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Introduction générale
I. Organisation spatiale de la diversité génétique

1) Ladiversite génetique comme composante de la biodiversité

La diversité du vivant peut étre exprimée a différentes échelles, toutes interconnectées. On
distingue trois niveaux auxquels cette diversité peut étre observée et étudiée : les niveaux
écosystémiques, spécifiques et génétiques, reconnus par la Convention sur la diversité biologique de
1992 (Dirzo & Raven, 2003; Figure 1). Au niveau le plus large, les écosystémes se caractérisent par des
assemblages d’espéces retrouvés de manicre récurrente dans 1’espace, avec par exemple les écosystemes
tempérés forestiers ou de prairies. Toutefois, au-dela de la simple diversité des communautés d’espéces
retrouvée a cette échelle, le terme d’écosystéme intégre aussi de maniére plus large les processus et les
relations écologiques qu’entretiennent les espéces entre elles et avec leur environnement. Ainsi, le terme
de biodiversité inclut de nombreuses définitions (Jax, 2007). Les especes retrouvées dans ces
écosystemes correspondent, quant a elles, a des lignées généalogiques séparées par des barriéres a la
reproduction. Ces dernieres sont distinguées et classifiées a partir de données taxonomiques fondées sur
des critéres morphologiques, écologiques et/ou génétiques (Padial et al., 2010; Puillandre et al., 2012).
Toutefois, au sein d’une méme espéce, I’ensemble des individus ne sont pas identiques, mais sont chacun
porteurs de combinaisons génétiques et phénotypiques uniques.

Ces variations génétiques, quant a elles, constituent le niveau le plus fin de diversité du monde
vivant, et sont a I’origine de I’ensemble de la biodiversité que 1’on peut rencontrer. Elles expliquent non
seulement les différences observées entre individus d’une méme espéce, mais aussi entre individus
appartenant & des populations distinctes. L’expression de cette variabilité génétique, combinée a des
facteurs environnementaux, s’exprime a travers le phénotype des individus, pouvant impliquer par
exemple la couleur, la morphologie générale, la phénologie, ou encore la résistance immunitaire.
Contraction de « diversité biologique » proposée par Walter Rosen en 1986, le terme de biodiversité
englobe ainsi I’ensemble des variations du vivant. Or, depuis le sommet de la Terre & Rio de Janeiro en
1992, la préservation et la conservation de la biodiversité sont devenues une préoccupation majeure
(Wilson, 1988; Dirzo & Raven, 2003).

La biodiversité est actuellement menacée par des facteurs a la fois déterministes et stochastiques
(Caughley, 1994). En effet, cing grandes menaces liées aux activités humaines impactant la biodiversité
ont été identifiées (Figure 1) : la destruction et la fragmentation des habitats (Fahrig, 2003; Mimura et
al., 2017), la pollution des environnements, comprise au sens large (Pefiuelas et al., 2013), le
changement climatique (Kannan & James, 2009; Prakash, 2021), I’introduction d’espéces exotiques
envahissantes (Vitousek et al., 1996; Vuillaume et al., 2015) et la surexploitation (Pinsky & Palumbi,
2014). Ces menaces anthropiques alterent les interactions entre espéces et avec leurs environnements.

Ces menaces entrainent aussi un déclin des effectifs des populations et especes, bouleversent les patrons



de diversité génétique des populations et modifient 1’aire de distribution géographique des espéces
(Figure 1).

Toutefois, a ces impacts déterministes s’ajoutent des facteurs stochastiques affectant déja les
populations, avec des variations aléatoires, démographiques, génétiques, mais aussi environnementales
(Figure 1).
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Figure 1. Schéma simplificateur des niveaux d’organisation du vivant, variation spatiale de la diversité
du vivant et présentation des cing menaces pesant sur la biodiversité. Carte des Hot spots de la
biodiversité (Myers et al., 2000).



2) Comment preéserver et surveiller les niveaux de biodiversité ?

L’échelle a laquelle les priorités de conservation doivent étre menées fait 1’objet de nombreux
débats (Bowen, 1999). Jusqu'a présent, les efforts de conservation ont généralement mis l'accent sur la
protection des espéces (Bowen, 1999; Armsworth et al., 2007). Or, la conservation d’une espéce
nécessite une approche équilibrée tenant compte non seulement de I'histoire et de la viabilité des espéces,
mais aussi d’une protection de leur biotope et biocénose. En effet, il est illusoire d’envisager la
protection d’une espéce sans protéger les processus écologiques ainsi que 1’ensemble des facteurs
biotiques et abiotiques nécessaire a sa persistance, aussi bien que de conserver des écosystémes sans
prendre en compte les espéces qui les composent. De plus, la considération d’écosystémes et
d’assemblages d’espéces permet d’identifier des points chauds ou « hot spots » de biodiversité, lieux de
radiations évolutives d’ou la biodiversité du futur est susceptible de provenir. Or, ces « hot spots » de
biodiversité ne sont pas répartis de maniére aléatoire a 1’échelle de la planéte (Myers et al., 2000;
Miraldo et al., 2016; Figure 1).

En outre, l'identification et la délimitation des especes peuvent étre controversées. En effet, a
travers ’aire de distribution géographique d’une espéce, les populations peuvent étre soumises a des
contraintes environnementales différentes entrainant des évolutions adaptatives uniques (Funk et al.,
2016). De plus, au sein d’une méme espece, 1’on peut retrouver une trés grande variabilité en termes de
diversité génétique et de probabilité d’extinction locale de populations. Certains modeles et observations
suggerent d’ailleurs que la position centrale ou périphérique de groupes d’individus a travers 1’aire de
distribution influence leurs niveaux de diversité génétique et de connectivité, et détermine ainsi leur
sensibilité a des phénomeénes d’extinction et de recolonisation (Eckert et al., 2008).

Néanmoins, la variation génétique au sein des espéces n’est souvent pas considérée dans les
plans de gestion des applications de conservation (Laikre, 2010; Garner et al., 2020). Or, afin de protéger
la biodiversité, celle-ci doit étre prise en compte a travers 1’ensemble de ses niveaux de complexité
(Allendorf et al., 2022). 1l a donc été suggéré que les efforts de conservation devraient se concentrer
davantage sur I'extinction de populations génétiquement distinctes, et moins sur l'extinction d'espéces
(Hughes et al., 1997; Hobbs & Mooney, 1998). Ainsi, un quatriéme niveau de biodiversité composé de
populations locales génétiquement distinctes serait nécessaire pour assurer la survie des espéces a long
terme et la stabilité des écosystémes. Ce dernier niveau permet alors I’identification d’unités de
conservation pertinentes d’un point de vue génétique et adaptatif. En outre, la protection de populations
génétiquement distinctes est essentielle pour maximiser un certain potentiel évolutif et minimiser ainsi
le risque d'extinction locale (Hughes et al., 1997; Luck et al., 2003; Funk et al., 2012). Enfin, la perte
ou le rétablissement de variabilité génétique dans les populations influencent la diversité des
communautés et les fonctions des écosystémes ainsi que leur résilience, élevant alors I’entité
populationnelle au statut d’unité fonctionnelle de de conservation (Whitham et al., 2008; Des Roches et
al., 2021).



3) La répartition de la diversité génétique des populations, le résultat de 4 forces
micro-évolutives majeures

La diversité du vivant ne se répartit pas aléatoirement a la surface de la planete, mais implique
des points chauds de biodiversité, des distributions géographiques non aléatoires de chaque espéce, ainsi
gue des variations notables sur une échelle régionale (Figure 1). Des processus stochastiques ainsi que
les processus écologiques entre les espéces et avec leur environnement, engendrés par des patrons
distincts de biodiversité, influencent également la distribution spatiale de la diversité du vivant. De
maniére plus fine, I’organisation géographique de la diversité génétique des populations est gouvernée
par I’action de quatre forces micro-évolutives majeures : la mutation, la sélection naturelle, la migration

et la dérive génétique (Bergstrom & Dugatkin, 2016; Figure 2).
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Mutation Filtre les variants génétiques en Sélection
\ Génératrice de fonction de I’avantage oudu  paturelle
variation génétique désavantage qu’ils conferent

Ny

Structure génétique
spatiale des

populations
Flux de génes ; { Dérive genethue
7F Homogénéise les Variation aléatoire

= ’F’F ’F ’T‘ variations génétiques des variants
entre populations génétiques transmis a @
la génération
suivante

Figure 2. Schéma général des quatre forces micro-évolutives a [’origine des niveaux de diversité
génetique neutre et adaptative et de la structure génétique spatiale des populations. Les forces
évolutives créant de la diversité génétique intra-population sont indiquées par les fleches bleues tandis
que les forces évolutives provoquant une érosion de cette diversité génétique portent des fleches rouges.
Les icOnes de cette figure sont issues du site internet suivant : https://www.flaticon.com/fr/

La mutation est induite par des modifications du matériel génétique, impliquant par exemple les
changements, la suppression ou I’insertion de nucléotides, ainsi que les recombinaisons et les inversions

de séquences d'’ADN. Cette force évolutive est génératrice de diversité & travers 1’apparition aléatoire de



nouveaux variants génétiques (Figure 2). Cette force évolutive crée aléatoirement le substrat sur lequel
la sélection naturelle pourra éventuellement agir (Futuyma & Kirkpatrick, 2018). Ainsi, la plupart des
variants génétiques (ou alleles) aléatoirement générés par la mutation n’apportent pas d’avantage ou de
désavantage a la survie et au succes reproducteur, le produit de ces deux traits déterminant la valeur
sélective des individus. On parle alors de variation génétique neutre. Toutefois, certains variants
génétiques et associations génotypiques peuvent modifier la valeur sélective des individus sous certaines
conditions environnementales, on parle alors de variation génétique adaptative, pouvant donner lieu a
une évolution également d’ordre adaptatif.

La sélection naturelle, seul processus micro-évolutif déterministe et incluant également la notion
de sélection sexuelle, va alors agir comme un filtre lié au succes différentiel des génotypes dans leur
contribution a la génération suivante (Bergstrom & Dugatkin, 2016; Futuyma & Kirkpatrick, 2018).
Ceci va, de génération en génération, modifier la fréquence des variants observés, avec une
augmentation de la fréquence de ceux conférant un avantage sélectif, et au contraire une réduction de la
fréquence des variants désavantageux a un temps donné dans un environnement donné. Par ailleurs, la
différenciation génétique entre populations adaptées localement peut étre importante pour la persistance
de ces populations : en effet, la migration d’individus non porteurs de variations adaptatives relatives a
un environnement local peut présenter un effet négatif sur la survie des populations, on parle alors de
dépression d’allofécondation ou d’« outbreeding depression » (Frankham et al., 2017; Figure 2).

La dérive génétique, quant a elle, correspond a des fluctuations fortuites de la fréquence d’all¢les
entre générations. Ces fluctuations aléatoires résultent du simple fait que, dans une population de taille
finie, I’ensemble des individus constituant une population ne participera pas d’égale maniere a la
génération suivante, indépendamment de la sélection naturelle. La taille de population, et plus
particuliérement la taille efficace de population, constitue 1’un des parametres démographiques majeurs
déterminant I’intensité de cette dérive génétique. Contrairement a la sélection qui agit comme un filtre
déterministe, la dérive génétique représente le produit du tirage aléatoire des gamétes transmis d’une
génération a une autre. Cette force évolutive peut ainsi a terme entrainer la fixation ou la disparition
d’alléles au sein des populations, augmentant alors les niveaux de différenciation génétiques observés
entre populations naturelles, tout en réduisant le niveau de diversité de chacune de ces populations. Cette
force évolutive non déterministe aura d’autant plus d’impact que les populations concernées seront
isolées géographiquement et de petites tailles (Figure 2).

Enfin, les flux de genes entre populations sont un processus fondamental qui, sous réserve qu’ils
soient suffisamment importants, vont homogénéiser les fréquences de génes entre populations. Ces flux
génétiques sont la conséquence de la dispersion des gamétes et des individus dans 1’espace (Broquet &
Petit, 2009). Leur intensité est donc intimement liée aux caractéristiques biologiques des espéces, tels
que la capacité de dispersion des individus ou le systeme de reproduction et le régime d’appariement.
Par ailleurs, les individus migrants évoluent aussi au sein d’une matrice environnementale qui peut

faciliter ou au contraire restreindre ces événements de migration (Storfer et al., 2010; Grafius et al.,



2017). Enfin, I’effet ultime des flux géniques permet de limiter ainsi I’isolement et la différenciation
génétique entre populations conduisant a une certaine cohésion génétique des espéces (Slatkin, 1985;
Frankham, 2015; Bergstrom & Dugatkin, 2016).

Dans le cadre de cette thése, nous nous focaliserons sur I’influence de la dérive génétique et des
flux de génes sur la structure génétique des populations. L'étude des patrons spatiaux de variabilité
génétique peut en effet permettre de comprendre les phénomenes qui déterminent la distribution de la
diversité intra et inter-population d’une espéce biologique. Cette distribution peut étre purement fortuite,
liée a I’histoire évolutive des populations étudiées, mais elle peut aussi étre associée a des différences
d’ordre adaptatif qui n'ont pas été effacées par des facteurs homogénéisants tels que les flux de genes
(Slatkin, 1987; Marko & Hart, 2011; Ellegren & Galtier, 2016). Ces patrons peuvent aussi révéler des
systémes complexes de métapopulations?, mais aussi des processus d’extinction et de recolonisation non
aléatoires, dont les goulots d’étranglement résultants peuvent accentuer la différenciation génétique
entre populations (Whitlock & McCauley, 1990; Haag et al., 2005). Ainsi, la structure spatiale de la
variation génétique des populations est un phénoméne complexe, dont la mise en place dépendra aussi
bien de pressions sélectives, de facteurs historiques et géographiques, que des traits d’histoire de vie de

I’espéce considérée.

I1. Fragmentation du paysage et isolement géographique : impact sur la
structure génétique des populations

1) Fragmentation du paysage

Les changements d’occupation des sols liés aux activités anthropiques entrainent une
fragmentation des habitats et constituent une menace majeure pour les populations et plus largement
pour la biodiversité a tous ses niveaux (Haddad et al., 2015; Wilson et al., 2016). La fragmentation des
habitats correspond au processus par lequel des continuums d’habitats favorables sont transformés en
un morcellement d’habitats de surface réduite et isolés les uns des autres par des espaces non favorables
a la survie, a la dispersion et/ou a la reproduction des individus (Fahrig, 2003). Cette fragmentation des
habitats se traduit donc par deux conséquences dont il est souvent difficile de distinguer les effets
respectifs : une réduction des surfaces d’habitat favorables, conduisant a la perte sensu stricto d’habitat,
ainsi qu’un isolement des habitats restants, correspondant a la fragmentation au sens strict du terme
(Fahrig, 2003; Ewers & Didham, 2006; Didham et al., 2012, Figure 3).

A I’échelle des populations, la fragmentation des habitats entraine une réduction des tailles de
populations ainsi qu’une diminution des flux de génes entre populations occupant les parcelles d’habitat

restants. Cet isolement de populations, entrainant une réduction des flux de génes entre populations,

! Métapopulations : ensemble de populations d'individus d'une méme espéce séparées spatialement ou
temporellement, mais interconnectées par la dispersion



peut conduire a une augmentation des niveaux de différenciation génétique entre populations. Les
populations restantes, plus petites et isolées, vont alors faire face a des conseéquences a la fois
démographiques et génétiques, avec un risque de consanguinité accrue, une plus grande force de la
dérive génétique ainsi qu’une perte de diversité génétique (Figure 3). Toutes ces conséquences peuvent
conduire les populations a entrer dans ce qui est dénommeé un « vortex d’extinction » (Frankham, 2015;
Haddad et al., 2015 ; Figure 4).
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Figure 3. Schématisation de l'impact de la fragmentation des habitats sur la diversité génétique et les
flux de genes entre populations. (A) Processus de fragmentation d’habitats, modifié a partir de Fahrig
(2003). Les zones vertes représentent les habitats favorables et les zones blanches représentent la
matrice d’espaces non favorables a la survie ou la dispersion des individus. On observe ici les effets
combinés de la réduction de la taille des habitats, et de la perte de leur connectivité. (B) Schéma
illustrant les effets de la fragmentation du paysage sur une population de libellules. La couleur des
individus reflete les variants génétiques retrouvés au sein des populations. Les fléches orange
représentent les niveaux de flux génique s ’opérant entre populations.



4 Changements d’occupation des sols )
associés aux activités humaines

Agriculture Urbanisation Infrastructures

Perte et fragmentation de I'habitat

{

Petites populations isolées et fragmentées
\ Taille de population (N)
N Flux de génes
Stochasticité
démographique Stochasticité genétique
VORTEX 7 Dérive généthue
Réduction de N D’EXTINCTION 7 Consanguinite
/ Perte de diversité génétique
Stochasticité /

environnementale
\ Capacité d'adaptation
\ Survie et/ou reproduction

Figure 4. Schéma illustrant le vortex d’extinction auquel les petites populations fragmentées et isolées
peuvent étre soumises, modifié a partir de Frankham et al., (2013).

Ce type d’impact négatif a notamment été étudié dans le cadre de 1’urbanisation des espaces
naturels, la dégradation des habitats par la construction d’espaces urbains entrainant en effet une
amplification de la dérive génétique et diminuant de fait les événements de flux de génes entre les
populations (voir la synthése dans Johnson & Munshi-South, 2017a; Miles et al., 2019). Toutefois, les
conséquences des modifications de paysage peuvent étre trés différentes en fonction des traits d’histoire
de vie des espéces, des types d’habitats rencontrés ainsi que de I’interaction entre les espéces considérées
et ces nouveaux environnements (Miles et al., 2019). En effet, les espéces a faible capacité de dispersion
seront plus sensibles aux phénomeénes de fragmentation urbaine, tandis que les especes a forte capacité
de dispersion pourront traverser plus librement les matrices paysagéres défavorables, pouvant conduire
a un impact neutre ou méme facilitateur des changements paysagers sur 1’espéce (Voir pour exemple
Richardson et al., 2021). De plus, les modifications humaines du paysage peuvent aussi conduire a une
augmentation indirecte des flux de génes entre populations en créant de nouveaux corridors favorables
a certaines espéces ou en impliquant le transport involontaire de gamétes ou d’individus (par exemple
Miles et al., 2018). Enfin, pour un méme type de perturbation, les conséquences des changements

d’occupation des sols peuvent varier d’une région a I’autre (Santangelo et al., 2018; Miles et al., 2019;



Diamond & Martin, 2021). Ainsi, il convient d’évaluer les caractéristiques génétiques des populations
au cas par cas afin d’évaluer I’impact des modifications anthropiques d’occupation des sols sur une
espece donnée. De surcroit, certains paramétres de génétique des populations, tels que les niveaux de
différenciation génétique et les niveaux de diversité génétique, peuvent répondre de maniére trés
différente et éventuellement différée a une méme contrainte paysagére (e.g. Trumbo et al., 2019; Fusco
etal., 2021).

2) Diversité génétique intra-population

De nombreux estimateurs permettent de quantifier la variation génétique présente au sein des
populations. Cette diversité génétique intra-populationnelle peut étre estimée afin de comparer les
niveaux de cette diversité entre différentes populations, mais aussi de suivre sur plusieurs pas de temps
I’évolution d’une méme population, ce qui permet de fournir des informations sur les goulots
d'étranglement passés ou l'expansion démographique des populations, ou encore d’identifier une perte
de diversité génétique accompagnée d’une augmentation de la consanguinité locale due a une
fragmentation et/ou une perte d’habitat. Il s’agit ici d’un parametre clé de persistance a long terme des
populations. En effet, la diversité génétique intra-population est intimement liée au « potentiel évolutif »
d’une population, c’est-a-dire sa capacité a éventuellement s’adapter face a des changements
environnementaux (Frankham et al., 2013; Ellegren & Galtier, 2016). Ci-dessous, nous allons
brievement décrire deux types d’estimateurs de diversité génétique couramment utilisés en génétique
des populations.

La diversité génétique d’une population peut ainsi se mesurer au moyen de 1’estimation des
niveaux d’hétérozygotie. Pour une espéce diploide, I’hétérozygotie observée permet de mesurer la
proportion d'individus porteurs de deux alleles (ou variants génétiques) différents a un locus (localisation
génétique) donné. Cette mesure peut également étre moyennée sur 1’ensemble des locus utilisés pour
génotyper les individus. Ainsi, I’hétérozygotie observée (Ho) correspond a la fréquence réelle des
individus hétérozygotes au sein d'une population. L hétérozygotie attendue (He), aussi appelée diversité
génétique (Nei, 1973), correspond quant a elle a la proportion d'hétérozygotes que I'on attendrait au sein
d’une population panmictique, impliquant I’hypothése d’une population de taille infinie avec un
accouplement aléatoire des individus et sans intervention des quatre processus micro-évolutifs majeurs.
11 s’agit ici de I’équilibre de Hardy-Weinberg. Cette mesure présente 1’avantage d’étre généralement peu
sensible a la taille d’échantillon utilisée pour son estimation. En effet, quelques individus suffisent pour
estimer ce parametre He, si toutefois un grand nombre de locus sont examinés (Gorman & Renzi, 1979).

La richesse allélique (A:) est une mesure complémentaire a 1’hétérozygotie attendue pour
I’estimation de la diversité génétique. En effet, cette derniére est plus sensible que 1'hétérozygotie
attendue a la perte de variation génétique due a une réduction de la taille d’une population (Allendorf et

al., 2022). 11 s’agit ici d’'une mesure du nombre d’all¢les par locus qui utilise une méthode de raréfaction



pour minimiser les biais associés a la taille inégale des échantillons (El Mousadik & Petit, 1996; Petit et
al., 1998).

3) Niveau de consanguinite intra-population

Outre la diversité génétique, les niveaux de consanguinité des populations sont également des
parametres importants a estimer, car ils peuvent étre directement liés aux régimes de reproduction des
individus. Ces niveaux locaux de consanguinité peuvent étre le reflet d’un isolement géographique
prononcé et d’une faible taille de populations. La consanguinité est le fruit d’accouplements entre
individus génétiquement apparentés. Ce type d’unions entre individus ayant une co-ascendance
commune génére une augmentation de la charge d’alléles identiques par descendance hérités d’un
ancétre commun ; les niveaux d’homozygotie sont donc de fait augmentés, au détriment des niveaux
d’hétérozygotie. Cette consanguinité peut étre liée aux traits d’histoire de vie d une espece, soit par un
phénoméne d’homogamie di au fait que les individus génotypiquement ou phénotypiquement
semblables ont plus tendance a s'accoupler entre eux, soit du fait d’une compétition sexuelle intense ou
seuls quelques individus s’accaparent les événements de reproduction, soit du fait d’un régime de
reproduction permettant l'autofécondation (Hall et al., 1994). Méme lorsque la panmixie est vérifiée,
une consanguinité locale importante peut se produire dans les petites populations au sein desquelles les
individus sont génétiquement apparentés. Or, dans les populations naturelles, la dépression de
consanguinité, c’est-a-dire la diminution de la valeur sélective des individus issus de croisements
consanguins, peut contribuer a moyen terme a I'extinction locale de populations (Keller & Waller, 2002;
Charlesworth & Willis, 2009; Frankham et al., 2013; Spurgin & Gage, 2019; Figure 4).

4) Taille efficace des populations (Ne)

Si les estimations de niveaux de diversité génétique et de consanguinité locale permettent
d’avoir un instantané de la structure génétique d’une population, la taille efficace d’une population (Ne)
permet de mesurer le taux de perte de variation génétique de la population en raison de I'influence accrue
de la dérive génétique et de la consanguinité (Nei & Tajima, 1981; Waples, 2005; Hare et al., 2011;
Wang et al., 2016). Ce concept est lié a la relation directe entre le taux de changements génétiques et la
taille d'une population tenant compte des facteurs pouvant influencer le nombre d'individus contribuant
réellement & la génération suivante (Figure 5). Dans une population dite "idéale” sous un modéle de
Wright-Fisher qui satisfait aux hypothéses d'accouplements aléatoires, d’une taille de population
constante et de générations non chevauchantes (Fisher, 1930; Wright, 1931), le nombre d’individus de
la population correspond a sa taille efficace. Cependant, les populations naturelles se conforment
rarement & ce modéle car divers facteurs, par exemple des sex-ratios déséquilibrés ou des contributions
inégales a la génération suivante, peuvent réduire le nombre d'individus participant a la formation de la

génération suivante. Ainsi la taille efficace d’une population reste trés souvent beaucoup plus faible que
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la taille démographique, correspondant au nombre d’individus recensés de cette dernicre (Waples,

2016).
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Figure 5. Illustration des effets de la dérive génétique sur la taille efficace des populations (Ne). (A)
Ilustration du phénomeéne de dérive génétique impliquant des simulations avec 10 réplicas de la
variation aléatoire des fréequences alléliques, avec une fréquence initiale de deux alleles de 0.5 et une
taille de population de 5, 50 ou 500 individus. Avec une petite taille de population égale a 5, I ’ensemble
des simulations entrainent la perte d’'un des deux alléles (fréquence = 0) et la fixation de [’autre
(frequence =1) a tres court terme (moins de 30 générations). Cette issue est atteinte plus lentement a
mesure que N augmente. (B) Figure représentant la relation entre le taux de variation génétique au sein
des populations et leurs tailles efficaces. Cette figure est inspirée de I'exposé de Robin Waples, Effective
population size (09/03/2015) National Marine Fisheries Service, NOAA. ConGen 2015.

5) Estimation des flux de genes s’opérant entre populations structurées

La mesure des flux de génes contemporains entre populations peut permettre d’estimer les voies
de migration et les niveaux de connectivité a long terme au sein d’un systéme en métapopulations
structurées géographiquement. Ceci peut permettre d’aider a identifier les éléments facilitants ou
restreignant la dispersion des individus. En effet, la dispersion et la reproduction d’un individu migrant

d’une population a une autre vont favoriser I’homogénéisation de la diversité génétique présente au sein
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de ces deux populations. Or dans les populations naturelles, les niveaux de différenciation génétique
entre populations représentent un continuum de scénarii de migration. A un extréme, impliquant des
accouplements completement aléatoires, chaque individu a une probabilité égale de s'accoupler avec un
autre individu, cette situation représente donc classiqguement la panmixie (Figure 6A). L'autre extrémité
du continuum de différenciation des populations est caractérisée par un isolement complet au sein de
groupes d'individus distincts ou la panmixie est également supposée (Waples et al., 2018; Figure 6D).
Les populations naturelles sont, quant a elles, caractérisées par un gradient de niveaux de différenciation

intermédiaires, représentés par les scénarii B et C (Figure 6).

Niveaux de différenciation génétique entre populations

Fsr=0 Fgr=1
Panmixie Isolement total
A B C D

Figure 6. Illustration du continuum de différenciation génétique des populations pouvant étre observés
en populations naturelles. Chaque cercle représente un groupe d'individus qui peuvent ou non constituer
un groupe ou une population distincte. Quatre scénarii, avec différents degrés de connectivité
impliquant un chevauchement géographique et/ou de la migration, sont identifiés sur le continuum : (A)
Panmixie, (B) Connectivité substantielle, (C) Connectivité réduite, (D) Isolement complet. Cette figure
est inspirée de Waples & Gaggiotti (2006).

6) Bref historique du développement et de I’utilisation des marqueurs génétiques en
biologie évolutive

En complément des approches dites « directes » permettant un suivi démographique des
populations, impliquant pour exemple des suivis d’effectifs de populations (par exemple Couvreur et
al., 2008; Beaune & Sellier, 2021) ou des études de capture-marquage-recapture ou de radiométrie
dédiées au suivi de la dispersion des individus (par exemple Purse et al., 2003; Naveda-Rodriguez et al.,
2022), les approches génétiques representent des outils de choix pour définir des mesures de
conservation appropriées. En effet, les outils et concepts de génétique et génomique des populations
permettent de répondre & de nombreuses questions centrales en biologie de la conservation, telles que,

pour exemples, 1'identification d’unités de conservation pertinentes, 1'évaluation de la taille efficace de
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population, la mesure de la connectivité réelle entre populations, ou encore I'évaluation de la diversité
génétique locale des populations et de leur potentiel évolutif (Allendorf et al., 2010; Funk et al., 2012;
Holderegger et al., 2019; Hohenlohe et al., 2021; Allendorf et al., 2022). La génétique et la génomique
de la conservation permettent donc de fournir des informations sur I'histoire évolutive des populations,
des instantanés de la structure génétique actuelle au sein et entre populations, ainsi qu'un apercu du
potentiel des populations a persister et a s'adapter aux changements environnementaux. Ceci fournit
ainsi des informations essentielles a la conception de stratégies efficaces de gestion des espéces et
populations (Allendorf et al., 2010; Hohenlohe et al., 2021). Dans ce contexte de génétique de la
conservation, de nombreux marqueurs génétiques ont eté développés au fil du temps afin de caractériser
au mieux les populations naturelles (revues dans Davey et al., 2011; Allendorf, 2017; Charlesworth &
Charlesworth, 2017; Figure 7). Or, chaque type de marqueur génétique présente ses propres avantages
et limites, associés entre autres a leurs coits économiques, a la quantité d’ADN de départ nécessaire,
aux équipements disponibles en laboratoire, a la complexité associée a leur développement et a leur
utilisation, a leurs niveaux de reproductibilité, a la dominance ou codominance des marqueurs, a leur
niveau de variabilité, ou encore au nombre de marqueurs assurant la précision des estimations réalisées
(Schldtterer, 2004; Davey et al., 2011; Allendorf, 2017). La Figure 7 présente une synthése globale du
type de marqueurs moléculaires utilisés depuis la découverte des allozymes dans les années 1960.
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Détection d'espéces apparentées
1979 ADN Phylogéographie
Mitochondrial Capacité a distinguer les flux de génes via la voie male ou femelle

1990  Microsatellites Plus de puissance pour décrire la structure des populations
Détection de structuration génétique des populations
Détection des goulets d'étranglement ou de 1’expansion des populations
Estimation de la taille efficace des populations
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2000  SNPs Plus grande capacité a décrire la structure de la population. Capacité a détecter
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2010  Génomique des  Détection des régions génomiques sous sélection
populations Détection d’adaptation locale des populations
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Figure 7. Illustration de I’évolution des types de marqueurs moléculaires utilisés en génétique de la
conservation. (A) Evolution de ’importance relative au fil du temps des marqueurs moléculaires en
génétique puis génomique de la conservation. RFLP, restriction fragment length polymorphism; AFLP,
amplified fragment length polymorphism; RAPD, randomly amplified polymorphic DNA; SNP, single
nucleotide polymorphism. Le panel SNP (violet) comprend le génotypage fondé sur du séquencage de
type Sanger. Le séquencage (marron) est subdivisé en trois approches : PCRseq (séquencage Sanger
d'un seul ou de quelques locus), séquencage par représentation réduite du génome (Reduced
representation, principalement RADseq, mais aussi capture ciblée d'’ADN et séquencage d'amplicons)
ou reséquencage du genome entier (WGseq). Cette figure est issue de Allendorf et al. (2022), elle-méme
pour partie modifiée de Schldtterer (2004). (B) Chronologie des principales avancées dans I'utilisation
des marqueurs génétiques neutres au sein de populations naturelles en biologie de la conservation,
figure modifiée a partir d’Allendorf et al. (2010; 2017).

Apreés les marqueurs allozymiques initialement développés dans les années 1960 et permettant
une premiére description des variations génétiques observées entre et au sein des populations, les

marqueurs mitochondriaux ont ensuite permis de mener des études phylogéographiques ainsi que
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d’estimer les flux de génes différentiels entre voies male et femelle (Prakash et al., 1969; Avise et al.,
1979, 2016). Depuis les années 1990 et encore aujourd’hui, les marqueurs microsatellites, de par leur
polymorphisme, codominance, reproductibilité et faible colt économique, permettent de décrire la
variation génétique nucléaire des populations ainsi que les goulots d'étranglement passés et d'estimer la
taille efficace actuelle des populations, ce qui explique leur large application en génétique des
populations et en biologie de la conservation (Goldstein & Pollock, 1997; Frankham et al., 2013;
Allendorf et al., 2022; Figure 7). Enfin, le développement des nouvelles technologies de sequengage,
associ¢ a I’essor des marqueurs de type SNP pour « single nucleotide polymorphism », permet de
générer une quantité de données génomiques considérable a partir de pratiquement n'importe quel
organisme (Morin et al., 2004, 2012; Harrisson et al., 2014; Allendorf, 2017). Ces marqueurs
génomiques de type SNP s’ajoutent donc aux marqueurs neutres traditionnels de génétique de la
conservation, leur abondance et leur large distribution a travers le génome offrant la promesse d'une plus
grande précision et d'une plus grande puissance statistique dans I'estimation des parametres de génétique
des populations (Allendorf et al., 2010; Narum et al., 2013; Harrisson et al., 2014). De plus, les
marqueurs SNPs permettent de détecter les régions du génome qui sont affectées par la sélection
naturelle et ainsi de répondre a de nouvelles questions concernant les mécanismes sous-jacents de
I’évolution des populations et de leurs réponses adaptatives (Allendorf et al., 2010; Hohenlohe et al.,
2021).

I11. L agrion de Mercure : un modéle d’étude particuliérement intéressant
en biologie de la conservation

1) Description et caractéristiques de I’agrion de Mercure

L’agrion de Mercure (Coenagrion mercuriale) est un arthropode, de la classe des insectes et de
I’ordre des odonates (Figure 8). Au sein des Odonates 1’on peut distinguer deux sous-ordres : les
Anisoptéres (communément nommés Libellules) et les Zygoptéres (communément nommés
Demoiselles). A ’état adulte, les zygoptéres sont caractérisés par leur aspect plus petit et fin que les
anisopteres, leurs ailes antérieures et postérieures sont identiques, permettant aux individus de maintenir
leurs ailes fermées au repos. De plus, leurs yeux sont distants et ne se touchent pas, contrairement aux

anisopteres.
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Figure 8. Phylogénie simplifiée de I’Agrion de Mercure (Coenagrion mercuriale).

D’une longueur d’environ 3 cm, 1’agrion de Mercure est la plus petite des quatre especes du
genre Coenagrion que l'on retrouve actuellement en France, a savoir 1’ Agrion jouvencelle (Coenagrion
puella), I’agrion joli (Coenagrion pulchellum), I’agrion de Mercure (Coenagrion mercuriale) et I’agrion
mignon (Coenagrion scitulum). Les males adultes de 1’espéce, de couleur dominante bleue, sont
particulierement reconnaissables au dessin noir qu’ils portent sur leur deuxieme segment abdominal. Ce
dessin abdominal est relativement proche du symbole de Mercure, symbole ressemblant a une téte avec
un casque a cornes (Figure 9). Compte tenu de la variation morphologique de cette marque, d’autres
critéres fondés sur I’examen des marques noires sur les autres segments abdominaux ainsi que les
appendices anaux permettent de confirmer 1’identification de 1’espece (Dijkstra et al., 2015). Les
femelles sont, quant & elles, beaucoup plus sombres, vert et noir, et sont plus difficiles a identifier. Dans
ce cas précis, l'ornementation de leur pronotum reste le meilleur critére d’identification (Askew, 1988;
Dijkstra et al., 2015).
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Figure 9. Photographies de description de I’Agrion de Mercure (Coenagrion mercuriale). (A) Adulte
male portant le symbole de Mercure sur son deuxieme segment abdominal (B), (C) femelle agrion de
Mercure et (D) photographie d’un mdle se saisissant d’une femelle au niveau du thorax grdce a Ses
appendices anaux afin de former un tandem copulateur.

L’agrion de Mercure (Coenagrion mercuriale, Odonata, Charpentier, 1840) est une espéce protégée
particulierement intéressante pour des questions a la fois de biologie de la conservation, de génétique
des populations et de biologie évolutive au regard de son écologie. En effet, cette espéce présente un
cycle de vie et de reproduction, un type d’habitat, des modalités de dispersion, ainsi qu’une sensibilité
aux pressions anthropiques particulierement intéressantes. De fait, cette espéce a particulierement été
étudiée carelle :

e Revét des enjeux de conservation liés au declin de ses populations en limite d’aire de répartition

géographique, déclin également associé aux activités humaines ;

e Dépend d’environnements a la fois terrestres et aquatiques avec des habitats spécifiques de

reproduction ;

e Présente un gradient latitudinal de son voltinisme et un patron d’émergence asynchrone ;

e Présente une faible capacité de dispersion des individus, conduisant a des patrons de

structuration génétique a faible échelle ;

e Montre une forte sensibilité aux perturbations anthropiques qui impactent la présence de

I’espéce, mais impactent aussi la dispersion effective des individus.

La Figure 10 ci-dessous synthétise I’ensemble des études ayant été menées sur cette espéce, ainsi que

les lieux et thématiques de recherche conduites.
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Ecologie & habitat
1-Purse, 2001
2-Thompson, Rouquette, et al., 2003
3-Rouquette and Thompson, 2005
4-Rouquette and Thompson, 2007b
5-Couvreur et al., 2008
6-Ferreira et al., 2015
7-Mahdjoub, 2017

Reproduction & développement

Développement et mise au point

Diversité génétique, dispersion &
impact du paysage
22-Hunger and Roske, 2001
23-Purse et al., 2003
24-Watts et al., 2004c
25-Watts et al., 2005
26-Thompson and Watts, 2006
27-Watts et al., 2006
28-Watts, Rousset, et al., 2007
29-Rouquette and Thompson, 2007a
30-Keller et al., 2012
31-Van Strien et al., 2012
32-Hassall and Thompson, 2012
33-Keller and Holderegger, 2013
34-Johansson et al., 2013
35-Lorenzo-Carballa et al., 2015
36-La Porta and Goretti, 2020

8-Martens, 2000
1-Purse, 2001
9-Purse and Thompson, 2002
10-Purse and Thompson, 2003
11-Purse and Thompson, 2003b
12-Purse and Thompson, 2005
13-Purse and Thompson, 2009
14-Watts and Thompson, 2012
15-Mahdjoub et al., 2014
16-Mahdjoub et al., 2015
17-Mahdjoub, 2017
18-Khelifa et al., 2019

de margueurs génétigues
19-Watts et al., 2004a
20-Watts et al., 2004b
21- Watts et al., 2007

Suivi et abondance
37-Thompson, Purse, et al., 2003
38-Couvreur et al., 2008
39-Allen and Thompson, 2014
6-Ferreira et al., 2015
17-Mahdjoub, 2017
40-La Porta and Goretti, 2019
36-La Porta and Goretti, 2020
41-Beaune and Sellier, 2021

250

Figure 10. Résumé des articles scientifiques réalisé sur I’agrion de Mercure (Coenagrion mercuriale).
Les études sont rangées par classe thématique de recherche et la carte montre la répartition
géographique de ces études menées sur cette espéce (les chiffres blancs correspondant aux études

citées).
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2) Distribution et statuts de conservation

L’aire de distribution géographique de I’agrion de Mercure est limitée au Sud-Ouest de 1I’Europe
et au nord du Maghreb. L’espéce est commune en France, mais plus dispersée en Espagne et au Portugal
(Figure 11). L’agrion de Mercure est retrouvé plus rarement au Royaume-Uni en limite de répartition
septentrionale. L’espéce trouve sa limite de répartition orientale en Allemagne. Enfin 1’on rencontre des
populations en limite méridionale de répartition au nord du Maroc, de I’ Algérie et de la Tunisie (Ferreira
et al., 2015; Boudot, 2020). La distribution spatiale connue de 1’espéce a toutefois évolué entre 2006 et
2023 avec I’actualisation des données de suivi et des statuts de conservation de 1’espéce. S’ajoutent
notamment des données de présence de I’espéce en Afrique du Nord et le retrait de I’Italie comme zone
de présence en 2023. Ces évolutions récentes sont illustrées en Annexe 1 (Thompson & Watts, 2006;
Lorenzo-Carballa et al., 2015; Boudot, 2020; De Knijf et al., 2023). Les effets du changement climatique
sur les populations de I’espéce, avec des périodes estivales d’asséchement des cours d’eau de plus en
plus fréquentes, risquent d’entrainer un déclin significatif de I’espéce au cours des prochaines décennies.
Ainsi, la distribution géographique de 1’agrion de Mercure sera trés certainement amenée a évoluer trés
rapidement dans les années futures (De Knijf et al., 2023).

En France, I’agrion de Mercure est largement distribué et localement abondant, a I'exception
des régions les plus septentrionales et de 1’Tle-de-France. L espéce est également absente des régions

montagneuses a haute altitude (Houard, 2020; Fierimonte & Vanappelghem, 2021).

0 250 500 km - |
y-:1 [

B Aire de répartition de I’agrion de Mercure

e Points de présence en France (source : GBIF)

Figure 11. Distribution spatiale de [’agrion de Mercure (Coenagrion mercuriale) en Europe et en
France. (4) Carte montrant la répartition actuelle connue (zones gris fonce) de I’agrion de Mercure.
Les données ont été obtenues aupreés de ['TUCN SSC Odonata Specialist Group 2019. The IUCN Red
List of Threatened Species. Version 2022-2. https://www.iucnredlist.org/ Downloaded on 28 July 2023.
(B) Carte montrant les occurrences de l’agrion de Mercure enregistrées en France (points gris). Les
données ont été obtenues sur GBIF.org (5 mars 2024) GBIF Occurrence Download
https://doi.org/10.15468/dl.5z9gue
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L’agrion de Mercure fait I’objet de mesures de protection internationales et européennes liées a
son statut de conservation. A 1’échelle internationale, I’espéce est considérée comme vulnérable (IUCN
Red List of Threatened Species ; De Knijf et al., [2023]) alors qu’elle était évaluée comme quasi-
menacée en 2020 (NT Near Threatened ; Boudot, 2020 ; Figure 12). Historiquement, le statut de I’espéce
s’explique par le déclin de ses populations, notamment en périphérie de son aire de répartition (Grand,
1996; Ferreira et al., 2015). Toutefois, une nouvelle analyse réalisée pour I'évaluation régionale
européenne semble aussi indiquer un déclin présumé des populations en France et surtout en Espagne et
au Portugal. Ce déclin des populations d’agrion de Mercure est directement lié a la destruction et a la
fragmentation des habitats de ’espeéce avec le développement de pratiques agricoles intensives
modernes, le drainage et 1'asséchement des cours d’eau, ainsi que la fermeture de ces derniers par des
foréts ou embroussaillements incompatibles avec la survie ou la reproduction de 1’espéce (Purse, 2001;
Thompson et al., 2003; Boudot, 2020).

Statut de conservation Liste rouges

Statut Liste Niveau

Vunérable (VU) Liste rouge mondiale des espéces menacées International
Préoccupati (LC) Liste rouge des odonates de France métropolitaine France

on mineur (2016)

Vunérable (VU) Liste rouge régionale de la faune menacée en Picardie

Picardie
En danger (EN) Liste rouge régionale des Odonates du Nord - Nord - Pas-de-
Pas-de-Calais Calais
Quasi (NT) Liste rouge des Odonates du Grand Est Grand Est
menace

Protection et législation

Liste de la Convention de Bonn pour la conservation des espéces migratrices International
International d'animaux sauvages

Convention relative a la conservation de la vie sauvage et dumilieu naturel International
de I'Europe (Convention de Berne): Annexe II

Directive 92/43/CEE (Directive européenne dite Directive Habitats-Faune- Europe
Flore): Annexe II

Liste des insectes protégés sur I'ensemble du territoire et les modalités de leur France
protection: Article 3

Figure 12. Statut de conservation et mesures de protection de I’Agrion de Mercure (Coenagrion
mercuriale) de [’échelle internationale a [’échelle régionale. Les données ont été adaptées d’apres
Thompson et al., 2003, et le site internet suivant : https://inpn.mnhn.fr/).

3) Cycle de vie et habitats

Les odonates sont des insectes thermophiles, la température influence la distribution des espéces
de ce taxon mais également le développement des individus (Purse, 2001). L agrion de Mercure est une

espéce semi-voltine au Nord et a I’Est de son aire de distribution géographique, il faut donc a cette
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espéce deux ans pour réaliser une génération (Corbet, 1957; Sternberg et al., 1999; Purse & Thompson,
2002). Cependant, le voltinisme de 1’agrion de Mercure peut étre considéré comme un trait plastique le
long d'un gradient latitudinal, les populations localisées au Sud de son aire de répartition présentant un
développement uni- et bi-voltine (Mahdjoub et al., 2014, 2015). Le temps de développement des
individus peut en outre étre diminué d’une année par des facteurs environnementaux tels que les eaux
de refroidissement industriel, comme cela a été montré dans une population en Allemagne (Thelen,
1992). Pour la suite, nous nous focaliserons sur 1’écologie des populations présentant un développement
typiquement caractéristique d’une espéce semi-voltine.

Les espéces d’odonates sont caractérisées par un cycle de vie dépendant de deux
environnements différents, avec un développement larvaire au sein de milieux aquatiques et des adultes
volants dépendant au contraire de milieux terrestres. Les larves d’agrion de Mercure évoluent dans des
milieux aquatiques d’eau courante et se retrouvent principalement au niveau de cours d’eau de faibles
calibres a courant lent et avec des températures favorables a 1’espéce (Figure 13). Ces larves vivent dans
la végétation aquatique immergée et les seédiments (Fierimonte & Vanappelghem, 2021). Le
développement larvaire dure deux ans, avec la réalisation d’une dizaine de stades de développement
impliguant des mues successives (Purse & Thompson, 2002).

Les adultes émergent de leur stade larvaire final entre la mi-mai et la fin-juin en France, mais
ces périodes d’émergence peuvent varier en fonction de la latitude et de l'altitude. Les larves de
deuxiéme année stoppent leur développement en hiver a différents stades de développement, 1’espéce
montre ainsi un patron d’émergence long et asynchrone, on parle alors de « Summer species » (Purse &
Thompson, 2002; Thompson et al., 2003). Aprés émergence, les individus suivent ensuite un stade de
maturation durant lequel ils quittent les environs immédiats des cours d'eau et se déplacent vers les sites
d'alimentation, les males acquiérent alors leur coloration mature (Thompson et al., 2003; Purse &
Thompson, 2003b). Apres la maturation, on retrouve les males au niveau des sites de reproduction qu’ils
survolent de maniére erratique ainsi qu’au niveau de sites de perchage situés a proximité (Thompson et
al., 2003; Rouquette & Thompson, 2007b). Les femelles, quant a elles, sont retrouvées moins
fréquemment sur les sites de reproduction ou elles se rendent une fois qu'elles ont une réserve d'ceufs a
pondre (Purse & Thompson, 2003a). La copulation des odonates est caractérisée par la formation dite
du cceur copulatoire (Figure 13). La femelle réalise ensuite une ponte endophyte en déposant ses ceufs
dans les tiges creuses de végétaux hélophytes (Martens, 2000; Rouquette & Thompson, 2005; Purse &
Thompson, 2005, 2009).

Au final, les individus adultes d’Agrion de Mercure dépendent ainsi de deux types d’habitats
principaux, avec des sites de perchage (« roosting sites ») localisés au niveau des cours d’eau ainsi qu’au
niveau des bandes enherbées des berges. Ceci permet aux individus de se protéger notamment lors
d’intempéries et de se reposer. De plus, I’espéce dépend d’habitats de reproduction spécifique, liés au
type de ponte réalisé par les femelles. En effet, la reproduction nécessite des habitats lotiques avec de

petits cours d'eau ou des fosseés a écoulement lent, ainsi que des habitats ouverts avec peu d'ombre
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permettant la présence d’espéces végétales hélophytes indispensables a la ponte de I’espéce (Thompson
et al., 2003; Rouquette & Thompson, 2005; Purse & Thompson, 2009, Figure 13).

Cycle de vie
de I’Agrion de

mercure

Développement larvaire

Figure 13. Cycle de développement de I’agrion de Mercure (Coenagrion mercuriale) et photographies
d’habitats de reproduction.

4) Dispersion des individus et flux de génes

L’agrion de Mercure a la réputation d’étre une espéce sédentaire avec une faible capacité de
dispersion. En effet, les études de capture-marquage-recapture, menées au Royaume-Uni et permettant
une estimation directe des capacités de dispersion de I’espece, ont montré que la grande majorité des
mouvements des adultes volants étaient réalisés a I’échelle d’une centaine de métres (impliquant de 75%
a 85% des individus suivis) avec quelques rares observations de dispersion a plus grandes distances et
supérieures a 1 km (Purse et al., 2003; Thompson & Watts, 2006; Watts et al., 2007, 2004c, Figure
14A). La majorité des mouvements d’individus était ainsi réalisée au sein de patches d’habitats
relativement restreints, les mouvements entre ces patches locaux d’habitats étant plus rares (Purse et al.,
2003; Thompson &Watts, 2006, 2006). Au final, la distance maximale de déplacement observée pour
I’ensemble des individus marqués et recapturés a été de 1790 m pour un méle (Rouquette & Thompson,
2007a; Watts et al., 2004c).

Ces observations directes de déplacements individuels ont ensuite été confortées par le patron de
structuration génétique observé a fine échelle ainsi que les niveaux de différenciation génétique
relativement élevés (Fsr variant de 0.0030 a 0.2556 avec des marqueurs microsatellites) entre
populations (Watts et al., 2005, 2007, 2004c). Toutefois, ces études génétiques ont aussi montré des flux
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de genes jusqu'a une distance de 2 km et des taux de migration relativement élevés par rapport aux
observations directes de déplacement des individus (Watts et al., 2006). Ces estimations indirectes
d’éveénements de migration a longue distance restent concordantes avec une observation ponctuelle de
dispersion d’un individu d’Agrion de Mercure jusqu'a 3 km de I'habitat de reproduction le plus proche
(Hunger & Roske, 2001).

De maniére générale, des études de géenétique des populations ont montré a plusieurs reprises une
structuration génétique spatiale s’accordant avec un patron d’isolement par la distance, impliquant une
augmentation de la différenciation génétique entre paires de populations avec la distance géographique
séparant ces mémes paires de populations (Watts et al., 2006, 2007, 2004c; Lorenzo-Carballa et al.,
2015, Figure 14B).
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Figure 14. Capacité de dispersion de I’agrion de Mercure (Coenagrion mercuriale). (4) Distribution
des mesures directes des mouvements individuels dans deux régions localisées au sud du Royaume-Uni,
Mariner’s Meadow et Itchen Valley Country Park. n: nombre d'individus recapturés. Les fleches
soulignent les mouvements peu fréquents impliquant une longue distance de dispersion. (Figure adaptée
de Watts et al., 2004c). (B) Patron d’isolement par la distance illustré par la relation entre la
différenciation génétique par paire de populations (définie par Fsi/[1 - Fsr]) et leur distance
géographique sur le site d’étude de Beaulieu Heath (UK) (Figure adaptée de Watts et al., 2007).

De plus, plusieurs études ont montré des voies de dispersion variables a courte et longue distance
géographique, ainsi qu’un lien entre le paysage ou les activités anthropiques et les voies de dispersion
et I’intensité des flux de génes entre populations d’agrion de Mercure. Ainsi, sur de courtes distances (<
3 km), les déplacements des individus se limitent a I’habitat de reproduction localisé le long des cours
d’eau, tandis qu’a plus grande distance, la dispersion des individus semble mieux expliquée par les
distances euclidiennes entre populations (Hunger & Réske, 2001; Rouquette & Thompson, 20073;
Keller & Holderegger, 2013). Par ailleurs, plusieurs éléments du paysage ont été identifiés comme ayant

probablement un impact sur la dispersion des individus. La fermeture des cours d’eau par les foréts et
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I’embroussaillement ainsi que les reliefs élevés représenteraient ainsi des barriéres a la dispersion de
I’espéce (Purse, 2001; Purse et al., 2003; Watts et al., 2006; Keller et al., 2012; Lorenzo-Carballa et al.,
2015). Au contraire, les zones aquatiques, les prairies et les landes représenteraient des espaces facilitant
les flux de genes s’opérant entre populations (Watts et al., 2006; Lorenzo-Carballa et al., 2015). De
maniére intéressante, les infrastructures de transport comme les routes et chemins de terre ne semblent
pas impacter les flux de genes entre populations de part et d’autre de ces voies de communication
(Thompson & Watts, 2006; Keller et al., 2012; Watts et al., 2004c). Toutefois, I’impact des espaces
agricoles et urbains semble contrasté. En effet, si certaines études montrent un effet facilitateur de ces
environnements pour la dispersion de 1’espéce, d’autres études montrent en revanche un impact négatif
contraignant les flux de génes (Watts et al., 2006, 2004c; Keller et al., 2012; Lorenzo-Carballa et al.,
2015). Ces impacts contrastés s’expliqueraient peut-étre par les types différents de pressions
environnementales présentes au sein de ces différents sites d’étude et par le degré variable
d’anthropisation de ces espaces.

Enfin, méme si la dérive larvaire liée au courant le long des cours d’eau concerne de nombreux
invertébrés d’eau douce (Elliott, 2003), ce type de dispersion est considéré comme négligeable pour
I’agrion de Mercure car 1’espéce est retrouvée au niveau de cours d'eau peu profonds, a faible débit et a

végétation abondante (Watts et al., 2007, 2004c; Cédric Vanappelghem, communication personnelle).

V. Contexte et objectifs de la these

1) Contexte général de la these

Cette these de doctorat bénéficie d’un financement de type CIFRE qui s’inscrit dans un projet
collaboratif entre le bureau d’étude « Office de Génie Ecologique » et 1’Unité Evolution, Ecologie et
Paléontologie (UMR 8198 CNRS - Université de Lille). Dans le contexte des changements
environnementaux actuels, 1’étude de 1’évolution de la structure génétique d’espéces soumises a de
fortes pressions anthropiques, i.e. urbanisation, agriculture intensive ou fragmentation par des
infrastructures, est en plein essor pour des raisons & la fois appliquées de biologie de la conservation,
mais aussi fondamentales. En effet, ces zones soumises a de fortes pressions sont le théatre d’évolution
neutre et adaptative trés rapide (Donihue & Lambert, 2015; Munshi-South et al., 2016; Johnson &
Munshi-South, 2017; Santangelo et al., 2018; Miles et al., 2019; Halfwerk et al., 2019). Cette these se
place ainsi dans le contexte directement appliqué de 1’étude des effets des modifications des cours d’eau
et des recréations d’habitats dans le cadre de la construction de 1’autoroute de contournement Ouest de
Strasbourg. L’ Agrion de Mercure est, en effet, historiquement présent au niveau de plusieurs cours d’eau

traversés par cette autoroute, dont certains ont été réaménagés lors de sa construction.
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Eléments de connaissance concernant I’autoroute de Contournement Quest de Strasbourg, I’A355

L’autoroute A355 de Contournement Ouest de Strasbourg (COS), également appelée GCO
(Grand Contournement Ouest), est une infrastructure autoroutiére dont la vocation est de constituer un
itinéraire nord-sud dans le département du Bas-Rhin visant a délester par I’ouest 1’A35, autoroute
traversant 1’agglomération Strasbourgeoise (Figure 15C,D). Les origines de ce projet remontent a 1973
dans le cadre du Schéma directeur d’aménagement et d’urbanisme de I’agglomération de Strasbourg.
Le projet a toutefois fait I’objet de vives oppositions, avec la création en 2003 d’un collectif contre la
construction du GCO. En 2008, le projet est déclaré d’utilité publique par décret en conseil d’Etat et en
2013, le Conseil Général de I’Environnement et du Développement Durable confirme la nécessité de
I’infrastructure. Suite a un nouvel appel d’offres de 1’état en 2015, la conception de cet ouvrage repose
sur un partenariat public-privé avec un contrat de concession entre 1’état et la société ARCOS (filiale du
groupe VINCI, société concessionnaire du contournement ouest de Strasbourg) qui a confié la
construction de 1’ouvrage a un groupement d’entreprises, SOCOS. Les travaux de préparation et de
construction de I’infrastructure ont commencé en 2016 et I’ouvrage a été inauguré en 2021. Dans le
cadre de mesures compensatoires liées a la construction de I’autoroute A355, SOCOS a réalisé un

partenariat avec OGE en finangant trois théses co-encadrées par I’entreprise.

L’autoroute A355, d’une longueur d’environ 24 kilométres, concerne 22 communes et s’insére
dans un contexte rural au sein d’une plaine agricole avec principalement des parcelles cultivées (mais,
blé, maraichage), des vignes et vergers, des prairies fauchées, mais aussi des milieux boisés (Figure
15D). L’autoroute franchit 11 cours d’eau dont deux canaux, avec une emprise s’étendant sur quatre
sous-bassins hydrographiques (Figure 15A,B). Les cours d’eau rencontrés sont du Nord au Sud : le canal
de la Marne au Rhin, le Muhlbaechel, le Kolbsenbach, le Leisbach, la Souffel, le Musaubach, le
Muehlbach, la Bruche et le canal de la Bruche, le fossé de 1a Hardt et le bras d’ Altdorf. Dans ce contexte,
plusieurs aménagements hydrauliques ont été réalisés au niveau de cours d’eau présents sur la zone de
travaux, ces aménagements impliquant par exemple des busages, des fascinages et des dérivations
provisoires ou définitives des cours d’eau (Figure 16). Des travaux de restauration et de reméandrage

ont aussi éte réalisés au niveau de plusieurs sites aux abords directs de 1’autoroute (Figure 16).
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Figure 15. Contexte entourant le Contournement Ouest de Strasbourg (A355). (A, B) Cours d’eau et
sous-bassins hydrographiques traversés par [’autoroute. (C) Réseaux autoroutiers, les communes
concernées par le GCO sont illustrées en gris, ['emprise de l’agglomération strasbourgeoise est
hachurée. (D) Occupation des sols autour de [’autoroute, couche vecteur Urban Atlas 2018.
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Figure 16. Photographie d 'un site échantillonné en 2021 (A, B) et 2022 (C, D). Des busages du cours
d’eau étaient visibles en 2021 (A). Des travaux de reméandrage ont été réalisés (B, C, D).

Des inventaires écologiques ont été réalisés entre 2015 et 2021 au sein d’une aire d’étude
comprenant I’emprise des travaux et ont permis de recenser la présence d’espéces d’intérét patrimonial,
notamment le Grand Hamster d’Alsace (Cricetus cricetus), la Grenouille verte (Pelophylax K.
esculentus) ainsi que 1’Agrion de Mercure (Coenagrion mercuriale), une espéce a enjeux de
conservation?. Dans ce cadre, des enjeux écologiques ont été identifiés au niveau des cours d’eau
constituant des zones de reproduction pour I’Agrion de Mercure, il s’agit du fossé de la Hardt, du
Musaubach, de la Souffel, du Leisbach, du Kolbsenbach, et du Muhlbaechel (Figure 15A). Afin de
limiter ’impact sur cette espéce, des opérations de déplacement d’une partie des populations ont été
effectuées pendant I’hiver 2018-2019 sur certains cours d’eau (communication interne OGE). Les fonds
du cours d’eau ont été dragués au niveau de la zone de travaux et les herbiers ainsi qu’une partie du
substrat ont été prélevés puis redéposés en aval avec pour objectif de déplacer une partie de la population

d’Agrion de Mercure présente sous forme de larves dans le cours d’eau.

Eléments de description concernant la région strasbourgeoise

De maniére plus large, le COS s’inscrit en Alsace dans la région entourant I’Eurométropole de
Strasbourg. Cette aire d’étude d’une superficie d'environ 4 000 km? présente des espaces variés dans des
milieux a la fois semi-naturels ou plus anthropisés (Figure 15D).

En effet, on y retrouve 1’agglomération de Strasbourg, qui s'étend sur 78 km? et compte environ
290 000 habitants, avec une densité de population humaine de plus de 3 700 personnes/km?. Elle est
traversée par I’lll et le canal du Bruche ainsi qu’un ensemble de canaux aménaggés, avec une zone

portuaire située le long du Rhin. La ville de Strasbourg est elle-méme située au sein de l'aire urbaine de

2 https://www.bas-rhin.gouv.fr/contenu/telechargement/27310/188753/file/DAU-SOCOS-EIA_1.pdf
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I’Eurométropole de Strasbourg, qui compte environ 500 000 habitants pour 330 km2. Cet espace forme
une vaste nappe urbaine en patchwork dense et arboré (Figure 17 et Annexe 2A).

Autour de ’Eurométropole de Strasbourg, on retrouve deux espaces principalement agricoles,
le Kochersberg et les Rieds. Ces espaces sont caractérisés par des étendues agricoles avec des grandes
cultures (blé, mais, orge) ponctuées de villages répartis régulierement. On y retrouve de multiples
réseaux hydrographiques avec la présence de cours d’eau ouverts de faibles calibres et favorables a
I’ Agrion de Mercure (Figure 17, Figure 18, et Annexe 2BC).

A 1’Ouest, on retrouve ensuite le piedmont viticole, qui forme un coteau viticole nord/sud de
plus de 100 kilometres de long, adossé au contrefort vosgien avec une plus faible densité de populations
d’agrion de Mercure recensées (Figure 17, Figure 18 et Annexe 2E). Enfin, a I’Est le long du Rhin, on
retrouve la bande Rhéanae et le Ried Nord, deux zones mosaiques présentant des foréts alluviales, avec
des espaces cultivés parsemés de villages et de zones industrielles. On retrouve de nombreuses
populations d’agrion de Mercure localisées le long des contre-canaux du Rhin ponctués d’installation

hydroélectriques (Strasbourg, Gerstheim, Rhinau ; Figure 17 et Annexe 2D).

L’agrion de Mercure est classé comme vulnérable par le Plan Régional d’Action (PRA) en
Alsace. L’espéce est historiquement présente et disséminée dans la région (Figure 18, Annexe 3). Au
niveau de la bande Rhénane, on trouve des populations montrant des densités localement importantes.
L’espéce est toutefois plus rare a proximité des reliefs vosgiens ainsi que dans les massifs forestiers.
L’Agrion de Mercure est présent sur différents types d’habitats lotiques, allant de cours d’eau de faibles
calibres (<1 m, fossés alimentés par la nappe ou petits réseaux hydrographiques de plaines) jusqu’au
contre-canal du Rhin (largeur de plus de 15 m) dés lors que 1’on retrouve une eau faiblement courante,

peu profonde, avec des taches d'hélophytes, et un ensoleillement suffisant (Figure 17, Figure 18).

28



Kochersberg

o" !
* . 1
ko o Reid Nor(j'l
\ Kochersberg )
. p P
., LY ’
Piémont % Q.. W0
Nod N8 8BeiTON g
‘-,_. y- ": %] fice) ? \\!
., . o o }Agg]omération
Piémont viticole oo ‘-;--.%'qStrasbourgeaoise
o & v O 1
*
gk ]
[} + o
Voges ' i P ‘\-&ﬁ)
Moyennes IS4 C&’ o
¢ =y N
g oo o AP
| éb £ H
I
IR 1 Plaine et B!
H i Rieds {
1
ron T oY
: * . o ob"
i 1 ° g
1 & (o) I
oy o ()
Jo s o ! g
4 ’ I~
; =7 s o g
Hautes Vogesf “r = Allemagne
A © A g
! A o S
I" 9'46‘55
s ‘’
i oy
: g
Iy
] H- I o
ra
0 10 o 20 km
0
1
Plaine et Rieds

Figure 17 : Grands types de paysage intégrés dans la zone d’étude. Les espaces ont été délimités a
l'aide de [’Atlas des paysages d’Alsace®. L'occupation du sol a été simplifiée & partir de Corine Land
Cover Edition 2018. Les sites échantillonnés dans le cadre de la thése sont indiqués par les points gris.
Pour chaque zone, des photographies prises lors de [’échantillonnage de populations ont été ajoutées.
L’espece a été retrouvée sur ['ensemble des photographies représentant un cours d’eau.

8 http:/Avww.paysages.alsace.developpement-durable.gouv.fr/spip.php?rubrique32 © ministere de I'Ecologie, du
Développement durable et de I'Energie - DREAL Alsace
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Figure 18 : Données de présence de [’agrion de Mercure dans la région d’étude. (A) Données de
présence obtenue via GBIF.org (5 mars 2024)* (B) Données de présence obtenue de [’association
IMAGO?®; (C) Sites échantillonnés dans le cadre de la thése. Les sites échantillonnés, mais ou aucun
agrion de Mercure n’a été trouvé malgré des conditions favorables, sont indiqués en Annexe 3.

Description d’une zone géographique complémentaire a [’agglomération Strasbourgeoise : le Nord de
la France

Cette région correspond a une zone d’étude secondaire permettant de généraliser les patrons de
structure génétique au-dela de ce qui est observé au niveau régional en Alsace. Cette zone contraste avec
la région Strasbourgeoise, car les populations d’agrion de Mercure y sont plus rares et plus isolées et ne
se rencontrent que dans des habitats semi-naturels, avec des efforts de conservation pour 1’espéce.

Localisées en limite Nord de répartition de 1’espéce en France, les populations d’agrion de
Mercure se raréfient a mesure que I'on remonte vers le nord : Haute-Normandie, Picardie et Nord-Pas-
de-Calais (Vanappelghem & Hubert, 2010). En effet, I’espece est considérée comme en danger dans le
Nord-Pas-de-Calais et vulnérable pour la liste rouge de Picardie (Fierimonte & Vanappelghem, 2021).
Si on retrouve I’espece dans I’ensemble de la région des Hauts-de-France, sa présence dans chaque

département est variable. En effet, on distingue des populations trés localisées dans 1’ Aisne ainsi que

4 GBIF Occurrence Download https://doi.org/10.15468/dl.5z9gue. https://doi.org/10.15468/dl.9h9maw
5 http://association.imago.free.fr/
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dans le Nord, ol I’on ne retrouve I’espéce qu’au niveau de deux sites (Wallers et Cuyet a Saint-Amand-
Les-Eaux) autour du Parc Naturel Régional Scarpe-Escaut (Figure 19). Quelques populations,
découvertes a partir de 1996, sont retrouvées au sud-ouest du Pas-de-Calais, notamment dans la vallée
de la Course, la Canche ainsi que de petits cours d’eau cotiers et a proximité du PNR Caps et Marais
d’Opale (Figure 19). Toutefois, ces populations restent isolées des autres stations connues plus au sud,
en Picardie, ou plus a I’est dans le Nord et en Belgique. Ces populations ont d’ailleurs fait ’objet d’une
premiére étude de génétique des populations visant a établir leurs statuts de conservation ainsi que la
connectivité entre ces populations (Lorenzo-Carballa et al., 2015). Dans la Somme, on rencontre des
populations localisées dans les vallées de la Somme et de la Bresle a proximité du PNR Baie de Somme
Picardie Maritime (Figure 19). Enfin, dans 1’Oise, des groupements de populations a 1’ouest et au sud
du département existent au niveau des PNR du Vexin frangais et Oise-Pays de France (Figure 19).
Préalablement a ce projet de these, plusieurs populations avaient été échantillonnées entre 2017
et 2020 par des membres du Conservatoire des Espaces Naturels dans le Nord, le Pas-de-Calais, la
Somme et 1’Oise, ainsi que sur deux sites en situés Wallonie ou ’espéce est considérée comme

vulnérable (Motte et al., 2021).

Wallonie
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Figure 19 (4) Carte de la répartition des populations d’Agrion de Mercure (Coenagrion mercuriale)
dans les Hauts-de-France (Fierimonte & Vanappelghem, 2021). (B) Carte des populations
échantillonnées et étudiées dans le cadre de la thése. Les différents Parcs Naturels Régionaux cités dans
le texte sont en rouge hachuré.

2) Objectif général de la thése

L’objet de ce travail de thése est d’étudier a fines et a larges échelles spatiales la structure
génétique et génomique de populations d’Agrion de Mercure (Coenagrion mercuriale), une espece

protégée d’intérét patrimonial et tributaire des cours d’eau. Ces travaux de théses répondent a quatre
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objectifs en lien avec des questions de génétique de la conservation : (i) inférer I’intensité des flux de
geénes s’opérant entre populations et déterminer les voies de dispersion préférentielles des individus ;
(ii) évaluer les niveaux de diversité génétique, de consanguinité, et de tailles efficaces de populations,
parametres clés de persistance a long terme des populations ; (iii) quantifier I’influence de perturbations
anthropiques du paysage sur ces parametres ainsi que les patrons de différenciation génétique entre
populations ; (iv) étudier les effets des modifications des cours d’eau et des recréations d’habitats dans

le cadre du projet autoroutier de construction de 1’A355 (Figure 20).
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Taux de migration
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y
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Figure 20. Schéma des facteurs d'interaction dans la conservation des populations naturelles. Les
estimations de ces facteurs d'interaction, étudiés a l'aide de locus microsatellites et de SNPs sont
présentées en noir, alors que les facteurs non étudiés dans le cadre de cette thése sont représentés en
gris. Figure modifiée a partir de Allendorf et al., 2010.

Pour répondre a ces objectifs, différents volets de recherche sont abordés a différentes échelles
géographiques dans le cadre de cette these (Figure 21) :

1) Une étude de la structure génétique régionale des populations d’agrion de Mercure menée sur
I’ensemble de I’agglomération strasbourgeoise pour avoir une vision plus large de 1’effet d’un habitat
anthropiseé sur I’intensité des flux de génes entre populations, ainsi que sur leur niveau de taille efficace.
Toutefois, afin de généraliser ces résultats au-dela d’une image instantanée de la structure génétique
spatiale régionale observée uniquement en Alsace, et de mieux connaitre la biologie de I’espéce au sein
de son aire de distribution géographique, il est nécessaire d’avoir un comparatif avec d’autres régions
moins soumises & un impact anthropique. Dans cette optique, la structure génétique et les patrons de
flux de génes mis en évidence en Alsace ont été comparés avec des populations d’Agrion de Mercure
déja échantillonnées dans la région des Hauts-De-France et présentes dans des milieux a priori moins

anthropisés mais plus isolés géographiquement.
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2) Une étude fine de la structure génétique spatiale des populations dans la région
strasbourgeoise. Il s’agissait de définir s’il existait des unités génétiques distinctes dues a 1’effet barricre
de certains éléments du paysage ou au contraire 1’existence d’un simple patron d’isolement par la
distance géographique euclidienne. L’évolution de I’apparentement génétique des individus a ainsi été
étudiée a I’échelle des sous-bassins versants, des cours d’eau et de leurs tributaires.

3) Une étude de cas, a fine échelle, de la structure génétique spatiale des populations d’agrion
de Mercure ainsi que des processus de recolonisation de cours d’eau suite a des travaux de restaurations
et de reméandrages réalisés le long de 1’axe autoroutier du contournement Ouest de Strasbourg
nouvellement construit. Ce volet de recherche vise a définir si I’autoroute A355 représente une barriere
aux flux de genes entre populations localisées de part et d’autre de cette infrastructure. De plus, I’objectif
est de détecter si des systemes sources-puits sont a I’ceuvre ou au contraire si les colonisateurs
proviennent de sources différentes « tous azimuts », ceci afin d’établir le type de recolonisations

s’effectuant de part et d’autre du tracé de I’autoroute.
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Figure 21. Figure représentant les différentes échelles spatiales abordées dans le cadre de cette thése.

Les données employées dans ce projet ont été intégralement récoltées dans le cadre de cette
thése de doctorat, a I’exception de 589 échantillons récoltés dans les Hauts de France avant 2021, ces
derniers m’ayant été fournis par C. Vanappelghem et récoltés par des membres du CEN. Pour cela, deux
campagnes d’échantillonnages ont été réalisées a la fin du printemps 2021 et 2022 (mi-mai a fin juin)
principalement en Alsace, mais aussi pour quelques populations localisées au sein des Hauts-De-France.
Deux autorisations de capture ont été délivrées par la DREAL du Grand Est et la DREAL des Hauts-de-
France aprés accord du CSRPN Grand Est (Arrété N°2021-DREAL-EBP-0104) et du CSRPN Hauts-
de-France (Arrété N°2021-ESP-24). Ces campagnes ont permis d’échantillonner un total de 3207

individus génotypés a 1’aide de marqueurs microsatellites déja développés par Watts (Watts et al.,
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2004ab). Une partie de ces échantillons ont ensuite été génotypés a I’aide de marqueurs SNPS mis au

point durant cette these.

3) Organisation du manuscrit

Le chapitre | vise a étudier a fine et a large échelle les niveaux de diversité génétique et les
niveaux de différenciation génétique entre populations d’agrion de Mercure retrouvées au sein de deux
espaces contrastés de son aire de répartition : (i) I’un dans des habitats semi-naturels localisés dans le
Nord de la France a la périphérie de I’aire de répartition géographique de I’espece ; (ii) 1’autre plus
central dans I’aire de répartition de 1’espéce, localisé en Alsace (Est de la France), ou I’espéce est trouvée
dans des sites plus impactés par les activités anthropiques (Figure 22). En se focalisant sur cette
deuxieme région, cette étude pilote menée a I’aide de marqueurs microsatellites a aussi permis d’étudier
si les voies de dispersion de I’espéce s’effectuaient a travers le milieu terrestre ou suivaient strictement
le milieu aquatique qui est I’habitat de reproduction de I’espéce. L’éventuel impact négatif de
I’agglomération Strasbourgeoise, espace densément urbanisé, sur les niveaux de diversité génétique

intrapopulations et de différenciation génétique interpopulations a également été étudié.

Le Chapitre 11 se focalise, quant a lui, sur le développement de nouveaux marqueurs de type
SNP dans le but de réaliser un génotypage massif chez I’agrion de Mercure. L’utilisation des marqueurs
SNPs devrait permettre une meilleure couverture du génome et une meilleure puissance statistique afin
de mieux décrire I’histoire évolutive récente des populations d’agrion de Mercure, avec des estimations
plus fines des tailles efficaces et des niveaux de consanguinité rencontrés en populations naturelles. Ce
chapitre essentiellement méthodologique détaille une stratégie de développement de SNPs en deux
étapes pour (i) assembler des contigs génomiques de référence et identifier de novo des milliers de
marqueurs SNPs a partir d’une librairie ddRADseq, puis (ii) d’utiliser ces connaissances génomiques
pour appliquer la méthode dite de « Allegro Targeted Genotyping » permettant de génotyper de maniére
ciblée des milliers de SNPs chez un trés grand nombre d’individus. Les problémes techniques associés
a l'application d’outils génomiques d'enrichissement ciblé de SNPs chez une espece non modéle sont
ensuite discutés. Un dernier volet vise a valider ’utilisation de ces nouveaux marqueurs SNPs. Pour
cela, des analyses visant a évaluer les niveaux de diversité génétique, de différenciation génétique, et a
identifier I'affiliation génétique des individus, ont été menées dans un sous-ensemble de cing populations
localisées dans le nord de la France et précédemment étudiées a 1’aide de marqueurs microsatellites. Ces

populations sont localisées sur la cote d’Opale et sont cartographiées sur la Figure 19B.
Le Chapitre 11 est dédié a I’estimation, chez 1’agrion de Mercure, d’un paramétre clé de

conservation des populations, la taille efficace des populations (Ne). Au sein de la région

Strasbourgeoise, une premiére analyse a été réalisée pour confirmer I’absence de cohortes génétiques
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distinctes entre générations émergentes chez cette espéce semi-voltine. Les tailles efficaces de
populations ont ensuite été estimées en appliquant de multiples méthodes, a la fois fondées sur un seul
échantillonnage et sur des rééchantillonnages temporels, afin de comparer les estimations de N en
utilisant des locus microsatellites déja disponibles et un ensemble de SNPs décrits précédemment dans
le chapitre Il. La distribution spatiale des tailles efficaces de populations a ensuite été étudiée afin de
définir des zones géographiques a faibles ou fortes tailles efficaces pouvant potentiellement étre mises
en lien avec des pressions anthropiques ou un systeme démographique de type source-puits. Enfin, des
analyses ont été réalisées afin de définir I’impact de 1’occupation des sols entourant les habitats de

reproduction des populations échantillonnées sur les tailles efficaces estimées (Figure 22).

Le Chapitre IV est une étude de cas de I’impact a fine échelle de la construction d’une
infrastructure autoroutiére, I’autoroute A355, sur les populations d’agrion de Mercure (Figure 22). Cette
étude vise a déterminer le potentiel effet barriére d’une telle infrastructure sur les flux de génes entre
populations, ainsi que les dynamiques d’affiliations d’individus de part et d’autre de I’autoroute dans le
cadre de processus de recolonisation de cours d’eau restaurés et reméandrés lors de la construction de

cette autoroute.
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Figure 22. Organisation du manuscrit en quatre chapitres et questions scientifiques abordées dans
chacun d’entre eux. (A,B) Cartes des populations échantillonnées dans les Hauts-de-France et
analysées dans le chapitre I, et dans le chapitre 11l pour celles situées en Alsace. (C) Carte des zones
étudiees dans le chapitre | par rapport a la distribution de [’espéce en France et dans les pays
frontaliers. (D) Carte focalisée sur les populations étudiées dans le Chapitre 1V.
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Chapitre 1. Structure génétique des populations d’agrion
de Mercure dans deux régions tres contrastées
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Impact de 'agglomération Strasbourgeoise sur les
niveaux de diversité et de différenciation génétiques

L’agrion de Mercure est présent sur presque tout le territoire métropolitain, mais ses populations
se raréfient & mesure que 1’on remonte vers le Nord. Des attendus classiques sont donc une diminution
de la diversité génétique et une augmentation de la différenciation génétique entre populations a mesure
que l’on s’¢loigne du centre de l’aire de répartition géographique de l’espeéce. En outre, une
augmentation de la consanguinité¢ locale est également prédite en limite d’aire de répartition
géographique du fait d’un isolement géographique accru des populations.

A I’aide de marqueurs microsatellites initialement développés par Watts et al. (2004ab), nous

\

avons donc cherché a estimer les niveaux de diversit¢ génétique, au travers de l’estimation de
I’hétérozygotie attendue ou de la richesse allélique, ainsi que les niveaux de différenciation génétique
entre populations de cette espéce en comparant deux régions : 1’ Alsace ou I’espéce est commune, et le
nord de la France, ou elle est beaucoup plus rarement rencontrée. Nous avons également cherché a
déterminer si des groupes génétiques distincts existaient au sein de chacune des deux régions.

A T’échelle plus fine de 1’ Alsace, nous avons également essayé de déterminer si les patrons de
flux de génes entre populations s’opéraient uniquement le long des cours d’eau, ou également a travers

terre. Pour ce faire, nous avons comparé les patrons d’isolement par la distance en utilisant deux
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métriques : une distance géographique mesurée au travers des réseaux hydrographiques, et une simple
distance euclidienne entre chaque paire de populations. Enfin, nous avons étudié la variation spatiale
des taux de migration entre populations a 1’échelle de cette région, notamment pour déterminer si la
présence de I’agglomération de Strasbourg réduisait les niveaux de diversité génétique ainsi que les flux
de génes entre populations.

Ce chapitre fait I’objet d’un article, qui a été soumis a Diversity & Distributions en novembre

2023, puis révisé et resoumis début mars 2024.
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Abstract

Aim

Human-induced environmental changes result in habitat loss and fragmentation, impacting wildlife
population genetic structure and evolution. Urbanised and geographically peripheral areas often
represent unfavourable environments, reducing connectivity among populations and causing higher
population genetic differentiation and lower intra-population genetic diversity. We examined how
geographic peripherality and anthropogenic pressures affect genetic diversity and genetic differentiation
in the protected southern damselfly (Coenagrion mercuriale, Odonata), which has low dispersal
capabilities and specific habitat requirements and whose populations are declining.

Location

We studied two areas: one in semi-natural habitats at the periphery of the species geographic range
(northern France) and the other more central to the species’ range, in an urbanised area surrounding the
city of Strasbourg (Alsace, eastern France).

Methods

We genotyped 2743 individuals from 128 populations using eleven microsatellite loci. We analysed the
spatial distribution of neutral genetic diversity (allelic richness, heterozygosity, levels of inbreeding,
genetic relatedness), the extent of genetic differentiation, and population affiliations (SPCA analyses)
within the two areas. We also examined fine-scale patterns of gene flow in the urbanised area of Alsace
by investigating patterns of isolation by distance and estimating effective migration surfaces (EEMS
method).

Results

Northern peripheral populations showed lower levels of genetic diversity and higher levels of genetic
differentiation than central Alsacian populations. Although located in anthropised habitats,
geographically central Alsacian populations showed high levels of gene flow, with dispersal events
mainly occurring overland and not restricted to watercourses. However, the highly urbanised city of
Strasbourg negatively impacted nearby populations by reducing levels of genetic diversity and
increasing population genetic differentiation.

Main conclusions
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These results showed the need for management action by restoring breeding sites and creating migratory
corridors for peripheral southern damselfly populations. However, our results also highlighted the

resilience of southern damselfly in central range populations facing strong urbanisation pressures.

Key Words: central-marginal hypothesis, conservation genetics, central and peripheral populations,

genetic diversity, isolation-by-distance, population genetic structure, urbanisation effects.
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Introduction

In the context of major environmental changes caused by human activities, such as urbanisation,
intensive agriculture or land-use changes, habitat loss and fragmentation are major threats to biodiversity
(Fahrig, 2003; Wilson et al., 2016). Fragmented populations face a reduction both in the amount of
favourable habitats and in gene flow among populations inhabiting the remaining habitat patches
(Fahrig, 2003). This may generate both demographic and genetic effects on populations, with an
increased risk of inbreeding, a loss of genetic diversity, and an increase in genetic differentiation among
populations, which can ultimately lead to a vortex of extinction in the long term (Frankham et al., 2013;
Ellegren and Galtier, 2016).

Urbanisation also impacts the fate of wildlife populations, as described by the "urban
fragmentation” model in which habitat fragmentation and degradation magnify the extent of genetic drift
and decrease gene flow events among populations (Johnson and Munshi-South, 2017; Miles et al.,
2019). This process was indeed documented in numerous species of different taxa (Desender et al.,
2005; Vandergast et al., 2006; Munshi-South et al., 2016; Miles et al., 2019; Trumbo et al., 2019; Fusco
et al., 2021). Nonetheless, the impact of urbanisation varies greatly, depending on the species’ life-
history traits but also on the landscape matrix (Miles et al., 2019; Kimmig et al., 2020; Richardson et
al., 2021). Urbanisation can not only reduce connectivity between populations, but also create barriers
or corridors that influence species' dispersal behaviours and pathways (Kimmig et al., 2020). While
highly mobile species are more likely to maintain some connectivity with exurban populations, avoiding
inbreeding depression and preserving high levels of genetic diversity, this might not be the case for low
vagility species depending on specific habitats and facing dispersal barriers (Fusco et al., 2021; Johnson
& Munshi-South, 2017; Richardson et al., 2021).

Yet, to obtain a global vision of the conservation management of a species, it is important to
understand patterns of spatial genetic structure both at local scales and at the larger scale of the species'
geographical range (Guo, 2012; DeWoody et al., 2021; Willi et al., 2022). The “abundant centre” model
posits that populations near the centre of a species’ geographic distribution are the most abundant, and
become smaller and scarcer toward the periphery of the range (Brown, 1984). Two main predictions

arise from this model: (i) peripheral populations should exhibit lower levels of genetic diversity
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compared to central ones, as a result of genetic drift associated with small population size; (ii) peripheral
populations are likely to exhibit higher levels of genetic differentiation than central populations, because
of genetic drift and of restricted gene flow due to geographic isolation (Vucetich and Waite, 2003; Eckert
et al., 2008). Nonetheless, this pattern is not systematically observed, as the geometry of the species’
range, historical and current ecological factors can lead to deviations from this model (Eckert et al.,
2008; Guo, 2012; Johansson et al., 2013; Pironon et al., 2017).

All these evolutionary considerations are particularly relevant to the Odonata taxa, since they
are bioindicator species for freshwater ecosystems and have a biphasic life cycle, with aquatic larval and
terrestrial adult stages, making them dependent on both environments for their development. While
Odonata species are considered to be efficient fliers, potentially able to disperse over large spatial
distances, some Zygoptera species, such as the southern damselfly (Coenagrion mercuriale,
Charpentier, 1840), have low dispersal capability. Mark-recapture studies have documented rare long-
distance movements of southern damselflies over more than one kilometre (Purse et al., 2003; Rouquette
and Thompson, 2007; Watts et al., 2004c). The species is geographically restricted to western Europe,
with northern range limits in the UK, France, and Belgium, eastern limit in Germany and southern limit
in northern Africa (Grand, 1996; see Figure S1). Southern damselflies are under high conservation
priority because the species has become almost extinct in seven European countries on the northern and
eastern boundaries of its distribution, where many populations are threatened by the deterioration and
loss of its habitat associated with changes in agricultural practices (Grand, 1996). The southern
damselfly is found in lotic habitats, requiring slow-flowing small streams or ditches, open habitats with
little shade, and the presence of helophytes (Rouquette and Thompson, 2005; Purse and Thompson,
2009).

In this study, using a set of microsatellite loci, we aimed to examine the spatial patterns of
genetic diversity and genetic differentiation within and among southern damselfly populations in two
contrasting areas: (i) an urbanised area located around the city of Strasbourg in Alsace (eastern France),
towards the centre of the species’ geographic distribution and characterised by the occurrence of

numerous populations; (ii) a second area located in northern France and Belgium, towards the northern
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limit of the species’ distribution, where populations are scarcer and only occur in semi-natural habitats.
We asked the following questions:

(1) Do central urbanised and peripheral semi-natural populations of southern damselfly exhibit
the same levels of genetic diversity and genetic differentiation? We expected populations in northern
France and Belgium to show higher levels of genetic differentiation and lower levels of genetic diversity
than populations in Alsace, due to their geographical isolation close to the limit of the species'
distribution. However, these differences could be mitigated by a negative effect of urbanisation on
Alsacian populations, even though they are more central to the species' range.

(2) When focussing on the Alsace region, where populations are densely distributed, do
migration pathways occur overland or through the hydrographic network? We compared the patterns of
isolation-by-distance (IBD) using ecological distances measured along watercourses to those found
using simple straight-line Euclidean geographic distances. We only conducted this analysis in Alsace,
because of a larger occurrence of the species and, consequently, because of a larger number of sampled
populations.

(3) Does the urban pressure of the city of Strasbourg impact population genetic features of
neighbouring southern damselfly populations? The main expectation was that the city represents a
substantial barrier to the dispersal of southern damselflies. This could lead to a decrease in levels of
intra-population genetic diversity for populations close to the city, according to the urban fragmentation

model (Miles et al., 2019).

Methods

Study sites and sample collection

We sampled two areas: (i) Northern France and Southern Belgium (Figures 1A-C); (ii) the
Alsace region, located in eastern France (Figures 1B-C).

In Northern France and southern Belgium, southern damselfly populations are scarce (Figure
S1). We thus considered this region to be at the northern limit of the species’ geographic distribution.
This region is very urbanised with intensive agriculture, and is characterised by a low occurrence of

natural areas. In this region, southern damselflies are only found in semi-natural sites (Fierimonte and
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Vanappelchem, 2021). The “Conservatoire des Espaces Naturels Hauts de France” (CEN) is in charge
of managing biodiversity in more than 540 semi-natural sites in northern France, and surveys additional
sites when required. Because southern damselfly is an endangered species in this region, its occurrence
is well recorded by biodiversity managers (see Fig. S2A). Over this wide region (~60 000 km?), we
exhaustively sampled all 24 semi-natural areas where southern damselfly was documented by the CEN
(Fierimonte and Vanappelchem, 2021). These sites are located in six subregions labelled N1 to N6
(Figure 1A; N1: Belgium; N2: Oise; N3: Opal coast; N4: Scarpe; N5: Somme; N6: Vexin).

In Alsace region (and in neighbouring areas), southern damselfly populations are more densely
distributed (Figures S1, S2B). We thus considered the Alsace region to be more central to the species’
geographic distribution. In this region, southern damselflies can occur in natural or in more anthropised
environments. We thus surveyed an area encompassing the city of Strasbourg. This city spans 78 km?
and counts about 290 000 inhabitants, with a human population density of more than 3700 people/kmz.
Strasbourg city is located within the urban area named “Eurométropole de Strasbourg” with about
500 000 inhabitants for 330 km2. A few kilometres west are the Vosges mountains, where southern
damselflies do not occur. In this region, the landscape is characterised by intensive and less intensive
agriculture (mostly cereals and grapevine on the slopes). For this region of about 4 000 km2, we accessed
to historical records of southern damselfly occurrence (http://association.imago.free.fr/;
https://www.gbif.org/fr/species/1422012). We therefore surveyed all known sites where this species was
reported, but we also investigated additional sites that appeared to present favourable conditions for
southern damselflies, by selecting them on Google Earth, along small streams outside forest areas. In
total, we surveyed 206 sites in Alsace (see Fig. S2B), and were able to find southern damselfly
populations in 104 of them. Populations were then spatially grouped into six main subwatersheds named
Al to A6 (Figure 1B; Al: Bruche/Mossig; A2: Ehn/Andlau; A3: Dreisan/Elz; A4: 1ll/Rhine; A5:
Souffel; A6: Zorn/Landgraben).

We collected adult individuals of southern damselfly (Coenagrion mercuriale) using an insect
net in spring (May to July) from 2017 to 2022 for Northern France and from 2021 to 2022 for the Alsace

sampling area. Given the limited dispersal capability of the southern damselfly (Watts et al., 2004c;
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2006), we designed sampling sites following 200 metres sections located along rivers and streams,
separated by at least 500 metres to avoid repeated sampling of the same population (Figure S2B).

We sampled a total of 2743 adult specimens (545 in Northern France, 2198 in Alsace; 1-39 per
population; mean 21.4 + 11.3; Figure 1 and Table S1), with a sex ratio strongly biased towards males
(86.73%) due to their higher-flying activities and conspicuousness. Table S1 lists the geographic
coordinates and sampling sizes of each population. We collected two kinds of samples: whole individual
body, or only the right middle leg of each individual, the latter method being non-lethal and does not
impact the damselfly’s survival (Fincke and Hadrys, 2001). All samples were stored in 100% ethanol

until DNA extraction.

Genotyping

For whole individuals, we removed abdomens from the rest of the body to avoid sampling
intestinal microbiota, crushed the samples using five MN Beads Type D (Macherey-Nagel). We crushed
leg samples with only three beads. We extracted total genomic DNA from each whole individual sample
using NucleoMag® Tissue Kit (Macherey-Nagel) according to the manufacturer’s recommendations.
For leg samples, we purified DNA with 12uL NucleoMag B-beads and 12pL of pure water, and eluted
in 50 pL.

We genotyped all samples using eleven unlinked nuclear microsatellite loci named LIST002,
LIST023, LIST034, LIST035, LIST037, LIST042, LIST062, LIST024, LIST060, LIST063, and
LISTO066, isolated and described in Watts et al (2004a,b). Locus LIST060 was excluded from all
subsequent analyses because it showed evidences for null alleles occurrence (Fis = 0.377, P < 103; Table
S2). PCR reactions were performed in two multiplexes described in Table S2. PCR reactions were
conducted in a volume of 10 pL, using 3 pL of DNA (0.5-5 ng/mL), 5 uL Multiplex PCR Master Mix
(QIAGEN) and a primer mix (each primer at a final concentration of 0.2 pM). PCR amplifications were
as follows: (i) 15 min at 95°C, (ii) 30 cycles for whole individuals, and 32 cycles for legs of 30 s
denaturation at 94°C, 90 s annealing 55°C, and 60 s elongation at 72°C, (iii) 30 min at 60°C. 1.5 pL of
PCR products (1/10 diluted for whole individual samples) were pooled with 0.25 uL of RadiantDy™

632 500 MOB size standard (Eurogentec, Seraing, Belgium) and 9.75 pL of formamide (Applied
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Biosystems, Foster City, CA), electrophoresed and sized with an ABI PRISM 3130XL sequencer
(Applied Biosystems) and the software GeneMapper 5.0 software (Applied Biosystems). Amplification

failure was scarce (0% for Alsace and 0.14% for Northern France).

Genetic diversity

Standard population genetic statistics were calculated using FSTAT 2.9.4 (Goudet, 2003) and R
(version 4.2.1; R Core Team, 2022) libraries ‘adegenet’ 2.1.9 (Jombart, 2008), ‘hierfstat’ 0.5-11
(Goudet, 2005), ‘pegas’ 1.1 (Paradis, 2010), and ‘demerelate’ 0.9 (Kraemer and Gerlach, 2017). All
statistics were weighted by population sizes (Weir and Cockerham, 1984; Nei, 1987), allowing for non-
biased comparisons across populations and across regions. Moreover, to ensure statistically robust
results, we estimated these standard statistics of genetic diversity for only populations with a minimal
sampling size of at least eight individuals, allowing to compare relevant genetic diversity estimates
between representative samples of populations (El Mousadik and Petit, 1996; Hedrick, 2011; Frankham
et al., 2013). These basic statistics included the total number of alleles sampled (Ar), the allelic richness
(Ar), the observed (H,) and the expected (He) heterozygosity, and the mean individual kinship coefficient
within populations (Fj; Loiselle et al., 1995). Statistical differences between Alsace and Northern France
in terms of mean levels of genetic diversity and of mean levels of intra-population kinship were tested
by permutation tests using the R library ‘perm’ 1.0-0.4 (Fay and Shaw, 2010).

To investigate population genetic structure over the whole dataset and among the two study
areas and the different subwatersheds and subregions, we computed estimates of F-statistics following
Weir and Cockerham (1984) and tested their statistical significance using permutation tests (10000
permutations) implemented in FSTAT (Goudet, 2003). As for the calculation of basic genetic diversity
estimates, F-statistics estimates were only used for populations with at least eight individuals.

To study the potential effect of Strasbourg city on southern damselfly populations, we
considered a specific radius of 20 km around the city centre and we performed a linear regression
between the distance of each population from the centre of Strasbourg city and i) the genetic diversity
estimates (Ar, He), ii) the mean individual kinship coefficient within populations (Fj) and iii) the mean

pairwise levels of Fsr calculated according to Weir and Cockerham (1984) between each focal
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population and all other populations within this radius. Because other ecological factors, such as land-
use, forest occurrence or the presence of the Vosges mountains are expected to shape the genetic
structure at larger scales of investigation, we restricted this analysis to a 20 km radius around the centre

of Strasbourg to avoid confounding effects (Figure S3).

Delimitation of population boundaries and genetic discontinuities

Genetic discontinuities and grouping of genetically related populations were assessed using
spatial Principal Component Analysis (SPCA). This spatially explicit multivariate method, implemented
in the ‘adegenet’ R library (Jombart, 2008), reveals spatial genetic patterns and detects cryptic
geographical variation in allele frequencies allowing to depict population boundaries, without making
assumptions with regard to linkage disequilibrium or departures from Hardy-Weinberg equilibrium
(Jombart et al., 2008). We used the Delaunay triangulation graph to create the spatial network underlying
the SPCA. To draw a comprehensive synthetic representation, we represented population coordinates
along the first three principal components on the Red, Green, and Blue colour channels as in Menozzi

et al (1978).

Analysis of spatial genetic structure

We did not investigate the patterns of isolation-by-distance (IBD) in northern France, both
because of the smaller number of sampled populations in this area and because of the difference in
geographic scale of sampling. Indeed, because southern damselflies have limited dispersal capabilities,
it is not expected to find a migration/drift equilibrium among distant and isolated subregions. Therefore,
we studied the fine-scaled spatial genetic structure by only focusing on the whole Alsace region and in
the three major subwatersheds, where substantial numbers of populations and individuals ensure
biologically relevant results. To search for an IBD pattern expected under migration/drift equilibrium,
we considered two different estimations of geographical distances: (i) log-transformed Euclidean
distances (dewn); (ii) log-transformed shortest path distances along watercourses (dsweam) because

southern damselflies only reproduce along watercourses. We computed Euclidean geographical
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distances using the R function dist, and geographical distances along waterways using the R package
‘riverdist’ 0.15.5 (Tyers, 2022). To calculate the latter distance, we used the BD TOPAGE® 2019 linear
hydrology shapefile. We then assessed the spatial genetic structure using two complementary
approaches.

First, to test for IBD among populations, we regressed pairwise Fsr estimates against
geographical distances and tested the significance of the Mantel statistic rz (Smouse et al., 1986) using
the mantel.rtest function of the R package ‘ade4’ with 10000 permutations (Dray and Dufour, 2007).

Secondly, to get insight into the spatial genetic structure over the Alsace area, we analysed
the relationship between pairwise individual kinship coefficients Fj (Loiselle et al., 1995) and
geographical distance using SPAGEDI 1.5 (Hardy and Vekemans, 2002). To allow comparable and
relevant statistical results in terms of mean genetic relatedness among individuals, nine classes of
increasing geographical distances were defined, which included nearly identical number (mean of
268278 per distance class) of pairwise individual comparisons. In each distance class, we assessed 95%
upper and lower confidence intervals of F; using 10000 permutations of individual locations. Finally,
to compare the strength of spatial genetic structure between the different geographical distances and

subwatersheds in Alsace, we used the Sp statistic (Vekemans and Hardy, 2004).

Estimated Effective Migration Surface (EEMS)

Finally, to identify geographical regions where migration rate was higher or lower than expected
under an isolation-by-distance null model, we used the Estimated Effective Migration Surfaces method
(EEMS; Petkova et al., 2016) in the whole Alsace region. We ran the model for a range of deme values
(400, 1000, 1500, and 2000) and parameters were optimised until the proposals were accepted about
~20-30% of the time, as recommended by Petkova et al. (2016). Convergence of MCMC chains,
checked using the ‘reemsplots2’ R library (Petkova, 2022), was reached with the MCMC parameters by
default (numMCMClIter = 2000000, numBurnlter = 1000000, numThinlter = 9999). This analysis was

again restricted to the Alsace region, where populations were more densely distributed.

57



Results

Genetic diversity

Over all populations, single-locus Fis values did not significantly differ from zero, except for
locus LIST037 (Fis = 0.035, P < 0.05; Table S2). Single-locus Fsr all significantly differed from zero,
with a mean multilocus estimate of 0.063 (P < 0.05; Table S2). The number of alleles per locus ranged
from two to 24, the mean H. was 0.568, and the mean H, was 0.507 (Table S2). Within populations, we
detected no significant departures from Hardy-Weinberg equilibrium (Table S1).

In Alsace, levels of genetic diversity were high, with a mean allelic richness of 3.19 + 0.13, a
mean He. of 0.529 + 0.021 and a mean H, of 0.528 + 0.03 (Table S1, Figure 2A, Figure S4). The
geographical patterns of these estimates of genetic diversity are displayed in Figure S5. The mean intra-
population Kinship Fj was 0.022 (Table S1, Figure 2B). Five populations showed higher mean levels of
genetic relatedness between individuals than other Alsacian population (populations Gox1, S17, S21,
Rlei45, Rscl; Table S1, locations visible on Figure S3). Gene diversity (He) and allelic richness (Ar)
increased with increasing distance of populations from the centre of Strasbourg within a radius of 20 km
around the city (Figure 3A, Figure S6A). On the contrary, mean pairwise Fsr levels and mean intra-
population kinship Fjj decreased with increasing distance of populations from the centre of Strasbourg
(Figures 3B, S6B). This significant relationship observed between genetic diversity or genetic
differentiation and the geographical distance from the city of Strasbourg disappear beyond this scale of
20 km, which suggested other ecological factors than strict urbanisation level impacting population
genetic features at larger scale of observation (data not shown).

Populations located in Northern France exhibited significantly lower levels of genetic diversity
compared to those in Alsace, with a mean allelic richness of 2.91 + 0.43, a mean H. of 0.43 + 0.07, and
a mean H, of 0.48 = 0.07 (permutation tests, all at P <0.001; Table S1, Figure 2A, Figure S4). The mean
intra-population kinship level in Northern France was 0.136 (Table S1, Figure 2B). Within Northern
France, levels of genetic diversity and intra-population relatedness considerably varied among the

different subregions (Figure S5 and Figure S7), with subregions N1, N2, and N6 showing levels similar
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to those observed in the Alsace subwatersheds, while the more isolated subregions N3 to N5 showed

lower levels of genetic diversity (permutation tests, P < 1073).

Delimitation of population boundaries and genetic discontinuities

The sPCA showed contrasting geographic partitions of populations for the two studied areas:
while a clear spatial structure appeared in Northern France, with genetic grouping corresponding to the
major geographical regions, Alsacian populations were rather characterised by a gradient of population
delimitation (Figure 4).

In Northern France, the first three axes of the SPCA discriminated four distinct spatial groups:
(i) populations located in subregion N3 in the north-western part, (ii) the populations located in
subregion N5 in the south-western part, (iii) populations located in subregions N2 and N6 in the southern
part of the sampling area, (iv) and finally populations located in subregion N1. The populations in
subregion N4 showed a less clear assignment (Figure 4A).

In Alsace, five spatially structured groups could be distinguished by the first three axes of the
SPCA (Figure 4B). These groups gather: (i) populations north of Strasbourg, mostly in the A6
subwatershed, (ii) populations west of Strasbourg, within subwatersheds Al, A2 and A5, (iii)
populations to the north of subwatershed A4, just south of Strasbourg, (iv) populations of the remainder
of subwatershed A4, further south from Strasbourg, (v) and populations located in subwatershed A3 and
to the extreme south of subwatershed A4 (Figure 4B). As the boundaries between the different genetic

groups did not show clear breaks, these groups reflected a gradient of genetic dissimilarity (Figure 4B).

Levels of genetic differentiation and spatial genetic structure

Populations were highly genetically differentiated in northern France, with a mean multilocus
Fsr of 0.135 (95% confidence interval [0.113, 0.158]; Table S3, Figure S8A). Significant levels of
population genetic differentiation were observed within most subregions (Table S3, Figure S8B).

Accordingly, 91.9% of the 210 pairwise population Fsr significantly differed from 0 after Bonferroni
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correction, most of the non-significant values of Fstbeing observed among populations belonging to the
same geographical regions (Figure S9).

On the contrary, Alsacian populations were weakly, yet significantly genetically differentiated,
with a mean multilocus Fst of 0.022 (95% confidence interval [0.020, 0.024]; Table S3, Figure S8A).
Significant population differentiation was also observed within each subwatershed, except for very close
populations in subwatershed A3 (Table S3, Figure S8B). Only 20.1% of the 3081 pairwise population
Fsr significantly differed from 0 after Bonferroni correction (Figure S8). Four populations (Gox1,
Rlei45, S17, and S21, mapped on Figure S3) accounted for most of the significant pairwise Fsr estimates
(Figure S10).

When focusing on spatial patterns of genetic differentiation in Alsace, we observed a weak, yet
statistically significant, pattern of isolation-by-distance (IBD), as shown by the positive relationship
between pairwise population Fsi/1-Fst and log-transformed Euclidean geographical distances
(rz=0.238, P <0.01, Figure5A). However, this pattern goes along with an increase in pairwise Fsr
variance beyond a scale of ~8 km, which suggested a predominant effect of drift beyond this scale of
observation. Consistently, genetic relatedness among individuals decreased with increasing
geographical distances, with significantly positive kinship coefficients occurring up to 11 km (Figure
5C). Interestingly, when distances among populations were calculated along watercourses (dsream), this
pattern of IBD disappeared (rz =0.045, P =0.136, Figure 5B). However, positive Fjj values still
occurred for up to 20 km along streams (Figure 5D).

Within subwatersheds, IBD was stronger using Euclidean distances compared to aquatic
watercourse (dsweam) distances in subwatersheds Al, A4 and A5 (respectively rz =0.374, 0.414 and
0.472; P <0.0001, P <0.05 and P <0.0001; Figure S11). Within subwatersheds, there was a general
short-distance spatial autocorrelation pattern, respectively up to 2.2 km, 4.6 km and <1 km in watersheds
Al, A4 and A5 (Figure S11). A significant correlation between pairwise population genetic
differentiation estimates and dsweam Was only found in subwatersheds Al and A4 (Figure S11D-F). Yet,
pairwise individual kinship coefficients decreased with aquatic distances (dsteam), and were significantly
positive for up to < 500 m, 4 km and about 700 m respectively in subwatersheds Al, A4 and A5 (Figure

S12).
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Estimated Effective Migration Surface (EEMS)

The results with 1500 demes represented the best balance between precision and calculation
time. The EEMS plot of effective migration rates identified an area of reduced migration rates covering
most of the city of Strasbourg, and extending to the South (Figure 6). This notably encompasses
populations located in the north of Strasbourg city (populations named S17, S21, CCR4, CCR2). Three
additional areas showed lower migration rates than expected under an IBD at equilibrium. The first one
was located downstream along subwatershed A5. The second was found in the midstream of
subwatershed Al. The last area of restricted migration was centred on population Gox1, the population

most upstream of subwatershed A2 (Figure 6).

Discussion
Patterns of genetic diversity and population genetic differentiation between central and
peripheral populations
Consistent with the first prediction of the “abundant centre” hypothesis (Eckert et al., 2008;

Guo, 2012), peripheral populations in northern France showed significantly lower levels of genetic
diversity as compared to central Alsacian populations. In addition, the two areas displayed different
spatial distributions of genetic diversity: while indices of intra-population genetic diversity were
constantly high over all populations located in Alsace, they widely differed between the surveyed
subregions in Northern France. Indeed, at a finer scale in Northern France, populations within the most
peripheral, isolated, and small habitat patches of the species distribution (N3, N4, N5) showed lower
levels of genetic diversity than those from larger and more central patches (N1, N2, N6; Figure 1).

Also consistent with the second prediction of the “abundant centre” (Eckert et al., 2008; Pironon et
al., 2017), the mean genetic differentiation in Alsace was lower than in Northern France. This pattern
observed for marginal populations may be due to larger geographical scale of population separation in
Northern France. Yet, similarly high levels of population differentiation were previously observed in

other peripheral regions, even at small geographical scales (see Watts et al., 2004c, 2005; Lorenzo-
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Carballa et al., 2015). Indeed, indirect genetic approaches indicated dispersal up to 2 km and small-scale
population genetic structuring (Watt et al., 2004c; 2006). Besides, the SPCA analysis could not reveal
any major disjunction across the Alsace area. Both the low levels of population differentiation and low
genetic relatedness within Alsacian populations support the idea that there is a substantial amount of
gene flow among Alsacian populations (Ellegren and Galtier, 2016). By contrast, in Northern France,
the sPCA analysis revealed striking genetic discontinuities between four large spatial groups of
populations and suggested restricted gene flow among populations even at small scales, as exemplified
by high levels of genetic differentiation observed within isolated sets of populations located in
subregions N3, N4, N5.

In Northern France, gene flow may be reduced over short distances, as illustrated by population
Bai3 in subregion N3, which showed low levels of genetic diversity and high levels of genetic
differentiation with close neighbouring populations (< 5 km). Our findings thus reiterate the claim of
Lorenzo-Carballa et al. (2015), namely that habitat management should improve connectivity with
geographically close populations to prevent further loss of genetic diversity. Interestingly, no sign of
inbreeding was detected, even in isolated populations or in populations characterised by low levels of
genetic diversity, a result consistent with previous reports on southern damselflies (Watts et al., 2004c;
Keller et al., 2012).

Altogether, the spatial distribution of genetic diversity and the patterns of genetic differentiation
observed in the two regions are thus in agreement with the “abundant centre” hypothesis (Pironon et al.,
2017). This pattern, observed towards the northern limit, may exist in other cardinal directions as well,
because peripheral populations of the southern damselfly are declining in their northern, eastern (Grand,
1996) and southernmost limits in North Africa (Ferreiraetal., 2015). It may also result from colonisation
history (see Johansson et al., 2013), and more extensive sampling would certainly provide a more global

view of the evolution of genetic structuring in populations of the southern damselfly.

Spatial genetic structure and dispersal pathways
Although the level of genetic differentiation among southern damselfly populations was weak

across the Alsace area, we found an isolation-by-distance (IBD) pattern. This pattern was reflected both
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by an increase in genetic differentiation among populations and a decrease of pairwise individual kinship
with increasing Euclidean geographical distances. This result is consistent with previous studies that
observed an IBD pattern in southern damselfly populations both at a fine scale (Watts et al., 2004c;
Watts and Thompson, 2012; Lorenzo-Carballa et al., 2015) and at a broader scale of investigation (Watts
et al., 2006; Watts and Thompson, 2012).

Population genetic structure also depends on the biological attributes of a species, in particular
its dispersal capabilities and habitat requirements (Hutchison and Templeton, 1999; Phillipsen et al.,
2015; Ellegren and Galtier, 2016). The relationship between genetic and geographic distances across the
Alsace area suggested that gene flow events among southern damselfly populations may occur in a
stepping-stone pattern among patches of suitable habitats (Kimura, 1953; Kimura and Weiss, 1964;
Hutchison and Templeton, 1999), consistent with the patchy distribution of habitats of this species
(Conrad et al., 1999; Rouquette and Thompson, 2005; Purse and Thompson, 2009). Adults can disperse
among suitable habitat patches, but since they are poor fliers (Watts et al., 2004c), dispersal is likely to
occur mostly at short distances between neighbouring populations.

The IBD patterns were stronger at the smaller scale of subwatersheds compared to the one
observed across the whole Alsace region. In addition, variance in pairwise genetic differentiation in
Alsace strongly increased beyond geographical distances larger than 8 km. These results suggest that at
large geographical distances, gene flow among populations are influenced by ecological factors
additional to the simple Euclidean distances, suggesting potential barriers to gene flow occurring over
large scales over 8 km (e.g. forested or elevated areas; Hutchison & Templeton, 1999; Phillipsen et al.,
2015).

In this respect, the geographical distances strictly calculated along watercourses only partly
explained the levels of genetic differentiation observed among populations. This suggests that dispersal
events can occur overland and is not restricted to stream networks. This overland dispersal between
different streams is further supported by the sPCA analysis that suggested no clear genetic discontinuity
between the different river networks. These results are in line with the results of Keller and Holderegger
(2013), where different movement strategies were described in southern damselflies for short- and long-

distance dispersal: dispersal along watercourses appeared to be favoured over short distances (< 3 km),
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whereas dispersal along straight lines was best supported for long distances (> 3 km). Altogether, a
simple IBD is not likely to explain the totality of the spatial genetic structure we observed in Alsace,
pinpointing the possible role of landscape features in shaping dispersal among populations (Storfer et

al., 2007).

Urbanisation effects on spatial genetic structure

The city of Strasbourg likely acts as a barrier to gene flow between southern damselfly
populations in Alsace. Indeed, the EEMS analysis clearly showed a reduced migration rate in the vicinity
of the city. This result was further supported by increasing levels of population genetic differentiation
and intra-population kinship coefficients in the vicinity of the city of Strasbourg. A typical "urban
fragmentation” pattern may thus be observed; urbanised areas appeared to fragment habitats, reducing
gene flow and increasing genetic differentiation among populations (Lorenzo-Carballa et al., 2015;
Johnson and Munshi-South, 2017; Lourengo et al., 2017; Miles et al., 2019). However, while the city
of Strasbourg represented a clearly restricted migration zone, peripheral small towns and villages did
not suggest any major barriers to gene flow. Therefore, the impact of urbanisation on patterns of gene
flow likely differs depending on the size and level of urbanisation (e.g. Trumbo et al., 2019). The
fragmentation impact of the city of Strasbourg can extend to a large distance outside the city centre,
because the urban area extends over more than 300 kmz, up to 12 km away from the city centre. Further
away from the city, restricted migration among populations may be due to other landscape ecology
features, such as forest patches or high-elevation areas. As a matter of fact, the significant relationship
observed between levels of genetic diversity and genetic differentiation and the geographical distance
from the city disappeared beyond a scale of 20 km. This finding goes along with a general increase in
pairwise Fs; variance with increasing geographical distance, which suggested additional landscape
effects other than urban areas, such as topography and land-use (Hutchison and Templeton, 1999; Storfer
et al., 2007).

Moreover, the “urban fragmentation” model further postulates that fragmentation and isolation
of populations by unfavourable urbanised areas could increase the strength of genetic drift, which erodes

neutral genetic diversity within populations (Miles et al., 2019). Levels of allelic richness and gene
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diversity indeed decreased in the direct neighbourhood of Strashbourg city, thus suggesting a negative
relationship between urbanisation and genetic diversity, as it was described in several species (Noél et
al., 2007; Munshi-South et al., 2016; Johnson and Munshi-South, 2017; Miles et al., 2019; Kimmig et
al., 2020). Nonetheless, a reduction in gene flow linked to urbanisation is not systematically associated
with a reduction in genetic diversity (Trumbo et al., 2019; Fusco et al., 2021): indeed, population S21
surprisingly showed high levels of genetic diversity despite a substantial genetic differentiation with
close populations and its proximity to Strasbourg city. This could be explained by incoming migrant

individuals from diverse sources outside our sampling area (Whitlock and McCauley, 1990).

Our findings on city impacts on population genetic features again require caution before being
generalised, and would need to be repeated in different urban areas in order to confirm that populations
evolve in the same way in response to urbanisation (see Santangelo et al., 2018; Miles et al., 2019;
Diamond and Martin, 2021). Incorporating landscape components among populations, along with the
use of more resolutive genome-wide molecular markers, should be pursued to better understand the
impact of urbanisation and landscape features on southern damselfly populations at a fine scale. This
may also help to explain the occurrence of zones of restricted migration observed in rural areas.
Furthermore, cities can exhibit considerable spatial and temporal heterogeneity at fine scale, which
could influence population adaptation (Rivkin et al., 2019). It would therefore be useful to study the
adaptive variation that can influence the evolution of species in urban environments (Johnson and
Munshi-South, 2017; Rivkin et al., 2019; Diamond and Martin, 2021; Babik et al., 2023). Indeed, in
another species of damselfly, Coenagrion puella, urbanisation and associated heat islands seem to select
for slower development and higher survival (Tuzun et al., 2017). Likewise, in southern damselflies,
development time is also affected by water temperature associated with the release of industrial cooling

waters (Thelen, 1992).

Conclusion

Central populations of southern damselflies located in urbanised environments in Alsace

exhibited higher levels of genetic diversity and lower levels of genetic differentiation compared to
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northern peripheral populations, indicating that the species might follow a classical “abundant centre”
model in terms of population genetic structure (Guo, 2012; Pironon et al., 2017). Populations found in
isolated suitable habitats located at high latitudes exhibited particularly low levels of genetic diversity,
which is alarming with regard to their evolutionary potential and may threaten their long-term
persistence. In contrast, central Alsacian populations displayed a metapopulation structure with high
intra-population levels of genetic diversity and a high amount of gene flow among populations. These
findings contrast with previous studies on southern damselflies that suggested very low dispersal
capabilities and high levels of genetic differentiation at fine scales of investigation (Watts et al., 2004c;
Watts and Thompson, 2012; Lorenzo-Carballa et al., 2015). The highly urbanised city of Strasbourg
likely represents a substantial barrier to gene flow among southern damselfly populations. Although this
barrier effect of urban areas on southern damselfly dispersal has already been suggested by previous
work conducted at a smaller scale (Lorenzo-Carballa et al., 2015; Watts et al., 2004c), our study is the
first to clearly show a progressive decrease in genetic diversity in populations near a major urban area.
The impact of urbanisation may also vary according to the type and size of urban areas encountered, as
smaller Alsacian villages did not seem to impede gene flow among populations. Finally, Alsacian
populations matched a classical pattern of isolation-by-distance population genetic structure. This
suggests that individuals do not disperse exclusively along watercourses, their specific breeding habitat,
but are also able to disperse over land. However, Euclidean distance alone did not fully explain the levels
of genetic differentiation and the impact of the different landscape features occurring in the Alsace
region remains to be determined. A genomic approach using SNP markers coupled with a landscape
analysis would provide a more detailed and comprehensive vision of the evolutionary processes
influencing patterns of gene flow and levels of genetic diversity occurring in this area of the southern

damselfly geographical distribution.
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Figure 1: Location of 128 populations of southern damselfly (Coenagrion mercuriale) within two study
areas: Northern France (A), and Alsace (B). Each circle represents one population, with circle size being
proportional to the number of individuals sampled. Strasbourg city and the eurometropole of Strasbourg
are represented by the striped areas. Around Strasbourg, main watercourses are represented and coloured
depending on the hydrographic network they contribute to. Circle colours correspond to the main
subwatershed or geographical region each population belongs to. Land cover was simplified from Corine

Land Cover Edition 2018. (C) The grey zones represent the current geographic distribution of

Coenagrion mercuriale (data obtained from IUCN SSC Odonata Specialist Group 2019. The IUCN Red

List of Threatened Species. Version 2022-2).
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Figure 2: Distribution of allelic richness A (A) and mean kinship coefficient F; (B) in the southern

damselfly within the Alsace and Northern France areas. ***: P < 0.001.
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Figure 3: Relationship between the distance of populations to the centre of Strasbourg within a radius
of 20 km buffer (see Figure S3) and the genetic diversity (He) (A) and the mean pairwise Fsr calculated
according to Weir and Cockerham (1984) between each population and other populations within this

radius (B). Lines show the linear model. **: P < 0.01
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Figure 4: sPCA analyses depicting population genetic affiliation in Northern France (A) and Alsace
(B). Population colours reflect their coordinates on the first three axes of the sPCA, with
coordinates along these three axes assigned to the Red, Green, and Blue channels respectively. Broad

groupings of populations can be visualised by dashed labelled ellipses. Strasbourg city and the
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eurometropole of Strasbourg are represented by the striped areas. Main watercourses are also

represented. Watercourses from COPERNICUS Land Monitoring Service, 2019: EU-Hydro.
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Figure 5: Spatial genetic structure in southern damselfly populations across the whole Alsace area.
Relationship between levels of genetic differentiation (Fst/(1-Fst)) and log-transformed Euclidean
distance (dewi) (A) or watercourse geographical distance (dsweam) (B). Average pairwise kinship
coefficients (Fjj, Loiselle et al., 1995) between individuals are plotted against increasing classes of
geographical Euclidean distances (C) or of waterways distance (D). Standard errors for Fj for each
distance class were obtained by jackknifing over loci. Dashed lines indicate the upper and lower 95%
confidence intervals of non-significant spatial genetic structure, with white dots indicating significant
estimates outside this confidence interval. Sp statistics based on the regression with In(distance) and

their statistical significance are also indicated.
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Figure 6: Estimated effective migration rates in southern damselfly in the Alsace region, as visualised
by interpolated surface of the posterior mean migration rates m (on a logio scale), where darker shades
of blue indicate greater than expected migration (0-2), darker shades of orange indicate lower than
expected migration (-2 to 0), and white indicates the null hypothesis of isolation-by-distance (0). The
black circles indicate population locations. Main watercourses around Strasbourg City (blue lines) are
also represented. The Strasbourg district area and the eurometropole of Strasbourg are represented by

the striped areas. The locations and names of specific populations cited in the text (Gox1, S17, S21,
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CCR4, CCR2 were added to the map. Contours of the Al, A2, and A5 sub-catchments are indicated by

dotted lines.
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Figure S1: (A) Map showing the current known distribution (dark grey zones) of the southern damselfly
(Coenagrion mercuriale). Data obtained from IUCN SSC Odonata Specialist Group 2019. The IUCN
Red List of Threatened Species. Version 2022-2. https://www.iucnredlist.org/ Downloaded on 28 July
2023. Black lines indicate the administrative limits of countries. (B) Interpolation of the density of
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observations of southern damselflies in France. Source: https://atlas-odonates.insectes.org/odonates-
de-france/coenagrion-mercuriale.
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Figure S2: (A) Map showing the geographic distribution of southern damselfly in the region Hauts de
France. The sites where the species is present appear in red. Blue lines; rivers; light blue regions;
wetlands; yellow; agricultural zones; green: forest; grey: urban areas (https://irpn.drealnpdc.fr/wp-
content/uploads/2023/04/PRA 20230420 DOC PRA Libellules HdF.pdf.). (B) Geographical location
of southern damselfly sampling sites around Strasbourg City from 2021 to 2022. Black dots represent
sites successfully sampled, and white dots represent sites surveyed but where no southern damselflies
were found. Main watercourses were taken from COPERNICUS Land Monitoring Service (2019: EU-
Hydro). Strasbourg city and the eurometropole of Strasbourg are represented by the striped areas. Land
cover was simplified from Corine Land Cover Edition 2018. Note the difference in spatial scales among
the regions.
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Figure S3: Map showing the 20 km radius (red line) around Strasbourg centre (black cross) within
which the potential effect of the city of Strasbourg on southern damselfly populations was measured in
terms of levels of genetic diversity (A, He), the mean levels of individual kinship coefficient (F;) and
the mean pairwise levels of Fsr calculated according to Weir and Cockerham (1984). Black dots
represent sites sampled in Alsace with at least eight individuals. Land cover was simplified from Corine
Land Cover Edition 2018 France Métropolitaine. Locations and names of specific populations cited in
the text (Gox1, S17, S21, Rlei45, and Rscl) were added to the map. Strasbourg city and the
eurometropole of Strasbourg are represented by the striped areas.
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Figure S4: Distribution of observed heterozygosity H, (A) and gene diversity He (B) within Alsace and
northern France areas. P-value: *** P < 0.001.
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Figure S5: Geographical distribution of levels of observed heterozygosity (Ho) (A, C), levels of intra-
population kinship coefficient F; (B, D), levels of allelic richness (A;) (E, G), and levels of expected
heterozygosity (He) (F, H) in southern damselfly populations genotyped for at least eight individuals in
Alsace (A, B, E, F) and Northern France (C, D, G, H). Strashourg city and the eurometropole of
Strasbourg are represented by the striped areas.
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Figure S6: Relationship between allelic richness (Ar) (A) and mean intra-population kinship coefficient
(Fij) (B), and the distance of the population to the centre of Strasbourg within a 20 km buffer (see Figure

S3). Lines show the linear model. **: P < 0.01
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heterozygosity H, (C), and intra-population kinship coefficient F; (D) within each hydrographic unit or
spatial regions, for populations with at least eight sampled individuals.
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Figure S9: Matrices of pairwise Fsr estimates in Northern France (A) and their associated statistical
significance assessed using 10000 permutations of multilocus genotypes among populations after
Bonferroni correction (B). Populations are listed and coloured by geographical regions as in Figure 1.

91



(A)

Y
o
[
=
E
B
[
o
o
=
]
]
=

EETE o

Pairwise Fst
012

0.08

0.04

0.00

(B)

RLK56+ { [ I | HEE | | | | B B | {1 ]
%&4- 1] | | | | N | | | | ||
RLK2-CH | |
RLK1-
Rla6-
Ra3- =
a3 -
Zp2- | B |
%p 4 | I | =I
pO-
INININZDO0.0 200 20 20 20 20 0 0.
A
Soo

Figure S10: Matrices of pairwise Fst estimates in Alsace (A) and their associated statistical significance
assessed using 10000 permutations of multilocus genotypes among populations after Bonferroni
correction (B). Populations are listed and coloured by subwatershed as in Figure 1.
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Figure S11: Relationship between levels of genetic differentiation (Fst/(1-Fsr)) and log-transformed
Euclidean distance (dewaii) (A, C, E) or watercourse geographical distance (dsweam) (B, D, F) among
populations of Coenagrion mercuriale within three main subwatersheds: A5 (A, B), Al (C, D), A4

(E, F).
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Figure S12: Broad spatial genetic structure in southern damselfly populations in three different main
subwatersheds: A5 (A, B), Al (C, D), A4 (E, F). Average pairwise kinship coefficients (Fi;, Loiselle et
al., 1995) between individuals are plotted against increasing classes of geographical Euclidean distances
(A, C, E) or of waterways distance (B, D, F). Standard errors for F;; for each distance class were obtained
by jackknifing over loci. Dashed lines indicate the upper and lower 95% confidence intervals of non-
significant spatial genetic structure, with white dots indicating significant estimates outside this
confidence interval. Sp statistics based on the regression with In(distance) and their statistical
significance are also indicated, allowing for comparisons of the strength of spatial genetic structure.
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Table S1: Sampling locations and basic genetic diversity estimates for each studied population. 1D:
population name, Sampling Year: the year of sampling, Area: sampling region and hydrographic units
they belong to, geographic coordinates of the sampling site (WGS84, EPSG4326), N: sample size.
Summary of population structure for nuclear polymorphism at 10 microsatellite loci for each population
can also be found: the total number of alleles (Ar), the allelic richness (A;) rarefied on eight individuals,
the observed heterozygosity (H.), the expected heterozygosity (He), the intrapopulation fixation index
Fis, and the mean intrapopulation kinship coefficient Fi. The significance of Fis was tested with 10000
permutations of alleles among individuals within populations (*: P <0.05, **: P <0.01, ***: P <0.001),
note that none was significant. -: no estimates because of insufficient population size.

Hydrographic

ID Sa\n{g:ng Area units/ S_patial Longitude Latitude N Ar Ar Ho He Fis Fij
Region
All 2022 Alsace Al 7.655745 48.574643 39 41 3.167 0.533 0.526 -0.013 0.037
Al4 2021 Alsace A4 7.697191 48.354712 27 39 3073 0526 0528 0.004 0.008
Al6 2022 Alsace A4 7.653206 48.218936 34 40 3178 0547 0.552  0.009 0.026
A20 2022 Alsace Al 7.669929 48.579161 13 32 2935 0523 0506 -0.034  0.023
A21 2022 Alsace A4 7.595143 48.343877 9 31 3.029 0478 0481  0.006 0.011
A3 2021 Alsace Al 7.532710 48.540547 1 17
A4 2022 Alsace Al 7.544702 48.540918 18 38 3235 0544 0543 -0.002  0.004
A5 2021 Alsace Al 7.564511 48.543905 26 41 3203 0562 0551 -0.020  0.014
A6 2021 Alsace Al 7.571759 48.547882 30 43 3251 0503 0520 0.033 0.006
A7 2021 Alsace Al 7.575255 48.547574 33 44 3.106 0.506 0.518 0.023 0.014
A8 2022 Alsace Al 7.579292 48.548017 36 46 3448 0539 0550  0.020 0.030
A9 2021 Alsace Al 7.586779 48.550395 31 44 3122 0461 0484  0.048 0.043
BA3 2022 Alsace Al 7.579429 48.528832 4 26
BA4 2022 Alsace Al 7.581946 48.528855 3 25
Bli1 2022 Alsace A4 7.490202 48.189452 30 41 3035 0497 0499  0.004 0.032
Bli2 2022 Alsace A4 7.489811 48.218759 36 44 3.102 0.519 0.496 -0.046 0.020
Bli3 2022 Alsace Ad 7.498421 48.236530 7 29
Brul 2022 Alsace A4 7.709551 48.351107 19 37 3.110 0.495 0.517 0.043 0.011
CB2 2021 Alsace Al 7.591170 48.554269 2 19
CB4 2022 Alsace Al 7.627223 48.575197 21 36 3.047 0.514 0.506 -0.016 0.033
CCR11 2022 Alsace Ad 7.721753 48.372592 27 40 3.104 0.533 0.552 0.034 -0.002
CCR12 2022 Alsace A4 7.739052 48.346225 32 40 3.207 0.547 0.549 0.004 0.015
CCR13 2022 Alsace A4 7.579254 48.138813 33 45 3267 0482 0.508  0.051 0.025
CCR14 2022 Alsace A4 7.726147 48.365158 21 37 3.096 0.505 0.517 0.023 0.013
CCR2 2022 Alsace A4 7.880296 48.660017 4 28
CCR4 2022 Alsace A4 7.843604 48.646993 6 29
CCR7 2022 Alsace A4 7.776558 48.500519 24 37 3024 0508 0522 0.027 0.034
CCR8 2022 Alsace A4 7.762018 48.487490 3 24
Ceh0 2022 Alsace A2 7.576856 48.475591 4 28
Cehl 2021 Alsace A2 7.581641 48.478382 31 43 3.370 0.542 0.568 0.046 0.016
Ceh2 2022 Alsace A2 7.588845 48.482536 27 37 3077 0515 0547  0.059 0.021
CHAlL 2022 Alsace Al 7.454961 48.573777 29 44 3.351 0.559 0.544 -0.028 0.014
CHA12 2022 Alsace Al 7.470093 48.574551 30 45 3429 0540 0556  0.029 0.002
CHA2 2022 Alsace Al 7.479667 48.577296 30 41 3.170 0.510 0.532 0.041 0.013
Daul 2022 Alsace Ad 7.712416 48.374920 31 43 3305 0561 0550 -0.020  0.008
Deul 2022 Alsace A3 7.767138 48.098375 28 43 3.337 0.546 0.536 -0.019 0.029
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-0.108

-0.004
-0.004
-0.075
0.069
0.065
-0.011
-0.021
-0.082
-0.004
0.071
-0.095

0.004

-0.089

0.036
0.032
0.031

0.008

0.014

0.015
0.020
0.018
0.007
0.014
0.009
0.124
0.020
0.021
0.041
0.018
0.009
0.023

0.010

0.042

0.010
0.026
-0.003
0.056
0.010
0.002
0.003
0.002
0.010
-0.001
0.027

0.037

0.015



Rut2
Rut3
Rut4
S12
S17
S21
S2
S3
S6
S67
S677
Scil
Serl
V1
V2
V3
V4
Weil
Wurl
Zp0
Zpl
Zp2
Bail
Bai2
Bai3
Bai4
Baml
Bavl
Caml
Charl
Cuy
Focl
Frel
Gaml
Genl
Gmarl
Honl
Isq
LGM1
MD1
Moul
om1
Revl
SMarl
Toul

Wall

2022
2022
2022
2022
2021
2021
2022
2021
2021
2022
2022
2022
2022
2021
2022
2022
2022
2022
2022
2022
2022
2022
2017
2017
2017
2017
2017
2017
2017
2017
2022
2018
2019
2017
2017
2017
2017
2017
2017
2017
2017
2017
2017
2017
2017

2017

Alsace
Alsace
Alsace
Alsace
Alsace
Alsace
Alsace
Alsace
Alsace
Alsace
Alsace
Alsace
Alsace
Alsace
Alsace
Alsace
Alsace
Alsace
Alsace
Alsace
Alsace
Alsace
Nord
Nord
Nord
Nord
Nord
Nord
Nord
Nord
Nord
Nord
Nord
Nord
Nord
Nord
Nord
Nord
Nord
Nord
Nord
Nord
Nord
Nord
Nord

Nord

A2
A2
A2
A5
A5
A4
A5
A5
A5
A5
A5
A4
A2
A4
A4
A4
A4
A4
A4
A6
A6
A6
N3
N3
N3
N3
N6
N6
N3
N2
N4
N1
N5
N5
N1
N2
N3
N3
N5
N5
N6
N5
N6
N2
N2

N4

7.595870
7.605300
7.612676
7.688485
7.741153
7.833577
7.562404
7.570723
7.615283
7.622262
7.629693
7.541203
7.436113
7.607497
7.674399
7.732873
7.719338
7.763958
7.705175
7.491934
7.499699
7.553629
1.814731
1.795901
1.784821
1.786619
1.743292
1.729459
1.606164
2.605009
3.458695
5.072654
2.067305
1.561604
5.115321
2.562805
1.611199
1.660956
1.870529
1.862351
1.893308
1.464563
1.871270
2.461970
2.590224

3.373399

48.499645
48.500283
48.501593
48.632729
48.641593
48.633176
48.638451
48.634705
48.629329
48.630331
48.630449
48.257234
48.344174
48.192280
48.278712
48.358055
48.325092
48.494377
48.351641
48.742628
48.742984
48.751473
50.556417
50.547208
50.531367
50.521859
49.241668
49.242210
50.573788
49.128569
50.442091
50.129394
49.755982
49.981019
50.124713
49.137762
50.758635
50.668245
50.059129
50.061888
49.265562
50.036032
49.226970
49.150454
49.127125

50.389700

28
23

21
25
26
34
31
20

35
30
33
34
27
32
35
30
33
34
28

32

31

36
33
20
19
26

17
30
33
30
29
15

28

31

32

38
39
34
26
38
39
43
43
42
38
27
21
25
45
36
40
45
37
44
40
40
4
38
40
32
23
34
32
4
43
31
39
26
28
39
40
21
35
26
27
40
30
29
32
40

24

3.144
3.314

3.320

3.043
3.339
3.308
3.201
3.176

3.089

3.263
2.958
3.158
3.161
3.040
3.245
2.982
3.075
3.042
3.102
3.223
2.538

2.868
3.200
3.321
3.403
2.623
3.311

2.377

3.299
3.326
1.865
2.913
2.493
2.558

3.204

2.853

3.200

3.157

2.271

0.525
0.561

0.589

0.476
0.556
0.500
0.526
0.516

0.475

0.554
0.500
0.536
0.518
0.474
0.541
0.514
0.500
0.461
0.502
0.504

0.373

0.506
0.575
0.503
0.552
0.435
0.500
0.438

0.547
0.520
0.288
0.434
0.424
0.401

0.550

0.467

0.550

0.520

0.462

0.523
0.586

0.544

0.508
0.567
0.539
0.534
0.519

0.517

0.537
0.504
0.548
0.527
0.508
0.530
0.494
0.500
0.500
0.484
0.501
0.389

0.493
0.563
0.511
0.528
0.418
0.537
0.428

0.515
0.533
0.284
0.468
0.447
0.448

0.535

0.500

0.587

0.533

0.429

-0.004
0.043

-0.083

0.063
0.019
0.072
0.015
0.006

0.081

-0.032
0.008
0.022
0.017
0.067
-0.021
-0.040
0.000
0.078
-0.037
-0.006
0.041

-0.026
-0.021
0.016
-0.045
-0.041
0.069
-0.023

-0.062
0.024
-0.014
0.073
0.051
0.105

-0.028

0.066

0.063

0.024

-0.077

0.040
0.010

0.036

0.110
0.077
0.002
0.009
0.005

0.000

0.004
0.012
0.002
0.010
0.029
0.029
0.033
0.047
0.029
0.082
0.067
0.148

0.059
0.129
0.028
0.060
0.226
0.047
0.306

0.079
0.034
0.238
0.128
0.224
0.209

0.115

0.193

0.142

0.074

0.264
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Table S2: Estimates of genetic diversity for each microsatellite locus. Multiplex: multiplex in which the
microsatellite locus was amplified, Fluo: fluorophore used for genotyping (FAM: blue, NED: yellow,
PET: red, VIC: green), An: number of alleles, Ho: observed heterozygosity, He: expected heterozygosity,
Fis: intrapopulation fixation index, Fst: mean genetic differentiation across sampled populations.

*: P <0.05, ***: P <0.001.

Locus Multiplex Fluo A Ho He Fst Fis
LIST024 PLEX1 VIC 5 0.643 0.666 0.035 **=* -0.001
LIST034 PLEX1 PET 2 0.471 0.500 0.073 *** -0.008
LIST0O35 PLEX1 VIC 24 0.652 0.706 0.070 *** 0.006
LISTO63 PLEX1 FAM 12 0.629 0.673 0.061 *** -0.001
LISTO66 PLEX1 NED 14 0.544 0.583 0.069 *** -0.004
LIST002 PLEX2 VIC 2 0.367 0.401 0.074 *** -0.012
LIST023 PLEX2 VIC 11 0.639 0.687 0.054 *** 0.004
LISTO37 PLEX2 FAM 11 0.320 0.347 0.062 *** 0.035*
LIST042 PLEX2 VIC 5 0.591 0.655 0.081 *** 0.010
LISTO60 PLEX2 NED 6 0.411 0.689 0.053 ***  (0.377 ***
LIST062 PLEX2 PET 4 0.311 0.335 0.088 *** -0.005

Mean over all loci  0.063 * 0.045
Mean over all loci without locus LIST060  0.065 * 0.002
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Table S3: Weir and Cockerham's (1984) estimates of F-statistics for Alsace and northern France region
and subregions or subwatersheds. In the two subregions where only two populations were sampled, only
the pairwise Fsr is reported. *: P < 0.05.

Mean distance

between sites Fir Fst Fis
(km)
Alsace 24.65 + 15.96 0.025+0.003*  0.022 +0.001 * 0.003 £ 0.003
Northern France 118.24 + 76.45 0.136 £ 0.016 * 0.135+0.012 * 0.001 +0.01
Subwatersheds in Alsace
Ab 8.41+7.32 0.007 £ 0.025 0.015 + 0.005 * -0.008 = 0.022
A5 3.93+2.69 0.019+0.010*  0.015+0.005 * 0.004 £ 0.010
Al 7.26 £5.13 0.023+£0.011 0.016 + 0.004 * 0.006 + 0.012
A2 3.91+3.77 0.044 +£0.018 * 0.024 + 0.005 * 0.020 + 0.018
A4 14.64 £ 10.92 0.015 + 0.009 0.016 + 0.003 * -0.001 £ 0.008
A3 4.55 + 3.58 0.006 + 0.027 0.000 + 0.004 0.006 + 0.026
Subregions in Northern France
N3 12.47 £ 9.40 0.089+0.012 * 0.078 £ 0.006 * 0.012 £ 0.014
N6 6.12 £5.12 0.013+£0.040 0.029 + 0.019 -0.017 £ 0.031
N2 432+421 0.023 £ 0.020 0.017 + 0.006 * 0.006 + 0.020
N5 16.52 + 19.28 0.267 £ 0.045 * 0.241 +0.045* 0.034 £ 0.030
population pairs  Distance between Pairwise Fst
sites (km)

N1 Focl/Genl 3.1 -0.002
N4 Cuy/Wall 8.42 0.106 *
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Chapitre 2. Développement de marqueurs SNP pour
’agrion de Mercure, une espéce sans genome de
référence, et leur application pour caractériser la
structure genetigue a fine échelle de populations du
Nord de la France
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Voies de dispersion des individus

Impact de I'agglomération Strasbourgeoise sur les
niveaux de diversité et de différenciation génétiques

Les marqueurs génétiques moléculaires sont une source d'information cruciale dans le domaine
de la biologie de la conservation et de la biologie évolutive. En effet, ils permettent d'étudier la
distribution spatiale de la diversité génétique, d'évaluer les niveaux locaux de consanguinité, d'estimer
des tailles efficaces de population, et de délimiter finement des unités de conservation. Les marqueurs
microsatellites utilisés dans le chapitre précédent donnent une image partielle de la structure génétique
des populations. Récemment, les marqueurs de type SNP ont gagné en popularité, parce qu'ils sont
abondants et largement distribués a travers le génome, permettant ainsi une plus grande précision dans
I'estimation des parameétres classiques de génétique des populations.

L'un des principaux obstacles a leur application en génétique de la conservation est la nécessité
de génotyper un grand nombre d'individus avec des milliers de marqueurs, ceci chez des especes non
modeles pour lesquelles les données génomiques sont souvent absentes. Les approches de représentation
réduite du génome permettent d'identifier et de séquencer de nombreux marqueurs de type SNP chez
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des especes non modeles. En complément, les méthodes d'enrichissement ciblé permettent d’obtenir ces
données sur un grand nombre d’individus.

Dans ce contexte, nous avons appliqué une méthode hybride combinant une approche de
représentation réduite du génome (dénommée ddRADseq) pour identifier des SNPs putatifs, que nous
avons ensuite ciblés en utilisant la méthode d'enrichissement dite « Allegro Targeted Genotyping », pour
génotyper 1920 agrions de Mercure sur 6000 SNPs. Nous avons pu identifier de novo des centaines de
milliers de marqueurs SNP, mais I’enrichissement ciblé n’a permis d’obtenir des génotypes fiables que
pour 2 100 SNPs et 1080 individus. En effet, nous avons rencontré de nombreux problémes : faibles
rendements en ADN aprés enrichissement ciblé, sondes non retrouvées, différences de profondeur de
couverture apres séquencage, ou encore des estimations de valeurs de Fis aberrantes d’un point de vue
biologique. Nous formulons donc des recommandations pour identifier et, idéalement, prévenir de tels
problémes lors de I’application d’une telle méthode a d’autres espéces sans génome de référence.

Au-dela de ces problémes techniques, le filtrage des locus a toutefois permis d’obtenir 2 092
locus de qualité, que nous avons donc utilises pour caractériser la structure genétique fine de cing
populations d’agrion de Mercure localisées sur la Cote d’Opale dans le nord de la France. Ces marqueurs
ont notamment permis d’identifier deux individus hybrides putatifs de premiére génération entre deux
populations adjacentes, ce que ne permettait pas la résolution des marqueurs microsatellite
précédemment utilisés.

Cet article a été soumis & Journal of Heredity début mai 2024.

102



Pitfalls and recommendations for large-scale SNP genotyping in a
non-model endangered species: the southern damselfly

(Coenagrion mercuriale) as a case study.

Agathe Lévéque 12, Jean-Francois Arnaud !, Vincent Vignon 23, Clément Mazoyer !, Cécile Godé 1,
Anne Duputié *

1. Univ. Lille, CNRS, UMR 8198 - Evo-Eco-Paleo, F-59000 Lille, France

2. Office de Génie Ecologique (O.G.E.), F-67200 Strasbourg, France

3. ALKIQOS, F-84911 Avignon, France

103



Abstract

Genomic markers are essential tools for studying species of conservation concern, yet non-
model species often lack a genome reference. Here we describe a methodology for identifying and
genotyping thousands of SNP loci in the southern damselfly (Coenagrion mercuriale), a bioindicator of
freshwater stream quality classified as near-threatened, with locally declining populations. We used a
hybrid approach combining reduced representation sequencing and target enrichment. First, we
identified putative SNP loci using ddRADseq and de novo assembly. Then, single primer enrichment
technology targeted 6,000 of these SNPs across 1,920 individuals. Challenges encountered included
sequence recapture failure, coverage depth discrepancies, and aberrant Fis values. We provide
recommendations to address such issues. After multiple filtering, we retained 2,092 SNPs. We used
them to characterise rear-edge populations of the southern damselfly in Northern France, a region where
populations are sparsely distributed. Previous surveys utilising microsatellite markers allowed
comparison of genetic diversity and differentiation estimates. Consistent with prior findings, genetic
diversity estimates were similar across the studied populations that showed no sign of inbreeding. SNP
markers exhibited greater resolution in detecting fine-scaled genetic structure, identifying two putative
hybrids in adjacent populations, a feat unattainable with microsatellite loci. Altogether, this study
highlighted the ongoing challenge of large-scale SNP genotyping using target sequencing techniques in
non-model species to set conservation guidelines. Nonetheless, these new markers showed greater
statistical power in identifying conservation units and offered the promise of greater precision in the
identification of admixture events or the estimation of key population parameters such as effective

population size.

Keywords: Allegro target genotyping, conservation genomics, ddRADseq, non-model species,

single nucleotide polymorphisms
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Introduction

Neutral molecular genetic markers are a crucial source of information in the fields of population
genetics, evolutionary biology, and species conservation. They can be used for a wide range of
applications, such as measuring the strength of micro-evolutionary processes of gene flow, genetic drift,
mutation and selection, studying the spatial distribution of genetic diversity, estimating effective
population sizes or delimiting conservation units. Therefore, it makes them essential tools in the
establishment of conservation efforts, notably for endangered species (Allendorf et al., 2010;
Holderegger et al., 2019; Hohenlohe et al., 2021; Allendorf et al., 2022). Many different approaches
have been developed to genotype sets of molecular markers in a context of conservation biology, each
with its own benefits and limitations (Davey et al., 2011; Allendorf, 2017). Because of their
polymorphism, reproducibility, ease of development and genotyping, microsatellite markers were
widely used to study natural populations (Frankham et al., 2013; Allendorf, Funk, Aitken, Byrne,
Luikart, et al., 2022). However, in the last decade, these markers have rapidly been replaced by single
nucleotide polymorphism (SNP) markers, which are more abundant and widely distributed across the
genome, offering the promise of greater precision and statistical power in the estimation of population
genetics parameters (Allendorf et al., 2010; Harrisson et al., 2014). The success of this new type of
molecular marker is intimately linked to the development of next-generation sequencing (NGS)
technologies, which has led to an increasingly large amount of genomic data being generated for wild
populations (Harrisson et al., 2014; Allendorf, 2017; Hohenlohe et al., 2021). However, integrating
these new genomic tools in conservation practices remains challenging (Allendorf et al., 2010; Shafer
et al., 2015; Allendorf, 2017). Studying the spatial genetic structure of wild populations across space
requires sampling hundreds or even thousands of individuals in multiple populations (Narum et al.,
2013). Although it is now possible to sequence whole genomes for a subset of individuals, reduced
genomic data can provide sufficient and valuable information to answer many scientific questions in
conservation biology. Moreover, obtaining complete genome sequences for many individuals
considerably increases the cost and complexity of bioinformatics analyses, particularly when the
genome sequence of the focal species is unknown (Narum et al., 2013). Consequently, one of the main

impediments to the application of genomic tools to the conservation of wild populations is the need to
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genotype thousands of individuals with thousands of genetic markers in species for which often, little
or no reference genomic data is available (Seeb et al., 2011; Narum et al., 2013).

Various strategies for sequencing and genotyping a sub-part of the genome emerged as powerful
alternatives to whole genome sequencing (Davey et al., 2011; Jones and Good, 2016). Among these
approaches, reduced representation sequencing (RRS, Narum et al., 2013; Andrews et al., 2016;
Campbell et al., 2018) and target enrichment methods (Mamanova et al., 2010) appeared to be
complementary in terms of genomic knowledge required for their application, the effort and time
required for their development, and their ability to genotype a large number of samples.

RRS approaches such as RAD-seq (Baird et al., 2008), genotyping-by-sequencing (GBS,
Elshire et al., 2011) and double-digest RAD sequencing (ddRAD; Peterson et al., 2012) make it possible
to identify and sequence many SNP markers in non-model species (Narum et al., 2013). These methods
rely on the reduction of genomic complexity by using restriction enzymes to produce short-sequenced
fragments that provide the frame for the discovery of SNPs widely spread across the genome (Van
Tassell et al., 2008). The major advantage of these techniques is that they do not require any prior
genomic information, which makes them particularly applicable in the conservation of non-model
species for which there is often no available reference genome (Peterson et al., 2012). In addition, the
development of ddRAD sequencing and associated computer tools (e.g. STACKS; Catchen et al., 2013)
has made it possible not only to discover polymorphic sites but also to construct de novo consensus
sequences (RADIoci). However, these methods have some limitations, especially because the random
distribution of enzymatic cut sites impedes targeting specific loci, which reduces the reproducibility
between studies and spreads the sequencing effort over a very large number of sites (Andrews et al.,
2016; Barchi et al., 2019; Scaglione et al., 2019).

In parallel with the development of RRS techniques, target enrichment methods arose as viable
alternatives for obtaining cost-effective genome-wide genotypic data with higher reproducibility (Meek
and Larson, 2019). These methods are based on the design of DNA capture beads or PCR amplification
probes that target specific genomic regions, focusing sequencing efforts on the targeted regions,
reducing the cost per sample, and thereby increasing the number of samples that can be genotyped

(Mamanova et al., 2010; Jones and Good, 2016; Meek and Larson, 2019). Tecan Genomics (Redwood
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City, CA) developed the Allegro Targeted Genotyping system (ATG), a ready-to-use technique for
custom targeting of previously identified SNPs (Scaglione et al., 2019). This technique presents the
advantages of moderate cost and subcontracted probe development, whilst having a flexible design and
ready-to-use library preparation Kits. In addition, the use of individual combinations of barcodes allows
pooling several thousand samples, and interrogating thousands of SNPs in a single sequencing run.
Based on a single primer enrichment technology (SPET), ATG relies on the design of ~40 bp long
probes based on reference genomes or transcriptomes, enabling to target with high reproducibility
specific genomic regions carrying genetic variants of interest. The method has so far mainly been used
in human health (Scolnick et al., 2015; Nairismdagi et al., 2016; Saber et al., 2017) or plants of agronomic
interest (Barchi et al., 2019; Scaglione et al., 2019; Baccichet et al., 2022; Tripodi et al., 2023) and its
use on wildlife species for conservation purposes is only starting to develop (Gramazio et al., 2020;
Gavriliuc et al., 2022).

The main limit to the application of target enrichment methods is the need to have prior
knowledge of the genome and the genetic variants to be targeted. To overcome this issue, several hybrid
approaches were developed in recent years to genotype genomic variants in a very large number of
samples at a reduced cost and without any prior genomic knowledge (Campbell et al., 2015; Ali et al.,
2016; Meek and Larson, 2019). These methods combine a RRS approach to identify putative SNPs,
which are then targeted for enrichment. Here, we applied such a hybrid method to develop and genotype
thousands of SNPs in numerous samples of a non-model species with high conservation concerns, the
southern damselfly Coenagrion mercuriale (Odonata, Zygoptera).

The southern damselfly is a particularly interesting study model to integrate evolutionary
genomics with ecology, as it exhibits a complex biphasic (aquatic and terrestrial) life-cycle and
represents a bioindicator of freshwater stream quality (Bybee et al., 2016; Watts et al., 2004c). The
species is restricted to western and southern Europe, and became almost extinct in seven European
countries on the eastern edge of its geographic distribution, where many populations are threatened by
habitat loss or deterioration (Grand, 1996). Consequently, the southern damselfly is regarded as Near
Threatened by the IUCN (Boudot, 2020), listed on Appendix Il of the Bern Convention and on Annex

Il of the EC Habitat directive, in addition to a national protection in France where the southern damselfly
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is widely distributed and locally abundant, except in the northernmost regions (Houard, 2020;
Fierimonte and Vanappelghem, 2021). In these northernmost regions, southern damselfly populations
are stable but sparse, mainly due to modern intensive agricultural practices with the shift from grasslands
to irrigated ploughed fields, in addition to the closure of waterways by scrubs and forests (Fierimonte
and Vanappelghem, 2021). In northern France, southern damselfly populations are monitored by
biodiversity managers, and major demographic declines were recorded with only a few individuals
found in some years (Vanappelghem and Hubert, 2010). In this context, the conservation status of
several populations in the region was previously described in the light of levels of genetic diversity and

estimates of gene flow among populations (Lorenzo-Carballa et al., 2015; Lévéque et al., 2024).

In this study, we used a two-step approach for the massive genotyping of thousands of SNPs in
numerous southern damselfly populations. First, we used ddRADseq library preparation and a de novo
assembly analysis to construct reference contigs and to identify SNPs markers using paired-end
sequencing (Peterson et al., 2012; Rochette et al., 2019). Secondly, we used a single primer enrichment
technology (Allegro Targeted Genotyping) to target six thousand SNPs and massively genotype
thousands of southern damselfly individuals from various populations. We discuss the technical issues
associated with the application of targeted enrichment genomic techniques on a non-model species.
Finally, we carried out population genetic analyses to assess the levels of genetic diversity and of genetic
differentiation, and to identify population genetic affiliation in a set of five threatened southern
damselfly populations located in northern France. These populations were previously studied using
microsatellite markers (Lorenzo-Carballa et al., 2015; Lévéque et al., 2024), which enables us to

compare our results with previous findings and to suggest monitoring actions of these populations.

Materials and methods

1/ Reduced-representation genome sequencing and de novo SNP discovery
Sampling and DNA extraction
To build reference contig sequences and to identify SNPs present in diverse populations, we

collected twenty males of southern damselflies from various locations in France in spring 2020 and 2021
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(see Table S1). Whole individual samples were stored in 100% ethanol prior to DNA extraction.
Abdomens were removed to avoid sampling intestinal microbiota. We then crushed the remaining
tissues using five MN Beads Type D (Macherey-Nagel, Duren, Germany). We extracted total genomic
DNA from each sample using NucleoMag® Tissue Kit (Macherey-Nagel) according to the
manufacturer’s recommendations. We then quantified DNA using a Qubit flex fluorimeter (Thermo

Fisher Scientific, Waltham, Massachusetts, USA).

ddRAD library preparation and sequencing

To reduce the genome complexity, we prepared a double-digest restriction site-associated DNA
sequencing (ddRADseq) library following the standard protocol described in Peterson et al (2012). In
brief, 250 ng of DNA was digested with the restriction enzymes Pstl (recognising the rare CTGCA/G
motif) and Mspl (recognising the frequent motif C/CGG; both enzymes from New England Biolabs,
Ipswich, MA, USA). After the ligation of two adapters P1 and P2, each containing a unique barcode
sequence, DNA was cleaned with 1X AMPure XP magnetic beads (Beckman-Coulter, Brea, CA, USA).
Then, ligated fragments were amplified for 16 cycles using KAPA Hifi Hot Start PCR kit (Roche, Basel,
Switzerland), and purified again with 1X AMPure XP beads. During the PCR, Illlumina flow cell
annealing sequences and a second index barcode were appended to the sequences, giving each sample
a unique combination of barcodes for downstream identification. Next, after a size selection by AMPure
XP double SPRI (0.5X and 1X), libraries were pooled in equimolar concentrations. A final control step
was performed with Agilent 2100 BioAnalyzer, and the pooled libraries were then sequenced for 250
bp paired-end on a NovaSEQ6000 instrument (LIGAN-PM sequencing platform at EGID, Lille,

France).

Building reference sequences and identifying SNPs

We used STACKS software pipeline v2.60 (Catchen et al., 2013; Rochette et al., 2019)
following the de novo analysis protocol described by Rivera-Colon and Catchen (2022) to assemble
RADIoci from restriction-digested short-read sequences and to identify SNPs (Figure 1). First, raw

sequence reads were cleaned and demultiplexed using the process_radtags module with the options to
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remove reads with any uncalled base (-c), discard reads with low-quality scores (-q) and rescue barcodes
(-r) applied with default values. Sequence quality assessment was then performed using the software
FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). All cleaned sequences were then
trimmed to 200 bp using Trimmomatic v1.3.1 (Bolger et al., 2014). The denovo_map.pl pipeline
(ustacks, cstacks, sstacks, tsv2bam, gstacks and populations modules) was then used to call SNPs and
build the RADtag catalog, with the number of mismatches allowed to merge into one locus as M=9
(ustacks) and the number of mismatches allowed among individuals when building catalogs to n=9
(cstacks). These parameters were chosen after extensive exploration of the parameter space and choice
of parameters appropriate for this dataset, following the R80 methods proposed by Paris et al. (2017).
Finally, loci were filtered using the STACKS populations module to retain only loci shared by 80% of

individuals (r = 0.8; Figure 1).

2/ Massive SNP genotyping with Single Primer Enrichment Technology

Designing probes for target SNP loci

The Allegro Target Genotyping (Tecan Genomics Inc., Redwood City, CA) used in our assay
implements Single Primer Enrichment Technology (SPET), which involves hybridisation of custom-
designed probes near target SNPs, followed by probe extension, the addition of sequencing adapters,
and high-throughput Illumina sequencing. We first selected SNPs out of the 80 bp of the start or end of
the RADcontigs sequence and removed RADcontigs with uncalled bases (N), leaving 22,224 eligible
SNPs distributed over 10,419 RADIocus. Probes for the target SNPs were about 40 bp long and were
custom-designed by Tecan using the previously identified RADIoci. Two probes were designed per
target SNP, one per DNA strand. From the first panel of probes build by TECAN, we selected probes
with a unique alignment, we kept only one pair per RADIlocus and we then randomly sub-selected 6,000
couples of probes (Figure S1). Our final panel thus contained 12,000 probes targeting 6,000 SNPs

occurring each on a different RADcontig (Table S2).

Sampling and DNA Extraction
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We sampled 1,920 southern damselflies from various locations in France, with 1 to 32
individuals sampled per population (mean 16.55 + 10.07). We collected them with an insect net in late
spring (May to July) from 2020 to 2022. Whole individuals were stored in 100% ethanol, and DNA was
extracted following the procedure described above. In the present paper, we only focus on 50 individuals
sampled in Northern France to analyse the levels of genetic diversity and the extent of genetic
differentiation. Indeed, these populations are all located at the edge of the geographic distribution of the
species (Figure 2A) and were previously characterised using a set of ten microsatellite markers. This
allows us to compare the genetic structure observed using classical microsatellite with that observed

with the newly developed SNP markers (Lévéque et al., 2024).

SPET library preparation
We followed the guidelines of the manufacturer available at https://www.tecan.com/hubfs/HubDB/Te-
DocDB/pdf/lUG_Allegro_Targeted_Genotyping_V2.pdf, to prepare the SPET libraries. We used the
Allegro Metaplex Module, an optional module provided by TECAN to increase sample multiplexing
capacity during library preparation. By default, Allegro Targeted Genotyping V2 includes 192 unique
1/i7 barcode for tagging samples. The Metaplex kit allows adding a second barcode (2/i5 barcodes)
during the library amplification step. Sixteen 2/i5 barcodes are available from TECAN genomics: MP2-
BCO1 to MP2-BC16. We used the first ten 2/i5 barcodes, enabling all 1,920 samples to be identified in
subsequent analyses by a unique combination of barcodes (Table S3). After qualitative and quantitative
analysis of each pool of 48 individuals with a Qubit flex fluorimeter (Thermo Fisher Scientific,
Waltham, Massachusetts, USA) and a 5200 Fragment Analyzer System (Agilent Technologies, Santa
Clara, CA, USA), we pooled them equimolarly into a single tube containing all 1,920 samples. After a
final quantity and quality control step was carried out, the pooled genomic library was sequenced on a
MiSeq System (1x150 bp, lllumina Inc., San Diego, CA, USA sequenced at GenoScreen sequencing

platform, Lille, France).

Sequence filtering and SNP genotyping

111



First, we removed low-quality reads and trimmed the Illumina adapters of the raw demultiplexed
reads using fastp v0.23.4 (Chen et al., 2018) with the parameters -y, -5, -3 (enabling the low-complexity
filter and dropping low-quality bases from both ends of the reads; see Figure 1). Then, we removed the
768 individuals that were tagged with i5 barcodes MP2-BCO07 to MP2-BC10, because they had about 9
times fewer reads than those labelled with the six remaining i5 barcodes (Table S3, Table S4). We also
removed all reads not starting exactly with a 40-base sequence corresponding to one of the probes (Table
S4).

The remaining reads were then aligned to the previously built RADIloci using Bowtie2 v2.4.1
(Langmead and Salzberg, 2012), with local alignment and parameters -L 32 -D 20-R 3-N 0 -i S,1,3
(Figure 1). SNP calling was performed using GATK-4.0 v4.2.2.0 (DePristo et al., 2011) following the
software best practices workflow for germline short variant discovery. Analyses included the following
steps: (i) per-sample variant calling on target regions using HaplotypeCaller with default parameters to
create a GVCF file for each sample; (ii) the GVCF files were then consolidated using
GenomicsDBImport in order to improve scalability and speed the next step, (iii) joint genotyping using
GenotypeGCVFs with default parameters to produce a set of joint-called variants; (iv) selection of SNPs
using SelectVariants and quality filtering of SNPs using VariantFiltration (filter expression used : QD
<2, QUAL < 30, MQRankSum < -12.5, MQ < 30; Figure 1).

An extra filtration of the genotype matrix was performed using VCFtools v0.1.16 (Danecek et
al., 2011) and BCFtools v1.12 (Danecek et al., 2021). We tested a range of filter thresholds at each
filtering step: loci depth of coverage, amount of missing data per loci, minor allele frequency (MAF)
and the number of missing data allowed per individual (Table S5). After evaluating the effect of the
stringency of each of these filters, we chose to code genotypes with fewer than 8 reads in depth of
coverage as missing, and to retain only biallelic SNPs present in >50% of individuals and with minor
allele frequency >0.01. After that, we selected a single SNP per RADIlocus (the one with the least
missing data), thus reducing linkage disequilibrium issues in subsequent population genetic analyses
(Waples et al., 2022). We then filtered out individuals with >40% missing SNPs. After that, we removed
loci showing more than twice the mean read depth, because variants that have a high mean depth across

all samples can be indicative of either repetitive regions or paralogs (Li, 2014; O’Leary et al., 2018;).
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Finally, we only kept SNPs showing Fis values within a range of [-0.2 ;0.2]. This criterion aimed to
exclude loci with excessive bias in homozygotes or heterozygotes, suggestive of biologically irrelevant
genotypic structures (Figure 3). Indeed, surveyed populations were known to be under classical Hardy-

Weinberg equilibrium using microsatellite data (Lorenzo et al. 2015; Lévéque et al., 2024).

3/ Population genetic analyses

Genome scans for selection

We used the R v4.2.1 (R Core Team, 2022) package pcadapt v4.3.5 (Luu et al., 2017; Privé et
al., 2020) to identify outlier loci potentially under selection, applying the protocol found at https://bcm-
uga.github.io/pcadapt/articles/pcadapt.html, with the default Mahalanobis distance method. The number
of principal components was selected using the scree plot method, which is based on Cattell’s rule
stating to keep principal components up to the first inflexion point of the eigenvalues (Cattell, 1966).
All SNPs showing P-values < 0.05 after adjustment for multiple testing through false discovery rate

(Benjamini and Hochberg, 1995) were excluded from further analyses.

Genetic diversity, genetic differentiation, and population affiliation

We selected 50 individuals from five populations located in Northern France, towards the edge
of the geographic distribution of the species. These populations were named Bail, Bai2, Bai3, Caml
and Isg and mapped on Figure 2A. The first three populations Bail, Bai2 and Bai3 were located on the
same watercourse and less than 2 km apart; populations Cam and Isq were more isolated and about 10-
15 km away from populations Bail-3.

We used the R packages vcfR v1.14.0 (Knaus and Grinwald, 2017), dartR v2.7.2 (Gruber et al.,
2018; Mijangos et al., 2022), poppr v2.9.3 (Kamvar et al., 2015) to navigate between the file formats of
the genotype matrix (vcf, genlight, genind). We estimated standard population genetic statistics
(observed and expected heterozygosity, allelic richness) using the R library hierfstat v0.5-11 (Goudet,
2005). Allelic richness (Ar) was rarefied on a minimal sample size of six individuals using the procedure

of EI Mousadik and Petit (1996).
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To assess the levels of genetic differentiation between pairwise populations, we calculated
pairwise Fst estimates according to Weir and Cockerham (1984) using StAMPP v1.6.3 R package
(Pembleton et al., 2013). Confidence intervals and significance of Fsr values were obtained using 1000
bootstraps over loci. Global levels of Fis and Fst were assessed using the R package hierfstat v0.5-11
(Goudet, 2005).

We then visualised the pattern of population affiliation using a principal component analysis
(PCA) and a discriminant analysis of principal components (DAPC; Jombart et al., 2010), both
implemented in the R package adegenet v2.1.9 (Jombart, 2008; Jombart and Ahmed, 2011). We used
the function find.cluster for a number of clusters K varying from 1 to 5 to identify the optimal K (i.e. the
one minimising the BIC). In addition, we also used the sampling populations as prior groups. Then, for
groups built for K=2 to 5, we used a cross-validation procedure (xvalDapc with 1,000 replicates) to
identify the optimal number of principal components retained to perform the DAPC, and subsequently

applied it to assign individuals to a cluster and calculate their population membership probabilities.

Results

Reduced-representation genome sequencing and de novo SNP discovery

The Illumina NovaSeq 6000 SP 2x250bp sequencing produced a total of 1.28 billion reads, of
which 1.12 billion (87.2%) passed initial quality filters and demultiplexing. Reads were filtered out due
to ambiguous barcode sequences (6.56%), ambiguous RAD tags (6.18%) and low-quality scores
(0.06%). After trimming reads to 200 bp and removing reads shorter than 200 bp, 199 million reads
remained. The catalog generated by STACKS included 320,556 RADIoci with a mean per-sample depth
of coverage of 43.6X (s.d. 15.3X, from 19.6X to 82.3X). This number was reduced to 135,468 RADIoci
(mean length of 330.72 bp, s.e. 0.20) after requiring them to be present in at least 80% of the 20

genotyped individuals, resulting in a matrix of 758,786 SNPs.

Massive SNP genotyping with Allegro Target Genotyping
The Illumina MiSeq SE 1x150bp sequencing produced a total of 1.784 billion single-end raw reads

corresponding to an average of 929,223 reads per sample (from 54,628 to 3,926,551; Table S3). After
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adapter trimming and quality filtering, 99.98% of the initial reads remained. When removing the 768
individuals labelled with metaplexes MP2-BC07 to MP2-BC10 (which yielded too few reads per sample
to be analysed; Table S3), and when removing sequences that did not begin exactly by a designed probe,
the overall alignment rate on the RADIloci was on average 99%. After SNP calling and the first quality
filter, we identified 154,324 bi-allelic-SNPs distributed across 5,556 RADIoci. Extra filtration of the
SNPs produced a matrix of 2,541 SNPs containing 1,080 individuals genotyped for at least sixty percent
of the loci (Table S5). After filtering out loci showing aberrant Fis values, we obtained 2,100 high
confidence SNPs (Figure 3). Eight SNPs were detected as outliers by pcadapt (keeping 2 PCs). These

SNPs were therefore excluded to obtain a final dataset of 2,092 SNPs for population genetic analyses.

Population genetic analyses

Using these newly developed SNPs, we observed similar levels of genetic diversity (Ho, He, Ar)
among the five surveyed populations located in Northern France (Table 1), with observed and expected
heterozygosity ranging from 0.195 (populations Bai3 and Isqg) to 0.207 (Cam1) and from 0.185 (Isq) to
0.205 (Cam1) respectively. Rarefied allelic richness ranged from 1.568 (Bail) to 1.667 (Bai2) and Fs
levels ranged from -0.054 (population Isqg) to -0.010 (for populations Bai2, Bai3, Caml) (Table 1). As
observed using these SNPs, microsatellite markers showed very similar patterns of genetic diversity
among populations, with no evidence of departures from Hardy-Weinberg expectations (Table S6).

In terms of genetic differentiation, all populations showed significant levels of pairwise genetic
differentiation, with Fsr values ranging from 0.014 to 0.108 (Table 2). Although geographically very
close, the three populations located on the same watercourse (Bail, Bai2, Bai3) showed significant
pairwise Fsr ranging from 0.030 to 0.037 (Table 2). Compared with microsatellite data (mean multilocus
Fsr=0.068 and mean multilocus Fis=-0.089), the overall Fsr and Fis in the studied region were of 0.055
and -0.022 respectively for the SNP data (Table S7).

With regards to population genetic affiliation, the PCA revealed a clear geographical and genetic
distinctiveness between two sets of populations: (i) populations Bail, Bai2, and Bai3, and (ii)
populations Caml and Isq located further away (Figure 2B). For the DAPC, the optimal number of

clusters was K=2, distinguishing the same two groups of populations (Figure 2D, Figure S3A).
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Visualising the DAPC results for K=3 clusters further allowed to separate specific individuals of
populations Bai3 from those of populations Bail and Bai2 (Figure 2D, Figure S1B). With increasing
numbers of clusters (K=4 and K=5), differences arose in individual assignment within populations Bail,
Bai2 and Bai3 (Figure 2D, Figure S1C,D). Finally, using sampled populations as a prior of assignation,
most individuals were assigned to their own population, except two individuals who were assigned to
two geographically close populations, suggesting admixture events between populations along the Bai

river (Figure 2C,D).

Discussion

1/ Pitfalls and recommendations when producing a SPET dataset for a non-model organism.
Here we summarise and discuss the problems we faced, the solutions we explored, and the

recommendations that emerged when genotyping thousands of individuals at thousands of SNPs loci

using Allegro Targeted Genotyping (ATG) method, with contigs constructed from a ddRAD library for

a non-model species with no genomic data available.

Differences in ATG library DNA yields and their consequences on sequence data available

We used ten of the sixteen supplied Allegro i5 indexes (Table S3) to multiplex 1,920 samples
using dual indexing of 48-sample pools. However, although the laboratory preparation conditions were
identical for all pools, we obtained very different final DNA yields depending on the i5 indexes (Table
S4). Indeed, those labelled MP2-BC07 to MP2-BC10 showed 2-3x lower DNA yields than the other six
indexes. Even though the pools were brought back to equimolar proportions to form the final pooled
library, we obtained around 9 times fewer reads for individuals labelled with these four indexes (Table
S3).

As a consequence, all 768 individuals labelled with these four indexes exhibited low numbers
of sequences resulting in a low SNP depth of coverage and subsequently a very low confidence in
genotypes. Thus, we excluded all individuals marked with these four indexes from the rest of the
analyses (resulting in only 1152 individuals being usable). Therefore, we recommend paying particular

attention to the differences in the yield of Allegro libraries prepared with different indexes, because it

116



may have a major impact on the resulting data, even if the pools are brought to equimolar concentrations

prior to sequencing.

Differential probe efficiency affects the number of suitable SNP

In Allegro Targeted Genotyping, the first 40 bp of each read should correspond to the sequences
of a designed probe. We carried out preliminary analyses before the filtering, alignment and variant
calling steps to check the sequences captured and the efficiency of the probes.

First, we examined whether all the sequences obtained began exactly with the 40 bp of the
designed probes. 85.5% of the sequences we obtained did not exactly match any probe sequences, owing
to insertions, deletions, or substitutions. This could indicate that during capture, probes may have
hybridised with other non-targeted but genetically close portions of the genome. This may indicate
possible paralogues or copy number variant in the southern damselfly genome (Verdu et al., 2016;
Karunarathne et al., 2023). Consequently, we discarded sequences resulting from these likely parasitic
hybridisations and whose first 40 base pairs did not exactly correspond to probe sequences.

Secondly, we checked which of the 12,000 designed probes were present in the first 40 base
pairs of our sequences (0, 1 or 2 probes of the pair found, Table S4). Over the 6,000 initially designed
pairs of probes, 704 were not found in any sequence. Consequently, the SNPs targeted by these probes
cannot be found in our final dataset. Furthermore, on average over the 1,152 individuals remaining after
the previous filtering step, only about half of the pairs of probes were completely recovered.
Additionally, for about a third of the targeted SNPs, only one of the probes of the pair was found (Table
S4). This drives variability in the sequencing depth between sites covered by two probes or by just a

single probe (Scaglione et al., 2019; Gavriliuc et al., 2022).

Aberrant departures from Hardy-Weinberg expectations

Fis levels per locus were slightly negative on average, with many loci showing values close to
zero, indicating panmixia. However, some loci showed extreme Fs values, with Fis = -1 (all individuals
were heterozygous and no homozygote was found among all individuals) or Fis = 1 (all individuals were

homozygous but for different states, with no heterozygote occurrence; see Figure 3). Nonetheless, the

117



same populations studied using microsatellite markers followed a Hardy-Weinberg equilibrium with
non-significant Fis levels (Lévéque et al., 2024).

We hypothesised that extreme values in Fis were due to differences in depth of coverage: strong
excess in heterozygotes could be correlated with excessively high depths, indicating possible duplication
of the target genome region, whereas biases toward excess in homozygotes could be due to too low
sequencing depth, making it impossible to detect alternative variants (Song et al., 2016; Lou and
Therkildsen, 2022; Karunarathne et al., 2023). However, there was no clear relationship between loci
sequencing depth and the levels of Fs (Figure 3), although loci with a high homozygote excess showed
a slight tendency to exhibit low coverage.

We decided to filter our loci using Fis bounds set to -0.2 and 0.2, to remove loci showing aberrant
departures from Hardy-Weinberg equilibrium, given what is known on patterns of inbreeding in that
species (Keller et al., 2012; Lévéque et al., 2024; Watts et al., 2004a,b, Figure 2). From a strict
population genetic affiliation point of view, these extreme Fs values did not impact the delimitation of
population boundaries, as the PCA and DAPC analyses carried out before and after the application of
this filter on Fis led to the same geographical patterns and similar conclusions in terms of genetic
structuring whatever the threshold chosen (data not shown). Yet, such extreme values in Fis can lead to
highly false estimates of inbreeding levels and of effective population size (Hedrick, 2011; Allendorf,
et al. 2022). We therefore strongly recommend that future users of SPET method check whether the Fis
values associated with each locus are biologically relevant, and verify any biases before carrying out
any analyses devoted to describe intra-population genotypic structure before drawing any conclusions

on mating system and on local level of inbreeding.

2/Population genetics of southern damselflies in Northern France

The southern damselfly populations located in northern France showed relatively similar levels
of genetic diversity and genotypic structure (Ho, He, Ar, Fis, Table 1) as previously described using
microsatellite markers (Lorenzo-Carballa et al., 2015). This pattern was still true in 2021 (Lévéque et

al., 2024, Table S6). Interestingly, all populations showed slightly negative Fis values, indicating a slight
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excess of heterozygotes compared with what is expected according to the Hardy-Weinberg equilibrium,
an imbalance that was already markedly observed with microsatellite markers (Table S6).

In contrast to what can be observed with microsatellite data, significant levels of genetic
differentiation were observed between all pairs of populations in Northern France, with an overall Fsr
value of 0.055, indicating that gene flow among populations may be spatially constrained. This was true
even at short geographical distances below 2 km, among the three populations located along the Bai
watercourse. Nonetheless, pairwise levels of genetic differentiation estimated with SNP markers were
lower than those observed with microsatellite markers in the same region (see Table S7 and Lorenzo-
Carballa et al., [2015]) and in more fragmented southern damselfly populations in the UK (Watts et al.,
2005, 2004c).

Finally, the study of population genetic structure using PCA and DAPC assignments showed a
clear distinctiveness between two groups (Bai river and more coastal populations), which makes sense
from a geographical point of view. Even at a finer spatial scale of less than 4km, population Bai3
appeared to be distinct from populations Bail and Bai2. This fine-scale population genetic
distinctiveness is consistent with individual assignments obtained using a Bayesian clustering approach
conducted on a similar set of populations using microsatellite markers (Lorenzo-Carballa et al., 2015).

Thanks to these patterns of fine-scale spatial structure and genetic differentiation identified
using SNP markers, the DAPC analysis identified two individuals as of mixed origin between
populations Bail and Bai2, which may be considered as putative first-generation hybrid in each of these
two populations. This is consistent with previous studies reporting that southern damselflies can migrate
over short distances of about 2 km (Rouquette and Thompson, 2007; Lévéque et al., 2024; Watts et al.,
2004c). From a conservation point of view, this suggested that the connectivity of the population Bai3
belonging to the same watercourse population should be improved by habitat management.

More generally, the ecological methods and genetic tools used to study Odonata populations
already provided relevant information on dispersal pathways and landscape barriers among populations
(Watts et al., 2006, 2007; Keller et al., 2010; Van Strien et al., 2012). These studies also highlighted a

loss of genetic diversity in geographically isolated populations. Yet, little information is available on
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the evolutionary consequences of genetic erosion in Odonates, including the adaptative processes

involved. Genomic techniques offer the potential to address these questions (Bybee et al., 2016).

Conclusion

We showed that the ddRADseq RRS approach allows to identify de novo hundreds of thousands
of SNP markers in a non-model species of conservation concerns (Peterson et al., 2012; Narum et al.,
2013). However, the target enrichment method, initially designed to target 6,000 SNPs in 1,920
individuals, only managed to recover 2,100 SNPs for 1,080 individuals. This low recapture rate sharply
contrasted with rates achieved in species where reference genomic sequences were available for
developing Allegro probes (Barchi et al., 2019; Scaglione et al., 2019; Tripodi et al., 2023). This
highlighted the ongoing challenge of large-scale SNP genotyping using targeted sequencing techniques
in a non-model species. Future work using a combination of genomic and transcriptomic data targeting
gene duplication, DNA loss, intron size variation or transposable elements may explain the difficulties
we encountered in this study, but also may elucidate the putative mechanisms responsible for genome
size variation in odonate species (Bybee et al., 2016). However, these transcriptomic and genomic
studies would benefit from the availability of transcriptomes and reference genomes that need to be
developed in Odonates (Bybee et al., 2016; loannidis et al., 2017).

However, the set of SNPs markers we developed in this study provided valuable information on
the levels of genetic diversity, genetic differentiation and the spatial genetic structure of populations in
local populations initially thought to be genetically depauperate. Notably, these markers allowed the
identification of fine-scale genetic structure and patterns of gene flow that were undetectable using
microsatellite loci. These newly developed SNPs thus emerge as valuable resources for future
conservation genetics studies designed to infer crucial population genetic parameters, such as effective

population sizes and migration pathways in southern damselfly populations.
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Figure 1: Bioinformatic pipeline for a two-step approach to massively genotype thousands of SNP
markers in a non-model species, the southern damselfly (Coenagrion mercuriale). First, we used the
STACKS software to identify de novo SNP variants and construct RADIoci as reference sequences from
a ddRADseq library (blue zone). Then, we massively genotyped the targeted SNPs through Allegro
Targeted Genotyping developed by Tecan Genomics, and filtered the data to obtain high-quality

genotypes (green zone).
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Figure 2: Patterns of genetic structure in five southern damselfly (Coenagrion mercuriale) populations

located at range margin in northern France. (A) Map showing their geographical locations. (B) Principal
Component Analysis (PCA), (C) Discriminant Analysis of Principal Components (DAPC) with
sampling groups as priors, (D) assignment plots from DAPC for a number of clusters K varying from
two to five with sampling groups as priors. Colors in panels B and C followed those in panel A; the

same holds for panel D based on sampling populations as prior groups.
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Figure 3: (A) Distribution of overall Fs levels per locus in 1,080 individuals before filtering to retain
only loci with Fis levels between [-0.2 ; 0. 2], along with examples of genotypes of individuals for three
loci characterised by Fis =-1; Fis=0, Fis =1. (B) Before filtering on Fis values, plot of the Fis level per
locus as a function of the average depth of reads on the RADIoci carrying these SNPs, black bars indicate
the limits of the filter that will be applied; (C) After filtering on Fis values, plot of the Fs level per locus
as a function of the average depth of reads on the RADIoci carrying these SNPs and distribution of Fis

levels per locus.
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Table 1: Sampling information and mean multilocus estimates of genetic diversity using 2,092 biallelic
SNPs in five southern damselfly (Coenagrion mercuriale) populations located at range margins of the
species geographical distribution. Abbreviations: I1D: population name. Longitude and latitude are
provided (WGS84 ESPG 4326) coordinates. N: sample size; Ho: observed heterozygosity; He: expected

heterozygosity; Fis: the intrapopulation fixation index; Ar allelic richness.

D 0PI onginude (B) Latitude (N) N AN 4, W R A
Bail 2021 18147 505564 13 3286 0203 0196 -0.036 1568
Bai2 2021 17959 50.5472 6 2924 0197 0195 -0.010 1667
Bai3 2021 1.7848 505314 11 3189  0.95 0193 -0.010 1571
Caml 2020 1.6061 505738 12 3313 0207 0205 -0.010 1.605
g 2021 16611 50.6682 8 2997 0195 0185 -0.054 1.620
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Table 2: Pairwise Fst estimates between the five southern damselfly (Coenagrion mercuriale)

populations located in Northern France, associated with 95% confidence interval, and their statistical

significance levels. * P <0.05, *** P <0.001.

(0.067 - 0.099)***

(0.061 - 0.101)***

(0.088 - 0.127)**~*

Bail Bai2 Bai3 Camil
) 0.037
Bal2 | (0,023 - 0.051)%
Bai3 0.030 0.033
(0.018 - 0.044)*** | (0.019 - 0.049)***
Caml 0.051 0.052 0.076
(0.040 - 0.063)*** | (0.037 - 0.068)*** | (0.062 - 0.089)***
5 0.083 0.080 0.108 0.014

(0.000 - 0.033)*
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Figure S1: Scatterplots for DAPC for five southern damselfly (Coenagrion mercuriale) populations

located in northern France with K=2 (A), K=3 (B), K=4 (C) and K=5 (D) with their associated population

membership probability assignment.
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Supplementary Table S1: List of the samples used in ddRADseq library preparation. Sample_ID:

sample name, Pop_ID: name of the population of origin and geographic coordinates of the sampling

sites (WGS84 ESPG 4326).
Sample_ID Pop_ID Longitude (WGS84) Latitude (WGS84)
Cam1-13-m20 Cam 1.60616400 50.57378824
Isq-01-m21 Isq 1.66095648 50.66824458
Bail-01-m21 Bail 1.81473148 50.55641697
Bai3-01-m21 Bai3 1.78482142 50.53136707
Cuy-01-m21 Cuy 3.45869472 50.44209135
Ger1-05-m21 Gerl 7.71086409 48.39779464
Rut2-01-m21 Rut2 7.59587037 48.49964518
Ceh1-09-m21 Cehl 7.58164061 48.47838244
S6-20-m21 S6 7.61528337 48.62932940
Rsc1-02-m21 Rscl 7.73923393 48.48230098
Al11-17-m21 All 7.65574505 48.57464250
S21-06-m21 S21 7.83357726 48.63317546
Rla6-16-m21 Rla6 7.70094941 48.67059395
A5-08-m21 A5 7.56451122 48.54390458
V1-07-m21 Vi1 7.60749656 48.19228039
V2-15-m21 V2 7.67439857 48.27871207
RLK2-18-m21 RLK2 7.65126778 48.65764007
S17-10-m21 S17 7.74115324 48.64159254
V3-11-m21 V3 7.73287300 48.35805528
Ger6-14-m21 Ger6 7.67472936 48.32892893
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Supplementary Table S2: Details of the 12,000 SPET probes used, with their sequence (probe
sequence), orientation (Strand) and the position on the reference RADIlocus. The data table can be

downloaded from the following link: https://figshare.com/s/a5aa49343eb1d9cd8093
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Supplementary Table S3: i5 index, DNA pool and yields of the Allegro Target Genotyping library

preparation.

i5 index Barcode Plate Pool Pool concentration Number (_)f raw reads with
(ng/uL) this i5 index
Plate 1 L 20.0
2 17.2
MP2-BC01 286 353 103
3 14.2
Plate 2
4 17.0
Plate 1 ° 159
6 13.9
MP2-BC02 265 877 177
Plate 2 ! 154
8 125
9 14.3
Plate 1
10 16.2
MP2-BC03 309 775 843
11 20.6
Plate 2
12 20.2
13 13.2
Plate 1
MP2-BC04 14 9.72 207 371 842
Plate 2 15 12.2
16 9.42
17 18.9
Plate 1
18 17.9
MP2-BC05 277 622 776
19 19.1
Plate 2
20 24.0
Plate 1 21 228
MP2-BCO06 22 18.4 313291 482
Plate 2 23 258
24 22.6
25 7.0
Plate 1
26 6.1
MP2-BC0O7 23238 462
Plate 2 21 73
28 5.7
29 75
Plate 1 30 6.2
MP2-BC08 ' 31631178
Plate 2 81 2
32 6.4
Plate 1 33 52
MP2-BC09 34 4.6 26 460 956
35 6.0
Plate 2
36 5.9
37 6.8
Plate 1
38 6.4
MP2-BC10 42 484 721
39 5.3
Plate 2
40 5.0
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Supplementary Table S4: Information on southern damselflies samples used for the ATG. Sample 1D,
Year of sampling, Sampling site name and coordinates (WGS84), the metaplex used to tag the sample,
the total and filtered number of sequences retrieved, the number of couples of probes completely (+ and
- probe), partly (+ or - probe) or not at all found in the cleaned reads. Samples corresponding to
metaplexes MP2-BC07, MP2-BC08, MP2-BC09 and MP2-BC10 which had to be withdrawn due to low
numbers of reads, are shown in red. Northern France samples used for population genetic analyses in
the present paper appear in bold face. The data table can be downloaded from the following link:

https://figshare.com/s/a3514773186a615bbaed
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Supplementary Table S5.1: Final steps for filtering the SNP matrix, showing the number of individuals and loci before and after each step. The final numbers

of loci and individuals used for analysis are indicated in bold.

Filter Before After

1. Remove individuals tagged with i5 indexes MP2-BC07,08,09,10. 1,920 individuals 1,150 individuals
2. Remove poor quality SNP (QD < 2, QUAL < 30, MQRankSum < -12.5, MQ < 30) 254,174 SNPs 174,822 SNPs
3. Select only biallelic loci 174,822 SNPs 154,324 SNPs
4. Select loci out of the 40bp corresponding to ATG probe sequences 154,324 SNPs 147,508 SNPs
5. Set genotypes with depth <8x as missing data 147,508 SNPs 147,508 SNPs
6. Discard loci genotyped in <50% of individuals 147,508 SNPs 58,053 SNPs
7. Discard loci with minor allele frequency < 1% 58,053 SNPs 10,435 SNPs
8. Select one loci per RADIlocus (the one with the least missing data) 10,435 SNPs 2,767 SNPs
9. Discard individuals with >40% missing loci 1150 individuals 1080 individuals
10. Remove loci with a max depth of coverage twice the mean coverage 2,767 SNPs 2,541 SNPs
11. Filter out loci with Fis levels out of [-0.2;0.2] 2,541 SNPs 2,100 SNPs
12. Filter putatively adaptative loci identified with pcadapt 2,100 SNPs 2,092 SNPs

We explored the effect of all these filtering
parameters:

TableS5.2  Loci sequencing depth
TableS5.3  Loci missing data amount
TableS5.4  Minor Allele Frequency (MAF)
TableS5.5 Individual missing data amount
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Supplementary Table S5.2: Effect of changing the filter for coverage depth of loci on the number of remaining RADIoci (step 5 in Supplementary Table 5.1)

Firstly, we filtered our loci according to their sequencing depth (step 5 in table S5.1). We had two filtering options:

a) filter the loci according to their average depth of coverage (average per locus over all the individuals) with the risk of keeping loci with a fair
average coverage but a low depth of coverage for some individuals.

b) Filter by locus and by individuals, by setting a threshold value above which we considered the genotype to be reliable, and transforming
unreliable genotypes into missing data, with the risk of increasing the quantity of missing data in our dataset.

We elicited to choose the second option with a minimum coverage depth of 8X to consider genotypes as reliable.

Number of Number RADcontigs
Number of biallelic Number RADcontigs biallelic SNP e . ntig
Depth L . . containing biallelic SNP
SNP containing biallelic SNP located after .
L after position 40
position 40
20X 7002 830 6822 823
Average depth of 15X 14026 1468 13743 1466
coverage filter 10X 37489 2556 36451 2554
8X 60442 3208 58242 3205
Unreliable
genotypes set as 8X 154324 5556 147508 5550
missing data
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Supplementary Table S5.3: Effect of the filter on the amount of missing data per locus on the remaining number of RADcontigs (step 6 in Supplementary

Table S5.1). We chose the last option.

Depth Loci present in Number of nb RADcontigs containing b'amellj'::ngl\elg(;ffter contg'l:] ﬂbebr;:f:ﬁ;cgr[\]j?:g;fter
Filter  x% of individuals biallelic SNP biallelic SNP 1afietl ining biafiell
40bp 40bp
90% 58950 3185 56797 3182
Average depth of 80% 59697 3204 57528 3201
coverage 8X 70% 59870 3206 57694 3203
60% 59942 3206 57764 3203
50% 59988 3206 57807 3203
90% 12514 1419 12267 1415
. 80% 21362 1943 20917 1940

Unreliable genotypes set 8x 0

as missing data 70% 32920 2415 32092 2411
60% 45910 2836 44442 2834
50% 60265 3198 58053 3195
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Supplementary Table S5.4: Effect of the filter on Minor Allele Frequency (MAF) on the number of RADcontigs (step 7 in Supplementary Table S5.1). We

chose the last option.

Number RADcontigs

Denth Filter Locus present in Minor Allele Number of Number RADcontigs Number of biallelic containing biallelic SNP
P x% of individual Frequency biallelic SNP containing biallelic SNP SNP after 40bp aftgr 40bp
<0.1 6560 2203 6465 2199
8X 50% <0.05 7904 2451 7793 2444
<0.01 10605 2773 10435 2767

Supplementary Table S5.5: Effect of the filter on the amount of missing data in each individual on the number of RADcontigs (step 9 in Supplementary Table

S5.1). We chose the third option.

Filter individuals with less than X% SNP genotyped Individuals kept after

filtration.
20% 1149
50% 1124
60%0 1080
70% 965
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Table S6: Sampling information and mean multilocus genetic diversity estimates using 10 microsatellite

loci (Lévéque et al biorxiv) in five Southern damselfly populations. Abbreviations: ID: population name.

Longitude and latitude are provided in WGS84 coordinates. N: sample size. Ho: observed

heterozygosity. He: expected heterozygosity. Fis: the intrapopulation fixation index; A allelic richness.

ID Sagf;'rng LO”(?E';“de Latitude (N) N nﬁ::]et:gr Ho He Fis A
Bail 2021 18147 505564 25 37 0544 049 0110 3071
Bai2 2021 17950 505472 11 30 0518 0484 -0070  2.866
Bai3 2021 17848 505314 14 28 0529 044 0202 2.707
Caml 2020 16061 505738 21 38 051 0489 -0.043 3229

sy 2020 16611 506682 20 31 0485 0461 -0.052 2.820
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Table S7: Pairwise Fsr estimates using 10 microsatellite loci (Lévéque et al biorxiv) between five
southern damselfly populations located in Northern France, associated with their 95% confidence

interval, and their statistical significance levels. * P <0.05, ** P <0.01 *** P < 0.001.

Bail Bai2 Bai3 Camil
. 0.054
Bai2 (0.00 - 0.1)*
Bai 0.117 0.175
als (0.015-02)% | (0.03-0.371)**

0.017 0.111 0.04
Caml

(-0.015-0.063) | (-0.015-0.283) | (-0.013-0.098)

0.051 0.137 0.178 0.082

Isq (0.007 - 0.117)* | (0.014 - 0.318)** | (0.075 - 0.261)*** | (0.01 - 0.159)***
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Chapitre 3. Estimation des tailles efficaces des
populations d’agrion de Mercure en Alsace :
comparaison de margueurs moléculaires et de différents
estimateurs

i Chapitre Il
Chapltre I SNPs + Marqueurs microsatellites Oén p ent d
Niveaux de diversité et de différenciation génétique VeIOPPaY “;’\‘ﬁ‘ e
marqueurs SINVs
Nord de la France Alsace
Populations périphériques Populations centrales dans l'aire de
dans l'aire de répartition mais répartition mais espaces anthropisés

espaces semi-naturels

Chapitre IV

rlonisation par I'agrion de mercure

Chapitre Il
Taille efficace des popul
Voies de dispersion des individus Impact du paysage et de I'an

Impact de I'agglomération Strasbourgeoise sur les
niveaux de diversité et de différenciation génétiques

La fragmentation des habitats et les changements d’utilisation des terres créent souvent des
environnements défavorables, réduisant ainsi la connectivité entre les populations. Cela peut entrainer
une augmentation de la différenciation génétique des populations, tout en diminuant leur diversité
génétique, augmentant ainsi le niveau de dérive génétique et de consanguinité locale. A cet égard, la
taille efficace de la population locale (Ne) est un paramétre clé en biologie de la conservation, car il
mesure la force de la dérive génétique et de la consanguinité. Pourtant, il reste difficile d’estimer Ne de
facon fiable, que ce soit par des approches directes, impliquant des suivis démographiques, ou des
approches indirectes, fondées sur 1’utilisation de marqueurs moléculaires.

Ce chapitre visait donc a caractériser finement la taille efficace des populations d’agrion de
Mercure situées en Alsace. Nous avons génotypé 2 842 individus appartenant a 77 populations a 1’aide
de marqueurs microsatellites, et 958 d’entre eux pour 2 100 marqueurs SNP développés dans le chapitre

I1. Nous avons ensuite estimé les niveaux de taille efficace de populations en utilisant ces deux jeux de
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données et en appliquant des estimateurs fondés sur un simple échantillonnage ou sur des
rééchantillonnages espacés dans le temps.

Nous montrons ainsi que la structure génétique spatiale est stable dans le temps : les cohortes
émergeant chagque année semblent connectées par des flux de genes. Les estimateurs de N. de méme
nature et appliqués a un méme jeu de données produisent des estimations similaires. En revanche, les
estimations fondées sur un seul ou plusieurs échantillonnages temporels ne sont pas toujours
congruentes, notamment entre marqueurs génétiques. Les tailles efficaces de population estimées
semblent souvent peu ¢élevées a proximité de I’Eurométropole de Strasbourg. Enfin, nous n’avons pu
identifier aucun effet des caractéristiques paysagéres entourant les sites sur les niveaux de taille efficace
de population. Ceci suggére que les patrons de structuration génétique sont gouvernés par des éléments
paysagers plus fins que ceux auxquels nous avions acces.

Ce chapitre, présenté sous la forme d’un article, a été soumis début mai 2024 sur invitation dans
un numeéro spécial de la revue Evolutionary Applications, ce numéro spécial étant dédié a I’étude des

tailles efficaces de populations.
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Abstract

The effective population size (Ne) is a key population parameter in conservation and
evolutionary biology as it determines the strength of genetic drift and inbreeding. Field estimations of
Ne can be logistically difficult and time-consuming as opposed to genetically-based methods whose rise
was fuelled by increasing data availability. Nonetheless, accurately estimating N. remains challenging,
and few studies addressed the joint comparison of N. estimates using different kinds of molecular
markers in concert with single-point sample N. assessments based on linkage disequilibrium or sibship
and temporal estimations of N. based on temporal variance in allele frequencies. This study aimed at
bridging this gap by analysing singly-sampled and temporally-spaced populations in the southern
damselfly (Coenagrion mercuriale), a bioindicator Odonata species of high conservation concern which
occurs in networks of freshwater streams in western Europe. 77 populations were collected in a semi-
urbanised area located in eastern France, totalising 2,842 individuals genotyped using microsatellite
loci, 958 of which were also typed for 2,092 SNPs. Spatial genetic structure was stable over time,
suggesting porosity between alternate-year cohorts. Applying single-sample and temporal estimations
of Nc yielded consistent results between estimators when compared for a same set of molecular markers.
Nonetheless, inconsistent results were observed in N. depiction among single-sample and temporal
estimators and between microsatellite and SNPs, with downwardly biased N. levels using the sibship
estimator. Geographical patterns of N. further suggested a negative effect of urban areas, and presumably
source/sink population dynamics of recolonisation for populations separated by a newly built highway.
Nonetheless, we found no significant effect of the surrounding landscape on levels of Ne, suggesting
more subtle fine-scaled microhabitat effects. Altogether, our study highlighted the challenge of
obtaining robust and concordant N. estimates and to carefully interpret discordant N estimates to set

relevant conservation guidelines.

Keywords: effective population size, damselfly, spatial and temporal genetic structure, urbanisation,
landscape ecology, conservation biology
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Introduction

Changes in land use related to human activities can lead to habitat loss and fragmentation,
reducing the extent of gene flow among populations and decreasing their sizes (Fahrig, 2003; Wilson et
al., 2016). Because of the greater magnitude of genetic drift and the cost of inbreeding, small isolated
populations face a substantial risk of decreasing genetic variability over time (Frankham et al., 2013;
Ellegren and Galtier, 2016; Allendorf et al,. 2022). Combined with stochastic environmental processes,
the deleterious genetic effects associated with the loss of genetic diversity can lead to a reduction in the
adaptive potential of populations, which ultimately can drive to a vortex of extinction (Saccheri et al.,
1998; Soulé and Mills, 1998; Frankham et al., 2013). Consequently, the measurement of contemporary
genetic features of populations is a key tool in monitoring the vulnerability of a population to detrimental
genetic changes, and in assessing their adaptative potential and long-term persistence, which is
particularly important for threatened species (Allendorf et al., 2010, 2022; Holderegger et al., 2019;
Hohenlohe et al., 2021).

The effective population size (N¢) is one of the key concepts and parameters in evolutionary
biology and conservation genetics, as it is directly linked to populations’ rate of genetic variation loss
due to the influence of increased genetic drift and inbreeding (Nei and Tajima, 1981; Waples, 2005;
Hare et al., 2011; Wang et al., 2016). This concept is linked to the direct relationship between the rate
of genetic changes and the size of an “ideal” Wright-Fisher finite population that satisfies the
assumptions of random mating, constant population size and non-overlapping generations (Fisher, 1931;
Wright, 1931). However, wild populations rarely conform to this model, because various factors can
reduce the number of individuals contributing to the next generation, including for instance isolated
genetic cohorts, unequal sex ratios and differential fitness of males and females. This explains why
population sizes in the demographic sense (census size) are often greater than population sizes in the
genetic sense (effective size, Waples, 2016). The N. parameter also provides a better understanding of
population dynamics in a given region, for example by identifying source-sink population structure,
which can provide important information on the status of populations for their conservation (Frankham

et al., 2013; Allendorf et al., 2022).
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In this respect, numerous methods have been developed to estimate the effective population size
in natural populations. The development of genetic methods for estimating Ne is an active field of
research involving increasingly applied advances in genotyping and software dedicated to accurately
estimate this crucial population parameter (Wang, 2009; Luikart et al., 2010; Wang et al., 2016; Waples,
2024). Herein we will focus on contemporary effective population size estimation, i.e. involving current
generations or just a few generations in the past, as this time scale is the most relevant for conservation
genetics purposes (Luikart et al., 2010; Hare et al., 2011). Single-sample estimates assess the Ne in the
generation preceding the sample by measuring the genetic result of processes acting in the parental
generation from which the sample is drawn (Waples, 2005; Hare et al., 2011). They can be measured
from genetic patterns of heterozygosity (Pudovkin et al., 1996), linkage disequilibrium (Hill, 1981) or
individual relatedness (Wang, 2009). These methods require just a single sample of multilocus
genotypes, making them useful because one does not need to survey several generations. In contrast, the
temporal method estimates the harmonic mean of Ne based on the measurement of the temporal variation
of allele frequencies across two or more samples separated in time (Nei and Tajima, 1981; Pollak, 1983;
Waples, 1989; Jorde and Ryman, 2007; Hare et al., 2011). Compared with other Ne estimation
approaches, the temporal approach makes fewer assumptions and is more robust to some complications
in real natural populations, such as population structure or overlapping generations, but is most accurate
when the sampling points are separated by many generations (Wang et al., 2016).

Yet, a robust estimation of the effective population size and its practical application remains a
challenge, particularly for large populations integrated into a metapopulation system with gene flow
arising among neighbouring populations, requiring spatial and temporal considerations to be taken into
account in the estimation of this key population parameter (Waples, 2005, 2024; Hare et al., 2011,
Clarke et al., 2024). In addition, each method for estimating Ne is subject to numerous assumptions
which are often violated in natural populations (Waples, 2016). However, to some extent, the precision
and accuracy of large Ne estimates can be improved by increasing sampling efforts for both individuals
and loci (Waples, 1989; Wang, 2009; Luikart et al., 2010).

In this respect, the development of new sequencing technologies (next-generation sequencing,

NGS) offers the possibility of genotyping thousands of genomic markers (see Bernatchez et al., 2024).
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SNPs provide a better genome-wide coverage and the opportunity to genotype many loci, offering the
promise of more accurate estimates of genetic and population demographic parameters important for
natural population conservation (Hollenbeck et al., 2016; Allendorf, 2017; Lehnert et al., 2019; see
however Waples et al., 2022). In line with NGS, numerous advances in theory and computational
analysis have also considerably improved the estimation of Ne (Do et al., 2014; Waples et al., 2014,
2018; Hollenbeck et al., 2016; Waples and Lindley, 2018; Zhou et al., 2018; Waples, 2024). Population
genomics approaches have already been used to estimate Ne (e.g. Browning and Browning, 2015; Sovic
et al., 2019). Nonetheless, very few studies compared the relative power and biological relevance of
single-sample versus temporal estimates of Ne using different kinds of molecular markers in natural
populations (see however Morin et al., 2012; Sovic et al., 2019). Our study is thus devoted to bridge
this gap by analysing the N, of a set of populations of the southern damselfly (Coenagrion mercuriale),
a protected species, using both single-sampled populations and temporally-spaced populations, and
using two different types of molecular markers: classical microsatellite loci and newly developed SNPs.

Therefore, this study aimed at finely characterising the effective population size of a large
number of southern damselfly populations located in eastern France. The southern damselfly
(Coenagrion mercuriale) is an Odonata species that typically inhabits clear, small streams characterised
by the occurrence of helophytes. This species is commonly found in southwestern Europe and sparsely
encountered in central Europe (Figure S1A). This Odonata species is of high conservation concern
because of population declines linked to changes in land use practices, particularly at the eastern edge
of its range, where the species has gone extinct or is currently close to extinction in seven countries such
as Belgium, the Netherlands and Austria (Grand, 1996). In eastern France, which is the focus of this
study, flying adults gradually emerge from May to August. Southern damselfly adults live for about two
weeks, mate, and females lay their eggs in the hollow stems of helophytes. Larvae hatch and develop as
swimming organisms for one, two or even three years before metamorphosing into adults. At its northern
limit, in the UK and most central European populations (Sternberg et al., 1999; Purse and Thompson,
2002), the southern damselfly is semi-voltine (i.e. it completes a full generation in two years), whereas
in North Africa it is both univoltine and bi-voltine (Mahdjoub et al., 2014, 2015). Given this latitudinal

gradient of the species' voltinism, we expected the southern damselfly populations located in eastern
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France to exhibit a semi-voltine trait. In France, the southern damselfly is widely distributed and locally
abundant except for the northernmost region (Figure S1B). In eastern France (Alsace region), the species
is widely distributed, although this region is subject to substantial anthropogenic pressures such as strong
urbanisation effects owing to the occurrence of Strasbourg Eurometropolis, intensive cereal cultivation,
and grapevines on the slopes of the Vosges mountains (Figure S1C). Several studies have been carried
out to estimate the population census size of this species in different regions (Rouquette and Thompson,
2005; Thompson and Watts, 2006; Couvreur et al., 2008; La Porta and Goretti, 2019; Beaune and Sellier,
2021). Nonetheless, only one study was conducted to estimate the Ne in southern damselfly using genetic
tools, highlighting contrasting patterns between demographic and genetic estimates of population size
in a single large southern damselfly population located in the UK (Watts et al., 2007). Demographic
estimates of effective population size indeed showed levels of effective size that were overestimated
compared with genetic approaches, presumably because of a weak spatial genetic structure and of biased
estimations of individual reproductive success variance (Watts et al., 2007).

Besides, the southern damselfly life-history traits provide a unique opportunity and an
interesting playground for studying the effective population size. Indeed, any factor that creates variation
in developmental timing can divide a population into discrete cohorts, characterised by their own
dynamics, eventually leading to independent demographic and evolutionary trajectories (Wolf and
Zwick, 1989; Battisti et al., 2000; Gradish et al., 2019; Bouaouina et al., 2023). By contrast, the
possibility of ‘temporal migration', in which larvae delay metamorphosis for a year and recruit to another
cohort, can homogenise different cohorts that would otherwise be independent of each other, as it was
shown by Watts and Thompson (2012) in southern damselfly populations located to the north of the
species' range (UK).

Furthermore, the southern damselfly requires specific reproductive and roosting habitats with
small, unshaded watercourses favourable to the development of helophytes (Rouquette and Thompson,
2005, 2007a; Purse and Thompson, 2009). In addition, landscape features between populations can
represent barriers to the dispersal of individuals, such as wooded areas or towns (Keller et al., 2012;
Lorenzo-Carballa et al., 2015; Watts et al., 2004c). However, several studies showed that, apart from

land use among populations, changes in the landscape structure around sites influence the neutral genetic
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and adaptive features of populations. For instance, several studies have shown positive or negative
correlations between different types of land use, such as urban areas, agricultural activities, woodland
or industrial extraction sites, and genetic features linked to population evolutionary potential in various
taxa (Flavenot et al., 2015; Munshi-South et al., 2016; Collevatti et al., 2020; Crispim et al., 2021;
Clarke et al., 2024).

Here, we used two independent genetic datasets, microsatellites and SNPs, to make
conservation-relevant inferences about genetic characteristics in a large set of southern damselfly
populations located in the Alsace region, eastern France. This area is characterised by a variety of
agricultural landscapes and the occurrence of a large city, Strasbourg. Moreover, to go beyond punctual
spatial genetic studies, we performed a temporal survey to get further insights into the Ne of
interconnected populations of the southern damselfly where we have previously shown very low genetic
differentiation and isolation by distance occurring overland using microsatellite loci (Lévéque et al.,
2024a). Our specific goals were the following: (i) evaluating whether alternate-year cohorts were
genetically distinct with independent evolutionary trajectories or whether gene flow between cohorts
ensured a certain degree of genetic cohesion between the sampled years ; (ii) estimating and comparing
the relative power of contemporary effective population sizes using microsatellites and SNPs and by
applying single-sample and temporal estimations of Ne; (iii) identifying potential biological and
demographic processes underlying the level and geographical distribution of estimated Ne, such as
source and sink population dynamics and the occurrence of a newly built highway bypassing the city of
Strasbourg; (iv) assessing whether the nature of the surrounding landscape may affect effective

population sizes in the southern damselfly.

Materials and methods

Study sites and sampled populations

We collected a total of 2,842 southern damselflies from 77 populations in north-eastern France,
Alsace region (Figure 1). Adult individuals were collected using an insect net in late spring (May to
July) in 2021 and 2022. 34 populations were sampled in both years (Table S1). Populations were defined

as a group of randomly sampled adults within a specific geographic location, spanning a 200-meter
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transect along watercourses separated by at least 500m. Minimum sampling size was 10 individuals to
allow biologically relevant estimation of effective population sizes: 10 to 39 individuals were collected
per population (mean sampling size 25.60, s.d. 6.60). Geographic coordinates and sampling sizes of
each population can be found in Table S1. Two kinds of samples were collected: whole individual body
or only the right middle leg of each individual, the latter method being non-lethal and not impacting the
damselfly’s survival (Fincke and Hadrys, 2001). All samples were stored in 100% ethanol until DNA

extraction.

Genotyping using microsatellite and SNP loci

Individuals were genotyped using two different kinds of molecular markers: (i) one based on
ten microsatellite loci previously described by Watts et al (2004a,b) and using the full dataset of 2,842
sampled individuals (77 populations, 34 of which being sampled in both years); (ii) the other one using
a set of 2,092 SNPs on a subset of 958 individuals whose full body was available to ensure a sufficient
guantity of DNA material, and representing 56 populations, 11 of which were sampled in both years
(Table S1). Both microsatellites and SNPs were used to estimate contemporary effective population
sizes.

For whole individuals, we removed abdomens from the rest of the body to avoid sampling
intestinal microbiota, and we crushed all samples using MN Beads Type D (Macherey-Nagel) as
described in Lévéque et al. (2024a). We extracted total genomic DNA from each whole individual
sample using NucleoMag® Tissue Kit (Macherey-Nagel) according to the manufacturer’s
recommendations. For leg samples, we purified DNA with 12 pL NucleoMag B-beads and 12 pL of
pure water and eluted in 50 pL.

We genotyped all samples using ten unlinked nuclear microsatellite loci named LIST002,
LIST023, LIST034, LIST035, LIST037, LIST042, LIST062, LIST024, LIST063, and LIST066, isolated
and described in Watts et al (2004a,b) and following the protocol details in Lévéque et al. (2024a).

We also genotyped southern damselfly individuals using SNPs generated using the Tecan
Genomics’ Allegro Targeted Genotyping method (ATG, Redwood City, United States). All details of

the library preparation and bioinformatics analysis are detailed in Lévéque et al. (2024b). Briefly, based
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on RADIoci constructed from a ddRAD library, 12,000 SPET probes were designed to recapture 6,000
unlinked SNPs. Target genomic libraries were prepared following the manufacturer guidelines for
preparing the SPET libraries and were sequenced on a MiSeq System (1x150 bp, Illumina Inc., San
Diego, CA, USA) at GenoScreen sequencing platform (Lille, France). The following bioinformatics
analyses included sequences’ cleaning, alignment to the reference (bowtie2; Langmead and Salzberg,
2012), variant calling following the software best practices for germline short variant discovery
implemented in GATK Best Practices, and filtering to obtain reliable SNPs. After removing loci under
selection and loci showing aberrant Fis estimates, we obtained genotypes for 2,092 biallelic SNPs, each

located on a different RADcontig (see Lévéque et al., 2024b).

Levels of spatial and temporal genetic differentiation

First, we assessed whether the population genetic structure was stable over the years. We
investigated this issue using only the microsatellite loci because of more resampled populations using
this kind of molecular marker. We computed pairwise estimates of genetic differentiation (Fsr) between
all pairs of samples (between cohorts and between spatial locations) for populations sampled in both
years. We tested the statistical significance of pairwise Fsr using permutation tests (10,000 multi-locus
genotype permutations among both temporal samples and spatial locations) implemented in FSTAT
v.2.9.4 (Goudet, 2004). To assess whether the spatial genetic structure was stable over cohorts, we
regressed pairwise Fst values between equivalent pairs of populations from each cohort and tested for
statistical significance using a Mantel statistic rz (Smouse et al., 1986) with the mantel.rtest function of
the R package ‘ade4’ with 10000 permutations (Dray and Dufour, 2007).

Secondly, we evaluated the importance of the sampling year on genetic differentiation by
calculating hierarchical F-statistics (YYang, 1998). We constructed a two-level hierarchy, using years of
sampling as the outermost level, and the sampling site as the innermost level. We estimated the variance
associated with each level using the function varcomp.glob in the R package hierfstat v.0.5-11 (Goudet,
2005). We assessed the statistical significance of variance explained by each level using the permutation
algorithms with the functions test.between (year of sampling level) and test.within (population level)

implemented in the same package. As above, we only carried out this analysis using the microsatellite
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dataset, as it contained more populations sampled over two years compared to the SNP dataset (34
populations and 11 populations respectively). Besides, it allowed a comparison with previous results

obtained for this species (see Watts and Thompson 2012).

Estimation of effective population size and depiction of its spatial distribution

We estimated contemporary effective population sizes for both datasets using two single-sample
estimators and three temporal (two-samples) estimators. First, we estimated single-sample
contemporary Ne using the method based on linkage disequilibrium (LD; Hill, 1981; Waples, 2006;
Waples and Do, 2010) and implemented in the program NEESTIMATOR v.2.1 (Do et al., 2014). This
analysis was conducted assuming random mating, using 0.05 as a threshold for the lowest allele
frequency, and using the jackknife-based confidence intervals. Secondly, we applied a maximum
likelihood method to estimate single-sample contemporary N.. To this end, we used the COLONY
software v.2.0.7.0 (Jones and Wang, 2010) by performing a Full-Likelihood analysis method dedicated
to dioecious diploid species, with medium-length runs, assuming random mating and polygamy for both
males and females and with no sibship prior. All other parameters were set as default. This maximum
likelihood method estimates N. based on inferred sibship frequencies among samples, with associated
confidence intervals obtained through bootstrap resampling (Wang, 2009). Thirdly, N. were estimated
for temporally resampled populations using a method based on temporal changes in allele frequencies
(see Waples, 1989) and three different estimators for computing the standardised variance in allele
frequency F: F. (Nei and Tajima, 1981); F« (Pollak, 1983); and Fs (Jorde and Ryman, 2007). For
subsequent analyses and whatever the N. estimator used, populations showing either infinite N
estimates or effective population sizes estimated over 1,000 were set to an effective population size
estimate of 1,000 to compare the different estimators and to investigate the spatial distribution of Ne.

To examine the level of consistency between the different estimators and microsatellite and SNP
markers, we first estimated pairwise Pearson correlations between Ncestimations. The correlation matrix
was then visualised using the function corrplot from the corrplot v.0.92 R package (Wei and Simko,
2017). To visualise the distribution of N. for each type of genetic marker and Ne estimator, we produced

a density plot using the R package ggplot2 v.3.4.1 (Villanueva and Chen, 2019). To gain further insights
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into fine-scaled spatial variations of N estimates, we interpolated Ne estimates using the simple kriging
method using the R package gstat v.2.1-0 (Pebesma, 2004). Maps of estimated N. were produced using

the open-source software QGIS v.3.18 (Quantum GIS Development Team).

Effect of landscape surrounding southern damselfly breeding habitats on effective
population sizes

To determine the nature of the landscape surrounding the breeding habitats of southern
damselfly populations, we created buffers around each sampling site using QGIS with a radius of 200m
(Figure S2A). This buffer size was chosen because it corresponds to the typical lifetime dispersal
distances of southern damselfly flying adults, with most individuals dispersing at geographic distances
less than < 100m, as shown in previous studies using direct measure of dispersal ability of the species
(Purse et al., 2003; Watts et al., 2004c). To describe the landscape in the direct vicinity of sampled
populations, we used the 2018 vector layers of Urban Atlas, Natura 2000, Riparian zones and Corine
Land Cover to produce a land use map of the studied region (Figure S3A). The Urban Atlas layer covers
approximately 85% of our study area and 67 of the sampled sites we surveyed. We subsequently used
the Natura 2000 layer to cover the rest of the sites (N=10). Riparian zones and Corine Land Cover layers
were used to complete the land cover outside the study sites (Figure S3A). Land use classes were
synthesised into five main land cover categories thought to be relevant with regard to habitat
requirements of the southern damselfly (Thompson et al., 2003; Rouquette and Thompson, 2005,
2007b): impervious areas (buildings, transport networks), agricultural areas (arable land, vineyards),
wooded areas, open green areas (parks, meadows) and aquatic areas (wetlands, large watercourses);
Figure S3B). Aquatic areas, open green areas and agricultural areas can be considered as suitable areas
for dispersal and/or breeding habitats. In contrast, impervious and wooded areas are inhospitable areas
for the southern damselfly (Keller et al., 2012; Lorenzo-Carballa et al., 2015; Watts et al., 2004c).

Pearson’s correlation coefficients (r) and their statistical significance were calculated and
visualised using the R packages corrplot v.0.92 and GGally v2.1.2 (Wei and Simko, 2017; Schloerke et

al., 2022) to determine the relationship between the land cover surrounding sites (categories: percentage
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of impervious, agriculture, forest fragments, open green areas and water bodies) and estimates of

effective population sizes.

Results

Genetic variability and levels of genetic differentiation between cohorts

None of the pairwise estimates of genetic differentiation between temporal samples of
populations differed from 0 after Bonferroni correction (Table S2). Pairwise values of Fsr between
equivalent pairs of populations from each temporal population sample were significantly correlated,
indicating a stable population genetic structure over time (Mantel rz = 0.525, P < 0.0001; Figure S4).
Likewise, the hierarchical F-statistics analysis clearly showed significant levels of genetic
differentiation among populations within the same year of sampling (F poputationyear = 0.165; P = 0.01;

Table S3), but not among years (F vearrrotal = -0.018; non-significant; Table S3).

Estimates of effective population sizes

Effective population size estimates varied depending on the type of genetic data and the type of
analytical method used to generate N, estimates (Figure 2 and Supplementary Figures S5, S6, S7). Full
details of N estimations using the different methods are presented in Table S4 and Table S5. Overall,
effective population sizes estimated using the same category of genetic markers were consistent.

For single-sample estimates using SNP data, the correlation between LD and Sibship estimators
was 0.77 (P < 0.001, Figure S7A) and the patterns of N. distribution were almost similar, except for
intermediate N. estimates ranging between 75 and 500 (Figure 2A). Using microsatellite data, the
correlation between LD and Sibship N. estimators was weaker, with a value of 0.38 and close to the
levels of correlation observed between N. estimators using different genetic markers (values ranging
between 0.17 and 0.34; Figure S7A). For single-sample N. estimates, 31 to 36 populations were
estimated as infinite in size or with Ne > 1000 using either microsatellites or SNPs (Figure S5 and Table
S4). Finite Ne estimates from LD ranged from 11.5 (population Deu5-2022) to over 3000 (population

RLK4-2022) for microsatellite data, and from 41.5 (population S21-2021) to over 20000 (population
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Deu7-2022) for SNP data. For sibship frequency-based measures of N., estimates ranged from 19
(population CCR11-2022) to 44 (population Rlei6-2021) for microsatellite data, and from 52
(population S21-2021) to 420 (population V3-2021) for SNP data. The sibship estimates with
microsatellite data thus stand out from all the other estimates, with a much lower estimated effective
population size (all centred around 30) compared to the others, and with no infinite estimates of Ne
(Figure 2, Figure S5). Given that, the sibship estimator was no longer considered in our analyses on the
spatial distribution of effective population sizes.

For temporal (two-sample) estimates of Ne, we observed a very high correlation between Ne
estimates using microsatellite data (correlation values very close to 1, P < 0.001, Figure S7B) and a still
positive but weaker correlation for data estimated using SNPs, ranging from 0.44 to 0.50 (Figure S7B).
In contrast, N estimates between microsatellites and SNPs were not or slightly negatively correlated
with each other (Figure S7B). For temporal N, estimates, a high number of populations were estimated
as infinite in size, ranging from 14 to 17 populations out of 34, depending on estimators. Using SNPs,
these proportions were lower for the Pollak (1983) and Jorde & Ryman (2007) N. estimators (0 and 2
out of 11 populations, respectively) but not for the Nei & Tajima (1981) N, estimator for which 6 out of
11 populations exhibited infinite effective population sizes. Finite N. estimates from Pollak (1983)
ranged from 12 to over 1000 using the microsatellite dataset, and from 43 to over 4000 for the SNP
dataset (Table S5, Figure S6). N. estimates using Nei & Tajima (1981) estimator ranged between 14 and
315 and between 80 and 1011 for microsatellites and SNPs, respectively. Finally, N, estimates from
Jorde & Ryman (2007) ranged between 10 and 1144 and between 38 and 423 for microsatellites and

SNPs, respectively (Table S5, Figure S6).

Geographical patterns of effective population sizes

Based on N. estimates that were consistent among single-sample and temporal methods over
marker types, we observed that populations S21, CCR7, Rscl and RLK56 around the Strasbourg
metropolitan area displayed relatively low levels of effective population size compared to other

populations located further away from the city (Figure 3, Figure 4A, Figure S8 and S9). However, in the
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south of Strasbourg city, population Weil surprisingly showed high levels of N. compared with the
neighbouring Rscl and CCR7 populations (Figure 4A, Figure S8 and S9).

When focusing on the axis of the newly built A355 highway, effective population size estimates
were highly contrasted between populations that were geographically close but located upstream and
downstream of the same watercourse (Figure 4A). For instance, populations Rla3 and Rla5 showed low
levels of estimated effective population size compared to population Rla6 located downstream.
Likewise, population RLK3 showed a low level of estimated effective population size compared with
population RLK4 located on the other side of the highway. In contrast, populations Rlei6 and Rlei7,
although located near the highway, exhibited high N. values well above those measured for population
Rlei45 located upstream. Finally, although located along the same watercourse and whatever the
highway side, populations A4, A6, A7 and A9 displayed a patchwork of low or very high levels of
effective population sizes (Figures 3 and 4A and Figures S8, S9).

Finally, in the southern part of the study area, populations exhibited either very high or very low
N. estimates, suggesting a patchwork of stable populations and non-equilibrium populations indicating

potential source-sink population dynamics (Figure 4B).

Effect of the landscape surrounding breeding habitats on effective population sizes

Sampled populations differed in land use surrounding the breeding habitats, with a large number
of sites predominantly characterised by agricultural land (N = 51). A few populations were surrounded
mostly by impermeable land (N = 8) or by wooded land (N = 2), or a mixture of land use variables (N
= 16; Figure S2B). Overall, agricultural areas were negatively correlated with other types of land use
(Figure S10). Impervious surfaces were also negatively correlated with other land uses, except for a
weak positive correlation with green open spaces. Wooded areas, on the other hand, were positively
correlated with water areas. Overall, effective population size estimates showed low and mostly non-

significant correlations with land use types around breeding habitats (Figure S10).

Discussion
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Life-history traits, such as reproductive systems or generational development times, are
intimately linked to estimates of effective population size (Caballero, 1994; Wang, 1997; Luikart et al.,
2010; Waples et al., 2013; Waples, 2024). For example, the presence of overlapping generations in
polygamous species, where individuals reproduce for many years, reduces the effective population size
(Beletsky and Orians, 1989; Chen et al., 2019). In contrast, the presence of seed banks in plant
populations greatly reduces the loss of heterozygosity over time and thus increases effective size; these
conclusions are also applicable to other organisms with similar life-history traits such as diapausing eggs
in freshwater crustaceans and other semelparous species with discrete breeding seasons and a variable
maturation time such as the Pacific salmon (Nunney, 2002). Understanding the life-history traits of the
studied species is therefore a necessary prerequisite for estimating and interpreting effective population
sizes (Waples, 2005; Waples and Yokota, 2007; Waples et al., 2013). The development time of a
generation is important because if individuals do not maintain a variation in their rate of development,
and if no individuals are moving from one cohort to another to maintain a certain degree of genetic
cohesion, each temporal cohort will lead in the long term to independent demographic evolutionary
trajectories with different numbers of breeders and distinct effective population sizes for each cohort
(Taylor and Friesen, 2017; Gradish et al., 2019; Bouaouina et al., 2023).

The southern damselfly voltinism is a plastic trait along a latitudinal gradient (Purse and
Thompson, 2002; Mahdjoub et al., 2014, 2015). In addition, the development time of individuals can be
decreased by one year by environmental factors such as industrial cooling waters increasing the water
temperature (Thelen, 1992). Our results showed a lack of significant levels of genetic differentiation for
each population between two sampling years. Moreover, the levels of genetic differentiation measured
between spatial populations remained stable over time, and the genetic structure observed in the region
was mainly explained by differences between populations and not by differences between sampling
years. Our results, although derived at a lower latitude and in a more central area of the species' range,
were therefore consistent with previous observations conducted in the United Kingdom, towards the
north of the species' range (Watts and Thompson, 2012). We therefore reiterate the findings of Watts

and Thompson (2012), indicating low levels of genetic divergence between sympatric cohorts as a result
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of developmental plasticity where a fraction of individuals complete their development outside of a two-
year (semi-voltine) period, thus mixing alternate-year cohorts.

Effective population size is an essential concept in population genetics and conservation biology
because it summarises the history of the population regarding genetic drift and inbreeding, and it helps
to assess and to monitor the vulnerability of populations (Waples, 2005; Frankham et al., 2013; Wang
et al., 2016; Allendorf et al., 2022). However, estimating this parameter in natural populations is a
challenge and poses several difficulties (Gilbert and Whitlock, 2015; Santos-del-Blanco et al., 2022;
Waples, 2024). Our results illustrated the difficulty of thoroughly estimating the effective population
size in southern damselfly populations. Indeed, even with the use of different types of molecular markers
(microsatellites and SNPs) and of complementary estimation methods (single-sample and temporal), we
obtained a large number of infinite estimates of N¢, or estimations which did not have a finite upper 95%
Cl. This makes the estimation of effective size imprecise because it remains difficult to disentangle
whether an infinite estimate of N, actually depicts a large N. or a lower or moderate N that could not be
correctly estimated owing to insufficient population sampling size or low number of molecular markers
used (Waples, 2024; Clarke et al., 2024). Likewise, such biologically meaningless estimates were also
observed in southern damselflies, in more isolated populations located at the northern limit of the
species' range (United Kingdom) and based on genetic estimates using microsatellite markers (Watts et
al., 2007). Furthermore, our results pointed out that N. estimates based on individual relatedness (see
Wang, 2009) with microsatellite markers did not present the problem of infinite effective size.
Nonetheless, this method showed abnormally low and constant estimates of effective population size
(ranging from 19 to 44) compared to all the other N estimators used in this study. Lower estimates on
Ne with sibship estimates have already been observed with microsatellite data (e.g. Woltmann et al.,
2019) and the discrepancies observed in our results could be explained by violation of the assumptions
associated with this estimator such as random sampling of individuals as well as the lack of resolutive
information from the microsatellite markers we used (Wang, 2004, 2009).

Overall, the difficulty in estimating effective population sizes in our case study may be related
to the different genetic models of populations underlying the N estimators and the assumptions they

involve (Gilbert and Whitlock, 2015; Wang et al., 2016; Santos-del-Blanco et al., 2022). In line with
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this idea, Sovic et al. (2019) clearly illustrated, in populations showing a high level of geographic
isolation, that point estimates of the effective sizes of populations can vary depending on the type of
genetic data and the method used to generate the estimates. Firstly, many N estimators assume that
populations are isolated because migration complicates the quantification of drift by modifying allele
frequencies in a less predictable way (Wang and Whitlock, 2003; Waples and Do, 2010). Gene flow
among populations can therefore bias N. estimates. Yet, we showed using microsatellite loci that
populations occurring in this region displayed very low levels of genetic differentiation, indicative of a
substantial level of connectivity with gene flow occurring overland among populations (Lévéque et al.,
2024a), which may explain part of the bias we may have obtained. Secondly, additional common
assumptions in estimating effective population sizes are random mating of individuals and balanced sex
ratios, both features which are likely to be violated in many wild species, including southern damselflies.
Previous observations in the southern damselfly suggested unbalanced sex ratios but also variation in
individual reproductive success between males and females (Purse and Thompson, 2005; Rouquette and
Thompson, 2007b; Watts et al., 2007). Nonetheless, this type of bias should reduce the estimated
effective population sizes, which does not explain the plethora of infinite N estimations that we
observed. Finally, by definition estimating effective population sizes derives from the ability to quantify
the amount of random genetic drift experienced by a population. Unfortunately, when N is very large,
evolutionary forces other than genetic drift, such as selection and gene flow, will have a relatively greater
influence on the estimate of N (Hare et al., 2011). In addition, the genetic drift signal for a large effective
population is so weak that it can be difficult to distinguish it from sampling error (Wang, 2009; Waples,
2016; Marandel et al., 2019).

However, the accuracy and precision of large N. estimates can be improved by increasing
sampling efforts for both individuals and loci (Waples, 1989; Berthier et al., 2002; Wang, 2009; Luikart
et al., 2010). Genomic data (SNP markers) have already shown greater resolution and ability to estimate
Ne, but these data also present unique challenges in estimating N. (Stahlke et al., 2020). Indeed, the use
of thousands of SNP loci, many of which are likely to be linked, will result in lower estimates of N,
unless physical linkage is considered (Do et al., 2014; Waples et al., 2016, 2022). This is why, if a

reference genome is available, Ne estimation methods based on the LD between unlinked loci may be
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more efficient. Otherwise, when using ddRADseq data, it is recommended to keep only one SNP per
RADIocus (Hollenbeck et al., 2016; Lehnert et al., 2019; Waples et al., 2022), as was the case when
filtering our genomic data (Lévéque et al., 2024b). Thus, there are still challenges and limitations in
estimating effective population sizes, even with increasing amounts of genomic data. Therefore, because
Ne is used to inform conservation decisions, it is important to be cautious in interpreting the estimated
levels and to cross-check the results obtained from different genetic markers and types of estimators
(Shaffer, 1981; Rieman and Allendorf, 2001; Santos-del-Blanco et al., 2022). As a matter of fact, and
beyond the problem of the infinite Ne estimates, although the levels of effective population sizes that we
measured vary from one estimator to another, we observed that for the same type of genetic marker, the
estimated effective sizes tend to be highly correlated with each other. This correlation was also observed
between the LD and sibship estimators using microsatellite markers, although the latter was
downwardly-biased in terms of N, levels. This indicates that even if the absolute estimated effective
population sizes varied, the general trends measured by the different Ne estimators remained similar,
with small populations being consistently estimated as such and large populations being estimated as
always quite large. Finally, we did not compare the N. estimates based on single samples and on
temporal estimates. Indeed, they provide independent information about effective population size, with
single-sample estimates measuring the genetic result of processes acting in the parental generation, while
temporal estimators measure the strength of the temporal variance of allele frequencies across two or
more temporal samples (Waples, 2005; Hare et al., 2011).

Altogether, for a given population, the effective population size levels can vary from one
estimator to another, making interpretation somewhat difficult and uncertain. However, for some
populations, all the N, estimators gave consistent results, with, for example, a low estimate of Ne levels
(comprised between 10 and 50 individuals, e.g. population S21), medium estimates of N. (with estimates
ranging between 50 and 500 individuals, e.g. population S6), or very large Ne, or even infinite Ne, as
was the case for the population A7. Focusing on these concordant estimates, different spatial patterns of
effective population size emerged. The specific set of populations located along the A355 highway
showed highly variable levels of effective population size, even if they were located very close together

on either side of the highway. These observations may be relevant in view of the recent construction of
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the highway, which started in 2016, and in view of the river restoration and modification work carried
out from 2016 to 2020 around this axis, indicating a possible recolonisation with source-sink dynamics
of populations.

In that respect, progressive recolonisation processes of rivers after restoration actions was
recently demonstrated in another area located in southwestern France in the Pinail National Nature
Reserve using direct approaches in the southern damselfly (Beaune and Sellier, 2021). This study
illustrated that this Odonata species quickly responded to new habitat availability and heterogeneity and
that patches of favourable habitat can be rapidly recolonised by neighbouring populations. Moreover,
we expected a negative effect of human footprint because habitat fragmentation and degradation in man-
made habitats reduce the census population size and the connectivity among populations, thereby
decreasing the level of N (reviewed in Clarke et al., 2024). In that respect, the populations located near
the Strasbourg metropolitan area gave a mitigated message, with a mix of some local populations
displaying low effective population sizes (e.g. populations S21, CCR7) and of populations with, in
contrast, very large Ne estimates (e.g. population Weil). The occurrence of populations exhibiting very
small N could be linked to a negative impact of this very densely urbanised area on population genetic
features, as it was illustrated by a decrease in the levels of genetic diversity and an increase in the levels
of genetic differentiation in populations close to the city centre (Lévéque et al., 2004a). Finally, although
geographically close, populations located further south of the city of Strasbourg showed highly variable
levels of effective population size, with a patchwork of populations characterised by very high N. levels
along the Ger river (e.g. populations Ger3, Ger4, Ger6) but characterised by very low N levels in other
adjacent rivers (e.g. population Hanl or Al4). This suggested that effective population sizes in the
southern damselfly would be most certainly dependent on external, potentially environmental, factors.

In this context, we also explored whether the landscape surrounding the breeding habitats where
the populations were sampled could explain the patterns of effective population sizes. Although the land
use variables were mechanically linked, with a negative correlation between agricultural areas and other
types of land use, no land use variable significantly explained the observed variation in effective
population sizes in the southern damselfly. This lack of a direct relationship between landscape

components and levels of Ne can be explained by an incorrect spatial and/or temporal scale of land use
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(Segelbacher et al., 2008; Anderson et al., 2010). Previous studies on southern damselfly dispersal
suggested that gene flow among populations may be influenced by the surrounding landscape, with a
negative impact from dense urban areas, high-grounded vegetation and scrub, and high altitude, and a
positive impact of agricultural areas (see Watts et al., 2006, 2004c; Keller et al., 2012; Lorenzo-Carballa
et al., 2015). However, the nature of the landscape did not explain the levels of intra-population genetic
diversity in our study. Therefore, the southern damselfly could be more dependent on the microhabitat,
local habitat closure and the occurrence of helophytes directly in the watercourse, which cannot be
captured with land use data. Indeed, the type of fine-scaled local microhabitat is thought to be tightly
linked to the local density of populations (Rouquette and Thompson, 2005, 2007b).

Finally, from a conservation point of view, a general benchmark for assessing whether species
are at short-term genetic risk comes from the much-debated "50/500 rule" first proposed by Franklin
(1980) for assessing endangered species' minimum viable population size. Basically, this rule argued
that populations should be maintained at a minimum short-term effective population size of at least 50
individuals to avoid genetic deleterious effects due to increased inbreeding due to mating between
genetically related individuals, and that N.>500 could ensure the long-term maintenance of
evolutionary potential. However, there was much debate about the viability of 50 individuals as a
specific numerical target (Jamieson and Allendorf, 2012; Frankham et al., 2014; Clarke et al., 2024).
Notwithstanding, our empirical findings highlighted that several populations exhibited contemporary N
well below 50 (e.g. populations Al14, CCR7, Hanl, Kohl, RLK56, S21, S67, Rsc1, VV2), suggesting that
these populations are potentially at risk of local deleterious genetic effects of inbreeding and loss of
genetic diversity, and that conservation planning for this species needs to take this possibility into
account. On a more positive note, many populations in the region also showed consistently high Ne

values wall above 500 (e.g. populations All, Bli2, Rlei6, Rlei7, Ger4).

Conclusion and perspectives

This study confirmed that there was no genetic isolation between sampling years in southern

damselflies, suggesting plasticity in the semi-voltine trait of the species and, consequently, no
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independent evolutionary trajectories of temporally-spaced and genetically differentiated cohorts (see
also Thelen, 1992; Watts and Thompson, 2012). Although this empirical study illustrated the inherent
difficulty of accurately estimating effective population sizes, even using a large set of different genomic
markers expected to yield greater accuracy than a microsatellite-based dataset, our results suggested
contrasting population dynamics mirroring source and sink recolonisation processes on either side of a
newly built highway. Future studies will need to investigate more thoroughly the barrier effect of such
infrastructure, as well as the recolonisation processes in watercourses impacted and restored during its
construction. Finally, although the Strasbourg city area negatively impacted the levels of effective
population sizes for a set of populations, land use around the sampled populations studied did not prove
to be a good predictor of effective population size. Further studies focusing (i) on finer scales of
investigation and (ii) on landscape elements facilitating or impeding individual dispersal events among
subdivided populations will be required to determine whether subtle landscape components are likely to
shape the levels of effective population sizes and other critical genetic parameters, such as the amount

of gene flow, in the southern damselfly.
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Figure 1: Location of 77 populations of the southern damselfly (Coenagrion mercuriale) in North-
eastern France. Each dot represents one population, characterised by a single sampling in 2021 or 2022

(N=43, white dots) or by two successive samplings in 2021 and 2022, allowing for effective population

size (Ne) estimations based on temporal variance in allele frequencies (N=34, dark grey dots). Land
cover was simplified from Corine Land Cover Edition 2018.
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Figure 2: Density plot showing the distribution of effective population size (N.) estimates for (A) single-
sample methods (LD: Linkage disequilibrium; Sibship: Full-Likelihood analysis based on inferred

sibship frequencies among samples) and (B) for temporal methods using Fs (Jorde & Ryman 2007), Fe
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Nei & Tajima (1981), and F« Pollak (1983) for the microsatellite (Microsatellites, solid lines) and the

SNP datasets (SNPs, dotted lines).
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Figure 3: Spatial distribution of effective population size (N.) estimates in the southern damselfly. The
maps show the geographical distribution of N. estimations (A, C, E) and their interpolations in the

studied area (B, D, F). Single-sample methods: (A, B) Linkage disequilibrium estimates using

171



microsatellites, (C, D) LD estimates using SNPs. (E, F) Temporal estimation of N using Fx from Pollak

(1983) using microsatellites. The dotted rectangles refer to specific area zoomed on in Figure 4.
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south of Strasbourg. Distribution of effective population sizes (Ne) estimated for single-samples using

the LD method and microsatellites. Major watercourses are represented by a blue line, the A355 highway
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by an orange line, and the Strasbourg city limits by a striped area. The names of populations in black
indicate populations for which the different single-sample estimators showed congruent results in terms
of N estimates, while populations whose names are in grey represent populations for which N, estimates

greatly varied among the different estimators we used.

174



References

Allendorf FW (2017). Genetics and the conservation of natural populations: allozymes to genomes. Mol
Ecol 26: 420-430.

Allendorf FW, Funk WC, Aitken SN, Byrne M, Luikart G (2022). Conservation and the Genomics of
Populations, 3rd edn. Oxford University Press: Oxford, UK

Allendorf FW, Hohenlohe PA, Luikart G (2010). Genomics and the future of conservation genetics. Nat
Rev Genet 11: 697-7009.

Anderson CD, Epperson BK, Fortin M-J, Holderegger R, James PMA, Rosenberg MS, et al. (2010).
Considering spatial and temporal scale in landscape-genetic studies of gene flow. Mol Ecol 19: 3565—
3575.

Battisti A, Boato A, Masutti L (2000). Influence of silvicultural practices and population genetics on
management of the spruce sawfly, Cephalcia arvensis. For Ecol Manag 128: 159-166.

Beaune D, Sellier Y (2021). Stream restorations with meanders increase dragonfly and damselfly
diversity and abundance, including an endangered species. J Nat Conserv 60: 125950.

Beletsky LD, Orians GH (1989). A male red-winged blackbird breeds for 11 years. Northwest Nat 70:
10-12.

Bernatchez L, Ferchaud A-L, Berger CS, Venney CJ, Xuereb A (2024). Genomics for monitoring and
understanding species responses to global climate change. Nat Rev Genet 25: 165-183.

Berthier P, Beaumont MA, Cornuet J-M, Luikart G (2002). Likelihood-based estimation of the effective
population size using temporal changes in allele frequencies: a genealogical approach. Genetics 160:
741-751.

Bouaouina S, Chittaro Y, Willi Y, Lucek K (2023). Asynchronous life cycles contribute to reproductive
isolation between two Alpine butterflies. Evol Lett 7: 436-446.

Browning SR, Browning BL (2015). Accurate non-parametric estimation of recent effective population
size from segments of identity by descent. Am J Hum Genet 97: 404-418.

Caballero A (1994). Developments in the prediction of effective population size. Heredity 73: 657-679.

Chen N, Juric I, Cosgrove EJ, Bowman R, Fitzpatrick JW, Schoech SJ, et al. (2019). Allele frequency
dynamics in a pedigreed natural population. Proc Natl Acad Sci 116: 2158-2164.

Clarke SH, Lawrence ER, Matte J, Gallagher BK, Salisbury SJ, Michaelides SN, et al. (2024). Global
assessment of effective population sizes: Consistent taxonomic differences in meeting the 50/500 rule.
Mol Ecol in press: e17353.

Collevatti RG, dos Santos JS, Rosa FF, Amaral TS, Chaves LJ, Ribeiro MC (2020). Multi-scale
landscape influences on genetic diversity and adaptive traits in a neotropical savanna tree. Front Genet
11: 508563.

Couvreur JM, Dufréne M, Goffart P, Vandevyvre X, Etienne F, Testart D (2008). Nouvelles estimations
des effectifs de 1’Agrion de Mercure (Coenagrion mercuriale) dans la plaine du Biran (Commune de
Beauraing, Belgique) avec une analyse des principaux facteurs écologiques expliquant son abondance.
Bull Société R Belge Entomol 144: 101-115.

175



Crispim B do A, Fernandes J dos S, Bajay MM, Zucchi MlI, Batista CE de A, Vieira M do C, et al.
(2021). Genetic diversity of Campomanesia adamantium and its correlation with land use and land
cover. Diversity 13: 160.

Do C, Waples RS, Peel D, Macbeth GM, Tillett BJ, Ovenden JR (2014). NeEstimator v2: re-
implementation of software for the estimation of contemporary effective population size (Ne) from
genetic data. Mol Ecol Resour 14: 209-214.

Dray S, Dufour A-B (2007). The ade4 Package: implementing the duality diagram for ecologists. J Stat
Softw 22: 1-20.

Ellegren H, Galtier N (2016). Determinants of genetic diversity. Nat Rev Genet 17: 422-433.

Fahrig L (2003). Effects of habitat fragmentation on biodiversity. Annu Rev Ecol Evol Syst 34: 487—
515.

Fincke OM, Hadrys H (2001). Unpredictable offspring survivorship in the damselfly, Megaloprepus
coerulatus, shapes parental behavior, constrains sexual selection, and challenges traditional fitness
estimates. Evolution 55: 762-772.

Fisher R A (1931). The genetical theory of natural selection. Oxford Clarendon Press: Oxford, UK.

Flavenot T, Fellous S, Abdelkrim J, Baguette M, Coulon A (2015). Impact of quarrying on genetic
diversity: an approach across landscapes and over time. Conserv Genet 16: 181-194.

Frankham R, Bradshaw CJA, Brook BW (2014). Genetics in conservation management: revised
recommendations for the 50/500 rules, Red List criteria and population viability analyses. Biol Conserv
170: 56-63.

Frankham R, Briscoe DA, Ballou JD (2013). Introduction to conservation genetics, 2d edition.
Cambridge University Press: Cambridge UK.

Franklin IR (1980). Evolutionary change in small populations. In: Conservation biology: an
evolutionary ecological perspective., Sinauer Associates, Inc.: Sunderland, Massachusetts, pp 135-150.

Gilbert KJ, Whitlock MC (2015). Evaluating methods for estimating local effective population size with
and without migration. Evolution 69: 2154-2166.

Goudet J (2003). FSTAT (ver. 2.9.4), a program to estimate and test population genetics parameters.
Available from http://www.unil.ch/izea/softwares/fstat. html Updated from Goudet (1995)

Goudet J (2005). Hierfstat, a package for R to compute and test hierarchical F-statistics. Mol Ecol Notes
5:184-186.

Gradish AE, Keyghobadi N, Sperling FAH, Otis GW (2019). Population genetic structure and
assessment of allochronic divergence in the Macoun’s Arctic (Oeneis macounii) butterfly. Can J Zool
97:121-130.

Grand D (1996). Coenagrion mercuriale (Charpentier, 1840). Background information on invertebrates
of the Habitats Directive and the Bern Convention, Part II: Mantodea, Odonata, Orthoptera, and
Arachnida., Council of Europe Publishing (P van Helsdingen, L Willemse, and M Speight, Eds.).
Strasbourg.

Hare MP, Nunney L, Schwartz MK, Ruzzante DE, Burford M, Waples RS, et al. (2011). Understanding
and estimating effective population size for practical application in marine species management.
Conserv Biol 25: 438-449.

176



Hill W (1981). Estimation of effective population size from data on linkage disequilibrium. Genet Res
38: 209-216.

Hohenlohe PA, Funk WC, Rajora OP (2021). Population genomics for wildlife conservation and
management. Mol Ecol 30: 62-82.

Holderegger R, Balkenhol N, Bolliger J, Engler JO, Gugerli F, Hochkirch A, et al. (2019). Conservation
genetics: linking science with practice. Mol Ecol 28: 3848-3856.

Hollenbeck CM, Portnoy DS, Gold JR (2016). A method for detecting recent changes in contemporary
effective population size from linkage disequilibrium at linked and unlinked loci. Heredity 117: 207-
216.

Jamieson IG, Allendorf FW (2012). How does the 50/500 rule apply to MVPs? Trends Ecol Evol 27:
578-584.

Jones OR, Wang J (2010). COLONY: a program for parentage and sibship inference from multilocus
genotype data. Mol Ecol Resour 10: 551-555.

Jorde PE, Ryman N (2007). Unbiased estimator for genetic drift and effective population size. Genetics
177: 927-935.

Keller D, Van Strien MJ, Holderegger R (2012). Do landscape barriers affect functional connectivity of
populations of an endangered damselfly? Freshw Biol 57: 1373-1384.

La Porta G, Goretti E (2019). Investigation on the declining southern damselfly (Coenagrion mercuriale,
Odonata) in a Mediterranean population: survival rate and population size. J Insect Conserv 23: 667—
675.

Langmead B, Salzberg SL (2012). Fast gapped-read alignment with Bowtie 2. Nat Methods 9: 357-359.

Lehnert SJ, Kess T, Bentzen P, Kent MP, Lien S, Gilbey J, et al. (2019). Genomic signatures and
correlates of widespread population declines in salmon. Nat Commun 10: 2996.

Lévéque A, Duputié A, Vignon V, Duez F, Godé C, Vanappelghem C, Arnaud J-F (2024a). Contrasting
patterns of spatial genetic structure in endangered southern damselfly (Coenagrion mercuriale)
populations facing habitat fragmentation and urbanisation. bioRxiv 2024.05.02.592171; doi:
https://doi.org/10.1101/2024.05.02.592171

Lévéque A, Arnaud J-F, Vignon V, Mazoyer C, Godé C, Duputié A (2024b). Pitfalls and
recommendations for large-scale SNP genotyping in a hon-model endangered species: the southern
damselflies (Coenagrion mercuriale) as a case study. bioRxiv 2024.05.02.592185; doi:
https://doi.org/10.1101/2024.05.02.592185

Lorenzo-Carballa MO, Ferreira S, Sims AM, Thompson DJ, Watts PC, Cher Y, et al. (2015). Impact of
landscape on spatial genetic structure and diversity of Coenagrion mercuriale
(Zygoptera:Coenagrionidae) in northern France. Freshw Sci 34: 1065-1078.

Luikart G, Ryman N, Tallmon DA, Schwartz MK, Allendorf FW (2010). Estimation of census and
effective population sizes: the increasing usefulness of DNA-based approaches. Conserv Genet 11: 355—
373.

Mahdjoub H, Khelifa R, Zebsa R, Bouslama Z, Houhamdi M (2015). Bivoltinism in Coenagrion
mercuriale (Zygoptera: Odonata) in the southern margin of its distribution range: emergence pattern and
larval growth. Afr Entomol 23: 59-67.

177



Mahdjoub H, Khelifa R, Zebsa R, Mellal MK, Bouslama Z, Houhamdi M (2014). Aspects of
reproductive biology and ecology of Coenagrion mercuriale at its southern range margin. Int J Odonatol
17: 173-180.

Marandel F, Lorance P, Berthelé O, Trenkel VM, Waples RS, Lamy J-B (2019). Estimating effective
population size of large marine populations, is it feasible? Fish Fish 20: 189-198.

Morin PA, Archer FI, Pease VL, Hancock-Hanser BL, Robertson KM, Huebinger RM, et al. (2012). An
empirical comparison of SNPs and microsatellites for population structure, assignment, and
demographic analyses of bowhead whale populations. Endanger Species Res 19: 1-27.

Munshi-South J, Zolnik CP, Harris SE (2016). Population genomics of the Anthropocene: urbanization
is negatively associated with genome-wide variation in white-footed mouse populations. Evol Appl 9:
546-564.

Nei M, Tajima F (1981). Genetic drift and estimation of effective population size. Genetics 98: 625—
640.

Nunney L (2002). The effective size of annual plant populations: the interaction of a seed bank with
fluctuating population size in maintaining genetic variation. Am Nat 160: 195-204.

Pebesma E (2004). Multivariable geostatistics in S: the gstat package. Comput Geosci 30: 683-691.

Pollak E (1983). A new method for estimating the effective population size from allele frequency
changes. Genetics 104: 531-548.

Pudovkin Al, Zaykin DV, Hedgecock D (1996). On the potential for estimating the effective number of
breeders from heterozygote-excess in progeny. Genetics 144: 383-387.

Purse BV, Hopkins GW, Day KJ, Thompson DJ (2003). Dispersal characteristics and management of a
rare damselfly. J Appl Ecol 40: 716-728.

Purse B, Thompson D (2002). Voltinism and larval growth pattern in Coenagrion mercuriale (Odonata:
Coenagrionidae) at its northern range margin. Eur J Entomol 99: 11-18.

Purse BV, Thompson DJ (2005). Lifetime mating success in a marginal population of a damselfly,
Coenagrion mercuriale. Anim Behav 69: 1303-1315.

Purse BV, Thompson DJ (2009). Oviposition site selection by Coenagrion mercuriale (Odonata:
Coenagrionidae). Int J Odonatol 12: 257-273.

Rieman BE, Allendorf FW (2001). Effective population size and genetic conservation criteria for bull
trout. North Am J Fish Manag 21: 756-764.

Rouquette JR, Thompson DJ (2005). Habitat associations of the endangered damselfly, Coenagrion
mercuriale, in a water meadow ditch system in southern England. Biol Conserv 123: 225-235.

Rouquette JR, Thompson DJ (2007a). Patterns of movement and dispersal in an endangered damselfly
and the consequences for its management: movement and dispersal in a damselfly. J Appl Ecol 44: 692—
701.

Rouquette JR, Thompson DJ (2007b). Roosting site selection in the endangered damselfly, Coenagrion
mercuriale, and implications for habitat design. J Insect Conserv 11: 187-193.

Saccheri I, Kuussaari M, Kankare M, Vikman P, Fortelius W, Hanski I (1998). Inbreeding and extinction
in a butterfly metapopulation. Nature 392: 491-494.

178



Santos-del-Blanco L, Olsson S, Budde KB, Grivet D, Gonzélez-Martinez SC, Alia R, et al. (2022). On
the feasibility of estimating contemporary effective population size (Ne) for genetic conservation and
monitoring of forest trees. Biol Conserv 273: 109704.

Schloerke B, Cook D, Larmarange J, Briatte F, Marbach M, Thoen E, et al. (2022). GGally: extension
to ‘ggplot2’.

Segelbacher G, Manel S, Tomiuk J (2008). Temporal and spatial analyses disclose consequences of
habitat fragmentation on the genetic diversity in capercaillie (Tetrao urogallus). Mol Ecol 17: 2356—
2367.

Shaffer ML (1981). Minimum population sizes for species conservation. BioScience 31: 131-134.

Smouse P, Long J, Sokal R (1986). Multiple regression and correlation extensions of the Mantel test of
matrix correspondence. Syst Zool 35: 627-632.

Soulé ME, Mills LS (1998). No need to isolate genetics. Science 282: 1658-1659.

Sovic M, Fries A, Martin SA, Lisle Gibbs H (2019). Genetic signatures of small effective population
sizes and demographic declines in an endangered rattlesnake, Sistrurus catenatus. Evol Appl 12: 664—
678.

Stahlke A, Bell D, Dhendup T, Kern B, Pannoni S, Robinson Z, et al. (2020). Population genomics
training for the next generation of conservation geneticists: ConGen 2018 Workshop. J Hered 111: 227—
236.

Sternberg K, Buchwald R, Roéske W (1999). Coenagrion mercuriale (Charpentier, 1840)-Helm
Azurjungfer. Libellen Baden-Wirtt; 255-270.

Taylor RS, Friesen VL (2017). The role of allochrony in speciation. Mol Ecol 26: 3330-3342.

Thelen C (1992). Untersuchung zum Larvenhabitat und zum Entwicklungszyklus der Helmazurjungfer
(Coenagrion mercuriale, Zygoptera: Odonata) an zwei verchiedenen Gewassern der Freiburger Bucht.
Limnol Inst Konstanz Univ Freibg.

Thompson DJ, Rouquette JR, Purse BV (2003). Ecology of the southern damselfly. Conserv Nat 2000
Rivers Ecol Ser.

Thompson DJ, Watts PC (2006). The structure of the Coenagrion mercuriale populations in the New
Forest, southern England. For Dragonflies: 239-258.

Villanueva RAM, Chen ZJ (2019). ggplot2: elegant graphics for data analysis. Meas Interdiscip Res 17:
160-167.

Wang J (1997). More efficient breeding systems for controlling inbreeding and effective size in animal
populations. Heredity 79: 591-599.

Wang J (2004). Sibship reconstruction from genetic data with typing errors. Genetics 166: 1963-1979.

Wang J (2009). A new method for estimating effective population sizes from a single sample of
multilocus genotypes. Mol Ecol 18: 2148-2164.

Wang J, Santiago E, Caballero A (2016). Prediction and estimation of effective population size. Heredity
117: 193-206.

Wang J, Whitlock MC (2003). Estimating effective population size and migration rates from genetic
samples over space and time. Genetics 163: 429-446.

179



Waples RS (1989). A generalized approach for estimating effective population size from temporal
changes in allele frequency. Genetics 121: 379-391.

Waples RS (2005). Genetic estimates of contemporary effective population size: to what time periods
do the estimates apply? Mol Ecol 14: 3335-3352.

Waples RS (2006). A bias correction for estimates of effective population size based on linkage
disequilibrium at unlinked gene loci. Conserv Genet 7: 147-168.

Waples RS (2016). Tiny estimates of the Ne/N ratio in marine fishes: are they real? J Fish Biol 89: 2479-
2504.

Waples RS (2024). Practical application of the linkage disequilibrium method for estimating
contemporary effective population size: a review. Mol Ecol Resour 24: €13879.

Waples RS, Antao T, Luikart G (2014). Effects of overlapping generations on linkage disequilibrium
estimates of effective population size. Genetics 197: 769-780.

Waples RS, Do C (2010). Linkage disequilibrium estimates of contemporary Ne using highly variable
genetic markers: a largely untapped resource for applied conservation and evolution. Evol Appl 3: 244—
262.

Waples RK, Larson WA, Waples RS (2016). Estimating contemporary effective population size in non-
model species using linkage disequilibrium across thousands of loci. Heredity 117: 233-240.

Waples RS, Lindley ST (2018). Genomics and conservation units: the genetic basis of adult migration
timing in Pacific salmonids. Evol Appl 11: 1518-1526.

Waples RS, Luikart G, Faulkner JR, Tallmon DA (2013). Simple life-history traits explain key effective
population size ratios across diverse taxa. Proc R Soc B Biol Sci 280: 20131339.

Waples RS, Scribner KT, Moore JA, Draheim HM, Etter D, Boersen M (2018). Accounting for age
structure and spatial structure in eco-evolutionary analyses of a large, mobile vertebrate. J Hered 109:
709-723.

Waples RS, Waples RK, Ward EJ (2022). Pseudoreplication in genomic-scale data sets. Mol Ecol
Resour 22: 503-518.

Waples RS, Yokota M (2007). Temporal estimates of effective population size in species with
overlapping generations. Genetics 175: 219-233.

Watts PC, Rouquette JR, Saccheri 1J, Kemp SJ, Thompson DJ (2004c). Molecular and ecological
evidence for small-scale isolation by distance in an endangered damselfly, Coenagrion mercuriale. Mol
Ecol 13: 2931-2945.

Watts PC, Saccheri 1J, Kemp SJ, Thompson DJ (2006). Population structure and the impact of regional
and local habitat isolation upon levels of genetic diversity of the endangered damselfly Coenagrion
mercuriale (Odonata: Zygoptera). Freshw Biol 51: 193-205.

Watts PC, Saccheri 1J, Kemp SJ, Thompson DJ (2007). Effective population sizes and migration rates
in fragmented populations of an endangered insect (Coenagrion mercuriale : Odonata). J Anim Ecol 76:
790-800.

Watts PC, Thompson DJ (2012). Developmental plasticity as a cohesive evolutionary process between
sympatric alternate-year insect cohorts. Heredity 108: 236-241.

Watts PC, Thompson DJ, Kemp SJ (2004b). Cross-species amplification of microsatellite loci in some
European zygopteran species (Odonata: Coenagrionidae). Int J Odonatol 7: 87-96.

180



Watts PC, Wu JH, Westgarth C, Thompson DJ, Kemp SJ (2004a). A panel of microsatellite loci for the
southern damselfly, Coenagrion mercuriale (Odonata: Coenagrionidae). Conserv Genet 5: 117-119.

Wei T, Simko V (2017). R package “corrplot”: visualization of a correlation matrix. : 1-5.

Wilson MC, Chen X-Y, Corlett RT, Didham RK, Ding P, Holt RD, et al. (2016). Habitat fragmentation
and biodiversity conservation: key findings and future challenges. Landsc Ecol 31: 219-227.

Wolf B, Zwick P (1989). Plurimodal emergence and plurivoltinism of central European populations of
Nemurella pictetii (Plecoptera: Nemouridae). Oecologia 79: 431-438.

Woltmann S, Roeder M, Xiong A, Hill C, Conway MH (2019). Additional notes on Texas seaside
sparrows (Ammospiza maritima sennetti): an update to Griscom 1948. Wilson J Ornithol 131: 750.

Wright S (1931). Evolution in Mendelian populations. Genetics 16: 97-159.

Zhou Y, Tian X, Browning BL, Browning SR (2018). POPdemog: visualizing population demographic
history from simulation scripts. Bioinformatics 34: 2854—2855.

181



Supporting information

182



i
0 100 200 km
I

Bl southern damselfly distribution

[ Country administrative boundary
< Southern damselfly population sampled
® Southern damselfly occurrence gbif

©) . % H 4
AR Tt
& »
® e * o s
[ ]
* m { I )
S B8R
€ = g W <
4 o, e
&> & & L4
s O o&
(3 i
(EE) & &
<
. o@. 4 .
®
<.) s e 8

Landcover

Urbanised area
Agricultural area
Forest

Wetlands and Water

Open green area

Figure S1: (A) Map showing the current geographical distribution (dark grey zones) of the southern
damselfly (Coegrion mercuriale). Black lines indicate the administrative limits of countries. Data
obtained from IUCN SSC Odonata Specialist Group 2019. The IUCN Red List of Threatened Species.
Version 2022-2. https://www.iucnredlist.org/ Downloaded on 28 July 2023. (B) Map showing the
occurrences of southern damselfly recorded in France (grey dots). The study zone in panel B is
highlighted in red. Data obtained from GBIF.org (5 March 2024) GBIF Occurrence Download
https://doi.org/10.15468/dl.5z9gue. (C) Geographical location of southern damselfly sampling sites in
north-eastern France (white diamonds). Land cover was simplified from Corine Land Cover Edition
2018. Occurrences of southern damselfly recorded in France and Germany GBIF.org (5 March
2024) GBIF Occurrence Download https://doi.org/10.15468/dl.9h9maw) are indicated by grey dots.
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Figure S2: Percentage of land cover surrounding each sampled site within a 200m buffer zone.
(A) Hlustration of buffer zones and associated land cover. (B) Percentage of land cover around
each sampled population: agricultural areas (arable land, vineyards), wooded areas, aquatic
areas (wetlands, large watercourses), impervious areas (buildings, transport networks), open

green areas (parks, meadows).
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Figure S4: Scatterplot of estimates of pairwise genetic differentiation (Fsr) for samples from successive
years 2021 and 2022 cohorts in the southern damselfly (Coegrion mercuriale).
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Figure S5: Contemporary effective population size (Ne) estimates based on Linkage Disequilibrium
(LD, red) and sibship assignments (Sibship, blue) generated using microsatellites (circles) for 77
southern damselfly populations and SNPs (triangles) for 56 populations. Jackknifed-based confidence
intervals for LD estimation and bootstrap resampling confidence intervals for Full-Likelihood analysis
are shown. Infinite estimates of N. are represented by values of 1000.

187



Estimator @ Jorde & Ryman (2007) @ Nei & Tajima (1981) Pollak (1983) Marker @ Microsatellites 4 SNPs

T R S '

L

Z 50- )

All Al4 Al6 A3 Ab AT A8 A9 CB4 Cehl Cch2 Daul Gerl Ger3 Ger4 Rla5 RIa6

Zo 501 0 Ld .
N [ ] 1
101 | s . -

RleiZ3 Rleib Rlei7 Rlei¥ RLKI RLKZ Rsel Ru2 "S2I  ~S3 867 ~S6 VI ~VZ V3 V&  Weil
Figure S6: Contemporary effective population size (Ne) estimates and jackknifed-based confidence
intervals based on temporal estimates of Jorde & Ryman (2007, orange), of Nei & Tajima (1981, green)
and of Pollak (1983, grey) generated using microsatellites (circles) for 34 southern damselfly
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between finite effective population size (Ne) estimates for (A) single-sample methods (LD: Linkage
inferred sibship frequencies among samples;
56 populations) and for (B) temporal methods using Fs estimator (Jorde & Ryman 2007), F. estimator
(Nei & Tajima 1981), and Fyestimator (Pollak 1983) using microsatellites (micro, 34 populations) and
the SNPs (SNP; 11 populations). The colour and size of the circles (upper triangle) indicate the strength



of the correlation (Red circles indicate a negative correlation; blue circles indicate a positive correlation;
white circles indicate no correlation). *** P < 0.001, ** P < 0.01, * P < 0.05.
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Figure S8: Spatial distribution of contemporary effective population size (N.) estimates. The maps show
Ne estimates based on inferred sibship frequencies for microsatellites (A, B) and SNPs (C, D).
Interpolation of each estimate in the studied area using a kriging method (B, D). A darker green colour
indicates a higher N, estimate.
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Figure S9: Spatial distribution of contemporary effective population size (N¢) estimates. The maps show
the Ne temporal estimations (A) using Pollak’s (1983) method, (B, C, D) using Nei and Tajima’s method
(1981), (E, F, G), using Jorde and Ryman’s method (2007) using microsatellites (B, C, E, F) and SNPs
(A, D, G). Interpolation of each Ne estimate in the studied area was performed using a kriging method
(C, F). A darker green colour indicates a higher Ne estimate. The figure for Pollak’s estimator and the
microsatellite dataset is shown as main text Figure 3E-F.
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Figure S10: Graphical representation of the correlation matrix (Pearson's correlation coefficients)
between effective population size (Ne) estimates and land cover type around sampling sites. (A, B)
single-sample methods (LD: Linkage disequilibrium; Sibship: Full-Likelihood analysis based on
inferred sibship frequencies among samples) using microsatellites (A, 77 populations) or SNPs (B, 56
populations). (C, D) Temporal methods using Fsestimator (Jorde & Ryman 2007), Festimator (Nei &
Tajima 1981), and Festimator (Pollak 1983) using microsatellites (C, 34 populations) or SNPs (D, 11
populations). The colour and size of the circles (upper triangle) indicate the strength of the correlation
(Red circles indicate a negative correlation; blue circles indicate a positive correlation; white circles
indicate no correlation). *** P < 0.001, ** P <0.01, * P < 0.05.
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Table S1: Population sampling information. Population me and geographic coordinates of the sampling
sites (WGS84). Numbers of samples per year genotyped with microsatellite markers, Number of
samples per year genotyped with SNP markers.

Microsatellites SNPs
Sampling Year and number of Sampling Year and number
individuals genotyped using of individuals genotyped
microsatellite loci using SNP loci
Population  Longitude Latitude
e EPSGAI6  EPSGA36 2021 2022 2021 2022
A4 7.544702 48.540918 18 14
A5 7.564511 48.543905 13
A6 7.571759 48.547882 26 14
A7 7.575255 48.547574 29 15
A8 7.579292 48.548017 36 15
A9 7.586779 48.550395 27 15
All 7.655745 48.574642 39 15
Al4 7.697191 48.354712 23 15
Al6 7.653206 48.218936 34 15
A20 7.669929 48.579161 13 10
Blil 7.490202 48.18945205 30 15
Bli2 7.489811 48.21875897 36 15
Brul 7.709551 48.3511074 19 15
CB4 7.627223 48.57519653 21 15
CCR11 7.721753 48.37259215 27 15
CCR12 7.739052 48.34622491 32 15
CCR13 7.579254 48.13881277 33 15
CCR14 7.726147 48.36515839 21 15
CCR7 7.776558 48.50051855 24 15
CHA1 7.454961 48.57377678 29 15
CHAI12 7.470093 48.574551 30 15
CHA2 7.479667 48.57729641 30 15
Cehl 7.581641 48.47838244 13 12
Ceh2 7.588845 48.48253644 27 15
Daul 7.712416 48.37491965 31 15
Deul 7.767138 48.09837512 28 15
Deu5 7.868078 48.09646176 23 15
Deu? 7.815028 48.04588457 38 15

Deu8 7.763198 48.09936841 22 15
Ehnl 7.563860 48.47010067
Engl 7.401690 48.56582089
Fril 7.543433 48.29132721
Fri2 7.547780 48.30284853
Gerl 7.710864 48.39779464 20
Ger3 7.712247 48.38878337 21
Ger4 7.680718 48.35155451 29
Ger6 7.674729 48.32892893 20
Gox1 7.487110 48.43404213
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7.699740
7.576146
7.457562
7.545415
7.421644
7.703560
7.563761
7.680047
7.692171
7.700949
7.602713
7.633774
7.652179
7.654957
7.664481
7.635142
7.651268
7.660315
7.664291
7.678233
7.626599
7.739234
7.595870
7.605300
7.562404
7.570723
7.615283
7.622262
7.741153
7.833577
7.607497
7.674399
7.732873
7.719338
7.763958
7.705175
7.491934
7.499699
7.553629

48.35941129
48.18872229
48.57767332
48.27738452
48.59306066
48.37659745
48.31218901
48.67161401
48.67147441
48.67059395
48.65540447
48.64900886
48.64475511
48.64417171
48.64314033
48.65861658
48.65764007
48.65623515
48.65424022
48.65055097
48.60702473
48.48230098
48.49964518
48.50028271
48.63845095
48.63470505
48.6293294
48.630331
48.641593
48.633175
48.192280
48.278712
48.358055
48.325091
48.494377
48.351641
48.742628
48.742984
48.751473
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Table S2: Pairwise estimates of genetic differentiation (Fst) among southern damselfly (Coenagrion
mercuriale) populations from alternate-year cohorts (2021, 2022) in the studied area (above diagonal).
Green shades indicate low values and red shades indicate higher values. Statistical significance of
pairwise Fsr estimates is shown below the diagonal, with stars indicating P < 0.05 after Bonferroni
correction for multiple testing. The data table can be downloaded from the
link https://figshare.com/s/178f7d2429f231albbl17
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Table S3: Hierarchical F-statistics computed among alternate-year cohorts of southern damselflies from
sample locations collected during 2021 and 2022. Significance of genetic differentiation at the Year of
sampling and Population levels have been tested using permutation tests implemented in HierFstat
(test.within and test.between.within commands respectively), NS : P Year/Total = 0.998;
** . P Population/Year = 0.01).

Year of sampling

(2021 & 2022) Population Individuals
Total -0.0008 NS 0.0178 0.0210
Year of sampling .
(2021 & 2022) 0 0.0186 0.0218
Population 0 0 0.0032
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Table S4: N estimates from single-sample estimators, using the Linkage Disequilibrium method (Hill, 1981; Waples, 2006; Waples and Do, 2010;
Microsatellites and SNPs) and sibship assignments (Wang., 2009; Microsatellites and SNPS).

Microsatellites SNP
LD method Sibship assignment method LD method Sibship assignment method
Pop Sample Size | Estimated Ne 95% ClI Estimated Ne 95% ClI Sample Size | Estimated Ne 95% ClI Estimated Ne 95% ClI
A4-2022 18 Inf [26.9; Inf] 24 [14 ; 49] 14 Inf [Inf; Inf] Inf [L, Inf]
A5-2021 26 431.4 [20.7 ; Inf] 30 [18 ; 55] 15 Inf [30.1; Inf] 364 [115, Inf]
A6-2021 30 199.5 [27.4; Inf] 32 [19 ; 57] 15 110.6 [20.8 ; Inf] 210 [86, Inf]
AT7-2021 33 Inf [14.5; Inf] 30 [18; 52] 15 1033.2 [84.3 ; Inf] Inf [1, Inf]
A8-2022 36 75.9 [19.6 ; Inf] 27 [16 ; 48] 15 327.9 [63.8 ; Inf] 420 [141, Inf]
A9-2022 27 Inf [34.2; Inf] 36 [22 ; 68] 15 1781.6 [53; Inf] Inf [1, Inf]
Al11-2022 39 Inf [52.8; Inf] 31 [19 ;52] 15 Inf [108.6 ; Inf] Inf [1, Inf]
Al14-2021 27 16.1 [2.1; Inf] 26 [15 ; 50] 15 61.3 [14.1; Inf] 182 [56, Inf]
Al16-2022 34 49.5 [17.3; Inf] 28 [16 ; 50] 15 Inf [154.9; Inf] Inf [1, Inf]
A20-2022 13 133 [10; Inf] 26 [12;77] 10 Inf [208.1 ; Inf] Inf [1, Inf]
Bli1-2022 30 138.9 [14; Inf] 26 [15 ; 46] 15 Inf [103.7 ; Inf] Inf [1, Inf]
Bli2-2022 36 Inf [22.5; Inf] 31 [19; 55] 15 666.7 [41; Inf] Inf [1, Inf]
Brul-2022 19 404 [5.1; Inf] 33 [18;67] 15 Inf [52 ; Inf] Inf [1, Inf]
CB4-2022 21 110.6 [13.6 ; Inf] 25 [14 ; 50] 15 Inf [28.8; Inf] Inf [1, Inf]
CCR11-2022 27 177.8 [17.6; Inf] 19 [10; 38] 15 320.9 [39.7; Inf] 420 [129, Inf]
CCR12-2022 32 102.6 [18.7 ; Inf] 23 [13 ; 44] 15 Inf [44 ; Inf] 420 [141, Inf]
CCR13-2022 33 Inf [59.9; Inf] 31 [18; 54] 15 Inf [45.5; Inf] Inf [1, Inf]
CCR14-2022 21 Inf [26.2 ; Inf] 31 [18 ; 54] 15 Inf [33; Inf] Inf [1, Inf]
CCR7-2022 24 24.6 [7.3; Inf] 25 [14; 47] 15 54.7 [16.5; Inf] 84 [39, 422]
CHA1-2022 29 70.4 [20.7 ; Inf] 26 [15 ; 46] 15 1903.4 [186.6 ; Inf] Inf [L, Inf]
CHA12-2022 30 50.6 [116; Inf] 39 [24 ; 68] 15 3796.4 [54 ; Inf] Inf [L, Inf]
CHA2-2022 30 Inf [119.4 ; Inf] 25 [14 ; 46] 15 44755 [37.8; Inf] Inf [1, Inf]
Ceh1-2022 13 2235.9 [11.5;1030.7] 39 [16 ; 16587] 12 98.1 [25.6 ; Inf] 132 [53, Inf]
Ceh2-2022 27 Inf [32.6; Inf] 24 [13; 48] 15 344.5 [52.7 ; Inf] Inf [1, Inf]
Daul-2022 31 Inf [110.5; Inf] 36 [21; 64] 15 209 [565.5; Inf] 420 [145, Inf]
Deu1-2022 28 75.8 [13.7 ; Inf] 28 [16 ; 54] 15 1870.8 [62.7 ; Inf] Inf [1, Inf]
Deu5-2022 23 115 [3.1;52.2] 22 [12 ;47] 15 Inf [132.8 ; Inf] Inf [1, Inf]
Deu7-2022 38 Inf [75.7; Inf] 37 [23; 64] 15 21224.7 [134.4 ; Inf] Inf [1, Inf]
Deu8-2022 22 89.5 [11.2; Inf] 28 [16 ; 58] 15 12404 [96 ; Inf] Inf [1, Inf]
Eng1-2022 25 Inf [285 ; Inf] 35 [20 ; 69] 11 Inf [35.8 ; Inf] Inf [1, Inf]
Fri1-2022 29 Inf [75.4; Inf] 31 [18;59] NA NA NA NA NA
Fri2-2022 26 82.3 [23.9; Inf] 27 [16 ; 49] NA NA NA NA NA
Ehn1-2021 20 50.9 [15.2 ; Inf] 35 [18 ;78] 11 Inf [15.7 ; Inf] 220 [67, Inf]
Gerl1-2021 20 Inf [41.2 ; Inf] 25 [14 :50] 13 256.1 [16.2 ; Inf] 312 [101, Inf]
Ger3-2021 21 Inf [21.3; Inf] 38 [21;79] 15 Inf [44.4; Inf] Inf [1, Inf]
Ger4-2021 29 Inf [32.9 ; Inf] 23 [13; 44] 15 792.2 [61.1: Inf] Inf [L, Inf]
Ger6-2021 20 Inf [21.1; Inf] 28 [16 ; 59] 15 724.2 [130.2 ; Inf] Inf [L, Inf]
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Gox1-2022 27 130.3 [13.4; Inf] 25 [15; 46] NA NA NA NA NA
Han1-2021 25 64.7 [10.9; Inf] 24 [14 ; 46] 15 128.5 [24.8 ; Inf] 210 [86, Inf]
Ich0-2022 10 71 [6.1; Inf] 30 [12; 613] NA NA NA NA NA
Jeff1-2022 21 62.8 [9.6 ; Inf] 40 [23; 88] NA NA NA NA NA
Kes1-2022 29 139.2 [28.3; Inf] 32 [19; 59] NA NA NA NA NA
Koh1-2022 34 314 [11.3; 661.8] 33 [20 ; 56] NA NA NA NA NA
Lac1-2022 19 Inf [15.4; Inf] 34 [19;75] NA NA NA NA NA
Lan1-2022 34 691 [30.8; Inf] 26 [15; 46] NA NA NA NA NA
Rla3-2021 20 108 [13.7; Inf] 20 [10; 41] 17 98.5 [13.6 ; Inf] 272 [111, Inf]
Rla5-2022 27 169.6 [23.5; Inf] 31 [18;59] NA NA NA NA NA
Rla6-2021 29 Inf [16.8; Inf] 34 [20 ; 59] 12 Inf [2219.4 ; Inf] Inf [1, Inf]
Rlei23-2021 24 476 [105; Inf] 31 [17 ; 63] 15 Inf [61.2; Inf] Inf [1, Inf]
Rlei45-2022 30 60 [18.2; Inf] 26 [15; 50] NA NA NA NA NA
Rlei6-2021 11 Inf [68.8 ; Inf] 44 [18 ; 2023] 11 Inf [26.8 ; Inf] Inf [1, Inf]
Rlei7-2021 13 Inf [3.3; Inf] 35 [18 ; 124] 12 Inf [46.5; Inf] Inf [1, Inf]
Rlei8-2021 17 Inf [27.2; Inf] 30 [16 ; 65] 16 279.7 [24.1; Inf] 240 [91, Inf]
RLK1-2021 23 30.2 [11.7 ; Inf] 29 [16 ; 56] 12 Inf [20.2; Inf] 132 [52, Inf]
RLK2-2021 30 54.7 [19.1; Inf] 35 [21- a6l 13 Inf [62.9 ; Inf] Inf [1, Inf]
RLK3-2022 15 191.9 [8; Inf] 38 [20; 88] NA NA NA NA NA
RLK4-2022 23 3520.7 [9.6 ; Inf] 27 [14 ;53] NA NA NA NA NA
RLK56-2022 18 13.3 [2.3; Inf] 26 [14 ; 56] NA NA NA NA NA
RImu2-2022 20 67.4 [7.3; Inf] 24 [12 ; 48] NA NA NA NA NA
Rsc1-2021 20 367.3 [14.1; Inf] 23 [13; 49] 15 104.8 [24.4; Inf] 210 [86, Inf]
Rut2-2021 27 Inf [43.7 ; Inf] 31 [18 ;57] 15 Inf [18.1 Inf] Inf [1, Inf]
Rut3-2022 23 Inf [28.7 ; Inf] 27 [14; 51] NA NA NA NA NA
$2-2022 26 Inf [21.2 ; Inf] 34 [19 ; 66] NA NA NA NA NA
$3-2021 34 Inf [46.8 ; Inf] 33 [20; 56] 15 8293.4 [27 ; Inf] Inf [1, Inf]
S6-2021 31 65.3 [10.3; Inf] 33 [19; 58] 15 2205 [24.6 ; Inf] 210 [85, Inf]
S67-2021 18 141 [13; Inf] 27 [14 ; 68] 13 110 [25.1; Inf] 156 [61, Inf]
S17-2021 21 75.3 [18.6 ; Inf] 23 [13; 46] 15 3776 [65.7 ; Inf] Inf [4, Inf]
$21-2021 25 50.7 [12.4 ; Inf] 20 [10; 42] 15 415 [15.8 ; Inf] 52 [27, 184]
V1-2021 35 575 [19.9 ; Inf] 29 [17 ;51] 15 2316.1 [74.9 ; Inf] Inf [1, Inf]
V2-2021 29 51.8 [13.3; Inf] 24 [14 ; 46] 15 1658.8 [88.2; Inf] Inf [1, Inf]
V3-2021 20 96.8 [8; Inf] 35 [19; 73] 15 7445 [56.2 ; Inf] 420 [145, Inf]
V4-2021 21 Inf [37.9; Inf] 34 [20; 65] 15 792.6 [114.1; Inf] Inf [1, Inf]
Wei1-2021 25 Inf [18.4 ; Inf] 29 [17 ;52] 15 Inf [29.6 ; Inf] Inf [1, Inf]
Wurl-2022 32 Inf [29.5; Inf] 36 [22; 64] NA NA NA NA NA
Zp0-2022 35 Inf [95.4 ; Inf] 34 [21;59] NA NA NA NA NA
Zp1-2022 30 Inf [68.6 ; Inf] 24 [14 ; 46] NA NA NA NA NA
Zp2-2022 33 18.8 [4.7 ; 166.7] 26 [15; 47] NA NA NA NA NA
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Table S5: N, estimates from temporal samples, using Pollak’s (1983) estimator (Microsatellites and SNPs), Nei & Tajima’s (1981) estimator (Microsatellites and SNPs), Jorde
& Ryman’s (2007) estimator (Microsatellites and SNPs). Values in square brackets represent 95% confidence intervals based on a jackknife procedure.

Sampling Sites

Pollak (1983)

Nei & Tajima (1981)

Jorde & Ryman (2007)

Microsatellites SNPs Microsatellites SNPs Microsatellites SNPs Microsatellites SNPs
Sample Sample | Sample Sample . . .
Pap Sie. Size | size sz ES“,Tated 95% Cl Es"mated 95% CI Es“mated 95%Cl | Estimated N,  95%Cl | Estimated N, 95% Cl | Estimated Ne 95% CI
2021 2022 | 2021 2022 e e e

A5 26 13 ND ND -88.7 [28.6; %] 2158  [18.2; 0] 527 [14; o]

A6 30 26 15 14 -320.5 [26.1; %] 94.8 [40.9; o] 1255 [30; o0] -562.6 [76.3; 0] -94.9 [27.9; 0] 63.4 [28.0; 0]

A7 33 29 15 15 1387.9 [25.2; %] 4559 [89.9; o] -500.3  [30.6; %] 2413 [145.5; o] 2744 [46.3; 0] 422.9 [62.6; 0]

A8 30 36 15 15 16.1 [1.9; o] 297 [69.3; 0] 21.3 [2.6; 0] -1375 [312.4; ] 25.1 [7.3; 0] -273.1 [115.8; ]

A9 31 27 13 15 90.5 [8.6; 0] 416.7 [64.4; 0] 59.2 [7.3; 0] 1215 [204.6; «] 21.7 [6.6; 0] -837 [70.8; ]
All 31 39 13 15 -58.1 [189.6; ] 89.3 [40.4; %] -55.8  [400.7; =] 2432 [99.3; 0] -63.3 [2284.4; 98.3 [34.4; 0]
Al4 27 23 14 15 -91.9 [23.5; %] 43 [26.8; 94.7] 51.2 [48.4; o] 80.4 [37.4; 0] -29.7 [70.9; 0] 38.8 [23.0; 124.5]
Al6 30 34 15 15 3448 [14; 0] 110.7 [79.8; o] 3154 [13.4; ] 1011 [79.8; 0] 360.9 [18.7; 0] 89.3 [39.5; 0]
CB4 18 21 14 15 116 [19; o] 492.4 [64.2; 0] 99.1 [14.7; ] -140.2 [131.4; o] 75.4 [13.5; o] 140.9 [40.6; ]
Cehl 31 13 11 12 -33.9 [16.5; %] 51.4 [29.0; 170.3] -33.5 [17.8; o] 174.8 [51.3; 0] -62.4 [21.5; 0] 48.8 [26.1; 369.6]
Ceh2 25 27 12 15 55.3 [12.9; o] 76 [37.3;1192.0] 75.6 [13.7; o] 319 [61.2; 0] 104 [16.9; 0] 77.2 [34.6; 0]
Daul 26 31 15 15 61.3 [12.5; %] 85.3 [42.5; 945.0] 443 [11.9; o] 280.1 [67.4; ] 23.1 [9.6; 0] 93.3 [41.5; 0]
Gerl 20 33 97.9 [10.2; o] 74.4 [7.3; 0] 38.3 [7.8; ]

Ger3 21 12 -48.6 [14.6; ] -35.3 [22.3; 0] -26.8 [57.1; ]

Gers 29 30 -104.8 [32.1; ] -199.7  [25.1;00] 1144.6 [30.4; o]

Rla5 21 27 -184.5 [19.1; %] -132.1 [20; 0] -115.8 [26.8; ]

Rla6 29 28 57.4 [15; 0] 51.2 [13; 0] 51.4 [15.8; ]
RIei23 24 15 77 [14.6; ] -55.5 [22.2; 0] 413 [60.7; o]

RIei6 11 29 -236 [26.1; ] -1407  [29.6; %] -339.7 [24.9; ]

Rlei7 13 34 -53.3 [21.4; %] -35.8 [31.1; o] -28.6 [120.6; %]

RIei8 17 26 2015 [11.1; %] -10235  [13.4; 0] 813 [14.3; 0]
RLK1 23 18 82.1 [9.3; ] 242.3 [12.3; 0] 144.4 [16.1; ]
RLK2 30 33 94.1 [14.2; ] 177.2 [14.2; 0] 282.7 [18.2; o]

Rscl 20 20 21.4 [7.6; 0] 21.2 [8.1; 0] 16.4 [8.5; 0]

Rut2 27 28 52 [12.4; %] 164.5 [18.6; 0] -231.1 [38; 0]

S3 34 20 -55.7 [120.2; 0] -62.4 [72.3; ] 52.7 [132.3; 0]

S6 31 23 151.4 [15.9; 0] 64.4 [12; o] 42.9 [12.7; ]

S67 18 20 333 [10.2; %] 405 [11.7; o0] 45.6 [11.3; ]

S21 25 11 12 [4.4;84.9] 14.1 [4.1; 0] 11 [4; o]

V1 35 33 -107.3 [60.2; 0] -80 [85.1; 0] -59.4 [343.5; 0]

V2 29 30 215 [7.4;173.8] 16.8 [5.8; 89.1] 10.3 [4.7; ]

V3 20 33 -40.4 [67.5; ] -46.8 [31.2; 0] -62.3 [33.9; «]

V4 21 34 50.2 [11.8; %] 60.1 [13.3; o0] 67.4 [17.1; 0]

Weil 25 27 260.6 [33.3; 0] -1039.8  [29.9; %] 178.6 [23.2; ]
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Chapitre 4. Impact de la construction d’une autoroute et
des travaux de restauration des cours d’eau sur la

structure genetique des populations d’agrion de Mercure
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Impact de I'agglomération Strasbourgeoise sur les
niveaux de diversité et de différenciation génétiques

Cette étude examine l'impact de la construction de I’autoroute A355 de contournement de
Strasbourg, sur la présence et la structure génétique des populations de I’agrion de Mercure. La
construction de cette autoroute s’est déroulée entre 2016 et 2021 et a impacté plusieurs cours d'eau
historiquement habités par I’espece. C’est pourquoi des mesures de compensation de restaurations de
ces cours d'eau ont été réalisées.

Notre objectif est ici d'évaluer I'efficacité de ces mesures de restauration sur la recolonisation
des cours d'eau par I’agrion de Mercure. A l'aide de marqueurs génétiques de type microsatellites et
SNPs, nous avons déterminé 1’effet de la destruction temporaire des habitats le long de 1’autoroute, et la
dynamique de recolonisation. Il s’avére que la remise en végétation des cours d’eau restaurés favorise
efficacement une recolonisation au cours du temps par I’agrion de Mercure. A I’exception de certaines
zones géographiques, cette autoroute ne semble pas créer d’effet barriére majeur : la divergence
génétique entre populations semble étre faconnée principalement par les grands réseaux
hydrographiques sur un axe nord/sud. Nous allons également chercher a déterminer I'origine des
individus colonisateurs, de maniére a pouvoir statuer sur une dynamique de recolonisation « tout

azimut » ou au contraire n’impliquant des individus fondateurs ne provenant que d’une source unique.
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Ce chapitre est présenté sous la forme d’un article qui devra faire I’objet d’analyses

supplémentaires en vue d’une soumission a une revue scientifique en biologie de la conservation.
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Abstract

The environmental impact of transport infrastructures is of particular importance in conservation
biology because they may constrain the movement of individuals, leading to a reduction of gene flow
among populations and an associated increase in genetic differentiation, as well as a decrease in local
levels of genetic diversity. In this context, expert landscape managers are therefore asked to apply
efficient measures facilitating the landscape permeability for wildlife to mitigate the adverse effects of
newly built human structures. This study focuses on the potential impact of a newly built bypass
highway localised in eastern France, the highway A355 bypassing the city of Strasbourg and its
associated compensatory and restoration measures on patterns of genetic structure in populations of the
southern damselfly (Coenagrion mercuriale) located on either side of this highway. Using a set of
microsatellite loci and recently developed SNP markers, we showed that the levels of genetic
differentiation observed between populations of the southern damselfly on either side of the A355
highway did not indicate any major barrier effect. Likewise, the patterns of genetic affiliation of
populations did not reflect a distinction between populations located west or east of the highway, but
instead pictured a north-to-south pattern of genetic divergence mostly explained by the main
hydrogeographic networks of watercourses. Nonetheless, these preliminary results have to be considered
with caution because of the time-lag between demographic processes and population genetic structure.
Indeed, after recent changes disrupting the patterns of gene flow, many populations are likely not at
equilibrium but rather are in a transient state or reflect a past genetic structure that do not mirror recent
environmental changes. To gain further insights into the fine-scaled process of recolonisation of newly
restored habitats, we plan (i) to perform assignment tests to depict where the colonisers come from, and
(ii) to estimate hierarchical F-statistics and to perform DAPC analyses to finely visualise the patterns of

population affiliation and verify the lack of any barrier effects of the A355 bypassing highway.
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Introduction

The environmental impact of transport infrastructures on wild species, such as roads, railways,
fenced motorways or canals, is of particular importance from a conservation biology perspective
(Forman et al., 2003; Holderegger and Di Giulio, 2010; Burkart et al., 2016; Frankham et al., 2017).
Indeed, roads or highways can impact animals’ survival, especially for species that move on or close to
the ground (Rytwinski and Fahrig, 2015). In addition to impacting survival, they can also constrain the
movement of individuals, leading to a reduction of gene flow among populations and an associated
increase in genetic differentiation, as well as a decrease in local levels of genetic diversity (McDonald
and St Clair, 2004; Shepard et al., 2008; Ernest et al., 2014). While such negative barrier effects have
been demonstrated in many species (Keller and Largiadér, 2003; Epps et al., 2005; Balkenhol and Waits,
2009), the individual response of a species to these linear infrastructures can greatly vary depending (i)
on the life-history traits of the species under consideration and (ii) on the nature of human-mediated
pressures and on local landscape encountered (Fenderson et al., 2014). Indeed, for some species,
motorways do not appear to act as a physical barrier that restricts the amount of gene flow among
populations and, in some cases, it can even facilitate the dispersal of individuals through human-
mediated movements (Ewers and Didham, 2006, 2006; Estes-Zumpf et al., 2010; Medley et al., 2015;
Balbi et al., 2018).

The construction of such infrastructures implies local habitat destruction, often followed by
compensatory measures including habitat restoration or the creation of dispersal corridors for wild
species (Christie and Knowles, 2015; Frankham et al., 2017). Expert landscape managers are therefore
asked to apply efficient measures facilitating the landscape permeability for wildlife to mitigate the
adverse effects of newly built human structures. Nonetheless, the efficiency of such measures remains
variable (Clevenger et al., 2001; Bellis et al., 2013; Soanes et al., 2018; Roni et al., 2018) and, in the
short-term, wild populations of species with low dispersal capabilities and strong specific habitat
requirements can disappear anyway during road construction owing to local habitat destruction. This
may be especially true for freshwater species depending on networks of streams that may further act as

hydrogeographic corridors facilitating migration events among populations (e.g. Malard et al., 2017).
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Moreover, even though dragonflies and damselflies have an aquatic larval stage and live as flying adults,
their populations can be negatively affected by highways because of increased mortality while crossing
them (Riffell, 1999), because of water pollution (Meland et al., 2019; Perron and Pick, 2020), and/or
because of habitat destruction during the construction of highways.

This study focuses on the potential impact of a newly built bypass highway localised in eastern
France, the highway A355 bypassing the city of Strasbourg and its associated compensatory and
restoration measures on patterns of genetic structure in populations of the southern damselfly
(Coenagrion mercuriale) located on either side of this highway. The southern damselfly is a species of
great conservation interest in Europe. This species, which is essentially dependent on the topography of
watercourses, is only found in the south-west of the continent and is protected at the European level,
with additional national protections in France. Local regression of southern damselfly populations,
particularly at the edge of the species’ range, is directly related to habitat loss or deterioration associated
with human-induced land use changes (Grand, 1996; Boudot, 2020). As the females lay their eggs in the
hollow stems of aquatic plants, the species needs specific breeding habitats in slow flowing small
streams where helophytes are present (Rouquette and Thompson, 2005; Purse and Thompson, 2009).
The southern damselfly exhibits low dispersal capability associated with fine-scale genetic structure,
which can make it particularly vulnerable to landscape fragmentation processes (Watts et al., 2007,
2004c). The southern damselfly is widely distributed in eastern France (Alsace region), even though the
occurrence of the Strasbourg Eurometropolis negatively affects the distribution of this species, decreases
the levels of genetic diversity and acts as a barrier to gene flow by increasing the extent of genetic
differentiation among populations (Lévéque et al., 2024a).

The A355 motorway was built between 2016 and 2021 in eastern France (Figure 1). The
landscape is predominantly agricultural along the north-south axis of the highway that bypasses the city
of Strasbourg to the west. This highway crosses 11 rivers and streams, some of which have historically
supported populations of the southern damselfly. In this context, sections of several of these
watercourses (listed on Figure S1) were restored during or just after the construction of the motorway

(Figure 1, Figure S1). These restoration actions included excavation, meandering, bank softening and
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scrub  clearing and are described on the following website:  https://www.bas-
rhin.gouv.fr/contenu/telechargement/27292/188657/file/DAU-SOCOS-EIA_52.pdf.

Here we aimed to study the spatial genetic structure of populations located in the direct vicinity
of this highway in a directly-applied context devoted to decipher the local effectiveness of these
watercourses’ restoration actions and of the creation of new suitable habitats for the southern damselfly
as part of the construction of the A355 highway. Using microsatellite loci and recently developed SNPs,
we asked the following questions: (i) did this newly built motorway act as a dispersal barrier on southern
damselfly populations located on either side of this infrastructure? (ii) did the compensatory measures
accompanying the construction of the highway effectively result in the successful recolonisation of the

rehabilitated watercourses by the southern damselfly? (iii) If so, where did the colonisers come from?

Materials and methods

Study sites and sampled populations

In spring 2021 and 2022, we surveyed the surrounding areas of the A355 highway to detect and
sample local southern damselfly populations, within a 5 km buffer zone (Figure 1). We chose this radius
as it encompasses the typical dispersal distance of southern damselfly individuals. Indeed, capture-mark-
recapture studies carried out in the United Kingdom, which provided a direct estimate of the species'
dispersal capacity, showed that 75 to 85% of the flying adults were recaptured within a hundred metres,
with a few rare observations of dispersal for greater distances over 1 km (Purse et al., 2003; Thompson
and Watts, 2006; Watts et al., 2007, 2004c). Indirect observations using genetic markers also suggested
infrequent episodes of gene flow up to a distance of 2 km, and fairly high migration rates compared with
direct observations (Watts et al., 2006; Lévéque et al., 2024a).

Overall, we sampled 46 populations in the study area, with 12 populations located in the direct
vicinity of the highway and on watercourse sections restored during the construction of the highway
(Figure 1, Figure S1). 34 populations were sampled in 2021 and 42 populations were sampled in 2022;
30 of them were sampled in both years (Table S1). Sampling effort was constant over the years and
carried out on days with fair weather to ensure that adults were likely to be able to fly. Population

sampling sizes ranged from 1 to 39, with a mean of 18.18 + 10.99 (Figure S1, Figure S2, Table S1).
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Overall, a total of 1,382 individuals were collected. Geographic coordinates, years of collecting, and
sampling sizes of each population can be found in Table S1. Two kinds of samples were collected: whole
individual body, or only the right middle leg of each individual, the latter method being non-lethal and
not impacting the damselfly’s survival (Fincke and Hadrys, 2001). All samples were stored in 100%

ethanol until DNA extraction.

Genotyping using microsatellite and SNP loci

Individuals were genotyped using two different kinds of molecular markers, microsatellites and
SNPs. A total of 1382 individuals were genotyped using ten microsatellite loci previously described by
Watts et al. (2004a,b), among which 494 individuals, whose full body was available to ensure a
sufficient quantity of DNA material, were genotyped using a set of 2,092 SNPs described in Lévéque et
al. (2024b; Table S1, Figure S2).

For whole individuals, we removed abdomens from the rest of the body to avoid sampling
intestinal microbiota, and we crushed all samples using MN Beads Type D (Macherey-Nagel) as
described in Lévéque et al. (2024a). We extracted total genomic DNA from each whole individual
sample using NucleoMag® Tissue Kit (Macherey-Nagel) according to the manufacturer’s
recommendations. For leg samples, we purified DNA with 12 yL NucleoMag B-beads and 12 L of
pure water and eluted in 50 pL.

We genotyped all samples using ten unlinked nuclear microsatellite loci named LIST002,
LIST023, LIST034, LIST035, LIST037, LIST042, LIST062, LIST024, LIST063, and LIST066, isolated
and described in Watts et al. (2004a,b) and following the protocol details described in Lévéque et al.
(20243a). We also genotyped the individuals with enough tissues (i.e. the whole individuals) using SNPs
generated using the Allegro Targeted Genotyping method (ATG developed by Tecan Genomics,
Redwood City, United States). All details of the library preparation and bioinformatics analyses are
detailed in Lévéque et al (2024b). Briefly, 12,000 SPET probes were designed to recapture 6,000
unlinked SNPs. Target genomic libraries were designed following the manufacturer guidelines for
preparing the SPET libraries and were sequenced on a MiSeq System (1x150 bp, Illumina Inc., San

Diego, CA, USA). The following bioinformatics analyses included cleaning, sequences’ alignment to
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the reference (Bowtie2; Langmead and Salzberg, 2012), variant calling following the guidelines
implemented in GATK Best Practices, and multiple filtering to obtain reliable SNPs. After removing
loci showing aberrant Fis estimates and loci under putative selection, we finally obtained genotypes for

2,092 biallelic SNPs located on different RADcontigs (see Lévéque et al., 2024b).

Estimating population genetic differentiation

To assess the levels of genetic differentiation between pairs of populations, we calculated Fst
estimates according to Weir and Cockerham (1984) using StAMPP v1.6.3 R package (Pembleton et al.,
2013). Confidence intervals and statistical significance of Fsr values were obtained using 1,000
bootstraps over loci. To ensure sufficient statistical power, only populations with at least 8 individuals
were included in the analyses. For the microsatellite dataset, we could do this separately for the two
years of sampling. However, for the SNP dataset, only a low number of populations were genotyped in

2022, thus we combined the datasets of both years as distinct populations in a single analysis.

Delimitation of population boundaries and genetic discontinuities

Genetic discontinuities and grouping of genetically related populations were assessed using
different complementary approaches: a spatial Principal Component Analysis (SPCA; Jombart, 2008)
and a Bayesian clustering approach using fastStructure and described in Raj et al. (2014).

To depict spatial genetic patterns and cryptic geographical variation in allele frequencies
allowing to detect population boundaries, we used a sPCA analysis, which is a spatially explicit
multivariate method, implemented in the adegenet v.2.1.9 R library (Jombart, 2008). This analysis does
not rely on any assumptions with regard to linkage disequilibrium or departures from Hardy-Weinberg
equilibrium (Jombart et al., 2008). We used the Delaunay triangulation graph to create the spatial
network underlying the sPCA. To draw a comprehensive synthetic representation of population scores,
we represented population coordinates along the first three principal components into the Red, Green,
and Blue channels, as described in Menozzi et al (1978). This analysis was performed using both

microsatellite and SNP loci.
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Population structure and individual assignation to genetic clusters were further assessed for SNP
genotypes using the fastStructure software (Raj et al., 2014). This algorithm infers population structure
from large SNP genotype datasets based on a variational Bayesian framework. We assumed a number
of clusters ranging from K= 1 to 43 with 20 independent runs per K. We determined the optimal number
of clusters using the estimators described by Puechmaille (2016). Individual assignments using different
K values were then plotted using Clumpak (Kopelman et al., 2015) as implemented in StructureSelector

(Liand Liu, 2018).

Results

Patterns of population genetic differentiation

Using the SNPs dataset and populations sampled both in 2021 and 2022, we obtained a total of
561 pairwise population comparisons, with pairwise Fst values ranging from -0.006 to 0.040. Most Fsr
values significantly differed from 0 after bootstrapping over loci (480 out of 561; Figure 2). Most of the
non-significant Fst estimates occurred between populations A5 to A9, all located along the same river
named “fossé de la Hardt”, or the RLK and Rlei populations located along two neighbouring streams,
the “Kolsenbach” and the “Leisbach” (Figure 2).

With regards to the microsatellite dataset, pairwise Fst values were higher, ranging from -0.029
to 0.130 and from -0.029 to 0.104 for populations sampled in 2021 and 2022 respectively. However,
and in contrast with SNPs results, most of them were non-significant: 226 out of 276 in 2021 and 350
out of 435 in 2022. The most salient feature was that populations labelled A9-2021, A7-2021, A11-2022

and S6-2022 showed high and significant levels of genetic differentiation (Figure S3).

Delimitation of population boundaries and genetic discontinuities

The sPCA analysis revealed a predominantly north-to-south gradient in genetic distinctiveness
between populations located in different rivers (Figure 3). The geographic patterns obtained with the
microsatellite markers clearly pictured genetic discontinuities among the five main watercourses crossed
to the north by the motorway. This spatial genetic structure mirroring watercourses geography was,

however, much less pronounced using the SNP markers that broadly depicted three genetically distinct
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groups of populations, again following a north to south gradient. Interestingly, the bypassing highway
occurrence did not separate distinct groups of populations, except for the two southernmost watercourses
crossed by the motorway that indicated genetic divergence between populations located on either side
of this infrastructure. This genetic break was particularly evident using SNP markers (Figure 3D).

The Bayesian clustering analysis broadly revealed three to four genetically divergent clusters of
populations (Figure 4) including: (i) populations located to the north of the motorway (Rhm1 and Rla),
which surprisingly clustered with two spatially distant populations named CB4-2022 and Al1; (ii)
populations RLK, Rlei and S located on the tributaries watercourses of the Souffel that showed common
ancestry; (iii) a third genetic grouping of populations that included sampled populations located furthest
south of the motorway, that is, populations named CB2, BA, Rut2, Ceh, and Ehn1; (iv) finally, the
populations located upstream of the Hardt ditch (populations named A3, A4, A5) displayed high levels
of genetic admixture between the first two grouping of populations described above. Surprisingly, the
population membership of the CB4 sampling site changed between 2021 and 2022, being either assigned
with populations located on the tributary watercourses of the Souffel or with the populations located to

the north of the motorway, respectively.

Discussion

Linear transport infrastructure like roads, trains, or canals can have a negative impact on wildlife
species (Holderegger and Di Giulio, 2010; Burkart et al., 2016). This type of human-made land change
can act as a barrier to the movement of individuals because of increased mortality, of dispersal
behavioural changes, or of the physical impossibility of crossing such particular structures. This barrier
effect can lead to a reduction in gene flow among populations, which consequently drives a general
increase in the levels of genetic differentiation between subdivided populations (Keller and Largiader,
2003; Epps et al., 2005; Frankham et al., 2017). However, the levels of genetic differentiation observed
between populations of the southern damselfly on either side of the A355 highway did not indicate any
major barrier effect from the motorway between both sides. Likewise, the patterns of genetic affiliation

pictured a north-to-south pattern of genetic divergence mostly explained by the main hydrogeographic
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networks of watercourses. Indeed, geographically close populations separated by the highway showed
low and non-significant levels of genetic differentiation. Consequently, assignment gradients of
individual probability of membership to genetically distinct grouping of populations did not reflect a
distinction between populations located west or east of the highway, but instead depicted main
hydrographic networks with somewhat subtle nuances when considering the upstream and downstream
part of the same watercourse.

These results may be consistent with previous studies conducted on the southern damselfly
(Watts et al., 2004c). Indeed, using both direct demographic field surveys and indirect genetic
approaches, roads may have no evident effects on individual movements and patterns of gene flow in
the southern damselfly (Purse et al., 2003; Thompson and Watts, 2006; Keller et al., 2012; Watts et al.,
2004c¢). It should be noticed, however, that these studies were all carried out on road networks smaller
than the A355 highway. In the case of this highway, the presence under the road of small watercourses
and large wildlife crossings may probably facilitate the movement of individuals on either side of the
infrastructure without any major risk of mortality due to road traffic over the bridges spanning the
watercourses. This may explain the general patterns of low genetic differentiation for populations
located on either side of the highway. As a complement to the population pairwise Fsranalyses, we will
assess the relative importance of the position on either side of the motorway and of the watercourse on
genetic differentiation by calculating hierarchical F-statistics using R hierfstat v.0.5-11 (Yang, 1998;
Goudet, 2005; De Meeis and Goudet, 2007). We will construct a two-level hierarchy, using the side of
the motorway where the populations were located as the outermost level, the river on which the
populations were located as the intermediate level and the sampling sites as the innermost level.

Although these first results are encouraging for the persistence of the populations located around
the highway, care must be taken when interpreting the results we obtained. Indeed, in order to fully
understand the effects of such infrastructure, it is necessary to obtain and compare information before
and after its appearance (Matocq and Villablanca, 2001; Balkenhol and Waits, 2009). However, we were
not able to obtain historical samples collected before the construction of the highway as a reference
point for comparison with present and future patterns of genetic structure after the highway construction

(see Balkenhol and Waits, 2009; Karamanlidis et al., 2012). In addition, the emergence of genetic
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distinctiveness among populations is closely linked to the long-lasting effect of genetic drift and the lack
of homogenising migration events after a change in population connectivity. However, it is well
theoretically established that population genetic features do not attain their new equilibrium states
immediately after a change in connectivity among subdivided populations, but instead respond with
some delay or time lag (Crow and Aoki, 1984; Slatkin and Arter, 1991; Slatkin, 1993; revue in Epps
and Keyghobadi, 2015). Therefore, with recent changes disrupting the patterns of gene flow, many
populations are likely not at equilibrium but rather are in a transient state or reflect a past genetic
structure that do not mirror recent environmental changes (Slatkin, 1993; Hutchison and Templeton,
1999). Several generations may therefore be needed between the appearance of a disturbance and the
time at which the genetic response of a population becomes detectable or negligible compared with its
new equilibrium value, a process known as ‘time lag’ (Bolliger et al., 2014; Epps and Keyghobadi,
2015). This well-known lag between current demographic processes and population genetic structure
makes it challenging to correctly interpret the effect of contemporary land changes (Epps and
Keyghobadi, 2015; Frankham et al., 2017) and to conclude, in our case study, whether this newly built
bypass highway shape the likelihood of dispersal events. The construction of the A355 motorway is
relatively recent and was only completed in year 2021 for the restoration of some watercourses like the
“Fossé de la Hardt” or the “Muehlbach”. As such, long-term survey and monitoring of southern
damselfly populations should therefore be carried out to confirm the lack of any barrier effects observed.

In addition, and before establishing conservation baselines, other confounding effects could also
occur at the level of the watercourses crossed by the highway. Indeed, sampled in more recently restored
watercourses, the populations located along the ‘Fossé de la Hardt” showed a genetic break consistent
with a barrier effect lowering the extent of gene flow. The A9 population, although being located at a
short distance not exceeding 600 metres from the other populations, exhibited high levels of pairwise
genetic differentiation and a high amount of genetic admixture between two distinct clusters of
populations. Further, although populations nhamed A3, A4, and A5 did not show significant levels of
genetic differentiation with the sites located at the edge of the motorway, these populations exhibited a

high amount of genetic admixture between distinct clusters of populations.
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These differences could be due to historical barrier effects related to other landscape features
beyond that of the highway. Previous studies carried out on the southern damselfly indeed showed that
the amount of gene flow among populations could be influenced by a large number of landscape features,
with a negative effect from high relief and the closure of watercourses by forests, and a positive effect
from aquatic areas and meadows (Purse, 2001; Purse et al., 2003; Watts et al., 2006; Keller et al., 2012;
Lorenzo-Carballa et al., 2015).

In the watercourse sections restored and re-naturalised during the construction of the highway
(i.e. Muhlbaechel, Kolsenbach, Leisbach, La Souffel, Musaubach, Muehlbach, Fossé de la Hardt,
Altofer Arm), an increase in the occurrence of southern damselfly individuals was observed between
the years 2021 and 2022. This may suggest an evident beneficial effect of river restoration measures
favouring a successful recolonisation process in this species. This gradual increase in the occurrence of
southern damselfly individuals may certainly be explained by the progressive development of the
vegetation following the compensatory measures, including habitat restoration, by landscape-expert
managers. As a matter of fact, the compensatory measures related to the bypass highway construction
successfully restored the straight watercourses by recreating meanders, creating alternating current
speeds and opening up the watercourses. These operations encourage the development of helophyte
plants which are essential for oviposition, perching and roots to protect the larvae of southern damselfly
(Rouguette and Thompson, 2005, 2007). In this respect, a study carried out before and after restoration
indeed showed a beneficial ecological effect of stream meandering on the conservation of the southern
damselfly (Beaune and Sellier, 2021).

However, we observed an asymmetrical evolution of the southern damselfly occurrence at the
level of the watercourses crossed by the motorway, with some watercourses mainly characterised by an
upstream occurrence (e.g. watercourse named Musaubach) and the others by a downstream occurrence
(e.g. watercourse named Leisbach). More detailed analyses of genetic affiliations at the level of the
watercourses may reveal the actual patterns of recolonisation processes. We plan to further visualise
patterns of population affiliation using a discriminant analysis of principal components (DAPC; Jombart
et al., 2010), implemented in the R package adegenet v2.1.9 (Jombart, 2008; Jombart and Ahmed,

2011;). This analysis represents a complementary approach to Bayesian clustering and sPCA as it does
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not rely on any population model or spatial prior. Furthermore, to gain further insights into the fine-
scaled process of recolonisation of newly restored habitats after punctual destruction, we additionaly
plan to perform assignment tests following maximum-likelihood methods similar to those described in
Rannala and Mountain (1997) and Cornuet et al. (1999). Indeed, the turnover of local endangered
populations owing to human-induced extinction and recolonisation processes is an important
determinant of a metapopulation genetic structure, allowing microevolutionary processes to occur which
is not possible in large undivided and panmictic populations. Deciphering the actual origin of individual
colonisers is thus fundamental from a conservation and evolutionary point of view, because it was
theoretically and empirically shown that extinction/recolonisation events can enhance opportunities for
both genetic drift and gene flow, depending either on the number of colonists relative to the number of
recurrent migrants, and on whether the colonists arise from a single source or many different sources

(Wade and McCauley, 1988; McCauley, 1993; Ingvarsson et al., 1997; Haag et al., 2005).
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Figure 1: Location of 46 populations of southern damselflies (Coenagrion mercuriale) in the direct

vicinity of the A355 highway (A). Each grey point represents one sampled population, and white dots
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represent sites surveyed but where no southern damselflies were found. Main watercourses were taken
from COPERNICUS Land Monitoring Service (2019: EU-Hydro). Land cover was simplified from
Corine Land Cover Edition 2018. (B) Scheme illustrating the sampling of sites in the direct vicinity of
the highway in 2021 and 2022. As above, grey point represents one successfully sampled population

and white dots represent sites which lacked of southern damselfly occurrence.
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Figure 2: Matrix of pairwise Fst estimates calculated using SNPs data (above diagonal) and their

associated statistical significance assessed using 1000 bootstraps over loci (below the diagonal, P-

values below 0.05 appear in blue).
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Figure 3: sPCA analyses depicting population genetic affinities around the A355 highway using
multilocus microsatellite genotypes of individuals sampled in 2021 (A), in 2022 (B), and SNPs
genotypes in 2021 and 2022 (C). A zoom on two specific rivers crossed by the motorway is also

indicated (D). Population colours reflect their coordinates on the first three axes of the SPCA, assigned
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to a red, green, and blue channels respectively. Main watercourses are also represented. Watercourses

from COPERNICUS Land Monitoring Service, 2019: EU-Hydro.
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K=2

Figure 4: Bayesian clustering results by considering a number K of populations being of 2, 3, 4 or 6.

Each individual is represented by a vertical bar, with colour indicating the estimated membership

proportion to each of the K considered groups. The different populations are delimitated with black lines

and are labelled at the bottom of each panel. Populations are arranged from North to South.
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Figure S1: Historical monitoring of southern damselfly (Coenagrion mercuriale) populations and
watercourse restorations 200m around the A355 (A); Photograph of a site sampled in 2021 (B, C) and
2022 (D, E). Watercourse drainage was visible in 2021 (B). Re-meandering work was carried out (C,

E).
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Figure S3: Matrices of pairwise Fs estimates between southern damselfly (Coenagrion mercuriale)
populations and calculated using microsatellite data from populations sampled in 2021 (A) or 2022 (B)
and their associated statistical significance assessed using 1000 bootstraps over loci.
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Table S1: Southern damselfly (Coenagrion mercuriale) population sampling information. Population
name and geographical coordinates of the sampling sites (WGS84). Number of samples per year
genotyped with microsatellite markers, Number of samples per year genotyped using SNP markers.

Microsatellites

SNPs

Sampling Year and number
of individuals genotyped

Sampling Year and number
of individuals genotyped

Population Longitude Latitude

name (WGS84 (WGS84 2021 2022 2021 2022
EPSG4326) EPSG4326)

Rmh1l 7.688742 48.685199 7 6

Rla23 7.668104 48.673981 3 3

Rla3 7.680047 48.671614 20 5 17

Rla4 7.687878 48.671665 3

Rla5 7.692171 48.671474 21 27 8

Rla6 7.700949 48.670594 29 28 12

RLK1 7.635142 48.658617 23 18 12

RLK2 7.651268 48.657640 30 33 13

RLK3 7.660315 48.656235 2 15 2

RLK4 7.664291 48.654240 23

RLK56 7.678233 48.650551 18

Rlei23 7.602713 48.655404 24 15 15

Rlei45 7.633774 48.649009 30

Rlei6 7.652179 48.644755 11 29 11

Rlei7 7.654957 48.644172 13 34 12

Rlei8 7.664481 48.643140 17 26 16

S3 7.570723 48.634705 34 20 15

S6 7.615283 48.629329 31 23 15

S67 7.622262 48.630331 18 20 15

S677 7.629693 48.630449 4

S12 7.688485 48.632729 1 5

S17 7.741153 48.641593 21 4 15

Rimul 7.614947 48.608271 3

Rimu2 7.626599 48.607025 20

Rimu3 7.629157 48.607368 4

231



Mul5
CB4
All
A20
CB2
A3
Ad
A5
A6
A7
A8
A9
BA3
BA4
Rut2
Rut3
Rut4
Ceh0
Cehl
Ceh2
Ehnl

7.608110
7.627223
7.655745
7.669929
7.591170
7.532710
7.544702
7.564511
7.571759
7.575255
7.579292
7.586779
7.579429
7.581946
7.595870
7.605300
7.612676
7.576856
7.581641
7.588845
7.563860

48.577487
48.575197
48.574642
48.579161
48.554269
48.540547
48.540918
48.543905
48.547882
48.547574
48.548017
48.550395
48.528832
48.528855
48.499645
48.500283
48.501593
48.475591
48.478382
48.482536
48.470101

18
31

28
30
33
30
31

27

31
25
20

21
39
13

18
13
26
29
36
27

28
23

13
27

14
13

15
15
15
15
13

15

11
12
11

15
15
10

14

14
15
15
15

12
15

232



Synthese des résultats et perspectives
Synthese des résultats

Dans le contexte actuel de changements environnementaux, I'étude de I'évolution génétique des
populations soumises a des pressions anthropiques croissantes, telles que l'agriculture intensive,
l'urbanisation et la construction d’infrastructure, gagne en importance et popularité. Cet essor s'explique
par des raisons a la fois fondamentales en raison d’évolutions génétiques rapides observées dans ces
environnements perturbés, mais aussi par des raisons pratiques liées a la conservation des espéces.
L’objectif principal de ce travail de theése était d’apporter des données empiriques sur la structuration
génétique spatiale des populations d’agrion de Mercure (Coenagrion mercuriale), permettant de
répondre a des questions de biologie de la conservation au sein d’une zone intégrant de nombreuses
pressions anthropiques. Ce travail se plagait dans le contexte directement appliqué de I’étude de I’impact
de la construction de I’autoroute A355 et des restaurations de cours d’eau réalisées dans le cadre de
mesures compensatoires.

Contrairement aux travaux précédemment menés chez 1’agrion de Mercure, cette thése ne se
concentre pas sur une zone située en limite d’aire de répartition de I’espéce avec des populations
potentiellement trés isolées, mais se focalise sur une zone d’étude localisée plus au centre de I’aire de
distribution géographique de 1’espéce, avec un réseau hydrographique dense abritant de nombreuses
populations d’agrion de Mercure. En effet, les campagnes d’échantillonnages réalisées en 2021 et 2022
ont permis d’échantillonner un trés grand nombre de populations (104 en Alsace et 24 dans les Hauts-
de-France) et de génotyper un nombre considérable d’individus (3 797 individus génotypés a 1’aide de
marqueurs microsatellites et 1 080 individus génotypés a I’aide de marqueurs SNP). Ainsi, les données
génétiques produites dans le cadre de ces travaux de thése combinent, pour la premiére fois chez I’agrion
de Mercure, des données génétiques classiques impliquant des locus microsatellites et des données
génomiques (SNPs) avec les avantages et limites inhérents a chacun des types de marqueurs
moléculaires. Ce jeu de données a permis des estimations des niveaux de diversité génétique intra-
population et des estimations de tailles efficaces de populations, deux paramétres clés de conservation
des populations. Il a également fourni des premiers éléments sur les flux de genes et les niveaux de
connectivité entre populations d’agrion de Mercure, ceci dans une région intégrant de nombreuses
problématiques paysageres et avec le contexte directement appliqué de 1’autoroute A355 nouvellement

construite dans la région et des restaurations connexes de cours d’eau (Figure 23).

Le Chapitre Il, premier volet technique de la thése, a permis le développer 2 092 nouveaux
marqueurs moléculaires de type SNP chez ’agrion de Mercure, une espece sans génome de référence
disponible. Ces marqueurs ont été développés en complément de marqueurs microsatellites déja mis au
point pour I’espéce (Watts et al., 2004ab) et utilisés dans I’ensemble des études génétiques menées chez
I’espéce jusqu’a présent (Watts et al., 2005, 2006, 2004c; Thompson & Watts, 2006; Watts, et al., 2007a;
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Watts et al., 2007b; Watts & Thompson, 2012; Keller et al., 2012; Keller & Holderegger, 2013;
Lorenzo-Carballa et al., 2015). Nous avons montré que l'approche ddRADseq de représentation réduite
du génome permettait d'identifier de novo des centaines de milliers de marqueurs SNPs chez une espece
non modéle et de construire des RADIoci de référence (Peterson et al., 2012; Narum et al., 2013). La
méthode d'enrichissement ciblé (SPET) nous a ensuite permis de génotyper 1 080 individus avec 2 092
SNPs. Compte tenu des 6 000 SNPs initialement ciblés chez 1 920 individus, ce chapitre a permis de
mettre en évidence les limites et problématiques associées au développement de marqueurs SNPs chez
un trés grand nombre d’individus pour une espéce non modele. Bien que moins nombreux
qu’initialement prévu, nous avons montré que les marqueurs SNPs nouvellement développés
fournissaient des informations précieuses sur les niveaux de diversité génétique, mais surtout la
différenciation génétique et la structure génétique spatiale des populations. En effet, ces marqueurs
génomiques ont permis d’identifier, dans des populations localisées dans les Hauts-de-France, une
structure génétique a fine échelle et des patrons de flux de genes qui n'étaient pas détectables a I'aide de
marqueurs microsatellites.

Ces populations du nord de la France constituaient un point de comparaison avec notre zone
d’étude principale localisée dans la région strasbourgeoise. Le chapitre | a ainsi permis de mettre en
évidence que les populations d’agrion de Mercure échantillonnées en Alsace présentaient des niveaux
de diversité génétique €élevés et des niveaux de différenciation génétique faibles par rapport aux niveaux
observés jusqu’a présent dans les régions plus périphériques de 1’aire de répartition de I’espéce, que ce
soit dans les Hauts-de-France ou au Royaume-Uni (Watts et al., 2005, 2004c; Lorenzo-Carballa et al.,
2015). Au sein de la région strasbourgeoise, abritant de nombreuses populations d’agrion de Mercure
avec un niveau de connectivité élevé entre populations, nous avons montré que les flux de genes
s’opéreraient a travers un patron d’isolement par la distance classique. L’étude des voies de dispersion
associées au niveau de différenciation génétique entre populations a permis de révéler que les flux de
génes entre populations n’étaient pas restreints strictement aux habitats de reproduction de 1’espéce le
long des cours d’eau, mais pouvaient s’opérer avec des mouvements a travers terre (Figure 24 A,B,C).
De plus, cette premiére étude a mis en lumiere, au sein de la région strasbourgeoise, la présence de
plusieurs zones de dispersion facilitée ou restreinte par rapport a un modéle nul d’isolement par la
distance. Parmi ces zones, I’Eurométropole de Strasbourg impacte négativement la diversité génétique
des populations, et I’on observe au voisinage de 1’agglomération une augmentation des niveaux de
différenciation génétique : cette zone urbaine représente donc un frein aux flux géniques entre
populations.

L’impact de I’Eurométropole de Strasbourg a été retrouvé dans le Chapitre III qui se focalisait
sur ’estimation des tailles efficaces de populations, un autre parametre clé de conservation. Ce chapitre
a permis de confirmer qu'il n'y avait pas d'isolement génétique entre cohortes temporelles chez 1’agrion
de Mercure, suggérant une plasticité dans le trait semi-voltin de I'espéce (voir également Thelen, 1992;

Watts & Thompson, 2012). Avec I’application de multiples méthodes d’estimations des tailles efficaces
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de populations et de deux types de marqueurs moléculaires, nous avons illustré la difficulté inhérente a
I'estimation précise des tailles efficaces de population pour des espéces sauvages. Toutefois, les résultats
obtenus suggérent des dynamiques de populations contrastées au niveau des populations retrouvees
autour du tracé de D’autoroute A355, reflétant des processus de recolonisation impliquant
potentiellement des populations sources et des populations puits de part et d'autre de cette nouvelle
I’infrastructure routiére.

Les analyses préliminaires réalisées dans le chapitre IV ont permis de mettre en évidence une
recolonisation progressive des sites reméandrés et restaurés lors de la construction de 1’autoroute, ainsi
qu’une absence d’effet barriere actuel de 1’autoroute. Les patrons exacts de recolonisation de ces sites

restent encore a définir précisément.

Résultats Processus | Echelle spat e
Chapitre h - Développement de novo de marqueurs ) .

II SNPs
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Figure 23. Organigramme présentant les principaux résultats présentés dans cette these en lien avec
les processus évolutifs associés, ainsi que les échelles spatiales auxquelles les différentes questions ont
été abordées.
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Figure 24: Schématisation des différents types de distance pouvant expliquer les niveaux de
différenciation génétique observés entre populations. (A) Schéma représentant un réseau
hydrographique au sein duquel deux populations d’agrion de Mercure sont retrouvées ; (B) Schéma
illustrant une dispersion des individus suivant un modele d’isolement par la distance classique, avec
des niveaux de différenciation genétique évoluant en fonction de la distance géographique euclidienne
entre populations ; (C) Schéma illustrant une dispersion des individus suivant strictement les cours
d’eau, habitats de reproduction de 1’agrion de Mercure ; (D) Schéma illustrant une dispersion des
individus intégrant les impacts des éléments paysagers facilitant ou restreignant la dispersion.

Perspective 1 : flux de genes et paysages

Les analyses génétiques réalisées dans la région strasbourgeoise ont permis de mettre en
évidence une structuration génétique suivant un modéle d’isolement par la distance (IBD, pour isolation-
by-distance). Il s’agit du scénario de dispersion des individus le plus simple et fondé uniquement sur les
distances euclidiennes séparant les populations (Figure 24A). En effet, dans un environnement
homogene, les mouvements d’individus sont restreints dans 1’espace de par la capacité de dispersion
intrinséquement limitée d’une espéce (Frankham et al., 2019; Figure 25A). Or, la variation génétique
des populations est modulée dans le temps par ’effet de la dérive génétique, et des différences
génétiques entre populations peuvent émerger en I’absence de flux de génes homogénéisants. Ainsi, plus
la distance géographique entre deux populations est élevée, plus la différenciation génétique entre elles
sera potentiellement élevée (Wright, 1943; Slatkin, 1993; Figure 25B). Ce modéle de dispersion, fondé

sur une distribution homogeéne des populations dans I’espace, a ensuite été étendu avec un modele
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prenant en compte une discontinuité de distribution des populations avec le modéle dit « en-pas-
japonais » ou « stepping stone » intégrant des processus de migration strictement de proche en proche
(Kimura, 1953; Figure 25C).

(A) (B)
A

>

SnpIATpUT

anue anbnou

Evénements de dispersion
Differenciation génétique entre
paires de population

. . , - . >
Distance géographique Distance géographique

C
© Migration

Population > Population — Population Population’

Figure 25: Schémas illustrant le lien entre capacité de dispersion et patrons de structuration génétique.
(A) Schéma illustrant la diminution des événements de dispersion avec la distance géographique liée a
la capacité de dispersion d’une espece. (B) Schéma illustrant le modele d’isolement par la distance,
avec une augmentation des niveaux de différenciation génétique entre populations et une diminution de
[’apparentement génétique entre individus avec [’augmentation de la distance les séparant.(C) Figure
illustrant le deplacement de proche en proche selon le modele de « stepping stone », figure inspirée de
Kimura & Weiss (1964).

Or, les analyses réalisées au sein de la région strasbourgeoise ont aussi permis de mettre en
¢vidence des zones de migration facilitée ou restreinte par rapport au modéle nul d’IBD, indiquant un
possible effet du paysage sur les flux de génes entre populations. En effet, cette région présente un réseau
hydrographique dense intégrant de nombreuses problématiques paysagéres avec la présence de
I’agglomération strasbourgeoise, mais aussi la présence d’espaces urbains plus petits et périphériques,
la présence d’espaces agricoles (plaine de grande culture, vignobles sur les reliefs vosgiens) et la
présence d’espaces boisés pouvant impacter la dispersion des agrions de Mercure (Figure Annexe 2).
En outre, des études précédemment menées chez ’agrion de Mercure ont identifié plusieurs éléments
paysagers pouvant faciliter, entraver, ou ne pas avoir d’effet sur la dispersion des individus. Ainsi, les
espaces ouverts tels que les prairies semblent faciliter les flux de génes entre populations tandis que les
espaces fermés tels que les foréts semblent la restreindre (Watts et al., 2006; Lorenzo-Carballa et al.,
2015). Les routes, les voies ferrées et les grandes rivieres ne semblent pas, quant a elles, impacter la
dispersion des individus (Keller et al., 2012; Watts et al., 2004c). Or certains éléments paysagers, tels

que les zones urbaines et les zones agricoles montrent des impacts contrastés en fonction des études
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(Watts et al., 2006, 2004c; Keller et al., 2012; Lorenzo-Carballa et al., 2015). En effet, dans un
environnement hétérogene, la dispersion des individus peut dépendre de facteurs environnementaux
s’ajoutant a la distance géographique euclidienne et modifiant la dispersion des individus dans le milieu.
La dispersion des individus dans une région donnée dépendra alors de la connectivité du paysage,
pouvant varier d’une espece a 1’autre et d’une région a une autre. Cette connectivité dépend a la fois de
I’organisation structurelle, i.e. composition et agencement, de la matrice paysagére, mais aussi de la
réponse comportementale d’une espéce a cette structure paysagere. Ainsi, un paysage va potentiellement
faciliter ou entraver les déplacements entre taches d’habitats favorables (Taylor et al., 2006;
Holderegger & Wagner, 2008; Baguette et al., 2013). Les discontinuités génétiques existant entre
populations peuvent alors étre mises en relation avec les éléments du paysage. Dans cette idée, des
approches couplant 1’écologie du paysage et la génétique des populations peuvent permettre de mettre
en relation la structure des éléments du paysage et les discontinuités génétiques observées entre
populations (par exemple, Selander & Kaufman, 1975; Sokal et al., 1987; Arter, 1990; Slatkin & Aurter,
1991; Kudoh & Whigham, 1997; Michels et al., 2001; Vos et al., 2001; revues dans Storfer et al., 2007;
Dyer, 2015). Ainsi des approches mesurant la corrélation entre les niveaux de différenciation génétique
entre paires de populations et les distances calculées selon différents scénarios de dispersion, intégrant
les éléments du paysage, permettent d’évaluer si ces distances expliquent plus ou moins les patrons de
structuration génétique d’une espéce dans une région donnée (Pfliger & Balkenhol, 2014).

Différents types de modeles paysagers pourront étre construits pour inférer I’effet du paysage
sur la structure génétique des populations d’agrion de Mercure sur la base de la corrélation de distances
fondées sur la résistance paysageére avec les distances génétiques (Cushman et al., 2006; McRae & Beier,
2007). Parmi eux, deux grands types de modéles de distances paysageres peuvent étre distingués : les
modeéles de chemin de moindre co(t (« Least-Cost-Path », LCP) et les modeles intégrant la théorie des
circuits électriques. Ces modeéles reposent sur la construction de carte de frictions traduisant la difficulté
de déplacement d’un individu a travers une matrice paysagére (Adriaensen et al., 2003; Spear et al.,
2010). Les LCP représentent le chemin correspondant a la voie de dispersion optimale entre deux points,
minimisant les codts de mouvement et maximisant la survie des individus (Adriaensen et al., 2003;
Etherington, 2016). Ce type de modéle permet d’évaluer la résistance du paysage. Toutefois, il suppose
que les individus aient connaissance du paysage et se déplacent a travers un seul chemin de maniére
optimale dans I’espace (Figure 24D). Les modeles fondés sur la théorie des circuits, quant a eux,
permettent d’estimer une distance de résistance (ou de conductance, inverse de la résistance) intégrant
I’ensemble des chemins disponibles et leurs colts associés (McRae, 2006; McRae & Beier, 2007). Ce
type d’approche a déja montré des liens étroits entre certains éléments paysagers et la dispersion
d’espéces d’odonates, apportant des éléments de réflexion intéressants pour la conservation de ces
espéces (Van Strien et al., 2012; Harabis, 2023; Richmond et al., 2024).
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Perspective 2 : explorer I’histoire évolutive des populations

La possibilité d'examiner des milliers de marqueurs génétiques avec une relative facilité et
I’augmentation des puissances de calculs ont permis de répondre & de nombreuses questions importantes
en matiere de conservation avec le développement de méthodes statistiques de plus en plus sophistiquées
(Csilléry et al., 2010; Allendorf et al., 2010). Ces approches peuvent d’ailleurs permettre d’explorer les
processus historiques sous-jacents a 1’établissement des populations et a leurs évolutions. Parmi elles,
les méthodes d’analyses de type ABC pour « Approximate Bayesian Computation » permettent
d’investiguer I’histoire démographique des populations naturelles (Beaumont et al., 2002). En effet, les
approches ABC sont particulierement adaptées aux problémes démographiques complexes impliquant,
par exemple, un grand nombre de marqueurs génétiques, qui seraient insolubles avec les méthodes de
vraisemblance (Beaumont et al., 2002). Ces approches reposent sur le calcul de statistiques synthétiques
a partir des données de génétique ou génomique des populations (Elleouet & Aitken, 2018). La
vraisemblance de différents scénarios évolutifs expliquant les patrons génétiques actuellement observeés
est ensuite testée (Cornuet et al., 2008). Ce type d’approche, appliquée aux populations d’agrion de
Mercure présentes dans la région strasbourgeoise et pour lesquelles nous avons maintenant des données
génomiques, permettrait non seulement de comparer les scénarii démographiques passés impliquant le
déclin ou la croissance des populations liés a leur histoire démographique et a leur adaptation locale,
mais aussi d’estimer les parameétres clés des modeles tels que la taille minimale efficace lors
d’événement de goulot d'étranglement (Tallmon et al., 2004) ou encore les taux de migration aprés
expansion spatiale (Hamilton et al., 2005). Dans le domaine de la biologie de la conservation, on observe
une utilisation croissante de ce type de modéle de par leur flexibilité et leur capacité a élaborer des
scénarii complexes concernant la conservation des especes caractérisées notamment par de faibles tailles
efficaces ou des patrons complexes de dispersion (Storfer et al., 2010). Toutefois, leur complexité liée
a Dlinterprétation de multiples parametres devant étre fixés afin de construire les scénarios
démographiques reste un frein pour leur utilisation (Segelbacher et al., 2010).

Ce type d’approches pourraient apporter des éléments clés sur les processus de colonisation ou
de régression de populations localisées dans les Hauts-de-France, mais aussi en Alsace dans le cadre des

cours d’eau impactés par I’autoroute.

Perspective 3 : adaptation, changement climatique et perturbations
anthropiques chez les odonates

Ce travail de these s’est concentré sur I’étude des effets de la dérive génétique et de la migration
sur la variation génétique neutre des populations d’agrion de mercure. Or, les odonates sont un modele
particuliérement intéressant pour 1’étude de divers processus micro-évolutifs, notamment les processus

adaptatifs liés a ’expansion ou la réduction de leurs aires de répartition géographique, mais aussi a leur
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réponse au changement climatique. De plus, la vulnérabilité¢ des odonates aux changements
anthropogéniques nécessite la mise en place de mesures de conservation adaptées aux espéces, tenant
compte de variabilités subtiles a travers leurs aires de distribution géographique, mais aussi de leurs
interactions avec leurs environnements (Bybee et al., 2016). En effet, au cours des dernieres décennies
I’on peut observer, aussi bien chez les anisopteres que chez les zygopteres, une évolution des aires de
répartition liée au changement climatique et a I’augmentation globale des températures (Hickling et al.,
2005; Sanchez-Guillén et al., 2013; Merild & Hendry, 2014). Les odonates étendent ainsi actuellement
leur aire de répartition géographique vers les poles, ce qui en fait des espéces un modéle idéal pour
étudier les changements évolutifs rapides liés a ces expansions. Les évolutions adaptatives et des
mécanismes sous-jacents liés aux changements de distribution des espéces sont un objet d’étude
particuliéerement intéressante chez les espéces d’odonates (Lancaster et al., 2016; Bybee et al., 2016).
Des études ont ainsi montré chez des espéces telles que Ischnura elegans et Lestes sponsa des réponses
adaptatives le long de gradients latitudinaux impliquant des modifications de développement larvaire et
de normes de réaction thermique liées a des variations de température et de photopériode (Shama et al.,
2011; Swaegers et al., 2015). Ces modifications adaptatives liées a I’évolution des aires de répartition
géographique des especes s’accompagnent donc de modifications génétiques pouvant, en retour,
modifier les traits d’histoire de vie des espéces et leurs interactions avec leur environnement. Ceci a été
montré par plusieurs études, avec par exemple une modification des taux de croissance, des niveaux
d'activité, des capacités de vol et des fonctions immunitaires (Shama et al., 2011; Stoks & De Block,
2011; Stoks et al., 2012; De Block et al., 2013; Dinh Van et al., 2013; Therry et al., 2014). De plus,
outre la température et le temps de développement, une premiére étude génomique fondée sur des
données de type SNP menée chez Coenagrion scitulum, a mis en évidence une influence de I'expansion
de l'aire de répartition géographique sur les capacités de vol de cette derniére (Swaegers et al., 2015).
Or ce type de variation de capacité de dispersion pourrait modifier les patrons de structure génétique des
populations observés chez ces espéces.

Enfin a une échelle plus locale, les perturbations anthropiques peuvent aussi influencer
I'adaptation des populations (Johnson & Munshi-South, 2017; Rivkin et al., 2019). En effet, des
approches génomiques ont montré que I’urbanisation des espaces pouvait avoir une influence sur
I’adaptation génétique des Ischnura elegans (Babik et al., 2023). Il a aussi été montré chez Coenagrion
puella, que les Tlots de chaleurs urbains semblaient étre associés a un développement plus lent et une
survie plus élevée (Tuzin et al., 2017). De méme, bien que les implications génétiques sous-jacentes
n’aient pas été investiguées, il a été observé chez I’agrion de Mercure que le temps de développement
était également affecté par la température de I'eau associée au rejet des eaux de refroidissement industriel
(Thelen, 1992).

Le développement d’outils génomiques permettant de révéler des patrons d’adaptation locale ou
des interactions entre génotype et environnement permettront une meilleure compréhension des

mécanismes adaptatifs liés notamment aux changements climatiques et aux modifications des aires de
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distribution géographique des especes, et apporteront des informations précieuses dans le cadre des

efforts de conservation chez les espéces d’odonates.
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Annexe 1: Evolution de ['aire de répartition de I’agrion de Mercure entre 1988 et 2023. (A) Distribution
spatiale de [’aire de répartition géographique de [’agrion de Mercure (Coenagrion mercuriale), extrait
de Purse (2001) et inspiré de Askew (1988). (B) Distribution spatiale de [ aire de répartition de l’agrion
de Mercure, données obtenues a partir de Boudot, (2006), Odonata Database Africa, IUCN 2006) et
extrait de Lorenzo-Carballa et al., 2015). (C) Distribution spatiale de ['aire de répartition de I’agrion
de Mercure en 2021, données obtenues auprés du Groupe de spécialistes des odonates de la CSE de
I'UICN 2019. La Liste rouge de I'UICN des espéces menacées. Version 2022-2.
https://www.iucnredlist.org/ Téléchargé le 28 juillet 2023. Les lignes noires indiquent les limites
administratives des pays. (D) Carte montrant la derniére répartition connue de [’agrion de Mercure en
2023. Ces données ont été obtenues aupres de I'ITUCN Red List of Threatened Species. Version 2023-1
https://www.iucnredlist.org/ Téléchargé le 21 avril 2024.
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Annexe 2: Grands types de paysages retrouvés au sein de la région Strasbourgeoise ainsi que leur
répartition dans la région. Figure issue de 1'Atlas des paysages d’Alsace®. (A) Agglomération
Strasbourgeoise ; (B) Kochersberg ; (C) Plaine et Rieds ; (D) Bande Rhénane ; (E) Piémont viticole.

6 http://www.paysages.alsace.developpement-durable.gouv.fr/spip.php?rubrique32 © ministere de I'Ecologie, du
Développement durable et de I'Energie - DREAL Alsace
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Annexe 3: Localisation géographique des sites d'échantillonnage d’agrion de Mercure autour de la
ville de Strasbourg de 2021 & 2022. Les points noirs représentent les sites échantillonnés avec succes,
et les points blancs représentent les sites étudiés, mais ou aucun agrion de Mercure n'a été trouvé. Les
principaux cours d'eau ont extrait des couches vectorielles COPERNICUS (2019 : EU-Hydro). La ville
de Strasbourg et I’Eurométropole de Strasbourg sont représentées par les zones rayées. L'occupation
du sol a été simplifiée a partir de Corine Land Cover Edition 2018.
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Résumé

Dans le contexte actuel de changements environnementaux, I'étude de I'évolution de la structure
génétigque neutre et adaptative des populations soumises a des pressions anthropiques croissantes, telles
que l'agriculture intensive, I'urbanisation et la construction d’infrastructure, gagne en importance €t en
popularité pour des raisons a la fois appliquées, en biologie de la conservation, mais aussi
fondamentales. En effet, ces zones soumises a des pressions anthropiques peuvent étre le théatre
d’évolutions tres rapides. L’objet de ce travail de thése est d’étudier a fine et large échelle spatiale la
structure genétique et génomique de populations d’Agrion de Mercure (Coenagrion mercuriale), espece
protégée par la Directive Habitat et essentiellement tributaire de la topographie des cours d’eau. Ce
travail se place dans le contexte directement appliqué de 1’étude de I’impact de la construction de
I’autoroute A355 de contournement de Strasbourg, et des restaurations de cours d’eau réalisées dans le
cadre de mesures compensatoires. Ces travaux de these ont permis de générer pour la premiére fois chez
I’agrion de mercure des données génomiques avec le développement de nouveaux marqueurs SNPs en
utilisant une approche hybride de représentation réduite du génome (ddRADseq) et une approche
d’enrichissement ciblé (SPET). L’utilisation conjointe de ces SNPs et d’un jeu de marqueurs
microsatellites a permis d’estimer les niveaux de diversité génétique intra-population, les tailles
efficaces de population, ainsi que les niveaux de différenciation génétique entre populations dans deux
régions d’étude contrastées : 1'une située dans les Hauts-de-France en limite d’aire de répartition
géographique de I’espéce et I’autre plus centrale dans 1’aire de distribution et localisée en Alsace. Ainsi,
les populations échantillonnées en Alsace présentent des niveaux de diversité génétique élevés et des
niveaux de différenciation génétique faibles au regard des populations présentes dans les Hauts-de-
France. En outre, au sein de la région entourant Strasbourg, nous avons pu observer la présence de
plusieurs zones de dispersion facilitée ou restreinte par rapport a un modele nul d’isolement par la
distance, avec notamment un effet négatif de I’Eurométropole de Strasbourg sur les niveaux de diversité
génétique et D’intensité des flux de genes entre populations. Par ailleurs, les estimations de tailles
efficaces de populations réalisées dans la région Strasbourgeoise ont aussi mis en évidence un effet
négatif de I’agglomération urbaine de Strasbourg ainsi que des dynamiques de populations pouvant
s’apparenter a des systémes sources/puits. Enfin, I’autoroute A355 ne semble a priori pas représenter
un effet barriere majeur a la dispersion des individus, et les mesures compensatoires de restaurations
d’habitats semblent étre un succés en termes de dynamique de recolonisation des cours d’eau par

1’ Agrion de Mercure.
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Abstract

Accelerating human-mediated modifications of natural habitats is a common feature of the
Anthropocene and involves intensive agriculture, urbanisation and infrastructure construction. The
study of the evolution of the neutral and adaptive genetic structure of populations subject to increasing
anthropogenic pressures is therefore gaining in importance and popularity for reasons that are both
applied, in conservation biology, but also fundamental because human-made areas may involve very
fast neutral or adaptive evolution. The aim of this thesis was to study, over fine and large spatial scales,
the population genetic and genomic structure in the southern damselfly (Coenagrion mercuriale), a
species protected by the Habitat Directive and essentially dependent on the topography of watercourses
of high quality. This work was carried out in the directly applied context of studying the impact of the
construction of the A355 motorway, bypassing the city of Strasbourg, and the restoration of
watercourses as part of compensatory measures. We generated for the first time large genomic data in
the southern damselfly by developing new SNP markers using a hybrid approach combining reduced
genome representation (ddRADseq) and a targeted enrichment approach (SPET). Using these newly
developed SNPs and a set of microsatellite loci, we estimated the levels of intra-population genetic
diversity, the effective population sizes and the levels of genetic differentiation among populations
located in two contrasting study areas: one located in the “Hauts-de-France” region at the limit of the
geographical species distribution, the second study area being more central and located in the Alsace
region. Populations sampled in Alsace showed high levels of genetic diversity and low levels of genetic
differentiation compared with what can be observed in populations located in the “Hauts-de-France”
region. Moreover, we depicted in the direct vicinity of Strasbourg the occurrence of several areas either
characterized by a facilitated or a restricted dispersal compared with a null model of isolation by
distance. Besides, we observed a clear negative effect of the Strasbourg Eurometropolis on the levels of
genetic diversity and on the extent of gene flow events among populations. In addition, estimates of
effective population sizes in the Strasbourg region also suggested a negative effect of the Strasbourg
urban area, as well as population dynamics that may mirror a source/sink dynamic of local populations.
Finally, the A355 freeway did not appear to represent a major barrier to southern damselfly individual
dispersal, and the compensatory habitat restoration measures can be considered as successful in terms

of suitable recolonization of waterways by the southern damselfly.
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