4 398 500 ns 150 ns
Mollusca Hexaplex trunculus shallow coastal lall Marzouk et al., 2017° SNPs 15 973 60ns 400 ns
Mollusca Hexaplex trunculus shallow coastal 1all Marzouk et al., 2017° mtDNA 15 973 80ns 200 ns
Mollusca Mytilus galloprovincialis shallow coastal 20 spring  |Diz and Presa, 2008 microsat 8 2951* 1*
Mollusca Ostrea edulis shallow coastal 10 summer |Launey et al., 2002 microsat 5 75820* 60 *
Mollusca Patella caerulea shallow coastal 20 fall Villamor et al., 2014 mtDNA 6 39380%* 80 *
Mollusca Patella rustica shallow coastal 20 fall S&-Pinto et al., 2012 zymes 6 1102 1ns 1ns
Mollusca Patella ulyssiponensis shallow coastal 20 summer |Sa-Pinto et al., 2012 zymes 5 1104 150 ns 150 ns
Mollusca Phorcus turbinatus shallow coastal 10 all Villamor et al., 2014 mtDNA 4 444 40ns 500 *
Mollusca Ruditapes decussatus shallow coastal 10 summer |Gharbi et al., 2011 zymes 11  15110* 10*
Mollusca Spondylus spinosus shallow coastal 20 all Shabtay et al., 2014 mtDNA 5 385ns 500 ns
Phanerogam Cymodocea nodosa shallow coastal 30 all Alberto et al., 2008 microsat 13 84080* 10 **
Phanerogam Posidonia oceanica shallow coastal 30 all Arnaud-Haond et al., 2007 microsat 29 859 60 *** 40 **
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also use FishBase (Froese and Pauly 2000, https://www.fishbase.se/search.php) and Doris (Willis et al., 2016,
https://doris.ffessm.fr/) webpages for global information about the species of interest.
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(Susini et al., 2007; Thibaut et al., 2016)
(Di Franco and Guidetti, 2011)
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(Macpherson and Raventos, 2006)
(Villamor et al., 2014)
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(Borrero-Pérez et al., 2011; Santos et al., n.d.)
(Boscari et al., 2019; Goffredo et al., 2006)
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(Arculeo et al., 2010; Roberts et al., 2012; Zitari-Chatti et al., 2007)
(Hidalgo et al., 2019; Morales-Nin and Moranta, 2004)
(Rius et al., 2010, 2009)
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(Félix-Hackradt et al., 2013; Maggio et al., 2009)
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Patella rustica (Sa-Pinto et al., 2012)

Patella ulyssiponensis (Sa-Pinto et al., 2012)

Posidonia oceanica (Melia et al., 2016; Serra et al., 2010)
Pycnoclavella communis (Pérez-Portela et al., 2007)

Ruditapes decussatus (Gharbi et al., 2011)

Scopalina lophyropoda (Garoia et al., 2004)

Serranus cabrilla (Macpherson and Raventos, 2006)

Solea solea (Bahri-Sfar et al., 2011; Vaz et al., 2019)
Sparus aurata (Franchini et al., 2012)

Spondylus spinosus (Soria et al., 2010)

Spongia officinalis (Baldacconi et al., 2007; Gaino et al., 2007)
Symphodus tinca (Macpherson and Raventos, 2006; Pallaoro and Jardas, 2003)
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Shallow coastal and neritic shelf habitat description

Species-specific habitat

Based on the compiled literature of Table SI-2, we attribute to each species compiled in our meta-
analysis (Table SI-1) one habitat among two broad types: shallow coastal habitat or neritic shelf habitat.
If a species could fall into both habitat types, we select only one by (i) for fishes, retaining the habitat
that contains the depth where the post-settlers/juveniles inhabit; (ii) for other organisms, retaining
the habitat that comprises the depth of the sampling.

Network habitat filter

i.  Bathymetric filter
Gridded bathymetry data provided by ETOPO1 1 Arc-Minute Global Relief Model
(doi:10.7289/V5C8276M) are co-located with on our network grid to select all the topographic values
encompassed in each node. Nodes whose shallowest depth is comprised between 0 m and 50 m are
kept in the shallow coastal bathymetric filter and those whose shallowest depth is comprised between
50 m and 200 m are filtered in our neritic shelf bathymetric filter; the remaining deeper nodes are
excluded.

ii.  Substrate filter
We use EMODnet Seabed Habitats data® to define our substrate filter combining both the EUNIS
classification and the MSFD Benthic Broad Habitat typology. We distinguish infralittoral and
circalittoral substrate categories, while considering all substrates together including rocks, fine muds,
coarse sediments, etc. (Table SI-3). By co-locating substrate data on our network grid, nodes which
encompass infralittoral substrate are filtered in our shallow coastal substrate filter and nodes which
encompass circalittoral substrate are filtered in our neritic shelf substrate filter.

Table SI-3: Substrate typology used to define the two composite substrates, called shallow coastal and neritic
shelf substrates, following EUNIS and MFSD classifications referenced in EMODnet Seabed Habitats data.

Classifications | Shallow coastal substrate Neritic shelf substrate

EUNIS -'A3: Infralittoral rock and other hard -'A4.26 or A4.32: Mediterranean
substrata’' coralligenous communities
-'A4.26 or A4.32: Mediterranean moderately exposed to hydrodynamic
coralligenous communities moderately | action or Mediterranean coralligenous
exposed to hydrodynamic action or communities sheltered from
Mediterranean coralligenous hydrodynamic action'
communities sheltered from -'A4.27: Faunal communities on deep
hydrodynamic action' moderate energy circalittoral rock’
-'A5.13: Infralittoral coarse sediment' -'A4: Circalittoral rock and other hard
-'A5.23 or A5.33 or A5.34: Infralittoral substrata
fine sands or Infralittoral sandy mud or | -'A5.14: Circalittoral coarse sediment'
Infralittoral fine mud' -'A5.25: Circalittoral fine sand'
-'A5.23: Infralittoral fine sands' -'A5.26: Circalittoral muddy sand'
-'A5.33: Infralittoral sandy mud' -'A5.35: Circalittoral sandy mud'

Y Information contained here has been derived from data that is made available under the European Marine
Observation Data Network (EMODnet) Seabed Habitats initiative (http://www.emodnet-seabedhabitats.eu/),
financed by the European Union under Regulation (EU) No 508/2014 of the European Parliament and of the
Council of 15 May 2014 on the European Maritime and Fisheries Fund.
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-'A5.34: Infralittoral fine mud'
-'A5.5353: Facies of dead "mattes" of
[Posidonia oceanica]'

-'A5.535: [Posidonia] beds'

-'A5.36: Circalittoral fine mud'

MFSD

-'Infralittoral coarse sediment'
-'Infralittoral mixed sediment'
-'Infralittoral mud'

-'Infralittoral rock and biogenic reef'
-'Infralittoral sand'

-'Circalittoral coarse sediment'
-'Circalittoral mixed sediment'
-'Circalittoral mud'
-'Circalittoral mud or Offshore
circalittoral mud'

-'Circalittoral rock and biogenic reef'
-'Circalittoral sand'

-'Offshore circalittoral coarse
sediment’

-'Offshore circalittoral mixed
sediment'

-'Offshore circalittoral mud'
-'Offshore circalittoral rock and
biogenic reef'

-'Offshore circalittoral sand'

Habitat filter

The final habitat filter consists in the superposition of both bathymetric and substrate filters: coloured
nodes characterize the shallow coastal habitat (Fig. SI-1 and Fig. 1b main manuscript) and the neritic
shelf habitat (Fig. SI-2, Fig. 1c main manuscript). All nodes selected in the bathymetric filter are
coloured in transparent light grey, those belonging to the substrate filter are displayed in red, while
pink nodes represent the superposition of both filters.

40

Latitude (°N)

0 5 10 15
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20

25 30 35

Figure SI-1: Shallow coastal habitat represented by a bathymetric filter (light grey nodes) and a substrate filter
(red nodes). Pink nodes characterize the superposition of both bathymetric and substrate filters.
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Figure SI-2: Neritic shelf habitat represented by a bathymetric filter (light grey nodes) and a substrate filter (red
nodes). Pink nodes characterize the superposition of both bathymetric and substrate filters.
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Bio-physical modelling

Hydrodynamical model

We use the hydrodynamic model Mediterranean Forecasting System (MFS) based on NEMO-OPA
(Nucleus for European Modelling of the Ocean-PArellelis, version 3.2; Madec, 2008). This data-
assimilative operational model is implemented in the Mediterranean at 1/16° degree horizontal
regular resolution and 72 unevenly spaced verticals levels (Oddo et al., 2009). We use the physics
reanalysis products for years spanning 2000-2010 downloaded from Marine Copernicus website
(https://marine.copernicus.eu/).

Lagrangian modelling

Following the procedure described in Ser-Giacomi et al., (2015), we discretise the Mediterranean basin
on a network of 8196 node of 1/4° degree horizontal resolution. About 100 numerical particles are
evenly initialised in each node. Horizontal trajectories are simulated by integrating the velocity field,
bilinearly interpolated using a Runge-Kutta 4 algorithm with a time step of 0.3 h, fulfilling the Courant-
Friedrichs-Lewy condition (CFL, Courant et al., (1928)) over the period of interest (Fig. SI-3). We use
the MFS horizontal velocity fields of the 3™ and 17t vertical levels, which correspond to about 12 m
for the shallow coastal habitat and 102 m for the neritic shelf habitat, respectively. Numerical
propagules are tracked over five different drifting times (simulating different Pelagic Larval Durations):
1, 10, 20, 30 and 45 days considering successive starting times with a 10-day periodicity over years
2000 to 2010. Altogether, it represents 402 Lagrangian experiments per PLD and per vertical layer, that
is 4020 numerical experiments in total (Table SI-4).

FL -1
- CFL per day -10 m

CFL, =0.86858 h

max

08 L ' ! )
S N Q@ D
N N N Q\

1 1
S & &
S S $

O
S
® S S

Figure SI-3: CFL condition indexed for each MFS daily velocity field at 12 m deep between 2000 and 2010. The
maximum time-step value to fulfil CFL condition is 0.87 h, we use a time-step of 0.3 h in our Lagrangian
experiments.

246



A. ANNEXES - B. Chapitre IV

Table Si-4: Summary of the numerical experiments performed using a 10-day periodicity over 2000-2010; each
number refer to the total number of connectivity matrices that are averaged for each PLD (spanning 1, 10, 20,
30 and 45 days) for each vertical layer (12 m and 102 m).

Season Winter Spring Summer Fall All year
Start date 01/01 01/04 01/07 01/10 01/01
End date 31/03 30/06 30/09 31/12 31/12
Nbr of
Lagrangian 100 99 100 103 402
experiment
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IV. Parametrization of our multi-generation dispersal model
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Figure SI-4. Sensitivity tests on the values of Ne. a Correlation between modelled Fst and observed Fst with Ne
=100 (green dots and linear regression curve), Ne = 1000 (purple dots and linear regression curve) and Ne = 10*
(orange dots and linear regression curve) for Corallium rubrum, Aurelle et al., 2011. b, same as a for Posidonia
oceanica, Arnaud-Haond et al., 2007. ¢, Mantel R? between modelled Fst and observed Fst with Ne spanning

100 to 107 for Corallium rubrum, Aurelle et al., 2011. d, same as ¢ for Posidonia oceanica, Arnaud-Huond et al.,
2007.

248



Multi-generation explicit dispersal

NB LD @@@@@@Qh@

Number of generations

a o2 b o2
. < :(\ f\" f‘b( o @ o o
o~ ° N % e o o 1 ; NN o
c O T e - = L ¢ o e 0
T e o E
[ C
2 s
502 5 -0.2
2 . e
= €
jod Jo
[&] [&]
0.4 - -0.4
N PSSP q’@ rbgb @Q @Q
Number of generations
c 6 1 1 L 1 L 1 L d 6
g 3
g4 g
=1 3
@ D
i) ks)
2 2
: F H :
> =3
z =z
0 J_I
o
PN

A. ANNEXES - B. Chapitre IV

Multi-generation implicit dispersal
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Fig SI-5: Correlations between our multi-generation dispersal models and observed genetic structures. a

mean centred Mantel R? with 95 % IC and the number of significant Mantel correlation (p-value < 0.05) between

modelled Fst calculated with the multi-generation explicit dispersal model and observed Fst per number of
generations. b same as a but with our multi-generation implicit dispersal model. ¢ Histograms of the optimal
number of generations for all significant Mantel correlations between explicit modelled Fst and observed Fst;
the blueish colours indicate the PLD of the studied species. d same as ¢ but with implicit modelled Fst.
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V. Correlation between isolation-by-distance models or dispersal
models and observed genetic structure
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Figure SI-6: Models’ accuracy in explaining observed genetic structures across the meta-analysis. Mantel R?
are referenced for a IBD (Euclidian) model, b IBD (sea least-cost) model, ¢ single-generation explicit dispersal
model, d multi-generation explicit dispersal model and e multi-generation implicit dispersal model. Filled dots
correspond to significant correlations (p-value*). Note that (i) Weber et al., 2015 use SNPs marker (*) and
mtDNA marker (%), (i) Carrera et al., 2019 considers all the loci () and only the Mediterranean outliers loci (),
and (iii) Marzouk et al., 2017 use SNPs marker (°) and mtDNA marker (°).
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Table SI-5: Accuracy of the Isolation-by-distance (Euclidian and Sea least-cost distance) models in explaining
observed genetic structures across the meta-analysis. Mantel R? between loge(distance) and Fst(1-Fst) and
associated p-values are indexed for each study. Note that (i) Weber et al., 2015 use SNPs marker (*) and mtDNA
marker (%), (ii) Carrera et al., 2019 considers all the loci (3) and only the Mediterranean outliers loci (%), and (iii)
Marzouk et al., 2017 use SNPs marker (°) and mtDNA marker (°). Significant studies (p-values*) are highlighted
in grey.

I1BD Euclidian distance IBD Sea least-cost distance

Species Study Mantel R? p-value Mantel R? p-value

Cystoseira amentacea Susini et al., 2007 0,61 0,0397 0,60 0,0860
Astroides calycularis Casado-Amezua et al., 2012 0,52 0,0001 0,51 0,0001
Corallium rubrum Aurelle et al., 2011 0,18 0,0001 0,19 0,0001
Corallium rubrum Costantini et al., 2013 0,29 0,0955 0,29 0,1040
Eunicella cavolinii Masmoudi et al., 2016 0,58 0,0001 0,57 0,0001
Leptopsammia pruvoti Boscari et al., 2019 0,05 0,2406 0,30 0,0002
Botryllus schlosseri Reem etal., 2017 0,13 0,0980 0,08 0,0899
Halocynthia papillosa Villamor et al., 2014 0,75 0,1301 0,74 0,1999
Microcosmus squamiger Ordéfiez et al., 2013 0,10 0,2113 0,27 0,1452
Pycnoclavella communis Pérez-Portela et al., 2007 0,14 0,5847 0,12 0,7084
Carcinus aestuarii Schiavina et al., 2014 0,21 0,0050 0,40 0,0036
Melicertus kerathurus Arculeo et al., 2010 0,00 0,8539 0,02 0,4842
Melicertus kerathurus Zitari-Chatti et al., 2007 0,01 0,5010 0,01 0,6405
Pachygrapsus marmoratus |Fratini et al., 2013 0,20 0,0137 0,21 0,0142
Palinurus elephas Palero etal., 2011 0,06 0,6515 0,07 0,6075
Spongia officinalis Dailianis et al., 2011 0,52 0,0033 0,53 0,0044
Astropecten aranciacus Zulliger et al., 2009 0,20 0,0517 0,26 0,0231
Holothuria mammata Borrero-Pérez et al., 2011 091 0,1225 0,93 0,1232
Ophioderma longicauda Weber et al., 2015" 0,02 0,4746 0,02 0,5433
Ophioderma longicauda Weber et al., 2015° 0,05 0,2219 0,04 0,2707
Paracentrotus lividus Penant et al., 2013 0,11 0,1262 0,09 0,1691
Paracentrotus lividus Paterno etal., 2017 0,43 0,0194 0,47 0,0176
Paracentrotus lividus Carreras et al., 2020 0,27 0,0049 0,24 0,0109
Paracentrotus lividus Carreras et al., 2020* 0,31 0,0155 0,33 0,0102
Apogon imberbis Muths et al., 2015 0,03 0,7487 0,02 0,8322
Coris julis Fruciano et al., 2011 0,37 0,0513 0,27 0,0236
Diplodus sargus Gonzalez-Wangliemert et al., 2010 0,07 0,3555 0,07 0,3626
Diplodus vulgaris Kaoueéche et al., 2013 0,05 0,3759 0,05 0,3601
Epinephelus marginatus Schunter et al., 2011 0,05 0,3970 0,05 0,3724
Lithognathus mormyrus Hammami et al., 2007 0,47 0,1699 0,44 0,1637
Merluccius merluccius Milano et al., 2014 0,30 0,0001 0,19 0,0007
Mugil cephalus Durand et al., 2013 0,08 0,0535 0,10 0,0312
Mullus barbartus Maggio et al., 2009 0,01 0,4538 0,00 0,8701
Mullus surmuletus Galarza et al., 2009 0,00 0,8976 0,00 0,9014
Mullus surmuletus Dalongeville et al., 2018 0,04 0,0002 0,05 0,0001
Oblada melanura Gkafas et al., 2013 0,00 0,7958 0,00 0,7772
Oblada melanura Calo etal., 2016 0,04 0,2154 0,05 0,1673
Pagellus erythrinus Fassatoui et al., 2009 0,12 0,2832 0,05 0,4901
Serranus cabrilla Schunter et al., 2011 0,11 0,0806 0,09 0,1003
Solea solea Bahri-Sfar et al., 2011 0,32 0,0031 0,35 0,0039
Solea solea Garoia et al., 2007 0,97 0,0422 0,43 0,0418
Sparus aurata Franchini etal., 2012 0,02 0,4093 0,09 0,1486
Symphodus tinca Carreras et al., 2017 0,13 0,3353 0,06 0,5232
Cerastoderma edule Sromek et al., 2019 0,50 0,0037 0,55 0,0014
Chiton olivaceus Villamor et al., 2014 0,61 0,2132 0,68 0,1278
Hexaplex trunculus Villamor et al., 2014 0,67 0,1253 0,77 0,1225
Hexaplex trunculus Marzouk et al., 2017° 0,03 0,3212 0,04 0,2472
Hexaplex trunculus Marzouk et al., 2017° 0,04 0,2163 0,07 0,1010
Mytilus galloprovincialis Diz and Presa, 2008 0,25 0,0100 0,28 0,0078
Ostrea edulis Launey et al., 2002 0,16 0,3905 0,21 0,1445
Patella caerulea Villamor et al., 2014 0,14 0,1818 0,32 0,0546
Patella rustica Sa-Pinto et al., 2012 0,00 0,9113 0,03 0,5970
Patella ulyssiponensis S&-Pinto et al., 2012 0,15 0,2457 0,18 0,2450
Phorcus turbinatus Villamor et al., 2014 0,70 0,2995 0,86 0,2909
Ruditapes decussatus Gharbi et al., 2011 0,18 0,0028 0,19 0,0045
Spondylus spinosus Shabtay et al., 2014 0,00 0,8636 0,00 0,8536
Cymodocea nodosa Alberto et al., 2008 0,13 0,0201 0,23 0,0165
Posidonia oceanica Arnaud-Haond et al., 2007 0,13 0,0001 0,15 0,0001
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Table SI-6: Accuracy of our dispersal models (i.e. single-generation explicit, multi-generation explicit, and
multi-generation implicit) in explaining observed genetic structures across the meta-analysis. Mantel R?
between modelled and observed Fst and associated p-values are indexed for each study. Note that (i) Weber et
al., 2015 use SNPs marker (*) and mtDNA marker (%), (ii) Carrera et al., 2019 considers all the loci (°) and only the
Mediterranean outliers loci (*), and (iii) Marzouk et al., 2017 use SNPs marker (°) and mtDNA marker (°).
Significant studies (p-values*) are highlighted in grey.

Single-generation explicit Multi-generation explicit Multi-generation implicit
Species Study MantelR?  |p-value Mantel R? |p-value |Optimal M [Mantel R? |p-value |Optimal M
Cystoseira amentacea Susini et al., 2007 0,59 0,1631 0,33 0,0849 5 0,60| 0,0819 1
Astroides calycularis Casado-Amezua et al., 2012 0,26 0,0001 0,28 0,0001 5 0,34 0,0060 300
Corallium rubrum Aurelle etal., 2011 0,11 0,0001 0,50 0,0001 40 0,51| 0,0010 80
Corallium rubrum Costantini et al., 2013 0,21 0,0705 0,21| 0,0705 1 0,21| 0,0819 1
Eunicella cavolinii Masmoudi et al., 2016 0,50 0,0001 0,77| 0,0001 300! 0,77| 0,0010 300
Leptopsammia pruvoti Boscari et al., 2019 0,07 0,0584 0,29 0,0001 10 0,31 0,0020 20
Botryllus schlosseri Reem et al., 2017 0,00 1,0000 0,12 0,0147 500 0,10( 0,0070 500
Halocynthia papillosa Villamor et al., 2014 0,00 1,0000 0,80 0,1668 5 0,79 0,1768 10
Microcosmus squamiger Orddiiez et al., 2013 0,00 1,0000 0,00 1,0000 1 0,00 1,0000 1
Pycnoclavella communis Pérez-Portela et al., 2007 0,17 0,5038 0,17 0,4636 500 0,08 0,8062 500
Carcinus aestuarii Schiavina et al., 2014 0,12 0,0237 0,97 0,0178 60 0,97 0,0150 40
Melicertus kerathurus Arculeo et al., 2010 0,00 0,9541 0,00 0,9541 1 0,01 0,7772 10
Melicertus kerathurus Zitari-Chatti et al., 2007 0,01 0,6600 0,01 0,6600 1 0,03| 0,4795 5
Pachygrapsus marmoratus |Fratini et al., 2013 0,01 0,6792 0,00 0,7097 500 0,02| 0,2637 5
Palinurus elephas Palero et al., 2011 0,00 1,0000 0,03 0,6986 40 0,07| 0,8232 20
Spongia officinalis Dailianis et al., 2011 0,06 0,1457 0,32 0,0057 500 0,39| 0,0080 500
Astropecten aranciacus Zulliger et al., 2009 0,00 1,0000 0,09 0,2136 10 0,12| 0,0939 1
Holothuria mammata Borrero-Pérez et al., 2011 0,20 0,4996 0,76 0,0430 150 0,93 0,0759 60
Ophioderma longicauda Weber etal., 2015 0,03 0,4368 0,00[ 0,8801 500 0,00| 0,8302 500
Ophioderma longicauda Weber et al., 20152 0,04 0,2902 0,00 0,9989 200 0,00( 0,9201 500
Paracentrotus lividus Penant et al., 2013 0,11 0,1598 0,00 0,9836 500 0,01 0,7143 40
Paracentrotus lividus Paterno et al., 2017 0,18 0,0348 0,79 0,0045 40 0,77 0,0030 40
Paracentrotus lividus Carrerasetal., 2020° 0,08 0,2851 0,13| 0,0810 40 0,15| 0,0739 40
Paracentrotus lividus Carreras et al., 2020* 0,27 0,0693 0,33 0,0085 40 0,36 0,0060 40
Apogon imberbis Muths et al., 2015 0,42 0,5047 0,42 0,4975 5 0,42 0,4925 1
Coris julis Fruciano etal., 2011 0,01 0,4102 0,12| 0,0633 80 0,38 0,0559 300
Diplodus sargus Gonzélez-Wanguemert et al., 2010 0,01 1,0000 0,28 0,0696 150 0,09 0,3586 10
Diplodus vulgaris Kaoueéche et al., 2013 0,03 0,5417 0,11 0,2378 5 0,09 0,2877 1
Epinephelus marginatus Schunter et al., 2011 0,02 0,4578 0,06/ 0,2208 10 0,05| 0,3606 20
Lithognathus mormyrus Hammami et al., 2007 0,47 0,2027 0,64 0,0813 5 0,56 0,0839 500
Merluccius merluccius Milano et al., 2014 0,02 0,1058 0,05 0,0457 10 0,07| 0,0210 10
Mugil cephalus Durand et al., 2013 0,01 0,3320 0,26 0,0007 20 0,42 0,0010 20
Mullus barbartus Maggio et al., 2009 0,01 0,6078 0,01 06078 1 0,01| 0,3846 1
Mullus surmuletus Galarza et al., 2009 0,09 0,1508 0,09 0,1508 1 0,02| 0,8641 60
Mullus surmuletus Dalongeville et al., 2018 0,00 0,9769 0,02 0,0782 60 0,09 0,0250 100
Oblada melanura Gkafas et al., 2013 0,04 0,3266 0,00 0,9552 10 0,00 0,7742 500
Oblada melanura Calo et al., 2016 0,04 0,2626 0,04| 0,2626 1 0,05/ 0,1528 1
Pagellus erythrinus Fassatoui et al., 2009 0,13 0,1276 0,13 0,1276 1 0,22| 0,0609 20
Serranus cabrilla Schunter et al., 2011 0,04 0,1515 0,05 0,0994 500 0,04 0,1389 1
Solea solea Bahri-Sfar et al., 2011 0,15 0,0047 0,80/ 0,0031 60 0,80/ 0,0030 20
Solea solea Garoia et al., 2007 0,00 1,0000 0,19/ 0,0883 500! 0,24 0,1299 5
Sparus aurata Franchini et al., 2012 0,10 0,0883 0,14| 0,0483 10 0,14| 0,0480 5
Symphodus tinca Carreras et al., 2017 0,09 0,3748 0,10 0,4430 5 0,23 0,0260 20
Cerastoderma edule Sromek et al., 2019 0,15 0,0482 0,40 0,0165 10 0,86 0,0080 20
Chiton olivaceus Villamor et al., 2014 0,20 0,6666 0,68 0,1708 500 0,68 0,0919 80
H lex trunculus Villamor et al., 2014 0,00 1,0000 0,88|  0,0806 500! 0,88| 0,0759 150
Hexaplex trunculus Marzouk et al., 2017° 0,01 0,4010 0,05 0,1873 60 0,06| 0,1399 400
Hexaplex trunculus Marzouk et al., 2017° 0,01 0,4732 0,07 0,1506 80 0,08 0,0939 200
Mytilus galloprovincialis Diz and Presa, 2008 0,16 0,0122 0,16 0,0122 1 0,14 0,0120 1
Ostrea edulis Launey et al., 2002 0,17 0,3095 0,49 0,0170 20 0,34| 0,0410 60
Patella caerulea Villamor et al., 2014 0,22 0,0900 0,81 0,0190 80 0,94 0,0220 80
Patella rustica Sa-Pinto et al., 2012 0,12 0,1996 0,12| 10,1996 1 0,12| 0,2168 1
Patella ulyssiponensis Sa-Pinto et al., 2012 0,06 0,3954 0,17| 0,2061 150 0,20/ 0,1089 150
Phorcus turbinatus Villamor et al., 2014 0,51 0,3364 0,89| 0,2887 40 0,90| 0,0470 500
Ruditapes decussatus Gharbi et al., 2011 0,03 0,2616 0,14| 0,0107 10 0,23| 0,0070 10
Spondylus spinosus Shabtay et al., 2014 0,05 0,7992 0,15 0,3700 5 0,10 0,6334 500
Cymodocea nodosa Alberto et al., 2008 0,17 0,0049 0,48/  0,0062 80 0,62 0,0010 10
Posidonia oceanica Arnaud-Haond et al., 2007 0,08 0,0001 0,31 0,0001 60 0,33| 0,0010 40
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Figure SI-7: Network representation of observed and modelled genetic structures for Mugil cephalus; Durand
et al., (2013). a Observed Fst values, b loge(Euclidian distance), c loge(Sea least-cost distance), d single-
generation explicit modelled Fst, e multi-generation explicit modelled Fst and f multi-generation implicit
modelled Fst. Similar plots made for each study of our meta-analysis can be viewed at:
https://nuage.osupytheas.fr/s/wajsAZrRCRrwHHk
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Figure SI-8: Network representation of observed and modelled genetic structures for Cymodocea nodosa,
Alberto et al., (2008). a Observed Fst values, b loge(Euclidian distance), ¢ loge(Sea least-cost distance), d single-
generation explicit modelled Fst, e multi-generation explicit modelled Fst and f multi-generation implicit
modelled Fst. Similar plots made for each study of our meta-analysis can be viewed at:
https://nuage.osupytheas.fr/s/wajsAZrRCRrwHHk
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Cross-comparison of Mantel correlations

Table SI-7: Significance (p-values) of Mantel correlations between IBD Euclidian distance and Fst/(1-Fst) being
greater than (i) correlations between IBD sea least-cost distance and Fst/(1-Fst) (Hendrickson et al., 1970), (ii)
correlations between single-generation explicit dispersal modelled Fst and observed Fst (Silver et al., 2004), (iii)
correlations between multi-generation explicit dispersal modelled Fst and observed Fst (Silver et al., 2004) and
(iv) correlations between multi-generation implicit dispersal modelled Fst and observed Fst (Silver et al., 2004).

IBD Euclidian distance vs
IBD sea Single- Multi- Multi-
least-cost generation generation  generation

Species Study distance explicit explicit implicit

Cystoseira amentacea Susini et al., 2007 0,3816 0,4759 0,3546 0,4789
Astroides calycularis Casado-Amezua et al., 2012 0,1330 0,0355 0,0586 0,1896
Corallium rubrum Aurelle etal., 2011 0,7612 0,2935 0,9573 0,9608
Corallium rubrum Costantini et al., 2013 0,4081 0,4149 0,4149 0,4153
Eunicella cavolinii Masmoudi et al., 2016 0,4832 0,2806 0,9282 0,9303
Leptopsammia pruvoti Boscari et al., 2019 0,9731 0,5565 0,8393 0,8197
Botryllus schlosseri Reem et al., 2017 0,3644 NaN 0,4776 0,4284
Halocynthia papillosa Villamor et al., 2014 0,4739 NaN 0,7675 0,5911
Microcosmus squamiger Ordéfiez et al., 2013 0,2844 0,6454 0,6454 0,6454
Pycnoclavella communis Pérez-Portela et al., 2007 0,5560 0,4641 0,4641 0,6090
Carcinus aestuarii Schiavina et al., 2014 0,9303 0,3160 0,9945 0,9943
Melicertus kerathurus Arculeo et al., 2010 0,3491 0,5459 0,5459 0,6219
Melicertus kerathurus Zitari-Chatti et al., 2007 0,3261 0,4360 0,4360 0,5693
Pachygrapsus marmoratus  Fratini et al., 2013 0,5502 0,1061 0,1770 0,1709
Palinurus elephas Palero et al., 2011 0,8660 NaN 0,4534 0,5217
Spongia officinalis Dailianis et al., 2011 0,6902 0,0498 0,1982 0,2678
Astropecten aranciacus Zulliger et al., 2009 0,5890 NaN 0,3810 0,4220
Holothuria mammata Borrero-Pérez et al., 2011 0,8032 0,1684 0,2616 0,6123
Ophioderma longicauda Weber etal., 2015" 0,6810 0,4487 0,8007 0,6803
Ophioderma longicauda Weber et al., 2015% 0,6872 0,5289 0,8535 0,8522
Paracentrotus lividus Penant et al., 2013 0,6195 0,4902 0,7951 0,8849
Paracentrotus lividus Paterno et al., 2017 0,6573 0,1304 0,9655 0,9419
Paracentrotus lividus Carreras et al., 2020° 0,3744 0,1467 0,2128 0,2867
Paracentrotus lividus Carreras et al., 2020* 0,5758 0,4164 0,5333 0,5737
Apogon imberbis Muths et al., 2015 0,7376 0,3360 0,7146 0,3360
Coris julis Fruciano etal., 2011 0,2252 0,0795 0,1748 0,5139
Diplodus sargus Gonzélez-Wanguemert et al., 2010 0,5894 0,4210 0,1581 0,5293
Diplodus vulgaris Kaouéche et al., 2013 0,5372 0,4641 0,5513 0,6277
Epinephelus marginatus Schunter et al., 2011 0,7109 0,3945 0,5310 0,5106
Lithognathus mormyrus Hammami et al., 2007 0,4210 0,5023 0,6643 0,7487
Merluccius merluccius Milano et al., 2014 0,1846 0,0867 0,0968 0,1240
Mugil cephalus Durand et al., 2013 0,7225 0,2650 0,8066 0,9095
Mullus barbartus Maggio et al., 2009 0,2813 0,4245 0,4245 0,4717
Mullus surmuletus Galarza et al., 2009 0,3970 0,7817 0,7817 0,6586
Mullus surmuletus Dalongeville et al., 2018 0,7947 0,0848 0,3613 0,6927
Oblada melanura Gkafas et al., 2013 0,5238 0,2391 0,4268 0,5056
Oblada melanura Calo et al., 2016 0,6479 0,5072 0,5072 0,5819
Pagellus erythrinus Fassatoui et al., 2009 0,1920 0,5245 0,5245 0,5996
Serranus cabrilla Schunter et al., 2011 0,1811 0,2823 0,0629 0,2651
Solea solea Bahri-Sfar et al., 2011 0,7911 0,1653 0,9679 0,9580
Solea solea Garoia et al., 2007 0,1281 NaN 0,1299 0,1233
Sparus aurata Franchini et al., 2012 0,7538 0,7069 0,7355 0,7368
Symphodus tinca Carreras et al., 2017 0,3153 0,4508 0,4394 0,5902
Cerastoderma edule Sromek et al., 2019 0,7104 0,2006 0,3908 0,9388
Chiton olivaceus Villamor et al., 2014 0,6202 0,2362 0,6188 0,6142
Hexaplex trunculus Villamor et al., 2014 0,6510 NaN 0,7503 0,7390
Hexaplex trunculus Marzouk et al., 2017° 0,7044 0,2268 0,6849 0,7402
Hexaplex trunculus Marzouk et al., 2017° 0,8758 0,2074 0,6752 0,7239
Mytilus galloprovincialis Diz and Presa, 2008 0,6658 0,2656 0,2656 0,2466
Ostrea edulis Launey et al., 2002 0,5692 0,5174 0,7991 0,6294
Patella caerulea Villamor et al., 2014 0,8472 0,5932 0,9069 0,9647
Patella rustica Sa-Pinto et al., 2012 0,7776 0,6831 0,6831 0,6831
Patella ulyssiponensis Sa-Pinto et al., 2012 0,6712 0,3788 0,5176 0,5596
Phorcus turbinatus Villamor et al., 2014 0,9038 0,1251 0,9623 0,9063
Ruditapes decussatus Gharbi et al., 2011 0,5587 0,1609 0,4106 0,6166
Spondylus spinosus Shabtay et al., 2014 0,3749 0,6732 0,6407 0,7205
Cymodocea nodosa Alberto et al., 2008 0,9817 0,5829 0,9046 0,9797
Posidonia oceanica Arnaud-Haond et al., 2007 0,8878 0,2993 0,8578 0,8610
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Table SI-8: Significance (p-values) of Mantel correlations between IBD sea least-cost distance and Fst/(1-Fst)
being greater than (i) correlations between IBD Euclidian distance and Fst/(1-Fst) (Hendrickson et al., 1970), (ii)
correlations between single-generation explicit dispersal modelled Fst and observed Fst (Silver et al., 2004), (iii)
correlations between multi-generation explicit dispersal modelled Fst and observed Fst (Silver et al., 2004) and
(iv) correlations between multi-generation implicit dispersal modelled Fst and observed Fst (Silver et al., 2004).

IBD sea least-cost distance vs
Single- Multi- Multi-
IBD Euclidian generation generation generation

Species Study distance explicit explicit implicit

Cystoseira amentacea Susini et al., 2007 0,6184 0,4893 0,3629 0,4928
Astroides calycularis Casado-Amezua et al., 2012 0,8670 0,0377 0,0622 0,1966
Corallium rubrum Aurelle etal., 2011 0,2388 0,2613 0,9522 0,9562
Corallium rubrum Costantini et al., 2013 0,5919 0,4224 0,4224 0,4228
Eunicella cavolinii Masmoudi et al., 2016 0,5168 0,2868 0,9273 0,9292
Leptopsammia pruvoti Boscari et al., 2019 0,0269 0,1487 0,4986 0,5267
Botryllus schlosseri Reem etal., 2017 0,6356 NaN 0,5865 0,5513
Halocynthia papillosa Villamor et al., 2014 0,5261 NaN 0,7439 0,9634
Microcosmus squamiger Ordéfiez et al., 2013 0,7156 0,7656 0,7656 0,7656
Pycnoclavella communis Pérez-Portela et al., 2007 0,4440 0,4566 0,4566 0,6301
Carcinus aestuarii Schiavina et al., 2014 0,0697 0,0830 0,9948 0,9946
Melicertus kerathurus Arculeo et al., 2010 0,6509 0,6572 0,6572 0,7996
Melicertus kerathurus Zitari-Chatti et al., 2007 0,6739 0,4939 0,4939 0,6142
Pachygrapsus marmoratus Fratini et al., 2013 0,4498 0,1105 0,1848 0,1764
Palinurus elephas Palero et al., 2011 0,1340 NaN 0,4411 0,5083
Spongia officinalis Dailianis et al., 2011 0,3098 0,0502 0,1789 0,2386
Astropecten aranciacus Zulliger et al., 2009 0,4110 NaN 0,2500 0,3453
Holothuria mammata Borrero-Pérez et al., 2011 0,1968 0,1529 0,2229 0,5102
Ophioderma longicauda Weber et al., 2015" 0,3190 0,4050 0,7846 0,6701
Ophioderma longicauda Weber et al., 20152 0,3128 0,5016 0,8424 0,8389
Paracentrotus lividus Penant et al., 2013 0,3805 0,4317 0,8073 0,8995
Paracentrotus lividus Paterno et al., 2017 0,3427 0,1213 0,9743 0,9486
Paracentrotus lividus Carreras et al., 2020° 0,6256 0,1787 0,2195 0,3028
Paracentrotus lividus Carreras et al., 2020 0,4242 0,3827 0,4946 0,5500
Apogon imberbis Muths et al., 2015 0,2624 0,2942 0,6753 0,2942
Coris julis Fruciano et al., 2011 0,7748 0,1277 0,2408 0,6432
Diplodus sargus Gonzéalez-Wanglemert et al., 2010 0,4106 0,4141 0,1558 0,5236
Diplodus vulgaris Kaouéche et al., 2013 0,4628 0,4490 0,5491 0,6205
Epinephelus marginatus Schunter et al., 2011 0,2891 0,3808 0,5117 0,4908
Lithognathus mormyrus Hammami et al., 2007 0,5790 0,6005 0,7085 0,7903
Merluccius merluccius Milano et al., 2014 0,8154 0,1448 0,1309 0,1761
Mugil cephalus Durand et al., 2013 0,2775 0,2414 0,7884 0,9005
Mullus barbartus Maggio et al., 2009 0,7187 0,5667 0,5667 0,6212
Mullus surmuletus Galarza et al., 2009 0,6030 0,7852 0,7852 0,6623
Mullus surmuletus Dalongeville et al., 2018 0,2053 0,0569 0,2863 0,6555
Oblada melanura Gkafas et al., 2013 0,4762 0,2430 0,4216 0,4986
Oblada melanura Calo et al., 2016 0,3521 0,4737 0,4737 0,5445
Pagellus erythrinus Fassatoui et al., 2009 0,8080 0,6996 0,6996 0,7077
Serranus cabrilla Schunter et al., 2011 0,8189 0,3198 0,0662 0,3046
Solea solea Bahri-Sfar et al., 2011 0,2089 0,1163 0,9619 0,9509
Solea solea Garoia et al., 2007 0,8719 NaN 0,3427 0,1952
Sparus aurata Franchini et al., 2012 0,2462 0,5285 0,6648 0,6604
Symphodus tinca Carreras et al., 2017 0,6847 0,5344 0,5639 0,6786
Cerastoderma edule Sromek et al., 2019 0,2896 0,1737 0,3357 0,9316
Chiton olivaceus Villamor et al., 2014 0,3798 0,2534 0,4667 0,4694
Hexaplex trunculus Villamor et al., 2014 0,3490 NaN 0,7647 0,7383
Hexaplex trunculus Marzouk et al., 2017° 0,2956 0,2063 0,6034 0,6560
Hexaplex trunculus Marzouk et al., 2017° 0,1242 0,1637 0,4874 0,5347
Mytilus galloprovincialis Diz and Presa, 2008 0,3342 0,2375 0,2375 0,2260
Ostrea edulis Launey et al., 2002 0,4308 0,4489 0,8337 0,6289
Patella caerulea Villamor et al., 2014 0,1528 0,3979 0,8914 0,9683
Patella rustica Sa-Pinto et al., 2012 0,2224 0,6313 0,6313 0,6313
Patella ulyssiponensis S&-Pinto et al., 2012 0,3288 0,3251 0,4841 0,5244
Phorcus turbinatus Villamor et al., 2014 0,0962 0,0908 0,8806 0,6953
Ruditapes decussatus Gharbi et al., 2011 0,4413 0,1562 0,3715 0,6095
Spondylus spinosus Shabtay et al., 2014 0,6251 0,6853 0,6438 0,7288
Cymodocea nodosa Alberto et al., 2008 0,0183 0,3522 0,8515 0,9718
Posidonia oceanica Arnaud-Haond et al., 2007 0,1122 0,2313 0,8296 0,8358
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Table SI-9: Significance (p-values) of Mantel correlations between single-generation explicit dispersal
modelled Fst and observed Fst being greater than (i) correlations between IBD Euclidian distance and Fst/(1-
Fst) (Silver et al., 2004), (ii) correlations between IBD sea least-cost distance and Fst/(1-Fst) (Silver et al., 2004),
(iii) correlations between multi-generation explicit dispersal modelled Fst and observed Fst (Hendrickson et al.,
1970) and (iv) correlations between multi-generation implicit dispersal modelled Fst and observed Fst

(Hendrickson et al., 1970).

Single-generation explicit vs
IBD sea Multi- Multi-
IBD Euclidian least-cost generation  generation

Species Study distance distance explicit implicit
Cystoseira amentacea Susini et al., 2007 0,5241 0,5107 0,4028 0,6320
Astroides calycularis Casado-Amezua et al., 2012 0,9645 0,9623 0,5787 0,6371
Corallium rubrum Aurelle et al., 2011 0,7065 0,7387 0,9748 0,9764
Corallium rubrum Costantini et al., 2013 0,5851 0,5776 NaN 0,6225
Eunicella cavolinii Masmoudi et al., 2016 0,7194 0,7132 0,9695 0,9708
Leptopsammia pruvoti Boscari et al., 2019 0,4435 0,8513 0,7761 0,7766
Botryllus schlosseri Reem etal., 2017 NaN NaN 0,7568 0,7355
Halocynthia papillosa Villamor et al., 2014 NaN NaN 0,7943 0,7881
Microcosmus squamiger Ordéfiez et al., 2013 0,3546 0,2344 0,5000 0,5000
Pycnoclavella communis Pérez-Portela et al., 2007 0,5359 0,5434 0,5010 0,5542
Carcinus aestuarii Schiavina et al., 2014 0,6840 0,9170 0,9995 0,9995
Melicertus kerathurus Arculeo et al., 2010 0,4541 0,3428 NaN 0,5526
Melicertus kerathurus Zitari-Chatti et al., 2007 0,5640 0,5061 0,5000 0,5907
Pachygrapsus marmoratus Fratini et al., 2013 0,8939 0,8895 0,6102 0,7101
Palinurus elephas Palero et al., 2011 NaN NaN 0,5604 0,5960
Spongia officinalis Dailianis et al., 2011 0,9502 0,9498 0,8538 0,8654
Astropecten aranciacus Zulliger et al., 2009 NaN NaN 0,6603 0,6872
Holothuria mammata Borrero-Pérez et al., 2011 0,8316 0,8471 0,7600 0,8744
Ophioderma longicauda Weber et al., 2015* 0,5513 0,5950 0,7592 0,7043
Ophioderma longicauda Weber et al., 2015° 0,4711 0,4984 0,7212 0,7478
Paracentrotus lividus Penant et al., 2013 0,5098 0,5683 0,8164 0,8981
Paracentrotus lividus Paterno et al., 2017 0,8696 0,8787 0,9831 0,9762
Paracentrotus lividus Carreras et al., 2020° 0,8533 0,8213 0,5907 0,6104
Paracentrotus lividus Carreras etal., 2020" 0,5836 0,6173 0,5815 0,6072
Apogon imberbis Muths et al., 2015 0,6640 0,7058 0,5000 NaN

Coris julis Fruciano et al., 2011 0,9205 0,8723 0,6932 0,8814
Diplodus sargus Gonzélez-Wangluemert et al., 2010 0,5790 0,5859 0,2098 0,5963
Diplodus vulgaris Kaouéche et al., 2013 0,5359 0,5510 0,5835 0,6614
Epinephelus marginatus Schunter et al., 2011 0,6055 0,6192 0,5989 0,5702
Lithognathus mormyrus Hammami et al., 2007 0,4977 0,3995 0,6458 0,6994
Merluccius merluccius Milano et al., 2014 0,9133 0,8552 0,5924 0,6483
Mugil cephalus Durand et al., 2013 0,7350 0,7586 0,8802 0,9448
Mullus barbartus Maggio et al., 2009 0,5755 0,4333 NaN 0,6217
Mullus surmuletus Galarza et al., 2009 0,2183 0,2148 NaN 0,4100
Mullus surmuletus Dalongeville et al., 2018 0,9152 0,9431 0,7874 0,9425
Oblada melanura Gkafas et al., 2013 0,7609 0,7570 0,6478 0,6831
Oblada melanura Calo et al., 2016 0,4928 0,5263 NaN 0,5727
Pagellus erythrinus Fassatoui et al., 2009 0,4755 0,3004 NaN 0,5867
Serranus cabrilla Schunter et al., 2011 0,7177 0,6802 0,1334 0,4868
Solea solea Bahri-Sfar et al., 2011 0,8347 0,8837 0,9854 0,9841
Solea solea Garoia et al., 2007 NaN NaN 0,6038 0,6185
Sparus aurata Franchini et al., 2012 0,2931 0,4715 0,5881 0,5796
Symphodus tinca Carreras et al., 2017 0,5492 0,4656 0,5117 0,6136
Cerastoderma edule Sromek et al., 2019 0,7994 0,8263 0,7413 0,9714
Chiton olivaceus Villamor et al., 2014 0,7638 0,7466 0,7137 0,7130
Hexaplex trunculus Villamor et al., 2014 NaN NaN 0,8293 0,8266
Hexaplex trunculus Marzouk et al., 2017° 0,7732 0,7937 0,8155 0,8239
Hexaplex trunculus Marzouk et al., 2017° 0,7926 0,8363 0,8244 0,8332
Mytilus galloprovincialis Diz and Presa, 2008 0,7344 0,7625 NaN 0,4153
Ostrea edulis Launey et al., 2002 0,4826 0,5511 0,7903 0,5943
Patella caerulea Villamor et al., 2014 0,4068 0,6021 0,9022 0,9765
Patella rustica Sa-Pinto et al., 2012 0,3169 0,3687 0,5000 0,5000
Patella ulyssiponensis Sa-Pinto et al., 2012 0,6212 0,6749 0,5850 0,6075
Phorcus turbinatus Villamor et al., 2014 0,8749 0,9092 0,9380 0,8972
Ruditapes decussatus Gharbi et al., 2011 0,8391 0,8438 0,7337 0,8199
Spondylus spinosus Shabtay et al., 2014 0,3268 0,3147 0,5593 0,7133
Cymodocea nodosa Alberto et al., 2008 0,4171 0,6478 0,8742 0,9700
Posidonia oceanica Arnaud-Haond et al., 2007 0,7007 0,7687 0,9143 0,9177
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Table SI-10: Significance (p-values) of Mantel correlations between multi-generation explicit dispersal
modelled Fst and observed Fst being greater than (i) correlations between IBD Euclidian distance and Fst/(1-
Fst) (Silver et al., 2004), (ii) correlations between IBD sea least-cost distance and Fst/(1-Fst) (Silver et al., 2004),
(iii) correlations between single-generation explicit dispersal modelled Fst and observed Fst (Hendrickson et al.,
1970) and (iv) correlations between multi-generation implicit dispersal modelled Fst and observed Fst
(Hendrickson et al., 1970).

Multi-generation explicit vs
Single- Multi-
IBD Euclidian IBD sea least- generation  generation

Species Study distance cost distance explicit implicit

Cystoseira amentacea Susini et al., 2007 0,6454 0,6371 0,5972 0,6907
Astroides calycularis Casado-Amezua et al., 2012 0,9414 0,9378 0,4213 0,8243
Corallium rubrum Aurelle etal., 2011 0,0427 0,0478 0,0252 0,6750
Corallium rubrum Costantini et al., 2013 0,5851 0,5776 NaN 0,7374
Eunicella cavolinii Masmoudi et al., 2016 0,0718 0,0727 0,0305 0,6217
Leptopsammia pruvoti Boscari et al., 2019 0,1607 0,5014 0,2239 0,5813
Botryllus schlosseri Reem etal., 2017 0,5224 0,4135 0,2432 0,3104
Halocynthia papillosa Villamor et al., 2014 0,2325 0,2561 0,2057 0,3885
Microcosmus squamiger Ordéfiez et al., 2013 0,3546 0,2344 0,5000 0,5000
Pycnoclavella communis Pérez-Portela et al., 2007 0,5359 0,5434 0,4990 0,6073
Carcinus aestuarii Schiavina et al., 2014 0,0055 0,0052 0,0005 0,3955
Melicertus kerathurus Arculeo et al., 2010 0,4541 0,3428 NaN 0,6258
Melicertus kerathurus Zitari-Chatti et al., 2007 0,5640 0,5061 0,5000 0,7109
Pachygrapsus marmoratus  Fratini et al., 2013 0,8230 0,8152 0,3898 0,7893
Palinurus elephas Palero et al., 2011 0,5466 0,5589 0,4396 0,6560
Spongia officinalis Dailianis et al., 2011 0,8018 0,8211 0,1462 0,8192
Astropecten aranciacus Zulliger et al., 2009 0,6190 0,7500 0,3397 0,5959
Holothuria mammata Borrero-Pérez et al., 2011 0,7384 0,7771 0,2400 0,9302
Ophioderma longicauda Weber et al., 2015" 0,1993 0,2154 0,2408 0,5031
Ophioderma longicauda Weber et al., 2015° 0,1465 0,1576 0,2788 0,7134
Paracentrotus lividus Penant et al., 2013 0,2049 0,1927 0,1836 0,8203
Paracentrotus lividus Paterno et al., 2017 0,0345 0,0257 0,0169 0,0994
Paracentrotus lividus Carreras et al., 2020° 0,7872 0,7805 0,4093 0,6979
Paracentrotus lividus Carreras etal., 2020" 0,4667 0,5054 0,4185 0,7200
Apogon imberbis Muths et al., 2015 0,2854 0,3247 0,5000 0,5000
Coris julis Fruciano etal., 2011 0,8252 0,7592 0,3068 0,9976
Diplodus sargus Gonzélez-Wangiemert et al., 2010 0,8419 0,8442 0,7902 0,9894
Diplodus vulgaris Kaouéche et al., 2013 0,4487 0,4509 0,4165 0,4705
Epinephelus marginatus Schunter et al., 2011 0,4690 0,4883 0,4011 0,4525
Lithognathus mormyrus Hammami et al., 2007 0,3357 0,2915 0,3542 0,3404
Merluccius merluccius Milano et al., 2014 0,9032 0,8691 0,4076 0,8964
Mugil cephalus Durand et al., 2013 0,1934 0,2116 0,1198 0,9947
Mullus barbartus Maggio et al., 2009 0,5755 0,4333 NaN 0,8145
Mullus surmuletus Galarza et al., 2009 0,2183 0,2148 NaN 0,3144
Mullus surmuletus Dalongeville et al., 2018 0,6387 0,7137 0,2126 1,0000
Oblada melanura Gkafas et al., 2013 0,5732 0,5784 0,3522 0,8326
Oblada melanura Calo et al., 2016 0,4928 0,5263 NaN 0,6717
Pagellus erythrinus Fassatoui et al., 2009 0,4755 0,3004 NaN 0,6792
Serranus cabrilla Schunter et al., 2011 0,9371 0,9338 0,8666 0,9991
Solea solea Bahri-Sfar et al., 2011 0,0321 0,0381 0,0146 0,4832
Solea solea Garoia et al., 2007 0,8701 0,6573 0,3962 0,5658
Sparus aurata Franchini et al., 2012 0,2645 0,3352 0,4119 0,3629
Symphodus tinca Carreras et al., 2017 0,5606 0,4361 0,4883 0,7637
Cerastoderma edule Sromek et al., 2019 0,6092 0,6643 0,2587 1,0000
Chiton olivaceus Villamor et al., 2014 0,3812 0,5333 0,2863 0,4864
Hexaplex trunculus Villamor et al., 2014 0,2497 0,2353 0,1707 0,3785
Hexaplex trunculus Marzouk et al., 2017° 0,3151 0,3966 0,1845 0,6891
Hexaplex trunculus Marzouk et al., 2017° 0,3248 0,5126 0,1756 0,7427
Mytilus galloprovincialis Diz and Presa, 2008 0,7344 0,7625 NaN 0,3094
Ostrea edulis Launey et al., 2002 0,2009 0,1663 0,2097 0,2691
Patella caerulea Villamor et al., 2014 0,0931 0,1086 0,0978 0,9963
Patella rustica Sa-Pinto et al., 2012 0,3169 0,3687 0,5000 0,5000
Patella ulyssiponensis Sa-Pinto et al., 2012 0,4824 0,5159 0,4150 0,8239
Phorcus turbinatus Villamor et al., 2014 0,0377 0,1194 0,0620 0,5812
Ruditapes decussatus Gharbi et al., 2011 0,5894 0,6285 0,2663 0,9823
Spondylus spinosus Shabtay et al., 2014 0,3593 0,3562 0,4407 0,4481
Cymodocea nodosa Alberto et al., 2008 0,0954 0,1485 0,1258 0,9989
Posidonia oceanica Arnaud-Haond et al., 2007 0,1422 0,1704 0,0857 0,7641
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Table SI-11: Significance (p-values) of Mantel correlations between multi-generation implicit dispersal
modelled Fst and observed Fst being greater than (i) correlation between IBD Euclidian distance and Fst/(1-
Fst) (Silver et al., 2004), (ii) correlations between IBD sea least-cost distance and Fst/(1-Fst) (Silver et al., 2004),
(iii) correlation between single-generation explicit dispersal modelled Fst and observed Fst (Hendrickson et al.,
1970) and (iv) correlations between multi-generation explicit dispersal modelled Fst and observed Fst
(Hendrickson et al., 1970).

Multi-generation implicit vs
Single- Multi-
IBD Euclidian IBD sea least- generation  generation

Species Study distance cost distance explicit explicit

Cystoseira amentacea Susini et al., 2007 0,5211 0,5072 0,3680 0,3093
Astroides calycularis Casado-Amezua et al., 2012 0,8104 0,8034 0,3629 0,1757
Corallium rubrum Aurelle etal., 2011 0,0392 0,0438 0,0236 0,3250
Corallium rubrum Costantini et al., 2013 0,5847 0,5772 0,3775 0,2626
Eunicella cavolinii Masmoudi et al., 2016 0,0697 0,0708 0,0292 0,3783
Leptopsammia pruvoti Boscari et al., 2019 0,1803 0,4733 0,2234 0,4187
Botryllus schlosseri Reem etal., 2017 0,5716 0,4487 0,2645 0,6896
Halocynthia papillosa Villamor et al., 2014 0,4089 0,0366 0,2119 0,6115
Microcosmus squamiger Ordéfiez et al., 2013 0,3546 0,2344 0,5000 0,5000
Pycnoclavella communis Pérez-Portela et al., 2007 0,3910 0,3699 0,4458 0,3927
Carcinus aestuarii Schiavina et al., 2014 0,0057 0,0054 0,0005 0,6045
Melicertus kerathurus Arculeo et al., 2010 0,3781 0,2004 0,4474 0,3742
Melicertus kerathurus Zitari-Chatti et al., 2007 0,4307 0,3858 0,4093 0,2891
Pachygrapsus marmoratus  Fratini et al., 2013 0,8291 0,8236 0,2899 0,2107
Palinurus elephas Palero etal., 2011 0,4783 0,4917 0,4040 0,3440
Spongia officinalis Dailianis et al., 2011 0,7322 0,7614 0,1346 0,1808
Astropecten aranciacus Zulliger et al., 2009 0,5780 0,6547 0,3128 0,4041
Holothuria mammata Borrero-Pérez et al., 2011 0,3877 0,4898 0,1256 0,0698
Ophioderma longicauda Weber et al., 2015* 0,3197 0,3299 0,2957 0,4969
Ophioderma longicauda Weber et al., 2015° 0,1478 0,1611 0,2522 0,2866
Paracentrotus lividus Penant et al., 2013 0,1151 0,1005 0,1019 0,1797
Paracentrotus lividus Paterno et al., 2017 0,0581 0,0514 0,0238 0,9006
Paracentrotus lividus Carreras et al., 2020° 0,7133 0,6972 0,3896 0,3021
Paracentrotus lividus Carreras et al., 2020* 0,4263 0,4500 0,3928 0,2800
Apogon imberbis Muths et al., 2015 0,6640 0,7058 NaN 0,5000
Coris julis Fruciano etal., 2011 0,4861 0,3568 0,1186 0,0024
Diplodus sargus Gonzélez-Wangiemert et al., 2010 0,4707 0,4764 0,4037 0,0106
Diplodus vulgaris Kaouéche et al., 2013 0,3723 0,3795 0,3386 0,5295
Epinephelus marginatus Schunter et al., 2011 0,4894 0,5092 0,4298 0,5475
Lithognathus mormyrus Hammami et al., 2007 0,2513 0,2097 0,3006 0,6596
Merluccius merluccius Milano et al., 2014 0,8760 0,8239 0,3517 0,1036
Mugil cephalus Durand et al., 2013 0,0905 0,0995 0,0552 0,0053
Mullus barbartus Maggio et al., 2009 0,5283 0,3788 0,3783 0,1855
Mullus surmuletus Galarza et al., 2009 0,3414 0,3377 0,5900 0,6856
Mullus surmuletus Dalongeville et al., 2018 0,3073 0,3445 0,0575 0,0000
Oblada melanura Gkafas et al., 2013 0,4944 0,5014 0,3169 0,1674
Oblada melanura Calo et al., 2016 0,4181 0,4555 0,4273 0,3283
Pagellus erythrinus Fassatoui et al., 2009 0,4004 0,2923 0,4133 0,3208
Serranus cabrilla Schunter et al., 2011 0,7349 0,6954 0,5132 0,0009
Solea solea Bahri-Sfar et al., 2011 0,0420 0,0491 0,0159 0,5168
Solea solea Garoia et al., 2007 0,8767 0,8048 0,3815 0,4342
Sparus aurata Franchini et al., 2012 0,2632 0,3396 0,4204 0,6371
Symphodus tinca Carreras et al., 2017 0,4098 0,3214 0,3864 0,2363
Cerastoderma edule Sromek et al., 2019 0,0612 0,0684 0,0286 0,0000
Chiton olivaceus Villamor et al., 2014 0,3858 0,5306 0,2870 0,5136
Hexaplex trunculus Villamor et al., 2014 0,2610 0,2617 0,1734 0,6215
Hexaplex trunculus Marzouk et al., 2017° 0,2598 0,3440 0,1761 0,3109
Hexaplex trunculus Marzouk et al., 2017° 0,2761 0,4653 0,1668 0,2573
Mytilus galloprovincialis Diz and Presa, 2008 0,7534 0,7740 0,5847 0,6906
Ostrea edulis Launey et al., 2002 0,3706 0,3711 0,4057 0,7309
Patella caerulea Villamor et al., 2014 0,0353 0,0317 0,0235 0,0037
Patella rustica Sa-Pinto et al., 2012 0,3169 0,3687 0,5000 0,5000
Patella ulyssiponensis Sa-Pinto et al., 2012 0,4404 0,4756 0,3925 0,1761
Phorcus turbinatus Villamor et al., 2014 0,0937 0,3047 0,1028 0,4188
Ruditapes decussatus Gharbi et al., 2011 0,3834 0,3905 0,1801 0,0177
Spondylus spinosus Shabtay et al., 2014 0,2795 0,2712 0,2867 0,5519
Cymodocea nodosa Alberto et al., 2008 0,0203 0,0282 0,0300 0,0011
Posidonia oceanica Arnaud-Haond et al., 2007 0,1390 0,1642 0,0823 0,2359
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VII. Statistical analyses on the impact of species and study
characteristics on Mantel correlations

Table SI-12: Sensitivity of the Mantel correlations between multi-generation implicit dispersal modelled Fst
and observed Fst for the 58 population genetic studies included in the meta-analysis. We test the sensitivity of
the Species characteristics (taxa, PLD and spawning season) and study characteristics (Marker, Fst range,
Number of populations sampled and Spatial Sampling Representativeness) on a R? and b p-values either with
ANOVA or a linear regression (after a log10 transformation of Mantel R? and p-values).

a Mantel R?
Characteristics Statistic method p-value R? B slope
¢ |Taxa ANOVA 0.4397 NaN NaN
g PLD ANOVA 0.559 NaN  NaN
Y | Spawning season  ANOVA 0.2998 NaN NaN
Marker ANOVA 0.1773 NaN NaN
-§" Fst range log regression 0.883 0.0011 -0.0516
&% | Nbr of populations log regression 0.128 0.1068 -0.0104
SSR log regression 0.425 0.0306 -0.0001
b Mantel p-value
Characteristics Statistic method p-value R? B slope
g | Taxa ANOVA 0.0681 NaN NaN
E’_ PLD ANOVA 0.7162 NaN NaN
Y | Spawning season  ANOVA 0.4876 NaN NaN
Marker ANOVA 0.6516 NaN NaN
-§ Fst range log regression 0.0001 0.2518 -7.2038
&% | Nbr of populations log regression 0.0029 0.1476 -0.0495
SSR log regression 0.1181 0.0431 -0.0005
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