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Résumeé

Les espéces invasives représentent une menace majeure pour la biodiversité et les
écosystemes a travers le monde. L’étude de leur écologie et de leurs impacts dans les milieux
envahis représente un des défis majeurs du XXI*™ sigcle, particuliérement dans le contexte du
changement global, accélérant I’introduction d’espéces hors de leur aire de répartition native.
Le silure glane (Silurus glanis), plus grand poisson dulcicole en Europe, est un exemple
d’espéce introduite a large dispersion. Il est originaire d’Asie et d’Europe de I’Est mais son aire
de répartition s’est étendue & toute 1’Europe depuis le XXM siécle jusqu’a aujourd’hui. En
effet, sa grande plasticité physiologique, trophique et comportementale représente un atout
majeur pour son établissement au sein d’écosystémes variés. Depuis une dizaine d’années, la
colonisation du silure dans les grands lacs périalpins (Lac du Bourget et Léman) inquiéte quant
a son impact sur les espéces résidentes au sein de ces milieux. Ce travail de thése, intégré au
programme de recherche SILAC (financement région Auvergne-Rhéne-Alpes), a été centré sur
(i) I’écologie trophique du silure et (ii) ses répercussions au sein des réseaux trophiques des lacs
périalpins et sur les especes résidentes a 1’échelle spécifique et multi-spécifique.

L’étude de 1’écologie trophique du silure a mis en évidence une forte prédation sur des
proies littorales (ex. écrevisses Orconectes limosus, gardons Rutilus rutilus) mais également
une consommation non-négligeable des ressources exploitant 1’habitat benthique profond (ex.
lottes Lota lota) et I’habitat pélagique (ex. lavarets Coregonus lavaretus).

Un modéle de niche allométriqgue (aNM) a ensuite été élaboré pour reconstituer les
interactions trophiques dans les lacs périalpins. L’aNM a permis d’inférer des interactions pour
plusieurs tailles de silure, en tant que prédateur et proie pour les especes résidentes, permettant
de souligner la position apicale des silures a partir d’une taille de 60 cm et plus. De plus, la
considération d'une autre espéce exotique (Hemimysis anomala) a mis en évidence leurs
potentiels impacts additifs dans 1’écosystéme. L’aNM a par la suite été couplé a un modéle de
dynamique de populations pour évaluer les répercussions de la présence de silures de différentes
tailles sur les abondances des populations résidentes, des producteurs primaires au prédateur
apical. Des diminutions d’abondance des grands invertébrés et des poissons méso-prédateurs
causées par la prédation directe des silures ont été mises en évidence. Une succession d’effets
positifs et négatifs sur les abondances, caractéristiques de cascades trophiques « top-down »,
ont également été soulignés. Pour finir, I’étude de 1a vulnérabilité du lavaret (Salmonidae a fort
intérét économique) a suggéré un risque de prédation plus accru pour les jeunes de 1’année que
pour les autres stades de vie dd a leur taille consommable par la majorité des silures et a un fort
chevauchement des profondeurs occupées par les deux especes, de la fin du printemps jusqu’a
la fin de 1’été, période correspondant a une forte demande energétique des silures.

Ce travail de recherche réalisé sur une période de colonisation récente des silures (< 10 ans)
constitue un référentiel pour de futures études de 1’évolution des populations et de leurs impacts
a long terme dans les lacs périalpins. L’ensemble des méthodologies développées contribuent
a une meilleure estimation de I’impact des espéces invasives dans les écosystémes aquatiques.

Mots cles : especes invasives, écologie trophique, réseaux trophiques, estimation d’impacts,
dynamiques de populations
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Abstract

Invasive species represent a growing threat to biodiversity and ecosystems worldwide and
predicting their impacts on invaded ecosystems represents one of the major current challenges,
particularly in the context of global change, promoting displacement of species out of their
native range. The European catfish (Silurus glanis), the largest European freshwater fish, native
from Asia and Eastern Europe, has extensively been proliferating across the continent since the
20" century. Indeed, its wide physiological, trophic and behavioral plasticity represents a major
asset for establishing a sustainable presence in various ecosystems. S. glanis recently invaded
large peri-Alpine lakes (Lake Geneva and Lake Bourget) raising concerns about its impacts on
resident species in these ecosystems. This PhD thesis falls within this context and consisted in
investigating (i) the trophic ecology of the European catfish in peri-Alpine lakes and (ii) its
impacts on food webs and on resident species at both species and multispecies levels. This work
is part of the SILAC research program founded by the Region Auvergne-Rhone-Alpes.

The study of the European catfish diet in peri-Alpine lakes highlighted its high reliance on
littoral prey (e.g., speeny-cheek crayfish Orconectes limosus and roach Rutilus rutilus) but also
on prey from habitats inherent to peri-Alpine lakes such as deep benthic (e.g., burbot Lota lota)
and pelagic prey (e.g., whitefish Coregonus lavaretus).

An allometric niche model (aNM), supporting the reconstruction of trophic interactions in
peri-Alpine lakes, was then elaborated and applied to a body size gradient representing the
European catfish ontogeny to infer its trophic interactions both as predator and prey toward
resident species. This step underlined its apex position in the food web reached as soon as
individuals measured 60 cm. In addition, the consideration of another exotic species
(Hemimysis anomala) indicated their potential additive impacts in the ecosystem. Trophic
interactions inferred by the aNM were then coupled to a multispecies dynamic model to
simulate the consequences of the European catfish (according to different body sizes) on the
resident species abundances. The results indicated major negative impacts on the abundances
of large invertebrates and meso-predators caused by S. glanis predation, but also a set of indirect
positive and negative impacts on a large number of species characterizing top-down trophic
cascades. Finally, the investigation of the vulnerability of the European whitefish (a Salmonidae
with a high economic value) toward S. glanis allowed to identify a higher predation risk for the
young-of-the year whitefish than for other whitefish life stages, due to their optimal body size
for being predated by the European catfish as well as their high depth overlapping, particularly
between the end of the spring and the end of the summer when the catfish energy demand is the
highest.

These results obtained on a period of recent colonization of the European catfish (< 10
years) constitute a robust referential for future investigations on the evolution of the population
characteristics and its impacts in peri-Alpine lakes in longer term. The different methodologies
developed during this PhD thesis contribute to the toolbox for a better assessment of invasive
species impacts in aquatic ecosystems.

Key words: invasive species, trophic ecology, food webs, impact assessment, population
dynamics
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(figure issue de Cucherousset et al. 2017).

Figure 7 : Localisation des lacs (cartographie modifiée depuis Google Maps).

Figure 8 : Cartographie des lacs dans les bassins hydrographiques (& gauche) et de leur
bathymétrie (a droite ; figure issue et modifiée de Jenny 2013).

Figure 9 : Nombre de silures cumulés capturés par des amateurs, professionnels et lors des
suivis scientifiques dans le Lac du Bourget et dans le Léman. Entre 1999 et 2020 (derniere
données disponibles provenant du CISALB).

Figure 10 : Schéma conceptuel des approches et questions étudiées dans le cadre de ce travail
de these. « C » est I’abréviation pour « Chapitre ».
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Figure 1 : Différentes proies des silures du Lac du Bourget : Ecrevisse américaine entiere
(O. limosus) et restes de carapaces et de pinces, perchette (P. fluviatilis), machoire de
brochet (E. lucius) et serpent (probablement une couleuvre vipérine N. maura) - Photos :
Chloé Vagnon.

Figure 2 : Schéma de synthése du régime alimentaire du silure dans le Lac du Bourget. Les
proies principales (c.-a-d. écrevisses, perches et gardons ; fleches pleines épaisses) sont
consommeées dans 1’habitat littoral et associées a des captures supposées non-
intentionnelles (c.-a-d. végetaux, moules zébrées ; fleches en tirets). Des proies
secondaires associées aux habitats benthique profond (ex. lottes) et pélagique (ex.
lavarets) sont consommées de fagcon minoritaire mais restent présentes dans une partie
des régimes alimentaires (dans 5 a 7% des contenus intestinaux analysés).

Figure 3 : Schéma de synthese simplifié des différents impacts (c.-a-d. effet médian du
changement d’abondance relative, MRAD dérivé du Chapitre 4) pouvant étre provoques
par la population de silures dans les lacs périalpins de maniere directe (prédation) ou
indirecte (compétition et cascades trophiques) et ayant des répercussions positives et
négatives sur I’abondance des différents niveaux trophiques.

Figure 4 : Courbe d’invasion théorique et stades d’invasion associés (figure issue et modifiée
de Geburzi et McCarthy 2018).

Figure 5 : Structure en age de la population et relation taille-age des silures (n = 79) dans le
Lac du Bourget. La relation ajustée selon les données empiriques (points) avec le modéle
de VVon Bertalanffy est représentée en trait plein avec les intervalles de confiance associés.
Les prédictions pour les ages non-échantillonnés sont représentés (tirets). La formule de
Von Bertalanffy renseigne la taille asymptotique (Loo, cm), le taux de croissance (k,
cm.anl), et la constante t0 trouvés pour la population.

Figure 6 : Schéma de synthése des perspectives de travail envisagées pour enrichir les
connaissances sur 1’écologie du silure dans les lacs périalpins, finaliser la validation les
résultats obtenus par simulation numérique, compléter et/ou améliorer les méthodes
employées lors de ce travail de these. L’ensemble de ces pistes de recherche permettraient
de tendre vers une quantification robuste de I’impact des EEE, et ici plus particulierement,
I’impact du silure au sein des lacs périalpins. Un code couleur est utilisé pour informer
sur I'utilisation de chaque méthode pour répondre aux différentes nécessités soulevées.

XV



LISTE DES TABLES

INTRODUCTION

Tableau 1 : Synthése des méthodes permettant de déterminer la niche trophique des EEE.

Tableau 2 : Synthése non-exhaustive des approches permettant d’estimer I’impact des EEE
de maniere empirique ou théorique.

Tableau 3 : Gammes de salinité, teneur en oxygéne et température supportées par le silure

Tableau 4 : Caracteristiques des lacs périalpins (d'apres Montuelle et Clémens 2015 ; CIPEL
2020 ; Frossard et al. 2020 ; Jacquet et al. 2020).

DISCUSSION

Tableau 1 : Synthése des résultats des especes de poissons consommeées par le silure dans le
Lac du Bourget et littérature référencant leur présence dans le régime alimentaire de
populations de silures issues d’autres €écosystemes.

Tableau 2: Masse de lavaret journaliere (M) nécessaire pour remplir les besoins
métaboliques d’un silure de 4,5 kg calculée a partir de la méthode de Brown et al. (2004)
et selon le ratio disponible dans la revue bibliographique de Copp et al. (2009) pour les
mois d’activité des silures dans le Lac du Bourget.

Tableau 3 : Scénarios de consommation de lavarets dans le Lac du Bourget.

Tableau 4 : Parametres estimés et intervalles de confiances (IC).

XV



XVi



INTRODUCTION







Introduction

INTRODUCTION

1. Les espéces invasives aquatiques : enjeux écologiques et sociétaux

1.1. Définitions, historique et voies de dispersion
1.1.1 Définitions

Selon la définition officielle de ’TUCN (2000), une espéce invasive, aussi appelée espece
exotique envahissante (ci-apres abrégé EEE), présente les caractéristiques suivantes : 1) étre
introduite par I’Homme de maniére volontaire ou involontaire dans un milieu hors de son aire
de répartition native (c.-a-d. espece exotique) ; 2) étre une menace pour les écosystemes, les
habitats et/ou les espéces résidentes natives (c.-a-d. autochtones) et naturalisées (c.-a-d. espéces
exotiques a la reproduction effective dans le milieu mais a la dispersion limitée et sans impact)
et 3) engendrer des conséquences sur les services écosystémiques et/ou socio-économiques
et/ou sanitaires. La classification d’une espéce en tant que EEE répond donc a plusieurs critéres
lies aux difféerentes étapes de colonisation (c.-a-d. introduction, établissement, prolifération).
Ces derniéres sont contraintes par des limitations de différentes natures, aussi appelées barrieres
(Fig.1), pouvant étre géographiques (I’espéce doit arriver dans un nouveau milieu),
physiologiques (elle doit pouvoir s’adapter aux conditions environnementales),
démographiques (elle doit pouvoir se reproduire), biotiques (elle doit pouvoir résister a la
prédation, aux pathogénes, ...). Ainsi, la capacité d’une espéce a devenir invasive reste la
plupart du temps site-dépendante (Tricarico et al. 2016). Comme il a été soulevé par Williamson
(1996) par « la régle des 10% », environ une espéce introduite sur mille deviendrait invasive
(Fig. 1). Ainsi, une méme espéce pourrait étre considerée comme invasive dans des milieux
favorables a son développement, généralement exponentiel lors de son établissement, mais
pourrait connaitre une dispersion limitée sans engendrer d’impact dans des milieux moins
adéquats a sa prolifération, aboutissant a sa disparition ou a sa naturalisation.

Barriéres géographiques € — = = = = = = - - - - - - -l .- - - - - - - - - - —— - - - - - >
-10%

2) ETABLISSEMENT

Naturalisation mais avec dispersion limitée

Barrieresphysiologiques € — = = = = = = = c m c c m Rl C e r e mr e m e m e, _E_E e - - = = >
Barrieresdémographiques € = = = = = = - - _- - - - - e R - - e e - —-———— - - - >
Interactions biotiques D I i B I >

Combinaisondebarriéres € = = = = = - - - - - - - _- e R - - - e e e e e - - - - = = = >

Figure 1 : Etapes et barrieres a franchir par une espéce exotique avant d étre considérée envahissante
selon la définition de I'IUCN (schéma réalisé d'aprés Lockwood et al. 2013).
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1.1.2. Historique et voies de dispersion

Les introductions d’espéces hors de leurs aires de répartition natives existent depuis des
millénaires, par le déplacement des populations humaines puis leur sédentarisation (ex.
importation d’espéces exotiques pour 1’agriculture, 1’élevage) mais ont été particuliérement
marquées par trois grandes phases historiques selon 1’é¢tude de Hulme (2009). Tout d’abord,
apres le Moyen-age, les grandes explorations, le début du colonialisme et les modifications des
pratiques agricoles, commerciales et industrielles ont favorisé les échanges de marchandises
intercontinentaux, induisant le déplacement volontaire ou involontaire d’espéces. Ensuite, la
révolution industrielle, accompagnée de I’accroissement du commerce international favorisé
par la construction et I’amélioration de nombreuses voies de transport, a marqué un deuxiéme
grand tournant dans la dispersion d’espéces exotiques. Pour finir, la mondialisation a
considérablement accéléré les échanges mondiaux et les déplacements d’espéces associés. Par
exemple, les introductions d’espéces sont en augmentation constante depuis 1850 en Europe
(environ 30 nouvelles introductions tous les 10 ans) et ont doublé depuis plusieurs décennies
(Nunes et al. 2015), suite a la grande accélération de 1’ Anthropocéne (Steffen et al. 2015).
Ainsi, on compte actuellement en Europe plus de 12000 especes exotiques, dont 1000 sont
considérées envahissantes (CDR - EEE 2020), composées a 8% d’especes aquatiques,
principalement des vertébrés dulcicoles (Fig. 2).
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Figure 2: Nombre d’espéces invasives dans les écosystémes aquatiques européens (eaux douces,
saumatres, marines). Vert = Plantae, beige= Fungi et violet = Animalia (figure réalisés d’aprés la base
de données en libre acces « Global Invasive Species Database » ; http://www.iucngisd.org).

Les premieres introductions d’espéces aquatiques dépendaient majoritairement de la
volonté de I’Homme, principalement dans le but d’accroitre 1’offre et la diversité des ressources
alimentaires et des activités de loisir (Fig. 3 ; Nunes et al. 2015). En effet, ’intensification de
I’aquaculture (ex. introduction de la truite arc-en-ciel, Oncorhynchus mykiss), le développement
de la péche sportive (ex. introduction du black bass, Micropterus salmoides) et I’accroissement
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de I’acquisition d’especes ornementales par les professionnels et les amateurs (ex. introduction
d’espeéces dans des étangs privés) ont particuliérement participé a I’import d’especes,
principalement asiatiques et américaines, représentant respectivement 44% et 21% des especes
aquatiques introduites en Europe (Gherardi et al. 2008). Plus récemment, des méthodes
d’import-export modernes comme le e-commerce ont vu le jour et sont actuellement a 1’origine
de nombreuses introductions (ex. plus de 500 espéces végétales classées invasives disponibles
a la vente ; Humair et al. 2015).

Ces introductions volontaires se sont souvent accompagnées d’introductions involontaires
concomitantes (Fig. 3). Le développement d’infrastructures pour I’aquaculture ou le
développement de I’aquariophilie par les amateurs et professionnels ont favorisé 1’évasion
d’espéces d’élevage ou d’ornement (ex. la caulerpe Caulerpa taxipholia issue de I’aquarium de
Monaco relachée en méditerranée suite & une vidange ; Jousson et al. 1998). Egalement,
I’ouverture des réseaux hydrographiques a favorisé les voies de dispersion pour beaucoup
d’especes par migration/dispersion ou de maniere passive par les transports marins et fluviaux
(ex. eaux de ballast). Par exemple, de nombreuses especes Ponto-Caspiennes ont été introduites
en Europe par I’emprunt de corridors au nord, partant de la Volga jusqu’a la mer Baltique (ex.
Dresseina polymorpha ; Panov et al. 2007), au centre de I’Europe, allant de la riviere Dnieper
jusqu’au Rhin (ex. Chelicorophium curvispinum), et au sud, allant du Danube jusqu’au Rhin
(ex. Dikerogammarus villosus ; Bij de Vaate et al. 2002).
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Figure 3 : Proportion d’espéces exotiques d’eau douce introduites pour la premiére fois en

Europe selon differentes voies de dispersion (figure issus de Nunes et al. 2015).
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1.2. Méthode d’évaluation d’impacts

Suite a I’établissement d’EEE, 1’évaluation de leur impact est une phase nécessaire pour
estimer les répercussions engendrées au sein des ecosystéemes. Cette quantification se doit d’étre
reproductible et adaptable a des échelles temporelles et spatiales adéquates en regard du
caractere site-dépendant des impacts et de leur variabilité spatio-temporelle (Flory et Lockwood
2020), induisant ainsi un défi majeur dans le domaine de la biologie des invasions. De
nombreuses entraves sont a considérer dans la récolte de données empiriques pertinentes et dans
la conceptualisation des méthodes de prédiction d’impacts, afin d’intégrer différentes facettes
des invasions (ex. impacts négatifs/positifs a différents niveaux d’intégration, impacts croisés
d'invasions concomitantes ; Gozlan 2008 ; Schlaepfer et al. 2011 ; Jackson et al. 2017 ; Zhang
et al. 2019 ; Crystal-Ornelas et Lockwood 2020).

Les impacts peuvent étre mesurés en terme de fluctuation des abondances ou biomasses des
espéces résidentes par rapport a celles des EEE (Lockwood et al. 2013 ; Gallardo et al. 2015 ;
Kamenova 2017 ; Crystal-Ornelas et Lockwood 2020) ou en terme de changements des
caractéristiques de 1I’écosystéme (Alp et al. 2016 ; Walsh 2016). Les méthodes visant & mesurer
et prédire les impacts sur les espéeces residentes se rapportent fréquemment a 1’étude 1) de la
niche trophique des EEE, 2) des interactions interspécifiques nouvellement créées, 3) de la
réponse fonctionnelle des EEE (c.-a-d. relation entre ressources disponibles et ressources
consommeées ; Holling 1959) et 4) de la dynamique des espéces résidentes et des EEE (Thomaz
et al. 2015 ; Jackson et al. 2017 ; Kamenova 2017 ; Corrales et al. 2019).

1.2.1. Déterminer la niche trophique

L’étude de la niche trophique des EEE renseigne sur leur capacité a perdurer dans le milieu
car I’acquisition de ressources est centrale dans leur survie. L’identification des ressources
trophiques permet d’identifier la prédation pouvant étre exercée sur les autres especes et
I’estimation du chevauchement trophique avec d’autres consommateurs résidents menent a
I’évaluation de la compétition interspécifique (Lockwood et al. 2013 ; Traugott et al. 2013 ;
Jackson et al. 2017 ; Kamenova 2017). L’étude de la niche trophique, a travers les différentes
méthodes détaillées ci-dessous et résumées dans le Tableau 1 s’inscrit aussi dans une démarche
plus globale permettant de générer des données s’intégrant dans des mesures d’impacts estimées
empiriquement ou théoriquement (résumées dans le Tableau 2).

» Contenus stomacaux — L’identification de la niche trophique peut étre faite a partir
d’analyses de contenus stomacaux renseignant 1’identité taxonomique des proies consommeées,
leur quantité (abondance et biomasse) et leur occurrence mais également les variabilités intra-
spécifiques d’utilisation des ressources (ex. saisonnieres, ontogéniques ; Amundsen et Sanchez-
Hernandez 2019). Cette méthode assure une répétabilité et une comparaison possible des
résultats entre écosystemes tout en étant peu onereuse.

En revanche, les contenus stomacaux fournissent une estimation a court terme du régime
alimentaire (quelques heures a quelques jours) et une information limitée si le niveau de
digestion des proies est trop avancé (Amundsen et Sanchez-Hernandez 2019) ou si le taux de
vacuité stomacal est fort, particulierement pour les prédateurs (Arrington et al. 2002).
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» Analyses moléculaires — Les analyses moléculaires (ex. metabarcoding) fournissent
une approche complémentaire a celle des contenus stomacaux (Sousa et al. 2019). Elles sont
indépendantes du stade de digestion des proies et permettent ainsi de valider et compléter les
résultats obtenus a partir des contenus stomacaux faisant appel & une approche favorisant
I’identification des espéces possédant des parties anatomiques étant digérées moins vite (ex.
carapaces d’écrevisse vs. tissus mous de poisson). Les analyses moléculaires peuvent étre
réalisées sur des contenus intestinaux, stomacaux ou sur des féces. Elles fournissent 1’identité
taxonomique des proies consommeées, soit par la recherche de I’ADN d’une espece de proie
particuliére en ciblant une séquence ADN specifique (barcoding), soit par I’inventaire de toutes
les proies potentiellement présentes dans le milieu (metabarcoding ; Taberlet et al. 2018).

Cependant, cette approche n’est pas encore normalisée pour des études quantitatives
d’abondances ou de biomasses consommees (Deagle et al. 2019). Elle reste dépendante des
banques de séquencgages disponibles, dépendra de la dégradation de I’ADN dans les
échantillons et peut mettre en évidence des proies secondaires, autrement dit les proies des
proies (Taberlet et al. 2018). Elle peut faire face a différents biais méthodologiques (ex.
probléme de séquencage, identification taxonomique plus ou moins précise, contaminations ;
Sato et al. 2017 ; Sousa et al. 2019).

» Isotopes stables — L’analyse d’isotopes stables, souvent ceux de ’azote (3*°N, ratio
isotopique *°N/*N) et du carbone (8*°C, ratio isotopique 3C/*?C), permet d’identifier la niche
trophique des EEE a des échelles individuelles et/ou populationnelles en considérant différentes
métriques isotopiques (Boecklen et al. 2011 ; Jackson et al. 2011 ; Layman et Allgeier 2012 ;
Cucherousset et Villeger 2015). Cette méthode a 1’avantage de fournir une image intégrée dans
le temps des ressources consommées par un prédateur (plusieurs semaines a plusieurs mois
dépendant du tissus analysé et de la masse du consommateur ; Vander Zanden et al. 2015). Elle
peut étre utilisée pour différencier I’origine de pools de ressources consommeées au sein des
écosystemes (ex. 613C différent entre compartiments lacustres ; Solomon et al. 2011) et permet
de caractériser la position trophique d’une espéce au sein d’un réseau (Fry 2006). Cette méthode
est ainsi largement employée dans les mesures d’impact des EEE (Vander Zanden et al. 1999 ;
Dalerum et Angerbjorn 2005 ; Cucherousset et al. 2012b)

Toutefois, I’identité taxonomique des proies consommeées sera généralement plus difficile
a déterminer que par I’utilisation des contenus stomacaux ou des analyses moléculaires car la
signature isotopique d’un prédateur représente la composition isotopique intégrée du pool de
proies assimilées et les proies ne présentent pas toujours des compositions isotopiques tres
distinctes (Newton 2016). Le « routage » isotopique peut aussi limiter I’identification précise
des proies soutenant le régime alimentaire des consommateurs analysés (Perga et Grey 2010).
En effet, les acides amines issus des sources de protéines consommées pourraient étre
préférentiellement acheminés vers les tissus protéiques alors que les glucides et les lipides
seraient métabolisés, influencant ainsi la composition isotopique en carbone dans les tissus.
Pour finir, des individus appartenant a une méme espece pourront avoir des signatures
isotopiques tres variables pouvant induire une confusion dans la détermination taxonomique
des proies consommeées par un prédateur (ex. perches ; Eloranta et al. 2017).
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» Reconstitution des réseaux trophiques empiriques— La reconstitution des réseaux
permet d’aborder I’'impact des EEE a I’échelle des communautés en prenant en compte
I’ensemble des liens résumant les interactions interspécifiques déja existantes et celles
nouvellement crées avec les EEE en tant que prédateurs et proies. Les études sur du long terme
des régimes alimentaires par contenus stomacaux ou analyses moléculaires peuvent permettre
la reconstitution empirique de réseaux. Les isotopes stables représentent également un outil
efficace dans leur reconstitution (Fry 2006 ; Traugott et al. 2013) car un réseau trophique est
avant tout un flux de matiére entre organismes au sein d’un écosystétme. En effet,
I’enrichissement en °N d’un prédateur par rapport au cortége de proies qu’il consomme permet
de déterminer sa position trophique au sein du réseau. Complémentairement, le §°C, étant
différent a la base du réseau mais conservé jusqu’au sommet, permet de discerner I’origine des
ressources des différents consommateurs (Vander Zanden et Rasmussen 1999 ; Layman et al.
2007 ; Layman et al. 2012).

Ces approches nécessitent un travail de bibliographie important (Navia et al. 2016 ;
Bonnaffé et al. 2021 ; D’Alessandro et Mariani 2021) et/ou un large échantillonnage de
plusieurs individus au sein de plusieurs espéces (Casey et al. 2019). Les réseaux reconstitués
peuvent rester incomplets de par la difficulté a prendre en compte tous les niveaux trophiques
et ’ensemble des interactions trophiques interspécifiques réalisées. En étant reconstruits a partir
de la méthode basée sur les isotopes stables, ils restent peu comparables entre écosystemes et
leur reconstruction se complexifie avec I’augmentation du nombre de pools de ressources
considérés au sein du réseau (Layman et al. 2012).

» Reconstitution des réseaux trophiques par modéles prédictifs — Pour reconstituer les
réseaux trophiques envahis, I’utilisation de modéles prédictifs permet de prédire de nouveaux
liens interspécifiques en considérant le réseau dans son entiereté. L’étude de traits spécifiques
mesurables impliqués dans les relations trophiques permet d’inférer des liens non-connus entre
des espéces pour lesquelles ce trait est disponible. Par exemple, les relations allométriques entre
prédateurs et proies sont fréqguemment utilisées en milieu aquatique car la taille structure les
relations trophiques (Jacob et al. 2011 ; Brose et al. 2019 ; Vincent et al. 2020). Les réseaux
trophiques peuvent également €tre reconstitués par 1’étude de similarités ou dissimilarités entre
especes, comme leur phylogénie (Gray et al. 2015 ; Pomeranz et al. 2019). En effet, des especes
phylogénétiquement proches auront tendance a avoir des prédateurs en commun, permettant
ainsi une reconstitution prenant en compte des hypotheses évolutives (Bersier et Kehrli 2008).
Pour finir, des relations estimées a partir des interactions proie-prédateurs existantes, expliquant
la probabilité d’occurrence d’une interaction (C.-a-d. traits latents), peuvent étre utilisées pour
predire une partie non-connue d’un réseau (Rohr et al. 2010 ; Rohr et al. 2016 ; Terry et Lewis
2020). Les méthodes prédictives peuvent étre appliquées a divers écosystémes et permettent
une comparaison inter-site (Kamenova 2017).

Les modeéles prédictifs font tout de méme appel a des données de calibration empiriques
(ex. tailles de proies minimales et maximales consommables par des prédateurs de différentes
tailles) dont la qualité des prédictions dépendra. Ces données empiriques sont plus ou moins
accessibles, résolues et référencees selon les espéeces considérées.



Tableau 1 : Synthése des méthodes permettant de déterminer la niche trophique des EEE.
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METHODE

AVANTAGES

INCONVENIENTS

LITTERATURE

NICHE TROPHIQUE

Contenus stomacaux

- Identification catégorie/espéces de proie
- Abondance/occurrence/poids/taille des proies

- Dépend du stade de digestion
- Taux de vacuité parfois important
- Image a un instant t

Amundsen et Sanchez-Hernandez (2019)
Hyslop (1980)

Kamenova (2017)

Jackson et al. (2017)

Analyses moléculaires

- Affiner/complémenter par présence/absence
- Identification taxonomique

- Utilisable sur différents types d’échantillons
(estomac, intestin, féces)

- Sensible aux contaminations

- Dépend de la dégradation de I’ADN

- Quantification limitée

- Nécessite une bibliothéque de séquencage a
jour

- Peut générer des faux positifs/négatifs

- Peut mettre en évidence les proies des proies

Deagle et al. (2019)
Sousa et al. (2019)
Taberlet et al. (2018)

Isotopes stables

- Image moyenne a « long terme »

- Identification de pool de proies

- Déterminer la position trophique

- Estimation de métriques isotopiques

- Analyses possibles sur différents tissus

- Résolution taxonomique limitée

- Fournit des proportions mais pas de biomasse/
abondance

- Peut étre peu comparable entre écosystémes

Cucherousset et al. (2012b)
Cucherousset et Villeger (2015)
Fry (2006)

Jackson et al. (2011)

Jackson et al. (2012)

Reconstitution des réseaux
trophiques empirigques

- Analyses a I’échelle des communautés

- Considération de plusieurs niveaux
trophiques

- Considération de I’ontogénie, variabilité
saisonniére

- Parfois incomplets pour reconstituer des
producteurs primaires au top prédateur

- Nécessite une bibliographie et/ou un
échantillonnage important

- Peut étre peu comparable entre écosystemes

Casey et al. (2019)

D’Alessandro et Mariani (2021)
Layman et al. (2012)

Navia et al. (2016)

Traugott et al. (2013)

Vander Zanden et Rasmussen (1999)

Reconstitution des réseaux
trophiques par modele
prédictifs

- Analyses a I’échelle des communautés

- Prédictions de nouveaux liens trophiques

- Prédictions de liens trophiques entre
plusieurs EEE co-occurrentes

- Considération possible de tous les niveaux
trophiques et de toutes les especes recensees
- Considération de la phylogénie

- Considération de probabilités d’interaction

- Nécessite d’étre calibré avec des données
empiriques

- Nécessite des données plus ou moins résolues
et plus ou moins faciles a obtenir pour toutes les
especes ou niveaux trophiques

Albouy et al. (2019)
Bersier et Kehrli (2008)
Calizza et al. (2021)
Gravel et al. (2013)
Gray et al. (2015)

Hui et al. (2016)
Pomeranz et al. (2019)
Rohr et al. (2016)
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1.2.2. Estimer les impacts de maniere empirique ou théorique

» Chroniques des suivis avant/aprés a long terme — Lorsque des chroniques de suivis a
long terme d’abondances ou biomasses d’espéces sont disponibles, leurs analyses permettent
d’identifier I’établissement d’une espéce exotique, sa prolifération ainsi que la modification des
communautés et de 1’écosysteme le long d’un gradient spatio-temporel d’invasion (Kamenova
2017). En effet, ces chroniques permettent d’avoir une mesure d’impact a proprement parlé en
évaluant les diminutions ou augmentations des abondances ou biomasses, les changements de
diversite et de richesse spécifique par leurs comparaisons avant et apres invasion (Stewart et al.
2010 ; Tumolo et Flinn 2017 ; DeRoy et Maclsaac 2020), sous réserve que les autres parametres
environnementaux n’aient pas changé en méme temps. La connaissance de la niche trophique
des EEE permet par la suite de relier les changements décelés avec des causes pouvant résulter
par exemple de nouvelles forces de prédation ou de compétition exercées par les EEE sur les
especes réesidentes.

En revanche, ces données sont peu ou pas existantes selon les milieux colonisés, elles sont
souvent limitées a des groupes taxonomiques spécifiques et nécessitent la considération de
potentiels facteurs de modifications indépendants de I’invasion d’une EEE comme des forcages
anthropiques ou climatiques (Kamenova 2017).

» Etude des réseaux trophiques — Les impacts a ’échelle des réseaux peuvent étre
quantifiés par I’estimation des nouveaux liens trophiques dans le réseau ainsi que par la
modification des signatures isotopiques des espéces résidentes et de leur position trophique au
sein du réseau suite a la compétition avec d’autres consommateurs ou a la création de liens de
prédation (Woodward et Hildrew 2001 ; Rush et al. 2012 ; Barst et al. 2020). Des descripteurs
de la topologie des réseaux (ex. connectance, longueur de la chaine trophique) peuvent
permettre de caractériser des modifications de 1’organisation des réseaux re-agencés aprées une
invasion (Byrnes et al. 2007 ; Thomas et al. 2016 ; David et al. 2017 ; Thoresen et al. 2017) et
peuvent étre estimés a partir de réseaux empiriques ou prédits par des modeles.

Des expérimentations réalisées en microcosmes ou en mésocosmes visant a manipuler des
réseaux trophiques permettent aussi d’évaluer les impacts (positifs et/ou négatifs) d’'une ou
plusieurs EEE sur une ou plusieurs especes résidentes en maitrisant les parametres biologiques
initiaux et les parametres physico-chimiques du milieu d’expérimentation (Preston et al. 2012 ;
Braga et al. 2019). L’abondance des proies peut étre suivie au cours du temps en
s’affranchissant de facteurs extérieurs aux invasions pouvant exister in-situ. Ainsi, des
processus écologiques complexes a 1’origine d’impacts pouvant étre causés par les EEE (ex.
compétition, cascades trophiques, effet simultanés de plusieurs EEE) peuvent étre examinés et
quantifiés (Johnson et al. 2009 ; MacLennan et al. 2015 ; Pagnucco et al. 2016).

La qualité des données issues de I’analyse des contenus stomacaux Ou des isotopes stables
et le pouvoir prédictif des modéles choisis pour reconstituer les réseaux influenceront les
résultats obtenus de par les limites inhérentes a chaque méthode (Tableau 1). Dans le cadre
expérimental, la simplification des systémes engendre des résultats a considérer avec précaution
en regard du peu d’especes de prédateurs et de proies généralement manipulées, et de la taille
réduite des écosystéemes. Ainsi, il est nécessaire de faire des extrapolations a 1’échelle de

10



Introduction

I’écosystéeme envahi avec prudence (Jackson et al. 2017). La mise en place de ces
expérimentations peut également étre limitée suivant les espéces étudiées (ex. especes de
grande taille).

» Etude de la réponse fonctionnelle — Des expérimentations mises en place pour tester
la réponse fonctionnelle de deux espéces analogues (entre deux EEE ou entre une EEE et une
résidente) permettent d’étudier la performance des especes a acquérir et utiliser la ressource
(Bollache et al. 2008 ; Haddaway et al. 2012 ; Paterson et al. 2015 ; Howard et al. 2018). Le
taux d’attaque ou le temps nécessaire entre le repérage, la manipulation et la digestion d’une
proie (c.-a-d. temps de manipulation) peuvent étre quantifiés pour 1’étude des réponses
fonctionnelles d’une ou plusieurs EEE et comparées a celle des especes résidentes ou entre
elles, donnant a la fois une mesure d’impact de prédation (ex. quantité de proies consommeées
en fonction du temps), de compétition (ex. exploitation de la ressource plus ou moins efficace)
et d’invasivité (ex. une EEE peut étre plus efficace qu’une autre pour exploiter la ressource).

Des métriques découlant de la réponse fonctionnelle des prédateurs permettent de prédire
la probabilité de I’occurrence d’impact in-situ et de quantifier le degré d’impact engendré par
les EEE tout en restant applicables a différentes espéces et écosystemes. Par exemple, la
métrique de Potentiel d’Impact Relatif (RIP ; Dick et al. 2017) combine I’impact per capita
d’un prédateur invasif (c.-a-d. réponse fonctionnelle basée sur le taux de consommation
maximal de proies) avec son abondance dans le milieu. Elle permet de comparer le ratio entre
les réponses fonctionnelles de deux especes analogues tout en considérant le ratio de leur
abondance. Cette métrique a été modifiée par Dickey et al. (2018) pour aboutir au Risque
d’Invasion Relatif (RIR). Les données d’abondances ont été remplacées par des traits d’histoire
de vie (c.-a-d. fécondité, longévité) et complétées par une notion de pression de propagule.
L’utilisation de la réponse fonctionnelle dans 1’estimation d’impact a été simplifiée par Cuthbert
et al. (2019) en prenant en compte le ratio entre le taux d’attaque et le temps de manipulation
(c.-a-d. Ratio de Réponse Fonctionnelle, FRR).

Cependant, 1’é¢tude de la réponse fonctionnelle permet de comparer I’impact d’especes
analogues sur peu de ressources différentes et ne prend donc pas en compte les répercussions
pouvant étre engendrées sur d’autres niveaux trophiques. Il est également nécessaire d’avoir
des connaissances préalables sur les abondances, traits d’histoire de vie (ex. longévité,
féecondité) et sur les métriqgues composant la réponse fonctionnelle (c.-a-d. temps de
manipulation et taux d’attaque), parfois difficilement estimables in situ, par expérimentation ou
dans la littérature. Enfin, la dynamique des abondances et les impacts positifs pouvant étre
engendrés ne sont pas pris en compte.

» Modeles dynamiques espéce-centrés — Des modeles espece-centrés peuvent étre
utilises pour décrire les impacts causes par les EEE a 1’échelle specifique en considerant des
réponses dynamiques de 1’abondance ou biomasse d’une espéce résidente par rapport a celle
d’une EEE dans le milieu (Cang et Richardson 2017). lls sont souvent structurés en ages ou
stades de vie (Ferguson et al. 2012 ; Yarra et Magoulick 2019) et font fréguemment appel a des
caractéristiques démographiques des populations considérées (ex. taux de mortalité, fécondité).
Les impacts des EEE peuvent par exemple étre mesurés en étudiant la courbe de mortalité des
especes réesidentes en absence ou en présence de différentes densités d’une EEE (Caldow et al.
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2007) ou en étudiant le remplacement progressif d’une population résidente par celle d’une
EEE (Yarra et Magoulick 2019). Ces modéles permettent d’établir différents scénarios
d’invasion en fonction des EEE considérées et/ou de facteurs externes (ex. surpéche,
sécheresse) mais également de prédire des impacts positifs et négatifs sur les abondances ou
biomasses de ’espéce résidente étudiée résultant de divers processus écologiques comme
I’exclusion spécifique (C.-a-d. remplacement d’une espéce résidente par une EEE ; Yarra et
Magoulick 2019), la coexistence (c.-a-d. résidentes et EEE peuvent cohabiter au sein d’un
méme milieu malgré la compétition et la prédation entre les deux ; Ferguson et al. 2012) ou
méme la facilitation (c.-a-d. la présence d'une EEE facilite la survie d'une espéece residente ;
Caldow et al. 2007).

En revanche, ces mod¢les ne considérent qu’une espéce résidente et une EEE a la fois et ne
permettent pas de prédire des impacts au niveau des communautés. Ils font également appel a
des données portant sur des caractéristiques démographiques parfois indisponibles.

» Modeéles dynamiques multi-spécifiques — Des modéles dépendant de la modification
des interactions interspécifiques peuvent également étre employés afin de prédire a une échelle
multi-spécifique la dynamique des abondances ou biomasses des espéces résidentes face a
I’invasion d’une ou plusieurs EEE. Des modeles de dynamique de populations basés sur des
équations du type Lotka-Volterra établies entre proies et prédateurs (Calizza et al. 2021) ou des
modeles basés sur des flux de biomasses entre les groupes d’un réseau trophique (Ecopath
couplé avec Ecosym ; Christensen et al. 2005) peuvent apporter une vision plus globale des
impacts des EEE en considérant une approche intégrant différentes populations incluses dans
divers niveaux trophiques. Les augmentations ou diminutions d’abondance ou biomasse
peuvent étre quantifiées et les especes ou groupes d’especes les plus vulnérables peuvent étre
identifiés. Ainsi, ces modeles peuvent permettre de déceler des impacts résultant d’interactions
directes (ex. prédation) ou indirectes (ex. cascades trophiques) pouvant avoir des répercussions
positives ou négatives sur les abondances ou biomasses des espéces résidentes selon la ou les
EEE considérées (Zhang et al. 2019). Différents scénarios peuvent étre envisagés en faisant
varier la quantité initiale des EEE ou en combinant les effets croisés d’une EEE avec des
facteurs externes comme par exemple la surpéche ou la sécheresse (Kao et al. 2014 ; Bezerra
et al. 2017). Parallelement, il est possible de calculer par exemple la perte économique liée a
une EEE en connaissant la biomasse de ressources halieutiques prélevée par cette derniére
(Calizza et al. 2021).

Ces approches sont prometteuses pour extrapoler les impacts décelés au fonctionnement de
I’écosysteme et a la modification des services écosystémiques par I’intégration de plusieurs
populations dans le méme systéme mais nécessitent une connaissance préalable des liens
trophiques existants, non seulement entre les especes résidentes mais également ceux
nouvellement créés entre les especes résidentes et les EEE (David et al. 2017 ; Zhang et al.
2019). Ces modéles nécessitent une paramétrisation complexe, s’accroissant avec le nombre
d’especes intégrées dans le systéme et font appel a des données parfois peu disponibles pour
tous les taxons compris dans chaque niveau trophique (ex. abondances ou biomasses initiales,
taux d’attaque, temps de manipulation, capacité biotique).
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METHODE

AVANTAGES

INCONVENIENTS

LITTERATURE

IMPACTS

Chroniques des suivis a
long terme!

- Etablissement et dynamique des EEE

- Comparaison avant/apres invasion

- Evolution spatio-temporelle des invasions
- Impacts + et -

- Peu de données existantes
- Limité a certains groupes taxonomiques
- D’autres facteurs peuvent influencer les corrélations

DeRoy et Maclsaac (2020)
Kamenova (2017)

Stewart et al. (2010)
Tumolo et Flinn (2017)

Réseaux trophiques'?

- Fait a partir de données empiriques ou de réseaux
reconstitués

- Identification de prédation/compétition a 1’origine des
changements dans le réseau

- Impacts + et — a différents niveaux trophiques

- Métrigues topologiques comparables entre écosystémes
- Peut étre simplifié par expérimentation

- A partir des données empiriques : limitations
inhérentes aux méthodes résumées dans le Tableau 1
- A partir de prédictions : limitations inhérentes aux
méthodes résumées dans le Tableau 1

- Expérimentation dépendante de la taille des especes
considérées et simplification a extrapoler avec
précaution

Barst et al. (2020)
Braga et al. (2019)
David et al. (2017)
Jackson et al. (2017)
Pagnucco et al. (2016)
Preston et al. (2012)
Thomas et al. (2016)

Réponse fonctionnellel-
(RIP, RIR, FFR)

- Quantifie le degré d’impact

- Comparaison de I’impact de différentes EEE et/ou avec
les espéces résidentes

- Considération des abondances/traits de vie/pression de
propagule

- Applicable a différentes espéces et écosystémes

- Peut étre mesurée en expérimentation

- Nécessite des connaissances préalables (abondance,
fécondité, taux d’attaque, ...)

- Pas de vision de I’impact sur les communautés

- Pas d’aspect dynamique

- Peut étre influencée par des parameétres
environnementaux/biologiques

- Expérimentation dépendante de la taille des espéces
considérées

Dick et al. (2017)
Dickey et al. (2018)
Cuthbert et al. (2019)
Haddaway et al. (2012)
Paterson et al. (2015)

Modeéles dynamiques :
impact a ’échelle
spécifique?

- Integrent une temporalité dans les prédictions

- Peuvent prendre en compte ’exclusion, la coexistence, la
facilitation (impacts + et -)

- Simulation de différents scénarios (ex. abondances
initiales des résidentes et des EEE a faire varier)

- Pas de mesure de répercussions sur les autres
niveaux trophiques/a 1’échelle des communautés

- Font appel a des caractéristiques démographiques
parfois compliquées a obtenir

Caldow et al. (2007)
Ferguson et al. (2012)
Yarra et Magoulick (2019)

Modeéles dynamiques :
impacts a [’échelle multi-
spécifique?

- Integrent une temporalité dans les prédictions

- Peuvent intégrer les impacts +/- et directs/indirects

- Répercussions sur différentes communautés et niveaux
trophiques

-Permettent d’élaborer des scénarios d’invasion a court,
moyen et long terme

- Permettent d’intégrer des facteurs de forcage externes

- Nécessitent de connaitre les liens trophiques entre
especes

- Nécessitent des données d’abondance/biomasse
initiales

- Nécessitent une lourde paramétrisation

Bezerra et al. (2017)
Calizza et al. (2021)
Kao et al. (2014)
Zhang et al. (2019)

! Impacts mesurés empiriquement / 2 Impacts théoriques
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1.3. Impact décelés en milieu aquatique

Les études en biologie des invasions en milieu aquatique ont connu une augmentation
exponentielle depuis les années 1990 (Thomaz et al. 2015 ; Corrales et al. 2019) et ont mis en
évidence, par I’utilisation de méthodes comme celles citées précédemment, un grand nombre
d’impacts causés par différentes catégories d’especes (ex. macrophytes, invertébrés, poissons),
dans des écosystemes variés et a des échelles spatiales et temporelles diverses.

1.3.1. Impacts globaux a différents niveaux dintégration

Les EEE peuvent avoir des répercussions sur un continuum d’organisations biologiques et
d’échelles temporelles (Fig. 4). Elles peuvent étre a I’origine d’altérations du pool génétique
des especes résidentes soit par modification de la transcription de certains génes, pouvant
perturber des caractéristiques comme la hiérarchie sociale (ex. suppression des différences
génétiques entre individus dominants/dominés dans des populations de saumon atlantiques ;
Roberge et al. 2008), soit par hybridation, pouvant impacter la descendance des espéeces
résidentes et des hybrides (Lockwood et al. 2013 ; Fukui et al. 2018).

Les EEE peuvent provoquer des modifications comportementales influencées par la
perception du risque par les espéces résidentes et pouvant étre développées en réponse a de
nouvelles interactions écologiques (ex. prédation, compétition ; Langkilde et al. 2017 ; Ruland
et Jeschke 2020). Des modifications morphologiques spécifiques a un comportement anti-
prédateur peuvent aussi apparaitre (Pease et Wayne 2014 ; Berthon 2015).

AN\ n e \ECOSYSTEME

- Cycles biogéochimiques
- Flux d’énergie
- Ingénieurs écologiques,

- Extinctions

- Composition

- Altération des
réseaux trophiques

- Pathogénes
- Parasites

- Démographie
- Distribution

- Transcription
- Hybridation

- Comportement
- Morphologie

Figure 4 : Schéma de synthése des différentes échelles auxquelles les EEE peuvent impacter la
biodiversité et les écosystemes (schéma réalisé d'aprés Lockwood et al. 2013).

De plus, les EEE peuvent étre vecteurs de pathogénes/parasites contre lesquelles les
populations résidentes n’ont pas forcément de défense, causant dans certains cas leur déclin (ex.
peste de I’écrevisse ; Holdich et al. 2009). Ces impacts peuvent avoir des répercussions a
I’échelle populationnelle sur la distribution géographique et/ou la démographie (ex. altération
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du succes reproducteur) des especes residentes, provoguant dans certains cas des conséquences
évolutives importantes (Cucherousset et Olden 2011). La modification de certaines populations,
voire leur extinction, peut avoir des répercussions a plus large échelle au sein des communautés
et des écosystémes suite a I’altération de la richesse spécifique, des réseaux trophiques (ex.
simplification du réseau ; David et al. 2017), et finalement altérer les cycles biogéochimiques,
les flux d’énergie et la qualité des habitats (Gallardo et al. 2015 ; Gutiérrez 2017), primordiaux
dans le maintien du fonctionnement des écosystémes.

Parallélement, les impacts sur la biodiversité et le fonctionnement des ecosystemes sont
étroitement liés a la modification des services écosystémiques et peuvent engendrer de fortes
répercussions sociétales (Kiruba-Sankar et al. 2018). En effet, la dégradation de la qualité du
milieu ou le déclin d’espéces a fort intérét économique peuvent porter préjudices a des activités
anthropiques locales comme I’approvisionnement en eau, la péche professionnelle ou le
tourisme (Pejchar et Mooney 2009 ; Vila et Hulme 2017 ; Kiruba-Sankar et al. 2018). Par
exemple, I’impact de la prédation du zooplancton invasif Bythotrephes longimanus sur le
consommateur primaire Daphnia pulicaria dans le Lac Mendota (Wisconsin, USA) a provoqué
une diminution de la qualité de 1’eau (associée a une perte directe de 140 millions de dollars
américains) ne pouvant étre restaurée que par une réduction drastique de la charge en phosphore
demandant 86,5 a 163 millions de dollars (Walsh 2016). Ainsi, le codt lié aux EEE aquatiques
a travers le monde, incluant impacts et gestion, s’éléverait actuellement a plus de 345 milliards
de dollars américains, soit 1,6 % du PIB des Etats-Unis en 2021 (Cuthbert et al. 2021).

1.3.2. Impacts dépendants de [’espece introduite

A ces différentes échelles d’intégration, les impacts des EEE peuvent étre directs (c.-a-d.
prédation, transmission de maladie) ou indirects (ex. cascades trophiques, altération de
I’habitat), avoir des répercussions négatives (ex. extinctions) ou positives (ex. nouvelle
ressource exploitable pour les populations résidentes) et sont interdépendants (Fig. 5). Cette
multiplicité d’effets est principalement due au caractere contexte-dépendant des impacts,
modulés selon des caractéristiques intrinséques aux écosystemes (c.-a-d. niveaux en ressource,
conditions abiotiques, structure des communautés ; Ricciardi et al. 2013), la catégorie
taxonomique des EEE considérées, leur similarité fonctionnelle avec les espéces déja présentes
dans le milieu et leur position trophique (Katsanevakis et al. 2014 ; Thomsen et al. 2014b ;
Gallardo et al. 2015).

Les producteurs primaires sont souvent a 1’origine de modifications de 1’habitat (ex.
augmentation de la charge en matiéere organique ; Katsanevakis et al. 2014) ou de compétition
avec des espéces fonctionnellement proches (Silveira et al. 2018). En revanche, ils peuvent
représenter une nouvelle ressource exploitable et ont été montrés comme facilitateurs pour les
especes résidentes dans différents écosystemes (Rodriguez 2006). Ils peuvent engendrer un
enrichissement a chaque niveau trophique au sein des réseaux trophiques (c.-a-d. augmentation
de I’abondance/biomasse des especes ; Heath et al. 2014) par phénomeénes de cascades
trophiques « bottom-up » (c.-a-d. répercussions en cascade du bas du réseau vers le haut du
réseau jusqu'au prédateur apical ; Carpenter et al. 2010 ; Ripple et al. 2016).
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Les niveaux trophiques intermédiaires (ex. invertebres) engendrent bien souvent des effets
négatifs, en consommant et en étant en compétition avec d’autres espéces, mais également
positifs (Gallardo et al. 2015). Par exemple, la moule zébrée (Dreissena polymorpha),
introduite dans de nombreux écosystemes, augmente la transparence de 1’eau et favorise
I’augmentation de la densité des macroinvertébrés racleurs. En revanche, elle diminue celle des
filtreurs et induit des variations de I’abondance des prédateurs de ces derniers (Ward et
Ricciardi 2007 ; Therriault et al. 2012).

Enfin, I’invasion de EEE de haut niveau trophique peut avoir des répercussions importantes
dd & leur réle structurant au sein des réseaux par prédation et compétition pouvant se répercuter
sur d’autres niveaux trophiques par le biais de cascades « top-down » (Gozlan et al. 2010 ;
Cucherousset et Olden 2011 ; Wallach et al. 2017). Ces processus « top-down » consistent en
un enchainement d’effets positifs et négatifs le long des différents niveaux trophiques (c.-a-d.
augmentation et diminution des abondances/biomasses ; Heath et al. 2014) et sont
particulierement marqués lorsque le prédateur apical résident est perturbé.

«umop-do| » 19

.................... - Macroinvertébrés /
. Zooplanctons .
: Filtreurs

Producteurs laires

CT « Bottom-up »
—em mm mm mm Em Em Em mm Em mm = mm == B

c¥
_ IMPACT
<+——— Direct B Négatif
4 = = = |ndirect B Positif
S ECRLEEEEEREY Direct et Indirect Négatif et Positif

Figure 5: Exemple d’impacts en milieuX aquatiques selon le type d’espéce invasive et sa position
trophique. C = compeétition, CT = cascade trophique, F = filtration, H = altération de [’habitat, P =
prédation et R = ressource (figure inspirés de Gallardo et al. 2015 et complétée). Au sein de ce réseau
simplifié, le niveau trophique « Producteurs 13" » inclut le phytoplancton, les macroalgues, les
macrophytes, les cyanobactéries ; « Zooplanctons », « Macroinvertébrés » et « Poissons » incluent les
herbivores, carnivores, omnivores.

Un des prédateurs exotiques soulevant actuellement un grand nombre de questions quant a
ses impacts dans les eaux douces européennes est le silure glane (Silurus glanis) car il pourrait
potentiellement engendrer de nombreuses répercussions au sein des écosystémes par ses
interactions directes et indirectes avec les especes résidentes en regard de sa grande taille et de
sa position trophique estimée relativement élevée (Syvaranta et al. 2010 ; Cucherousset et al.
2017 ; Vejiik et al. 2017a).
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2. Le silure glane : une espece invasive ?

2.1. Taxonomie et aire de répartition

Le silure glane est un vertébré appartenant a la classe des actinoptérygiens (c.-a-d. poissons
a nageoires rayonnées), a I’ordre des siluriformes et a la famille des Siluridae, regroupant 12
genres et pas moins de 100 espéces dans le monde, principalement recensées en Asie.
Seulement deux especes du genre Silurus sont actuellement connues en Europe : Silurus
aristotelis, uniquement présent au nord de la Gréce, et Silurus glanis, 1’espéce la plus répandue
en Europe et la seule en France (Eschmeyer et Fong 2021). Le silure glane fait partie des 20
plus grands poissons au monde et représente le plus grand poisson dulcicole en Europe (Stone
2007 ; Boulétreau et Santoul 2016). Jusque-la, le record de taille capturée était de 2,74 m
enregistré en France dans le Tarn mais aurait potentiellement été battu en Italie en 2021 dans la
riviere P6 lors de la péche d’un silure de 2,80 m.

Cette espece originaire d’Asie et d’Europe de I’Est (Bornbusch 1995) possede une aire de
répartition native s’étendant de la Suéde jusqu’au nord de I’Iran en passant par I’ Allemagne, la
Suisse, la Pologne et le sud de la Turquie (Fig. 6 ; Schlumberger et al. 2001 ; Valadou 2007 ;
Cucherousset et al. 2017) et posséde la particularité d’étre menacée par la destruction de son
habitat dans son aire de répartition native (Copp et al. 2009). L’espéce a été principalement
introduite dans 1’ouest de 1’Europe (Gago et al. 2016 ; Sdez-Gomez et Prenda 2019) et elle est
désormais également présente en Amérique du Sud au Brésil (Cunico et Vitule 2014).

Figure 6 : Aire de répartition native (noir stri€) et aire de répartition ou le silure glane a été introduit
(en noir) dans des bassins versants d 'une superficie supérieure @ 1000 km2. Les bassins versants ou il
n'existe aucune preuve officielle d'introduction sont indiqués en gris (figure issue de Cucherousset et al.
2017).

17



Introduction

En France, les piscicultures ont commencé a élever 1’espéce a la fin du X1X®Me siécle et les
pécheurs sportifs se sont intéressés a ce « trophée de péche » a la taille record inédite dans les
eaux européennes. Le silure apparait dans le Doubs dans les années 1975 mais 1’origine de son
introduction reste obscure (ex. laché clandestin, fuite piscicole ou colonisation naturelle par le
réseau hydrographique ; Schlumberger et al. 2001 ; Guillaume 2012). 1l colonise rapidement
I’est de la France entre 1975 et 1985 (recrudescence des captures dans la Sadne et le Rhone) et
se trouve dans la majorité du réseau hydrographique francais 30 ans plus tard (Guillaume 2012).
Depuis une dizaine d’années, le silure a fait son apparition dans des lacs périalpins francais,
écosystemes jusque-la jamais decrits dans son aire de répartition.

2.2. Biologie et ecologie

2.2.1. Plasticité physiologique et comportementale

La colonisation rapide de nombreux écosystemes aquatiques par le silure a grandement été
favorisée par sa large plasticité écologique. En effet, cette espece fait preuve d’une grande
adaptabilité a des conditions environnementales trés diversifiées (Tableau 3) comme le laisse
voire son aire de répartition étendue a différents climats et différents types d’écosystémes. Le
silure peut ainsi proliférer dans des milieux d’eau douce ou saumatre, pauvres en oxygene,
pollués, plus ou moins chauds. En revanche, un réchauffement de 1’eau a une période de I’année
est nécessaire a I’espece pour son activité d’alimentation, de croissance et pour sa reproduction
supposée avoir lieu lorsque la température de ’eau atteint au moins 18°C pendant plusieurs
semaines consecutives (c.-a-d. plutét en été ; Shikhshabekov 1978).

Tableau 3 : Gammes de salinité, teneur en oxygene et température supportées par le silure.

Paramétre Gamme Particularités Références

- Présent dans certaines zones cotiéres

Salinité <15mg.L? ~
saumatres

Copp et al. (2009)

- Sang constitué a plus de 30%
d’hémoglobine
Oxygeéne 3-15mg.L? - Capacité a maintenir une pression Massabuau et Forgue (1995)
artérielle faible
- Capacité a augmenter sa ventilation

- Optimum de croissance entre 25 et Schlumberger et al. (2001)

Temperature 3a30°C 27°C en laboratoire Tissot et Souchon (2010)

Ainsi, la reproduction des silures matures (entre 3 et 4 ans, entre 39 et 71 cm) se produit
principalement entre mai et juin dans le sud de son aire répartition et entre juillet et aodt au nord
(Copp et al. 2009), méme si cette phase peut largement varier et s’étendre sur de plus longues
périodes en fonction des milieux étudiés (Alp et al. 2004). Le silure fait partie de la guilde des
« gardiens » (Balon 1975), le male crée un nid dans des végétaux sur un substrat de graviers ou
de sable (dans environ 60 cm d’eau) et s’occupe de la protection et de 1’oxygénation des ceufs
jusqu’a leur éclosion ayant lieu 2 a 10 jours apres la fécondation selon la température de 1’eau
(Mihalik 1995). En milieu lotique, les silures peuvent effectuer une courte migration de
reproduction en amont des cours d’eau durant laquelle ils trouvent leur partenaire. En milieu
lentique, les zones peu profondes en littoral présentant des conditions favorables a leur
reproduction (c.-a-d. abris, substrats, température plus chaude) peuvent étre exploitées (Copp
et al. 2009).
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Les silures présentent des adaptations comportementales lors de leur reproduction mais
également dans leur rythme d’activité. De maniere générale, ils ont une grande fidélité au site
et adaptent tres vite leur comportement aux conditions environnementales changeantes du
milieu (Capraetal. 2017 ; Capra et al. 2018), affectionnent les habitats aux eaux plutot turbides,
a la structuration complexe leur procurant de nombreux abris pour se cacher pendant la journée
et entrent en activité la nuit (Proteau et al. 2008). En effet, des suivis télémétriques ont permis
de mettre en évidence un cycle nycthémeéral avec des pics d’activité a la tombée de la nuit et
avant le lever du jour (Carol et al. 2007), concordant avec la capacité de ’espéce a détecter ses
proies grace a son odorat, son ouie (appareil de Weber) et son électro-réceptivité développés
particulierement adaptés a la chasse nocturne (Copp et al. 2009 ; Guillaume 2012). Egalement,
le silure aurait un rythme saisonnier marqué avec une activité minimale en hiver et maximale
en été (Carol et al. 2007 ; Dangk et al. 2016 ; Lenhardt et al. 2021). En revanche, dans des
rivieres en République Tchéque, une activité forte recensée sur la totalité de la journée,
particulierement en été (Slavik et al. 2007 ; Slavik et Horky 2012) atteste d’adaptations
comportementales de I’espéce selon le milieu étudié.

2.2.2. Plasticité trophique

Le silure posséde un large spectre alimentaire reflétant les especes disponibles dans le
milieu, il est ainsi considéré comme omnivore et opportuniste (Copp et al. 2009). Les analyses
de contenus stomacaux réalisees sur des populations provenant de différents écosystéemes (c.-
a-d. rivieres, fleuves, réservoirs) ont mis en évidence une consommation récurrente
d’invertébrés benthiques (ex. écrevisses représentant 67 % de 1’alimentation dans le delta du
Danube) et de poissons tels que les cyprinidés (ex. carpes Cyprinus carpio, gardons Rutilus
rutilus ; Carol et al. 2009 ; Syvéranta et al. 2010 ; Verdeyroux et Guerri 2016 ; Djait et al. 2019
; Ferreira et al. 2019). La consommation de proies peut varier au cours des saisons
quantitativement (c.-a-d. la vacuité stomacale diminue avec l'augmentation de température ;
Copp et al. 2009) et parfois qualitativement (c.-a-d. assemblage de proies différent ; Haubrock
2021). L’utilisation des isotopes stables a souligné la large niche isotopique de 1’espéce,
attestant de la consommation de pools de ressources aux signatures en *C et °N variables et
donc d’une énergie dérivée de proies aquatiques, semi-aquatiques ou méme terrestres
(Syvaranta et al. 2010 ; Vejiik et al. 2017a).

Certaines populations ont su développer des techniques de chasse encore jamais décrites
dans leur aire de répartition native (Cucherousset et al. 2017), leur donnant acces a des
ressources inhérentes a certains milieux comme des especes migratrices (ex. saumons
atlantiques, aloses, lamproies ; Boisneau et Belhamiti 2018 ; Boulétreau et al. 2018 ; Guillerault
et al. 2018 ; Boulétreau et al. 2020 ; Boulétreau et al. 2021), des oiseaux d’eau et petits
mammiféres (Carol et al. 2009 ; Cucherousset et al. 2012a ; Haubrock et al. 2020).

Les silures peuvent changer d’alimentation au cours de leur ontogenie, passant d’un régime
alimentaire compose d’invertébrés vers un régime piscivore (Carol et al. 2009 ; Copp et al.
2009 ; Alp 2017). En effet, en grandissant ils auront tendance a consommer des proies plus
grandes, incluant plus de poissons, confirmé par des signatures isotopiques variant
significativement avec la taille des individus et signant une tendance a la piscivorie (Syvaranta
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et al. 2010). Enfin, du cannibalisme a déja été observé dans les contenus stomacaux (Copp et
al. 2009 ; Faure et Tanzilli 2016 ; De Santis et Volta 2021).

2.3. Impacts du silure

La large plasticité écologique et la taille du silure représentent des atouts pour envahir et
impacter les milieux. En effet, 1’adaptabilité physiologique, comportementale et trophique
augmente la probabilité d’établissement d’une espéce dans un écosysteme (Lockwood et al.
2013) et une grande taille minimise le nombre de potentiels prédateurs (« enemy release
hypothesis » ; Jeschke et Herger 2018). A ce jour, le silure est classé en tant que EEE en France
métropolitaine (MNHN 2021), pourtant son impact reste complexe a comprendre et semble étre
tres largement site-dépendant en France et en Europe.

Une étude couvrant plus de 500 sites et incluant des données récoltées entre 1989 et 2010
sur des peuplements piscicoles de riviéres francaises a démontré que les silures n’impactaient
qu’une petite part des communautés (ex. 1,4% des sites ont vu leur richesse spécifique
diminuer ; Guillerault et al. 2015a). Dans le bassin hydrographique du fleuve Po (Italie), 1’étude
de I’établissement du prédateur dans 14 canaux entre 1991 et 2009 a démontré une diminution
des abondances/biomasses de poissons natifs (ex. rotengle Scardinius erythrophthalmus) et la
disparition d’espéces comme la tanche (Tinca tinca), impactant la structuration des
communautés piscicoles (Castaldelli et al. 2013). La comparaison de populations d’oiseaux
d’eau a différents stades de colonisation du silure dans des riviéres en Espagne a quant a elle
souligné des diminutions d’abondances d’oiseaux dans les milieux ou le silure s’est établi mais
sans pouvoir discerner les effets de la prédation directe du silure de ceux du potentiel
comportement d’évitement des oiseaux (Carol et al. 2009).

Les analyses d’isotopes stables et de contenus stomacaux ont permis de mettre en évidence
les positions trophiques hautes des grands silures (Syvaranta et al. 2010 ; Vejiik et al. 2017a)
et des régimes alimentaires parfois chevauchant ceux des poissons piscivores comme le brochet
Esox lucius (Guillerault et al. 2015b). En revanche, le silure n’est pour le moment pas considéré
menacant pour le brochet étant donné sa large niche trophique permettant de relacher la
compétition interspécifique avec le prédateur résident (Lockwood et al. 2013), et leurs
habitudes de chasses différentes (Guillerault et al. 2015b). En revanche, ’effet du silure a
I’échelle des réseaux trophiques et son potentiel impact « top-down » reste pour le moment peu
exploré.

L’impact du silure le plus étudié est celui résultant de sa prédation. Les silures adultes
peuvent étre jusqu’a deux fois plus gros que les prédateurs natifs (Cucherousset et al. 2017) et
ont donc acces a des proies ayant normalement atteint leur taille refuge (Wysujack et Mehner
2005), pouvant provoquer des impacts sur la structuration en taille et en 4ge des peuplements
piscicoles. De plus, la consommation d’espéces migratrices a fort intérét patrimonial et/ou
économique remet en question la capacité de maintien et de résilience de ces populations face
a un nouveau prédateur. La prédation du silure dans les lacs périalpins récemment colonisés est
ainsi questionnée pour des especes comme la perche (Perca fluviatilis) ou le lavaret (Coregonus
lavaretus), toutes deux supportant une forte activité récréative et économique (Jacquet et al.
2019 ; Goulon et Guillard 2020).
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3. Colonisation du silure dans les grands lacs périalpins

3.1. Localisation et caractéristiques des lacs périalpins

Parmi plus d’une centaine de lacs frangais, on compte trois grands lacs périalpins situés
entre la région Auvergne-Rhone-Alpes et la Suisse (Fig. 7 et 8) : le Léman (46° 26' 29.108" N
6° 31' 46.283" E), le Lac du Bourget (45° 43' 46.841" N 5° 52' 10.484" E) et le Lac d’Annecy
(45° 51' 41.489" N 6° 10' 2.364" E). Ils comptent parmi les plus grandes étendues naturelles
d’eau en France et sont d’origine glaciaire, Créés suite aux retraits des glaciers des Alpes
(Montuelle et Clémens 2015). Ces lacs sont localisés dans la méme écorégion, soumise a des
conditions climatiques similaires tempérées a influences continentales, méditerranéennes et
montagnardes (Jenny 2013).

1 Léman

2 Lac d’Annecy

3 Lac du Bourget | -

Figure 7 : Localisation des lacs (cartographie modifiée depuis Google Maps).
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Léman

Lad'du Bourget

Lac d’Annecy

Figure 8 : Cartographie des lacs dans les bassins hydrographiques (a gauche) et de
leur bathymétrie (a droite ; figure issue et modifiée de Jenny 2013).
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Malgreé des similitudes de par leur localisation et leur contexte de formation proches, ces
écosystémes aquatiques présentent des specificités par leur superficie, leur bathymétrie et leur
statut trophique (Fig. 8, Tableau 4). Ils font I’objet d’un suivi a long terme, effectué
annuellement par 1’Unité Mixte de Recherche CARRTEL en partenariat avec différentes
structures de gestion (Tableau 4). Ces suivis permettent d’examiner la trajectoire écologique
des lacs par la caractérisation de parametres abiotiques (ex. température, teneur en phosphore)
et biotiques (ex. communautés phytoplanctoniques, ichtyologiques), référencés dans la base de
données de I’Observatoire des LAcs (OLA ; Rimet et al. 2020) disponible en libre acces
(https://si-ola.inrae.fr/). Ainsi, aprés une phase d’eutrophisation dans les années 1970, le suivi
des lacs et la mise en place de plans de gestion ont permis leur réoligotrophisation progressive
depuis les années 1990, passant d’une concentration en Ptot supérieure a 100 pg.L™* & une
concentration inférieure a 15 pg.L?, et donc la restauration de leur état écologique de nos jours
(CIPEL 2020 ; Frossard et al. 2020 ; Jacquet et al. 2020).

Tableau 4 : Caractéristiques des lacs périalpins (d'aprés Montuelle et Clémens 2015 ; CIPEL 2020 ;
Frossard et al. 2020 ; Jacquet et al. 2020).

Léman Lac du Bourget Lac d’Annecy

Superficie (km?2) 580,1 44,0 26,0
Volume (km?3) 89,0 3,6 1,1
Profondeur maximum (m) 309,7 146,0 65,0
Profondeur moyenne (m) 1527 85,0 41,5
Temps de séjour des eaux (ans) 11,3 9,0 3,8
Altitude (m) 372,05 232,0 4470
Age (ans) 35000 25000 18000
(S;zgii)gggh:gtﬁ) Mésotrophe Oligo-mésotrophe  Oligotrophe

Brassage complet

Stratification thermique annuelle Lo
irrégulier

Monomictique Monomictique

2
. . 1 CISALB 3
Structure de gestion / de veille CIPEL CALR2YS SILA

Lcommission Internationale pour la Protection des Eaux du Léman (depuis 1962)

2Comité intersyndical pour I’assainissement du lac du Bourget (depuis 1994)
2bISCommunauté d’agglomération du lac du Bourget (depuis 2007)

3Syndicat Mixte du Lac d’ Annecy (depuis 1957)

Le maintien du bon état de ces milieux représente un enjeu écologique majeur mais
également un enjeu socio-économique en regard des nombreux services écosystémiques rendus
par ces lacs (Baulaz et al. 2021). En effet, ils supportent I’approvisionnement en eau pour les
communes voisines (ex. 80 millions de meétres cube par an prélevés dans le Léman desservant
environ 870 000 habitants ; Montuelle et Clémens 2015), la péche professionnelle (ex. > 50
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tonnes de lavarets péchés dans le Bourget), les activités récréatives et le tourisme (ex. plus de
10 millions de visiteurs par an @ Annecy ; Nikolli 2020). Ces activités anthropiques ne sont pas
sans conséquences pour les milieux (ex. urbanisation croissante, industrie) et s’ajoutent aux
pressions du changement climatique (ex. réchauffement des eaux) et aux invasions biologiques
que peuvent subir les lacs périalpins. En effet, de nombreuses espéces invasives ont fait leur
apparition dans ces écosystemes et peuvent représenter un facteur de forcage supplémentaire
dans leur bon fonctionnement. Une dizaine d’espéces de plantes invasives, aquatiques ou semi
aquatiques ont été recensées dans ces lacs (ex. Elodea canadensis) ainsi que des invertébrés
(ex. Orconectes limosus, Hemimysis anomala) et des poissons (ex. Ameiurus melas), parmi
lesquels le silure a récemment fait son apparition.

3.2. Colonisation du silure

Le silure n’a pour le moment pas été recensé dans le Lac d’ Annecy mais les captures dans
le Léman et le Lac du Bourget connaissent une forte augmentation depuis une dizaine d’années,
a la fois dans les péches amateurs, professionnelles et scientifiques (Fig. 9). L’origine de
I’introduction du silure dans ces deux lacs reste obscure et trés peu de données sont disponibles
en regard de I’apparition récente de I’espéce.

Coté Bourget, les silures sont aujourd’hui capturés dans 1’ensemble du lac. La
recrudescence des captures pourrait étre concomitante avec la restauration de 1’écluse a
poissons du canal de Saviére (canal connectant directement le Rhéne et Lac du Bourget) réalisée
en 2013 (communication personnelle CISALB). Les silures sont installés dans le Rhéne depuis
plusieurs décennies (Valadou 2007) et pourraient avoir colonisé le Lac du Bourget par
dispersion active. Les apports par les crues de Rhéne peuvent aussi étre envisagés (débit > 800
m.s! pouvant entrer dans le Lac du Bourget). Enfin, les introductions volontaires ne sont pas a
évincer, principalement pour la péche sportive.

Coté Léman, le silure semble surtout présent au sud du lac (petit lac) pour le moment avec
un nombre de captures inférieur a celui dans le Bourget, traduisant probablement une
colonisation plus récente. L’idée d’une colonisation naturelle est moins favorisée car le barrage
Génissiat au sud du lac est infranchissable pour les espéces piscicoles, laissant place a
I’hypothése d’introductions volontaires de silures ayant été transportés depuis le Rhéne ou
d’autres écosystémes (ex. lacs suisses).

Bourget Léman

2000 2005 2010 2015 2020 2000 2005 2010 2015 2020

= 100

N A G @
o O O o

Nombre de capt

o

Figure 9 : Nombre de silures cumulés capturés par des amateurs, professionnels et lors des suivis
scientifiques dans le Lac du Bourget et dans le Léman entre 1999 et 2020 (derniéres données
disponibles provenant du CISALB).
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4. Problématique générale, objectifs et structure de la thése

L’apparition du silure dans les lacs périalpins et son établissement progressif depuis une
dizaine d’années interroge sur son impact sur les populations résidentes, principalement les
especes piscicoles d’intérét halieutique. En vue de cette colonisation récente dans un nouveau
milieu, I’écologie du silure et les conséquences de son établissement au sein des lacs périalpins
pourraient étre différents de ceux identifiés dans le cas d’un établissement ayant eu lieux
plusieurs décennies auparavant dans des ecosystéemes aux caractéristiques différentes. De plus,
il a été montré que la croissance ainsi que la structure en taille et le régime alimentaire des
silures changeaient en plusieurs décennies, induisant des différences d’impacts identifiés lors
d’une colonisation récente ou plus ancienne (c.-a-d. > 30 ans ; Carol et al. 2009). Il était donc
primordial de mener une étude site-spécifique de 1’écologie du silure et de ses impacts dans les
lacs périalpins a un stade de colonisation peu avancé afin de fournir une base solide pour de
futures comparaisons d’impacts. Les impacts des EEE recensés étant trés frequemment liés aux
interactions trophiques interspécifiques, ce travail de recherche s’est articulé autour de deux
axes principaux répondant a deux objectifs :

(i) Etudier I’écologie trophique du silure dans les lacs périalpins
(i) Prédire son impact sur les espéces résidentes

Pour remplir le premier objectif, 1’écologie trophique du silure a été étudiée a partir de
I’analyse de contenus stomacaux et d’analyses isotopiques du carbone et de I’azote (Chapitre
1; Article 1 ; Fig. 10). Il a été question d’identifier les proies consommées par le silure ainsi
que les habitats lacustres (benthique profond, littoral ou pélagique) supportant son
approvisionnement en ressources. Des indices de variations trophiques interindividuelles,
dérivés des contenus stomacaux et des compositions isotopiques, ont été estimés afin d’évaluer
une possible spécialisation individuelle dans 1’utilisation des ressources au sein de la
population. De plus, de potentiels changements ontogéniques dans les régimes alimentaires ont
été analysés.

Pour remplir le deuxiéme objectif, I’impact du silure a été étudié a plusieurs échelles
d’intégration (multi-spécifique et espéce-centré) de maniére a apporter une vue d’ensemble des
différentes répercussions dues a sa présence dans le milieu. Les méthodes ayant été utilisees,
basées sur les interactions entre le silure et les espéces résidentes, restent applicables a d’autres
types de EEE dans divers écosystemes aquatiques. Ce travail a permis d’intégrer 1’estimation
d’impacts positifs et d’impacts causés par des interactions indirectes sur différents niveaux
trophiques ainsi que la considération d’invasions concomitantes de plusieurs espéces exotiques.
Mon approche repose sur un socle méthodologique base sur plusieurs étapes :

1) Un modele de niche allométrique (aNM) fondé sur des relations de tailles proie-prédateur
a d’abord été ¢laboré afin de reconstituer les liens trophiques susceptibles d’exister au sein de
réseaux trophiques d’écosystemes d’eau douce tempérés (Chapitre 2 ; Article 2 ; Fig. 10).

2) L’aNM a ensuite permis de prédire la niche trophique potentielle du silure et sa position
trophique tout au long de son ontogénie en tant que prédateur au sein du réseau trophique du
Lac du Bourget (Chapitre 3 ; Article 3 ; Fig. 10). Lors de cette approche, la méme méthode a

25



Introduction

été appliquée a un invertébré exotique (Hemimysis anomala) afin d’avoir une vision plus
globale des différents niveaux trophiques sur lesquels de potentiels impacts pourraient étre
exerces par la prédation simultanée de plusieurs espéces introduites au sein d’un méme réseau
trophique, contexte souvent rencontrés dans divers écosystemes. La modification des liens
trophiques causés par les deux espéces exotiques a été étudiée selon plusieurs scénarios (c.-a-
d. sans/avec espéces exotiques ou stade d’établissement actuel et futur) et des hypothéses de
répercussions sur le fonctionnement de 1’écosystéme et des services €cosystémiques ont été
formulées.

3) Les interactions trophiques inférées par I’aNM ont été couplées a un modele dynamique
du type Lotka-Volterra paramétré allométriquement pour permettre de formuler des scénarios
d’établissement pour différentes tailles de silures (40, 85 et 150 cm) et de quantifier les impacts
sur I’abondance des especes résidentes des lacs périalpins. Les tailles de silures et les
interactions (directes et indirectes) étant a 1’origine du plus grand nombre d’impacts ainsi que
les impacts les plus forts (positifs et négatifs) sur les abondances et les extinctions ont été
étudiés (Chapitre 4 ; Article 4 ; Fig. 10).

4) Une attention particuliére a été portée sur I’impact potentiel du silure sur le lavaret
(Coregonus lavaretus), un Salmonidae natif des lacs périalpins ayant un fort intérét économique
(Chapitre 5 ; Article 5 ; Fig. 10). Plusieurs méthodes ont été combinées afin de poser les bases
d’une évaluation de la vulnérabilité de C. lavaretus face a I’introduction du silure dans le Lac
du Bourget. La prédation de C. lavaretus a été etudiée par analyses moléculaires
(metabarcoding) réalisées sur des contenus intestinaux de silures. Ces analyses moléculaires
ont également permis de compléter I’objectif 1 de ce travail de thése en fournissant I’identité
taxonomique des autres especes piscicoles consommées. L’aNM a ensuite été utilisé afin
d’identifier les classes de tailles (et donc les stades de vie) les plus vulnérables vis a vis des
caractéristiques de la population de silures (structure en taille) actuellement présente dans le
lac. Enfin, une métrique de risque de prédation tenant compte des profondeurs occupées par les
deux especes et des besoins métaboliques du silure a été mise au point.

Le chapitre 6 est spécifiquement dédié au Léman. Il reprend les principes d’analyses
d’isotopes stables, de contenus stomacaux et intestinaux abordés dans le Chapitre 1 pour 1I’étude
de I’écologie trophique des silures dans le Lac du Bourget. En revanche, ces analyses ont été
appliquées a un échantillonnage d’individus plus restreint.

Pour finir, ce travail de thése intégre une discussion genérale 1) des résultats, 2) des choix
méthodologiques et 3) des perspectives pour améliorer certains points abordes, approfondir
certains résultats obtenus et obtenir des connaissances supplémentaires sur le silure.
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Figure 10 : Schéma synoptique des approches et questionnements scientifiques abordés dans le cadre de ce travail de thése. « C » est [’abréviation pour
« Chapitre ».
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“One fish is another’s prey, but the sheatfish eats them all.”

Proverbe bohémien
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CHAPITRE 1. Ecologie trophique du silure glane

1. Présentation du chapitre

Problématique : la caractérisation du regime alimentaire du silure dans les lacs périalpins
est essentielle dans 1’étude empirique de 1’écologie trophique de cette espeéce dans ces milieux
nouvellement colonisés afin de fournir une premiére vue d’ensemble des proies principalement
prédatées et donc potentiellement vulnérables. Le changement ontogénique du regime
alimentaire du silure décrit dans d’autres écosystémes et les variations interindividuelles
d’utilisation de la ressource (ex. spécialisation individuelle) sont également importants a
examiner au regard de leur réle dans la création de nouveaux liens trophiques. Parallelement,
ces caracteristiques sont nécessaires a la validation de certaines inférences ou modélisations
d’impacts pouvant étre faites a partir de méthodes prédictives.

Méthodologie : I’analyse de 231 contenus stomacaux a été réalisée afin d’identifier les
proies consommeées par les silures dans le Lac du Bourget. Complémentairement, des mesures
de valeurs isotopiques (8*3C et 5°N, n=217) ont été incorporées & des modéles de mélange
Bayésiens afin d’identifier la contribution des habitats lacustres a 1’approvisionnement en
ressources des silures en considérant : le littoral (ressources = écrevisses Orconectes limosus,
invertébrés benthiques, poissons chats Ameiurus melas et blennies Salaria fluviatilis), le
pélagique (lavarets Coregonus lavaretus et zooplanctons) et le benthique profond
(Chironomidae a -20 m et plus). Des indices basés sur les variations interindividuelles
d’utilisation de la ressource en considérant les contenus stomacaux et les isotopes stables ont
permis d’étudier la variabilité interindividuelle au sein de la population. L’influence de la taille
des individus (ontogénie) sur le nombre de proies, la richesse spécifique, 1’assemblage
spécifique des proies dans les contenus stomacaux, la contribution des habitats aux signatures
isotopiques individuelles et sur les deux indices de spécialisation individuelle a été quantifiée.

Principaux résultats : la perche Perca fluviatilis, 1’écrevisse américaine Orconectes
limosus et le gardon Rutilus rutilus sont les proies principales des silures parmi les 22 proies
identifiées. L habitat littoral supporte majoritairement 1’apport en ressources de la population
de silures, aussi bien en considérant les contenus stomacaux (86% des proies) que les isotopes
stables (contribution > 70% en moyenne). En revanche, une contribution non-négligeable de
I’habitat benthique profond (> 15%) et de I’habitat pélagique (> 13%) a pu &tre mise en évidence
par les analyses isotopiques, supportée par 1’identification d’especes associées a ces habitats
dans les contenus stomacaux (ex. lotte Lota lota pour 1’habitat benthique profond et lavaret pour
I’habitat pélagique). La variabilité interindividuelle était forte et significative en considérant les
contenus stomacaux mais plus faible et non significative d’apres les compositions isotopiques.
Ainsi, les individus sembleraient plutdt opportunistes que spécialistes et composeraient une
population généraliste, capable d’exploiter I’ensemble des habitats lacustres bien qu’étant
principalement dépendante de 1’habitat littoral. Pour finir, le régime alimentaire des silures ne
semble pas étre fortement structuré par 1’ontogénie dans le Lac du Bourget.

Valorisation : ce chapitre fait 1’objet d’un article actuellement soumis dans Ecology of
Freshwater Fish en Review depuis le 2 aolt 2021.
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2. Article 1 — The opportunistic trophic behavior of the European catfish
(Silurus glanis) in a newly colonized large peri-Alpine lake

Chloé Vagnon!*, Simon Basin?, Franck Cattanéo?, Chloé Goulon?!, Jean Guillard! and Victor
Frossard*

L Univ. Savoie Mont-Blanc, INRAE, CARRTEL, 74200 Thonon-les-Bains, France
2 HES-SO / HEPIA, CH-1254 Jussy, Suisse
! Corresponding author: chloe. vagnon@gmail. com

2. 1. Abstract

The European catfish (Silurus glanis) recently colonized large peri-Alpine lakes where its
exploitation of the different lake habitats (i.e., littoral, pelagic and deep benthic) may be
supported by interindividual trophic variations fostering its establishment.

We investigated the prey and lake habitats subsidizing S. glanis in the largest French peri-
Alpine lake (Lake Bourget) based on the contents of 231 stomachs combined with 217
individual stable isotope measurements (8°C and §°N). The interindividual diet variations in
stomachs and isotopes were quantified to identify individual specialization within the
population. The effects body size on trophic characteristics were complementarily explored.

For most individuals, a major reliance on littoral resources was highlighted from both
analyses of stomach contents (86% of prey items) and stable isotopes using Bayesian mixing
models (BMMs; 70.3 £ 9.6% contributions of the littoral resource pool). However, pelagic and
deep benthic prey (e.g., whitefish, burbot) were also identified, and BMMs indicated non-
negligible contributions of the pelagic and deep benthic resource pools to S. glanis diets (15.8
+ 5.3% and 13.9 + 5.2%, respectively). Interindividual variations based on stomach contents
were much higher than those estimated from stable isotopes, supporting an opportunistic trophic
behavior, though the population strongly relied on crayfish, perch and roach. Body size only
explained a minor fraction of S. glanis trophic characteristics, suggesting that ontogeny does
not strongly structure the current population diet.

Overall, our results underlined the feeding plasticity of S. glanis highlighting that besides
the littoral habitat, this invader is able to exploit resources from typical habitats of large peri-
Alpine lakes (deep benthic and pelagic). Its establishment in large peri-Alpine lakes may thus
represent a growing threat to resident species, especially if the population and individual body
size increase in a near future.

Keywords: invasive species, stomach contents, stable isotopes, individual specialization,
ontogeny
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2. 2. Introduction

The trophic characteristics of invasive species
are one of the main drivers of their invasion success
and are often directly related to their impacts on
resident communities (Gallardo et al. 2015). In
particular, invasive fish have received a growing
interest regarding their ability to modify food web
structures and prey communities (Sagouis et al.
2015; David et al. 2017). For instance, introduced
rainbow trout altered the whole trophic structures
of naturally fishless Canadian lakes by eliminating
the top invertebrate predator (MacLennan et al.
2015). Characterizing the feeding habits of
invasive fish appears to be primordial for
understanding their trophic interactions with
resident species and for providing a basis for their
invasiveness assessment.

Invasive fish are usually generalists (i.e., with
large diet breadths) and can rapidly adapt their diets
to available prey in newly colonized ecosystems
(Garcia-Berthou 2007). However, the large diet
breadth of generalist populations often involves
heterogeneous individual diets that can originate
from diverse factors such as prey preferences, sex,
available microhabitats or ontogeny (Alofs &
Polivka 2004; Araujo et al. 2011; Rossman et al.
2015; Sanchez-Hernandez et al. 2019). These
interindividual diet variations compared to the diet
of the average population allow individual
specialization to be underlined (Bolnick et al.
2002; Smith et al. 2011; Rosenblatt et al. 2015;
Salvidio et al. 2015). Individual specialization can
have strong constraints on population dynamics, as
it decreases intraspecific and/or interspecific
competition (Swanson et al. 2003) and thus appears
advantageous for the sustainability of invasive
populations in  newly colonized ecosystems
(Layman & Allgeier 2012; Jackson et al. 2017).

Over the past few decades, the geographic
range of the European catfish (Silurus glanis) has
dramatically increased in Europe (Cucherousset et
al. 2017), and this species has recently invaded
large peri-Alpine lakes. These lakes are deep
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(maximum depth > 100 m) and can thus be
compartmentalized into three main habitats (i.e.,
littoral, pelagic and deep benthic) in which the
trophic characteristics of S. glanis remain to be
delineated. In large rivers and reservoirs, this
species is generalist and known to rapidly adjust its
diet to available resources (i.e., opportunistic
species; Copp et al. 2009). The trophic behavior of
S. glanis was indeed underlined as site-dependent
(Syvéranta et al. 2010; Ferreira et al. 2019), size-
dependent (i.e., ontogenetic diet shift from
invertebrates to fish; Carol et al. 2009; Alp 2017)
and individual specialization have been identified
in diverse ecosystems where S. glanis specialized
on prey such as waterfowls (Carol et al. 2009;
Vejtik et al. 2017a), terrestrial birds (Cucherousset
et al. 2012), small mammals (Copp et al. 2009),
amphibians (Vejiik et al. 2017a), migratory fish
(e.g., lamprey, salmon and allis shad; Boulétreau et
al. 2018; Boulétreau et al. 2020; Boulétreau et al.
2021) or even perch egg strands (Vejtik et al.
2017D).

In this study, we investigated the trophic
characteristics of S. glanis in Lake Bourget (a large
peri-Alpine lake) at both the population and
individual levels. We combined stomach content
and stable isotope analyses to (i) explore the prey
composition and the lake habitats supporting the
diet of S. glanis, (ii) measure the interindividual
diet/isotope variations to identify potential
individual specialization within the population and
(i) test the influence of ontogeny (i.e., body size)
on these different trophic characteristics.

We expected a major contribution of littoral
resources to S. glanis diet and, reciprocally, a minor
contribution of the other lake habitats due to its
benthic-adapted morphology associated with its
thermophilic ecological requirements (warmer
temperatures in the littoral habitat than in other lake
habitats). We also hypothesized stronger
interindividual variations from stomach contents
than from stable isotopes. Finally, ontogenetic diet
transition from invertebrates to fish was expected.




2. 3. Material and methods

2.3.1. Study site and S. glanis sampling

S. glanis were collected during their active
period from February to October between 2017 and
2019 in Lake Bourget (France, 45° 43' 46.842" N,
5°52'10.484" E, area = 44.5 km2, maximum depth
= 145 m). Fish were caught with 100-meter-long
bottom lines equipped with single hooks baited
with dead sardines every 10 m. The bottom lines
were installed at depths ranging from 3 m to 15 m
at dusk and retrieved at dawn the following day.
Complementarily, S. glanis individuals were
recovered from both benthic and pelagic nets of
professional fishermen. This sampling strategy
allowed the coverage of pelagic and littoral areas
and led to the capture of 283 individuals measuring
from 12 cm to 135 cm (Appendix 1).

2.3.2. Stomach contents

We dissected stomachs of 231 individuals
larger than 12 cm and 115 of them (49. 8%)
contained at least one prey. Prey were measured (to
the nearest 1 mm), weighed (to the nearest 0.1 g),
identified at the highest possible taxonomic level
and classified as pelagic, littoral or deep benthic
using the determination keys of Tachet et al.
(2010), Boismartel et al. (2011) and Keith et al.
(2011). Only 2.4% of prey were not identifiable
(mostly fish). The body masses (g) of partially
digested prey were obtained from empirical mass-
length relationships determined from the annual
scientific survey in Lake Bourget (© SOERE OLA-
IS, INRAE Thonon-les-Bains, CISALB; Rimet et
al. 2020; Appendix 2). Biomasses, occurrence
numbers, abundances, prey richness and number of
prey were used to characterize the diet of the
population. The prey assemblages were
investigated via principal component analysis
(PCA, Pearson 1901) based on Hellinger-
transformed prey abundances (Legendre &
Gallagher 2001). We did not disregard rare prey
prior to conduct the PCA, as they represented the
dominant fraction of diets (63.6% of prey species
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had occurrences below 5%), hence contributing to
an actual characteristic of the population diet.

2.3.3. Stable isotopes

The caudal fins of 217 S. glanis individuals
(including 165 individuals analyzed for stomach
contents) were sampled as a muscle substitute in
accordance with Syvéranta et al. (2010) that
showed strong correlations between both (1:1 fit,
r> = 0.95 for carbon and r? = 0.98 for nitrogen).

The isotopic compositions of the resource pools
characterizing the three lake habitats were obtained
from the stable isotope values of representative
species of each lake habitat sampled from 2015 to
2018. Specifically, chironomids sampled in
surficial ~ sediment at  different  depths
(i.e., -20 m, -40 m and -80 m) using an Ekman grab
represented the deep benthic resource pool (n = 23).
Whitefish (Coregonus lavaretus), sampled by
volunteer anglers, and zooplankton (Bythotrephes
longimanus, Daphnia longispina, Leptodora
kindtii), collected using a 100-um mesh net,
characterized the pelagic resource pool (n = 118).
The littoral resource pool (n = 148) was represented
by crayfish (Orconectes limosus and Pacifastacus
leniusculus) and other invertebrates (Asellus
aquaticus, Ephemera sp., oligochaetes and
chironomids), sampled with Surber nets of 500-um
mesh size, and by two fish species (Salaria
fluviatilis and Ameiurus melas) sampled with nets
of 100-mm mesh size. All littoral resources were
sampled from 2 m to 4 m depth. Note that species
that may be supplied by different lake habitats,
such as perch (Perca fluviatilis), were not
considered in the characterization of the resource
pools, and consequently in lake habitat
contributions at subsidizing S. glanis, despite those
may contribute to S. glanis diet.

The fish fins, crayfish muscles and
macroinvertebrates were gently washed in a 2%
HCI bath to remove carbonate prior to being dried
at40°C for 48 h, and 1 to 1.5 mg dry weight of each
sample was conditioned into a tin cup. Analyses of



the carbon and nitrogen isotopes in the samples
were performed at the Technical Platform of
Functional Ecology (OC 081, UMR 1137 EEF,
Champenoux) using an isotope ratio mass
spectrometer coupled to an elemental analyser
(EA-IRMS). International isotope standards were
used to calibrate the stable isotope values for
carbon (IAEA-CH-7 = 31.8%0) and nitrogen
(IEAEA-N-1 = 0.4%0, IEAEA-N-2 = 20.3%o,
IEAEA-NO-3 = 4.8%0). The internal precision
expressed as the standard deviation of replicate
analyses of internal standards (n = 21), were +0.08
for carbon and +0.26 for nitrogen isotopes. The
stable isotopic ratios were expressed as follows:

Rsample

83C or &N (%0) = [( ) - 1] X 1000 (eq.1)

standard

where R = 13C/%2C or 1°SN/*N.

The isotope values for whitefish were corrected
from fin to muscle following Hanisch et al. (2009),
with 8 Cmuscle = 0.8677 8*3Crin - 4.64 and " Nmuscle
= 0.8574 §%Nsin + 0.94. The isotope values for the
other fish were corrected from fin to muscle
following the method of Hette-Tronquart et al.
(2012) with 3"*Crmuscle = 0.82 3"*Crin - 5.89 and
8 Nmuscle = 1.01 8*°Nsin + 0.74.

The contribution of lake habitats at fuelling S.
glanis individuals was investigated using Bayesian
mixing models (BMMs; Parnell et al. 2012). We
assumed that the stable isotope composition of each
individual represented an isotopic mixture of the
isotope compositions from the resource pools of the
three lake habitats. The BMMs were parameterized
with a burn-in duration of 10% 10% iterations, 4
Markov Monte Carlo chains. The average carbon
and nitrogen concentrations of resources and an
isotopic fractionation of 0.8 +1 for §3C and 3.4 +1
for 3*°N (Vander Zanden & Rasmussen 2001; Post
2002) were incorporated in the BMMs. These
models returned density distributions of the relative
contributions of each resource pool to the
assimilated diet of each S. glanis individual, and
their average values were retained as the proportion
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of assimilated resources originating from each lake
habitat.

Seasonal diet variations were investigated and
had no consistent influence on the stable isotope
values of S. glanis or on the inferred resource
contributions, probably as most S. glanis (67%)
were collected in the same season (spring,
Appendix 3). Furthermore, the isotopic turnover
rate would be around 130 days for a 2.6 kg fish (i.e.,
the average population body mass) according to
Weidel et al. (2011), representing a larger time
scale than the seasonal one (~ 90 days).
Consequently, if a seasonal diet shift had occurred,
it may have resulted in a weak change in S. glanis
isotopic compositions. For these different reasons,
all individuals were pooled in the analyses
regardless of the seasons.

2.3.4. Interindividual diet variations

Interindividual diet variations were estimated
from the diet matrix of prey abundances based on
Bolnick et al. (2002) to support the identification
of possible individual specialization. Although this
method would optimally be applied on repeated
estimates of individual diets (Bolnick et al. 2002),
it can still provide insights on individual diet
departure from the average population diet using
non-repeated measures (Araujo et al. 2009;
Frédérich et al. 2010; Cusa et al. 2019). In our case,
the recapture of individuals was particularly
challenging considering the large area of the
studied ecosystem. We thus applied this method to
obtain a proxy of the interindividual diet variations,
while being aware of the possible overestimation of
individual specialization.

Specifically, interindividual diet variations
were estimated using Vi sc to represent the diet
departure of individual i from the average
population diet q (Araujo et al. 2009) as follows:

Visc=1—PS; (eq.2)

with  PS;=1-105 Z lpiy — ;] (eq.3)
-



where pjj is the proportion of resource j in the
observed diet of S. glanis i and g is the proportion
of resource j found in the average population diet.

The mean Vi _sc was complementarily computed
to provide an estimate of the extent of
interindividual diet variations in the population
(Vror_sc). The significance of Vpop sc was tested
under the null hypothesis that each individual diet
was randomly distributed from the average
population diet (Bolnick & Paull 2009). A null
model was built following Bolnick et al. (2002) by
simulating 100 populations, exhibiting the same
number of individuals (n=115) and prey per
individual as the empirical population. We
simulated individual diets using a multinomial
distribution where the prey probability to be
sampled corresponded to the prey proportions in
the empirical population diet (g) and the number of
random draws was equal to the number of prey. The
simulated Vpop_sc could hence be compared to the
empirical Vpop sc to obtain an estimate of the
statistical significance of interindividual diet
variations in the population (i.e., the proportion of
simulated Vpop_sc values higher than the empirical
Vpop_sc value).

2.3.5. Interindividual isotope variations

The extent of interindividual isotope variations
in the population was complementarily estimated
(Veor_si). We used the method of Araujo et al.
(2007) based on the relationship between the
isotopic variances (Variso) of both §'3C and 5'°N of
a population and its Veop si. Specifically, we
simulated 100 populations using the same null
model as previously described, with the prey
number varying from 1 to 100 (i.e., the number of
random draws in the multinomial distribution) to
simulate individual diets in each population. The
stable isotope values and the body masses of prey
items were assigned to each hypothetical individual
diet (Appendix 4) and the predicted isotope values
of simulated S. glanis i were estimated with
equation 4 (Araujo et al. 2007).
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Pijm;

85X
i 2 pijm;

8X; (estimated) — j (eq. 4)

with 6Xi = 83C or § ©°N of S. glanis i, mj is the
average dry mass of prey j, pi is the proportion of
prey j in the diet of S. glanis i and 6.Xj = §*3C or §
N of prey j.

Variso and the corresponding Vpop si could
hence be calculated for each simulated population,
and their relationships were fitted using
generalized additive models (GAM; Wood 2017)
that allow coping with nonlinear relationships. The
empirical Vpeopr_si values were then retrieved from
the Variso-Veor_si relationships established for both
carbon and nitrogen.

At the individual level, interindividual isotope
variations (Vi_si) were quantified as the normalized
Euclidian isotope distance of S. glanis i from the
centroid of the isotope convex hull of the
population (equation 5).

i max (7) (eq.5)
Vi_si does not discriminate identity of consumed
prey as different prey items can have variable
distances on the isotopic space. However, Vi s
provided information regarding individual isotope
departure from the mean population isotope
signature expected to originate from the
exploitation of variable proportions of the resource
pools from the different lake habitats. Hence, Vi_si
provided a complementary index for examining
interindividual variation at a coarser scale (i.e., lake
habitat) than the one of Vi sc (i.e., prey identity).

2.3.6. Body size constraints on S. glanis
trophic characteristics

GAMs were used to explore the relationships
between S. glanis body sizes (i.e., ontogeny) and
the prey richness, the individual scores on the two
first PCA axes, the contributions of resource pools
of lake habitats and the interindividual trophic
variations (Vi sc and Vi s)). A gamma distribution
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(suitable for right-skewed continuous data) was 2. 4. Results
used to fit the GAMSs when using the first two PCA
axis scores (transformed by adding the minimal 2.4.1. Stomach contents

PCA axis scores to make them positive), the
resource pool contributions, Visc and Vis as
response  variables. A  negative  binomial
distribution was used to fit a GAM with prey
richness (right-skewed counts) as response
variable. All GAMs were checked to ensure their
validity (i.e., the model residuals had no trend over
the explanatory and response variable; Faraway

The 494 prey items, identified from the 115
non-empty stomachs, belonged to 22 different
items (abbreviations of species names are provided
in  Appendix 5). Four prey species clearly
dominated S. glanis diets and represented 83% of
the relative abundance of prey items: the spiny-
cheek crayfish (Orconectes limosus, Orcl; n =198),
the perch (Perca fluviatilis, Prcf; n= 100), the

2006). . :
) roach (Rutilus rutilus, Rtlr, n = 56) and the zebra
All statistical analyses were performed using R. mussel (Dreissena polymorpha, Drsp, n = 56)
3. 5.1 (R Core Team 2018) with the packages (Figure 1a). The roach, spiny-cheek crayfish and
ggplot2 (Wickham 2016), mgcv (Wood 2017), perch represented 89.4% of the total biomass
raster (Hijmans 2020) and simmr (Parnell 2019). (65.5%, 16.7% and 7.2%, respectively), while
other prey represented a minor biomass in diets
(i.e., <5%; Figure 1b).
220~ 10000~ 70-
200- Crayfish (a) (b) 8- (é)
1'82 M Fish __1000- W =50
S 140-| [l Invertebrates C] [ =
g Other 2 100- ‘ g1 ‘
5 100- E £ 20- i
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60 10- | O 20- B
40- 10- I
e B | E—
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B SsESSISNESS SRR ES Ss58353835: 5855888 RS iSEEE5HE57355888844
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25- D Prey richness

‘ T
17.5 Increasing S. glanis body size (cm) 135.0

Figure 1: Summary of S. glanis non-empty stomach contents (n = 115): cumulated abundance (a), cumulated
biomass (note the log-scale) (b) and occurrence (c) of prey items. Barplots showing the number of prey and prey
richness for each individual are ranked by increasing S. glanis body sizes (d). In (a), (b) and (c): Orcl = Orconectes
limosus, Prcf = Perca fluviatilis, RItr = Rutilus rutilus, Drsp = Dreissena polymorpha, Crgl = Coregonus lavaretus
and Ltlt = Lota lota . Abbreviations for other prey names are reported in Appendix 5.
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These three prey were also the prey items most
frequently found in non-empty stomachs (i.e., total
relative occurrence > 60%; Figure 1c). Rare prey
(occurrence < 5%) belonged to different lake
habitats and covered a wide taxonomic range,
including invertebrates (e.g., Ephemera sp., Ephm,
n = 1), littoral fish (e.g., Salaria fluviatilis, Slrf,
n=5), pelagic fish (Coregonus lavaretus, Crgl,
n =1) and deep-benthic related fish (Lota lota, Ltlt,
n =10). Mineral and vegetal matters were also
identified. The prey richness was generally low, as
a single prey item was present in 30.4% of non-
empty stomachs, and 33.0% of stomachs contained
more than a single prey corresponding to only one
species. (Figure 1d). The diet composition was not
strongly structured by the different prey species, as
shown by the two first PCA axes that captured a
restricted fraction of the overall S. glanis diet
variability (16.3% of the total variance) yet
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permitted the visualization of different prey
assemblages (Figure 2).

A crayfish-based diet was negatively correlated
with PCA axis 1 (30% of contribution), while
burbot, perch and pumpkinseed sunfish (Lepomis
gibbosus) were positively correlated with PCA axis
1, contributing at 25%, 20% and 17%, respectively,
to the axis. Odonates, blenny (Salaria fluviatilis),
and roach mainly influenced PCA axis 2. Rare prey
(e.g., pike, whitefish) were not discriminant in the
PCA biplot, and their rare occurrences led most S.
glanis individuals to lie close to the biplot center.

2.4.2. Stable isotopes

The stable isotope compositions of the resource
pools from the different lake habitats were
appreciably distinct and delineated clearly different
isotopic spaces (Figure 3a).

Body size (cm)

125
100

75

30

25

Dim 1 (8.4 %)

Figure 2: PCA of prey assemblages based on prey abundances in S. glanis stomach contents. A color gradient from
purple to yellow represents S. glanis body sizes. On PCA axis 1, Orcl = Orconectes limosus, Prcf = Perca fluviatilis, Ltlt
= Lota lota, Lpmg = Lepomis gibbosus, Drsp = Dreissena polymorpha. On PCA axis 2, Odnt = odonate, Mnrm =
mineral matters, SIrf = Salaria fluviatilis and RItr = Rutilus rutilus. Abbreviations for other prey names are reported in

Appendix 5.



The littoral resource pool was **C-enriched,
contrary to the deep benthic pool that was
characterized by *C-depleted isotope values. Both
pools had similar §*°N values, although the deep
benthic pool exhibited a higher variability (Table
1). The pelagic resource pool had enriched 5°N
values that slightly varied and intermediate 53C
values compared to the two other pools.

There were substantial variations in both the
313C and 8'°N values of S. glanis, and most §'3C
values tended to be similar to those of the littoral
resource pool, while the 5!°N values had variable
enrichment extents (Table 1; Figure 3a).

The variability in individual isotopic
compositions reflected different contributions of
the three lake resource pools according to the BMM
inferences (Figure 3b). The littoral resource pool
mainly contributed to the assimilated diets of S.
glanis (70.3 = 9.6%), while the two other pools had
lower but non-negligible and similar contributions
(pelagic = 15.8 £ 5.3% and deep benthic = 13.9 +
5.2%).
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It is worth noting that the pelagic and deep
benthic contributions largely varied among
individuals, with maximum values of 35.9% and
51.5% for the pelagic and deep benthic pools,
respectively.

Table 1: Characteristics of isotopic values (6**C and
o™N) of S. glanis and for each resource pool associated
to deep benthic, littoral and pelagic lake habitats.

313C (%) SN (%0)
Mean value +SD  Mean value +SD

(min; max) (min; max)
S. glanis -26.3£1.7 13.3+1.3
(n=217) (-32.1; -19.7) (10.9; 17.6)
Deep benthic -35.0£1.8 9.7+1.7
(n=23) (-39.6; -32.7) (5.1;11.9)
Littoral -26.1%£1.5 9.3+2.2
(n=148) (-30.9; -20) (1.4;13.5)
Pelagic -32.4 +0.8 14.4 £0.9
(n=118) (-33.6; -29.3) (10.8; 17.7)

. Deep benthic
7 Litoral

. Pelagic

™

135.0

Increasing S. glanis body size (cm)

Figure 3: Biplot of isotope values for S. glanis (orange) and for the three ressource pools related deep benthic,
littoral and pelagic habitats (a). Relative contribution of each resource pool to the assimilated diet for S. glanis
individuals inferred with Bayesian mixing models and ranked by increasing body sizes from left to right (b).
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2.4.3. Interindividual trophic variations relationships Variso-Veor si (Appendix 6) were
notably lower and non-significant (Vpop si from
Varsizc = 0.23 and Veop s from Varsisn = 0.15; p-
value > 0.05; Appendix 6).

The interindividual diet variation index (Vi_sc)
varied among individuals, and most S. glanis
individuals had Vi sc values above 0.5 (87%),
among which 43% ranged from 0.5 to 0.6 and 23%

were above 0.9, indicating high interindividual diet 2.4.4. Body size and trophic characteristics
variations (Figure 4a). In contrast, the Vi_si values The trophic characteristics of S. glanis varied
were more evenly distributed, with 91% of the Vi s poorly with body size explaining less than 10% of
values being below 0.5 (Figure 4b), suggesting the GAM deviances (Table 2; Appendix 7).
small interindividual isotope variations found at the However, the significant increase in individual
individual level. Nonetheless, a few individuals PCA axis 1 scores (characterized by a crayfish-to-
presented clear departures in their isotopic fish diet) would indicate a possible ontogenetic diet
compositions from the mean population isotopic change, along with an increase of the littoral
composition (5% of individuals with Vi si > 0.6), resource pool contribution and a decrease of the
suggesting  effective  differences in habitat deep benthic resource pool contribution to
exploitation compared to the average population assimilated diets with body size. The significant
(Appendix 6). increase in Vis values may also support an

ontogenetic diet change with larger individuals that
may tend to exhibit more distinct isotopic

The extent of interindividual diet variations
Vpop sc Was consequently high and significant

(Veor sc = 0.67; p-value < 0.001; Appendix 6), colmposmons than the mean population isotope
while the Vpop s values derived from the fitted value.
50- 70
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E:;-ao- %”40.
Q 3
= o
g Y30
w 20- w
20-
10
10
06_0 01 02 02 04 05 06 07 08 09 10 Of}.ﬂ 01 02 03 04 05 06 07 08 09 10

Vi se Vi s

Figure 4: Histograms of interindividual diet variations V;_sc (a) and interindividual isotope variations V; s (b).
The vertical dashed lines correspond to the mean of V; sc and Vi .
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Table 2: Summary statistics of generalized additive models used to assess the influence of body size (i.e., ontogeny) on
trophic characteristics of S. glanis. Significant relationships between body size and the different variables are identified
in bold. ** significant relationship at P < 0.005 and *significant relationship at P < 0.05. The fitted relationships are

provided in Appendix 7.

edf Deviance explained (%) P-value
Prey richness 1.0 2.22 0.311
Individual scores on PCA Dim. 1 1.0 4.39 0.029*
Individual scores on PCA Dim. 2 1.0 0.40 0.603
Littoral compartment contribution 1.0 2.15 0.023*
Pelagic compartment contribution 1.0 0.17 0.531
Benthic compartment contribution 2.6 8.16 0.003**
Interindividual diet variations 2.7 5.65 0.264
Interindividual isotope variations 1.5 3.10 0.044*

2. 5. Discussion

2.5.1. Dietof S. glanis in Lake Bourget

Various prey species were found with low
occurrence frequencies in the stomachs of S. glanis,
and the population diet mostly relied on three core
prey: crayfish, roach and perch. A couple of prey
items, such as vegetal or zebra mussels were found
in restricted proportions in stomach contents.
Those were likely unintentionally consumed and
may rather represent unselected prey passively
ingested during consumption of littoral prey such
as crayfish and littoral fish (Ptatscheck et al. 2020).

Yet, most prey were in line with those
frequently described in studies conducted in large
rivers and reservoirs (Carol et al. 2009; Copp et al.
2009; Guillerault et al. 2015; Vejtik et al. 2017a;
Ferreira et al. 2019; Haubrock et al. 2020) and
mainly belonged to the littoral habitat (i.e., 86% of
the prey species). The diet reliance toward this
habitat was further supported by the major
contribution of the littoral resource pool to S. glanis
assimilated diets inferred with BMM, confirming
our expectations that S. glanis would preferentially
exploit the littoral lake habitat. The structural
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complexity of this habitat (e.g., macrophytes,
immersed trees) and the warmer water temperature
are likely most suited to the ecological requirement
of this invader compared to pelagic and deep
benthic habitats (Copp et al. 2009; Cucherousset et
al. 2017). Nonetheless, our results revealed non-
negligible contributions of the deep benthic and
pelagic resource pools to S. glanis diet based on
stable isotope analyses. A few prey found in
stomachs supported the exploitation by S. glanis of
these habitats, which are typical of large peri-
Alpine lakes. For instance, nine burbot individuals
(deep benthic-related fish species) were found in
six S. glanis stomachs, and one European whitefish
(pelagic fish species) was identified. The actual
foraging of S. glanis in the pelagic habitat was
supported by regular catches by professional and
recreational fishermen up to 1 km from the
shoreline, from between 5 m and 15 m in depth to
more than 100 m in depth, but also by the
individuals captured in the pelagic habitat for our
study (Appendix 8). This result echoes whitefish
consumption by S. glanis reported in Most Lake
(Czech Republic) by Vejtik et al. (2017a). At first
sight, S. glanis body shape (i.e., round head, thick
body) may not be particularly suited for hunting in



the pelagic habitat while its non-visual predation
technique based on its littoral line sensitivity
(Pohlmann et al. 2004) predisposes it to be an
effective nocturnal pelagic predator. Nonetheless,
the pelagic habitat may appear attractive for S.
glanis by providing fish resources (e.g., roach and
perch regularly detected during scientific surveys;
Jacquet et al. 2020) and serving as a quiet resting
place when the littoral habitat is saturated with
summer recreational activities.

The significant exploitation of pelagic and deep
benthic habitats by S. glanis appeared much lower
using the stomach contents than using the stable
isotopes. Prey often exhibit intraspecific variations
in their diet and foraging habitats (Eloranta et al.
2017). Consequently, stomach content analyses
may have underestimated the support of these
habitats at subsidizing S. glanis. For instance, in
Lake Bourget, perch present high interindividual
S13C variations (Appendix 4), ranging from -37%o
(suggesting a significant contribution of the deep
benthic habitat) to -24%. (suggesting a major
reliance on the littoral habitat). These isotope
signals would then be transmitted to S. glanis,
which may hence derive their energy from different
lake habitats despite consuming the same prey
species.

The encounters between S. glanis and deep
benthic or pelagic resources can also be fostered by
the behavioral characteristics of pelagic and deep
benthic species that can experience diel migrations,
often leading to the time-limited colonization of
littoral habitats at night (e.g., burbot; Cott et al.
2015). These periodic behaviors both increase the
spatial matching of prey with S. glanis and with its
preferential feeding times at dusk and dawn
(Cucherousset et al. 2017).

2.5.2. Interindividual trophic variations

Potential individual specialization among the
population was suggested by the high and
significant observed interindividual diet variations,
while no individual specialization was identified
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with stable isotopes (i.e., low and nonsignificant
interindividual isotope  variations).  This
discrepancy may emerge due to two main reasons.
First, individual specialization inferred from
stomach contents may be overestimated due to the
high proportion of rare species present in diets (i.e.,
high occurrence of 0 in the diet matrix; Bolnick et
al. 2002) and the non-repeated measure of diets.
These limitations may inflate Vi sc and thus the
significance of individual specialization (Vrop_sc).
Second, individual specialization assessed using
stable isotopes may be underestimated considering
a different diet integration time and variations in
the prey isotope values (Araujo et al. 2009). High
prey intraspecific isotopic differences can inflate
consumer Variso and the corresponding Veop s,
while low prey interspecific isotopic differences
may dampen Variso and the corresponding Veor si
(Matthews & Mazumder 2004; Bond et al. 2016).

Regardless of the divergence between the two
approaches, our results may appear in lines with the
findings of Vejiik et al. (2017a) that highlighted
short-term specialization and long-term generalism
of S. glanis using repeated diet measures in Czech
lakes. Yet, several individuals clearly differed in
diets and stable isotope compositions as compared
to the average population estimates likely traducing
a highly opportunistic trophic behavior and a large
trophic plasticity. Additionally, the stable isotope
analyses displayed the temporal consistency of
individual specialization and underlined the
generalist feeding behavior of the population.
Indeed, individuals with high Vi s values presented
less mixed isotopic compositions (contribution of
one resource pool > 90%; Appendix 6), while most
individuals were characterized by a mixed
contribution of resource pools, strengthening the
opportunistic feeding behavior in the different lake
habitats and reflecting a generalist diet (Lopezosa
et al. 2019).



2.5.3. Ontogenetic diet changes

Contrary to our expectations, individual body
size had a minor influence on the trophic
characteristics of S. glanis, as indicated by the low
deviance explained by the GAMs. Therefore,
ontogeny currently seems to poorly constrain the
trophic characteristics of S. glanis in Lake Bourget,
contrary to results obtained in other ecosystems
(Carol et al. 2009; Alp 2017). This result may be
partly due to the limited body size range of the
current population, with most individuals
measuring less than 80 cm, and the absence of large
individuals (> 140 cm). This population size
spectrum is in lines with a newly established
population but may have limited our ability to fully
characterized diet and isotope compositions for the
entire possible body size range of this invader
found in other ecosystems (e.g., individual > 200
cm). The probable future modification of the
population body size spectrum, in lines with the
aging of the population, is expected to include
larger individuals and may promote a stronger
ontogenetic pattern in diet divergence between
small and large S. glanis individuals, expected to
increasingly become piscivorous (Carol et al. 2009;
Alp 2017).

2. 5. Conclusions

This study provides an overview of the trophic
ecology of S. glanis in large peri-Alpine lakes and
underlines its major littoral reliance. However, the
individual diets of S. glanis appear to be
heterogeneous and characterized by a diversified
set of vrare prey, highlighting individual
opportunism and the non-negligible exploitation of
pelagic and deep benthic habitats, typical habitats
of large peri-Alpine lakes. This trophic
opportunism may be a key driver of its
establishment in peri-Alpine lakes. As such, S.
glanis may represent a risk for resident species
especially if its abundance rapidly increases in the
future.
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4. Annexes

Appendix 1. Sampling of S. glanis body sizes. Histograms represent S. glanis body sizes
covered for stomach content (A) and stable isotope (B) analyses.
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Appendix 2. Prediction of body size and weight for crayfish and fish partially digested.

For crayfish, a linear model was used to infer body sizes from their claw sizes (cm) based on non-digested individuals in stomach contents and
a non-linear least squares model (nls) was used to recover their body weights (g) from body sizes (Table S2; Figure S2A & B). Another nls was
used to infer fish body weight (g) from their body size (cm) using biometric measurements from the scientific survey of the lake (Table S2; Figure
S20C).

Table S2. Model formula, coefficients and significance of relationships for predicting body sizes and body weights of crayfish and fish body
weights.

Model formula Coefficients Significance
R2=10.83
a1 =222 Residual Std Error = 0.73

Body sizecrayrisn = a1 Claws sizecraypisn ¥ b1 _ 5 4g F-statistics = 371.7

p-value < 0.001

a;=0.015 Residual Std Error =1.914
Body weigthcraysisn = az (Claws sizecrayrisn)™ 1, _ 3 5 p-value < 0.001
az = 0.0046 Residual Std Error =5.45

Body weigthg;s, = az (Body lengthg;s,)"s bs = 3.29 p-value < 0.001
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Figure S2. Relationships between body size and claw size of crayfish (A), relationship between weight and body size of crayfish (B) and
relationship between weight and body size of fish (C). Points represent values used to fit the models and lines correspond to the fitted values.
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Appendix 3. Seasonal variability of sampling and trophic characteristics for S. glanis.

Most of S. glanis were captured during spring (Figure S3A) and corresponding to
intermediate and large body sizes (Figure S3A & B). No significant differences in §*C values
were found between seasons (Kruskal-Wallis test, p-value = 0.336; Figure S3C) while §*°N
values were appeared significantly higher in spring than in summer (Kruskal-Wallis test, p-
value < 0.001; Figure S3D) although, 5'°N variations remained minor with spring median of
13.6%o and summer median = 12.7%.. Further, §'°N values in summer were not different from
autumn and winter.

The deep benthic and the littoral contributions to individual assimilated diet did not differ
over seasons (Kruskal-Wallis tests, p-value = 0.795 and p-value = 0.083; Figure S3E, F) while
the pelagic contribution was significantly higher in spring, possibly in lines with the higher
31N values found during this season (Kruskal-Wallis test, p-value = 0.009; Figure S3G). Yet,
these differences appeared negligible (spring median pelagic contribution = 16. 8% and summer
median pelagic contribution =14.2%) and the pelagic contribution in summer was not
significantly different in autumn and winter.

Overall, we found limited seasonal variations in stable isotope values and resource
contributions and these variations could be partly induced by unbalanced sample size over
seasons, limiting consistent conclusions about a seasonal effect in stable isotope compositions
in Lake Bourget.
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Appendix 4. Isotope values of different organisms sampled in Lake Bourget between 2017
and 2019. Weights and mean +SD of the stable isotopes values of different organisms that
belong to S. glanis prey

Prey Weight Mean 8°C +SD Mean 8°N +SD
@) (%o) (%o)
Bithynia (n = 6) 0.070 -26.50 £1.76 7.34 £0.60
Blenny (n = 21) 14.00 -26.95 +0.99 12.33 £0.62
Burbot (n =) 500.00 -30.12 +0.89 17.81£0.71
Chironomids (n = 37) 0.003 -26.30 £1.75 7.99 £1.84
Ephemerids (n = 5) 0.030 -26.31 £1.41 7.12 £0.96
Northern pike 5000.00 -25.80 +2.25 15.32 £0.90
Odonates (n = 3) 0.28 -33.60 £0.49 8.56 £1.51
Perch (n = 31) 18.24 -29.52 +2.63 13.77 £2.39
Pumpkinseed sunfish 25.20 -25.40 £0.30 9.27 £0.40
Roach (n=21) 76.33 -27.13£2.04 12.27 £1.10
Spiny-cheek crayfish (n = 50) 11.16 -25.44 £1.02 9.59 +0.88
Tench (n = 4) 40.23 -27.13+2.19 12.07 £1. 54
Vegetal (n = 16) 1.40 -19. 03 £1. 69 3.31+3.46
Whitefish (n = 104) 144.90 -32.43 +0.86 14. 57 £0.59
Zebra mussel (n = 37) 1.00 -31.25 £1. 28 6. 69 +£0.94
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Appendix 5. Prey abbreviations used in the different figures and in the main text based
on species scientific name.

Abbreviation

Common name

Scientific name

Invertebrates Bthy Bithynia Bithynia sp.
Chrn Chironomid Chironomus sp.
Drsp Zebra mussel Dresseina polymorpha
Ephm Ephemerid Ephemera sp.
Lcne Stag beetle Lucanus cervus
Odnt Odonata Libellulidae sp.
Orcl Spiny-cheek crayfish Orconectes limosus
Pscc Piscicolidae Piscicola sp.

Fish Crgl Whitefish Coregonus lavaretus
EsxI Northern pike Esox lucius
Lpmg Pumpkinseed sunfish Lepomis gibbosus
Ltlt Burbot Lota lota
NniF Non-identified fish /
Prcf Perch Perca fluviatilis
Rtlr Roach Rutilus rutilus
Sirf Blenny Salaria fluviatilis
Slrg European catfish Silurus glanis
Tnct Tench Tinca tinca

Other Mmml Unidentified vertebrate /
Mnrm Mineral matter /
Ntrm Viperine snake Natrix maura
Vatl Vegetal matter /
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Appendix 6. Interindividual diet variations and individual specialization.
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Figure S6.1. Relationships between interindividual isotope variations (Vis) and the
contributions of deep benthic (A), littoral (B) and pelagic (C) resource pools fuelling S. glanis.
Vi si increases when the contributions of the resource pools highly differ from the mean
contribution found in the population (black vertical lines).
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Figure S6.2. Distributions of simulated Veop (histograms) and the empirical Veop (dashed lines)
for stomach contents (A) and stable isotopes of 3**C (B) and §*°N (C).
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Figure S6.3. Simulation-based relationships between the population isotope variances (Variso) and the population individual specialization index
(Vrop) for carbon (A) and nitrogen (B) stable isotopes. Each point represents a single simulated S. glanis population for which Vpop and Variso
were computed. Solid curves indicate the GAM fitted relationships and dashed curves are the associated confidence intervals. The horizontal black
solid lines indicate the empirically estimated isotopic variance of the S. glanis population (Vars;3c = 2.84 and Vars;sy = 1.66) and the vertical black
solid lines correspond to the Vpop inferred from the empirical isotopic variances (Vs;3c = 0.23 and Vs;sy = 0.15).
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Appendix 7. Influence of body size (i.e., ontogeny) on trophic characteristics and interindividual trophic variations of S. glanis.
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Figure S7. GAM fitted relationships between body size and different variables derived from stomach contents analysis (1% row), stable isotopes
analysis (2" row) and interindividual trophic variations (3" row). The solid black curves correspond to the fitted values from GAMs and grey areas
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Appendix 8. Habitats where most Silurus glanis were caught in Lake Bourget between
2017 and 2019.
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Figure S8. Number of S. glanis caught in the pelagic and littoral habitats according to the
fishing method used. “Littoral” gathers fish caught with lines and nets set between 3 and 15 m
in the littoral habitat (total depth of the water column < 20 m). “Pelagic” corresponds to fish
caught with pelagic nets set between 10 and 60 m in the pelagic habitat (total depth of the water
column > 20 m). Fish for which no information on the capture habitat or on the technic was
available are referenced as “NA”.
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« Laissez-moi vous indiguer un moyen qui ne serait certainement pas
une panacée, mais dont l’efficacité m’inspire toute confiance. »

Louis Pasteur
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CHAPITRE 2. Reconstitution d’interactions trophiques en
écosystemes d’eau douce tempérés

1. Présentation du chapitre

Problématique : I’étude empirique des régimes alimentaires réalisée dans le Chapitre 1 ne
permet pas d’identifier toutes les interactions trophiques interspécifiques possibles et peut étre
biaisée par différents facteurs comme les tailles de silures échantillonnées, la peériode
d’échantillonnage ou le niveau d’identification taxonomique. De plus, la volonté d’intégrer
I’ensemble des niveaux trophiques dans 1’évaluation d’impact du silure au sein des lacs
périalpins a conduit a développer une approche prédictive pour inférer des liens trophiques
basée sur la relation allométrique entre la taille des prédateurs et celle des proies, nécessitant
I’utilisation de peu de données empiriques facilement disponibles ou issues de la littérature.

Méthodologie : un ensemble de 26 espéeces ubiquistes des écosystémes d’eau douce, allant
de la dizaine de micrometres au metre et dont les caractéristiques trophiques étaient bien
connues (c.-a-d. régime alimentaire empirique, amplitude de taille de proie) ont été utilisées
pour calibrer un modele allométrique (aNM) en utilisant des quantiles de régressions a 5%
(taille de proie minimum) et a 95% (taille de proie maximum) d’apres la méthodologie proposée
par Gravel et al. (2013). Ces relations ont éte calibrées différemment pour les invertébrés et les
vertébrés du fait de leur différence de comportement trophique intrinséque. L’aNM a été validé
pour 13 écosystémes d’eau douce (c.-a-d. lacs, étangs et rivieres) en comparant les matrices
d’interactions empiriques des 13 réseaux et celles inférées avec ’aNM. L’aNM a finalement
été appliqué a la liste taxonomique du Lac du Bourget intégrant 474 especes dans le but de
reconstituer le réseau trophique et d’identifier ses principales caractéristiques.

Principaux résultats : ’aNM a montré une bonne performance de prédiction des liens
trophiques existant au sein des 13 réseaux empiriques (spécificité = proportion de liens
empiriguement absents prédits absents = 87 + 12% ; sensibilitt = proportion de liens
empiriquement présents prédits présents = 59 + 29% ; acuité = proportion de liens présents et
absents bien prédits = 81 + 10%). Les inadéquations de prédiction sont liées a des
consommateurs ayant des spécificités trophiques peu communes en milieu tempéré (ex :
especes de petite taille prédatant des proies particulierement grandes et inversement). La
méthode reste en revanche applicable a d’autres écosystémes d’eau douce tempérés.
L’application de I’aNM a la liste taxonomique du Lac du Bourget a permis de reconstituer un
réseau trophique intégrant 26037 liens, mettant en évidence une complexité plus importante du
sous-réseau benthique par rapport au sous-réseau pélagique et un couplage benthique-pélagique
des sous-réseaux favorise par les poissons.

Valorisation : Ce chapitre a fait I’objet d’un article publié en 2021 dans le journal
Ecosphere. Il a fourni une base méthodologique pour décrire 1’impact du silure dans les lacs
périalpins aux échelles spécifiques et multi-specifiques (cf. Chapitre 3 a 5).
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2. Article 2 — An allometric niche model for species interactions in temperate
freshwater ecosystems

Chloé Vagnon'™, Franck Cattanéo?, Chloé Goulon?, David Grimardias?, Jean Guillard?, and
Victor Frossard?!

L Univ. Savoie Mont-Blanc, INRAE, CARRTEL, 74200 Thonon-les-Bains, France
2 HES-SO / HEPIA, CH-1254 Jussy, Suisse
*! Corresponding author: chloe.vagnon@gmail.com

2.1. Abstract

Trophic interactions are central in understanding ecosystem processes and the management
of natural ecosystems but are frequently complex to estimate. To address this issue, body size
has been shown to be a useful trait to reconstruct species interactions, particularly in aquatic
ecosystems.

An allometric niche model (aNM) considering body size as a niche trait is proposed to
predict trophic interactions in temperate freshwater ecosystems. The aNM calibration was based
on 26 ubiquitous freshwater species with known minimal and maximum prey body sizes that
permitted the establishment of prey body size ranges for vertebrate and invertebrate consumers.
The aNM inferences were validated for 13 empirical freshwater food webs, and the model was
applied to an extensive inventory of 474 species (spanning six orders of body size magnitude)
from the largest natural French lake (Lake Bourget). This application permitted to strengthen
the aNM validation with predator-prey mass ratio comparisons, predicted diet analyses and
allowed the exploration of the lake food web structure.

The aNM provided appreciable intrinsic validity (specificity = 87 + 12%, sensitivity =59 +
29%, accuracy = 81 £ 10%) and departures among inferred and empirical trophic interactions
were explained by foraging specificities or limited sampling of stomach contents. In Lake
Bourget, 26037 trophic links were inferred. Predator-prey mass ratios for vertebrates and
invertebrates were consistent with those empirically established and were occasionally higher
for invertebrates as the aNM considers small prey (e.g., bacteria) as possible resources for
invertebrates. The inferred diets for three species selected for their well-known foraging
ecology, also revealed plausible outcomes of the aNM. The nested structure of the lake food
web was determined by highlighting different topologies among the benthic and the pelagic
food sub-webs and the role of top predator fish in the coupling of both food sub-webs.

Due to the large number of species inventories available worldwide for freshwater
ecosystems anchored in the ecological monitoring, the aNM may represent a valuable tool for
both ecologists and managers to address complementary facets of applied biodiversity studies
(e.g., reconstruct highly resolved food webs, predict pressures on important species or new
interactions with invasive species).

Keywords: allometry, body size, food web, freshwater, niche model, trophic interactions,
species inventories
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2.2. Introduction

Trophic interactions are one of the most evident
and constraining ecological interactions that shape
species abundances and influence food web
structure and ecosystem processes (Beckerman et
al. 2006; Otto et al. 2007; Allesina & Tang 2012).
However, their identification among co-occurring
species using either direct (Hyslop 1980) or
indirect methods (Laska & Wootton 1998) remains
difficult, particularly for small organisms (e.g.,
invertebrates). Several inherent limitations of
empirical studies can hinder the resolution of
exhaustive trophic interactions among species
living within an ecosystem. These limitations are
mainly related to the limited taxonomic resolution
and/or the misidentification of consumers’ prey as
well as the sampling effort. These factors can
influence the characterization of consumers’ diet
range, where the number of actual prey for a
species tends to continuously increase with the
number of individuals analyzed (Woodward et al.
2010). Additionally, ethical considerations can
further limit the possibility of sacrificing or
manipulating individuals to access their stomach
contents (Light et al. 1983; Kamler & Pope 2001).

To address these difficulties, different methods
have been proposed to reconstruct species trophic
interactions.  Extrapolations  from  existing
published  species interactions based on
phylogenetic relationships (Gray et al. 2015) have
provided plausible results but were dependent on
the data quality and the species taxonomic
resolution. Predictive models such as the allometric
diet breadth model (Petchey et al. 2008) or a
composite model of phylogenetic and species trait
distributions (Pomeranz et al. 2019) have provided
a better understanding of trophic interaction
mechanisms and insights into food web structures
while requiring specific parameters that are
challenging to retrieve, such as handling time or
attack rate. In most accurate predictive models,
species body size is used as a strong predictor of
trophic interactions (Brose et al. 2006a; Reum et
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al. 2018, Portalier et al. 2019), this factor is
especially valuable in aquatic ecosystems (Warren
& Lawton 1987) and simple to retrieve from
species monitoring programs or the literature.
Gravel et al. (2013) successfully took advantage of
the niche model principles (Williams & Martinez
2000) to predict trophic interactions from this trait
for fish species in the Mediterranean Sea. These
authors used species body size as a unidimensional
trait to characterize the species trophic niches
leading to allometric relationships between
predator-prey body sizes. This approach has
recently been used to explore the connectivity of
the global marine food web by considering
complementary ecological traits such as habitat
(Albouy et al. 2019).

Among aquatic ecosystems, freshwater
ecosystems contain significant biodiversity and
support numerous ecosystem services (e.g.,
drinking water, fish production and recreational
activities; Schallenberg et al. 2013; Costanza et al.
2014), consequently having important patrimonial
and conservation values. A prerequisite for
efficient conservation is to embrace the complexity
of species interactions among which trophic
interactions are expected to be primarily involved
(Cumming et al. 2010). Hence, we expanded the
approach of Gravel et al. (2013) to freshwater
ecosystems and generalized its original application
focused on vertebrates (fish) by including
invertebrate consumers. Thus, we could benefit
from a predictive allometric niche model (aNM)
that would allow the reconstruction of trophic
interactions from primary producers to top predator
fish in temperate freshwater ecosystems.
Importantly, this model involves species
inventories, which are among the most commonly
available and shared ecological data, and would
consequently  offer  substantial  application
opportunities in various fields of research for both
ecologists and managers.

In this study, the aNM was first calibrated using
species widely distributed among freshwater
ecosystems whose diets and/or feeding ranges have



been extensively studied. The intrinsic validity of
the model was tested by comparing the aNM
inferences to the empirical trophic interactions in
13 freshwater food webs by classification metrics
(Tharwat 2018). The aNM was then applied to an
extensive species inventory from the largest natural
French lake (Lake Bourget). The consistency of the
aNM inferences was first investigated through the
calculation of predator-prey body mass ratios and
compared with empirical body mass ratios. The
inferences were then used to analyze the predicted
diets for three selected common species: the
European catfish (Silurus glanis, an invasive
species in many ecosystems, recently established in
Lake Bourget), the whitefish (Coregonus
lavaretus, presenting a significant economic value)
and the gammarid shrimp (Gammarus pulex,
occupying a functional role in organic matter
decomposition). Finally, the aNM was used to
explore the whole food web structure of Lake
Bourget by characterizing its underlying
nestedness induced by its respective benthic and
pelagic food sub-webs and to determine how
species were involved in this coupling. We
specifically expected to identify a structural
asymmetry between these two food sub-webs
(Rooney et al. 2006; McCann & Rooney 2009;
Rooney & McCann 2012) and suspected that top
predator fish would play a crucial role in their
coupling.

2.3. Material and methods

2.3.1. Fitting the aNM

The niche model (Williams & Martinez 2000)
is a stochastic model stating that a consumer of
body size n; forages on a continuous feeding range
ri, centered on ci. This model fairly predicts the
structural properties of complex food webs
(Camacho et al. 2002; Williams et al. 2010) and
suggests that the trophic niche of consumers could
be approximately unidimensional. Gravel et al.
(2013) proposed using the niche model principles
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to predict species trophic interactions by
considering species body size as a descriptor of the
unidimensional  trophic  niche.  Specifically,
consumer i whose niche position is ni (i.e.,
consumer body size) would consume any species
within the body size range ri (i.e., a continuous
feeding range for consumers defined by rimin and
rimax). We used quantile regressions (QRs; Koenker
2005) to infer the feeding ranges of consumers.
Quantile regressions differ from linear models by
estimating the conditional distribution (i.e., any
quantiles) of a response variable instead of
focusing on its mean. In the present context, logio
(predator body size) was the explanatory variable
and logio (prey body size) was the response
variable and we retained the 5% and 95% quantiles
to characterize the lower (rmin) and the higher (rmax)
bounds of the predator feeding range, similarly to
Gravel et al. (2013).

These QRs were fitted using 26 ubiquitous
species living in temperate lakes and rivers, whose
diets and/or feeding ranges were known (Appendix
S1) and covered a large body size range (i.e., from
protists to piscivorous fish). Both QRs (QRss and
QRos9) were fitted for invertebrate and vertebrate
consumers separately to account for their inherent
differences in feeding ranges, leading to two
specific relationships for both QRs.

2.3.2. aNM predictions and refinement

Based on the QRs, the consumers feeding
ranges were inferred using their body size as the
niche position n; and trophic links were predicted
for any species falling within r;, leading to a binary
adjacency matrix of potential trophic interactions
Mop (filled with 1 if consumer i had a trophic
interaction with a prey or O if there was no
interaction). Complementary ecological criteria
were considered to refine Mpp in the application
below by deleting trophic links to account for
species spatial co-occurrence (i.e., habitat traits)
and a priori knowledge regarding the trophic
ecology of consumers (e.g., piscivory). For the
habitat trait, species were classified as strictly



pelagic, strictly benthic or pelagic/benthic and
trophic links involving species from different
habitats (i.e., strictly pelagic or strictly benthic)
were deleted similarly to the method in Albouy et
al. (2019). Complementarily, trophic links
associating strict piscivorous fish to organisms
other than fish (i.e., macroalgae, mollusks or
oligochaetes) were deleted (Serveau & Raymond
2007; Keith et al. 2011). These refinements led to
the final binary adjacency matrix Mos that included
all the expected trophic interactions within the food
web of the studied ecosystem.

Binary trophic links were also weighted
according to the positioning of the prey body size
within the consumer feeding range to obtain the
weighted adjacency matrix Mwr. We first
considered a normal density distribution with a
mean equal to the center of ri (ci, eq. 1) and a
standard deviation equal to the standard deviation
(SD) of 100 simulated points evenly spaced over ri,
so that the normal distribution was scaled to ri. The
resulting values were then normalized by the
maximum value of the normal density distribution
to obtain maximum weighted links equal to 1 at c;
in accordance with the probabilistic niche model
(Williams et al. 2010), providing higher feeding
probabilities at the niche center (optimal body size
ratio) that decline consistently with the distance
from the center. The center ¢ for consumer i was
estimated as follows:

1
G :rimin+(rimax_rimin)5 (eq. 1)
Finally, we calculated prey proportions,

comparable between consumers, by dividing each
weighted link associated with prey j inferred in the
diet of consumer i by the sum of the weighted links
associated with all prey inferred in the diet of
consumer i, so that columns corresponding to
consumers summed to 1. These final prey
proportions in Mwf were expected to provide
possible estimates of prey preferences for each
consumer according to its niche center (i.e., the
likelihood that consumer i consumes prey |j
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considering all prey equally available in the
ecosystem).

2.3.3. Empirical validation of aNM
predictions

Binary adjacency matrices of trophic links for
13 empirical freshwater food webs originating
from different temperate ecosystems (i.e., lakes,
ponds and streams; Table 1) were retrieved from
Global webs (https://www.globalwebdb.com) and
from the Cheddar R package (Hudson et al. 2013).
An average body size was attributed to each species
in these food webs by two main sources (FishBase,
Tachet et al. 2010). The aNM was then applied to
each food web and habitat refinements were
considered for the lakes to obtain their respective
binary matrix Myps. Columns, conventionally
representing consumers, assigned to primary
producers in the Mor were deleted as they
necessarily summed to 0. The resulting matrices
were compared with the empirical matrices to
quantify the aNM intrinsic validity using three
metrics (Tharwat 2018): i) sensitivity (i.e.,
proportion of correctly predicted existing links; eq.
2), ii) specificity (i.e., proportion of correctly
predicted absent links; eq. 3) and iii) accuracy (i.e.,
proportion of correctly predicted both present and
absent links; eq. 4).

TP

sensitivity =100 ———— eq. 2
Y (TP+FN) (9.2)

e TN
specificity =100 ———— eq. 3
P Y (TN + FP) (eq-3)
accuracy =100 (TP+TN) (eq.4)

(TP+FP+TN +FN)

where TP represents true positives (i.e., predicted
links empirically present), TN represents true
negatives (i.e., not predicted links empirically
absent), FP represents false positives (i.e.,
predicted links empirically absent) and FN
represents false negatives (i.e., not predicted links
empirically present).



Chapitre 2

Table 1: Characteristics of the 13 empirical food webs used to validate the aNM. (1) correspond to data retrieved
from the Cheddar package and (2) are food webs from the website Global Web (https://www.globalwebdb.com). Ba
is for bacteria, Ci is for ciliates, De is for detritus, Fu is for fungus, Fi is for fish, It is for terrestrial invertebrates,
la is for aquatic invertebrates, Ma is for macrophytes, Pb is for phytobenthos, Pk is for phytoplankton, Zo is for
zooplankton.

Taxonomic categories

Food webs Location  Ecosystem o References
and species richness
Allta'Mharcaidh Stream UK stream (II;e,zi%)la, Fi Layer et al. 2010 ®
Bakersfield Ponds USA pond (E;e,:PsIB,)Zo, la Hurlebert et al. 1972 @
Bere Stream UK stream (Pnb’:IZ’S'):' Layer et al. 2010 @
Constance Lake Europe lake aa’:leé)C" 2o, Fi Boit et al. 2012 @
Zo, It, la
Crescent Lake USA lake n _ 1’3) Hampton et al. 2011 @
Dorset Streams UK stream Ba,_De, Fu, Pb, Pk, Zo, 1a Ledger et al. 2011 @
(n =65)
Hard Knott Gill UK stream 8e,:F;t2)la, Fi Layer et al. 2010 ®
Mill Stream UK stream (Dne,:Fé%)la, Fi Layer et al. 2010 ®
Old Lodge Stream UK stream (I?]e,:F;%)Ia, Fi Layer et al. 2010 @
. De, Pk, Pb, Ma, Zo, Fi
Ovre Heimdalsvatn Lake Norway lake n . 39’) RS Larsson et al. 1978 @
Skipwith Common Ponds UK pond ae’:é%’)la Warren 1989 @
Tuesday Lake USA lake (Pnk;zzsol,)la, Fi Cohen et al. 2003 @
Villas County Ponds USA pond (?16;2707’;61 Schneider 1997 @

T Boit, A., Martinez, N.D., Williams, R.J. & Gaedke, U. (2012). Mechanistic theory and modelling of complex food-web dynamics in Lake
Constance. Ecology Letters, 15, 594-602. / Cohen, J.E., Jonsson, T. & Carpenter, S.R. (2003). Ecological community description using the food
web, species abundance, and body size. Proceedings of the National Academy of Sciences, 100, 1781-1786. / Hampton, S.E., Fradkin, S.C.,
Leavitt, P.R. & Rosenberger, E. E. (2011). Disproportionate Importance of Nearshore Habitat for the Food Web of a Deep Oligotrophic Lake.
Marine and Freshwater Research, 62, 350-358. / Hurlebert, S.H., Mulla, M.S. & Willson H.R. (1972). Effects of an Organophosphorus
Insecticide on the Phytoplankton, Zooplankton, and Insect Populations of Fresh-Water Ponds. Ecological Monographs, 42,269-299. / Larsson,
P., Brittain, J. E., Lien, L., Lillehammer, A. & Tangen, K. (1978). The Lake Ecosystem of Ovre Heimdalsvatn. Ecography, 1, 304-320. / Layer,
K., Riede, J.0., Hildrew, A.G & Woodward, G. (2010). Food Web Structure and Stability in 20 Streams Across a Wide PH Gradient. Advances
in Ecological Research, 42,265-299. / Schneider, D. W. (1997). Predation and Food Web Structure along Habitat Duration Gradient. Oecologia,
110, 567-575. [ Warren, P. H. (1989). Spatial and Temporal Variation in the Structure of a Freshwater Food Web. Oikos, 55, 299-311.
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2.3.4. Application to Lake Bourget

Study site and data set — Lake Bourget (45°
43' 46.842" N, 5° 52' 10.484" E) is the largest
natural French lake located in the Alps. This lake
supports significant ecosystem services, providing
50 to 100 tons of harvested fish per year, drinking
water for cities of several thousands of people and
recreational activities, generating several millions
euros per year to the local economy (Jacquet et al.
2020).

A detailed inventory of the species living in this
lake was obtained from the long-term monitoring
survey conducted for several decades (© SOERE
OLA-IS, INRAE Thonon-les-Bains, CISALB;
Rimet et al. 2020) as well as from complementary
studies (Appendix S2).

A large reference array was used to attribute a
lake compartment (i.e., pelagic, benthic,
pelagic/benthic) to each species according to its
habitat and to estimate body sizes for all species,
considering research papers, reference websites
such as AlgaeBase (https://www.algaebase.org/),
FishBase (https://www.fishbase.se/), or EOL
(https://eol.org/) and technical reports (e.g.,
average fish body size from the long-term
monitoring survey). For fish, average adult body
size was considered and obtained either directly by
the references indicated above or estimated from an
average of the maximum and the minimal body
sizes reported. Different life stages (i.e., juveniles
and adults) were only considered for fish
supporting important economic and ecological
values for the lake (i.e., Perca fluviatilis,
Coregonus lavaretus, Salmo trutta and Esox
lucius). Apart from these fish, each species
represented a unique node within the food web. The
aNM was then applied to all consumers to obtain
the binary matrix Mot and the weighted matrix Muws.

Body mass ratios — Body mass ratios between
consumers and their prey are of primary
importance for food web stability and are highly
constraining in most ecosystems (Emmerson and
Raffaelli 2004; Loeuille and Loreau 2005; Otto et
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al. 2007). We calculated logio (predator-prey body
mass ratio) (hereafter called mass ratios) for each
predator-prey pair inferred by the aNM. Those
were compared with the estimates of Brose et al.
(2019), calculated from the available open-access
database (https://doi.org/10.25829/iDiv.283-3-
756) for lake invertebrate consumers (number of
trophic interactions = 5663; mean = 3.28 + 2.17)
and lake ectotherm vertebrate consumers (number
of trophic interactions = 2805; mean = 5.31 £ 2.57).
Trophic links inferred by the aNM exhibiting mass
ratios falling within Brose’s estimates + 1SD were
suggested as plausible, providing a way to validate
the aNM inferences. Species body sizes were
converted to body masses according to different
empirical relationships (Appendix S3).

Trophic niches — We examined the inferred
diets for three species not used in the calibration
and whose actual diets have been widely described:
the European catfish (Silurus glanis), the whitefish
(Coregonus lavaretus) and the gammarid shrimp
(Gammarus pulex). The gammarid shrimp can feed
on diverse food resources ranging from fragments
of decaying terrestrial organic matter, fungi,
bacteria and algal biofilms (Graca et al. 1993;
MacNeil et al. 1997; Maltby et al. 2002; Franken
et al. 2005), the whitefish is zooplanktonophagus
with a diet mainly composed of cladocerans and
chironomids (Amundsen et al. 2010; Anneville and
Hamelet 2018) and the European catfish is
omnivorous, feeding on various prey from
invertebrates to fish (Carol et al. 2009; Copp et al.
2009; Ferreira et al. 2019). We explored their
inferred prey characteristics (i.e., identity, body
size, prey preferences and habitats) to
complementarily evaluate how the aNM inferences
would provide plausible trophic niches in relation
to previous diet studies.

Food web topologies — Following the
approach of Bersier et al. (2002), an array of food
web metrics were calculated for the whole food
web as well as for the benthic (i.e., strictly benthic
species) and pelagic (i.e., strictly pelagic species)
food sub-webs based on the Mbr and Mwf matrices:



the total number of links (L), the linkage density
(LD, the proportion of realized connections per
species) and the directed connectance (C, the
proportion of all possible trophic links that are
actually realized). The species trophic positions
(TP) were estimated according to the method of
Levine (1980) in which primary producers were set
to TP = 1 while TP for consumers were calculated
as 1 plus the mean prey TP. The proportions of top
predators (%T), intermediate species (%l) and
basal species (%B) were then calculated.

In lakes, studying the coupling between the
benthic and pelagic food sub-webs appears
essential to understand the real structure of whole
food webs and the dependence of consumers on the
resource production of the different lake
compartments (Vander Zanden & Vadeboncoeur
2002; McCann et al. 2005). This coupling was
studied by quantifying the benthic reliance of each
consumer as the percentage of benthic prey in their
inferred diets. The relationship between benthic
reliance and species TP was then modeled using a
generalized additive model (GAM; Wood 2017).
Invertebrates that could feed in both benthic and
pelagic habitats (e.g., chironomids) were not
accounted for in the GAM because benthic reliance
depend on habitat.

All statistical and graphical displays were
performed using R.351 (R Core Team
Development) with the packages cheddar (Hudson
et al. 2013), SparseM (Koenker & Ng 2003),
quantreg (Koenker 2021), igraph (Csardi & Nepusz
2006), NetIndices (Kones et al. 2009), foodweb
(Perdomo 2015), ggplot2 (Wickham 2016) and
mgcv (Wood 2017). R codes example are provided
in the Supplementary Material (Appendix S4),
detailing in a step-by-step manner the inference of
trophic links, the weighting procedure, the
extraction of species metrics and the export to
Network3D (Yoon et al. 2004) based on a
simplified example. Codes, functions and data are
available at:
https://github.com/chloevagnon/aNM_method
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2.4. Results

2.4.1. aNM fitting and intrinsic validity

The QR slopes clearly differed among the
vertebrates and invertebrates (Fig. 1; Table 2). The
slopes were ~ 7.7-fold higher for the QRs9 and ~
1.5-fold higher for the QRosy of vertebrates
compared to those of invertebrates. Consequently,
the slope of ¢ was also higher for vertebrates than
for invertebrates.

Table 2: Coefficients of the aNM for the invertebrate and
vertebrate consumers based on quantile regressions (QRS).

Upper range Lower range
Consumer (rmax = QRos%) (rmin = QRs%)
category Intercept Slope | Intercept Slope
Invertebrates 0.82 0.14
Vertebrates -2.17 1.26 -2.07 1.08
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The aNM capacity to correctly predict the
trophic link occurrences was also appreciable
(Table 3), although the results were variable among
food webs as indicated by the high standard
deviation associated with the average sensitivity
(59 + 29%).

The aNM correctly predicted the large majority
of absent trophic links for the different ecosystem
types with an average specificity of 87 + 12%
ranging from 78% to 99% (Table 3), except for
Tuesday Lake (specificity = 55%). For five food
webs, the aNM clearly omitted a significant trophic
link fraction (sensitivity of 11%, 15% 20%, 35%
and 48%), while for 8 food webs, the sensitivity
was higher than 75%.

The aNM capacity to predict both absent and
present links was high, with an average accuracy of
81 + 10% (Table 3). An accuracy below 70% was
found for only two food webs (Tuesday Lake and
Skipwith common ponds with accuracies of 62%
and 69% respectively).
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Figure 1: Logio (predator-prey size) relationships for the 26 reference species ubiquitous in temperate freshwaters
used in the aNM calibration. Predators (x-axis) are segregated among five taxonomical groups (i.e., fish,
macroinvertebrate, zooplankton, ciliate and microzooplankton). Prey body size ranges were obtained from the
literature and empirical observations (Appendix S1). Points correspond to prey inferred by the aNM for each
reference species in Lake Bourget. The dotted gray lines indicate rmax (QRese%) and rmin (QRs9) of the feeding range
of predators according to their body size and differed for invertebrates and vertebrates (i.e., fish). Species
drawings show the diversity of predators considered by the aNM from left to right: Lohmaniella sp., Asplanchna
priodonta, Megacyclops viridis, Cladotanytarsus sp., Ephemera sp., Lepomis gibbosus, Esox lucius

Table 3: Specificity, sensitivity and accuracy of the aNM inferences for the 13 empirical food webs
of temperate freshwater ecosystems.

Food webs Ecosystem Specificity (%)  Sensitivity (%)  Accuracy (%)
Allta’Mharcaidh Stream stream 96 77 92
Bakersfield Ponds pond 87 34 72
Bere Stream stream 94 81 91
Constance Lake lake 86 47 77
Crescent Lake lake 88 11 80
Dorset Streams stream 78 85 79
Hard Knott Gill stream 95 81 92
Mill Stream stream 95 84 93
Old Lodge Stream stream 100 73 92
Ovre Heimdalsvatn Lake lake 78 73 77
Skipwith Common Ponds pond 92 19 68
Tuesday Lake lake 56 88 62
Villas County Ponds pond 90 15 78
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The aNM presented a low ability to predict
absent trophic links for Tuesday Lake (i.e., low
specificity) and a high ability to predict existing
links (i.e., high sensitivity), while the opposite

scenario occurred for Skipwith common ponds. For

a) Silurus glanis

the three ecosystem types, the most consistent Q) P
results were obtained for the most detailed ESOXC[SC"US ___a s
interaction matrices (e.g., food webs from the "
Cheddar package), and the accuracy was similar . ¢
] . ) Chironomus'sp_
among the different ecosystems but slightly higher A G TR
for stream food webs than for lakes and ponds. LA G, 7. ;i Halteria grandinelia
Acanthamoeba castellanii * & O
: Phytoplankt
2.4.2. Inference of Lake Bourget food web phytobenthos@ RO
The species inventory of Lake Bourgetincluded S} _ . Tinca tinca
474 species, covering 6 orders of magnitude of Cyp’égus il W D’kg"g"m’"a’us P

body size with species from primary producers to E.. s
large fish (Fig. 2a). The smallest species | @@ 9 Cottus gobio
corresponded to the bacteria Methanoregula |[IASEUICEE S T )

boonei (1.10" cm), and the largest species was the { M

European catfish Silurus glanis (115 cm). The
species distribution among lake habitats was well
balanced, with strictly benthic species accounting

for 42.6% (Fig. 2b), strictly pelagic species c) Aébumus alburnus
accounting for 43.7% (Fig. 2¢), and pelagic/benthic Saglo trutta Scardinius erythrophthalmus
species accounting for 13.7%. The aNM ®
application to the species inventory of Lake Leptodora kindt) e o

Bourget permitted to infer a total of 26037 trophic FUEEETER S R (juvenile)
links. O

Aurigamonas solis

Predator prey mass ratios — The mass ratios
calculated from the predicted trophic links in Lake
Bourget provided satisfying consistency with those
from Brose et al. (2019) for invertebrates and

vertebrates. The mass ratios for invertebrates were | 19ure 2: 3D-visualizations of the whole food web of Lake

lculated f 24494 trophic link q Bourget (a), the benthic food sub-web (b) and the pelagic food
C‘?‘ culated from ) rophic Tinks -an \_Nere sub-web (c). Species are represented by spheres. Colors
higher than those obtained by Brose et al. with @ gepend on trophic positions, red being the lower trophic

mean mass ratio of 4.5 + 1.9 (Fig. 3a). On average,  position (i.e., autotrophic species at the bottom of the food
73.3% of the mass ratios fell within Brose’s  webs) and yellow being the more elevated trophic position.
estimates + 1 SD. Concerning vertebrates, the 1543  Lines represent trophic links.

inferred mass ratios were in accordance with

Brose’s estimates with an average of 5.4 + 1.3 (Fig.

3b), leading to 94.4% of the mass ratios being

within Brose’s estimates + 1SD.
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Figure 3: Kernel density distributions of logio (predator-prey mass ratios) for the 103 invertebrates (a)
and the 27 vertebrates (b) in the dataset. Full vertical black line represents the mean of the logio
(predator-prey mass ratios) from Brose et al. (i.e., meaninvertebraes = 3.28 and meanyertebrates = 5.31; 2019),
and the dashed vertical black lines represent the SD of the logio (predator-prey body mass ratios) from
the same study (i.e., SDinvertebrates = 2.17 and SDertebrates = 2.57).
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Trophic niche predictions — Diets inferred by
the aNM for the three well-studied species were
highly consistent with those empirically observed.
Specifically, 72%, 70% and 95% of the inferred
prey (for the European catfish, whitefish and
gammarid shrimp respectively) were observed in
previous diet studies (Appendix S5: Table S1,
Table S2, Table S3). The aNM inferred 18 prey for
the European catfish with prey body sizes ranging
from 5.5 cm to 30 cm and most prey measuring
approximately 10 cm.

Chapitre 2

This prey body size corresponds to species such
as crayfish that are actually highly predated by the
European catfish and for which prey preference
was expected to be maximum (Fig. 4a and Fig. 4b).
Inferred prey mostly occurred in the benthic habitat
(9 prey), while 4 prey were associated with the
pelagic habitat and 5 others corresponded to both
(Fig. 4c), supporting the affinity of the European
catfish for the benthic habitat.
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Figure 4: Inferred prey attributes by the aNM for Silurus glanis (a, b, ¢), Coregonus lavaretus (d, e, f) and

Gammarus pulex (g,

h, i). Barplots in the first column show the prey size distributions. The black lines in the

second column refer to weighted trophic links and the points relate to individual prey. The barplots in the third

column indicate prey compartments (pel

= pelagic, ben = benthic, pel/ben = pelagic/benthic).



For the whitefish, 33 prey species were
inferred, measuring between 0.8 cm and 5.5 cm.
Most prey measured approximately 0.9 cm in Lake
Bourget, with the highest prey preference predicted
for prey measuring 2 cm (Fig. 4d and Fig. 4e). A
total of 30 prey belonged to the pelagic/benthic
habitat, while only 3 were strictly pelagic; no
species was exclusively benthic (Fig. 4f).
Chironomid and zooplankton species, important in
the whitefish diet, were predicted as prey for this
predator. However, the predicted feeding range of
the whitefish was higher than the empirical range,
as Daphnia sp. was not included in the predicted
diet. Coregonus juveniles were also predicted as
prey, while cannibalism for this species has been
reported only for adults on larvae.

For the gammarid shrimp, 127 prey species
were found ranging from 7.10* cm to 0.2 cm. Most
of the prey measured between 1.10° cm and 0.031
cm (60 prey; Fig. 4g and Fig. 4h). The inferred prey
corresponded mainly to benthic algae and detritus
therefore belonging to the benthic habitat (124
species) while only 3 were pelagic/benthic
(Cocconeis placentula, particulate organic matter
and Ulnaria ulna; Fig. 4i). The general diet of the
gammarid shrimp was hence in agreement with
those actually observed in the field.
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Food web topologies — The connectance C and
the linkage density LD of the whole food web were
0.1 and 54.9 respectively (Table 4). Basal species
were clearly dominant (60.7%), followed by
intermediate species (36.8%), while top predators
only represented 5% of the total species inventory.
By considering a species habitat trait, the whole
food web of Lake Bourget was split into benthic
and pelagic food sub-webs. This splitting revealed
clear topological differences, particularly for the
number of links, the linkage density LD and the
connectance C (Table 4). The benthic food sub-
web appeared denser than the pelagic food sub-web
with 1668 additional links and a 1.4-fold higher
LD. There was a greater percentage of top and
intermediate species, and consequently less basal
species, in the benthic food sub-web than in the
pelagic food sub-web. These two food sub-webs
were clearly connected by a set of invertebrates and
vertebrates found in both habitats. For the whole
food web, a total of 14145 trophic links
characterized the coupling of the pelagic and
benthic habitats.

By relating species benthic reliance to their
trophic position, a bell-shaped pattern was
identified with the fitted values of the GAM (total
deviance explained = 73.5%, edf = 2.9, p-value <
0.001; Fig. 5).

Table 4: Topological metrics of the whole food web and the pelagic and benthic food sub-webs in Lake Bourget.

Topological metrics Whole food web Pelagic food sub-web Benthic food sub-web
Richness 474 207 202

Links (L) 26037 5112 6780
Directed Connectance (C) 0.1 0.1 0.2

Linkage Density (LD) 54.9 24.7 33.6

% Top species (%T) 2.5 2.5 3.2

% Intermediate species (%l) 36.8 23.1 32.9

% Basal species (%B) 60.7 74.4 63.9
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This pattern clearly highlighted differences
among the benthic and pelagic food sub-webs
within the whole food web that tended to be
connected by species with high trophic positions
(i.e., fish). Nonetheless, most fish exhibited more
than 50% of benthic reliance (up to 90% for some
species).
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Figure 5: Benthic reliance of Lake Bourget consumers in
relation to their trophic position. The lines represent the
GAM fitted values, and the dotted lines represent confidence
intervals at 5% and 95%. Primary consumers that can feed
on benthic and pelagic resources, circled in red, were not
considered in the GAM calculation because they belong to

the benthic/pelagic compartment.

2.5. Discussion

2.5.1. aNM principle and calibration

We introduced the aNM to infer trophic
interactions among aquatic organisms in temperate
freshwater ecosystems that necessitates two widely
available ecological data: species inventories and
their associated body sizes. The model well
predicted trophic interactions found in empirical
food webs for both vertebrates and invertebrate
consumers. Inferences of the mass ratios between
prey and predators in Lake Bourget as well as
trophic niches for known species were also
consistent with those in empirical studies. Finally,

74

Chapitre 2

the aNM permitted to investigate the structures of
food webs and food sub-webs that highlighted the
nestedness of the food sub-webs connected by
consumers with high trophic positions.

This model expands the approach proposed by
Gravel et al. (2013), initially developed for marine
fish species, to aquatic freshwater organisms. In
contrast to previous allometric models predicting
trophic interactions (Gravel et al. 2013, Albouy et
al. 2019, Pomeranz et al. 2019), the aNM considers
different allometric relationships (i.e., QRs) for
invertebrates and vertebrates therefore spanning a
large range of consumer body sizes. The inclusion
of invertebrates as consumers allowed moving
towards a comprehensive approach to characterize
temperate freshwater aquatic food webs including
primary producers to top predator fish. Another
specificity of the aNM relates to the species niche
center estimation. Gravel et al (2013) used the
linear model between logio (prey body size) and
logio (predator body size) to estimate the niche
center (ci) of consumer feeding ranges, while we
calculated it as rimin + % ri to ensure that c;
corresponds to the niche center regardless of the
distribution of prey body sizes. A weighting
procedure of trophic links was proposed as a
possible means to switch from the binary adjacency
matrix Mo to the weighted adjacency matrix Mur,
providing a wide variety of network indices
calculation and dynamic modeling where these
weighted links may be considered as prey
preferences and could be associated with allometric
handling times and attack rates to represent
potential interaction strengths (Emmerson &
Raffaelli 2004).

The aNM calibration was based on predator-
prey body size relationships identified from the diet
ranges of ubiquitous species in temperate
freshwaters. However, several limitations should
be considered for the application of the aNM to
ecosystem types other than temperate freshwaters
due to local adaptation of trophic behaviors that
may lead to significant diet range dissimilarities.
For instance, specific mouth shapes allow endemic



fish in tropical ecosystems to graze on
phytobenthos (e.g., Tropheus sp. in Lake
Tanganyika; Sturmbauer et al. 1992) or to feed on
corals (e.g., Scaridae; Bellwood 1985). Models
considering complementary parameters such as the
allometric diet breadth model of Petchey et al.
(2008) seem to be more suitable to infer trophic
interactions in  specific ecosystems (e.g.,
substantial inferences for terrestrial, marine or reef
ecosystems) but perform better when each food
web is fitted separately. In contrast, the aNM
requires only limited data and provides comparable
temperate freshwater food webs considering the
same relationships applied to different species
inventories.

2.5.2. aNM validation

The intrinsic validity of the aNM tested among
the 13 empirical food webs indicated a satisfactory
ability to predict the overall pattern of the empirical
food webs with an average accuracy of 81 + 10%
despite variability across food webs. More
precisely, the absence of links was better predicted
than the presence of links (i.e., higher specificity
than sensitivity). The limited sensitivity for five
food webs (lower than 50%, 2 lakes and 3 ponds)
could be explained by two factors inducing link
omissions.  First, the  consumption by
microzooplankton of large phytoplankton, both
presenting similar body sizes, was not predicted by
the aNM. However, this trophic feature is seldomly
observed for microzooplankton species that usually
feed preferentially on small phytoplankton species
(Knisely & Geller 1986; Colina et al. 2016).
Second, zooplanktonophagus fish tend to forage on
smaller prey than predicted by the aNM. This
trophic feature could be accounted for by lowering
the feeding range for these species as a
complementary trophic niche trait in the refinement
process.

The limited aNM specificity was mostly due to
the continuous feeding range of consumers
inducing false positives compared to empirical
data. Nonetheless, empirical studies for food webs
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may have not identified all possible prey for
consumers due to limited sampling efforts
(Woodward et al. 2010). If predictions for primary
producers were considered in the calculation of the
classification metrics (i.e., no trophic links when
considered as consumers that increases the true
negatives), the average specificity (+3.44) and
accuracy (+3.24) would be improved as well as the
standard deviations (-5.97 and -2.56 respectively).

2.5.3. Application to Lake Bourget

Mass ratio. —The inferred mass ratios for the
vertebrates were highly similar to those from Brose
et al. (2019) (i.e., falling within Brose’s estimates
+ 1 SD) suggesting plausible inferences of
predator-prey trophic links. These results were also
in relative agreement with the empirical mass ratios
recently reported by Gaeta et al. (2018) for
freshwater fish. For invertebrates, the majority of
mass ratios were consistent with those in the study
of Brose et al. (2019), supporting the plausible
predictions for different invertebrate consumers,
while 27% of the inferred mass ratios were higher
than those reported by Brose et al. (2019) and other
previous studies (e.g., Warren & Lawton 1987;
Brose et al. 2006b). This divergence originated
from the aNM calibration that allows invertebrates
to feed on small unicellular organisms such as
bacteria and protists. These small prey have been
reported in different invertebrate diets, using DNA
and isotopic analysis (Deines et al. 2007; Grey
2016), but are rarely identified in common diet
analyses (e.g., stomach content analyses). These
higher mass ratios compared to those in other
studies would thus be plausible in regard to new
advances in trophic ecology of invertebrates and in
rare previous studies that underlined invertebrates
feeding on protists (Layer et al. 2010).

Trophic niches. —For the three species studied
in Lake Bourget, a vast majority of their inferred
prey could be validated by empirical observations
(i.e., more than 70% of correct trophic links)
representing similar inferences to those in other
studies using body size as a niche dimension



(Williams et al. 2010; Gravel et al. 2013; Albouy
et al. 2019). The empirical omnivorous diet of the
European catfish was hence congruent with aNM
predictions inferring species from different lake
habitats and taxonomical categories (i.e.,
invertebrates (crayfish) and vertebrates (common
perch); Carol et al. 2009; Guillerault et al. 2017).
The detritivorous diet of the gammarid shrimp was
also correctly predicted with phytobenthos and
detritus predominance in accordance with the
results in empirical studies (Maltby et al. 2002).
The inferred diet of the whitefish provided more
ambiguous results. On the one hand, most prey
were chironomid species as well as cladocerans
(e.g., Bythotrephes longimanus) that constitute a
large fraction of the whitefish diet. On the other
hand, smaller cladoceran species, especially
Daphnia sp., were not predicted in its diet while
this species represents an important resource at
different periods of the year. Prey larger than
several centimeters (e.g. early perch, young of the
year) are also anecdotal. Accounting for
planktonophagy as a foraging trait to address this
trophic characteristic may be easily implemented in
the aNM. It may typically constrain the feeding
range to be lower and narrower for
zooplanktonophagus fish than for other fish
species. However, in its current form, the lower
range for whitefish was 0.8 c¢cm, close to the
Daphnia sp. body size set at 0.5 cm. These results
strengthen the plausible inferences of the aNM for
large body size range of consumers and could be
used to identify potential prey and/or predators for
a species.

Food web topologies. —The inferred food web
exhibited several plausible topological properties
compared to empirical ones in the literature. For
instance, the connectance of the whole food web of
Lake Bourget (0.1) was close to those observed by
Dunne et al. (2002) for Lake Tahoe, Mirror Lake
and Bridge Brook Lake (i.e., 0.13, 0.15 and 0.17,
respectively).

The examination of the food sub-webs revealed
a higher number of links in the benthic habitat,
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leading to a higher directed connectance and a
higher linkage density compared to those in the
pelagic food sub-webs. These results indicated a
more intricate and denser food sub-web in the
benthic habitat than in the pelagic one, revealing
the structural asymmetry of the whole food web as
initially hypothesized. Such patterns may inform
the stability properties for these food sub-webs and
highlight a higher stability in the benthic food sub-
web than in the pelagic one (Rooney et al. 2006;
Rooney & McCann 2012; Landi et al. 2018).

The bell-shape highlighted by the variable
benthic reliance of the lake organisms was another
interesting outcome of the Lake Bourget food web
that may reflect a pervasive feature of aquatic
ecosystems (Rooney et al. 2006; McCann &
Rooney 2009). Species with high trophic positions
tend to be characterized by mixed benthic/pelagic
diets, revealing their roles in coupling benthic and
pelagic food sub-webs (McCann et al. 2005). High
trophic-position fish still conserved a dominant
benthic  reliance, suggesting that benthic
production may be especially important to fuel fish
populations in this lake. This assertion is in line
with several studies that focused on the benthic
reliance of fish species in lakes (e.g., Vander
Zanden & Vadeboncoeur 2002).

2.6. Conclusions

The aNM was calibrated with empirical diets of
ubiquitous freshwater species and exhibited a high
intrinsic validity suggesting robust predictions of
trophic interactions among a wide size range of
consumers in temperate freshwater ecosystems.

The application of the aNM to Lake Bourget
permitted us to appreciate the realism of trophic
interaction inferences. The comparison of body
mass ratios between predators and prey from Lake
Bourget was highly consistent with those from a
large empirical study referencing more than 8400
trophic links for lake ecosystems. Moreover, the
inferred diets in Lake Bourget for three species



presenting different body sizes and feeding habits
were greatly representative of their diets described
in previous studies. The analyses of food web and
food sub-web topologies also revealed encouraging
outcomes to identify their structures, their
interconnections and the role of fish species in this
coupling that was not already studied in this lake.

The aNM depicts all possible trophic
interactions that a species could display with its co-
occurring species. It must be considered that all the
predicted trophic links are obviously not always
concomitantly active. Feeding behaviors following
seasonal variations may modulate trophic
interactions, causing lack of trophic links in
empirical consumer diets depending on the
sampling effort and prey taxonomic resolution.
Thus, the aNM inferences, that do not depend on
these variations, might represent long-term and
exhaustive diets for aquatic consumers. Limitations
could arise for species exhibiting particular trophic
features, such as large-fish zooplanktonophagy or
small-consumer phagotrophy (e.g., smaller than
100 pm), for which additional refinements could be
incorporated to account for these species-
specificities (e.g., additional predator trait).
Nonetheless, this consideration concerned a
restricted set of species for the analyzed empirical
food webs and for the case of Lake Bourget.

Overall, by considering two distinct
relationships according to predator type, this model
newly allows to reconstitute trophic interactions
between species ranging from bacteria to large fish,
that can be subsequently scaled up to the
reconstruction of entire food webs, comparable
between temperate freshwater ecosystems. Thus,
the aNM may represent a valuable method for
inferring species trophic interactions in temperate
freshwater ecosystems from streams to lakes (e.qg.,
diets, predation pressures or resource depletion) as
well as reconstructing plausible complex food
webs only based on species inventories and
associated body sizes, opening the way to a vast
application area for both ecologists and managers.
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Appendix S1. References used to identify prey species and/or prey body size range for the 26
reference species used to calibrate the aNM.

Lower feeding

Upper feeding

Species body .
range of prey range of prey size (cm) Species names References
body size (cm) body size (cm)
1.10* 0.001 0.002 Halteria grandinella Jurgens and Simek
(2000)
1.10* 0.001 0.003 Lohmaniella sp. Kivi and Setéla
(1995)
1.10* 0.001 0.004 Strombidium sp. Bernard and
Rassoulzadegan
(1990)
1.10* 0.001 0.007 Colpoda sp. Rudzinska et al.
(1966)
7.10* 0.008 0.012 Gastrostyla steinii Verni and Gualtieri
(1997)
0.001 0.010 0.013 Uroleptus willii Lynn (2008)
7.10* 0.012 0.022 Notholca caudata Edmondson (1946)
3.10* 0.004 0.030 Condylostoma minutum Takamura and
Yasuno (1983)
0.002 0.015 0.038 Dileptus sp. Miller (1968),
Visscher (1923)
1.10* 0.033 0.085 Asplanchna priodonta Stemberger and
Gilbert (1985)
0.010 0.050 0.115 Megacyclops viridis Abdullahi (1992)
0.075 0.270 0.385 Oxyethira sp. Warren and Lawton
(1987), Tachet et al.
(2010)
1.10* 0.033 0.348 Smittia sp. Warren and Lawton
(1987), Armitage et
al. (1994)
1.10* 0.033 0.500 Cladotanytarsus sp. Warren and Lawton
(1987), Armitage et
al. (1994)
2.10* 0.033 0.750 Musculium lacustre Gale and Lowe
(1971), Mackie and
Bailey (2007)
0.100 0.400 1.025 Holocentropus sp. Warren and Lawton
(1987)
1.10* 0.550 1.625 Ephemera sp. Austin and Baker
(1988), Lopez-
Rodriguez et al.
(2009)
1.10* 0.550 2.250 Psammoryctides barbatus Ladle and Bird
(1980), Tachet et al.
(2010)
1.10* 0.550 3.250 Tubifex tubifex Timm (1996), Tachet
et al. (2010)
0.100 0.500 5.500 Coregonus lavaretus Troschel and Rdsch
juvenile (1991), Ponton and
Gerdeaux (1988)
0.100 1.000 7.000 Lepomis gibbosus Locke et al. (2013)
and field observations
0.100 1.500 8.000 Salaria fluviatilis Field observations
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2.000 12.500 Rutilus rutilus Ponton and Gerdeaux
(1988)

5.000 35.000 Squalius cephalus Mann (1976)

15.000 52.500 Salmo trutta Field observations

30.000 90.000 Esox luscius Serveau and

Raymond (2007),
filed observations

Appendix S2. Biota sampling and data origins.

Taxonomical )
Sampling type and references used
category
) - Molecular inventories from Bec et al. (2010), Billard et al. (2015), Debroas et al.
Bacteria

(2015)

Phytoplankton

- Annual monitoring survey using IWS sampling bottle within the euphotic zone
(i.e., first 20 m depth) with Lugol fixation and preparation following Uterméhl
method, normalized to French and European norms (NF EN 15204, AFNOR, 2006)

- Complementary literature: Cellamare et al. (2011)

Phytobenthos

- DNA-metabarcoding and microscopic identification_from Rivera et al. (2017)

Zooplankton

- Annual monitoring survey using double net with a mesh-size of 64 um and 212

pm, between 0 and 50 m

- Jacquet (2013) using the IBL method (Verneaux et al. 2004): sediment collected at

Invertebrates 2 m, 30 mand 100 m using an Ekman grab sampler
- Complementary literature: Daguet & Munch (2012), Mouthon & Magny (2014)
Fish - Annual monitoring survey using benthic and pelagic nets following the normalized
is

method CEN (2005)

Appendix S3. Body size- body mass conversions.

For the invertebrates, different relations were considered according to Mé&hrlein et al. (2016)
using the following equation :

Ina+b.InL
M =¢"""

With M = mass(mg), L = body size (mm), a and b depend on the group or the family considered.

a[Gammaridae] =0.0037 and
a[Bivalve] = 0.0201 and
a[Chironomidae] = 0.0009 and
a[Sphaeridae] = 0.1037 and
a[Corbiculidae] =0.1037 and
a[Dipteran] = 0.0004 and

b[Gammaridae] = 3.02
b[Bivalve] = 2.16
b[Chironomidae] = 2.59
b[Sphaeridae] = 3.70
b[Corbiculidae] = 2
b[Dipteran] = 2.72
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For fish, a non-linear least square model was performed to fit a relation between body size and
body mass, based on dominant fish species sampled from the monitoring survey of Lake
Bourget (n = 1210, unpublished data).

M = ax"

With M = weight (g) and x = body size (cm)

1500

1000

Weight(g)

500
|

T T T T T T
100 200 300 400 500 600

Body size (cm)

Mass-length relationships for phytoplankton, protists and zooplankton can greatly differ among
species due to important variations in cell or individual shapes. Consequently, we could not
apply similar mass-length transformations as we did for invertebrate and fish. Additionally,
many physiological processes and environmental conditions can considerably affect individual
masses. As we were mostly interested in the orders of magnitude of the predator-prey mass
ratios (i.e., logarithmic transformations), general estimates of these three taxonomic groups
could be suitable. We thus considered individual masses for the different groups as follows:

- for phytoplankton and phytobenthos, species smaller than 100 um were set at 10 pg and
species larger than 100 um were set at 102 pg (Montagnes et al. 1994, Menden-Deuer and
Lessard 2000).

- for rotifers and ciliates, individual masses were set at 10 ug per individual (Sudo and Aiba
1973) (Curds and Cockburn 1968)

- for zooplankton, individual masses were set at 10? pg per individual (Sim¢i¢ and Brancelj
1997) (Kasprzak et al. 1999) except for the two zooplankton predator (Bythotrophes sp. and
Leptodora sp.) that we set at 10° pg per individual (Bilkovic and Lehman 1997).

- for bacteria, individual masses were set a 107 ug (Lewis et al. 2014)
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Appendix S4. R codes example explaining how to use the allometric niche model.

The following R codes are intended to provide step-by-step procedure to apply the allometric
Niche model (aNM) to data with a simplified plausible lake foodweb as an example. Data and
functions are provided at: https://github.com/chloevagnon/aNM_method.

Packages used:

library(ggplot2)
library(cheddar)
library(igraph)
library(gridExtra)

Associated functions:

- the function “get Niche attributes” is a modified function from Gravel et al. (2013) to
infer niche attributes for vertebrate and invertebrate consumers where the argument
“consumer_category” must be either “vertebrate” or “invertebrate”.

- the function “weights” compute weighting of trophic links according to the niche
attributes of the consumer and the prey body sizes.

- the function “export_network3D2” is modified from Hudson (2018) to export files to
Network3D windows software (Yoon et al. 2004).

source("get_niche_attributes.R")
source("weights.R")
source( "export_network3D2.R")

The parameters of the aNM for vertebrates (“Param regvert”) and for invertebrates
(“Param_reginvert”) are used in the function “get niche attributes”

load("Param_regvert.Rdata")
load("Param_reginvert.Rdata")

We first load the data from the simplified food web. The three first columns summarize the
taxonomical identity of species. The “phylogenetic category” indicates to which class of
organisms belong the species. The consumers (vertebrate and invertbrate) can then be
differentiated from primary producers (phytoplankton, phytobenthos). The “mean_size” refers
to adult mean size of species (um). The “lake compartment” can be considered as a habitat trait
indicating where the species exploit resources in the lake either in the benthic (ben), pelagic
(pel) compartments or both (pel/ben).

fw <-read.delim("simplified foodweb.txt", header=T, dec=",")
head(fw)

1 family genus species phylogenetic_category mean_siz
e
## 1 Esocidae Esox lucius vertebrate 90000
0
## 2 Cyprinidae Abramis brama vertebrate 35000
0
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##t 3 Lotidae Lota lota vertebrate 32500
0

## 4 Salmonidae Coregonus  lavaretus vertebrate 30000
0

## 5 Percidae Perca fluviatilis vertebrate 25000
0

## 6 Cyprinidae  Rutilus rutilus vertebrate 20000
0

##  lake_compartment

## 1 pel/ben

## 2 ben

#it 3 ben

##t 4 pel

## 5 pel/ben

## 6 pel/ben

The mean species sizes are log10_transformed.

fw$log mean_size<-loglo(fw$mean_size)

We can examine how species are distributed among size and among lake compartments.

pl<-ggplot(fw)+
geom_bar(aes( x=log _mean_size,fill = phylogenetic_category), positio
n = "dodge")
p2<-ggplot(fw)+

geom_bar(aes( x=lake_compartment,fill =lake_compartment))
grid.arrange(pl, p2, ncol= 1,nrow=2)

1.00 -
phylogenetic_category
- 0.75- . invertebrate
[
2 050- . phytobenthos
© . hytoplankton
0.25- 3 ?
" verteorate
0.00- , , ) . .
2 3 4 5 ]
log_mean_size
12.5-
10.0- lake_compartment
t 75-
g III ben
o 50- III pe
25— . peliben
0.0-

ben pel peliben
lake compartment
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For vertebrate and invertebrate consumers, the aNM parameters are contained in two lists called
“Param_regvert” and “Param_reginvert” respectively. Those are organized as follows:

- the first element are parameters (intercept and slope) originating from a linear model
(Im) used by Gravel et al. (2013) to infer niche center(c) for consumers. In our study,
we used an alternative procedure to determine c (i.e., ¢ = rmin+(rmax-rmin)/2)

- the second element are parameters (intercept and slope) originating from a quantile
regression (95%).

- the third element are parameters (intercept and slope) originating from a quantile
regression (5%) fitting

Param_regvert

## [[1]]

## intercept_1m slope_1m

##  -0.9706654 0.9638403

H#it

## [[2]]

## intercept_qro5 slope_qro5
H#it -2.172054 1.264432
H#H#

## [[3]]

## intercept_qgr5 slope_qgr5
#H# -1.6518308 0.9917591

Param_reginvert

## [[1]]

## intercept_1lm slope_1m

H# 0.0000000 0.4111343

#Hit

## [[2]]

## intercept_qr95 slope_qro5
H# 0.0000000 0.8198284
#Hit

## [[3]]

## intercept_gr5 slope_qgr5
H# 0.0000000 0.1429781

Consumers are selected to infer their niche attributes using the function “get niche attributes”
according to the allometric relationships above.
The niche attributes are:

- n=consumer size (niche position).

- ¢ = center of the consumer feeding range (r).

- low and upp = minimal and maximal sizes of prey that determine the consumer feeding
range (r).

(1113

We select the species that are consumers and apply the function ““get niche_attributes”.
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consumers<-fw[fw$phylogenetic category %in% c("vertebrate","inverteb
rate"),]

Niche_attributes<-data.frame(matrix(NA, nrow=nrow(consumers),ncol=4))
rownames (Niche_attributes)<-consumers$genus

colnames(Niche_attributes)<-c("n","c","low", "upp")

for (i in 1:nrow(consumers)){

Niche_attributes[i, ]<-get_niche_attributes(consumer_size=consumers$l
og mean_size[i],
consumer_category=consumers$phylogenetic_category[i])

}

Niche_attributes

## n C low upp
## Esox 5.954243 4.805012 4.2533434 5.356680
## Abramis 5.544068 4.342296 3.8465492 4.838042
## Lota 5.511883 4.305988 3.8146297 4.797347
## Coregonus 5.477121 4.266773 3.7801541 4.753393
## Perca 5.397940 4.177449 3.7016254 4.653274
## Rutilus 5.301030 4.068126 3.6055140 4.530737
## Alburnus 5.060698 3.797008 3.3671624 4.226854
## Lepomis 4.845098 3.553791 3.1533393 3.954243
## Gammarus 4.146128 1.995960 0.5928057 3.399113
## Baetis 3.954243 1.903585 0.5653702 3.241800
## Procladius 4.079181 1.963731 0.5832338 3.344229
## Chironomus 4.176091 2.010384 0.5970898 3.423678
## Cladopelma 3.845098 1.851043 0.5497650 3.152320
## Dicrotendipes 3.929419 1.891635 0.5618210 3.221449
## Paratendipes 3.903090 1.878960 0©.5580566 3.199864
## Polypedilum 3.977724 1.914889 0.5687275 3.261051
## Stictochironomus 4.000000 1.925613 0.5719126 3.279314
## Leptodora 4.096910 1.972266 0.5857686 3.358763
## Megacyclops 3.301030 1.589127 0.4719751 2.706278
## Mesocyclops 2.875061 1.384064 0.4110709 2.357057

A binary matrix of trophic links can then be constructed using the niche attributes of each
consumer (above). When the size of a species j falls within the feeding range of a consumer i,
then the element at the crossing between the predator i and the prey j is set to “1” in the binary
matrix. Otherwise, the element is still set to “0”.

binary matrix<-matrix(@,ncol=nrow(fw),nrow=nrow(fw))
colnames(binary_matrix)<-fw$genus

rownames (binary matrix)<-fw$genus

for (i in 1:nrow(consumers)){

preys<- which(fw$log mean_size>Niche_attributes[i,3] & fw$log mean_s
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ize<Niche_attributes[i,4])
binary matrix[preys,i]<-1

}

Refining trophic links: among all inferred trophic links, we delete those that involve species
that differed among their habitat trait within the lake. If two species do not belong to the same
lake compartment, they cannot have trophic links.

for (i in 1:nrow(binary matrix)){
for (j in 1:nrow(consumers)){

if(binary_matrix[i,j]==1 &
fw[fw$genus==rownames(binary matrix)[i], ]$1lake_compartment ==
"pel” &
fw[fw$genus==colnames(binary matrix)[j],]$lake compartment == "
ben" |
binary matrix[i,j]==1 &
fw[fw$genus==rownames (binary matrix)[i], ]$lake_compartment ==
"ben" &
fw[fw$genus==colnames(binary matrix)[j],]$lake_compartment ==

Ilpelll)
{binary_matrix[i,j]<-0}

}
}
binary matrix[1:10,1:10]
Hit Esox Abramis Lota Coregonus Perca Rutilus Alburnus L
epomis
## Esox 0 0 0 0 0 (7} (7}
0
## Abramis 0 0 0 0 0 0 0
0
## Lota 0 0 0 0 0 0 0
0
## Coregonus (%] 0 0 (%] 0 (%] (%]
0
## Perca 0 0 (7} (7} (7} (7} (7}
0
## Rutilus 1 0 0 0 0 0 0
(%}
## Alburnus 1 (7} 0 0 0 (7} 0
(%}
## Lepomis 1 0 0 0 0 0 0
(%}
## Gammarus 0 1 1 0 1 1 (%}
(%}
## Baetis 0 1 1 1 1 1 1
(%}
#it Gammarus Baetis
## Esox (7] 0
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## Abramis 0 0
## Lota 0 0
## Coregonus 0 (%]
## Perca 0 0
## Rutilus (%] 0
## Alburnus (%] 0
## Lepomis (%] 0
## Gammarus 0 (%]
## Baetis 0 0

We create a dataframe that characterizes all inferred trophic links that can be used for further
analyses. We add a “prednum” column to ease the use of loops when focusing on consumers.
Because the number of trophic links differs among consumers, we first create a dataframe with
the maximal possible trophic links (S?) and then delete missing links.

N_links<-nrow(binary_matrix)

inferred_predator_prey links<-data.frame(matrix(NA,ncol=4,nrow=N_lin
ks*N_1inks))

colnames(inferred_predator_prey links)<-c("predator","prey", "predato
r_size","prey_size")

for (i in 1: nrow(consumers)){
dietsp<-binary_matrix[which(binary_matrix[,i]>0),1i]

for (j in 1: length(dietsp)){
inferred_predator_prey links[j+(i-1)*N_links,1] <- colnames(bina
ry_matrix)[i]
inferred_predator_prey links[j+(i-1)*N_links,2] <- names(dietsp)
(]
inferred_predator_prey links[j+(i-1)*N_links,3] <- fw[fw$genus==
colnames(binary_matrix)[i], ]$log _mean_size
inferred_predator_prey links[j+(i-1)*N_links,4] <- fw[fw$genus==
names(dietsp)[j], ]$log_mean_size
¥
}

inferred_predator_prey links<-na.omit(inferred_predator_prey links)
rownames (inferred_predator_prey links)<-seq(from=1,to=nrow(inferred_
predator_prey_ links),by=1)

inferred_predator_prey_ links$prednum<-as.numeric(as.factor(inferred_
predator_prey_links$predator))
head(inferred_predator_prey links)

##  predator prey predator_size prey_size prednum
## 1 Esox Rutilus 5.954243 5.301030 9
H## 2 Esox  Alburnus 5.954243 5.060698 9
#it 3 Esox Lepomis 5.954243 4.845098 9
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## 4 Abramis Gammarus 5.544068 4.146128 1
## 5 Abramis Baetis 5.544068 3.954243 1
## 6 Abramis Procladius 5.544068 4.079181 1

We can apply a weighting-procedure so that binary trophic links are converted to weighted
trophic links. Maximal weights are 1 at the center of the feeding range of the consumer and
decrease from either sides to a minimal value (~ 0.2) at the maximal and the minimal body
sizes of the consumer range(r). We used “prednum” to select iteratively all consumers.

weighted links<-matrix(NA,ncol=1,nrow=nrow(inferred_predator_prey 1li
nks))

for(i in 1:max(inferred_predator_prey links$prednum)){

sp<-inferred_predator_prey_links[inferred_predator_prey_links$pred
num==1i, ]

niche_sp<-as.matrix(Niche_attributes[which(rownames(Niche attribut
es)==sp[1,1]),c(2:4)])

weighted_links[as.numeric(rownames(sp)),1]<-weights(prey sizes = s
p[,4],niche_center=niche_sp[1l],niche_min=niche_sp[2],niche_max=niche
_sp[3])

}
inferred_predator_prey_ links$weighted links<-weighted_ links
head(inferred_predator_prey_links)

##  predator prey predator_size prey size prednum weighted 1li
nks
## 1 Esox Rutilus 5.954243 5.301030 9 0.3105
532
##t 2 Esox  Alburnus 5.954243 5.060698 9 0.7370
614
#it 3 Esox Lepomis 5.954243 4.845098 9 1.0000
000
## 4 Abramis Gammarus 5.544068 4.146128 1 0.9376
983
## 5 Abramis Baetis 5.544068 3.954243 1 0.4826
409
## 6 Abramis Procladius 5.544068 4.079181 1 0.7815
393

We select pike (Esox luscius) as an example to identify where its inferred prey fall within its
feeding range and how its feeding links are weighted.

The pike niche attributes are (units = log10(um)):
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pike niche<-as.matrix(Niche_attributes[1,])

It can simply be converted in centimeters as follows: the pike body size is then 90 cm and could
feed on prey body sizes ranging from 1.79 cm to 22.73 cm

107-4*10~pike_niche

Hit n C low upp
## Esox 90 6.382808 1.792022 22.73422

The body sizes (cm) for the three inferred preys (i.e., Rutilus sp., Alburnus sp., Lepomis sp.) in
the foodweb are:

107-4*10~inferred_predator_prey links[1:3,4]
## [1] 20.0 11.5 7.0

In the figure below, y-axis represents the weighting for possible trophic links and the x-axis
represents feeding range of the pike (loglO(um)). The two red dotted lines represent the
minimal and maximal prey body sizes (i.e., r, feeding range). The black dotted line indicates
the niche center (i.e., c, center of the feeding range). The black curve represents the weighting
applied for any size within the pike feeding range. The three green points are the three inferred
preys that have different body sizes and consequently different weights.

prey_range_vector<-seq(from=pike_niche[3],to=pike_niche[4],length.ou
t=100)

link_weight_density<-weights(prey_range_vector,niche_center=pike_nic
he[2],niche_min=pike_niche[3],niche_max=pike_niche[4])

op <- par(mfrow=c(1,1),mar = c(2,2,1,1) + ©.5,mgp = c(1, 0.3, 9))
plot(link_weight_density~prey_range_vector,type="1",xlab="prey size
range (r, loglo(um))")
abline(v=Niche_attributes[1,c(2:4)],col=c(1,2,2),1ty=2)
points(weighted links~prey size,data=inferred_predator_prey links[1:
3,],col="green",pch=19, cex=2)

1,0

link_weight_densi
0?6 88

04

| | ) | |
44 46 438 5.0 52 54
prey_size_range (r, log10{pm))
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A weighted matrix can be obtained (complementarily or instead of the binary matrix) by
inserting weights in this matrix.

weighted_matrix<-matrix(@,ncol=nrow(fw),nrow=nrow(fw))
colnames(weighted matrix)<-fw$genus
rownames (weighted_matrix)<-fw$genus

for(i in 1:nrow(inferred _predator_prey links)){

pred<-which(rownames(weighted_matrix)==inferred_predator_prey_link
s$predator[i])
prey<-which(rownames(weighted _matrix)==inferred_predator_prey link

s$prey[i])
weighted_matrix[prey,pred]<-inferred_predator_prey_ links$weighted_

links[i]
}

weighted_matrix[1:10,1:10]

## Esox  Abramis Lota Coregonus Perca Rut
ilus
## Esox 0.0000000 0.0000000 0.0000000 0.0000000 ©.0000000 0.000
0000

## Abramis ©0.0000000 0.0000000 0.0000000 ©.0000000 ©.0000000 0.000
0000
## Lota 0.0000000 0.0000000 0.0000000 O.0000000 ©.0000000 0.000
0000
## Coregonus 0.0000000 0.0000000 0.0000000 0.0000000 ©.0000000 0.000
0000

## Perca 0.0000000 0.0000000 0.0000000 O.0000000 O.0000000 0.000
0000
## Rutilus ©.3105532 0.0000000 0.0000000 0.0000000 0.0000000 0.000
0000

## Alburnus ©.7370614 0.0000000 0.0000000 0.0000000 0.0000000 0.000
igeﬁepomis 1.0000000 0.0000000 ©.0000000 0.0000000 O.0000000 0O.000
izegammarus 0.0000000 0.9376983 0.9489876 0.0000000 0.9937227 0.960
ii7gaetis 0.0000000 0.4826409 0.5249780 0.5769352 0.7258674 0.916
3046

H## Alburnus Lepomis Gammarus Baetis
## Esox 0.0000000 0 0 0
## Abramis ©.0000000 (%] 0 0
## Lota 0.0000000 0 0 0
## Coregonus 0©.0000000 0 0 (%]
## Perca 0.0000000 0 0 0
## Rutilus 0.0000000 0 0 0
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## Alburnus ©.0000000
## Lepomis ©.0000000
## Gammarus ©.0000000
## Baetis ©0.8381163

OO0
[N OIIN )
OO0

Topological metrics of the simplified food web can then be obtained. We had to create a cheddar
‘community’ object that is requested for using several functions from the package “cheddar”.

nodes<-data.frame(fw$genus,fw$log mean_size)
colnames(nodes)<-c("node","M")
trophic.links<-inferred predator prey links[,c(2,1,6)]

colnames(trophic.links)<-c("resource”,"consumer","weight")
property<-list(title=c("Simplified_foodweb"),M.units="Logl@(pm)")

simplified_foodweb<-Community(nodes,properties=property,trophic.link
s=trophic.links)

topological metrics<-as.matrix(c(nrow(nodes),
nrow(inferred_predator_prey links),
DirectedConnectance(simplified foodweb),
LinkageDensity(simplified_foodweb),

length(TopLevelNodes(simplified foodweb))/nrow(simplified foodweb$no
des),

length(IntermediateNodes(simplified foodweb))/nrow(simplified foodwe
b$nodes),
length(BasalNodes(simplified_foodweb))/nrow(simplified_foodweb$nodes

)))

rownames (topological metrics) <-c("Species richness","Links","Direct
edConnectance"”, "Likage density", "Top %", "Inter %", "Basal %")
topological metrics

#t [,1]
## Species richness 30.0000000
## Links 181.0000000

## DirectedConnectance 0.2011111

## Likage density 6.0333333
## Top % 0.1666667
## Inter % 0.5333333
## Basal % 0.3000000

We can also obtain different metrics characterizing species within the simplified foodweb. For
this purpose, we had to create a Igraph object using the package “igraph” to compute several
metrics. Other metrics are computed using functions from the package “cheddar”.

graph <- graph.adjacency(weighted matrix, mode="directed",diag=F,wei
ghted=T)
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metrics<-rbind(degree(graph),

betweenness(graph,directed = TRUE, weights =E(graph)$weight),
transitivity(graph,type=c("weighted"), weights =E(graph)$weight),
TrophicVulnerability(simplified_ foodweb),
TrophicGenerality(simplified_foodweb),
PreyAveragedTrophicLevel(simplified foodweb))

rownames (metrics)<-c("Degree", "Betweenness",
Vul","Trophic_Gen","Trophic_position")
species_metrics<-data.frame(fw[,c(2,4,6,7)],t(metrics))

head(species_metrics)

Transitivity","Trophic_

Hit genus phylogenetic_category lake_ compartment log me
an_size

## Esox Esox vertebrate pel/ben 5
.954243

## Abramis Abramis vertebrate ben 5
.544068

## Lota Lota vertebrate ben 5
.511883

## Coregonus Coregonus vertebrate pel 5
477121

## Perca Perca vertebrate pel/ben 5
.397940

## Rutilus Rutilus vertebrate pel/ben 5
.301030

Hit Degree Betweenness Transitivity Trophic_Vul Trophic_Gen
## Esox 3 0 (%] 0 3
## Abramis 8 %] 0 0 8
## Lota 9 0 0 0 9
## Coregonus 9 0 (%] (%] 9
## Perca 10 0 (%] 0 10
## Rutilus 11 15 0 1 10
Hit Trophic_position

## Esox 4.196016

## Abramis 3.176136

## Lota 3.176768

## Coregonus 3.213805

## Perca 3.192424

## Rutilus 3.192424

Finally, we use the function “ExportToNetwork3D2” to export a Cheddar community object
and the associated species metrics to “.web’ and ‘.txt’ files that can be used by the Network 3D
Windows software for additional investigations.

ExportToNetwork3D2(simplified foodweb,species_metrics, 'D:/Desktop")
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Appendix S5. Three tables summarizing prey species associated to their average body size (cm)
inferred by the aNM for Silurus glanis, Coregonus lavaretus and Gammarus pulex in Lake
Bourget. Inference validation was estimated when the occurrence of the prey was confirmed or
not in other studies and/or with personal field observations. In a number of cases, species-level
could not be reach for the prey identification and in these cases, the species was validated as a
prey if it belongs to the species group reported in the literature (i.e., crayfish for Orconectes
limosus or diatoms for Cyclotella sp.).

Table S1. Inferences and validation for S. glanis measuring 115 cm.

Prey species P_rey body Validation References
size (cm)
Perca fluviatilis 30 yes leglld8§)bservat10n, Vejiik (2017), Kuzishchin et al.
. . Field observation, , Faure and Tanzilli (2016), Alp
Silurus glanis juv 30 yes (2017)
Esox Iucius iuv 255 es Field observation, , Faure and Tanzilli (2016), Vejtik
) : y (2017), Kuzishchin et al. (2018)
Blicca bjoerkna 225 no No references in literature
Ameiurus melas 225 yes Field observation, Faure and Tanzilli (2016)
Scardinius o
erythrophthalmus 20 yes Faure and Tanzilli (2016), Vejtik (2017)
Field observation, Faure and Tanzilli (2016),
Rutilus rutilus 125 yes Guillerault (2017), Vejtik (2017), Kuzishchin et al.
(2018)
Salmo trutta juv 125 no No references in literature
Alburnus alburnus 115 yes Alp (2017, Alburnus kotschyi) , Guillerault (2017)
Gobio gobio 10 no No references in literature

Field observation, Guillerault (2017), Vejiik (2017),
Kuzishchin et al. (2018)

Cottus gobio 9 no No references in literature

Field observation, Guillerault (2017, crayfish), Vejiik
(2017, crayfish), Kuzishchin et al. (2018)

Salaria fluviatilis 8 yes Field observation

Field observation, Faure and Tanzilli (2016), Vejtik

Gymnocephalus cernua 10 yes

Pacifastacus leniusculus 8.75 yes

Perca fluviatilis juv 7.5 yes (2017), Kuzishchin et al. (2018)
Lepomis gibbosus 7 no No references in literature
Field observation, Faure and Tanzilli (2016),
Orconectes limosus 6.25 yes Guillerault (2017, crayfish), Vejiik (2017, crayfish),
Kuzishchin et al. (2018, crayfish)
Coregonus lavaretus juv 5.5 yes Field observation, Vejtik (2017)
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Table S2. Inferences and validation for C. lavaretus measuring 35 cm.

Prey species

P_rey body Validation
size (cm)

References

Coregonus lavaretus juv
Ephemera sp.

Plectrocnemia sp.

Leptodora kindtii
Bythotrephes longimanus

Holocentropus sp.
Athripsodes sp.
Oecetis testacea

Hemimysis anomala
Chaoborus sp.

Ablabesmyia sp.
Apsectrotanypus sp.
Procladius sp.
Chironomus sp.
Cladopelma sp.
Cryptochironomus sp.

Cryptotendipes sp.

Demicryptochironomus sp.

Dicrotendipes sp.
Harnischia sp.
Microtendipes sp.
Pagastiella sp.
Paracladopelma sp.
Paratendipes sp.
Polypedilum sp.
Paralauterborniella sp.
Sergentia sp.
Stictochironomus sp.
Nilothauma sp.

Pseudochironomus sp.
Empididae sp.
Ecnomus sp.
Mystacides sp.

55 no
1.625 no
141 no
1.25 yes
1.25 yes
1.025 no
0.96 no
0.96 no

0.9 no
0.85 yes
0.85 yes
0.85 yes
0.85 yes
0.85 yes
0.85 yes
0.85 yes
0.85 yes
0.85 yes
0.85 yes
0.85 yes
0.85 yes
0.85 yes
0.85 yes
0.85 yes
0.85 yes
0.85 yes
0.85 yes
0.85 yes
0.85 yes
0.85 yes

0.8 no
0.77 no
0.77 no

No references in literature
No references in literature

No references in literature
Field observation, Ponton and Gerdeaux (1988)
Field observation, Ponton and Gerdeaux (1988)
No references in literature
No references in literature
No references in literature

No references in literature

Sotton et al. (2014)

Chironomidae Field observation, Anneville and Hamelet (2015),
Gerdeaux et al. (2002), Tolonen (1997)

Chironomidae Field observation, Anneville and Hamelet (2015),
Gerdeaux et al. (2002), Tolonen (1997)

Chironomidae Field observation, Anneville and Hamelet (2015),
Gerdeaux et al. (2002), Tolonen (1997)

Chironomidae Field observation, Anneville and Hamelet (2015),
Gerdeaux et al. (2002), Tolonen (1997)

Chironomidae Field observation, Anneville and Hamelet (2015),
Gerdeaux et al. (2002), Tolonen (1997)

Chironomidae Field observation, Anneville and Hamelet (2015),
Gerdeaux et al. (2002), Tolonen (1997)

Chironomidae Field observation, Anneville and Hamelet (2015),
Gerdeaux et al. (2002), Tolonen (1997)

Chironomidae Field observation, Anneville and Hamelet (2015),
Gerdeaux et al. (2002), Tolonen (1997)

Chironomidae Field observation, Anneville and Hamelet (2015),
Gerdeaux et al. (2002), Tolonen (1997)

Chironomidae Field observation, Anneville and Hamelet (2015),
Gerdeaux et al. (2002), Tolonen (1997)

Chironomidae Field observation, Anneville and Hamelet (2015),
Gerdeaux et al. (2002), Tolonen (1997)

Chironomidae Field observation, Anneville and Hamelet (2015),
Gerdeaux et al. (2002), Tolonen (1997)

Chironomidae Field observation, Anneville and Hamelet (2015),
Gerdeaux et al. (2002), Tolonen (1997)

Chironomidae Field observation, Anneville and Hamelet (2015),
Gerdeaux et al. (2002), Tolonen (1997)

Chironomidae Field observation, Anneville and Hamelet (2015),
Gerdeaux et al. (2002), Tolonen (1997)

Chironomidae Field observation, Anneville and Hamelet (2015),
Gerdeaux et al. (2002), Tolonen (1997)

Chironomidae Field observation, Anneville and Hamelet (2015),
Gerdeaux et al. (2002), Tolonen (1997)

Chironomidae Field observation, Anneville and Hamelet (2015),
Gerdeaux et al. (2002), Tolonen (1997)

Chironomidae Field observation, Anneville and Hamelet (2015),
Gerdeaux et al. (2002), Tolonen (1997)

Chironomidae Field observation, Anneville and Hamelet (2015),
Gerdeaux et al. (2002), Tolonen (1997)

No references in literature

No references in literature
No references in literature
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Table S3. Inferences and validation for G. pulex measuring 1 cm.

Prey species P_rey body Validation References
size (cm)
Ceratopogoninae sp. 0.19 no No references in literature
Micronecta sp. 0.1625 no No references in literature
Hydrachnidia sp. 0.0578 no No references in literature
Chydorus sphaericus 0.042 no No references in literature
. Crénier et al. (2017, diatoms), MacNeil et al. (1997,
Ulnaria ulna 0.0275 yes diatoms), Moore (1975, diatoms)
. . Crénier et al. (2017, diatoms), MacNeil et al. (1997,
Gyrosigma sciotense 0.01225 yes diatoms), Moore (1975, diatoms)
. Crénier et al. (2017, diatoms), MacNeil et al. (1997,
Ulnaria acus 0.0121 yes diatoms), Moore (1975, diatoms)
. Crenier et al. (2017, diatoms), MacNeil et al. (1997,
Rhopalodia parallela 0.01085 yes diatoms), Moore (1975, diatoms)
. . Crénier et al. (2017, diatoms), MacNeil et al. (1997,
Nitzschia recta 0.0095 yes diatoms), Moore (1975, diatoms)
. . Crénier et al. (2017, diatoms), MacNeil et al. (1997,
Epithemia adnata 0.009 yes diatoms), Moore (1975, diatoms)
. . . Crénier et al. (2017, diatoms), MacNeil et al. (1997,
Nitzschia brunoi 0.00895 yes diatoms), Moore (1975, diatoms)
. . Crenier et al. (2017, diatoms), MacNeil et al. (1997,
Amphipleura pellucida 0.00865 yes diatoms), Moore (1975, diatoms),
. Crenier et al. (2017, diatoms), MacNeil et al. (1997,
Entomoneis sp. 0.0079 yes diatoms), Moore (1975, diatoms)
. . Crenier et al. (2017, diatoms), MacNeil et al. (1997,
Navicula radiosa 0.00785 yes diatoms), Moore (1975, diatoms)
. .. Crénier et al. (2017, diatoms), MacNeil et al. (1997,
Diatoma ehrenbergii 0.0075 yes diatoms), Moore (1975, diatoms)
Rhaphoneis 0.00725 e Crénier et al. (2017, diatoms), MacNeil et al. (1997,
amphiceros ' y diatoms), Moore (1975, diatoms)
. . - Crénier et al. (2017, diatoms), MacNeil et al. (1997,
Nitzschia gracilis 0.007 yes diatoms), Moore (1975, diatoms)
. - Creénier et al. (2017, diatoms), MacNeil et al. (1997,
Brachysira neoexilis 0.0067 yes diatoms), Moore (1975, diatoms)
Creénier et al. (2017, diatoms), MacNeil et al. (1997,
Encyonema prostratum 0.0065 yes diatoms), Moore (1975, diatoms)
. . Creénier et al. (2017, diatoms), MacNeil et al. (1997,
Nitzschia angustata 0.00625 yes diatoms), Moore (1975, diatoms)
A Crénier et al. (2017, diatoms), MacNeil et al. (1997,
Fragilaria tenera 0.00625 yes diatoms), Moore (1975, diatoms)
Cymbella lange- 0.0061 e Crénier et al. (2017, diatoms), MacNeil et al. (1997,
bertalotii ' y diatoms), Moore (1975, diatoms)
Nitzschia 0.0059 e Crénier et al. (2017, diatoms), MacNeil et al. (1997,
alpinobacillum ' y diatoms), Moore (1975, diatoms)
. . . Crénier et al. (2017, diatoms), MacNeil et al. (1997,
Nitzschia intermedia 0.0059 yes diatoms), Moore (1975, diatoms)
. Crénier et al. (2017, diatoms), MacNeil et al. (1997,
Navicula rotunda 0.00555 yes diatoms), Moore (1975, diatoms)
. . Crénier et al. (2017, diatoms), MacNeil et al. (1997,
Navicula gottlandica 0.00555 yes diatoms), Moore (1975, diatoms)
. . Crénier et al. (2017, diatoms), MacNeil et al. (1997,
Navicula associata 0.00555 yes diatoms), Moore (1975, diatoms)
. . Crénier et al. (2017, diatoms), MacNeil et al. (1997,
Navicula praeterita 0.00555 yes diatoms), Moore (1975, diatoms)
Nitzschia denticula 0.0055 yes Crénier et al. (2017, diatoms), MacNeil et al. (1997,

diatoms), Moore (1975, diatoms)
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Nitzschia capitellata

Nitzschia supralitorea

Gomphonema
acuminatum

Navicula tripunctata

Epithemia sorex

Gomphonema
capitatum
Gomphonema
truncatum
Gomphonema
bavaricum

Gomphonema elegans
Diploneis krammeri
Nitzschia dissipata
Navicula radiosafallax

Parlibellus protracta

Encyonema
caespitosum

Amphora copulata
Fragilaria radians

Nitzschia sociabilis

Cymbella
neoleptoceros

Surirella brebissonii

Fragilaria gracilis

Gomphonema
tergestinum
Navicula
capitatoradiata

Denticula tenuis
Cocconeis pediculus
Nitzschia fonticola
Encyonema vulgare
Cymbella excisa
Encyonema silesiacum

Navicula subalpina

Naviculadicta
raederiae

0.00525

0.005

0.0048

0.0046

0.0045

0.00445

0.0044

0.00425

0.00425

0.0042

0.00415

0.004

0.00385

0.0038

0.0037

0.00365

0.0036

0.0036

0.0036

0.0035

0.00335

0.00335

0.0033

0.0033

0.00325

0.00325

0.0031

0.00305

0.0029

0.0029

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes
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Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
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Naviculadicta
vitabunda

Fragilaria mesolepta

Gomphonema
parvulum
Navicula
cryptocephala

Sellaphora pupula
Nitzschia palea

Navicula cryptotenella

Gomphonema
olivaceum

Cymbopleura
amphicephala

Lemnicola hungarica
Nitzschia amphibia

Navicula gregaria

Cocconeis
pseudolineata
Cyclotella
meneghiniana

Cavinula scutelloides
Fragilaria perminuta
Geissleria decussis
Cocconeis euglypta
Nitzschia tabellaria
Nitzschia solgensis
Fallacia lenzi
Fallacia subhamulata

Karayevia clevei

Aulacoseira
baicalensis

Achnanthidium jackii
Adlafia bryophila
Caloneis alpestris

Caloneis lancettula

Pseudostaurosira
brevistriata

Rossithidium petersenii

0.0029

0.00285

0.0028

0.00275

0.00275

0.0027

0.0027

0.00265

0.0026

0.00255

0.00255

0.00255

0.0024

0.0024

0.00235

0.00235

0.0023

0.00227

0.0021

0.002

0.002

0.002

0.0019

0.0019

0.00185

0.00185

0.00185

0.00185

0.0018

0.00175

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes
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Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
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Geissleria schoenfeldii
Navicula antonii
Puncticulata radiosa

Sellaphora stroemii

Particulate organic
matter
Planothidium
lanceolatum

Staurosira venter

Fragilaria
oldenburgiana
Encyonema
ventricosum

Cocconeis placentula

Cocconeis placentula

Planothidium
rostratum

Staurosira binodis

Navicula
cryptotenelloides
Sellaphora
verecundiae
Achnanthidium
pyrenaicum

Amphora indistincta
Platessa conspicua
Encyonopsis subminuta
Platessa ziegleri

Platessa holsatica

Achnanthidium
eutrophilum
Gomphocymbellopsis
ancyli

Planothidium
frequentissimum
Achnanthidium
exiguum

Amphora pediculus
Methanospirillum sp.
Staurosira construens
Methanobacterium sp.

Cyclotella costei

0.00175

0.0017

0.0017

0.00159

0.00155

0.00155

0.00155

0.0015

0.0015

0.0015

0.0015

0.00145

0.0014

0.00135

0.00135

0.0013

0.00126

0.00125

0.00125

0.00115

0.00115

0.00115

0.00115

0.0011

0.0011

0.0011
0.00105
0.00105

0.001025
0.000975

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes
yes
yes

no

yes
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Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)

Anderson and Sedell, (1974), MacNeil et al. (1997)

Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)

No references in literature

Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)

No references in literature

Crénier et al. (2017, diatoms), MacNeil et al. (1997,
diatoms), Moore (1975, diatoms)
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Achnanthidium 0.0009 es Crénier et al. (2017, diatoms), MacNeil et al. (1997,
atomoides ' y diatoms), Moore (1975, diatoms)
Crénier et al. (2017, diatoms), MacNeil et al. (1997,

Navicula utermoehlii 0.0009 yes diatoms), Moore (1975, diatoms)

. . Crénier et al. (2017, diatoms), MacNeil et al. (1997,
Discostella stelligera 0.0009 yes diatoms), Moore (1975, diatoms)
Cocconeis 0.00085 yes Crenier et al. (2017, diatoms), MacNeil et al. (1997,

neothumensis diatoms), Moore (1975, diatoms)

Crénier et al. (2017, diatoms), MacNeil et al. (1997,

Mayamaea alcimonica 0.000775 yes diatoms), Moore (1975, diatoms)
Achnanthidium 0.00075 es Crénier et al. (2017, diatoms), MacNeil et al. (1997,
straubianum ' y diatoms), Moore (1975, diatoms)

L Crénier et al. (2017, diatoms), MacNeil et al. (1997,
Staurosira pinnata 0.0007 yes diatoms), Moore (1975, diatoms)
Methanolinea sp. 0.000425 no No references in literature
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« Lorsque deux forces sont jointes, leur efficacité est double. »

Isaac Newton
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CHAPITRE 3. Position du silure dans le réseau et impacts
concomitants avec d’autres espéces exotiques

1. Présentation du chapitre

Problématique : les espéces prédatées par la population de silures dans le Lac du Bourget
et les compartiments lacustres dont ils tirent leur énergie ont pu étre identifiés (Chapitre 1). Ces
approches empiriques restent limitées 1) par I’amplitude de taille des silures échantillonnées,
2) par la non prise en compte des possibles prédateurs des silures. D’éventuels impacts
concomitants résultant de la présence simultanée d’autres espéces invasives (ex. la crevette
rouge sang Hemimysis anomala) devraient aussi étre pris en compte pour une estimation globale
de I’impact des espéces invasives dans I’écosysteme colonisé.

Méthodologie : I’aNM (Chapitre 2) a été utilisé pour reconstituer la niche trophique de
silures couvrant un intervalle de taille de 5 cm a 200 cm (40 nceuds dans le réseau) et celle de
H. anomala (1em, un neeud) en inférant tous leurs liens trophiques possibles avec les especes
résidentes du Lac du Bourget (n = 471). L’aNM a ici été complété en pondérant les liens inférés
entre toutes les espéces a partir desquelles des tirages de Bernoulli ont été réalisés afin de
génerer 100 matrices d’interactions binaires représentant la variabilité dans les liens trophiques
réalisés. La catégorie taxonomique, 1’habitat et la taille des proies et des prédateurs des silures
et de H. anomala ont été etudiés a partir de ces 100 matrices d’interactions. Leur position
trophique, leur vulnérabilité trophique, leur généralité trophique et le chevauchement de leur
régime alimentaire ont été calculés. Ensuite, les changements de liens trophiques causés par la
prédation des deux espéces ont été étudiés selon deux scénarios : (i) avec/sans especes invasives
en comparant la vulnérabilité trophique des espéces résidentes et (ii) stade d’établissement
actuel, simulé a partir de données de capture selon chaque classe de taille, et « futur », intégrant
une proportion plus importante de silures supérieurs a 100 cm dans la population.

Principaux résultats : en considérant I’ensemble du spectre de taille 1ié a I’ontogénie des
silures, ceux-ci pourraient prédater des proies allant des zooplanctons jusqu’au prédateur apical
(brochet). Une forte proportion de grands invertébrés (ex. écrevisses) et de méso-prédateurs
(ex. perches) sont également attendus dans les régimes alimentaires inférés pour la plupart des
tailles de silures. Leur vulnérabilité trophique diminuerait trés vite durant I’ontogénie
(simultanément avec 1’augmentation de leur position trophique) jusqu’a ne plus avoir de
prédateurs au sein du réseau a partir de 60 cm. H. anomala exercerait une prédation
principalement orientée sur les producteurs primaires et les petits zooplanctons mais serait aussi
consommeée par la plupart des espéces de poissons. La vulnérabilité trophique des poissons,
invertébrés et producteurs primaires était significativement supérieure en présence des deux
nouvelles especes, ainsi supposées avoir des effets additifs a 1’échelle du réseau de par le faible
chevauchement de leur niche trophique. Pour finir, pour un stade d’établissement futur (c.-a-d.
plus de silures > 100 cm), les silures pourraient consommer une plus grande proportion de
poissons, en accord avec des résultats obtenus dans d’autres écosystémes.

Valorisation : Ce chapitre fait I’objet d’un article actuellement en correction apres les retours
des relecteurs pour Biological Invasions recus le 6 septembre 2021.
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2. Article 3 — Inferring the trophic attributes of new co-occurring invaders in
the largest natural French lake (Lake Bourget)

Chloé Vagnon'*, Franck Cattanéo?, Jean Guillard® and Victor Frossard*

L Univ. Savoie Mont-Blanc, INRAE, CARRTEL, 74200 Thonon-les-Bains, France
2 HES-SO / HEPIA, CH-1254 Jussy, Suisse
*! Corresponding author: chloe.vagnon@gmail.com

2.1. Abstract

Identifying the trophic attributes of co-occurring invaders is a prerequisite to anticipate and
mitigate their simultaneous impacts. We used an allometric niche model (aNM) to infer the
trophic attributes of a mysid (Hemimysis anomala) and a fish (Silurus glanis) that recently
colonized the largest natural French lake (Lake Bourget) and we raised the potential
consequences of this multispecies invasion on this ecosystem following changes in trophic links
in the invaded food web.

H. anomala was predicted to mainly rely on primary producers while S. glanis was expected
to experience an ontogenetic trophic transition (i.e., diet shift from invertebrates to fish at ~90
cm, decrease in trophic vulnerability at ~60 cm). At the whole-lake scale, both invaders had
additive negative impacts as they shared a restrained resource proportion (Pianka index = 0.014)
while they significantly increased the trophic vulnerability of fish, invertebrates and primary
producers. The comparison of trophic link changes considering the current S. glanis population
(i.e., mainly composed of small individuals of 40-60 cm) or a “future” S. glanis population (i.e.,
individuals > 100 cm more numerous) highlighted an increased predation pressure on the
resident fish. However, in both scenarios, invaders were highlighted as putative prey for
resident species, especially H. anomala.

The aNM represents a flexible tool for biological invasion management, taking advantage
of widely available monitoring data, to identify vulnerable resident species and implement early
management actions (e.g., size-based functional controls) when empirical data on invaders are
sparse, particularly in the early phases of their colonization.

Keywords: invasive species, multispecies invasion, trophic interactions, Silurus glanis,
Hemimysis anomala, body size
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2.2. Introduction

The increasing rate of alien species
introductions represents a growing threat to aquatic
ecosystems by enhancing the likelihood of
establishment of several new species over a similar
time-window, potentially resulting in multispecies
invasions (Kuebbing et al. 2013). Considering
simultaneously several co-occurring invaders may
hence be fundamental for the comprehensive
assessment of species invasion consequences in
ecosystems and their subsequent biological
controls.

Trophic interactions are one of the main drivers
of the persistence success of invasive species and
are associated with most impacts on resident
species (Penk et al. 2017). These ecological
interactions may differ according to the invader
identities (e.g., vertebrate, invertebrate) and their
trophic levels, resulting in additive impacts of
multispecies invasions at the whole food web scale
(Jackson et al. 2017; Zhang et al. 2019). For
instance, in the multi-invasion experiment of
Preston et al. (2012), mosquitofish reduced the
zooplankton abundance while bullfrog larvae
reduced the growth of native anurans, traducing
additive impacts on the ecosystem. Additionally,
diet variabilities during ontogeny (Krumsick &
Fisher 2019; Sanchez-Hernandez et al. 2019)
and/or among seasons (Garcia-Berthou & Moreno-
Amich 2000; Novakowski et al. 2008) can obscure
the actual trophic interactions between invaders
and resident species. Consequently, the
comprehensive identification and quantification of
their trophic interactions remain fundamental but
notoriously difficult to address, especially in the
early stages of species colonization due to field and
methodological limitations (Andersen et al. 2004;
Crystal-Ornelas & Lockwood 2020).

In aquatic ecosystems, the trophic interactions
can actually be retrieved from allometric
relationships between predator and prey body sizes
(Woodward et al. 2005; Reum et al. 2018; Portalier
et al. 2019). This approach was successfully used
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to investigate several purposes such as the trophic
structure of marine fish species (Albouy et al.
2019), the stability of stream food webs (Pomeranz
et al. 2019) or the number of intra-guild predators
within frog communities (Costa-Pereira et al.
2018). The inferences of trophic interactions
between resident and invasive species represent a
crucial step to quantify invader impacts (Calizza et
al. 2021) and may thus be retrieved from species
body size when other empirical data are not
available.

The reconstruction of invaded food webs from
trophic interactions inferred with predictive models
requesting few data is challenging to understand
impacts of invasive species integrated in a more
global approach than in species-centered studies
(Corrales et al. 2019; Frost et al. 2019). It allows to
identify the place of invasive species in complex
interspecies interactions, frequently intricate to
estimate from classical empirical approaches. It
thus permits to predict the negative and positive
consequences of invasive species on different
taxonomic categories and trophic levels following
creation of new interactions (David et al. 2017;
Jackson et al. 2017). Therefore, the study of
invasive species impacts at the whole food web can
be scaled up to the ecosystem level for revealing its
overall vulnerability to new invaders.

In this study, we aimed at investigating how a
multispecies invasion could affect an ecosystem,
considering the whole food web, following changes
in trophic links identified from the inference of the
trophic attributes of two new co-occurring species.
We considered the red shrimp (Hemimysis
anomala, hereafter called H. anomala) and the
European catfish (Silurus glanis, hereafter called S.
glanis) that recently (< 10 years) invaded the
largest natural French peri-Alpine lake (Lake
Bourget). We proposed to use an allometric niche
model (hereafter called aNM; Vagnon et al. 2021)
to infer trophic attributes of these two invaders
(included at the same time in the food web and
considered as both prey and predator) based on
their inferred trophic links with an extensive



species inventory of resident species (n = 471).
Expectations regarding their consequences in the
lake food web were expressed based on trophic link
changes studied through a two-step analysis. First,
the differences in the trophic vulnerability of
resident species without and with the invaders in
the food web were analyzed. Second, two scenarios
were considered to evaluate changes in trophic
links at different time scales: in an invaded food
web including H. anomala and the current
population body size spectrum of S. glanis and an
invaded food web including H. anomala and a
“future” population body size spectrum of S. glanis
(i.e., higher relative proportions of individuals >
100 cm expected for long-term stabilized
populations; Faure & Tanzilli 2016).

We expected H. anomala to mainly predate
zooplankton and primary consumers and S. glanis
was expected to more predate large invertebrates
and fish. Both invaders were expected to be
consumed by resident species, possibly balancing
the negative consequences resulting from new
predation interactions. We hypothesized that
different trophic levels could be disturbed at the
whole food web scale considering the probable
differences in trophic position of both invaders due
to their divergent diets, possibly resulting in
modification of the lake ecosystem functioning and
ecosystemic services in longer term.

2.3. Material and methods

2.3.1. Lake Bourget, species inventory and
invaders

Lake Bourget is the largest natural deep French
peri-Alpine lake (mean depth = 85m and maximum
depth = 145 m; area = 44.5 km?; 45° 43' 46.842" N,
5° 52' 10.484" E) and it has been restored from
eutrophication since 2010 (Jacquet et al. 2020)
after the elaboration of management plans based on
a long term monitoring survey. An extensive
species inventory (n = 471), including mean
species body sizes and species habitat traits (i.e.,
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littoral, pelagic or both) that was reconstructed in
Vagnon et al. (2021) from the long term monitoring
survey of the lake (© SOERE OLA-IS, INRAE
Thonon-les-Bains, CISALB; Rimet et al. 2020)
was used to apply our study framework. Data on
ichthyofauna, phytoplankton and zooplankton are
available at https://si-ola.inrae.fr/.

The two recent species (H. anomala and S.
glanis) both originate from the Ponto-caspian
region and rapidly expanded their range due to their
wide physiological and trophic plasticity (Copp et
al. 2009; Marty et al. 2010; Sun et al. 2013;
Cucherousset et al. 2017). In fact, they are
opportunistic and omnivorous as their diet remains
site-dependent regarding the divergent results in
their prey items and diet breadth in different
ecosystems (Ketelaars et al. 1999; Copp et al.
2009; Cucherousset et al. 2017; Evans et al. 2018).
Their arrival in Lake Bourget was likely permitted
by the lake outlet (the Saviére canal) connected to
the Rhéne River (Wittmann & Ariani 2009; Faure
& Tanzilli 2016). Both species have increasingly
been encountered during diving explorations and
monitoring surveys since 2013 (Frossard &
Fontvieille 2018; Jacquet et al. 2018) and their
establishment in Lake Bourget is worrying
considering their impacts on zooplanktonic and
fish communities underlined in other ecosystems
(Ketelaars et al. 1999; Carol et al. 2009; Castaldelli
et al. 2013; Sinclair et al. 2016). Particularly, the
current lake reoligotrophication could be
threatened through the disturbance of herbivorous
zooplanktons (Walsh 2016) and fishery yields
decreasing due to the predation of S. glanis on fish
may represent a loss of several million euros in the
Lake.

2.3.2. The allometric niche model (aNM)

The aNM (Vagnon et al. 2021) follows the
niche model principle (Williams & Martinez 2000)
and was derived from the method proposed by
Gravel et al. (2013).



It assumes that consumer i with body size nj is
expected to feed on a continuous range of prey
body sizes ri, characterized by an upper range rimax,
a lower range rimin and a center ci. Briefly, feeding
ranges in Vagnon et al. (2021) were estimated
using quantile regressions (QRs) at 5 % (rimin) and
95 % (rimax) calibrated from diets and/or feeding
ranges retrieved from various literature sources for
26 ubiquitous freshwater species, found in
temperate lakes and rivers and covering a body size
range from about ten micrometers to meters (i.e.,
from protists to piscivorous fish). Different
allometric relationships were fitted: QRs for fish
and QRs for invertebrates to consider their inherent
trophic differences. After the calibration step, the
intrinsic validity of the aNM was assessed by
comparing empirical binary matrices of trophic
links, retrieved from Global webs
(https://www.globalwebdb.com) and from the
Cheddar R package (Hudson et al. 2013), and the
trophic links inferred by the aNM. In the study of
Vagnon et al. (2021), the aNM was then applied to
the species inventory of Lake Bourget to infer the
feeding range of each consumer in the lake
(including S. glanis and H. anomala) and
reconstruct species interactions. The lake food web
topology was analyzed after inferring a total of
26037 trophic links, among 60.7% of basal species,
36.8% of intermediate species and 2.5% of top
species.

2.3.3. Inferring trophic links

H. anomala and S. glanis clearly differ in their
life cycle and maximum body size (1.5 cm and
more than 200 cm, respectively) justifying a
specific approach for each species. H. anomala
rapidly reaches its adult body size (sexual maturity
raised in less than 45 days; Kipp & Ricciardi 2007)
while S. glanis grows slower (sexual maturity at
more than 3 years and 80 cm; Alp et al. 2004).
Consequently, we considered a unique average
body size for H. anomala (1 cm), representing one
nodes in the reconstructed food web, while 40
different body sizes of S. glanis (from 5 cm to 200
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cm by 5 cm increment), representing 40 nodes in
the reconstructed food web, were investigated to
account for its ontogeny (Fig. 1a) in the same way
as Bonnaffe et al. (2021).

The prey body size ranges (r) of all consumers
in the species inventory (including the invaders)
were inferred using the QRs from the aNM and
allowed to identify all the potential trophic links
among species pairs for the whole species
inventory, summarized as a binary interaction
matrix (Fig. 1b). The resulting trophic links were
refined for each consumer (Fig. 1c) according to
the habitat trait (i.e., strictly pelagic and strictly
littoral species cannot trophically interact) and
foraging ecology traits (i.e., piscivorous fish do not
eat molluscs or primary producers). The refined
trophic links were then weighted using a Gaussian
probability density function in lines with Williams
et al. (2010), allowing to retrieve the probability of
a trophic link between consumer i and prey j to
occur. The Gaussian probability density function
allowed to distribute probabilities across each
consumer feeding range ri, so that the maximum
probability was 0.95 found at c¢i and probability
declined along the feeding range until reaching
minimal probabilities set at 0.1 for rimin and Fimax
(Fig. 1c). These trophic link probabilities were then
used to generate 100 binary interaction matrices in
which occurrences of trophic links (i.e., 1 in a
binary matrix) were based on Bernoulli trials
following the method of Pomeranz et al. (2020) and
were expected to represent possible variabilities in
consumer diets (Fig. 1d). These matrices included
both alien species that were simultaneously
considered as predator and as prey in the following
analyses.

2.3.4. Characterizing trophic attributes

The trophic attributes of each invader were then
evaluated using different diet metrics calculated
from the 100 binary interaction matrices (Fig. 1d).
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Their trophic generality (i.e., number of prey
species) and their trophic vulnerability (i.e.,
number of predator species) were calculated to
assess interspecific trophic links (Bersier et al.
2002). The trophic position of invaders (TP) was
obtained as follows:

TP.onsumer = 1 + mean(TPpre},) (eq. 1)

with TPprey is the trophic position of each single
prey in the diet of the consumer and TP of primary
producers set to 1 (Levine 1980). The diet overlap
between both invaders was computed using the
Pianka index to quantify the proportion of shared
resources between invaders (Pianka 1974) applied
to the weighted interaction matrix obtained from
the Gaussian probability density function.

Prey lake habitats (i.e., strictly littoral, strictly
pelagic or littoral/pelagic), prey body sizes and
prey taxonomic categories (i.e., primary producers,
zooplankton, invertebrates, fish) were considered
to characterize the prey species the more likely to
be consumed by both invaders. The same steps
were processed when considering both invaders as
possible prey for resident species to evaluate the
characteristics of the predators the more likely to
consume the invaders.

For S. glanis, the Shannon continuous index
(prey body size diversity) and the prey body size
evenness were calculated according to Quintana et
al. (2016) and Brucet et al. (2017) to inform on the
prey body size structure along the S. glanis body
size gradient as follows:

+ca
Shannon continuous = — f pe(xX)log.p.(x)dx (eq.2)
0

1
Shannon max = [§+ In(\2m g;,,) + ?mn] (eq.3)
eShﬂHﬂoﬂ continuous
Prey body size evenness = (eq.4)

gShannon max

where px(x) is the probability density function of
prey body size x, min and o are respectively the
mean and the standard deviation of the Log-Normal
distribution of prey body sizes.
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Ontogenetic diet changes of S. glanis were
explored by combining the proportions of prey lake
habitats (i.e., % of littoral prey; % of pelagic prey;
% of pelagic/littoral prey) and prey taxonomic
categories (i.e., % of invertebrates; % of
zooplankton; % of fish), the prey body size
diversity and the prey body size evenness in a
principal component analysis (PCA; Pearson
1901), in which all the metrics were standardized
prior to the PCA analysis.

2.3.5. Changes in trophic links

Analyses of the changes in the trophic links at
the whole food web scale were performed
following two steps. The first step aimed at
comparing the species vulnerability without and
with both invaders in the food web by computing
the trophic vulnerability of each species from the
100 binary matrices previously generated. It
allowed to identify prey taxonomic category that
could be the more disturbed by the predation of the
new co-occurring invaders. Statistical differences
were tested using Wilcoxon tests to evaluate
significant changes with invaders.

The second step aimed at investigating
potential future changes in trophic links
proportions shared with each taxonomic category.
The mean percentage (x SD) of trophic links
between invaders (considered as prey and
predators) and the resident species from each
taxonomic category (i.e., primary producers,
zooplankton, invertebrates and fish) was computed
through two scenarios: (i) a food web including H.
anomala and the current population body size
spectrum of S. glanis; (ii) a food web including H.
anomala and the “future” body size spectrum of S.
glanis. The current population body size spectrum
of S. glanis was reconstructed using the Llin
method (log-linear method) (Daan et al. 2005;
Edwards et al. 2017), where the log (number of
individuals in body size classes) are related to the
midpoint of the body size class intervals by a linear
regression. This reconstruction was based on 231
individual measurements of S. glanis sampled



between 2017 and 2019 that ranged from 10 cm to
140 cm (Fig. S1A). For the reconstructed
population, we considered a body size range from
1 cm to 200 cm (with body size classes of 5-cm
intervals; Fig. S1B) corresponding to field
observations by fishermen and represented a total
of 1000 nodes introduced in the food web. The
different steps of the aNM previously described
were applied to this current population of S. glanis
to investigate the proportion of species in each
taxonomic category, possibly representing prey or
predator for S. glanis considering the new 100
simulated binary interaction matrices.

The “future” population was characterized by a
body size spectrum exhibiting higher proportions
of large individuals to reflect the S. glanis
population at a later stage of establishment
(Kiyashko et al. 2006). This scenario was obtained
by dividing by 2 the slope of the linear regression
previously fitted with the Llin method (log-linear
method), so that small individuals were less
numerous compared to the current population
(mean =-11.2 + 14.0 % of individuals in body size
classes between 5 cm and 100 cm) while large
individuals were more numerous (mean = + 49.6 +
24.7% of individuals larger than 100 cm; Fig. S1B;
Table S1), corresponding to proportions similar to
observations in ecosystems where S. glanis is
studied since 1988 (Faure & Tanzilli 2016). The
aNM was then applied to this “future” population
(composed of 1000 individuals) as previously
described.

All statistical analyses were performed using
R.3.5.1 (Team 2018) with the packages cheddar
(Hudson 2019), SparseM (Koenker & Ng 2019),
quantreg (Koenker 2019), igraph (Csardi 2019),
NetIndices (Kones et al. 2009), foodweb (Perdomo
2015), ggplot2 (Wickham 2016), mgcv (Wood
2017), FactoMineR (Le et al. 2008), factoextra
(Kassambara & Mundt 2019).

Functions, R scripts and a simulated species
inventory are available at:
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https://github.com/chloevagnon/Multispecies_inva
sion to provide an application example of the
elaborated functions applied in this study to get
species attributes of one or several invaders.

2.4. Results

2.4.1. Trophic attributes of H. anomala

H. anomala considered as a predator had
numerous prey species (mean trophic generality =
168.2 + 8.6 prey species; Table 1) that mainly
belonged to the pelagic habitat (95.4 £ 5.7 prey
species) followed by prey from the littoral habitat
(71.4 £ 5.0 species). Only 1.4 + 0.9 of prey species
relied on the pelagic/littoral habitat (Fig. 2a).

The aNM predicted that H. anomala would
mostly forage on primary producers (67.9 £ 5.4
prey species) followed by zooplankton (22.4 £ 4.5
prey species) while the other taxonomic categories
represented negligible fractions of its total diet
(Fig. 2b). H. anomala was hence characterized by
a rather low trophic position (TP = 2.2 + 0.02,
Table 1).

The body size distribution of its prey clearly
indicated a unimodal distribution (modal
value =49.5 um) and covered a body size range
from 3.8 pm to 1900 pm (mean = 73.1 + 138.7 pm;
Fig. 2c).

When considered as a prey, H. anomala had a
mean trophic vulnerability of 10.1 £ 2.2 (Table 1).
Its predator were mostly fish (9.4 £ 2.1 species,
including S. glanis), belonging to the littoral habitat
(e.q., the freshwater blenny Salaria fluviatilis), the
pelagic/littoral habitat (e.g., the roach Rutilus
rutilus) and to the pelagic habitat (e.g., the
whitefish Coregonus lavaretus; Fig. 2d). Few
invertebrates were predicted to predate H.
anomala, corresponding to an average of 0.3 £ 0.5
species (Fig. 2e). The predator body size range of
H. anomala spanned from 8.0 cm (Salaria
fluviatilis) to 40.0 cm (S. glanis; Fig. 2f).
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Table 1: Trophic attributes for Hemimysis anomala and for small, intermediate and large Silurus glanis
in Lake Bourget. Trophic vulnerability, trophic generality and trophic position are given as mean = SD
and minimal and maximum values are provided in brackets.

Species metrics

Invaders Lake Trophic Trophic Trophic
compartment Vulnerability Generality Position

Hemimysis anomala Pelagic/Littoral 10.1+2.2 168.2+86 2:2+0.02

y g (5.0 — 15.0) (148.0-192.0)  (2.1-22)
Small S. glanis L 126 +£0.7 32.7+1.2 3.2+£0.03
(5-35 cm) Pelagic/Littoral 1) /" 146) (209-360)  (3.1-33)
Intermediate S. glanis C o 05+0.2 12.3+0.7 3.6+0.04
(40-95 cm) Pelagic/Littoral - hg 1 ) (108-13.9)  (35-37)
Large S. glanis Lo 0.0£0.0 26.1+0.5 4.1 £0.02
(100-200 cm) Pelagic/Littoral (0.0-0.0) (150-17.5)  (4.0-4.1)
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Figure 2: Hemimysis anomala as predator and prey in Lake Bourget. Prey and predators of H. anomala were
segregated among lake habitats (a, d), taxonomic categories (b, €) and the prey/predator body size distributions
were explored (c, f; note the log:o x-axis in c). Values correspond to mean values calculated from the simulations
of the 100 binary matrices and error bars correspond to the standard deviations.



2.4.2. Size-specific trophic attributes of S.
glanis

The inferred diets for the 40 body sizes of S.
glanis followed a general pattern synthetized by the
PCA, explaining 63.6% of the total variance with
the two first axes (i.e., 37.7% for PCA axis 1 and
25.9% for PCA axis 2; Fig. 3). PCA axis 1 was
negatively correlated to the percentage of
invertebrate species in diets (27.1% of
contribution; Fig. S2) and positively correlated to
the percentage of fish species in diets (26.9% of
contribution; Fig. S2). This axis hence reflected a
change in the taxonomic category of species
inferred in S. glanis diets. Individual variations
along PCA axis 2 were mostly due to variations in
prey lake habitats, with the proportions of
pelagic/littoral species (negatively correlated) and
of littoral species (positively correlated)
contributing at 32.1% and 24.6% to the axis,
respectively (Fig. S2).

Littoral

Invertebrate

Axis 2 (25.9 %)

2-

Prey species richness

-6-
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The Shannon continuous index and the
evenness metrics increased with S. glanis body
sizes in lines with an increased in prey body sizes
accessible by large S. glanis individuals, but were
not highly correlated with PCA axis 1 and 2 (Fig.
S2).

S. glanis measuring between 5 cm and 35 cm
had an average trophic generality of 32.7 + 1.2
(Table 1), with an inferred diet mainly composed
of invertebrates and zooplankton until measuring
30 cm (Fig. 4a). The individuals between 40 cm
and 90 cm were predicted to forage on fewer prey
species (12.3 + 0.7 species prey), with a mixed diet
including small fish and invertebrates. For
individuals larger than 90 cm, an average of 26.1
+ 0.5 prey species was inferred, characterized by a
high proportion of fish (i.e., including S. glanis)
and a few large invertebrates such as crayfish.

Shannon continuous

S. glanis body size (cm)
. 200
Pelagic/Littoral

150

100
50

25

Axis 1 (37.7 %)

Figure 3: Principal component analysis (PCA) biplot highlighting Silurus glanis trophic characteristics. Diets are
inferred from the simulation of the 100 binary interaction matrices for the 40 S. glanis body sizes (from 5 cm to
200 cm, by 5 cm increment). “Invertebrates”, “Zooplankton, “Fish”, “Pelagic”, “Littoral” and “Pelagic/Littoral”
are the percent composition of diets used to characterize prey species inferred in diets. The prey body size diversity
(Shannon continuous index) and the prey body size evenness are also represented to inform on the prey body size
structure along S. glanis body sizes. Points are colored according to S. glanis body sizes.
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These results suggested a progressive diet shift
from an invertebrate-based diet to a fish-based diet
along ontogeny as underlined by the PCA (Fig. 3),
associated with a decrease in the prey richness and
an increase in the trophic position (Table 1). The
trophic vulnerability of S. glanis progressively
decreased with increasing body size, ranging from
21.3 £ 2.6 predator species for S. glanis of 10 cm
to no predator for individuals larger than 60 cm
(Fig. 4b; Table 1). S. glanis measuring between 25
cm and 60 cm were expected to be predated by
large S. glanis.

Finally, the diet overlap computed using the
Pianka index indicated a really restrained overlap
between S. glanis and H. anomala. Only the
smallest S. glanis (1 cm) comprised in the body size
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gradient shared resources with H. anomala (Pianka
index = 0.014) by having a diet partly composed of
zooplankton species such as Daphnia longispina.

2.4.3. Changes in trophic links

The mean trophic vulnerability computed from
the 100 binary matrices for each species
highlighted that all the taxonomic categories
undergone a significant increasing in their
vulnerability after introducing both invaders
(Wilcoxon test, p-values < 0.005; Table 2), except
for detritus and bacteria (Wilcoxon test, p-values >
0.005; Table 2). Particularly, fish (e.g., percids and
cyprinids), invertebrates (e.g., crayfish) and
phytobenthos (e.g., diatoms) suffered from the
increased predation pressure in presence of the 40
S. glanis and H. anomala (trophic vulnerability
without/with invaders of +11, +4 and +3,
respectively; Table 2).

This strong increase in trophic vulnerability for
fish, invertebrates and primary producers was
confirmed by the percentage of prey species in each
taxonomic category considering both a current and
a “future” establishment state of invaders (Fig. 5).
On one hand, the aNM inferences suggested a high
reliance of the current S. glanis population on
invertebrates (61.5 £ 33.1% of trophic links) and on
all fish species (32.8 £+ 33.1% of trophic links)
while H. anomala mainly relies on primary
producers (84.8 + 1.7% of trophic links). On other
hand, H. anomala represented a valuable resource
for both resident species (66.8 £ 10.8% of trophic
links; Fig. 5) and S. glanis population (30.4 +
10.1% of trophic links). Large fish species such as
Northern pikes (Esox lucius) could also consume
small S. glanis in a restrained fraction (0.3 £ 1.0%
of trophic links).

The aNM inferences for a “future”
establishment state still underlined a majority of
invertebrates in the S. glanis population diet (54.2
+ 32.7% of trophic links; Fig. 5) and highlighted an
increased predation on fish species (42.0 £ 34.1%
of trophic links).



Chapitre 3

Table 2: Differences in the trophic vulnerability of the different species taxonomic categories considering the
species inventory of Lake Bourget without invaders (“No invaders”) and with both invaders (“Invaders). The
trophic vulnerability is presented as mean + SD estimated from the 100 binary matrices simulated from Bernoulli
trials for each taxonomic category. Rows representing each taxonomic category are ordered by decreasing
amplitude of changes. P-values were obtained from Wilcoxon tests and significant differences are in bold.

Mean trophic vulnerability

Taxonomic No invaders Invaders Mean difference W P-value
category

Fish 0.58 £0.95 11.52 +8.75 +10.94 638761 < 0.005
Invertebrates 6.64 £3.41 10.65 +4.06 +4.01 16647557 < 0.005
Phytobenthos 54.97 £18.32 58.42 £19.62 +3.45 63132321 < 0.005
Ciliates 43.25 £11.04 46.15 £11.65 +2.90 2317655 < 0.005
Amoeaba 43.50 £7.57 45.86 +8.09 +2.36 204431 < 0.005
Micro-zooplankton 19.46 £11.17 21.10 £11.99 +1.64 68961 < 0.005
Detritus 31.88 £31.27 33.40 £32.84 +1.52 18567 0.21
Cyanobacteria 21.19£16.96 22.55+18.13 +1.36 1704437 < 0.005
Phytoplankton 10.61 £9.74 11.83 £9.83 +1.22 68132572 < 0.005
Zooplankton 10.61 £9.74 11.83 £9.83 +1.22 973609 < 0.005
Bacteria 7.61£11.27 8.00 £11.69 +0.39 969114 0.53
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Figure 5: Synoptic of the inferred trophic links between the two invaders and the resident species in Lake Bourget. Arrow
widths represent the percentage + SD of trophic links with each taxonomic category obtained from the 100 binary
interaction matrices for Hemimysis anomala (on the left) and Silurus glanis (on the right). Boxes represent the prey of H.
anomala and S. glanis. The trophic links for the empirical population body size spectrum of S. glanis are represented in
dark green while those for a “future” population (i.e., exhibiting a larger fraction of large individuals) are represented in
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2.5. Discussion

We reported a comprehensive assessment of the
trophic links that two recent co-occurring invaders
could share with the resident species in the largest
natural French lake. Our approach necessitates two
widely available data from biological monitoring
and literature (i.e., species taxonomic category and
body size) to infer interspecific trophic links and
subsequently trophic attributes. It could thus be
easily implemented in most freshwater ecosystems
submitted to effective and/or recent multispecies
invasions for which species inventories are
available. Additionally, it enables identifying most
likely prey species of a consumer using the
weighting link procedure that may fruitfully
complement recent methodologies requiring the
identifications of plausible trophic interactions
prior quantifying the impacts of invaders on
resident species (Zhang et al. 2019; Calizza et al.
2021).

Species biomasses and/or abundances could not
be considered in our study as these data were not
available for most species while it could provide
additional refinement (i.e., trophic link deletion) by
accounting for neutral processes in the encounter
between consumers and their prey (Canard et al.
2012; Pomeranz et al. 2019). Yet, species
biomasses and/or abundances can be especially
variable over time, making it difficult to be
determined as fixed values. In this sense, the
inferred trophic links shared by the two invaders
with the resident community may be somewhat
overestimated while representing  plausible
estimates over long time-scales.

2.5.1. Inferred vs. empirical diets of invaders

The trophic attributes estimated with the aNM
for the two invaders closely matched those
obtained from empirical data in Lake Bourget and
in other ecosystems as detailed below. The diet of
H. anomala inferred with the aNM included several
hundreds of primary producers (86 % of its prey).
This result may partly deviate from empirical diets
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of adults H. anomala reported in the Honderd en
Dertig reservoir (Netherlands), in Lough Derg
(Ireland) or in in the northeast shore of Seneca Lake
(Geneva, NY), that underlined a major reliance on
zooplankton and a lower reliance on phytoplankton
(i.e., three times higher; Ketelaars et al. 1999;
Pérez-Fuentetaja & Wouerstle 2014; Penk 2018).
However, our results were in great accordance with
H. anomala diet in Lake Ontario obtained from
stomach contents and stable isotope analyses that
highlighted a high reliance on primary producers
(e.g., mean frequency of diatoms occurrence =
80%; Evans et al. 2018). Additionally, the same
study reported a prey body size range (4 um - 2.2
mm) strikingly similar to the one inferred with the
aNM (3.8 um - 1.9 mm). Lastly, the inferred rather
low trophic position of H. anomala (TP = 2.2
+0.02), characteristic of primary consumers,
matched those derived from the stable isotope
compositions of individuals recently sampled in
Lake Bourget (TP = 2.4 £0.11; Fig. S3).

The inferred diet of S. glanis included a wide
taxonomic range of prey (e.g., ephemerids,
crayfish, percids, cyprinids), corresponding in
general between 15 and 25 inferred prey species in
diets, and belonging to the different lake habitats
(i.e., pelagic, littoral and both). This results are in
accordance with diets described in Lake Bourget
that highlighted more than 20 prey species from all
the lake habitats and dominated by crayfish, perch
and roach (Vagnon et al. submitted) which are also
recurrent prey in diets of S. glanis populations in
other ecosystems (Copp et al. 2009; Cucherousset
et al. 2017). The progressive diet shift from
invertebrates (from littoral habitat) to fish (from
pelagic and pelagic/littoral habitats) was further in
lines with ontogenetic diet shifts reported for this
species in rivers and lakes (Carol et al. 2009;
Syvéranta et al. 2010; Alp 2017) as well as with
analyses of some empirical diets of S. glanis
sampled in Lake Bourget (Fig. S4). Interestingly,
the decrease of prey richness in inferred diets and
of the trophic generality along S. glanis body size,
concomitant with its trophic position increasing,



suggested a potential trophic specialization along
its propensity to piscivory.

2.5.2. Potential repercussions in Lake
Bourget

The consequences of this multispecies invasion
in Lake Bourget could be raised from the plausible
trophic links inferred for the two invaders and from
the identified trophic link changes. These species
could interact with almost all species in the lake,
from primary resources to pelagic fish of important
economic values (e.g., whitefish) as underlined by
the significant increase in the trophic vulnerability
of species in all taxonomic categories. Their
putative impacts would hence be likely additive, as
their diets did not overlap significantly inducing
modification in trophic links at different levels in
the food web and thus the whole lake vulnerability.
As an example, Daphnia sp., inferred as prey for
both H. anomala and S. glanis, suffers of a biomass
decline since 2009 although the total zooplanktonic
biomass remains stable (Jacquet et al. 2018).
Cladoceran zooplankton are appreciated prey of H.
anomala as described in experiments and in
European reservoirs (Ketelaars et al. 1999;
Ricciardi et al. 2012; Dick et al. 2013; Sinclair et
al. 2016). The decreasing pattern in Daphnia sp.
biomass might hence be a premise of H. anomala
effect appearing plausible in Lake Bourget during
its reoligotrophication as mysids were underlined
more disruptive for zooplanktons in nutrient-poor
systems (Ricciardi et al. 2012).

Complementarily, the direct consumption by S.
glanis of large invertebrates such as crayfish (key
species in organic matter recycling and sediment
oxygenation; Ruokonen et al. 2013) may cascade
to the water quality modification. For instance, the
introduction of the Tui chub (Siphateles bicolor) in
Diamond lake (USA) caused a significant decrease
in the macroinvertebrate diversity, associated with
a progressive decline of water transparency (Eilers
et al. 2007). In longer term, the possible water
quality modification could result in the impediment
of the current lake reoligotrophication and in an
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alteration of the water supply, an important
ecosystem service for human populations
surrounding the lake (Lépinard et al. 2015).

Currently, the main concern regarding S. glanis
is its possible impact on economically-valued fish
such as the European whitefish (Coregonus
lavaretus), representing on its own 50 to 100 tons
harvested per year in Lake Bourget (i.e., ~ 1 M€ per
year, unpublished data), and the aNM suggested a
significant reliance of the current S. glanis
population on all fish species. Large S. glanis (i.e.,
> 150 cm) were supposed to consume resident fish
up to their adult body sizes (e.g., ~ 40 cm for
whitefish), usually corresponding to size refugia
from the resident predators of the lake (i.e., pike,
pikeperch). This situation could be exacerbated
over time as a strong increase in fish predation for
a “future” scenario of establishment state was
expected. This threat on adult resident fish
supposed to have raised size refugia may
progressively affect their population dynamics and
the fishery yields in the Lake.

Alternatively, H. anomala could be predated by
a large fraction of fish such as perch or whitefish
(but also S. glanis) and may thus support fish
production in lines with the initial motivations of
its introduction in a bunch of ecosystems (Marty
2008). Such trophic vulnerability may also result in
its potential regulation by the resident fish species.
When considered as prey, S. glanis rapidly reaches
size refugia from the resident consumers and the
main consumers of individuals up to 60 cm would
be the larger S. glanis in the population.
Cannibalism for this species has already been
described in the Rhéne river (Faure & Tanzilli
2016) and in the Italian Lake Maggiore (De Santis
& Volta 2021) and may promote self-regulation of
the population, possibly tempering impacts on
other fish populations. It also suggests that larger S.
glanis could difficultly be regulated by other means
than human management actions. The sexual
maturity around 80 cm and the fish-based diet
transition around 90 cm suggest that the impact of
S. glanis on fish populations could be limited



through a functional management (Green &
Grosholz 2020) by extracting individuals reaching
80-100 cm. Further, leaving a few larger
individuals (> 150 cm) in regulation actions may
efficiently regulate small individuals before their
diet transition to piscivory (Faure & Tanzilli 2016).

Overall, the aNM may be a first step to embed
trophic predictions/simulations and implement
controls of biological invasion by providing
plausible trophic attributes of invaders. It supplies
early insights for the evaluation of the potential
additive impacts resulting from multispecies
invasion, seldomly considered in impact studies
(Kuebbing et al. 2013). The management of
invasive species also frequently questions the
balance between positive/negative aspects of
invasion and the benefits of conservation actions
(Schlaepfer et al. 2011; Maron et al. 2013). The
possibility to address alternative roles for invaders
(i.e., as predator and as prey) using the aNM may
strengthen a comprehensive assessment of the
complex imbrication of several co-occurring
invaders within the recipient ecosystem. Our
approach may thus participate to reflexions
regarding the early management of exotic and
resident species especially in the recent phases of
colonization, when monitoring data on exotic
species are sparse while resident species
inventories are available as it is the case in most
ecosystems.
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4. Annexes

Part 1. Reconstruction of the Silurus glanis population body size spectrum in Lake
Bourget.

S. glanis were sampled in Lake Bourget between 2017 and 2019 by professional and
recreational fishermen and covered a body size range from 10 cm to 140 cm (n = 231). They
were aggregated in body size classes of 5-cm intervals (Fig. S1A). We used the method of
“Llin” to estimate the size spectrum of the current population based on the linear regression
between the log (number of individuals in body size classes) and the midpoint of body size
intervals (Daan et al. 2005; Edwards et al. 2017). The number of individuals was thus predicted
for the midpoint of body size classes between 0-5cm and 195-200 cm (5-cm intervals) and
transformed into proportions. These estimated proportions were used to reallocate 1000
individuals among the different body size classes (Fig. S1B).

Individual body sizes were then simulated using a uniform distribution with n = number of
individuals in the body size class, min = minimal bound of the body size class, max = maximum
bound of the body size class to predict their diet with the aNM.

We then simulated a scenario of changes in the body size structure of the population by
dividing by 2 the slope of the “Llin” linear model to represent a population size spectrum with
a higher proportion of large individual (> 100 cm) and lower proportions of small individuals
possibly regulated by both predation/cannibalism and the carrying capacity of the ecosystem.
This population body size spectrum is expected to represent a possible “future” population of
S. glanis at a later stage of establishment (Fig. S1B). We repeated the steps previously described
for the current population to obtain number of individuals in each body size class.

The percentage of variations in proportion of individuals in each body size class between
the current population and the “future” population are provided in Table S1.

126



Number of inviduals

Chapitre 3

é‘;é’gnnwwmﬂ:v

~ ~ ™~ ~ ™~ ™~ ™~
’ ’ ’ ‘

30

¥
o

20-

15-

—~
Q@

0--Il

w%é’@@@é’@é’@r&"@%’

§E8ERNKEES g

%0 -

S v o © o © o ©
LS LT T Y 50

Body size class (cm)

B) [ current population

. “Future” population

Figure S1. Barplots showing (A) the empirical size spectrum of the S. glanis population in Lake
Bourget, (B) the reconstructed current population size spectrum (pink bars) and a possible
“future” population body size spectrum with lower proportions of small individuals and higher
proportions of large individuals (blue bars).
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Table S1. Percentage of variations in proportions of individuals in each body size class in the

current population and in the “future” population.

Body size class (cm)

Percentage of variation (%)

0-5
5-10
10-15
15-20
20-25
25-30
30-35
35-40
40 - 45
45 - 50
50 -55
55 -60
60 - 65
65-70
70-75
75 -80
80 -85
85-90
90 -95
95-100
100 - 105
105 - 110
110 - 115
115-120
120 - 125
125 - 130
130 - 135
135 - 140
140 - 145
145 - 150
150 - 155
155 - 160
160 - 165
165 - 170
170 - 175
175 -180
180 - 185
185 -190
190 - 195
195 - 200

-31.92
-30.08
-28.18
-26.24
-24.25
-22.20
-20.09
-17.93
-15.71
-13.43
-11.08
-8.68
-6.21
-3.67
-1.06
1.62
4.37
7.19
10.09
13.07
16.13
19.27
22.50
25.82
29.22
32.72
36.31
39.99
43.79
47.68
51.67
55.78
59.99
64.32
68.77
73.34
78.03
82.85
87.79
92.88
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Part 2. Correlations between the predictor variables of Silurus glanis diet composition
and the PCA axes.

Dim.1

Prey species richness

Shannon continuous

Evenness
1.0
Invertebrate
0.8
0.6
Fish
0.4
0.2
Zooplankton
- 0.0
. 0.2
Littoral
-0.4
-0.6
Pelagic 08
1.0
Pelagic/Littoral

Figure S2. Correlation plot of the predictor variables (in rows) and the two first axes of the
PCA (in column). The color gradient corresponds to the value of the correlation coefficient. S.
glanis diets were inferred from the simulation of the 100 binary interaction matrices for the 40
body sizes of S. glanis. “Invertebrates”, “Zooplankton, “Fish”, “Pelagic”, “Littoral” and
“Pelagic/Littoral” are percent composition of diets used to characterize prey species inferred in
diets. The prey body size diversity (Shannon continuous index) and the prey body size evenness
inform on the prey body size structure along S. glanis body sizes.
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Part 3. Trophic position of Hemimysis anomala in Lake Bourget derived from empirical

carbon and nitrogen stable isotope compositions.

Carbon and nitrogen stable isotope contents of H. anomala from Frossard and Fontvieille
(2018) were used to infer the trophic position (TP) of H. anomala population based on the
Bayesian framework proposed by Quezada-Romegialli et al. (2018). Briefly, sampling of H.
anomala was performed in Lake Bourget with a hand-operated suction pump of 200 pum mesh
size. Zooplankton was collected with a net of 150 um mesh size to characterize the pelagic
resources. Gastropods and mayflies were sampled with a Surber net of 500 um mesh size to
characterize the littoral resources. Pelagic and littoral resources were considered as the two
baselines in the Bayesian computing. Trophic enrichment factors (TEF) of 1+1%o0 was
considered for 83C and a TEF of 2.2 £1%o (McCutchan et al. 2003) and 3.4 +1%o. (Vander
Zanden & Rasmussen 2001) were tested for 5*°N.

The littoral resource was 3C-enriched and '°N-depleted contrary to the pelagic
characterized by *C-depleted isotope values and high §°N values, allowing a consistent
discrimination of the two baselines (Fig. S3A). H. anomala population was characterized by a
non-negligible variability for both §*C and §*°N values. The H. anomala trophic positions were
higher considering TEF = 2.2%o than considering 3.4%o yet the derived TP remained similar
with median values of 2.45 and 2.35 respectively (Fig. S3B). By averaging all simulated TP,
the global trophic position of H. anomala in Lake Bourget was estimated as 2.39 +0.11.
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Figure S3. Isotopic space of H. anomala (in purple), littoral (blue) and pelagic resources (in
orange) (A). The Bayesian estimates of the trophic positions for H. anomala computed using
different trophic enrichment (B). The mean trophic position estimated from stable isotopes are
represented in black (dashed lines) and the trophic position inferred with the aNM is represented
in blue (dashed lines).
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Part 4. Ontogenetic shift in empirical diets of Silurus glanis in Lake Bourget.

The stomach content of 115 individuals (body size between12 cm and 137 c¢cm) captured
between 2017 and 2019 (from May to September) were analyzed. Three body sizes classes were
considered: small ([12 cm, 40 cm]; n = 19), intermediate (]J40 cm, 90 cm [; n = 78) and large
(> 90 cm; n = 18) and the differences between the proportion of fish and invertebrates in diets
of each body size class was tested with Kruskall-Wallis tests. Complementarily, the influence
of the body size on the proportion of fish and invertebrates found in stomach contents was
investigated at an individual-level (i.e., individuals not pooled within body size classes) using
general additive models (GAMS) considering a negative binomial distribution.

Significant differences in the proportions of fish in diets among body size class were found
(Kruskall Wallis test, p-value < 0.05; Fig. S4A) and median values of fish proportions showed
high differences between small and large individuals (Small = 0.0%, Intermediate = 14.32%
and Large = 66.74%). Consequently, the proportion of fish tended to significantly increase with
body size. The use of individual body size provided similar results (GAM, p-value < 0.05; Fig.
S4B) although only a restricted fraction of the deviance was captured (3.45%).

Differences between proportions of invertebrates in diets among body size class were less
significant (Kruskall Wallis test, p-value = 0.05; Fig. S4A) while median values were higher
for small than for large individuals (Small = 100.00%, Intermediate = 66.72% and Large =
3.81%). The proportion of invertebrates in diets tended to significantly decrease with body size
(GAM, p-value < 0.05; Fig. S4C) despite a restricted fraction of the total deviance could be
explained (4.35%). Large individuals still consume invertebrates (e.g., crayfish) that could
explain the weak relationships between body size and proportion of fish and invertebrates
sensus lato in S. glanis diets.

132



1.00-

0.751

Proportions
o
w
o

0.251

0.00

0.751

0.5

Proportion of fish

0.251

Proportion of invertebrates
o =
o o

o
o
o

a a a a b b A)
I B8 Fish
ES Invertebrates
Small Intermediate Large
B)
p-value < 0.05

Dev. exp. = 3.45%

| IR |, Y
. .

15 25 35 45 55 65 75 85 95 105 115 125 135
Body size (cm)

] p-value < 0.05

B T - . . c)

Dev. exp. = 4.35%,

15 25 35 45 55 65 75 85 95 105 115 125 135
Body size (cm)

Chapitre 3

Figure S4. Fish and invertebrate proportions in S. glanis diets for the three body size classes
(A) and fitted relationships according to individual body sizes (B & C). Points represent the
individual empirical proportions of fish (B) and invertebrate (C) in S. glanis diets. Ribbons
correspond to the standard error and dashed vertical lines are the limits of body size classes:
small, intermediate and large.
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« Un grain dans la balance déterminera quel individu vivra et qui
mourra - quelle variété ou quelle espece augmentera en nombre et
laguelle diminuera ou finira par s'éteindre. »

Charles Darwin
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CHAPITRE 4. Variations d’abondances en présence du
silure dans les lacs périalpins

1. Présentation du chapitre

Problématique : la reconstitution des réseaux trophiques statiques permet d’identifier de
maniére qualitative quels niveaux trophiques ou espéces seraient susceptibles d’étre plus
impactés le long d’un gradient de taille de silures comme vu précédemment dans le Chapitre 3.
En revanche, les variations temporelles d’abondances en réponse a la présence du silure ne
peuvent étre mesurées que par 1’utilisation de mod¢les dynamiques pouvant étre couplés aux
réseaux trophiques statiques. Cette approche permet de renseigner sur la nature des impacts
engendrés (positifs ou négatifs) et leur amplitude ainsi que sur les type d’interactions (directes
ou indirectes) a leur origine en considérant une dimension temporelle.

Méthodologie : I’aNM (Chapitre 2) a été appliqué a un ensemble de regroupement
d’espéces (n = 58) communes aux lacs périalpins afin de reconstituer un réseau trophique non-
envahi. Un gradient de tailles de silures a été créé (5 cm a 200 cm) et chaque silure a été intégré
indépendamment dans le réseau trophique non-envahi afin d’identifier trois tailles de silures
induisant les plus grandes variations dans la structure du réseau mesurées par le biais de la
connectance. Un modéle dynamique multi-spécifique, paramétré allométriquement, a été
couplé aux liens trophiques inférés par I’aNM afin de simuler les variations d’abondances des
58 groupes d’especes selon les trois scénarios de taille de silures (40 cm, 85 cm et 150 cm). Les
extinctions et les différences d’abondance relative (c.-a-d. variations avec et sans silure) ont été
étudiées pour caractériser I’impact des silures dans le réseau trophique au cours du temps. La
valeur médiane des différences d’abondances avec ou sans silure (MRAD) a permis d’identifier
et de quantifier les impacts négatifs (MRAD < 0) et positifs des silures (MRAD > 0). Enfin, les
types d’interactions a 1’origine des impacts ont été identifiés selon trois catégories : prédation
(interaction directe), compétition et cascade trophique (interactions indirectes).

Principaux résultats : selon les scénarios, les groupes d’espéces impactés et I’amplitude
des impacts différent. En effet, I’amplitude des valeurs médianes des différences d’abondances
(MRAD) était supérieure en présence du silure de 85 cm, suivi du silure de 40 cm puis du silure
de 150 cm, suggérant de plus forts effets causés par des silures de taille moyenne. De maniére
générale, les impacts négatifs seraient exercés sur les groupements d’espéces prédatés
(interaction directe) ou en compétition avec les silures (interactions indirectes). En revanche,
des interactions indirectes avec des especes aux positions trophiques bien inférieures a celle des
silures ont été identifiees en plus grand nombre et avec de plus fortes répercussions positives
que négatives. L’enchainement d’impacts négatifs et positifs sur les abondances des especes de
differents niveaux trophiques sont caractéristiques des cascades trophiques « top-down » et
pourrait attester du role des silures dans la structuration du réseau trophique en tant que
prédateur apical sans pour autant représenter un danger significatif pour les espéces résidentes
(c.-a-d. extinctions indépendantes de la présence et des tailles des silures considérés et forts
effets positifs).

Valorisation : Ce chapitre fait I’objet d’un article & soumettre a Ecology letters.
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2. Article 4 — Combining food web theory and population dynamics to assess
the impact of invasive species

Vagnon Chloé*™, Rudolf Rohr?, Louis-Félix Bersier?, Franck Cattanéo®, Jean Guillard* and
Victor Frossard?!
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2.1. Abstract

The impacts of invasive species on resident communities are driven by a tangle of ecological
interactions especially difficult to handle. We suggest that combining an allometric niche model
with a population dynamic model represents a consistent framework to circumvent this
limitation and investigate the invasive species impacts on resident communities in a food web
context. As an example, we investigated the ecological consequences of an apex predator
introduction (Silurus glanis) within a reconstructed global peri-Alpine lake food web (S = 58).
Both negative and positive impacts on resident species abundances were highlighted and
differed when accounting for different S. glanis body sizes. Complementarily, the prominence
of indirect effects, such as trophic cascades, suggested that common approaches may only
capture a restricted fraction of invasion consequences. By leveraging biodiversity data widely
available, our approach may provide precious insights for a comprehensive assessment and
management of invasive species impacts in aquatic ecosystems.

Keywords: biological invasions, trophic interactions, trophic cascades, impact assessment,
Silurus glanis
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2.2. Introduction

Invasive species represent a major threat to
biodiversity associated to native population
alterations or extinctions (Lockwood et al. 2013).
Alternatively, invasive species can also provide
ecological benefits possibly mitigating their
negative impacts within the recipient ecosystems
(e.g., resources for native species; Schlaepfer et al.
2011). The empirical quantification of both negative
(e.g., predation; Mills et al. 2004) and positive
impacts (e.g., resource acquisition facilitation;
Albertson et al. 2021) of invasive species toward
resident  species requires extensive field
investigations involving important human and
financial costs (Crystal-Ornelas & Lockwood
2020). Moreover, collected field data may exhibit
inherent limitations to fully capture consequences of
biological invasions regarding challenges to
consider all interspecific interactions, the
simultaneous population dynamics and the effects
of external factors due to the global change (Crystal-
Ornelas & Lockwood 2020). Consequently,
modelling approaches represent a keystone to
circumvent these methodological limitations and to
forecast repercussions of biological invasions on
resident populations (Kamenova 2017).

Few quantitative methods allow predicting
invasive species impacts, and most rely on the
relationship between resource availability and their
intake by consumers (i.e., predatory functional
responses; Paterson et al. 2015). This relationship
has been updated by integrating consumer
abundances (i.e., RIP = per capita functional
responses; Dick et al. 2017), species propagule
pressures (i.e., RIR = relative invasion risk; Dickey
et al. 2018) or considering functional response
ratios (i.e., FRR = attack rate / handling time;
Cuthbert et al. 2019). Yet, these methods are not
explicitly embedded in a dynamic food web
perspective as they do not address simultaneous
resident population dynamics, neither the indirect
impacts on species from other trophic levels that is
required for a comprehensive assessment of
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invasive species impact (Frost et al. 2019). Indeed,
noticeable impacts of invasive species usually
initiate from direct interactions with local resources
(i.e., predation; Mills et al. 2004) and can propagate
along food webs, possibly causing indirect
repercussions up to trigger trophic cascades
(Carpenter et al. 2010). These ecological
interactions are recognized to structure population
dynamics and their disturbance may ultimately
affect species assemblages and the whole ecosystem
functioning (Terry et al. 2018; Frost et al. 2019).
Identifying direct and indirect ecological
interactions between invasive species and resident
communities would therefore be a prerequisite for
quantifying invader impacts, yet their empirical
assessment through traditional methods (e.g.,
stomach contents) remains especially challenging.

Species body size is a widely used trait to infer
trophic interactions, particularly in aquatic
ecosystems (Petchey et al. 2008; Gravel et al. 2013;
Pomeranz et al. 2019), as it allometrically relates to
numerous species biological rates (e.g., respiration,
reproduction; Brown et al. 2004) and population
characteristics (e.g., trophic levels, abundances;
Brucet et al. 2017). Trophic interactions could then
be scaled up to population dynamic models to
investigate species persistence towards
destabilizing factors at the whole food web scale
(Brose et al. 2006).

In this study, we proposed a novel approach
combining a niche model with a population
dynamic model, both allometrically scaled, to grasp
the diversity of impacts (direct/indirect,
negative/positive) that invasive species can exert on
resident species (from primary producers to the
apex predator) in aquatic ecosystems. More
precisely, we reconstructed non-invaded and
invaded food webs by inferring trophic interactions
among multiple species clusters (S =58) in presence
and in absence of an invader using an allometric
niche model (hereafter called aNM; Vagnon et al.
2021). These interactions were then included in a
population dynamic model, inspired by a model
from Brose et al. (2006), allowing to simultaneously



measure abundance changes of resident species over
time in absence/presence of the invader. We
computed impact metrics supporting the
classification of population abundance
modifications and extinctions. Specifically, we
distinguished positive or negative impacts (i.e.,
abundance increase and decrease) and we
characterized the ecological interactions involved in
these impacts (i.e., predation, competition, trophic
cascades).

We applied our approach to assess the
ecological consequences of the invasion of the
European catfish (Silurus glanis) in large peri-
Alpine lakes. This species currently raises major
concerns about its impact on resident populations
and, more generally, on these ecosystems providing
both shelters for a wide biodiversity and important
ecosystemic services. Our approach was driven to
answer the following questions: (1) Which S. glanis
body size can cause the highest changes in resident
species abundances? (2) What is the balance
between negative and positive impacts of S. glanis
on resident communities? (3) What are the main
ecological interactions (i.e., direct or indirect)
involved in the effects of S. glanis?

2.3. Material and methods

2.3.1. Species inventory

We used species inventories from the three
largest peri-Alpine French lakes: Lake Annecy (45°
51'41.489" N, 6° 10' 2.364" E), Lake Bourget (45°
43' 46.842" N, 5° 52' 10.484" E) and Lake Geneva
(46° 26° 27.213" N, 6° 30' 38.177" E) originating
from monitoring surveys and scientific reports (©
SOERE OLA-IS, INRAE Thonon-les-Bains, SILA,
CISALB, CIPEL; Rimet et al. 2020). Species
common to the three lakes (n = 118) were retained
to represent common species of these ecosystems
and were characterized by their taxonomy (i.e.,
subphylum, group, family, genus, species), their
average body size (um), a habitat trait (i.e., littoral,
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pelagic/littoral or pelagic) and a feeding trait (i.e.,
carnivorous, omnivorous, herbivorous or primary
producer). Animal species were then clustered to the
family level (S = 48) and vegetal species were
clustered to the class level (S = 10). This taxonomic
aggregation led to 58 species clusters (hereafter
called SC; Table S1) gathered according to similar
ecological functions/requirements and could hence
be considered as functional nodes in the
reconstructed food webs (Allesina & Pascual 2009).
This  clustering  procedure  promoted the
computational efficiency during the computation
process by avoiding singularities due to species with
identical body size and facilitated ecological
interpretations of the processes involved in
abundance changes of SC.

2.3.2. Allometric niche model and S. glanis
body size selection

We used the aNM (Vagnon et al. 2021) to infer
trophic interactions between SC and to reconstruct
“non-invaded” and “invaded” food webs. This
model relies on the niche model principles
(Williams & Martinez 2000) stating that the niche
position of consumer j is given by its average body
size bsj. Then the consumer’s trophic niche was
summarized by a range of resource body size bs_r;j
centered on bs_c;. The range bounds are estimated
using quantile regressions (i.e., bs_rjmin = QR at 5%
and bs_rimax = QR at 95%) as suggested by Gravel
et al. (2013) and are differently fitted with specific
QRs whether the consumer is a vertebrate or an
invertebrate (Vagnon et al. 2021).

The aNM allowed obtaining a binary squared
matrix (Mp) of the trophic link occurrences in the
whole food webs. These links were then weighted
for each consumer j considering a Gaussian
probability density function, similarly to Williams
et al. (2010), with pj = bs_cj and oj = standard
deviation of 100 points evenly spaced over bs_r;
(i.e., scaling of the normal distribution to bs_r;).
Weighted links were then normalized by the
maximum value of the normal distribution to obtain
a maximum weighting at bs_cj and a minimal



weighting corresponding to prey SC with body sizes
close to bs_rj bounds. The resulting weighted links
were finally converted as the proportion of
resources i in the diet of consumer j (eg. 1), so that
the total proportion of species in the diet of
consumer j sums to 1.

Weighted Link j;

w

ji (eq.1)

= Zieresources of j Weighted Link j;

Trophic interactions between SC were first
inferred without S. glanis to reconstruct the food
web before invasion. Trophic positions (TP) of
resident species were estimated according to the
method of Levine (1980) with TPprimary producers = 1
and TPconsumers = 1 + mean (TPRresources)-

Considering the large body size range of S.
glanis (potentially causing different impacts due to
a size-dependant diet; Vagnon et al. submitted?), we
independently introduced 40 S. glanis with
increasing body sizes (i.e., 5 cm to 200 cm by 5 cm)
in the SC inventory to study changes in the food web
topology. The directed connectance (i.e., number of
realized links) of each invaded food web was
calculated to provide an estimate of interaction
variations among resident species and S. glanis of
different body sizes (Fig. S1; Bersier et al. 2002).
Three body sizes associated with the highest
variations in the directed connectance were selected
to simulate three invasion scenarios: 40 cm (S40),
85 c¢cm (S85) and 150 cm (S150). The trophic
interactions inferred for the corresponding invaded
food webs were included in the following steps of
the analysis.

2.3.3. Population dynamic model

The simulations of population dynamics were
based on an updated version of an allometric
population dynamic model proposed by Yodzis and
Iness (1992) and extended by Brose et al. (2006).
The dynamics of the primary producers are given

by:

dN; N; —

d—;:ri'(l_E:)'Ni_.E Z fF]l(N)IIVj
J consumers ol it

(eq.2)
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The parameters are the intrinsic growth rate r;
and biotic capacity Ki. Both are allometrically
scaled (see Table S2). The functional response (i.e.,
the per capita consumption rate of consumer j on

resource i), F;;(N) follows a Holling Type Il and is
given by:
Ffi(ﬁ) =

Xj

1 +Zkeresourceofjhjk XYt Wik "Ny

"y wy N

(eq.3)

The parameters are Xxj, the metabolic rate body
mass dependant, and y; the maximum consumption
rate relative to the metabolic rate of consumer j. The
former is allometrically scaled, while the later
depends on characteristic of the species (see Table
S2). wji is the proportion of resource i in the diet of
consumer j. The handling time hjx of consumer j
(time for handling and consuming the resource K) is
also allometric scaled (see Table S2). Finally, the
dynamics of consumer j is given by

2.

i € resources of j

dn;

E=—mj']\{,+ E}i

Fii(N)-N,  (eq.4)

1 € consumers of j

The parameters are the morality rate m;
(allometrically scaled) and the consumption
efficiency ¢j. (depends on species characteristics;
Table S2). Note that we choose the variables Ni and
N; as the SC abundances (number of individuals in
the SC) and not as the biomass for more stable
calculations. Therefore, all allometrically scaled
parameters are per individual (see Table S2).

2.3.4. Simulations

We used 200 simulations of 20 000 time steps
for all scenarios (no S. glanis, S40, S85 and S150)
and final results were obtained by averaging
simulation outputs at each time step for each SC. A
variability in metabolic rates was included in
calculations by generating normally distributed
values following N(u = 0, 6> = 0.1% of metabolic
rate). For each simulation, random initial



abundances (No) were assumed to be uniformly
distributed (Brose et al. 2006) on the interval
[0.15—1] and were ranked according to average
body sizes of SC (i.e., SC with the largest body size
had the lower No; Peters & Wassenberg 1983). No of
S. glanis was fixed at 0.1 in all simulations to be
lower than No of the resident apex predator SC
(Esocidae), to avoid bias resulting from the initial
abundance variations of S. glanis.

2.3.5. Quantitative impacts

The impacts of S. glanis on resident species
dynamics were investigated through two main
ecological processes that are SC extinctions and
changes in non-extinct SC abundance. Extinctions
were assumed to be effective when the abundance
of a SC fell below 1.10° (Ovaskainen & Hanski
2003) and extinct SC could not reintegrate the
system.  Extinctions were explored both
qualitatively (i.e., SC taxonomic category) and
quantitatively (i.e., number of extinctions and time
lags between time at extinction with and without S.
glanis).

The impacts on the abundances of non-extinct
SC were investigated by calculating the relative
abundance difference (RAD; eq. 5) at each time step
to describe increase/decrease in abundances with S.
glanis compared to abundances without S. glanis
similarly to Zhang et al. (2019).

Abundances with S. glanis — Abundances without S. glanis
RAD = . . (eq
Abundances without S. glanis

The median values of RAD (MRAD) for the 200
simulations was used to quantify the extent (i.e.,
amplitude of changes) as well as the sign (positive,
MRAD > 0, or negative, MRAD < 0) of S. glanis
impact on abundance changes (i.e., increase or
decrease in abundances of SC).

The model robustness was assessed by including
increasing variabilities in the metabolic rate with
N =0, o> =0.1% to 20% of the metabolic rate;
Fig. S3 to Fig. S9) using MRAD as the response
variable.

5)
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2.3.6. Ecological interactions

Impacts of S. glanis on SC (extinct or with
modified abundances) were classified according to
three main ecological interactions based on the
foodweb structure inferred with the aNM:

(i) Predation when a SC was a prey for S. glanis;

(i) Competition when a SC shared common
resources but did not directly interact with S. glanis.
In this case, Schoener’s overlap index was
complementarily calculated to quantify diet
similarities between both competitors (Vera-Duarte
& Landaeta 2017) as follows:

Schoener’s index = 1 — 0.5 Z |Px£ — Pyi| (eq.6)
i

where Pyi and Py; are the proportions of resource i in

the inferred diet of competitor x and y;

(i) Trophic cascades were considered when a
SC was not a prey of S. glanis and corresponded to
repercussions across multiple trophic levels
(Carpenter et al. 2010).

Interactions not corresponding to these three
ecological interactions were classified as “Others”.

All statistical and graphical displays were
performed using R.3.5.1 (R Core Team 2018) with
the packages ade4 (Dray & Dufour 2007), deSolve
(Soetaert et al. 2010), cheddar (Hudson et al. 2013),
igraph (Csardi & Nepusz 2006), NetIndices (Kones
et al. 2009), foodweb (Perdomo 2015), ggplot2
(Wickham 2016). R Markdown with examples and
R codes are available at
https://github.com/chloevagnon/aNM-and-
population-dynamics.




2.4. Results

2.4.1. General impacts of S. glanis within the
whole food web

Extinctions did not relate to the body size of S.
glanis as the same extinctions occurred for all
invasion scenarios (Fig. 1). Extinct species clusters
(SC) corresponded to different trophic levels (from
primary producers to secondary consumers) and
were mainly characterized by a high pelagic
reliance (Fig. S11). In contrast, S. glanis body size
was determinant in the amplitude of changes in
abundances of non-extinct SC (i.e., MRAD from -
0.07 to +0.15). The highest MRAD were observed
for S85, suggesting positive impacts on primary
littoral and pelagic consumers while being negative
for SC with high TP (Trophic Position; Fig. 1).
Littoral secondary consumers were mainly
impacted for S40 and the lowest impacts were found
for S150. Overall, the strongest negative impacts
were found for SC with TP close to the invader’s in
the food webs while positive impacts mainly
concerned SC with low TP (Fig. 1, Fig. S11).
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2.4.2. Extinction patterns

Among the 58 SC, 14 were extinct at the end of
the simulations in each scenario (Fig. 2a). Three
major extinction phases were noticeable and
concerned in the first place zooplankton (up to
1043.3 + 0.5 time steps), followed by invertebrates
and phytoplankton (up to 10475.8 + 4.3 time steps),
and finally one invertebrate (at 17915.5 + 35.2 time
steps). The same extinctions patterns occurred for
all scenarios while time lags between extinctions
differed, particularly for the latest extinctions (Fig.
2b). Extinctions mainly occurred earlier for S85 and
S150 while slight positive time lags were observed
for S40 compared to extinctions without S. glanis.

2.4.3. Abundance changes

RAD (Relative Abundance Differences) varied
according to S. glanis body sizes and the SC
taxonomic categories. Fish SC were impacted for all
scenarios while presenting variable changes over
time as shown by the boxplots representing RAD at
each time step (Fig. 3a).
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Figure 1: Effects of Silurus glanis throughout the whole invaded food-webs for S. glanis of 40 cm (S40), 85 cm (S85)
and 150 cm (S150). Nodes represent species clusters (SC) vertically arranged by increasing trophic position (TP)
and colored according to the median value of the relative abundance differences (MRAD) used as an impact metric.
Extinct species are represented in dark grey and S. glanis are in black. The x-axis is defined as the gradient of pelagic
reliance calculated from the initial pelagic reliance of primary producers set at 0 for littoral SC and 1 for the strict
pelagic. The pelagic reliance of consumers was calculated by averaging the pelagic reliance of their resources
considering ascending TP. When consumers shared the same TP and the same pelagic reliance, a delta of 0.02 was
added to the pelagic reliance of the involved SC to avoid node overlaps in the food-web representations.
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Figure 2: Extinctions of species clusters (SC). (a) Time at extinction over the 20 000 time steps for the SC are
represented (three major extinction phases are delineated by horizontal dashed lines) and correspond to all scenarios.
(b) Time lags between time at extinction associated with S. glanis invasion are represented according to the different
invasion scenarios. SC are ordered by decreasing time at extinction (from top to bottom). Negative and positive time
lags indicate extinctions occurring earlier and latter than without S. glanis invasion, respectively.

The three smallest fish SC and the largest one
were especially impacted by S85 (lowest RAD and
highest variability along time steps), followed by
S150 mainly negative for the largest fish SC. In
contrast, negative effects of S40 were more
pronounced for medium-size fish SC and appeared
positive for two SC.

Half of invertebrate SC had higher abundances
in presence of all S. glanis and presented a high
variability along time steps, particularly with S85
(i.e., highest RAD; Fig. 3b). The other half of
invertebrate SC was negatively impacted by S40 for
all time steps and the three largest invertebrates
were affected by S85 and S150.

RAD for phytoplankton, phytobenthos and
zooplankton SC were similar among scenarios and
more variable in time for phytobenthos SC (Fig. 3c).
Abundances of zooplankton and phytobenthos SC
slightly increased for S40 and progressively
decreased with S. glanis body size.
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Abundances of half of phytoplankton SC
increased with S. glanis body size while the reverse
was found for the other half of phytoplankton SC.

2.4.4. Ecological interactions

Extinctions may have been caused by trophic
cascades regarding the low TP of extinct SC
compared to the TP of the three S. glanis, even for
one invertebrate SC predated by S40 (Fig. 4a; Table
S3), but did not seem directly triggered by S. glanis
as they also occurred without the predator in the
food web.

Ecological interactions for non-extinct SC were
much more diverse among scenarios and
corresponded to both negative and positive impacts
mediated by direct and indirect interactions, even
for three unclassifiable interactions with fish SC for
S40 and S85 (Fig. 4b; Table S3).
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Figure 3: Relative abundance differences (RAD) along the 20 000 time steps for each invasion scenario
providing the effect of S. glanis on the species clusters of fish (a), invertebrate (b) and primary producers
and zooplankton (c). Species clusters are ordered by increasing body sizes from left to right. Boxes comprise
25% to 75% quantiles and horizontal full lines indicate median values. Median values below 0 correspond
to an overall abundance depletion following S. glanis invasion while median values above 0 correspond to
an abundance increase.
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Figure 4: Ecological interactions involved in time lags for extinct species clusters (a) and for species clusters
submitted to abundances changes (b). The “-” corresponds to interactions with negative impacts on species cluster
abundances (i.e., MRAD < 0). Contrary, “+” is used for interactions with positive impacts on species clusters

Direct negative impacts corresponded to
predation interactions with 13 SC for S40 (91% of
invertebrate SC), seven SC for S85 (invertebrate
and medium-size fish SC) and 10 SC for S150
(crayfish and all fish SC, even the largest).

Indirect negative impacts were emphasized
through competition identified for S40 (e.g.,
Lotidae, Cyprinidae, Ictaluridae; Schoener’s index
of 0.78, 0.54 and 0.53, respectively), S85 (e.g.,
Esocidae; Schoener’s index 0.91) and S150
(Esocidae; Schoener’s index = 0.71). Negative
impacts were also due to trophic cascades,
concerning a low number of SC for S40 (three SC)
and increasing with S. glanis body size (i.e., up to
14 SC for S150).

Indirect positive interactions were preponderant
in the identified ecological interactions, with 21
trophic cascades identified for S40 (composed at
67% of invertebrate SC, 5% of zooplankton and
28% of primary producer SC), 22 trophic cascades
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for S85 (composed of 82% of invertebrate SC, 9%
of zooplankton and 9% of primary producer SC) and
19 trophic cascades for S150 (100 % of invertebrate
SC).

2.4.5. Sensitivity analysis

The sensitivity analysis revealed a gradual
increase in MRAD variability in response to the
increasing metabolic noise. MRAD distribution was
consistent among scenarios and SC category for
metabolic noise up to 5% and then started to flatten,
traducing a decrease in the consistency of the results
with higher metabolic noises (Fig. S3 to Fig. S7).
Especially fish SC seemed more sensitive than other
SC (Fig. S7 to Fig. S9). Therefore, our simulations
could be sensitive to high metabolic rate variability
while patterns in responses remained stable
according to taxonomic categories and among the
invasion scenarios.




2.5. Discussion

2.5.1. Model validity

Our approach combines trophic interaction
inferences from the aNM with a dynamic population
model allowing to investigate the impacts of an
invasive species at the whole lake food web scale.
This approach thus takes into consideration direct
and indirect interactions between resident and
invasive species. In this way, both positive and
negative impacts can be investigated, supporting a
comprehensive impact assessment. Indeed, it is
usually challenging to simultaneously measure
these two facets of invaders impacts and their
consideration may increase the relevance of impact
predictions (Crystal-Ornelas & Lockwood 2020). In
this study, we assumed that environmental and
anthropic drivers remain constant during the period
simulated to only capture the invasive species
impact in the recipient ecosystem while simulations
can be modulated to embrace other complex
imbrication of global change pressures (e.g.,
temperature increase, anthropic exploitations of fish
stocks).

Our approach would be appropriate for a large
array of aquatic ecosystems worldwide where body
size governs trophic interaction occurrences. It is
independent of invaders taxonomic identity, and
thus applicable to various species, as long as the
species inventory and the average species body
sizes are available from monitoring surveys or
literature. In this study, we applied our method to
species clusters, but different taxonomic resolutions
can be considered for studies in other ecosystems.
Yet, it is more suitable to avoid the inference of
several species with identical body sizes within the
same food web due to allometric parameterizations
that could induce singularities in calculations, as
well as too high metabolic rate variations that
changed result consistency in the sensitivity
analysis. This method remains flexible as allometric
parameterizations in the dynamic model could also
be replaced by empirical data (e.g., body mass,
metabolic rate) and/or can be completed by other
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methods of calculation, for instance, to infer
interaction strengths between consumers and
resources (Calizza et al. 2021).

2.5.2. Application to S. glanis in a general peri-
Alpine lake food web

The food web topology was only slightly
modified by the invasion of S. glanis, which exerted
moderate impacts (i.e., low connectance changes
and restrained amplitude of  abundance
modifications). Indeed, the high resolution of the
food web, including a wide diversity of consumers
and resources as well as omnivory, promoted
realistic weak interaction strengths (Table S4) and
stability in the persistence of communities
(Emmerson & Yearsley 2004; Dunne et al. 2005;
Landi et al. 2018; Kawatsu et al. 2021). Ecological
interactions and abundance dynamics were
nevertheless influenced by S. glanis and were
modulated according to its body size.

The highest negative impacts of S. glanis were
related to direct interactions for resources
acquisition. Predation was indeed the main
ecological interaction associated with the decrease
in SC abundances, in lines with numerous impact
studies on invasive fish (Gozlan et al. 2010; VVan der
Veer & Nentwig 2015; David et al. 2017).
Specifically, the decrease in invertebrate SC
abundances (e.g., Ephemeridae) and small fish SC
(e.g., Blenniidae) would be caused by S. glanis of
40 cm while the decrease in abundances of larger
fish SC (e.g., Percidae) and large invertebrate SC
(e.g., crayfish) would mostly result from the
invasion of S. glanis of 85 cm and 150 cm. These
prey represented consistent fraction of S. glanis diet
in empirical studies (Carol et al. 2009; Ferreira et al.
2019; Vagnon et al. submitted®) and the presence of
S. glanis was suspected to alter their abundance in
few ecosystems (Copp et al. 2009; Guillerault et al.
2015), suggesting plausible predictions from our
approach.

Competition between S. glanis and large fish SC
was also suggested to indirectly modify fish



abundances and particularly dampened the
abundance of the resident apex predator (Esocidae;
high diet overlaps for S85 and S150) while fish SC
with weak diet overlaps were poorly or not
impacted. Note that diet overlap appears correlated
with MRAD and thus may be relevant to investigate
potential impacts of invader on resident species
(Corrales et al. 2019). These results supported
plausible inferences of trophic interactions by the
aNM and plausible alterations of prey abundances
underlined with the dynamic model. Indeed,
invasive predators frequently cause decreases in
abundances of predated species (Mills et al. 2004;
David et al. 2017), they are expected to have a
strong competitive effect in aquatic ecosystems and
are known to induce changes in species assemblages
(Gozlan et al. 2010; Allesina & Tang 2012; David
et al. 2017). Interestingly our results highlighted
that considering two trophic levels (i.e.,
consumer/resource) or two competitors does not
allow to identify major impacts of invasive species
and their repercussions at the whole food web scale
as we underlined main abundance changes for SC
through trophic cascades, and particularly we found
higher positive impacts than negative ones.

A succession of negative and positive impacts
was indeed noticeable along the food web and
emphasized typical patterns of top-down cascades
found in aquatic ecosystems (Carpenter et al. 2010;
Heath et al. 2014; Su et al. 2021). In these
processes, the negative impacts on abundances of
SC with high TP (e.g., fish) result in a relaxed
predation on lower trophic levels (e.g., grazers) and
thus in a reduction of primary producers (Carpenter
et al. 2008; Heath et al. 2014; Koning & Mclntyre
2021). Consequently, positive and negative impacts
were higher for S85 than for S40 and S150, as fish
and large invertebrate SC were particularly
impacted in this invasion scenario (i.e., competition
with fish SC and predation on both fish and large
invertebrate SC). Complementarily, trophic
cascades were suggested to modulate time at
extinctions, yet the presence of S. glanis was not
supposed to qualitatively influence extinction

148

Chapitre 4

processes (i.e., same extinctions with/without S.
glanis). These results underline the ability of S.
glanis to cause top-down trophic cascades by
regulating mesopredator abundances while not
representing a factor of species extinctions as found
in other ecosystems (Copp et al. 2009; Vejtik et al.
2017).

Overall, our study framework addresses the
impact of invasive species and may be relevant
regarding the increasing rate of species
introductions representing a major threat to
ecosystems and remediation plans such as
reoligotrophication (Lockwood et al. 2013). We
underlined the importance of considering
interspecific interactions at the whole food web
scale for the assessment of invasive species impacts.
The introduction of invaders indeed frequently
involves a wide diversity of new ecological
interactions, resulting in modifications of species
abundances through both direct and indirect
interactions and thus causing non-negligible
impacts on resident communities. The balance
between negative and positive aspects of invasions
is also a significant factor to consider as positive
effects of invasions can appear non-negligible, and
may attenuate a priori expectations (Gozlan 2008;
Tablado et al. 2010; Schlaepfer et al. 2011). Our
approach can thus participate to the growing corpus
of methodologies trying to reach comprehensive
assessments and predictions of various invaders
impacts, considering their direct/indirect and
positive/negative effects in numerous freshwater
ecosystems.
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Part 1. List of species clusters used in this study
Table S1. Species clusters characteristics
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Superkingdom Phylum / ) )
Category Class Order Family Average body size (um) Lake Compartment

(Eukaryota) subphylum

Pluricellular Vertebrate Vertebra Actinopterygii Esociformes Esocidae 900000 Pelagic/Littoral
Pluricellular Vertebrate Vertebra Actinopterygii Salmoniformes Salmonidae 400000 Pelagic/Littoral
Pluricellular Vertebrate Vertebra Actinopterygii Gadiformes Lotidae 325000 Littoral
Pluricellular Vertebrate Vertebra Actinopterygii Cypriniformes Cyprinidae 268333 Pelagic/Littoral
Pluricellular Vertebrate Vertebra Actinopterygii Siluriformes Ictaluridae 225000 Littoral
Pluricellular Vertebrate Vertebra Actinopterygii Perciformes Percidae 200000 Pelagic/Littoral
Pluricellular Vertebrate Vertebra Actinopterygii Scorpaeniformes Cottidae 90000 Littoral
Pluricellular Invertebrate Crustacea Malocostraca Decapoda Astacidae 87500 Littoral
Pluricellular Vertebrate Vertebra Actinopterygii Blennioidei Blenniidae 80000 Littoral
Pluricellular Vertebrate Vertebra Actinopterygii Perciformes Centrarchidae 70000 Littoral
Pluricellular Invertebrate Crustacea Malocostraca Decapoda Cambaridae 62500 Littoral
Pluricellular Invertebrate Mollusca Bivalvia Myoida Dreissenidae 25000 Littoral
Pluricellular Invertebrate Hexapoda Insecta Odonata Coenagrionidae 20500 Littoral
Pluricellular Invertebrate Annelida Clitellata Rhynchobdellida  Glossiphoniidae 19000 Littoral
Pluricellular Invertebrate Hexapoda Insecta Odonata Gomphidae 18500 Littoral
Pluricellular Invertebrate Hexapoda Insecta Odonata Libellulidae 18500 Littoral
Pluricellular Invertebrate Hexapoda Insecta Ephemera Ephemeridae 16250 Pelagic/Littoral
Pluricellular Invertebrate Crustacea Malocostraca Amphipoda Gammaridae 15250 Littoral
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Table S1 continued.

Chapitre 4

Superkingdom Phylum / ) )
Category Class Order Family Average body size (um) Lake Compartment

(Eukaryota) subphylum

Pluricellular Invertebrate Arthropoda Insecta Lepidoptera Crambidae 13500 Littoral
Pluricellular Zooplankton Crustacea Branchiopoda Cladocera Cercopagididae 12500 Pelagic
Pluricellular Zooplankton Crustacea Branchiopoda Cladocera Leptodoridae 12500 Pelagic
Pluricellular Invertebrate Arthropoda Insecta Trichoptera Polycentropodidae 12175 Pelagic/Littoral
Pluricellular Invertebrate Mollusca Gastropoda Basommatophora Physidae 9175 Littoral
Pluricellular Invertebrate Hexapoda Insecta Trichoptera Leptoceridae 8650 Pelagic/Littoral
Pluricellular Invertebrate Hexapoda Insecta Diptera Chaoboridae 8500 Pelagic/Littoral
Pluricellular Invertebrate Hexapoda Insecta Diptera Empididae 8000 Pelagic/Littoral
Pluricellular Invertebrate Hexapoda Insecta Trichoptera Ecnomidae 7700 Pelagic/Littoral
Pluricellular Invertebrate Mollusca Bivalvia Verenoida Sphaeriidae 7682 Littoral
Pluricellular Invertebrate Hexapoda Insecta Diptera Chironomidae 7171 Pelagic/Littoral
Pluricellular Invertebrate Hexapoda Insecta Ephemeroptera Baetidae 6500 Pelagic/Littoral
Pluricellular Invertebrate Hexapoda Insecta Trichoptera Beraeidae 6400 Pelagic/Littoral
Pluricellular Invertebrate Hexapoda Insecta Trichoptera Psychomiidae 6400 Pelagic/Littoral
Pluricellular Invertebrate Mollusca Gastropoda Basommatophora Lymnaeidae 6000 Littoral
Pluricellular Invertebrate Mollusca Gastropoda Basommatophora Planorbidae 5500 Littoral
Pluricellular Invertebrate Mollusca Gastropoda Heterostropha Valvatidae 5500 Littoral
Pluricellular Invertebrate Mollusca Gastropoda Littorinimorpha Bithyniidae 5000 Littoral
Pluricellular Invertebrate Hexapoda Insecta Ephemeroptera Caenidae 4500 Pelagic/Littoral
Pluricellular Invertebrate Hexapoda Insecta Trichoptera Hydroptilidae 3850 Pelagic/Littoral
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Table S1 continued.

Chapitre 4

Superkingdom Phylum / ) )
Category Class Order Family Average body size (um) Lake Compartment

(Eukaryota) subphylum

Pluricellular Invertebrate Mollusca Gastropoda Littorinimorpha Tateidae 3750 Littoral
Pluricellular Invertebrate Hexapoda Insecta Diptera Ceratopogonidae 1900 Littoral
Pluricellular Zooplankton Crustacea Branchiopoda Diplostraca Daphniidae 1820 Pelagic
Pluricellular Invertebrate Hexapoda Insecta Heteroptera Corixidae 1625 Littoral
Pluricellular Zooplankton Crustacea Maxillopoda Cyclopoida Cyclopidae 1050 Pelagic
Pluricellular Zooplankton Crustacea Branchiopoda Cladocera Sididae 895 Pelagic
Pluricellular Zooplankton Rotifera Eurotratoria Ploima Asplanchnidae 850 Pelagic
Pluricellular Zooplankton Rotifera NA Ploima Brachionidae 725 Pelagic
Pluricellular Zooplankton Crustacea Branchiopoda Cladocera Bosminidae 447 Pelagic
Pluricellular Zooplankton Rotifera NA NA Concochilidae 225 Pelagic
Unicellular Phytobenthos  Ochrophyta Chrysophyceae NA NA 61 Littoral
Unicellular Phytoplankton ~ Ochrophyta Chrysophyceae NA NA 61 Pelagic
Unicellular Phytoplankton ~ Ochrophyta Diatoms NA NA 60 Pelagic
Unicellular Phytoplankton Myzozoa Dinophyceae NA NA 50 Pelagic
Unicellular Phytobenthos  Chlorophyta Chlorophyceae NA NA 35 Littoral
Unicellular Phytoplankton ~ Chlorophyta Chlorophyceae NA NA 35 Pelagic
Unicellular Phytobenthos  Cryptophyta Cryptophyceae NA NA 30 Littoral
Unicellular Phytoplankton  Cryptophyta Cryptophyceae NA NA 30 Pelagic
Unicellular Phytobenthos  Ochrophyta Diatoms NA NA 29 Littoral
Unicellular Phytoplankton NA Zygophyceae NA NA 25 Pelagic
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Part 2: Selection of Silurus glanis body sizes.

The directed connectance (C) was selected to study the changes in food web topologies and
was calculated as follows:

with | the number of links and S the number of species clusters in the food-web (Bersier et.
al, 2002). Trophic vulnerability of species cluster (TV) was the sum of links with their predators,
trophic generality (TG) was the sum of links with their prey and degree (D) of species was the
sum of TV and TG.

The absolute changes of C following the invasion of S. glanis of different body sizes were
limited due to the weak proportional change of number of species (+ 1.2%) and links (+ 2.4%
of links in average) within the food-webs (Figure Sla). Yet, clear variations of directed
connectance could be identified for three body sizes: 40 cm, 85 cm and 150 cm. Most variations
occurred for S. glanis body sizes up to 85 cm and were characterized by a decrease of C while
it remains steady for larger S. glanis. Consequently, we selected S. glanis of 40 cm, 85 cm and
150 cm to simulate scenarios that corresponded to the most noticeable changes in the foodweb
topology while their degree (Dsao =14, Dsss =7, Dsiso =10) and their trophic position
(TPsa0 = 3.9, TPsgs = 4.2, TPs150 = 4.5) also differed sufficiently to suggest possible variations
in their impacts on the general peri-alpine lake foodweb.

The 3D representations of the non-invaded food-web and of the invaded food-web
highlighted the general structure of the food-webs and the high trophic position of each S. glanis
compared to other species clusters. (Fig. S1b and c). This apex position was confirmed by the
absence of predators for the three body sizes of S. glanis and thus did not influence the trophic
generality of consumers but increased the trophic vulnerability of invertebrates and fish (Figure
S2.).
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Figure S1. Body size selection (corresponding to dashed lines) based on clear-cut breaks of directed connectance of the global peri-Alpine lake
food-web along S. glanis body sizes (a) and 3D representations of the food-web without S. glanis (b) and of the invaded food-web (c). Images
representing 3D food-webs were produced with Network3D (Yoon et al., 2004).
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Figure S2. Species metrics in the food-web without S. glanis (1% column), with S. glanis of 40 cm (2" column), 85 cm (3™ column) and 150 cm

(4" column). Species clusters in barplots are organized by increasing body size from left to right. Dashed squares represent species clusters for
which trophic vulnerability increased in presence of S. glanis.
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Part 3. Parametrization of the dynamic model and sensitivity analysis.

Table S2. Values of the different parameters used to process the dynamic simulations.

Chapitre 4

Parameters Definition

Values

References

Yvertebrate = 4

YCamivorousinvertebrate = 8

Brown (2004)
Brown (2004)

y Maximum consumption rate YNoCarnivorousinvertebrate= 9 Jacobsen (1994)
YZooplankton= 6.5 Hansson 1996)
Yunicellular= 1.69 Flynn & Raven (2017)
. aXectothermvertebrate = 0.88 Brose et al. (2006)
ax Allometric constant
AXInvertebrate — 0.314 Brose et al. (2006)
o ) Ecarnivorous = 0.85 Brown (2004)
e Efficiency of predator consumption
EHerbivorous = 0.45 Brown (2004)
K Biotic capacity of basal species K = 10(-0-77xlog10(m[basalspecies]—6) Brown (2004)
Ryertebrates = 4.084.105 m[prey] m [pred]~°75 Kalinkat et al. (2013); Brose (2010);
h Handling time N 1 Kigrboe (2017);
fnvertebrates Koen-Alonzo (2007)
] Data fitted for this study from Delong et
mr Metabolic rate logyo(mr) = 0.71m — 0.08bm? — 3.125 Data fitted for this study from Delong et
al. (2010) and Makarieva et al. (2008)
X Metabolic rate mass dependant ~ x = 10{0g10 (mr)=logse (bm)) Brose et al. (2006)
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Sensitivity — We assessed the model sensitivity by implementing different extent of
metabolic noise on the species clusters metabolic rates x; and explored its influence on MRAD
(median value of relative abundance differences RAD) obtained for fish, invertebrates,
phytoplankton, phytobenthos and zooplankton. To simulate metabolic noises, a normal
distribution was used with a mean fixed at 0 and varying standard deviation set at 0.1 %, 0.5
%, 1 %, 5%, 10 % and 20 % of x;. The parameter No was still the same for the 200 simulations
to avoid initial abundances bias.

Density distributions are shown for fish, invertebrates, zooplankton, phytobenthos and
phytoplankton for metabolic rate at 0 % (Figure S3), 0.1 % (Figure S4), 0.5 % (Figure S5), 1 %
(Figure S6), 5 % (Figure S7), 10 % (Figure S8) and 20 % (Figure S9).

MRAD above 200 (median value of relative abundances differences 4 times higher) were
not accounted in Kernel density plots as they represented anecdotal fractions of simulations for
the different metabolic noises (0.29 %, 0.46 %, 1.18 %, 2.21 %, 3.42 % and 5.93 % respectively;
Fig. S10). MRAD above 200 found in simulations with low metabolic noises concerned only
fish and progressively phytoplankton and phytobenthos to finally concern fish, primary
producers and invertebrates in simulations with the highest metabolic noise.
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Figure S3. Density distribution of MRAD without considering metabolic noise in simulations.
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Figure S4. Density distribution of MRAD considering a metabolic noise of 0.1 % of M; in simulations.
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Figure S5. Density distribution of MRAD considering a metabolic noise of 0.5 % of M; in simulations.
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Figure S6. Density distribution of MRAD considering a metabolic noise of 1 % of M; in simulations.
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Figure S7. Density distribution of MRAD considering a metabolic noise of 5 % of M; in simulations.
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Figure S8. Density distribution of MRAD considering a metabolic noise of 10 % of M; in simulations.
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Figure S9. Density distribution of MRAD considering a metabolic noise of 20 % of M; in simulations.
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noise considering the 200 simulations.
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Part 4. Complementary results for RAD analyses (Relative Abundance Differences).
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Figure S11. Effect of S. glanis (MRAD) on species clusters regarding their trophic position and their pelagic reliance. (a) corresponds to a histogram
of extinct species clusters according to their TP and (b) is a histogram of extinct species clusters according to their pelagic reliance. (c) and (d)
correspond to effects of S. glanis according to the TP and to the pelagic reliance of non-extinct species clusters. In (c) and (d) dashed lines are TP

and pelagic reliance of the three S. glanis, respectively.
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Part 5. Details of classified ecological interactions

Table S3. Trophic positions of species clusters and interaction involved in each scenario depending on extinct and non-extinct species clusters.
The sign “—” corresponds to an interaction with negative impact (MRAD < 0). Contrary, the sign “+” is used when the interaction seems favourable
to the species cluster. The dashed line in the table correspond to the separation between extinct and non-extinct species clusters.

Species cluster Category Trophic Position  State S. glanis =40 cm S. glanis =85 cm S. glanis =150 cm
Concochilidae Invertebrate 2.0 Extinct Trophic cascade - Trophic cascade - Trophic cascade -
Corixidae Invertebrate 2.0 Extinct Trophic cascade - Trophic cascade - Trophic cascade -
Bosminidae Zooplankton 2.0 Extinct Trophic cascade - Trophic cascade - Trophic cascade -
Ceratopogonidae Invertebrate 2.0 Extinct Trophic cascade - Trophic cascade - Trophic cascade -
Brachionidae Zooplankton 2.0 Extinct Trophic cascade - Trophic cascade - Trophic cascade -
Cryptophyceae_ben Phytobenthos 1.0 Extinct Trophic cascade - Trophic cascade - Trophic cascade -
Asplanchnidae Zooplankton 2.1 Extinct Trophic cascade - Trophic cascade - Trophic cascade -
Sididae Zooplankton 2.1 Extinct Trophic cascade - Trophic cascade - Trophic cascade -
Cyclopidae Zooplankton 2.1 Extinct Trophic cascade - Trophic cascade - Trophic cascade -
Chironomidae Invertebrate 3.0 Extinct Trophic cascade - Trophic cascade - Trophic cascade -
Zygophyceae Phytoplankton 1.0 Extinct Trophic cascade - Trophic cascade - Trophic cascade -
Chaoboridae Invertebrate 3.0 Extinct Trophic cascade - Trophic cascade - Trophic cascade -
Cryptophyceae Phytoplankton 1.0 Extinct Trophic cascade - Trophic cascade - Trophic cascade -
Gammaridae Invertebrate 3.0 Extinct Predation - Trophic cascade - Trophic cascade -
Esocidae Fish 4.4 Non-extinct ~ Other Competition - Competition -
Salmonidae Fish 3.9 Non-extinct ~ Competition - Other Predation -
Lotidae Fish 3.7 Non-extinct ~ Competition - Competition - Predation -
Cyprinidae Fish 3.6 Non-extinct ~ Competition - Competition - Predation -

171



Ictaluridae
Percidae
Cottidae
Astacidae
Blenniidae
Centrarchidae
Cambaridae
Dreissenidae
Coenagrionidae
Glossiphoniidae
Gomphidae
Libellulidae
Ephemeridae
Crambidae
Cercopagididae
Leptodoridae
Polycentropodidae
Physidae
Leptoceridae
Empididae
Ecnomidae
Sphaeriidae

Baetidae

Fish

Fish

Fish
Invertebrate
Fish

Fish
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Zooplankton
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate

Invertebrate

3.5
3.7
3.3
3.1
3.3
3.3
3.3
2.5
3.0
3.0
3.0
3.0
25
2.3
3.1
3.1
25
2.2
2.4
2.4
2.4
2.0
2.4

Non-extinct
Non-extinct
Non-extinct
Non-extinct
Non-extinct
Non-extinct
Non-extinct
Non-extinct
Non-extinct
Non-extinct
Non-extinct
Non-extinct
Non-extinct
Non-extinct
Non-extinct
Non-extinct
Non-extinct
Non-extinct
Non-extinct
Non-extinct
Non-extinct
Non-extinct

Non-extinct
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Competition -
Competition -
Other

Trophic cascade +
Predation -
Predation -
Predation -
Predation -
Predation -
Predation -
Predation -
Predation -
Predation -
Predation -
Predation -
Predation -
Predation -
Trophic cascade +
Trophic cascade -
Trophic cascade +
Trophic cascade +
Trophic cascade +

Trophic cascade +

Competition -
Predation -
Predation -
Predation -
Predation -
Predation -
Predation -
Predation -
Trophic cascade +
Trophic cascade +
Trophic cascade +
Trophic cascade +
Trophic cascade -
Trophic cascade -
Trophic cascade +
Trophic cascade +
Trophic cascade -
Trophic cascade -
Trophic cascade -
Trophic cascade +
Trophic cascade +
Trophic cascade +

Trophic cascade +
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Predation -
Predation -
Predation -
Predation -
Predation -
Predation -
Predation -
Trophic cascade -
Trophic cascade +
Trophic cascade +
Trophic cascade +
Trophic cascade +
Trophic cascade +
Trophic cascade +
Trophic cascade -
Trophic cascade -
Trophic cascade -
Trophic cascade -
Trophic cascade -
Trophic cascade +
Trophic cascade +
Trophic cascade +

Trophic cascade +



Beraeidae
Psychomiidae
Lymnaeidae
Planorbidae
Valvatidae
Bithyniidae
Caenidae
Hydroptilidae
Tateidae
Daphniidae
Chrysophyceae
Chrysophyceae
Diatoms
Dinophyceae
Chlorophyceae
Chlorophycceae

Diatoms

Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Zooplankton
Phytobenthos
Phytoplankton
Phytoplankton
Phytoplankton
Phytobenthos
Phytoplankton
Phytobenthos

2.4
2.4
2.0
2.0
2.0
2.0
2.4
2.3
2.0
2.3
1.0
1.0
1.0
1.0
1.0
1.0
1.0

Non-extinct
Non-extinct
Non-extinct
Non-extinct
Non-extinct
Non-extinct
Non-extinct
Non-extinct
Non-extinct
Non-extinct
Non-extinct
Non-extinct
Non-extinct
Non-extinct
Non-extinct
Non-extinct

Non-extinct

Trophic cascade +
Trophic cascade +
Trophic cascade +
Trophic cascade +
Trophic cascade +
Trophic cascade +
Trophic cascade +
Trophic cascade +
Trophic cascade +
Trophic cascade +
Trophic cascade +
Trophic cascade -
Trophic cascade +
Trophic cascade +
Trophic cascade +
Trophic cascade -

Trophic cascade +

Trophic cascade +
Trophic cascade +
Trophic cascade +
Trophic cascade +
Trophic cascade +
Trophic cascade +
Trophic cascade +
Trophic cascade +
Trophic cascade +
Trophic cascade +
Trophic cascade -
Trophic cascade -
Trophic cascade +
Trophic cascade +
Trophic cascade -
Trophic cascade -

Trophic cascade -
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Trophic cascade +
Trophic cascade +
Trophic cascade +
Trophic cascade +
Trophic cascade +
Trophic cascade +
Trophic cascade +
Trophic cascade +
Trophic cascade +
Trophic cascade -
Trophic cascade -
Trophic cascade -
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Part 6. Interaction strengths in the food-web.

Table S4. Average interaction strengths found for consumers with and without different body
size of S. glanis.

Average interaction strength £SD

Scenario .
(min — max)
No S. glanis 2.02 10 +2.9510°
(5.26 10 — 1.39 10?)
S. glanis of 40 cm 1.96 10 +2.9310°3
(5.26 10 — 1.39 10?)
S. glanis of 85 cm 1.99 103 +2.94 103
(5.26 10 — 1.39 10?)
S. glanis of 150 cm 1.98 10 +2.9310°3

(2.69 10 — 1.39 10?9
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“In scientific work, those who refuse to go beyond fact rarely get as
far as fact. ”

Thomas Huxley
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CHAPITRE 5. Vulnérabilité du lavaret (Coregonus
lavaretus) face au silure dans le Lac du Bourget

1. Présentation du chapitre

Problématique : I’étude du régime alimentaire du silure dans le Lac du Bourget a permis
d’identifier le lavaret comme espéce consommée par le prédateur exotique (Chapitre 1). De
plus, I’inférence de la niche trophique de la population de silures (Chapitre 3) et la simulation
des variations d’abondances des groupes d’espéces en sa présence dans les lacs périalpins
(Chapitre 4) ont souleve de potentiels impacts exercés sur le lavaret. Une investigation plus
poussée de la vulnérabilité de ce Salmonidae a fort intérét écologique, patrimonial et
économique était donc nécessaire, principalement pour (i) valider sa consommation par le silure
par le biais d’analyses de régime alimentaire complémentaires et (ii) évaluer son risque de
prédation tout au long de son ontogénie et selon la période de I’année.

Méthodologie : la consommation effective du lavaret a été étudiée par metabarcoding
réalisé sur des contenus intestinaux de silures (n = 61). La vulnérabilité du lavaret au cours de
son ontogénie a ensuite été¢ étudiée en utilisant 1’aNM (Chapitre 2) pour inférer des liens
trophiques entre des tailles de silures empiriques (n = 185) et un gradient de tailles de lavarets
(Iem a 50 cm) afin d’identifier les tailles et les stades de vie de lavaret les plus vulnérables vis-
a-vis de la structure en taille de la population actuelle de silures. Pour finir, une métrique de
risque de predation a éteé élaborée en se basant sur les facteurs conditionnant la réponse
fonctionnelle d’un prédateur. Les données empiriques de temps de manipulation (« handling
time) et taux d’attaque («attack rate ») n’étant pas disponibles pour les silures, le
chevauchement des profondeurs occupées par les silures et les lavarets a été considéré afin
d’estimer une probabilité de rencontre et de détection entre le prédateur et sa proie.
Complémentairement, le taux métabolique du silure a été estimé comme proxy de sa demande
énergétique et donc de la recherche et du taux d’attaque sur ses proies. Le risque de prédation
a été étudié séparément pour le stade de vie 0" (jeunes de I’année) et pour les autres stades de
vie (1* et plus) entre mars et octobre, de 2014 a 20109.

Principaux résultats : I’ADN de lavaret a été retrouvé dans 7% des contenus intestinaux
analysés, induisant un plus fort taux de présence que dans les contenus stomacaux (1%). La
vulnérabilité des lavarets mesurant entre 5 cm et 20 cm (individus 0%) sembleraient forte
(maximum de probabilité d’interaction avec les 5 cm) et diminuerait avec 1’ontogénie, les
adultes (> 35 cm, age > 2") ne pouvant étre prédatés que par les plus gros silures de
I’échantillonnage (> 130 cm) avec des probabilité d’interaction faible. Cette plus forte
vulnérabilité des 0" a également été retrouvée a travers 1’étude du risque de prédation. En effet,
le fort chevauchement entre les profondeurs occupées par les 0" et celles occupées par les
silures, particulierement pendant les mois ou la demande énergétique des silures est forte (de la
fin du printemps a la fin de 1’été), induirait un risque de prédation significativement plus élevé
pour les 0" que pour les autres stades de vie du lavaret.

Valorisation : Ce chapitre fait I’objet d’un article en vue d’une soumission dans Canadian
Journal of Fisheries and Aquatic Sciences.
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2. Article 5 — The vulnerability of whitefish (Coregonus lavaretus) to the
invasive European catfish (Silurus glanis) in a large peri-Alpine lake

Chloé Vagnon'*, Franck Cattanéo?, Chloé Goulon?, Jean Guillard! and Victor Frossard*

1 Univ. Savoie Mont-Blanc, INRAE, CARRTEL, 74200 Thonon-les-Bains, France
2 HES-SO / HEPIA, CH-1254 Jussy, Suisse
** Corresponding author: chloe.vagnon@gmail.com

2.1. Abstract

The whitefish (Coregonus lavaretus) is a core exploited species in numerous fisheries and
the invasion of the European catfish (Silurus glanis) in peri-Alpine lakes may represent an
emergent threat for this salmonid.

We aimed at assessing the vulnerability of whitefish to S. glanis in a French peri-Alpine
lake (Lake Bourget) by combining diet analyses (metabarcoding), trophic link inferences
derived from an allometric niche model (aNM) and the development of a predation risk metric
derived from species depth-matching and S. glanis energy demand.

Whitefish DNA was found in 7% of S. glanis intestines, indicating a low but effective
consumption. The aNM suggested that S. glanis (considering the current population size
structure) may predate all whitefish life stages, though young-of-the-year (0%, 5-20 cm) may be
the most exposed to predation. 0 had higher depth-matching with S. glanis than other life
stages, especially in summer when the catfish exhibit their highest energy demand, leading to
an overall higher predation risk for 0*.

Our results highlight time and age-varying vulnerability of whitefish toward S. glanis,
suggesting a new growing threat for this species in a context of global change.

Keywords: invasive species, metabarcoding, allometric niche model, predation risk, Silurus
glanis, Coregonus lavaretus
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2.2. Introduction

Wild salmonids represent important ecological,
patrimonial and economic values worldwide
(Fausch et al. 2006). Among them, whitefish
species (Coregoninae) are found in a large number
of freshwater ecosystems comprising a large
genetic diversity characterized by different
ecomorphs (Bernatchez et al. 1996; Ostbye et al.
2006; Bitz-Thorsen et al. 2020). These salmonids
are among the most exploited resource in North
American and European fisheries, reaching up to
hundreds of tons harvested per fishery annually
representing several millions US$ of incomes per
year (Ebener et al. 2008; Baer et al. 2017). Yet,
many whitefish stocks appear currently threatened
(Baer et al. 2017; NOges et al. 2018; DGE 2019)
due to their vulnerability to climatic (e.g., global
warming) and local anthropogenic forcings (e.g.,
overfishing, habitat alteration) that ultimately
affect their abundance, reproduction success and
growth (NOges et al. 2018; Eme et al. 2018;
Stewart et al. 2021).

Invasions of exotic species is a seldom
investigated threat that may participate to the
alteration of wild salmonid populations (Fausch et
al. 2006). Particularly, the European -catfish
(Silurus glanis), a large invasive predatory fish, can
occasionally predate Coregonus sp. in Czech lakes
(Vejiik et al. 2017) and has recently been shown to
develop specific hunting behavior to predate wild
salmonids such as Salmo salar in the Garonne river
by means of synchronized presence with the
salmons in a fishway (Boulétreau et al. 2018).
Since few years, S. glanis has invaded large peri-
Alpine lakes (Lake Bourget and Lake Geneva) and
early investigations based on stable isotope
analyses underlined its reliance on pelagic
resources as well as anecdotal predation on the
European whitefish C. lavaretus (Vagnon et al.
submitted). The potential vulnerability of C.
lavaretus to this new invader yet remained to be
specifically investigated regarding its important
ecological and economic values in peri-Alpine
lakes.
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The impact of S. glanis on C. lavaretus may be
optimally expressed as the number or biomass of C.
lavaretus consumed by S. glanis individual or
biomass that will depend on C. lavaretus density
usually formulated as a functional response (i.e.,
per capita foraging rate; Holling 1959). The
functional response can typically be decomposed
into two principal components (Sentis et al. 2013;
DeLong et al. 2021): the attack rate a (i.e., number
of attacks) and the handling time h (i.e., time
between the prey detection by the predator and the
end of its digestion) that can both be empirically
estimated with specific experiments. Yet, for S.
glanis, a and h are particularly challenging to
quantify due to its large adult body size (also true
in a least extent for C. lavaretus) strongly limiting
empirical experiments. Alternatively, both a and h
depend on energy demands of ectotherm predators
shaped by their thermo-dependent metabolism
(Brown et al. 2004) and thus fluctuate overtime
according to thermal conditions (Englund et al.
2011). Specifically, warming will intensify a and
exponentially reduce h (Sentis et al. 2013; Pepi et
al. 2018). Consequently, in the absence of
empirical assessments of both parameters,
estimates of metabolic rate could constitute a first
element to track a and h and figure out a predation
risk for a prey. Complementarily, predation risk is
highly related to the spatial-matching between a
predator and its prey, correlated to the likelihood of
their encounter and thus conditioning prey
detection and attack success both involved in
estimates of a (DeLong et al. 2021). Finally,
predator-prey body size ratios also constrain
predation interactions in aquatic ecosystems
(Woodward et al. 2005; Gravel et al. 2013; Brose
etal. 2019; Pomeranz et al. 2019) and consequently
modulate the vulnerability of a species along its
ontogeny as both predation rate and capture success
generally decrease with prey body size increasing
(Scharf et al. 2002; Schwartzbach et al. 2019).

In this study, we investigated how S. glanis may
represent a threat to the C. lavaretus population in
a large French peri-Alpine lake (Lake Bourget) by



coupling three complementary approaches. First,
molecular analyses (i.e., metabarcoding) on S.
glanis intestinal contents were conducted to clarify
the effective consumption of C. lavaretus by the
new predator. Molecular analyses were expected to
circumvent difficulties inherent to stomach content
analyses for identifying digested prey. Second, an
allometric niche model (hereafter called aNM,;
Vagnon et al. 2021) was used to compute trophic
link probabilities between the S. glanis body sizes
currently present in the lake and the different life
stages of C. lavaretus. This analysis step allowed
quantifying a size-based vulnerability along
whitefish ontogeny that is supposed to decrease
with C. lavaretus body size increasing. Third, a
predation risk metric was developed embedding
both the depth-matching between S. glanis and C.
lavaretus and the metabolic demand of S. glanis in
lines with their respective implication at
conditioning both a and h as previously indicated.
The predation risk was distinctly computed for 0*
and other life stages of C. lavaretus (1 and more)
as their different behavior induce occupation of
distinct depths and because they differently
contribute to the population dynamic.

2.3. Material and methods

2.3.1. Study site and sampling

Lake Bourget is the largest natural French lake
(45° 43 46.842" N, 5° 52' 10.484" E), with an area
of 445 km?, an average depth of 85 m and a
maximum depth of 145 m. This lake is currently
oligo-mesotrophic after experiencing a
reoligotrophication process since 1970, with a Ptot
concentration decreasing from ~ 120 pg.L* to ~ 10
ug.Lt nowadays (Jacquet et al. 2020). This change
in the lake trophic state had profound consequences
on the fish community, characterized by a burst of
the C. lavaretus stock from 2010 to 2018 (Guillard
et al. 2015) while species like pikeperch (Sander
lucioperca) concomitantly declined (Jacquet et al.
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2019). Since 2019, the whitefish fishing yields are
severely decreasing (- 50%).

A total of 867 C. lavaretus, caught between
2012 and 2019, were used to obtain size-age
relationships of the species. A total of 185 S. glanis,
caught between 2017 and 2019, were used to obtain
the body size range of the species found in Lake
Bourget and their depths of capture. Fish were
retrieved from catches of the recreational and
professional fishermen as well as from fish
sampling during the scientific survey of the lake
(Jacquet et al. 2020). Pelagic and benthic nets
(mesh size from 6.5 mm to 55.0 mm) were set at
dusk, in depth layers comprised between 3 m and
55 m, and raised at dawn the following day. Each
captured fish was measured (nearest 0.1 cm) and
weighted (nearest 0.1 g). A specific supplementary
sampling of 61 S. glanis covering the body size
range of the current population (17 cm to 135 cm)
was performed using bottom lines in 2019 for
conducting the following molecular analyses.

2.3.2. Molecular analyses

Metabarcoding was used to identify fish
species predated by S. glanis in Lake Bourget. The
extractions of extracellular DNA were performed
on 15g of crushed intestinal content with the
NucleoSpin® Soil kit and the final elution was
achieved in 100 pL of SE buffer. Each extract was
amplified for four replicates with the fish specific
primer Tele02 (targets the 12S mtDNA; Tab. S1;
Taberlet et al. 2018). Each PCR replicate was
uniquely identified with a combination of two
eight-nucleotide tags coupled in 5’ end on the
forward and reverse primers for bioinformatic
refinement. Amplifications were achieved in 20 uL
including an AmpliTag Gold 360 PCR Master
Mix™ (10 pL), the primer (0.4 pM), a bovine
serum albumin (0.16 pL) and intestinal DNA
extracts (2 pL) five times diluted. A specific
blocking primer was added to the PCR mix (3.3
uM) to inhibit the host DNA amplification (Tab.
S1). PCR products were combined and purified and



purification  successes checked with

electrophoresis gels.

were

Library constructions and sequencing were
treated by Fasteris SA (Switzerland), following the
PCR-free MetaFast protocol (Taberlet et al. 2018).
All amplicons were sequenced on a NextSeq500
sequencing platform. The experiment included
negative extractions and PCR controls, as well as
unused tags, to identify potential contaminations
and false positives. Sequencing analyses were
performed using OBITools (Tab. S1; Boyer et al.
2016) to gather paired sequences, assign sequences
to the corresponding amplification replicates, filter
artifactual sequences, dereplicate sequences, find
the taxonomic assignment of each MOTU and
aggregate amplification replicates for each sample.
Refinements were performed to delete potential
contaminants and keep plausible sequences (Tab.
S1). Final results were obtained by calculating read
proportions corresponding to fish species within
each intestinal content. Fish species assemblages in
diets were then investigated via a Principal
Component Analysis (PCA; Pearson 1901) after
removing rare species (i.e., species having one
occurrence).

2.3.3. Size-based vulnerability

We used the aNM (Vagnon et al. 2021) to infer
trophic link probabilities between the 185 S. glanis
individuals sampled in Lake Bourget (Fig. S1) and
a gradient of C. lavaretus body sizes between 1 cm
and 50 cm (11 body sizes with 5cm-increment),
corresponding to the whitefish ontogeny (i.e., from
birth to 7" years; Fig. S2). The aNM is based on the
niche model principles (Williams & Martinez
2000) and derived from the method introduced by
Gravel et al. (2013) in which predator i, with body
size nj (here the body sizes of the 185 S. glanis), is
expected to feed on a continuous prey body size
range ri centered on ci. The feeding range is defined
by quantile regressions at 5% (rimin = lower bound
of ri) and 95% (rimax = upper bound of r;).
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Each matching between the prey body size
range (ri) estimated for each S. glanis i (i.e.,
predator) and the 11 body sizes of C. lavaretus (i.e.,
prey) was considered as a possible trophic link.
These trophic links were then weighted using a
Gaussian probability density function as the trophic
link probability distribution is expected to be
unimodal throughout ri in lines with Williams et al.
(2010). Maximum probabilities (at ci) were set at
0.95 and minimal probabilities (at ri bounds) were
set at 0.1. The weighting procedure allowed
obtaining the probability of a trophic link
occurrence between S. glanis body size i and C.
lavaretus body size j. The trophic vulnerability of
C. lavaretus for a body size j (wTVj) toward the
current S. glanis population body size structure was
hence calculated as the sum of trophic links
between all S. glanis and each C. lavaretus body
size j.

2.3.4. Predation risk

The predation risk Pr; (eq. 1) was defined as a
non-dimensional metric accounting for species
depth distributions and thermal conditions. Pr; was
calculated for each month z as the product of the
depth-matching (D,) between C. lavaretus and S.
glanis, and the metabolic rate of S. glanis (I,). Both
D; and I; were normalized by their maximum
values (Dan and lan) so that Pr; was comprised
between 0 (i.e., minimum risk, when S. glanis
metabolic activity is minimum and occupied depths
of both species do not overlap) and 1 (i.e.,
maximum risk, when S. glanis metabolic activity is
maximum and both species occupy the same
depths).

D

max(D4;;)

I

Z Z
max(/4;;)

Pr, = (eqg.1)

D;, characterizes the depth-matching between
both species that is the proximity between depths
occupied by C. lavaretus and S. glanis for month z.
To reach a continuous estimate of D, on the total
depth range of C. lavaretus and S. glanis (i.e., 0 to



-55), we used a Log-normal probability density
function Log-N(|,, 07%). Parameters W, and o; were
iteratively set so that the maximum value of the
density function (i.e., maximum depth-matching
estimate) corresponded to the modal depth value of
S. glanis for each month z (dm;) and the range
dmz £ 5 mincluded 75 + 0.5% of the surface area of
curve from the density function. The departure of
5m from the modal depth value dm, actually
comprised 70% of the S. glanis catch depths and
matches the prey detection distance of S. glanis
observed by recreational fishermen using sonar
probes.

D, could then be obtained for the depth range
occupied by 0" and other C. lavaretus at month z
(with 1 m-increment) and Dai was computed for a
sequence of depths from 0 m to -55 m at each 1 m.
For each month, the occupied depths of 0" C.
lavaretus were estimated from the literature
(Eckmann 1991; Cretenoy & Gerdeaux 1997;
Dufour & Gerdeaux 2005; Ponticelli 2006). The
occupied depths of other C. lavaretus were
transposed from depths at which professional
fishermen set their pelagic nets (personal
communications) and were confirmed with
literature (Eckmann 1991; Dufour & Gerdeaux
2005). Finally, the occupied depths of S. glanis
were retrieved from the depths at which the 185
individuals were sampled in Lake Bourget.

I, provided insights on the metabolic demand of
S. glanis for month z (eq.2) based on the metabolic
theory of ecology (Brown et al. 2004) and was
normalized by the maximum value of metabolic
rate calculated over all months and years (lan).

I, = cM3/*e ElkTz (gq.2)

with ¢ a constant (c = e'®4’ according to Brown et
al. 2004), M the mean S. glanis body mass of the
current population (4500 g), E the activation
energy (E = 0.63 eV), k the Boltzmann’s constant
(8.62.10° eV.K™) and T, the water temperature for
month z (K). The monthly water temperatures from
2014 to 2019 (Fig. S3) were retrieved from the
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open access database of the Observatory on Lakes,
OLA (http://wwweé.inra.fr/soere-ola ©OLA-IS,
AnaEE-France, INRAE Thonon-les-Bains,
CISALB, developed by Eco-Informatics ORE
INRAE Team).

The predation risk, Pr, for 0" and other C.
lavaretus (i.e., 1" year and more) was quantified
from March to October corresponding to relevant
ecological periods for S. glanis (i.e., active period;
Cucherousset et al. 2017) and for C. lavaretus (i.e.,
birth to first winter for 0* and period between two
reproduction phases for adults; Eckmann 1991;
Goulon et al. 2019).

Differences in Pr among years and months for
0" and the other whitefish life stages were tested
using Kruskall-Wallis tests. Differences in Pr
between 0" and the other life stages were tested
using a Wilcoxon test.

All analyses were performed using R.3.5.1 (R
Core Team 2018) using the packages dunn.test
(Dinno 2017), factoextra (Kassambara & Mundt
2019), factomineR (Le et al. 2008), ggplot2
(Wickham 2016), vegan (Oksanen et al. 2017). R
codes are available at:
https://github.com/chloevagnon/Salmonids-
Predation_Risk.




2.4. Results

2.4.1. Fish-based diet of S. glanis

Among the 61 intestinal contents of S. glanis
analyzed, 26 individuals did not contain any fish
DNA leading to the consideration of 35 individual
fish-diet examinations. For these 35 individual
fish-diets, the mean read number greatly varied
among individuals with a mean value of 15603.6 +
22626.7 reads for a total of 795783 reads allowing
the identification of 11 fish species consumed by S.
glanis (Fig. 1). The three main fish prey species
exhibiting the highest read proportions were perch
(Perca fluviatilis found in 14 individuals), followed
by tench (Tinca tinca for 12 individuals) and roach
(Rutilus rutilus for 10 individuals). The European
whitefish (C. lavaretus), the pumpkinseed
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(Lepomis gibbosus) and the burbot (Lota lota) were
also identified in more restricted occurrences being
found in four intestinal contents for the two first
and in three intestinal contents for the last. The five
other species had a single occurrence (Fig. 1), and
was thus considered as rare prey not incorporated
in the following PCA.

Different species assemblages in diets could be
delineated by the PCA where the two first axes
captured 48.2% of the total variance (PCA axis 1 =
25.6% and PCA axis 2 = 22.6%; Fig. 2). The PCA
axis 1 was mainly characterized by variations in the
proportions of P. fluviatilis, contributing at 64.6%
of this PCA axis. This species frequently
represented 100% of reads in intestinal contents
(ie., single prey identified) leading to
interindividual overlapping of diets and thus of
their location on the PCA biplot.
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Figure 1: Read proportions of fish species identified in intestinal contents of Silurus glanis (n = 35). Points
represent read proportions in each intestinal content. Fish species are ordered by decreasing occurrence from
left to right and box of boxplots represent the 1% quartile and 3™ quartile of read proportions for each species.
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Figure 2: PCA biplot summarizing fish prey assemblages in Silurus glanis intestinal contents identified by
metabarcoding (n = 32). The six fish prey retained had more than one occurrence. Each point represents a single S.
glanis and the color gradient (red to blue) highlights increasing individual body size precised by identification codes
of the fish preceded by the letter “s” for Silurus glanis. Black circles indicate C. lavaretus DNA occurrence in S. glanis
intestinal contents for which read proportions of C. lavaretus are mentioned as percentage. Numerous S. glanis

inestinal contents overlap due to the occurrence of a single prey (e.g. 100% of P. fluviatilis).

The PCA axis 2 was mostly constrained by R.
rutilus and L. lota that contributed at 37.1% and
27.3% to this PCA axis, respectively. R. rutilus was
mainly associated with L. gibbosus while L. lota
was associated either with C. lavaretus or T. tinca
(Fig. 2). C. lavaretus DNA was found in intestinal
contents of S. glanis with a wide body size range
measuring respectively 17.2 cm (with 10.3% of
reads corresponding to C. lavaretus), 35 cm (100%
of C. lavaretus), 37 cm (100% of C. lavaretus) and
135 cm (54.8 % of C. lavaretus).

2.4.2. Size-based vulnerability

C. lavaretus trophic vulnerability (wTV) as well
as the mean trophic link probability greatly varied
over the whitefish body size gradient (Fig. 3). The
three body sizes the more vulnerable (i.e., highest
wTV and mean link probability) were individuals
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measuring 5 cm (trophic links inferred for 99.5%
of sampled S. glanis), 10 cm (for 93.5% of S.
glanis) and 15 cm (for 67.6% of S. glanis),
corresponding to 0* during spring and summer. C.
lavaretus of 5 cm had the highest trophic link
probabilities (median = 0.84) as it was especially
close to most feeding range centres ¢ inferred by
the aNM for the current S. glanis body sizes
(Cmean=5.4£1.8 cm). The wTV as well as the mean
trophic link probability then decreased with C.
lavaretus body size. As a result, a few S. glanis
individuals, larger than 110 cm, were expected to
be able to consume C. lavaretus larger than 25 cm
and only the largest S. glanis of the current
population (180 cm) was predicted to be able to
predate the largest body sizes of C. lavaretus (i.e.,
measuring between 35 cm and 50 cm).
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Figure 3: Trophic link probabilities inferred by the aNM between a body size gradient of Coregonus lavaretus
covering the species lifespan and the Silurus glanis empirical body sizes found in Lake Bourget (n = 185). Boxplots
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lavaretus body size.

2.4.3. Predation risk

The depth ranges occupied by S. glanis
overlapped by different extent those of both 0* and
other C. lavaretus life stages over months (Fig. 4a).
The S. glanis modal depth (dm) more frequently
overlapped the 0* depth ranges than those of other
C. lavaretus. Contrasted contexts were highlighted
for particular months such as March or October,
where S. glanis were found closer to the surface
than C. lavaretus, although the depth ranges of both
species still overlapped.

The metabolic rate of S. glanis was closely tied
to the seasonal temperature variations (Fig. S3),
leading to an increase in the metabolic demand
from spring to summer reaching maximal values in
August (Fig. 4b). Noticeable inter-annual
differences were identified, especially for the
maximal values in August, signing differences in
summer warming among years with for instance an
especially high metabolic rate in summer 2019.
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The predation risk computed from depth-
matching and metabolic demand was variable
among C. lavaretus life stages and months (Fig. 5)
while there were no significant differences among
years, neither for 0 (Kruskal-Wallis test, df = 7, p-
value = 0.9974; Fig. S4) nor for other life stages
(Kruskal-Wallis test, df = 7, p-value = 0.9972; Fig.
S4). The highest predation risk was identified for
the period from July to September for 0F
individuals (maximum in August; Fig. 5a) and in
September for other life stages (Fig. 5b). A
noticeable variability was identified within months
due to variable depth-matching found with the
different extent of depth ranges occupied by both
C. lavaretus and S. glanis (Fig. S5 and S6). March
and October were identified as months for which 0*
would be the less vulnerable and April and October
would be the safest months for other life stages.
Overall, 0" were significantly more vulnerable to S.
glanis than other life stages (Wilcoxon test,
W = 167460, p-value < 0.005; Fig. S4).
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2.5. Discussion

The recent colonization of S. glanis in peri-
Alpine lakes alerted on its possible impact on the
native European whitefish as this invasive predator
was already underlined to be able to consume wild
salmonids (Guillerault et al. 2017; Vejiik et al.
2017; Boulétreau et al. 2018). Our study provided
empirical evidences of direct predation of S. glanis
on C. lavaretus and a quantitative framework to
detail the whitefish vulnerability to this new
predator. In this way, we identified the more
vulnerable life stages of C. lavaretus and
highlighted time-varying predation risk for the
native salmonid.

2.5.1. Diet from metabarcoding

The molecular analyses performed on intestinal
contents underlined that C. lavaretus was not a core
prey for S. glanis yet being non-negligibly
consumed by this predator as C. lavaretus DNA
was found in 7% of the analyzed intestines. This
result indicates a higher proportion of C. lavaretus
in S. glanis diet than previously reported in the
recent study conducted in Lake Bourget based on
stomach contents, where C. lavaretus was present
in less than 1% of the S. glanis stomachs (i.e., 0.9%
of stomachs; Vagnon et al. submitted). However,
7% denotes a restrained proportion compared to
results obtained by De Santis and Volta (2021) in
Lake Maggiore (Italia) that highlighted Coregonus
sp. (C. lavaretus and C. oxyrinchus) in 40% of the
analyzed S. glanis stomachs. This departure could
be due to a higher number of large individuals (i.e.,
> 110 cm) in their sampling, more susceptible to
consume fish, but also to an older colonisation of
the population in this Italian lake (~ 30 years),
possibly including individuals that developed
specialization in pelagic resource use. In Lake
Bourget, C. lavaretus was consumed by S. glanis
presenting a wide body size range (from 17 cm to
135 cm) and represented variable diet proportions
(10% to 100% of reads of prey species identified in
intestines), suggesting C. lavaretus as an

189

Chapitre 5

exploitable prey for all S. glanis in the current
population, regardless their body sizes.

Our results further underlined a consistent
diversity of consumed fish species (11 species out
the 35 living in the lake) occupying diverse
ecological habits, supporting the generalist and
opportunistic trophic behavior of S. glanis in Lake
Bourget (Vagnon et al. submitted). For instance, L.
lota is a typical deep benthic species while
L. gibbosus is mainly associated to shallow littoral.
Complementarily, half of the intestines analyzed
did not contained fish DNA, suggesting that
individuals may have consumed prey not
identifiable with the Tele02 primer such as
crayfish, representing a large fraction of S. glanis
diet in Lake Bourget (Vagnon et al. submitted).
Therefore, we obtained a restrained number of
individuals (i.e., 35) for characterizing the fish-diet
of the S. glanis population despite considering an
initial sampling of 61 individuals. These results
could be completed by a larger sampling of
individuals to obtain a more robust assessment of
the fish-diet described in this study. A primer
allowing to detect invertebrate DNA in intestinal
contents could complementarily be used in further
studies to confirm the presence of invertebrates in
diets of individuals for which no fish DNA is
found.

2.5.2. Size-based vulnerability

The size-based vulnerability of C. lavaretus
toward S. glanis investigated using the aNM
suggested that all life stages of the whitefish (i.e.,
body sizes from 1 cm to 50 cm representing life
stages from 0" to 7%) could be predated by the
current S. glanis population body size range (16 cm
to 180 cm). Yet, it varied according to C. lavaretus
ontogeny with 0" being the most vulnerable life
stage (i.e., high trophic link probabilities for
individuals between 5 cm and 15 cm). These results
are in lines with previous S. glanis diet studies
conducted in reservoirs and lakes that highlighted
higher frequencies of 0" individuals than adults in
stomach contents of S. glanis (e.g., roach, bream



usually smaller than 20 cm; Wysujack & Mehner
2005; Alp 2017).

Adult C. lavaretus (i.e., age 2* and more, 35 cm
to 50 cm) were expected to be only accessible to S.
glanis larger than 130 cm (0.5% of the current
population), corresponding to a low trophic
vulnerability (wTV) and restrained trophic link
probabilities due to adult C. lavaretus body sizes
close to the upper limits of the S. glanis feeding
ranges. These results are in agreement with a
decreasing vulnerability along prey body size
(Scharf et al. 2002; Schwartzbach et al. 2019) and
suggest a limited size vulnerability of adult
whitefish to the current S. glanis population.
However, large adult C. lavaretus (> 40 cm) are
usually safe from the resident top predator in the
lake (i.e., the Northern pike Esox lucius, rarely
measuring more than 100 cm). The predation of S.
glanis on adult C. lavaretus may prevent the
salmonid from its size-refuge, adding a new
pressure on spawners in the population.

2.5.3. Predation risk over time

Overall, the encounter between S. glanis and C.
lavaretus may appear facilitated by the behavior
plasticity of S. glanis for occupying a large depth
range from the water surface to -50 m. However,
the depth-matching between S. glanis and 0" was
stronger than the one with the other life stages.
Indeed, the 0" occupy more frequently the water
column above the thermocline (Dufour &
Gerdeaux 2005; Ponticelli 2006) where S. glanis
are the more present. A higher predation risk was
therefore estimated for 0%, converging with results
from the size-based vulnerability assessment that
highlighted a higher wvulnerability for 0%,
Furthermore, months of higher depth-matching
with 0" (i.e.,, from April to August) also
corresponded to periods during which the energy
demand of S. glanis is the strongest, enhancing the
predation risk for 0" during the end of the spring to
the end of summer. In addition, active stocking in
Lake Bourget characterized by yearly release of ~
600 000 swimming larvae measuring arround 3 cm
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in March or April (Guillard et al. 2015), may
facilitate S. glanis consumption of 0* by increasing
their encounter rate during spring.

Depth-matching could be refined by
considering telemetric investigation on S. glanis
behavior in the water column rather than
considering the depth of capture but such data are
remaining especially challenging to obtain.
Complementarily, these telemetric investigations
could be used for characterizing the spatial
distribution of S. glanis and C. lavaretus (e.g.,
spatial coordinates) in the lake in addition to the
depth-matching for a comprehensive assessment of
their encounter rate considering three dimensions.

2.5.4. S. glanis: a real threat to whitefish?

S. glanis metabolic demand may putatively be
used to provide a first attempt to quantify C.
lavaretus consumption. The average daily biomass
required for one S. glanis of 4.5 kg (i.e., mean
weight in the sampling) based on Brown et al.
(2004) would be ~ 15 g of C. lavaretus
(representing the weight of one 0%) based on an
energy density of 4286 J.g' (Huuskonen et al.
1998) and assuming a mono-specific diet. This
estimation is lower than the 45 g of prey
(representing the weight of three 0%) that could be
found in other ecosystems (e.g., daily ration of ~1%
of S. glanis body mass in the VVolga delta; Copp et
al. 2009) while staying in a similar order of
magnitude. Thus, considering the biomass required
by an individual for satisfying its energy demand
and the restricted fraction of C. lavaretus currently
found in the S. glanis population diet in Lake
Bourget, the total proportion of whitefish biomass
extracted could be restrained. These suppositions
could be in great accordance with the results of
Vejiik et al. (2017) conducted in Most lake (Czech
Republic) where the total biomass of Coregonus
sp. consumed by the entire S. glanis population was
lower than 10 kg. year™ and was not correlated with
a population decline.



However, it appears fundamental to estimate
both stocks of C. lavaretus and of S. glanis for
making realistic assumptions about the total
whitefish biomass consumed by the population of
S. glanis. Moreover, 80-100 tons and 10-15 tons of
whitefish were extracted by professional fishermen
and anglers respectively before the severe decrease
of the population (Jacquet et al. 2019). It could
represent an additive forcing to biological and
climatic pressures exerted on the whitefish
population essential to take into account in the
global whitefish vulnerability assessment in Lake
Bourget.

2.5.5. Concluding remarks

Combining size-based vulnerability and
predation risk represents a fruitful opportunity to
decompose S. glanis impacts exerted on C.
lavaretus when empirical data are challenging to
obtain.

The predation pressure of S. glanis, despite
being a likely moderate additive forcing to climate
and fishery pressures, may constrain the whitefish
population of Lake Bourget. Our results support the
need to evaluate the effects of invasive predators on
native species already submitted to other pressures
to prevent or limit their impacts through adaptive
management. The maintenance and development
of conservatory measures to promote whitefish
population (e.g., dynamic optimal fishing effort;
Giron-Nava et al. 2021), associated to strategies
limiting the development of S. glanis (e.g.,
functional eradication; Green & Grosholz 2020),
may provide a relevant framework for a sustainable
management of whitefish population of large peri-
Alpine lakes to cope with the looming of invasive
threats in a context of global change.
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4. Annexes

Table S1. Supplementary details of the method used for metabarcoding analyses.

Steps Specific details
- material sterilization repeated 3 times (ethanol + burning) between each sample
Intestinal - homogenization of intestinal contents

content sampling

- sampling of 1 cm®place in a container % filled with silica

- storage of samples at room temperature

DNA extraction

NucleoSpin® Soil kit (Macherey-Nagel GmbH & Co, Germany):

- resuspension of the sample material in Lysis Buffer added with the Enhancer SX + mechanical

disruption using ceramic beads

- precipitation of the proteins and PCR inhibitors with Lysis Buffer SL3 + pelleting by
centrifugation (ceramic beads + undissolved sample material)

- taking off of the supernatant and clearing with the NucleoSpin®Inhibitor removal column

- addition of Binding Buffer SB to the flow and loading of the lysate onto a NucleoSpin® Soil

Column

- removing of the residual substances and other PCR inhibitors by washing with Binding Buffer

SB and Wash Buffers SW1 / SW2

- drying and elution of the DNA with Elution Buffer SE (5 mM Tris/HCI)

DNA
amplification

Primer pairs Tele02:
- AAACTCGTGCCAGCCACC
- GGGTATCTAATCCCAGTTTG

Host specific blocking primer (ARGALY, unpublished data):
-CCCAGTTTGTTTCTTAGCTTTAGTGGAGTCAGGA

Optimized thermocycling conditions:

- DNA polymerase activation: 10 min at 95°C

- Denaturation: 45 cycles of 30 seconds at 95°C
- Annealing: 30 seconds at 54°C

- Elongation: 60 seconds at 72°C

- Final extension: 7 minutes at 72°C

Information on material used:

- AmpliTag Gold 360™ Master Mix: Applied Biosystems, Foster City, CA, USA
- 20 mg.ml** Bovine serum albumin: Roche Diagnostics, Basel, Switzerland

- MinElute PCR purification kit: Qiagen, Hilden, Germany

- Electrophoresis gel: E-Gel Power Snap; Invitrogen, Carlsbad, CA, USA
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Table S1 continued.

DNA sequencing

Quiality control:
- 4 negative control extractions,
- 12 PCR negative controls

- 44 unused tag combinations

Sequencing platform:
NextSeq 500 sequencing platform (lllumina, San Diego, CA, USA), using the rapid run mode

generating 125 bp paired-end sequences

Bioinformatic
treatment

Specific programs used in OBITools (https://pythonhosted.org/OBITools/welcome.html) and

ROBITools (https://git.metabarcoding.org/obitools/ROBITools):

- Paired-end reads gathering: illuminapairedend

- Assignment of aligned sequences to samples: ngsfilter

- Sequence dereplication: obiuniq

- Taxonomic assignment of each MOTU: ecotag

- Reference data base building: ecoPCR to carry out an in silico PCR on the EMBL public
databases (release 135) with the primer pair used for the experiment and allowing 3 mismatches
per primer. The obtained reference database keep only sequences assigned at the species, genus

or family level.

Data filtering:

- MOTUs with the best identity < 95% of similarity with the reference libraries (potential
chimeras)

- MOTUs more numerous in negative control replicates than in true PCR replicates (contaminants)

- PCR replicates with a low sequencing coverage (<1000 sequences)

- sequences presenting less than 100 times per sample after aggregating PCR replicates

- Class different from “Actinopteri” (e.g., mammals, birds)

Other filters for the study:
- Geographic filter

- Remaining host sequences

196




Chapitre 5

(a)

Number of individuals

Depth (m)

(b)

0 20 40 60 80 100 120 140 160
Body size (cm)

180

200

0 10 20 30 40 50 60 70 80
Number of individuals

90

Figure S1. Sampling of Silurus glanis in Lake Bourget by professional and scientific surveys from 2014 to 2019 (n = 185). Histogram representing

(a) Sampled S. glanis body size and (b) depth distribution.
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Figure S2. Body size distribution of Coregonus lavaretus in Lake Bourget originating from the scientific surveys from 2014 to 2019 (a) and body
size-age relationship obtained by the scalimetry method (b). The dashed line represents the transition from juveniles to sexually mature adults.
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Figure S3. Water temperatures of the epilimnion (average of the first 20 meters) in Lake

Bourget from the monitoring survey used to calculate the metabolic rate of Silurus glanis
between March and October from 2014 to 2019.
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Figure S4. Temporal vulnerability for 0" (in blue) and adult Coregonus lavaretus (in yellow) toward Silurus glanis. Differences considering only life
stages are shown in (a). (b) and (c) represent differences among months and (d) and (e) are differences among years. Lettering represents significant
differences in temporal vulnerability according to Wilcoxon test and Kruskal-Wallis tests (at p-value < 0.05) for the different variable tested.
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Figure S5. Depth-matching of 0 Coregonus lavaretus from March to October. The full lines are density curves obtained from a Log-normal
probability density function for depths ranging from -0.5 m and -55m (i.e., depth range occupied by S. glanis considering the whole sampling
dataset). The density functions are fitted so that 75% of the density distribution stands within the S. glanis modal depth = 5m (dashed horizontal
lines). Points are the expected depth-matching values for each month according to depth ranges occupied by C. lavaretus obtained from the literature

and calculated at a meter interval.
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Figure S6. Depth-matching of Coregonus lavaretus of 1™ year and more from March to October. The full lines are density curves obtained from a
Log-normal probability density function for depths ranging from -0.5 m and -55m (i.e., depth range occupied by S. glanis considering the whole
sampling dataset). The density functions are fitted so that