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« La science ne poursuit jamais
["objectif illusoire de rendre nos
réponses  définitives ou  méme
probables. Elle s’achemine plutdt vers
le but infini encore qu’accessible de
toujours découvrir des problémes
nouveaux, plus profonds et plus
généraux, et de soumettre ses réponses,
toujours provisoires a des tests toujours

renouvelés et toujours affinés. »

Karl Popper, « La logique de la

découverte scientifique », 1973
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AVANT-PROPOS

Ce projet de doctorat en océanographie, réalisé a I’Institut des Sciences de la Mer
(ISMER) a I’Université du Québec a Rimouski (UQAR), intitulé « Etude du régime
alimentaire du sébaste (Sebastes sp.) dans le golfe du Saint-Laurent » vise a déterminer avec
un haut niveau de précision les relations alimentaires du sébaste, une espéce de poisson de
fond en pleine résurgence dans le golfe du Saint-Laurent, au travers de 1’utilisation
complémentaire de trois approches méthodologiques. Ce doctorat a été réalisé sous la
direction du professeur et chercheur Dominique Robert (UQAR-ISMER), et la codirection
des professeurs et chercheurs Réjean Tremblay (UQAR-ISMER) et Pascal Sirois (Université
du Québec a Chicoutimi, UQAC), ainsi que du chercheur Denis Chabot (Institut Maurice-

Lamontagne, Ministere des Péches et Océans, IML-MPO).

Ce projet de doctorat s’inscrit dans un programme de recherche collaboratif et intersectoriel
cofinancé par Ressources Aquatiques Québec (RAQ) et Péches et Océans Canada (MPO),
un regroupement stratégique des Fonds de recherche du Québec (FRQNT). Ce programme a
pour ambition de mener une recherche pluridisciplinaire sur le retour des poissons de fond
dans le golfe du Saint-Laurent avec une attention particuliére sur 1I’étude de la structure
spatiale et temporelle des communautés démersales, des facteurs dictant la force de
recrutement, ainsi que I’impact des changements €cosystémiques sur les espéces et les
activités de péche. En plus de projets portant sur les dynamiques biologiques, le programme
comporte une composante socio-économique qui vise a identifier les impacts de
I’impressionnant retour du sébaste sur les activités de péche et proposer des mesures pour
faciliter 1’adaptation de 1’industrie et des communautés maritimes. Les retombées de ce
programme, incluant celles de mon projet, soutiendront la stratégie de gestion écosystémique

durable de la ressource préconisée par le MPO, tout en favorisant la vitalité économique et



sociale des communautés maritimes québécoises qui dépendent directement des ressources

du golfe du Saint-Laurent.

La thése présentée se compose d’une introduction générale rédigée en frangais, de trois
chapitres écrits en anglais sous forme d’articles scientifiques et d’une conclusion générale,
rédigée en francais, qui résume 1’ensemble de la recherche et offre des perspectives d’études
trophiques. Le premier chapitre de thése a été publié dans Frontiers in Marine Science, le
deuxiéme chapitre a été publié dans Journal of Fish Biology et le troisieme chapitre est en
processus de révision dans Environmental DNA. Les différents travaux de cette these ont été

présentés sous différents types de communications et discutés avec différents acteurs.
Communications :

Brown-Vuillemin S., Tremblay R., Sirois P., Chabot D., Bernatchez L. & Robert
D. (2018). « Etude de I’écologie trophique du sébaste afin d’optimiser la gestion des
ressources dans le golfe du Saint-Laurent ». Réunion annuelle de Ressources Aquatiques
Québec, Ville de Québec, Canada. 7-8 novembre 2018. Présentation par affiche.

Brown-Vuillemin S. (2019). « Dis-moi ce que tu manges, je te dirais qui tu es ».
Colloque annuel de vulgarisation scientifique du Regroupement Etudiant de vulgarisation
scientifique (REVUS). Université du Québec a Rimouski, Canada. 4-5 avril 2019.
Présentation par affiche.

Brown-Vuillemin S., Tremblay R., Sirois P., Chabot D., Bernatchez L. & Robert
D. (2019). « Relation trophique entre le sebaste et ses proies ». Rencontre annuelle des
membres du projet de partenariat RAQ-MPO sur le retour des poissons de fond dans
I’estuaire et le nord du golfe du Saint-Laurent. Mont-Joli, Canada. 17 avril 2019. Présentation
orale.

Brown-Vuillemin S. (2019). « Le sébaste, ce prédateur qu’on attendait plus ... ».
Finale nationale « Ma Thése en 180 secondes ». Gatineau, Canada. 29 mai 2019. Concours
de vulgarisation. Visionnage disponible sur : https://youtu.be/9sXQ_3VvQgBU.

Brown-Vuillemin S., Tremblay R., Sirois P., Chabot D., Bernatchez L. & Robert
D. (2019). « Etude de 1’écologie trophique du sébaste afin d’optimiser la gestion des
ressources dans le golfe du Saint-Laurent ». Forum quéebécois en sciences de la mer lors de
la réunion annuelle de Ressources Aquatiques Québec. Rimouski. 11-13 novembre 20109.
Présentation par affiche.

Brown-Vuillemin S., Tremblay R., Sirois P., Chabot D., Bernatchez L. & Robert
D. (2020). « Trophic ecology of redfish (Sebastes sp.) to optimize resource management in
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Association Canadienne-frangaise pour I’avancement des sciences. 5 mai 2021. Texte
vulgarisé (Annexe 1).

Brown-Vuillemin S., Chabot D., Nozéres C., Tremblay R., Sirois P. & Robert D.
(2021). « Le retour du sébaste : Etude de son écologie trophique pour I’optimisation de la
gestion des ressources dans le golfe du Saint-Laurent ». Congres Avenir maritime. En virtuel.
14-17 juin 2021. Présentation orale.

Entrevue radio « Le régime alimentaire du sébaste, une menace pour la population de
crevette nordique ? ». Diffusé sur Au Cceeur du monde, Radio-Canada, le 14 mai 2021.

Entrevue radio « Le sébaste va-t-il réapparait dans nos assiettes ? ». Diffusée sur
Bonjour La Cote, Radio-Canada, le 18 mai 2021. A écouter sur https://ici.radio-canada.ca

Etudiante invitée pour une participation au Podcast Balad’eau avec Lyne Morissette
(m-expertise-marine) et Daniel Pauly (UBC Institute for the Oceans and Fisheries), le 17 juin
2021.

Article de journal « Une nouvelle étude sur le sébaste confirmé des variations dans son
régime alimentaire au fil des ans ». Publié dans Péche impact, Volume 34, le 6 juillet 2021.
Disponible sur https://www.pecheimpact.com

Article de journal « Le poisson qui aimait trop la crevette nordique ». Publié dans Le
Devoir, cahier spécial Reléve en recherche, le 23 octobre 2021. Disponible sur
https://www.ledevoir.com/

Entrevue radio « Le sebaste, le poisson qui pourrait nuire aux crevettes ». Diffusee sur
Info-Réveil, Radio-Canada, le 22 novembre 2021. A écouter sur https://ici.radio-canada.ca

Entrevue radio « Un menu de crevettes nordiques pour le sebaste ». Diffusée sur
Bonjour La Cote, Radio-Canada, le 22 novembre 2021. A écouter sur https://ici.radio-
canada.ca

Participation au reportage télévisuel « Objectif St-Laurent: Poissons vedettes ».
Diffusé sur ma Communauté, le 6 mars 2022. Disponible sur https://youtu.be/kXod_u07vjl

xvii



Brown-Vuillemin S., Chabot D., Nozéres C., Tremblay R., Sirois P. & Robert D.
(2022). « Diet composition of redfish during periods of collapse and massive resurgence of
the Gulf of St. Lawrence stock ». Symposium on Decadal Variability of the North Atlantic
and its Marine Ecosystems : 2010-2019. 19-22 Juin 2022, Bergen, Norvége. Présentation par
affiche.

Xviii



RESUME

Depuis environ une décennie, un réchauffement des masses d’eau, une diminution de
I’abondance des especes d’eau froide et une augmentation rapide de la biomasse du sébaste,
avec principalement Sebastes mentella, sont constatés dans le golfe du Saint-Laurent (GSL).
Avec l'arrivée consécutive de trois cohortes importantes en 2011-2013, le retour fulgurant
du sébaste constitue un événement déstabilisateur pour 1’écosystéme et le secteur halieutique
du GSL. En particulier, ce retour entraine des incertitudes concernant le rdle trophique du
sébaste et ses impacts en tant que prédateur sur les autres especes au sein du réseau trophique
du GSL.

L’objectif général de cette thése doctorale, qui est divisée en trois chapitres, consistait
a décrire et comprendre le régime alimentaire du sébaste, du stade juvénile au stade adulte,
sur la base de la combinaison novatrice de trois approches méthodologiques : 1’analyse
visuelle de ses contenus stomacaux (ACS) ; I’analyse comparative de la composition en
acides gras (AG) des sébastes et de ses principales proies et I’application du métabarcoding
aux contenus stomacaux (ADN).

Le chapitre 1 a permis de décrire le régime alimentaire du sébaste sur la base de I’ACS
de plus de 6900 estomacs provenant de relevés annuels au chalut de fond dans le GSL. Les
résultats ont offert un apercu unique de la variabilité de I’alimentation du sébaste sur deux
périodes, 1’une de faible abondance (1993-1999) et I’autre de forte abondance de sébastes
(2015-2019). Le zooplancton représentait la principale catégorie de proies pour les petits
sébastes (< 20 cm), avec principalement des amphipodes du genre Themisto dans les années
1990, et des copépodes du genre Calanus et des euphausiacés dans les années 2010. Au fur
et a mesure que le sébaste grandissait, la contribution du zooplancton au régime alimentaire
diminuait pour étre remplacée par une consommation dirigée vers les crevettes et les
poissons. La crevette nordique (Pandalus borealis), une espéce de haute importance
commerciale, et la crevette blanche (Pasiphaea multidentata), sont devenues les proies de
prédilection des grands sébastes (> 30 cm), un constat observé pour les deux périodes. Cette
relation sébastes-crevettes représente une source de compétition importante avec d’autres
poissons de fond du GSL tels que la morue franche et le flétan du Groenland. Les grands
sébastes des années 2010 sont également devenus cannibales, suggérant un contréle densité-
dépendant a une abondance élevée.

Le chapitre 2 a combiné I’ACS et l'analyse des profils en AG comme traceurs
alimentaires sur 350 sébastes échantillonnés lors du relevé au chalut de fond en aodt 2017.
Les analyses multivariées réalisées sur les signatures lipidiques des sébastes et de ses
principales proies ont suggeéré que les proies zooplanctoniques avec des signatures en 16:1n7,
20:1n ?, 22:1n9 et 20:5n3, étaient davantage liées aux sébastes de petite et moyenne taille



(<20 cm et 20-30 cm). Les crevettes qui affichaient des signatures en 18:2n6 et 22:6n3
semblaient étre reliées aux sébastes de grande taille (> 30 cm). Alors que I’ACS a offert un
apercu du régime alimentaire basé sur les proies les plus récemment consommees par les
sébastes, l'analyse des profils en AG a permis de fournir une description des proies
assimilées, représentant ainsi I’intégration sur plusieurs semaines de la contribution des
proies au régime alimentaire des sebastes. Cette étude souligne les avantages des AG en tant
qu’outil qualitatif et offre des idées d’améliorations pour des études futures.

Le chapitre 3 a utilisé le métabarcoding en combinaison avec I’ACS sur 185 contenus
stomacaux prelevés lors du relevé au chalut de fond en aolt 2017. En utilisant un marqueur
mitochondrial universel de la sous-unité I de la cytochrome ¢ oxydase (COIl), un total de 27
séguences taxonomiques, attribuables a 16 especes considérées comme des proies primaires
ont été obtenues avec le métabarcoding et comparées aux résultats de I’ACS. L’analyse des
contenus stomacaux a travers 1’identification visuelle et le métabarcoding des proies a permis
d’offrir une description du régime alimentaire du sébaste a un haut niveau de précision
taxonomique. Les deux techniques aboutissaient a une description similaire de la
composition du régime alimentaire et le métabarcoding a confirmé les tendances alimentaires
observées en fonction de la taille des sébastes. Les résultats révélaient néanmoins que les
deux techniques fonctionnaient différemment selon les différentes proies, tant en termes de
détectabilité, de résolution taxonomiqgue et de quantification.

A travers I’utilisation complémentaire de trois méthodologies, les trois articles
scientifiques constituant cette thése contribuent a dresser un portrait global du régime
alimentaire et des relations trophiques du sébaste dans le GSL. Ces travaux soutiennent le
concept selon lequel plusieurs techniques combinées permettent d’obtenir un niveau maximal
d’informations sur 1’écologie alimentaire d’un prédateur. Les résultats pourront étre utiles
pour concevoir les futures stratégies de gestion au sein de I’écosysteme du GSL. Ces
recherches ont également permis d’initier une réflexion sur le choix et la pertinence des
méthodologies employées pour le cas du sébaste dans le GSL et d’offrir des perspectives
d’études trophiques précieuses.
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Variations spatiales, Contenus stomacaux, Acides gras, Métabarcoding, Crevettes, Poisson,
Zooplancton, Cannibalisme
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ABSTRACT

Warming of water masses, decreases in the abundance of cold-water species, and rapid
increases of redfish biomass, mainly Sebastes mentella, have been observed in the Gulf of
St. Lawrence (GSL) since the last decade. With the consecutive arrival of three important
cohorts in 2011-2013, the return of redfish is a disruptive event for the ecosystem and the
fisheries sector of the GSL. This unprecedented comeback leads to uncertainties regarding
the trophic role of redfish and their impacts as a predator on other species within the GSL
food web.

The overall objective of this thesis, which is divided into three chapters, was to describe
and understand the diet of redfish from the juvenile to the adult stage based on the
combination of three methodological approaches: visual analysis of stomach contents (SCA);
comparative analysis of fatty acid (FA) composition of redfish and its main prey; and the
application of genetic metabarcoding (DNA) to identify prey in stomach contents.

Chapter 1 described the diet of redfish based on SCA of over 6900 stomachs obtained
from annual bottom trawl surveys in the GSL. It provided insights into redfish diet variability
across two time periods, one with low abundance (1993-1999) and one with high abundance
(2015-2019). Zooplankton represented the main prey category for small (< 20 cm) redfish,
with primarily Themisto amphipods in the 1990s, and the Calanus copepods and euphausiids
in the 2010s. With an increase in redfish size, the contribution of zooplankton to the diet
decreased while contributions of shrimp and fish increased. Northern shrimp (Pandalus
borealis), a commercially important species, and pink glass shrimp (Pasiphaea multidentata)
became the preferred prey of large redfish (> 30 cm), a finding observed for both time
periods. This redfish-shrimp relationship would represent a significant source of competition
with other GSL groundfish such as Atlantic cod and Greenland halibut. Large redfish in the
2010s also became cannibalistic suggesting a density-dependent control of the high
abundance.

Chapter 2 combined SCA and FA profile analysis as dietary tracers on 350 redfish
sampled from the August 2017 survey. Multivariate analyses performed on FA signatures of
redfish and its major prey items suggested that zooplankton with signatures in 16:1n7,
20:1n?, 22:1n9, and 20:5n3, were more closely linked to small- and medium-sized redfish (<
20 cm and 20-30 cm). Shrimp that displayed 18:2n6 and 22:6n3 signatures appeared to be
more linked to large redfish (> 30 cm). While SCA revealed redfish diet based on the most
recently consumed prey items, analysis of FA profiles provided a medium-term view,
representing the integration of several weeks of prey contributions to redfish diet. This study



highlighted the benefits of FA as a qualitative tool and also suggests improvements for future
studies.

Chapter 3 applied DNA metabarcoding in combination with SCA on 185 stomach
contents collected during the August 2017 survey. Using a universal mitochondrial marker
of cytochrome c oxidase subunit I (COIl), a total of 27 taxonomic sequences, attributable to
16 species considered to be primary prey were obtained with metabarcoding and compared
to SCA results. The analysis of stomach contents through visual identification and
metabarcoding of prey provided a description of the redfish diet at a high level of taxonomic
resolution. Both techniques resulted in a similar description of diet composition, and
metabarcoding confirmed the observed dietary patterns with respect to redfish size.
Nevertheless, the results revealed that the two techniques performed differently for different
prey species, both in terms of detectability, taxonomic resolution, and quantification.

Through the complementary use of diet methodologies, the three scientific papers of
this thesis contributed to a comprehensive description of the diet and trophic relationships of
redfish in the GSL. This work supports the concept that several techniques combined together
provide the maximum level of information about the feeding ecology of a predator. The
results may be useful in the development of future management strategies for the GSL
ecosystem. This study has also initiated consideration of the choice and relevance of
methodologies employed for the case of redfish in the GSL and provided valuable insights
into trophic studies.

Keywords: Trophic ecology, Taxonomic identification, Temporal variations, Spatial

variations, Stomach contents, Fatty acids, Metabarcoding, Shrimp, Fish, Zooplankton,
Cannibalism
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INTRODUCTION GENERALE

1. MISE EN CONTEXTE

La dynamique des ressources marines! est complexe et en constante évolution.
Intimement liée a son environnement, elle est régie par de nombreux phénomeénes de
variabilité, incluant effondrement et expansion des populations d’espéces, qui peuvent étre a
I’origine de profonds changements dans la composition des communautés (p.ex., Myers &
Worm, 2003; Caddy & Seijo, 2005; Ward & Myers, 2005; Daskalov et al., 2007; Pedersen
et al., 2017). En 2019, selon I'Organisation des Nations Unies pour I'Alimentation et
I'Agriculture (FAO, Food and Agriculture Organisation), 35 % de 1’ensemble des stocks
halieutiques? mondiaux étaient exploités a un niveau biologiquement non viable,
comparativement & 10 % en 1974 (Figure 1; FAO, 2022). Considérée comme le principal
facteur anthropique affectant les écosystémes marins, la péche donne lieu a bien d'autres
consequences que le seul retrait de biomasse. Par exemple, I’habitat, la distribution des
espéces, les interactions trophiques ou encore la phénologie® peuvent étre modifiés,
déclenchant ainsi des bouleversements dans la dynamique des ecosystemes (p.ex., Jennings
& Kaiser, 1998; Pauly et al., 2002; Dulvy et al., 2003; Ward & Myers, 2005; Daskalov et al.,
2007; Barausse et al., 2011; Heino et al., 2015). D’autres facteurs, tels que les changements
climatiques, peuvent interagir avec la surpéche, rendant les effets résultants encore plus forts
et imprevisibles (p.ex., Dulvy et al., 2003; Edwards & Richardson, 2004; Hoegh-Guldberg
& Bruno, 2010).

'Ressources marines : espéce marines vivantes potentiellement ou réellement sujettes & une exploitation par I’homme pour
I’alimentation humaine ou animale, les engrais ou la fabrication d’autre produits (Caddy & Griffiths, 1996).

2Stock halieutique : fraction exploitée d’une population d’une espéce donnée dans une zone géographique circonscrite.
3Phénologie : étude des événements du cycle de vie qui se répetent chaque année, comme le moment des migrations et des
floraisons (Edwards & Richardson, 2004).



Face aux multiples pressions anthropiques et environnementales, les espéces réagissent
différemment et leur vulnérabilité ainsi que leur résilience* sont étroitement liées a leurs traits
d'histoire de vie (p.ex., Jennings et al., 1998; Roberts & Hawkins, 1999). Par exemple, une
grande taille, un &ge tardif & maturité, un régime alimentaire spécialisé, un lien étroit avec un
habitat spécifique ou encore un type de reproduction particulier peuvent rendre les
organismes plus sensibles aux changements (p.ex., Roberts & Hawkins, 1999; Dulvy et al.,
2000; Pauly et al., 2002; Reynolds et al., 2005; Ward & Myers, 2005). Dans ce contexte, la
compréhension et 1’évaluation des différents mécanismes impactant la biodiversité marine et
la dynamique d’un écosystéme, dans 1’espace et dans le temps, sont essentielles pour
identifier des stratégies de gestion et de conservation intégrées et durables des ressources
(p.ex., Caddy & Seijo, 2005; Curtin & Prellezo, 2010; Rochet et al., 2010; Barausse et al.,
2011).
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Figure 1. Evolution de la situation des stocks halieutiques mondiaux, de 1974 & 2019 (FAO,
2022).

4Résilience : capacité a revenir a un état initial aprés une perturbation.



2. EVOLUTION DES RESSOURCES HALIEUTIQUES DE L’ ATLANTIQUE CANADIEN

Au Canada, quatre écosystemes marins de I'Atlantique Nord-Ouest, comprenant les

Grands Bancs de Terre-Neuve-et-Labrador (NL), le nord et sud du golfe du Saint-Laurent

(nGSL et sGSL, respectivement) et le plateau de la Nouvelle-Ecosse (NS) (Figure 2), ont

subi de profonds changements associés a d’importants déclins de leurs populations marines

et a des modifications de composition d’espéces (p.ex., Bundy et al., 2009; FAO, 2011).
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Figure 2. Carte de la c6te est du Canada, des quatre écosystéemes de I'Atlantique Nord-Ouest
et des différentes divisions de I'Organisation des péches de I'Atlantique Nord-Ouest
(OPANO) : NL (divisions 2J3KLNO de ’OPANO); nGSL (divisions 4RS de I'OPANO);
sGSL (division 4T de I'OPANO); NS (divisions 4VsW de I'OPANO). Adaptée d’apres

Tomkiewicz et al. (2003) et Bundy et al. (2009).



Quand I’explorateur italien Giovanni Caboto, connu en frangais sous le nom de Jean
Cabot, revint de son expédition historique au large de Terre-Neuve a la fin du XVe™e siécle,
il déclara littéralement que les mers de I’est du Canada « foisonnaient » de poissons et qu’il
avait découvert une ressource maritime inattendue : de gigantesques bancs de morue franche
(Gadus morhua, Linné 1758) (Kurlansky, 1997). Une « ruée vers la morue » marqua alors le
commencement d’une exploitation a grande échelle des poissons de fond dans 1’ Atlantique
canadien (Hutchings & Myers, 1994; Bundy et al., 2009). Cing cents ans plus tard, au début
des années 1990, les stocks de morue franche des écosystemes de Terre-Neuve-et-Labrador,
de la Nouvelle-Ecosse et du golfe du Saint-Laurent s’effondrent aprés des siécles
d'exploitation, résultat des conditions économiques, de I’exploitation grandissante des
ressources et des pressions exercées par la péche en interaction avec la dynamique
environnementale (Hutchings & Myers, 1994; Lear, 1998; Lilly et al., 2013; Pedersen et al.,
2017). Consécutivement, une diminution généralisée et drastique des populations de poissons
de fond est amorcée, conduisant & une mise sous moratoire sur la péche de prés de la moitié
des stocks de 1’Atlantique canadien comprenant la morue franche G. morhua, le sébaste
Sebastes sp. Cuvier 1829, la merluche blanche Urophycis tenuis Mitchill 1814, la plie
canadienne Hippoglossoides platessoides Fabricius 1780 et la plie grise Glyptocephalus
cynoglossus Linné 1758 (Figure 3) (p. ex., Murawski, 1997; Bréthes, 1998; Gascon, 2003;
Frank et al., 2005; Halliday & Pinhorn, 2009).

A la fin des années 80 et jusqu’au début des années 90, le climat océanique était
exceptionnellement défavorable a la productivité des poissons de fond (Halliday & Pinhorn,
2009). Des courants froids plus forts provenant du Labrador (Figure 4) ont été probablement
a l’origine d’une réduction de sources de nourriture clés pour la morue franche avec
notamment le déclin du capelan Mallotus villosus Miller 1776 qui a affecté sa survie et sa
croissance (Lilly et al., 2013). La biomasse du stock reproducteur, déja faible par rapport aux
décennies précédentes, a subi une importante réduction affectant alors directement le
potentiel de reconstitution du stock. La prédation par les phoques due au rétablissement
paralléle de leur population (Mohn & Bowen, 1996; Hammill, 2005) a également contribué
au déclin de ce poisson de fond emblématique.



Alors que les captures ont été considérablement réduites au début des années 1990 par
rapport aux années 1970 et 1980, la mortalité induite par la péche semble étre restee
suffisamment élevée pour entraver le rétablissement des populations de poissons de fond,
combinée avec l’influence environnementale, la destruction de 1’habitat benthique par
I’utilisation des chaluts de fond et la surestimation des stocks par différentes entités
scientifiques (Bréthes, 1998; Kenchington et al., 2006; Lilly, 2008; Devine & Haedrich,
2011; Lilly et al., 2013; Pedersen et al., 2017). De plus, les poissons de fond ont tendance a
croitre lentement avec une espérance de vie longue caractérisée par un age tardif de maturité
sexuelle, ce qui les rend particulierement vulnérables et lents a se remettre d’un effondrement

(Denney et al., 2002; Clarke et al., 2003; Baker et al., 2009).
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Figure 3. Principaux poissons de fond dans les écosystémes de 1’ Atlantique Nord-Ouest.
Ilustrations d’especes ©Claude Nozeres.
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Figure 4. Principaux courants froids provenant du Labrador impactant les quatre
écosystemes marins de I'Atlantique Nord-Ouest (Lilly et al., 2013).

Parallelement au moment ou les stocks de poissons de fond diminuaient ou
s'effondraient, les biomasses d'invertébrés augmentaient, en répartition et en abondance, a
des niveaux record et de facon généralisée, favorisées par la baisse de la pression de prédation
et de compétition ainsi que par le refroidissement des eaux pour les especes boréales (Figure
5a) (Bréthes, 1998; Lilly et al., 2000; Frank et al., 2005; Savenkoff et al., 2006). Malgré les
restrictions strictes appliquées sur la péche aux poissons de fond, la valeur totale des
débarquements de toutes especes péchées augmentait au cours de la méme période en raison
d'un accroissement important et constant de la valeur au débarquement des crustacés (MPO,
2022a) (Figure 5b).

L état de 1’écosystéme est resté relativement stable sur plus de vingt ans, caractérisé
par I’abondance des crustacés qui supportaient autrefois la biomasse des stocks de poissons
de fond. Au niveau du Canada atlantique, 1’économie des péches repose présentement sur 3

espéces : le homard américain Homarus americanus Milne Edwards 1837, le crabe des



neiges Chionoecetes opilio Fabricius 1788 et la crevette nordique Pandalus borealis Kragyer
1838 qui représentaient entre 72 et 89 % de la valeur totale de la péche commerciale des
cotes atlantiques debarquée depuis 2010 jusqu’a 2020 (Figure 5). Les poissons de fond ne
représentaient que 7 a 11 % des valeurs débarquées, reposant essentiellement sur le flétan
atlantique Hippoglossus hippoglossus Linné 1758 et le flétan du Groenland Reinhardtius
hippoglossoides Walbaum 1792 (Figure 3) dont certaines pécheries locales se sont

maintenues et restent importantes (Figure 5, MPO, 2022a).

L’industrie est aujourd’hui bien adaptée a la composition de cet écosysteme post-
effondrement des poissons de fond. Cependant, depuis ces dernieres années, des diminutions
d’abondance d’espéces d’eau froide et notamment de la superficie des zones de concentration
des stocks de crevette nordique sont constatées dans le golfe du Saint-Laurent (GSL). Le
réchauffement des masses d’eaux et I’augmentation inattendue et massive de la population
de sébaste seraient les deux principales causes de cette diminution (p.ex., Bourdages et al.,
2020a; MPO, 2022b).
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2.1 Le cas du sébaste dans le golfe du Saint-Laurent

Le GSL constitue I’un des écosystémes marins le plus grand et le plus productif au
Canada. Cette vaste mer intérieure semi-fermée d’une superficie d’environ 236 000 km?,
encerclée par cing provinces canadiennes (Nouveau-Brunswick, Nouvelle-Ecosse, Tle-du-
Prince-Edouard, Québec et Terre-Neuve-et-Labrador), relie le systéme hydrique du Saint-
Laurent a ’océan Atlantique par les détroits de Belle-Isle et de Cabot (Figure 6) (p.ex.,
Dufour et al., 2010; MPO, 2013; Savenkoff et al., 2016).

Les conditions océaniques et climatiques qui régnent dans les eaux profondes du GSL
sont principalement influencées par deux phénomenes; le premier d’origine arctique avec le
courant froid et dense du Labrador (Figure 4) et le deuxiéme d’origine tropicale qui arrive
du sud par le détroit de Cabot avec le Gulf Stream (Gilbert et al., 2007; Dufour et al., 2010).
La caractéristique géomorphologique la plus importante du GSL est la présence d’une longue
fosse continue, le chenal Laurentien, depuis le plateau continental jusqu’a I’estuaire. Deux
autres chenaux profonds (> 200 métres) se retrouvent dans le GSL : le chenal Esquiman, qui
part du chenal Laurentien et s’étend vers le détroit de Belle-Isle; et le chenal d’ Anticosti, qui
part du chenal Esquiman et qui se prolonge dans le détroit de Jacques-Cartier, au nord de 1’ile
d’Anticosti. La partie la plus profonde (540 meétres) du GSL se trouve au nord du détroit de
Cabot. A D’opposé, la partie sud du golfe constitue un plateau large et peu profond
(profondeur moyenne d’environ 60 métres). Ces spécificités géomorphologiques ont une
incidence sur la circulation, le mélange et les caractéristiques des masses d’eau. Les eaux
profondes du Saint-Laurent arrivent de I’ Atlantique et sont transportées par advection vers la
téte du chenal Laurentien jusqu’a 1I’embouchure du fjord du Saguenay (Figure 6). L’estuaire
et le golfe du Saint-Laurent (EGSL) offrent des conditions uniques pour une communauté
biologique et une structure trophique d’une grande diversité et d’une productivité ¢levée en
donnant naissance a des zones bonifiées de biomasse d’espéces et de production planctonique

(p.ex., MPO, 2005; Dufour et al., 2010).
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Figure 6. Carte de I’estuaire et du golfe du Saint-Laurent avec ses caractéristiques
bathymeétriques les plus importantes (en bleu foncé : profondeur supérieure a 200 meétres)
(Savenkoff et al., 2016).

2.1.1 Le complexe Sebastes sp.

Critéres usuels d’identification — Deux espéces principales de sébastes, appartenant a
la famille des Scorpénidés, se retrouvent dans le GSL : le sébaste acadien, Sebastes fasciatus
Storer 1854 et le sébaste atlantique, Sebastes mentella Travin 1951 (p.ex., Gascon, 2003;
Senay et al., 2019; Senay et al., 2021). Une troisiéme espéce, beaucoup plus rare, le sébaste
orangé, Sebastes norvegicus Ascanius 1772 peut également se retrouver dans le GSL et se
distingue beaucoup plus facilement des deux autres espéces (Nozeres et al., 2010).
S. fasciatus et S. mentella présentent des caractéristiques morphologiques externes tres
similaires, a tout stade de vie, ce qui rend leur distinction a 1’échelle de I’individu impossible

par un seul examen visuel (Kenchington, 1986; Gascon, 2003; Senay et al., 2022). Par
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consequent, les captures de ces deux espéces ont été historiquement gérées comme un seul
stock, rarement différenciées dans les releves scientifiques et la péche commerciale et
désignées, le plus souvent, sous la méme dénomination taxonomique en tant que sébaste
Sebastes sp. (Gascon, 2003; Cadigan & Campana, 2016; Senay et al., 2021).

Dans un souci de documenter leurs caractéristiques biologiques spécifiques et
d’identifier les patrons de distribution, de structure de leur population ainsi que le
recrutement propre a chaque espece, trois critéres peuvent étre utilisés pour les distinguer :
le nombre de rayons mous de la nageoire anale (RMNA), le point de passage entre les cotes
du muscle externe de la vessie natatoire (MEVN) et la composition allélique au locus de la
malate déshydrogénase (MDH-A*). En général, S. fasciatus présente habituellement le
génotype homozygote MDH-A*2, un MEVN entre les coOtes 3 et 4 et un RMNA inférieur ou
égal a 7 alors que S. mentella est caractérisé par le génotype homozygote MDH-A*1, un
MEVN passant entre les cotes 2 et 3 et un RMNA supérieur ou égale a 8 (Gascon, 2003;
Senay et al., 2021; Senay et al., 2022) (Figure 7). Ces méthodes exigent néanmoins beaucoup
de temps et ne peuvent pas étre régulierement utilisées en raison de la contrainte de traitement
des échantillons au laboratoire pour la MDH-A* ou de dissections complexes pour exposer
le muscle pour le MEVN (Gascon, 2003). Au cours des dernieres décennies, ces différentes
démarches ont été améliorées, permettant d’identifier les especes a 1’échelle des captures
durant les relevés de recherche avec notamment I’utilisation de la proportion de chaque
dénombrement des RMNA possibles (six a dix rayons) qui utilise un caractere externe qui
peut étre évalué rapidement (Senay et al., 2021; Senay et al., 2022). Néanmoins, il existe un
chevauchement entre les deux especes, un RMNA égal a 8 n’est pas exceptionnel pour S.
fasciatus et un nombre de rayons inférieur a 8 a également déja été observé chez S. mentella
(Gascon, 2003; Senay et al., 2022).
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Figure 7. Critéres d’identification usuels permettant de distinguer S. mentella et S. fasciatus

dans I’ Atlantique Nord-Ouest. Figure adaptée a partir de Gascon (2003). Photographie de
Sebastes sp. ©Claude Nozéres.

2.1.2 Généralités sur les traits d’histoire de vie

La plupart des descriptions suivantes sont fondées sur les caractéristiques du cycle

biologique de Sebastes sp. de fagon générale.

Croissance et longévité — Les sébastes® sont des poissons de fond osseux de couleur
rouge vif (a I’origine de son nom anglais : redfish) a croissance lente et avec une longévité
élevée (p.ex., Hamon, 1972; Campana et al., 1990; Gascon, 2003; MPO, 2022c). lls peuvent
atteindre des tailles maximales moyennes d'environ 45 centimétres. La taille exploitable
minimale est réglementée a 22 centimétres, atteinte a ’age de sept a huit ans en moyenne
(MPO, 2022c). 1l a été montré que S. mentella atteint habituellement des tailles plus grandes

Dans ce document, le nom usuel « sébaste » désigne, le plus souvent, les deux espéces S. fasciatus et S.
mentella sans distinction.
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que S. fasciatus. Les femelles de ces deux especes atteignent des tailles plus grandes que les
males (Cadigan & Campana, 2016). La croissance de S. mentella est plus rapide. L'age
maximum est estimé entre 30 et 50 ans pour S. fasciatus et entre 60 et 75 ans pour S. mentella
(Campana et al., 1990; Devine & Haedrich, 2011).

Reproduction et recrutement — La stratégie reproductrice du sébaste est rare pour un
poisson marin. Il s’agit d’une espéce ovovivipare, c’est-a-dire a fécondation interne. Les
males atteignent la maturité sexuelle un & deux ans avant les femelles. Pour S. fasciatus, les
males maturent & sept ans (Lso® : 19,6 cm) et les femelles a neuf ans (Lso : 24,1 cm) et pour
S. mentella, les méles maturent a neuf ans (Lso : 22,8 cm) et les femelles a dix ans (Lso : 25,4
cm) (Gascon, 2003). Dés D’atteinte de la maturité sexuelle, la reproduction se produit
généralement chaque année (Figure 8). Une caractéristique spécifique du sébaste est une
maturation asynchrone des gonades chez les males et les femelles. La copulation se produit
en automne, entre septembre et décembre, lorsque les ovocytes sont en phase de
vitellogenése. Les spermatozoides sont maintenus dans un état de repos physiologique a
I’intérieur de la femelle, jusqu’a la maturité des ovaires en février-mars (Hamon, 1972). La
fécondation se produit lors de I'ovulation des ovocytes en janvier—février. En somme, les
spermatozoides sont stockés a l'intérieur de la femelle pendant 1'hiver, les ceufs sont fécondes
a la fin de I'hiver et les larves Iécithotrophes’ sont libérées au printemps entre avril et juillet
(Ni & Templeman, 1985; St-Pierre & De Lafontaine, 1995; Filina et al., 2017). Les larves se
développent dans les eaux de surface jusqu’a atteindre une taille d’environ 2,5 centimetres
avant de migrer graduellement en profondeur au cours de leur croissance. Elles sont
exclusivement pélagiques jusqu’a 1’age de quatre a cing mois. Dans 1’ Atlantique Nord-Ouest,
le succes de recrutement est tres variable chez le sébaste avec des classes d’dge importantes

observées a des intervalles de cing a 12 ans (Gascon, 2003).

8L so : taille & la premiére maturité sexuelle.
Lécithotrophe : larves qui se nourrissent exclusivement du vitellus de 1’ceuf.
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Figure 8. Représentation du cycle de reproduction du sébaste sur la base des informations
disponibles. Photographie d’une larve de sébaste ©Corinne Burns.

Distribution — Les sébastes sont des poissons démersaux. Les adultes se rencontrent
dans les eaux froides (environ 3-8 °C) le long des plateaux et pentes continentales ainsi que
dans les chenaux profonds entre 100-700 meétres (Gascon, 2003; Senay et al., 2021).
L’utilisation des trois criteéres distinctifs, cités précédemment, ainsi que des analyses
génétiques ont permis de décrire la distribution géographique des deux principales especes a
I’échelle de 1’ Atlantique Nord-Ouest. Il est ressorti que S. mentella domine les principaux
chenaux et fréquente generalement des eaux plus profondes entre 350 et 500 métres, alors
que S. fasciatus préfere des profondeurs moindres, le long des pentes continentales, entre 150
et 300 metres de profondeur (\alentin, 2006; Senay et al., 2021). Toutefois, la profondeur
n'est pas un critere suffisant pour distinguer les deux especes en raison du chevauchement

possible entre les profondeurs utilisées par les deux especes (Senay et al., 2021).
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2.1.3 Evolution de I’état des stocks de sébastes

Unités de gestion — Avant 1993, la péche au sébaste était gérée selon trois unités,
basées sur les divisions de I’OPANO (Halliday & Pinhorn, 2009) (Figure 2). Ces unités de
gestion ont ensuite été redéfinies pour s’assurer d’une base biologique plus solide en tenant
compte des nouvelles connaissances et de la migration hivernale des stocks de sébaste du
GSL vers la région du détroit de Cabot (Senay et al., 2021). Les unités de gestion résultantes
se définissent aujourd’hui comme : unité 1 (GSL), regroupant les divisions 4RST et
comprenant pour la période de janvier a mai, les sous-divisions 3Pn et 4Vn; unité 2,
regroupant les divisions 3Ps et 4Vs, les sous-divisions 4Wfgj et comprenant pour la période
de juin a décembre, les sous-divisions 3Pn et 4Vn; et I’unité 3, regroupant les divisions 4WX
(Figures 2 et 9) (Brassard et al., 2017; Senay et al., 2021).
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Figure 9. Unité de gestion 1, 2 et 3 (IPE = Tle-du-Prince-Edouard, NE = Nouvelle-Ecosse)
(Senay et al., 2021).
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Etat des stocks des années pré-1990 — C’est a la fin des années 1950 que la péche
dirigée au sébaste s’est développée dans le GSL (Figure 10). Les pécheries dans cette région
ont été marquées par de forts épisodes d’exploitation en raison de la présence d’importantes
classes d’age (Figures 10-11) (\Valentin et al., 2015; Brassard et al., 2017; Duplisea, 2018).
D’importants profits étaient possibles en raison de la facilité de capture et de la tendance du
sébaste a se regrouper étroitement, de sorte que méme de faibles niveaux d'effort de péche
pouvaient produire de grandes prises (Duplisea, 2018). Au cours des périodes d'expansion de
la péche au sebaste pré-1990, peu de restrictions existaient sur le total admissible des captures
(TAC), les tailles minimales d’exploitation, la prise en compte des saisons de reproduction
pour protéger les juvéniles, les périodes d'accouplement a I'automne ou encore les poissons

préts a libérer leurs larves au printemps (Valentin et al., 2015; Duplisea, 2018).

L'observation de grandes cohortes, notamment celle de S. mentella de 1980, qui
supporta la péche au sébaste pendant 20 ans (Gascon, 2003; MPO, 2017a), a amené les
scientifiques et les gestionnaires a croire que les stocks étaient en bonne santé étant donné la
présence de nombreux juvéniles (Figure 11) (Duplisea, 2018). Ce constat a ainsi suggéré que
I’augmentation de la mortalité par la péche n'entrainerait pas de surpéche du recrutement®
(\VValentin et al., 2015). En théorie, une bonne gestion de la péche limite ce risque (Myers et
al., 1994).

Post-1990 : moratoire, péche indicatrice et expérimentale — Apres le regain d’effort
de son exploitation, un rapide déclin de la biomasse et des débarquements de sébaste en 1993
et 1994 ainsi que I’absence d’un recrutement important ont conduit a des restrictions
rigoureuses de la péche. En 1995, le MPO annonce la fermeture de la péche dirigée au sébaste
dans I'unité 1 (Figures 10-11) (Gascon, 2003; Duplisea et al., 2016; Brassard et al., 2017)
et aujourd’hui, le moratoire est toujours en vigueur. A la suite d’une recommandation du
Conseil pour la Conservation des Ressources Halieutiques (CCRH) visant a pallier le manque

de données sur le sébaste, une péche indicatrice a été mise en place en 1998. Les informations

8Surpéche du recrutement : phénomeéne de capture d'un si grand nombre de poissons que la biomasse génitrice n'est pas
assez importante pour reconstituer le stock (Hilborn & Walters, 1992).
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obtenues par le programme d’observateurs en mer et le programme d’échantillonnage des
captures commerciales du MPO comprennent des données sur les débarquements, 1’effort de
péche, les prises accessoires et la taille des sébastes capturés; les TAC étant de 2000 tonnes
par année de gestion (Brassard et al., 2017). Depuis 2018, une péche expérimentale fixée a
2500 tonnes pour 2018-2019 et de 3950 tonnes pour 2019-2020 a été autorisée pour répondre
a plusieurs objectifs spécifiqgues comme la comprehension de la répartition spatio-temporelle,

afin d’en apprendre davantage sur les sébastes (Senay et al., 2021).
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Figure 10. Série temporelle des débarquements de sébaste dans le GSL (TAC: Total

Admissible des Captures) produite d’apres les données de débarquements de Morin et al.
(1999).
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Figure 11. Fréquence de taille des sébastes dans les débarquements de 1’unité 1 de 1981 a
2021. Les suivis des cohortes de 1970 et 1980 sont indiqués par une fleche (MPO, 2022c).

2.1.4 Le sébaste, poisson de I’avenir ?

En 2010, le Comité sur la situation des espéces en péril au Canada (COSEPAC) a
désigné le sébaste atlantique S. mentella de 1’unité 1 (Figure 9) comme étant en voie de
disparition, 1’abondance de cette espéce ayant diminué¢ de 98 % depuis 1978, et le sébaste
d’acadie S. fasciatus comme étant menacé (MPO, 2011; Brassard et al., 2017). Basés sur les
résultats d’une évaluation du potentiel de rétablissement de ces populations, les stocks

reproducteurs de chacune des deux especes se situaient dans la zone critique selon I’approche
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de précaution, a 14 % pour S. mentella et 28 % pour S. fasciatus de leur point de référence
limite empirique (PRL) respectif (Duplisea et al., 2012; McAllister & Duplisea, 2016).

Depuis son effondrement, le stock de sébaste de I’unité 1 n'avait jamais donné signe de
rétablissement malgreé la baisse de la pression de péche induite par le moratoire. Pourtant, en
2014, le relevé scientifique multidisciplinaire annuel d’évaluation de poissons de fond et de
crevettes de I'estuaire et du nGSL, réalisé annuellement en aodt par le MPO, a révélé un
retour fulgurant du sébaste avec une accessibilité croissante pour le chalut de fond au fil du
temps. Il est apparu évident qu’une cohorte exceptionnelle en 2011 suivie de deux fortes
cohortes de sébastes juvéniles en 2012 et 2013 contribuent aujourd’hui aux augmentations
d’abondance et de biomasse qui atteignent des sommets historiques dans le GSL (Figures

12-13) (MPO, 2017b; Brassard et al., 2017; Senay et al., 2021).

L’augmentation de la biomasse de sébaste est spectaculaire. Les recrutements recensés
sont estimés a 30 (2012 et 2013) et 75 (2011) fois plus élevés comparés aux 20 derniéres
années précédant 1’arrivée des trois cohortes. Devenu le plus important taxon dans les
captures, le sébaste représente aujourd’hui plus de 80 % de la biomasse démersale totale
échantillonnée dans les relevés scientifiques dans le nGSL, comparativement & 15 % en
1995-2012 (Figure 12) (MPO, 2022c; Bourdages et al., 2022). En 2017, la biomasse des
jeunes sebastes du GSL a été estimée a 2,5 millions de tonnes contre 95 000 tonnes en 1995
et 350 000 a 600 000 tonnes dans les années 85 a 90 avant I’effondrement (MPO, 1995;
Bourdages et al., 2018). Une augmentation de 72 % de la biomasse de sébaste en 2019 par
rapport & I'estimation de 2017 a été enregistrée, avec une biomasse chalutable minimale de
4,4 millions de tonnes pour une taille modale de 23 centimetres, soit la valeur la plus élevée

jamais observée dans la série chronologique depuis 1984 (Figure 12) (MPO, 2022c¢).

Des analyses génétiques réalisées sur la cohorte la plus abondante de 2011 ont indiqué
qu’elle était dominée par S. mentella et portaient la signature de la population adulte du GSL
(MPO, 2018 ; Benestan et al., 2021). Cette information suggére que ces sebastes demeureront
dans le secteur et permettront le rétablissement de S. mentella dans 1’unité 1 (MPO, 2022c).

La densité de S. mentella immature et mature a augmenté de facon généralisée, dans les
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chenaux Esquiman, Anticosti et Laurentien, ainsi qu’a la bordure sud-ouest du détroit de
Cabot (Figure 13) (MPO, 2022c; Bourdages et al., 2022). Selon le dernier rapport de
1’évaluation des stocks de sébaste, la biomasse totale estimée dans I’unité 1 en 2021 pour S.
mentella est demeurée 1’une des valeurs les plus élevées de la série chronologique depuis
1984 (2,8 millions de tonnes), de méme pour celle de S. fasciatus (420 000 tonnes) (MPO,
2022¢).

Les perspectives du stock de sébaste pour I’unité 1 sont ainsi trés encourageantes.
Depuis 2018, un grand nombre de sébaste de taille réglementaire mesurant au minimum 22
centimetres de longueur est entré dans la péche de 1’unité 1 (Figure 11) (MPO, 2022c). Les
individus de la cohorte de 2011 ont aujourd’hui une longueur modale de 24 cm (MPO,
2022c). Le PRL a été mis a jour en fonction des renseignements actuels sur la maturité. En

2021, la biomasse du stock reproducteur de S. mentella se trouverait dans la zone saine selon

le point de référence supérieur proposé pour le stock (PRS).
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Figure 12. Biomasse minimale chalutable (million de tonnes, avec des intervalles de
confiance a 95 %) des sébastes (en rouge) et de toutes les autres especes (en noir) capturées
dans le relevé du MPO dans I’unité 1 de 1984 a 2021 (MPO, 2022c). Photographie d’un
sébaste ©Claude Nozeres.
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Figure 13. Distribution des taux de capture (kg/trait de 15 minutes) de S. mentella dans le
relevé du MPO realisé dans le nGSL de 1990 a 2021 (Bourdages et al., 2022).

2.2 Caractéristiques écosystémiques actuelles du golfe du Saint-Laurent

Réchauffement des eaux — Le MPO évalue annuellement les conditions et parameétres
océanographiques physiques qui prévalent dans le GSL grace au Programme de monitorage
de la zone atlantique (PMZA). Depuis environ une décennie, les eaux du GSL sont plus
chaudes comparativement aux moyennes historiques, notamment pour les températures des
eaux de surface et des eaux profondes (p.ex., Brassard et al., 2017; Galbraith et al., 2022).
Les températures du GSL résultent du mélange de 1’eau froide du courant du Labrador et de

I’eau chaude du Gulf Stream. Actuellement, une proportion plus élevée d’eau chaude et
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pauvre en oxygene du Gulf Stream entre par le fond au détroit de Cabot et circule vers
I’amont avec peu de mélange avec les eaux moins profondes et plus froides. Des records de
la série chronologique ont été établis en 2021 dans 1’unité 1 a des profondeurs de 200, 250 et
300 métres, a 6,0 °C, 6,8 °C et 6,9 °C respectivement, ce qui correspond en moyenne a une
augmentation de 1 & 1,5 °C par rapport a la moyenne de la série (Figure 14a). En 2021, la
surface du fond marin couverte par des eaux plus chaudes que 6 °C était a un niveau record
dans le nGSL et dans le détroit de Cabot, et des zones de 7 a 8 °C sont apparues pour la
premiére fois (Figure 14b) (Galbraith et al., 2022).

Déclin de la crevette nordique — La crevette nordique P. borealis est reconnue pour
soutenir une importante péche commerciale et pour son role clé dans I’écosystéme comme
espéce fourragére et intermédiaire dans le transfert d’énergie des niveaux trophiques
inférieurs (par exemple le zooplancton) aux prédateurs de niveaux supérieurs tels que les
poissons, mammiferes et oiseaux marins (MPO, 2022b). La péche a la crevette nordique a
débuté dans le GSL en 1965 dans les quatre zones suivantes: Estuaire, Sept-iles, Anticosti et
Esquiman (Figures 15-16). Suite au déclin de I’abondance des espéces de poissons de fond
de grande taille, la population de crevette a augmenté dans les années 1990 jusqu’aux années
2010. Les stocks de crevette nordique qui fréquentent 1’estuaire et le NGSL ont été dans la

zone saine pendant plusieurs années, mais déclinent depuis 2005 (Figure 16; MPO, 2022b).

La température est un facteur environnemental dominant dans la biologie des
organismes ectothermes comme la crevette nordique. Le réchauffement ainsi que
I’appauvrissement associé en oxygene dissous des eaux profondes au cours des derniéres
années sont a I’origine d’impacts négatifs sur la physiologie de la crevette nordique (Dupont-
Prinet et al., 2013). Cette espéce d’eau froide qui préfere des températures de 1 a 6 °C (Allen,
1959) se situe, aujourd’hui, dans le GSL a des températures s’approchant de la limite

supérieure de sa préférence thermique.
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Figure 14. Réchauffement des eaux du golfe du Saint-Laurent (a) Température de la couche
profonde. Les nombres indiqués a droite sont les moyennes climatologiques et les écarts-
types pour 1991-2020. Les nombres qui figurent dans les cellules sont les températures
moyennes. Le code de couleurs correspond a 1’anomalie de température par rapport a la
climatologie de 1991-2020 de chaque région et profondeur. (b) Carte du maximum profond
de température généralement observé entre 200 et 300 m, en 2014-2015 et 2020-2021. Les
contours en noir et en blanc sont des isothermes de 7 et 8 °C (Galbraith et al., 2022).
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L abondance et la distribution de la crevette nordique observées dans le relevé du MPO
présentent des tendances a la baisse depuis plus d’une dizaine d’années. Les estimations de
débarquement de 2020 et 2021 sont parmi les plus faibles des séries historiques et les
crevettes nordiques sont aujourd’hui principalement concentrées a la téte des chenaux
(Figure 17) (Bourdages et al., 2022). La faible abondance des juvéniles et des males observee
au cours des derniéres années ainsi que la tendance a la baisse de la taille des femelles
suggerent une plus faible productivité des stocks. Le réchauffement des eaux profondes
semble étre le facteur le plus important qui contribue au déclin de cette espéce de crevette,
une condition environnementale qui ne devraient pas s’améliorer a court et moyen terme
(MPO, 2022Db). De plus, la prédation par les sébastes découlant de I’augmentation de leur
biomasse est présumée étre une autre cause importante du déclin de la crevette nordique, bien
que les connaissances sur le régime alimentaire du sébaste dans le GSL et leurs impacts en

tant que prédateurs soient limitées au lancement de ce projet de these.

Retour du sébaste — Le retour fulgurant du sébaste pourrait ainsi constituer un
événement déstabilisateur pour I’écosysteme et le secteur halieutique en imposant
d’importants changements, comme une prédation accrue sur la crevette nordique. Les
cohortes croissantes de sébastes et le potentiel de rétablissement de la population pourraient
exacerber le changement de régime en cours dans le GSL, mais les répercussions pour le
sébaste, la crevette nordique, le secteur halieutique et 1’écosystéme dans sa globalité sont

pour la plupart inconnues.
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Figure 15. Débarquement de la crevette nordique par zone de péche et TAC par année (PO,
2022b). Photographie d’une crevette nordique ©Claude Nozeres.
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Figure 16. Indice de biomasse du relevé de recherche (intervalle de confiance a 95%) de la
crevette nordique. Pour Estuaire, les cercles ouverts représentent les résultats obtenus en
incluant les strates peu profondes ajoutées en 2008 (MPO, 2022h).
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3. CARACTERISER LE REGIME ALIMENTAIRE POUR COMPRENDRE LA DYNAMIQUE DES

ECOSYSTEMES

3.1 Approche écosystémique et dynamique trophique

La prise de conscience sur les pratiques durables en halieutique a favorisé un soutien
accru vers une gestion basée sur les écosystemes (p. ex., Larkin, 1996; Botsford et al., 1997;
Curtin & Prellezo, 2010; Link, 2010; Link & Browman, 2014; Karnauska et al., 2021). La
gestion des péches a souvent été focalisée sur la dynamique de population d’une espéce cible
sans prendre en compte, par exemple, la qualité de son habitat, ses prédateurs, ses
compétiteurs ou ses proies (Figure 18) (Christensen, 1996; Pikitch et al., 2004). Opérant
dans un large éventail d’interactions, la gestion des péches doit évoluer vers une approche
plus holistique afin de limiter les effets négatifs sur I'environnement marin en incluant
différents facteurs écosystémiques (p.ex., Botsford et al., 1997; Link & Browman, 2014).
Approfondir nos connaissances sur les écosystemes marins et notre compréhension des
interactions qui existent chez les différentes especes qui le composent est nécessaire pour
parvenir a une gestion durable des pécheries et & la conservation des écosystémes dans leur
globalité (p.ex., Arditi & Ginzburg, 2012; Braga et al., 2012; Savenkoff et al., 2016; Nielsen
et al., 2018).

Parmi les interactions biologiques, la dynamique trophique est l'une des
caractéristiques les plus importantes régissant le fonctionnement des écosystemes, via la
structure des communautés et des réseaux alimentaires, en régulant les flux d'éléments
nutritifs et d’énergie entre les populations (p.ex., Cohen et al., 1993; McCann, 2007;
Sardenne et al., 2017; Simenstad & Cailliet, 2017). L’identification des communautés clés
qui composent un écosysteme spécifique et la caractérisation des interactions les reliant est
une étape primordiale pour une approche écosystémique (Figure 19) (Hanson & Chouinard,
2002; Crowder & Norse, 2008; Glaser et al., 2015). Il est ainsi de rigueur d’appréhender les

roles respectifs de la mosaique d'especes qui composent les communautés écologiques
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(Arditi & Ginzburg, 2012) et de déterminer le réle central que jouent certaines espéces, a la

fois en tant que liens entre communautés et en tant que cibles de péche importante.

La dynamique trophique est décrite comme 1’un des trois principaux moteurs de la
production halieutique, en plus des facteurs environnementaux et d'exploitation (Link 2010;
Gaichas et al., 2012). La prédation peut exercer une influence considérable sur la dynamique
des écosystemes et les changements dans I'abondance d'une espece peuvent affecter un
écosysteme dans sa globalité (p.ex., Frank et al., 2005; Ahlbeck et al., 2012; Hubans et al.,
2017).

Gestion espéce par espéce

Gestion écosystémique % Gestion simultanée

des péches S— de plusieurs espéces
% Température de l'eau,

Approche écosystémique S~ Habitat

de la gestion des péches Dynamique prédateur-proie

Structure du stock,
Mortalité,
Estimation abondance

Gestion d’une
seule espéce

Figure 18. Vers une stratégie de gestion au niveau de 1’écosystéme. Adaptée selon
https://www.fisheries.noaa.gov/.
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De plus, la qualité et la quantité de nourriture comptent parmi les facteurs exogenes les
plus importants qui affectent la croissance et indirectement la maturité et la mortalité des
prédateurs et des proies, mais aussi leur distribution, leur abondance et leurs caracteéristiques
démographiques (Nielsen et al., 2018). Il est donc fondamentalement nécessaire de
comprendre les habitudes alimentaires individuelles, d’acquérir des données sur I'étendue des
proies et les facteurs influencant les largeurs de niche trophique® (p.ex., Huxel & McCann,
1998; Randall & Myers, 2001; Navia et al., 2007) pour fournir des informations écologiques
précieuses sur la prédation et la compétition des ressources, l'utilisation de I'habitat, la
structure trophique, le flux d'énergie ou la variabilité saisonniére, autant de facteurs
importants pour la gestion écosystémique (e.g., Duffy et al., 2007; Arditi & Ginzburg, 2012;
Long et al., 2015).

Figure 19. Exemple d’identification des communautés clés : principaux groupes fonctionnels
et compartiments trophiques de I’estuaire maritime du Saint-Laurent (Savenkoff et al., 2016).

°Niche trophique : milieu occupé par une espéce, du point de vue de ses relations avec les autres espéces et de
son mode d’alimentation.
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3.2 Principales méthodologies pour estimer le régime alimentaire

L’importance d’acquérir des connaissances sur 1’écologie trophique pour appréhender
le fonctionnement des ecosystémes a motive I’utilisation et le développement de plusieurs
approches et outils méthodologiques (Tableau 1) (p.ex., Hyslop, 1980; Iverson, 2009; Braga
et al., 2012; Baker et al., 2014; Nielsen et al., 2018; Pethybridge et al., 2018; Amundsen &
Sanchez-Hernandez, 2019). Ces différentes méthodes permettent d’étudier différents aspects
de I’alimentation d’un consommateur et de déterminer quelles sont les proies qui sont
techniquement ingérables, ingérées puis digérées, assimilées, rejetées et excrétées (Figure
20). Les proies ingérées et digérées sont détectées dans le contenu de I'estomac, de l'intestin
ou des matiéres fécales. Une partie de la matiere ingérée est ensuite assimilée et peut étre
retenue dans le tissu du consommateur, tandis que la fraction non assimilée est respirée ou
excrétee (Figure 20). Une estimation précise du régime alimentaire, des relations et niches
trophiques associées peut s’avérer difficile. Toutes les méthodes utilisées aujourd’hui ont des
limites ou des biais inhérents qui peuvent influencer I'exactitude des descriptions du régime
alimentaire (Tableau 1) (p.ex., Bowen & lverson, 2013; Nielsen et al., 2018; Pethybridge et
al., 2018).

Figure 20. Conceptualisation des processus alimentaires chez un predateur (Nielsen et al.,
2018).
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Tableau 1. Principales caractéristiques des différentes méthodes couramment utilisées pour
1’étude du régime alimentaire. Tableau produit a partir d’informations tirées de Nielsen et al.
(2018) et Pethybridge et al. (2018).

Méthodes Avantages Inconvénients Proie
Observations directes . . . - e \
Taxonomie des proies potentiellement précises Difficile pour de nombreuses espéces .
(p.ex., observateur ou . . P . . . Ingérée
caméra) Caractérisation des conditions de prédation Peu réalisable sur les prédateurs marins
. L . . Instantané du régime alimentaire (heures/jours)
Taxonomie des proies a haute résolution . .
Contenus stomacaux Quantitatif Taux de digestion variable
Prérequis et expertise taxonomique
ADN dégradé et/ou contaminé o
. S . . Prérequis et expertise analytique Ingéree et
Taxonomie des proies & haute résolution . e digérée
- e o Semi-quantitifatif
, . Caractérisation des proies difficiles a identifier . , .
Métabarcoding . Besoin de bases de données de séquences
visuellement i
- . R - d'’ADN
Liens trophiques hote-parasitoide. , - . .
Instantané du régime alimentaire
Signatures proies secondaires (proies de proies)
R . . . . Prérequis méthodologiques importants
Marqueurs a long terme (jours/semaines/mois) q N g1 P )
L . . Besoin de connaitre les valeurs isotopiques des
Estimation de la position trophique N .
3 . . . . producteurs primaires dans I'espace et dans le
Détermination de la composition alimentaire B , - e
Isotopes stables s N temps Faible résolution et classification
et de lalargeur de la niche a I'aide de modeéles - .
- oo taxonomique des proies
statistiques quantitatifs X X .
N i " " Modeles et paramétres de fractionnement
Rapports C:N, indicateur de I'état nutritionnel . . -
isotopique largement inconnus
Marqueurs a long terme (jours/semaines/mois) Prérequis méthodologiques importants
Identification des composantes a la base de la  Grand nombre d'acides gras
chaine alimentaire (bactéries, détritus, Faible résolution et classification taxonomique
Acides gras diatomées contre dinoflagellés) des proies -
) - L - — Assimilée
Détermination de la composition du régime  Peu de consensus sur les applications
alimentaire a I'aide de modeles statistiques Voies métaboliques des acides gras
quantitatifs incomprises
Protocole complexe
Faible précision taxonomique des proies
21 Marqueurs a long terme (jours/semaines/mois) Applications écologiques limitées
Eléments traces . - L . S . -
métalliques Liens avec les risques sanitaires et la santé de  Besoin d'une bonne compréhension des
I'écosysteme propriétés physiochimiques du composé, en
plus des influences physiologiques, de I'histoire
de la vie des espéces et de I'environnement
Difficile
Dissection de feces Non-invasif Faible précision taxonomique des proies Excrétée

Tres peu réalisable sur les prédateurs marins
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3.2.1 Analyse visuelle du contenu stomacal des prédateurs

Depuis les années 1950, I'analyse visuelle des contenus stomacaux (ACS) constitue un
outil de base et une méthode, aujourd’hui, bien établie pour I'évaluation détaillée de la
composition du régime alimentaire individuel. L’ACS consiste en la description, de fagon
qualitative et quantitative, des proies retrouvées dans I'estomac d’un individu, ingérées lors

des dernieres heures aux derniers jours (Figure 21) (p.ex., Hynes, 1950; Hyslop, 1980).

Figure 21. Exemple d’analyse de contenu stomacal de sébaste et d’identification des proies
au moyen de clés taxonomiques.

Cette méthode est particulierement pertinente pour évaluer la dynamique trophique des
poissons, puisqu’ils avalent généralement leurs proies entieres. Au niveau de la population,
les données issues de I’ACS permettent de déterminer la contribution des principales especes
de proies consommeées et la fagon dont la composition du régime alimentaire est corrélée ou
varie en fonction de différentes caractéristiques biologiques et écologiques telles que, par
exemple, la taille du prédateur, son ontogénie ou son sexe, le mode d’alimentation ou encore
la préférence d’habitat (p. ex., Hyslop, 1980; Braga et al., 2012; Baker et al., 2014; Amundsen
& Sanchez-Hernandez, 2019; Sanchez-Hernandez et al., 2019).
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Bien que I’ACS offre une description taxonomique détaillée et a haute résolution des
proies constituant le régime alimentaire des predateurs, plusieurs biais existent (e.g., Hyslop,
1980; lverson et al., 2004; Iverson, 2009; Bowen & lIverson, 2013; Baker et al., 2014). Par
exemple, cette approche offre seulement un apergu instantané des derniers et plus récents
repas. Le portrait du régime alimentaire est limité a I'échelle spatiale et a la période
d'échantillonnage, a moins que les estomacs des prédateurs ne soient collectés dans
différentes zones et saisons. Egalement, le degré d'identification et I’estimation de la
contribution des proies au régime alimentaire peut s’avérer étre une tiche fastidieuse qui
dépend, par exemple, du stade de digestion des proies et de la disponibilité de clés
taxonomiques appropriées (p.ex., Hyslop, 1980; Baker et al., 2014; Amundsen & Sanchez-
Hernandez, 2019). Pour combler les limitations de I’ACS et en raison du caractére court
terme de cette méthode, il est nécessaire de prélever un grand nombre d’estomacs afin de
réduire la variabilité inhérente et d’utiliser d’autres approches alternatives et

complémentaires.

3.2.2 Meétabarcoding et résolution taxonomique

Dans le contenu stomacal, il peut s’avérer difficile d’allouer visuellement des proies
digérées a un taxon avec une confiance absolue (Baker et al., 2014). Avec l'avénement des
technologies de séquencage a haut débit (HTS pour high-throughput sequencing), I'utilisation
du métabarcoding peut apporter un changement important dans l'analyse des régimes
alimentaires, ou une ou quelques régions d'ADN (barcodes) sont séquencées pour le contenu
présent dans un échantillon (contenu stomacal, intestin ou féces) et comparées a des bases de
références (Figure 22) (Jarman et al., 2002; Valentini et al., 2009 ; Carreon-Martinez &
Heath, 2010 ; Pompanon et al., 2012 ; Albaina et al., 2016). Cette technique, de plus en plus
utilisée en ecologie trophique, peut résoudre des relations alimentaires auparavant inconnues
impliquant des organismes qui étaient traditionnellement difficiles ou impossibles a identifier

a l'aide de I’ACS, permettant ainsi d’atteindre des résolutions plus élevées de spécificité
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taxonomique (p.ex., Dunn et al., 2010; Pompanon et al., 2012; Symondson & Harwood,
2014; Jakubavicitte et al., 2017; Riccioni et al., 2018).

Les applications du métabarcoding pour étudier les régimes alimentaires peuvent étre
néanmoins limitées par la demande en temps et en argent, le besoin d’une bibliotheque
étendue de référence de proies, la disponibilité d’amorces de qualité, la dégradation de
I'ADN, I’impossibilité d’écarter les proies des proies (proies secondaires) ou encore 1’aspect
semi-quantitatif de la méthode (p.ex., Symondson, 2002; Berry et al., 2015; Jakubavicitte et
al., 2017; Sakaguchi et al., 2017).
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Figure 22. Tllustration de 1’application du métabarcoding pour la caractérisation du régime
alimentaire. Adaptée a partir de naturemetrics.co.uk.
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3.2.3 Biomarqgueurs trophiques

Les études contemporaines de régime alimentaire utilisent des méthodes indirectes
basées sur I’utilisation de biomarqueurs trophiques appliqués aux tissus des prédateurs
comprenant, par exemple, la composition en acides gras (AG) ou les ratios isotopiques du
carbone (C) et de I’azote (N) (p. ex. Dalsgaard et al., 2003; Iverson et al., 2004; Budge et al.,
2006; Boyle et al., 2012; Nielsen et al., 2018; Pethybridge et al., 2018).
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Ces traceurs écologiques sont des composés biochimiques présents chez I’ensemble
des organismes qui s’accumulent de maniére prédictive et qui représentent la fraction
assimilée des nutriments ingérés (Figures 20 et 23) (p.ex., Happel et al., 2015; Pethybridge
et al., 2018). L'une des principales forces de ces applications est centrée sur les fenétres
temporelles et spatiales a travers lesquelles I'alimentation et l'utilisation de I'habitat sont
intégrées. Les biomarqueurs sont assimilés a travers de nombreuses voies trophiques sur des
échelles de temps plus importantes qui, associées a des données sur I’ACS, permettent de
fournir des informations a court et a long terme. De plus, ils nécessitent des tailles
d'échantillon plus petites que les ACS et peuvent donc étre particulierement utiles pour
I’étude d’espéces protégées ou dans des environnements qui imposent des contraintes
d'échantillonnage (p.ex., Iverson et al., 2004; Schmidt et al., 2006; Carreon-Martinez &
Heath, 2010; Richoux et al., 2010).

Les méthodes utilisant des biomarqueurs trophiques sont prometteuses pour
partitionner les différents taxons mais a un niveau de résolution beaucoup moins précis que
I’ACS et le métabarcoding. De plus, la quantification des proies est possible a travers
I’utilisation de modeles (p.ex., Ecopath, modéle Bayésien, modele de mélange) mais
nécessite d’obtenir, au préalable et dans des conditions expérimentales, 1’estimation de
différents paramétres et facteurs de calibration spécifiques aux proies et prédateurs (p.ex.,
Nielsen et al., 2018; Pethybridge et al., 2018).

Acides gras — Les AG sont de longues chaines carbonées qui constituent un groupe
diversifié de lipides nécessaires a diverses fonctions physiologiques des organismes
(Dalsgaard et al., 2003; Tocher, 2003; Budge et al., 2006; Iverson, 2009). La plupart des
consommateurs marins ne peuvent pas synthétiser certains AG en quantité suffisante pour
répondre a leurs besoins physiologiques (Parrish, 2013), ils doivent ainsi étre acquis par
I'alimentation. Les AG sont déposés dans les tissus adipeux des consommateurs avec peu ou
aucune modification fournissant ainsi un enregistrement intégré de 1’apport alimentaire au
cours du temps (p.ex., Dalsgaard et al., 2003; Budge et al. 2006; Iverson, 2009; Pethybridge
etal., 2018).
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Isotopes stables — L’utilisation du carbone et de ’azote dans la détermination de

I’alimentation des organismes est un outil couramment utilis¢ dans le domaine de 1’écologie

trophique. L’analyse isotopique peut étre utilisée pour comprendre le flux d’énergie a travers

un réseau alimentaire. Par exemple, les valeurs d'isotopes stables en carbone, §'3C,

fournissent des évaluations qualitatives des sources pélagiques et benthiques relatives de la

productivité primaire et renseignent ainsi sur 1’origine de la matiére organique (Fry, 2006).

Les valeurs d'isotopes stables en azote, §1°N, s’enrichissent (c'est-a-dire augmentent) par

transfert trophique, permettant d'inférer les positions trophiques relatives (France, 1995).
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Figure 23. Illustration conceptuelle de la maniere dont les techniques utilisant des traceurs
biochimiques se rapportent généralement a différentes variables des réseaux trophiques
marins (Pethybridge et al., 2018).
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Les environnements marins sont complexes et I'obtention d'informations précises sur
les relations alimentaires peut s’avérer difficile. Aucune méthode unique ne permet d’obtenir
une évaluation compléte de la composition du régime alimentaire d'un prédateur et de sa
variabilité inhérente a diverses échelles spatiales et de temps. En somme, I’utilisation
concomitante des différentes approches pour 1’étude de 1’écologie trophique peut offrir des
perspectives plus solides et des résultats complémentaires en réduisant ou équilibrant les biais
de l'utilisation de techniques autonomes (p.ex., Carreon-Martinez & Heath, 2010; Richoux
et al., 2010; Happel et al., 2015; Nielsen et al., 2018).

4, PROBLEMATIQUE GENERALE ET OBJECTIFS DE RECHERCHE

L’impact du sébaste sur les autres composantes de 1’écosystetme du GSL reste
largement spéculatif, puisque des connaissances plus précises sur son écologie ont besoin
d’étre acquises. La résurgence du sébaste permettra de soutenir une péche commerciale dans
les années a venir, mais entrainera également des répercussions importantes sur I'écosystéme
du GSL, notamment en ce qui concerne sa prédation sur les especes proies et sa compétition

pour les ressources avec les autres espéces de poissons de fond.

Dans un contexte de gestion des pécheries basée sur I'écosysteme, I’abondance
exceptionnelle des cohortes grandissantes de sébastes combinée a I’implication trophique
centrale qu’elles jouent dans I'écosystéme du GSL, notamment en ce qui concerne la crevette
nordique, souligne la nécessité d'une détermination précise et complete du régime alimentaire
de ce poisson de fond. Compte tenu des incertitudes concernant le rdle et les impacts du
sébaste en tant que prédateur, la problématique générale de ce projet de these consiste en la
détermination et la compréhension des habitudes et des relations alimentaires de cette espéce
au sein de 1’écosystéme en changement du GSL. Deux questions majeures peuvent étre

dégagées du contexte actuel.
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Quels types d’interactions biologiques définissent le régime alimentaire du sébaste ?

Déterminer les relations spécifiques entre les prédateurs et leurs proies est primordial
pour mieux cerner le fonctionnement des écosystémes. La mise en évidence des interactions
biologiques que peut entretenir le sébaste avec ses proies permettra : de déterminer les proies
consommeées; d’estimer la contribution des principales proies au régime alimentaire du
sébaste, d’obtenir un apercu de I’impact trophique par rapport a la disponibilité en ressources
avec une emphase sur la prédation de la crevette nordique P. borealis; d’envisager les

conséquences de prédation du sébaste dans le GSL.
Quels sont les facteurs influengant 1’écologie trophique du sébaste ?

Les concepts d’écosysteme et de réseau trophique étant dynamiques, le régime
alimentaire d’une espéce est variable. L’identification des paramétres influencant les
stratégies alimentaires du sébaste sera une étape cruciale pour leur prise en compte dans les
stratégies de gestion. Il sera ainsi important de : décrire le régime alimentaire individuel du
stade juvénile au stade adulte ainsi que d’examiner s’il existe des différences spatio-

temporelles dans les patrons proies/prédateurs.

4.1 Axes spécifiques de recherche et approches méthodologiques

Ce travail de thése s’articule en trois axes de recherche et le régime alimentaire du
sébaste a été étudié grace a la combinaison de trois approches méthodologiques : I’analyse
visuelle des contenus stomacaux (ACS), I’analyse des profils en acides gras (AG) et ’analyse
des contenus stomacaux avec le métabarcoding (ADN). Ce choix est issu d’un compromis
entre faisabilité, codts et apports additionnels des informations que conférent chacune de ces

méthodes.

L’ensemble des échantillons provienne des relevés scientifiques multidisciplinaires
d’évaluation de poissons de fond et de crevettes au chalut de fond du MPO, menes
annuellement en aolt, selon un plan d’échantillonnage aléatoire stratifi¢é qui couvre

I’ensemble de I’estuaire et du nGSL (Figure 24). Ces relevés annuels offrent I'opportunité
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de collecter des estomacs et des tissus d’espéces dans une large gamme de taille et sur une

grande partie de la distribution de la population (Figure 25).
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Figure 24. Stratification utilisée par le relevé de recherche couvrant 1’ensemble de 1’estuaire
et du nord du golfe du Saint-Laurent (Bourdages et al., 2020b).

Figure 25. Exemple de sébastes triés lors d’un relevé de recherche.
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Chapitre 1 — Les assemblages d'especes sont reconnus comme une caractéristique des
écosystemes marins et contribuent a faconner leur structure, leur diversité et leur stabilité
(Francis et al., 2002; Chouinard & Dutil, 2011). Les fluctuations de I'abondance et de la
répartition des prédateurs et des ressources alimentaires peuvent avoir de profonds effets sur
la dynamique des interactions trophiques (Mills et al., 1993; Brodeur et al., 2017). La
compréhension des variations de I’impact des consommateurs par rapport a la disponibilité
en ressource est 1’'un des premiers objectifs en écologie (Gruner et al., 2008). Dans le GSL,
les réseaux trophiques ont été modifiés par des changements écosystémiques et
environnementaux. Par conséquent, une évaluation réguliére et un suivi systématique des
habitudes alimentaires des prédateurs peuvent aider a comprendre les implications majeures

pour les différentes espéces présentes (p.ex., Buckley & Whitehouse, 2017).

L'objectif principal de ce chapitre est de décrire et de quantifier le régime alimentaire
du sébaste sur deux périodes de dynamique contrastée : les années 1990, correspondant a
I’effondrement du sébaste et les années 2010, correspondant au retour du sébaste dans le
GSL. L’enjeu est de déterminer si des modifications spécifiques de la composition du régime
alimentaire du sébaste ont eu lieu entre ces deux périodes, en analysant les données issues de
I’ACS. Compte tenu de I'évolution des caractéristiques océanographiques et écologiques du
GSL, qui est passé d'un écosystéme d'eau froide dans les années 1990 a un écosysteme d'eau
plus chaude dans les années 2010, combinée au contraste dans I'abondance des sebastes entre
ces deux periodes, des différences décennales marquées sont attendues dans la composition

du régime alimentaire des sébastes.

Chapitre 2 — De maniére générale, les résultats obtenus de I’ ACS peuvent étre biaisés
par ’opportunisme alimentaire et ne renseignent que sur les proies consommeées a court
terme, lors des derniers repas (Hyslop, 1980). La composition du contenu stomacal d’un
prédateur a un instant donné n’est pas nécessairement représentative de son régime
alimentaire moyen. Le choix de I’utilisation d’un biomarqueur trophique utilisant les profils
en AG apporte une résolution taxonomique moins précise, mais révele de l'information

chimique stockée a moyen terme dans les tissus du sébaste.
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L'objectif principal de ce chapitre est de décrire I'écologie alimentaire du sebaste dans
I'écosysteme du GSL grace a l'utilisation d'informations a court terme issues des ACS et le
régime alimentaire a moyen terme estimé a partir de I'analyse des profils en AG dans les
tissus des foies de sébastes péchés en aodt. L’utilisation des AG permettra de vérifier si le
portrait global du régime alimentaire du sébaste déterminé en aoGt au travers de I’ACS est le
méme pour I’ensemble de la saison estivale d’alimentation. Cette étude est la premiere a

documenter le régime alimentaire du sébaste avec la combinaison de ces deux méthodes.

Chapitre 3 — Des estimations précises du régime alimentaire des prédateurs sont
essentielles pour la compréhension du fonctionnement et de la structure des écosystémes.
L'identification visuelle des proies a été et sera toujours un défi qui introduit un élément
d'incertitude dans les interprétations des contenus stomacaux (Simenstad & Cailliet, 2017).
Des taux de digestion ou de rétention différentiels chez les prédateurs, en fonction des
especes et de la taille des proies consommées peuvent conduire a une surestimation ou a une
sous-estimation de leur contribution dans les régimes alimentaires (p.ex., Legler et al., 2010;
Jeanniard-Du-Dot et al., 2017). Les progres méthodologiques suscitent un intérét accru pour
les outils moléculaires qui se sont révéles étre un moyen puissant et efficace pour identifier

les proies dans les contenus stomacaux a un niveau de haute résolution taxonomique.

L'objectif principal de ce chapitre est de valider la description de la composition du
régime alimentaire du sébaste basée sur I’ACS en utilisant le métabarcoding. Il s’agit
d’étudier comment l'analyse visuelle et le métabarcoding se comparent en termes
d'identification et de résolution des différentes proies du sébaste. L'ajout d’une méthode
moléculaire a I’ACS devrait ainsi valider et améliorer la caractérisation taxonomique des

proies.
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CHAPITRE 1
COMPOSITION DU REGIME ALIMENTAIRE DU SEBASTE (SEBASTES SP.)
PENDANT DES PERIODES D’EFFONDREMENT ET DE RETABLISSEMENT
DE LA POPULATION DANS LE GOLFE DU
SAINT-LAURENT

1.1 RESUME

Les sébastes (Sebastes mentella et S. fasciatus) ont effectué un retour spectaculaire
dans le golfe du Saint-Laurent (GSL) et les effets de ce retour sur les autres espéces présentes
au sein de I’écosystéme demeurent mal connus. Afin de mieux comprendre les implications
trophiques de la recrudescence de la biomasse de ce poisson de fond dans I'écosystéeme du
GSL, 3690 estomacs contenant de la nourriture ont été récoltés lors de deux périodes : I'une
caractérisée par une faible abondance de sébaste (1993-1999) et I'autre pendant une période
d'abondance record (2015-2019). Une analyse taxonomique des contenus stomacaux
d'individus de différentes tailles provenant de trois zones du GSL a été réalisée pour
déterminer la composition du régime alimentaire au cours des deux périodes. Le zooplancton
représentait la principale catégorie de proies pour les petits sébastes (< 20 cm), avec une
contribution importante des amphipodes, principalement Themisto sp. dans le nord-est du
golfe dans les années 1990, et des copépodes du genre Calanus dans les chenaux profonds et
des euphausides dans le nord-ouest du GSL dans les années 2010. Les amphipodes Themisto
sp. dominaient encore le régime alimentaire des sébastes de taille moyenne (20-30 cm) dans
les années 1990, tandis que les copépodes étaient prédominants dans les années 2010. La
consommation de crevettes a augmenté en fonction de la taille du sébaste et deux espéces
étaient particulierement importantes dans le régime alimentaire des grands sébastes (> 30
cm) au cours des deux périodes : la crevette blanche (Pasiphaea multidentata),

principalement dans le chenal Laurentien et la crevette nordique (Pandalus borealis), surtout



dans le nord-est du golfe. La prédation de la crevette par le sébaste représente une
préoccupation majeure, en particulier pour la dynamique de la crevette nordique qui soutient
une péche commerciale lucrative dans le GSL, mais dont I'abondance est en déclin depuis
plusieurs années. Un comportement piscivore a également été observé dans le régime
alimentaire des grands sébastes, avec le capelan (Mallotus villosus) comme principal poisson
consommeé dans les années 1990 et les sébastes (cannibalisme) dans les années 2010, ce qui
suggere un contr6le densité-dépendance a une abondance élevée de petits sébastes. En
présentant un portrait détaillé de la composition du régime alimentaire du sébaste et de sa
variabilité temporelle, la présente étude offre un premier apercu des possibles impacts
trophiques futurs de ce poisson de fond dans I'écosystéme du GSL.

Mots-clés : Contenu stomacal, Crevette, Impact trophique, Indice de remplissage,

Variations temporelles

Cet article intitulé « Diet composition of redfish (Sebastes sp.) during periods of
population collapse and massive resurgence in the Gulf of St. Lawrence », a été co-écrit avec
Denis Chabot (IML-MPO), Claude Nozeres (IML-MPO), Réjean Tremblay (UQAR-
ISMER), Pascal Sirois (UQAC) et Dominique Robert (UQAR-ISMER). Sa version finale a
été acceptée pour publication le 5 ao(t 2022 dans la revue Frontiers in Marine Science
(https://doi.org/10.3389/fmars.2022.963039). L’ensemble des auteurs a participé a la
réflexion et a la conception des objectifs ainsi qu’a 1’écriture de cet article. Denis Chabot a
initié le programme de collecte d’estomacs de sébaste lors des relevés au chalut de fond du
MPO et a congu la base de données résultante. Claude Nozéres et moi-méme avons analysé
une grande partie des contenus stomacaux de sébastes. J’ai pris I’initiative d’analyser les
échantillons historiques datant de 1997 a 1999 retrouvés dans les congélateurs de I’'IML qui
présentaient un bel état de conservation pour les ajouter aux bases de données du MPO. Au
total, j’ai participé & I’analyse d’environ 1500 contenus stomacaux. Denis Chabot, Réjean
Tremblay et moi-méme, avons conduit les différentes analyses des données et la production
des résultats. J’ai réalisé 1’écriture de la premicre version compléte du manuscrit, qui a

ensuite été révisée et améliorée avec la collaboration de I’ensemble des co-auteurs.
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1.3 DIET COMPOSITION OF REDFISH (SEBASTES SP.) DURING PERIODS OF POPULATION
COLLAPSE AND MASSIVE RESURGENCE IN THE GULF OF ST. LAWRENCE

Sarah Brown-Vuillemin!, Denis Chabot?, Claude Nozéres?, Réjean Tremblay?, Pascal

Sirois® and Dominique Robert!
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1.4 ABSTRACT

Redfish (Sebastes mentella and S. fasciatus) are back at spectacular record high levels
in the Gulf of St. Lawrence (GSL) and the effects of this massive resurgence on other
components of the food web remain largely unknown. To better understand the trophic
implications of the surging redfish biomass within the GSL ecosystem, 3,690 stomachs
containing food were collected during two periods: one characterised by low redfish
abundance (1993-1999) and the other during a period of record abundance (2015-2019).
Taxonomical analysis of stomach contents from individuals of different sizes from three
subareas of the GSL was carried out to determine diet composition during both periods.
Zooplankton represented the main prey category for small redfish (< 20 cm), which was
driven by a predation on amphipods, mostly Themisto sp. in North-East Gulf, in the 1990s
and on copepods of the genus Calanus in the deep channels and euphausiids in North-West
Gulf in the 2010s. Themisto sp. still dominated the diet of medium (20-30 cm) redfish in the
1990s while the copepods were predominant during the 2010s. Shrimp consumption
increased with redfish size and two species were particularly important in large redfish diet
(> 30 cm) during both periods: pink glass shrimp (Pasiphaea multidentata), mostly in the
Laurentian Channel and northern shrimp (Pandalus borealis), especially in North-East Gulf.
Redfish predation on shrimp represents a major concern for the dynamics of the northern
shrimp which supports a valuable fishery in the GSL but has been declining in abundance
since several years. Piscivory was observed in large redfish diet, with capelin (Mallotus
villosus) being the major fish prey in the 1990s and redfish (cannibalism) in the 2010s,
suggesting density-dependent control at high density of small redfish. By presenting a
detailed overview into the redfish diet composition and its temporal variability, the present
study offers a first look into the possible future trophic impacts of a resurging groundfish in

the GSL ecosystem.

Keywords: Fullness index, Shrimp, Stomach content, Temporal changes, Trophic

impact
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1.5 INTRODUCTION

Knowledge of feeding ecology and prey-predator interactions is essential to apprise the
respective roles of the mosaic of species that compose ecological communities (Arditi &
Ginzburg, 2012). Information on trophic linkages, which have often been recognized as being
ecosystem-specific, is essential for the robust implementation of ecosystem-based
management strategies (Hanson & Chouinard, 2002; Crowder & Norse, 2008; Glaser et al.,
2015). Stomach content analysis is a well-established method for the detailed assessment of
individual diet composition. At the population level, stomach content data enable the
determination of the contribution of the different prey species to the diet and how diet
composition varies according to factors such as abundance, ontogeny or predator size (e.g.,
Hyslop, 1980; Baker et al., 2014; Amundsen & Sanchez-Hernandez, 2019; Sanchez-
Hernandez et al., 2019). Stomach content data are particularly relevant to assess fish
trophodynamics because fish generally swallow their prey whole, allowing for robust
inferences on biological traits such as feeding mode, as well as ecological characteristics such
as habitat preference (Braga et al., 2012; Amundsen & Sanchez-Hernandez, 2019). Annual
fishery-independent surveys offer the opportunity to collect stomachs from a wide size range
and over the large part distribution of a species population. Moreover, long time series of
stomach content data collected during yearly surveys can reveal major trophic changes in the
ecosystem over time (e.g., Fahrig et al., 1993; Hanson & Chouinard, 2002; Dwyer et al.,
2010).

Over the past three decades, the Gulf of St. Lawrence (GSL, Canada) ecosystem has
undergone profound changes in species composition. In the early 1990s, several groundfish
species, such as Atlantic cod (Gadus morhua Linnaeus 1758), American plaice
(Hippoglossoides platessoides Fabricius 1780) and redfish (Sebastes sp. Cuvier 1829),
collapsed as a result of overfishing during a period of low productivity and recruitment
associated with exceptionally cold water temperatures (Murawski, 1997; Bréthes, 1998;
Gascon, 2003), resulting in the implementation of fishing moratoria. Meanwhile, the

abundance of boreal species such as northern shrimp (Pandalus borealis Krgyer 1838), snow
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crab (Chionoecetes opilio Fabricius 1788) and Greenland halibut (Reinhardtius
hippoglossoides Walbaum 1792) increased to record high levels driven by cooling waters
and reduced competition and predation pressure (Bréthes, 1998; Savenkoff et al., 2006).
After a relative stability over two decades, the deep waters of the GSL warmed during the
2010s, resulting in a decline of dominant cold water species and the concurrent,
unprecedented recruitment of the redfish, spelling a massive return of this fish in the GSL
(Bourdages et al., 2017; Brassard et al., 2017; Galbraith et al., 2019). In the GSL, two
sympatric redfish species coexist: the Acadian redfish Sebastes fasciatus (Storer 1854) and
the deepwater redfish Sebastes mentella (Travin 1951) (Senay et al., 2019). These species
are morphologically similar, which makes species identification difficult and nearly
impossible by cursory examination (e.g., Gascon, 2003; Cadrin et al., 2010). As a result, S.
mentella and S. fasciatus from the GSL have traditionally been managed as a single stock
and have not been identified to species in historical databases. In the present study, the two
species have thus not been discriminated and are both comprised under the name “redfish”.

In recent years, the annual research bottom trawl survey of the estuary and northern
GSL, carried out by the Department of Fisheries and Oceans (DFO, Canada), revealed that
redfish had become by far the most common taxon in the captures, accounting for 90 % of
the total biomass caught in 2019, compared to 15 % in 1995-2012 (Senay et al., 2021). This
represented a 72 % redfish biomass increase from the 2017 estimate. The most recent redfish
assessment report estimated an average minimum trawlable biomass of 113 kt in 1993-1999
and 2,423 kt in 2015-2019 (Senay et al., 2021). In 2019, total minimum trawlable biomass
was estimated to be 4,365 kt, the highest value ever observed in the time series since 1984
(Senay et al., 2021). Redfish exploitation is still under moratorium, but this unprecedented
increase in abundance, supported by the 2011-2013 cohorts, is expected leading to a rapid
increase of spawning biomass, which will support a commercial fishery in the coming years.
This increase in biomass also represents a major concern for the dynamics of forage species,
including the northern shrimp, which supports a major fishery in the GSL (DFO, 2020). The

growing redfish cohorts could exacerbate the ongoing regime shift within the GSL, but their
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potential impact on other components of the food web remains largely speculative as

knowledge of redfish trophic ecology is scarce.

The objective of this study is to describe and quantify the GSL redfish diet composition
over two time periods of contrasting population dynamics (the 1990s, collapse and the 2010s,
resurgence) to provide an overall assessment of the potential changes and discuss possible
implications of redfish predation within the GSL food web. For the entire 1990-2019 period,
redfish were caught relying on the same methodology through an annual Research Vessel
(RV) bottom trawl survey (Bourdages et al., 2007; Senay et al., 2019). Redfish stomachs
were collected during two periods, 1993 to 1999 and 2015 to 2019, thus offering a unique
opportunity to evaluate redfish feeding and assess decadal changes in feeding habits and prey
preferences. Considering the shifting oceanographic and ecological characteristics of the
GSL from a cold-water ecosystem during the 1990s to a warmer water ecosystem in the
2010s, combined with the contrast in redfish abundance between these two periods, marked
decadal differences are expected in the redfish diet composition. By offering a unique
glimpse into the temporal variability that exists in the diet composition of a dominant
groundfish resource through ontogeny and across subareas of the GSL, the present study also
provides insight into the implication of the surging redfish predation pressure on the northern

shrimp.

1.6 MATERIALS AND METHODS

1.6.1  Study area and trawl survey

The GSL is a stratified, semi-enclosed sea connected to the North Atlantic Ocean through
the Cabot Strait to the southeast and the Strait of Belle-Isle to the northeast. Redfish were
captured during annual summer trawl research surveys conducted by DFO using a stratified-
random survey design covering the estuary and northern GSL (Figure 1.1). From 1990 to
2005, the survey was conducted onboard the Canadian Coast Guard Ship (CCGS) Alfred

Needler using a URI trawl with a 19-mm liner in the cod-end (24-min tows). Since 2004, the
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survey has been conducted with the CCGS Teleost equipped with a Campelen 1800 trawl
with a 13-mm liner (15-min tows). Based on comparative fishing experiments held in 2004
and 2005, data for most species, including redfish, were corrected for differences in
catchability between the two periods. Details of bottom trawl surveys, sampling, protocol
and conversion factors between the two trawl types can be found in Bourdages et al. (2007).
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Figure 1.1 Map of the study area showing sampling hauls (1993-1999; n = 450 and 2015-
2019; n = 447) where redfish stomachs containing prey were sampled (n = 3,690) from each
period (1993-1999; n = 1,366 and 2015-2019; n = 2,324). The grey line indicates the 250
meters isobath. The three subareas considered for the analysis are delimited by the dotted
lines with North-West Gulf (NWG), Laurentian Channel (LC) and North-East Gulf (NEG).
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1.6.2 Redfish stomach collection

The annual surveys were similar among years, taking place from August into early
September, thus avoiding seasonal effects in the estimation of redfish abundance and their
diet in each of the two time periods. At each haul (exceptions were 2015, when redfish
stomachs were sampled only on hauls with even numbers, and in 2016, when they were
sampled only on hauls with odd numbers), the biomass of redfish captured by the trawl was
estimated. A sub-sample of redfish was measured (fork length, FL, in cm in the 1990s, in
mm converted to cm in the 2010s) and weighed (g). This sub-sample also allowed the
estimation of the number of fish of each 1 cm length class in the catch. From these, a length-
stratified sub-sample was chosen for stomach collection and redfish that showed obvious
signs of regurgitation were rejected, a common consequence of barotrauma for these fish, or
feeding within the trawl. Smaller specimens (FL < 15 cm) were collected whole to optimize
sample collection at sea, while the stomachs of larger specimens, quicker to dissect, were
excised at sea. Each sample was placed in a plastic bag with an identification label and kept

frozen (-40 °C) until examination.

1.6.3  Stomach analysis and taxonomic identification

In the laboratory, each stomach was opened to remove and weigh its content. All prey
present in the stomach were sorted, weighted, and identified to the most precise taxonomic
level possible with a binocular microscope and using keys, identification guides (e.g.,
Squires, 1990; Campana, 2004; Vassilenko & Petryashov, 2009; ICES, 2014) and the help
of specialists. A number of different personnel carried out the analyses over the years but
always followed the same protocol in recognizing common GSL fish and invertebrate
species. It was however noted that less effort was dedicated in the 1990s than in the 2010s at
identifying heavily digested prey. Stomachs from the 1990s were usually analysed within a
few years of capture whereas those from the 2010s were analysed within a few months of
capture. Frozen samples dating from 1997 to 1999 were still available to be analysed in 2019

to increase sample size of the 1990s and assess the impact of methodology (difference in
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effort for taxonomical resolution of very digested prey) on the results (Supplementary

Figure 1.1).
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Supplementary Figure 1.1 Contribution of prey categories to the GSL redfish diet
composition, expressed as percentage of fullness index (%FI), per 5-cm length class. (a)
Stomachs (n = 871) sampled between 1993 and 1997 and examined between 1993 and the
beginning of the 2000s, (b) Stomachs (n = 495) sampled between 1997 and 1999 and
examined in 2019 and (c) Stomachs (n = 763) sampled between 1993 and 1997, after removal
of category Unidentified Material. Specific number of redfish as a function of redfish 5 cm
size (FL) class are indicated on each panel.
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1.6.4 Redfish barotrauma

Redfish are physoclist fish that have a closed swim bladder and therefore cannot adapt to
rapid changes in depth. As a result, redfish are extremely sensitive to barotrauma when
caught in deep water and brought to the surface rapidly (Jarvis & Lowe, 2008). Although
redfish showing signs of regurgitation (food in their mouth or evaginated stomach) were
discarded during sea sampling, decompression likely resulted in partial or total regurgitation
in several sampled fish. Thus, the proportion of empty stomachs, a common measure of
feeding intensity, was deemed unreliable for redfish. For this reason, empty stomachs were
excluded from the analyses. Furthermore, it was necessary to assume that the probability of
regurgitation was similar for all taxa when assessing the importance of different prey taxa or
categories in redfish diet, a reasonable assumption considering the barotraumatic cause of

regurgitation.

1.6.5 Size classes and spatial analysis

For both periods, redfish diet composition was analysed as a function of redfish size using 5
cm size classes, a uniform cut-off to visualize general trends as follows: < 10.0 cm, 10.0—
14.9 cm, 15.0-19.9 cm, 20.0-24.9 cm, 25.0-29.9 c¢cm, 30.0-34.9 cm, 35.0-39.9 cm and =
40.0 cm. Since the GSL is physically and topographically heterogeneous (Koutitonsky &
Bugden, 1991; Therriault, 1991; Rodrigues et al., 1993; Galbraith et al., 2019), three distinct
subareas were distinguished and compared in this study: (1) the deepest part of the Laurentian
Channel (LC) which extends from Cabot Strait to the centre of the Gulf and can reach a
maximum water depth of about 550 m, (2) the North-East Gulf (NEG) including the
Esquiman (maximum depth of about 285 m) and Anticosti (maximum depth of about 335 m)
Channels and (3) and the North-West Gulf (NWG) comprising the estuary and the western
part of the Laurentian Channel (maximum depth about 300 m) (Figure 1.1). In order to
describe redfish diet during both periods in each subarea within the GSL and maintain
sufficient sample sizes, it was necessary to regroup the 5-cm size classes into three major

size classes (small < 20, medium 20-30 and large redfish > 30 cm) (Table 1.1).
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Table 1.1 Number of redfish stomachs analysed, percentage of empty stomachs, number of non-empty stomachs, total number
in the catch and percent of stomachs of redfish caught in the GSL during annual DFO trawl research surveys according to
subareas and three size classes for the periods 1993-1999 and 2015-2019.

Stomachs containing prey
Total GSL NWG LC NEG

Stomachs % Empty
analysed stomach Allsize classes <20 20—30 >30 <20 20—30 >30 <20 20—30 >30 <20 20—30 >30

1993 886 63 332 101 57 174 17 8 11 47 30 70 37 19 93
1994 461 64 167 54 16 97 23 3 11 29 12 49 2 1 37
1995 258 59 106 24 9 73 13 4 3 9 4 38 2 1 32
1996 323 29 230 78 36 116 17 4 1 56 3 85 5 1 30
1997 357 80 70 27 8 35 11 2 1 13 5 21 3 1 13
1998 348 47 183 66 22 95 3 0 1 36 18 78 27 4 16
1999 496 44 278 108 27 143 10 2 1 35 21 98 63 4 44
1993—1999 3129 56 1366 458 175 733 94 23 29 225 121 439 139 31 265
Total number caught 68486 29195 16989 22303 1309 687 1790 22546 15022 13410 5340 1280 7103

Proportion of stomachs / catches (%) 1.99 1.57 1.03 329 718 335 1.62 1.00 081 327 1.76 180 0.41
2015 1003 33 675 403 60 212 105 12 7 131 18 137 167 30 68
2016 579 41 342 217 58 67 54 12 7 79 19 43 84 27 17
2017 564 38 347 172 99 76 41 34 7 71 41 50 60 24 19
2018 974 48 511 215 191 105 45 49 1 79 75 74 91 67 30
2019 709 37 449 153 224 72 71 29 6 40 93 42 42 102 24
2015—2019 3829 39 2324 1160 632 532 316 136 28 400 246 346 444 250 158
Total number caught 4187545 2235518 1941125 10902 322656 91811 205 1063270 599946 7411 849591 1249368 3286

Proportion of stomachs / catches (%) 0.06 0.05 0.03 488 0.10 0.15 13.66 0.04 0.04 467 0.04 0.01 0.85

TOTAL 6958 47 3690 1618 807 1265 410 159 57 625 367 785 583 281 423




1.6.6  Diet analysis

Developing reliable indices of diet composition over different time periods based on stomach
content analysis requires the consideration of several key issues. While stomach contents
reveal information about one or a few recent meals when a fish was sampled, it is only a
snapshot of an individual’s feeding habits, which needs to be considered when deriving
indices that are representative of the predator’s diet. Stomach content data can be used to
derive several types of diet indicators (Hyslop, 1980). Basic indicators include methods based
on prey numbers, prey mass or volume, and frequency of occurrence. Composite indices
(e.g., Index of Relative Importance, IRI) have also been developed to integrate two or more
of the basic indicators. In a modelling experiment, Ahlbeck et al. (2012) clearly demonstrated
that basic indicators based on prey mass or volume provide the best estimates of diet for a
wide array of feeding strategies, while composite indices were less robust. Further, the basic
currency to describe the contribution of different prey to the diet of a predator is energy,

which is directly related to mass and energy density of prey.

In the present study, three measures were used to describe the redfish diet. First, the
partial stomach fullness index (PFI) (Lilly & Fleming, 1981; Orr & Bowering, 1997) was
calculated for each prey taxa in the redfish stomach according to the equation:

PFI;; = M; x L;™® x 10* (1)

where Mi; is the mass of prey i in redfish j, L; is the FL (cm) of redfish j and b is the
specific allometric exponent calculated for redfish (b = 3.19), corresponding to the slope of
the linear relationship of log(mass) and log(FL) of redfish collected for this study during the
1993-1999 and 2015-2019 surveys (n = 6958; r? = 0.99, P < 0.001). The PFI adjusts the
amount of each prey taxon found in a stomach for the effect of predator size. The mean PFI

of prey i in the sample (period, size class and/or subarea) was then obtained as follows:
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PFI, =

Z| -

N
x z PFI, )
j=1

where N is the number of redfish in the sample. Second, in order to assess the
proportion of the contribution of prey in the diet of redfish, PFIl; was transformed into a
percentage (%Fl;, percentage fullness index, Bernier & Chabot, 2012) and calculated as:

PFI

where total stomach fullness index (TFI;) was the sum of all PFl; for a fish j.

TFI was calculated as:
I
i=1

N
x Z TFL, (5)
j=1

where | represents the number of different prey taxa found in the sample. Third, to

TFI =

Z| -

qualitatively indicate whether a small or large proportion of redfish fed on a given prey, the

percentage of occurrence (%0) of prey i was also calculated (Hyslop, 1980) as follows:

%0 = i x 100 6
00 = 6)
where N; is the number of stomachs in the sample containing prey i.

To gain further insight on the importance of each prey category in the diet of redfish,
we used Amundsen diagrams, a modification of Costello’s graphical method (Costello, 1990;
Amundsen et al., 1996) which is a two-dimensional representation of prey-specific
abundance in stomach fullness index (%Flspe) and percentage of occurrence (%0O). Prey-
specific abundance is defined as the percentage of a specific prey over all prey items, but

only for those predators in which that prey occurs. Thus, prey-specific abundance in stomach
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fullness index for prey category i, %FIspe i, was obtained exactly as %Fl; (Eq. 3), but instead
of using all N stomachs in a sample, using only the K stomachs containing prey category i:
Ispei

PF
UoFlspe | = o X 100 (7)
spe_i

where PFlspe _iis the average fullness index for prey i for the stomachs containing prey
I, and TFlspe i is the average total fullness index for the stomachs containing prey i. Prey
categories scoring 25-50 % in prey-specific abundance and > 25 %O were considered
important, those with > 50 % in prey-specific abundance and 25-50 %0 were very important,
and prey categories with > 50 % on both axes were considered dominant. Prey with high

prey-specific abundance (> 50 %) and just short of 25 %O were considered « noteworthy ».

1.6.7  Diet data weighting

A particular consideration must be made with samples collected in RV surveys such
as those considered in the present study. Typically, research survey protocols request a fixed
number of stomachs to be taken in each haul where the predator is present, usually stratified
in a number of predator size classes. As long as there are enough fish of the target species to
fill the stratification, the number of stomachs becomes independent of the number of fish in
the catch. In the present study, the number of non-empty stomachs sampled per haul ranged
between 1 and 44. However, the abundance of redfish varied widely among hauls, in
particular during the recent period of population recovery where total estimated numbers
caught varied between 1 and 250,047 (1 and 10,745 for the 1990s). The subsampling design,
combined to the difference of up to 5 orders of magnitude in redfish abundance among hauls,
implies the risk of widely overrepresenting the diet of fish captured in subareas of relatively
low abundance relative to those from the heart of the distribution. To account for this issue,
we followed the recommendations of Chipps & Garvey (2006) and weighted the stratified
diet data by the relative proportion of individuals actually caught within each size class at a
given haul. Capture data and the subsample of redfish measured in each haul were used to

estimate the number of redfish of each 1-cm length class in the catch. Mass of each stomach
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of length class 1 was then estimated according to the number of fish of length class 1 in the
catch divided by the number of stomachs of that same class. Only weighted results are shown.
Description of the prey taxon contributions to diet, before weighting for abundance in the

catches, is provided in Supplementary Table 1.1 for the two periods.

1.6.8  Statistical analysis

Cumulative prey curves (Ferry & Cailliet, 1996) were calculated to assess whether the
number of redfish samples was sufficient to describe the diet. Prey curves were generated
after 100 randomizations of the original data (%FI) calculated according to the number of
prey categories considered in further analyses. The slope of the linear regression (b) through
the last five subsamples validated the sample size, where b < 0.05 signified acceptable

levelling off of the prey curve for diet analyses (Brown et al., 2012).

Differences in percentage fullness index (%FI) between (1) the two periods according
to redfish size (< 20, 20-30 and > 30 cm) and (2) among sizes classes over periods and GSL
subareas (NWG, LC and NEG) were investigated. A nonparametric distanced-based
permutation multivariate analysis of variance was conducted on the Bray-Curtis distance
matrix (PERMANOVA, Anderson, 2014), calculated on average stomach contents per haul
expressed as %FI: stomachs from the same major size class were averaged for each haul
because they cannot be considered independent. Following significant test results
(PERMANOVA), post hoc tests using pairwise multiple comparisons were used to identify
differences between means. Similarity percentage analysis (SIMPER, Clarke, 1993) was
used to identify the prey explaining most of the dissimilarities between factors. All analyses
were performed with the software R version 4.0.1 (R Core Team, 2020) using packages
‘vegan’ (Oksanen et al., 2019), “plyr’ (Wickham, 2011), ‘ggplot2’ (Wickham, 2016) and
‘ggpubr’ (Kassambara, 2020).
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Supplementary Table 1.1 Diet composition of GSL redfish expressed in partial stomach
fullness index (PFI), percentage fullness index (%FI) and percentage of occurrence (%0)
according to period. Data used for this table was not weighted for the overall number of
redfish caught in each period.

PFI %FI %0
Periods 1993-1999 2015-2019 1993-1999 2015-2019 1993-1999 2015-2019
n 1366 2324
Preys TFI  0.528 0.263
FISH 0.053 0.042 9.954 15.806 9.956 6.239
Fish eggs T T 0.001 0.054 0.073 0.043
Digested Fish 0.021 0.006 4.037 2.179 6.296 3.055
Anguilliformes Nemichthys scolopaceus - T - 0.188 - 0.043
Aulopiformes Arctozenus risso 0.001 0.005 0.200 1.951 0.220 0.516
Paralepis sp. T - 0.053 - 0.073 -
Clupeiformes Clupea harengus - T - 0.002 - 0.043
Gadiformes Nezumia bairdii T T 0.033 0.148 0.146 0.043
Gadus sp. - T - 0.012 - 0.043
Gasterosteiformes Gasterosteus aculeatus T - 0.041 - 0.073 -
Myctophiformes Notoscopelus kroyeri - 0.001 - 0.336 - 0.086
Myctophidae - T - 0.175 - 0.043
Osmeriformes Mallotus villosus* 0.029 0.011 5411 4.068 2.416 0.775
Perciformes Lumpenus fabricii - T - 0.011 - 0.043
Melanostigma atlanticum 0.001 T 0.113 0.177 0.952 0.602
Zoarcidae T - 0.003 - 0.073 -
Pleuronectiformes Digested Pleuronectiformes - T - 0.038 - 0.086
Scorpaeniformes Sebastes sp.* T 0.017 0.061 6.466 0.073 1.334
SHRIMP 0.144 0.075 27.320 28.603 35.578 19.148
Digested Shrimp 0.027 0.004 5.026 1.390 12.299 4.045
Crangonidae Sabinea septemcarinata - T - 0.081 - 0.043
Pontophilus norvegicus T - 0.006 - 0.073 -
Hippolytidae Eualus fabricii - T - 0.117 - 0.043
Eualus gaimardii - T - 0.169 - 0.086
Eualus macilentus T T 0.021 0.104 0.146 0.043
Spirontocaris spinus - T - 0.120 - 0.043
Digested Hippolytidae - T - 0.054 - 0.043
Pandalidae Pandalus borealis* 0.043 0.025 8.066 9.427 7.687 3.787
Pandalus montagui 0.005 0.003 1.010 1.034 0.732 0.473
Pandalus sp. 0.007 0.003 1.240 1.123 1.977 1.291
Pasiphaeidae Pasiphaea multidentata* 0.057 0.039 10.710 14.976 16.764 11.360
Pasiphaea sp. 0.007 T 1.242 0.006 2.416 0.086
AMPHIPOD 0.136 0.028 25.768 10.640 38.141 24.096
Digested Amphipod 0.073 T 13.816 0.074 9.883 0.731
Ampeliscidae Byblis sp. - T - 0.027 - 0.043
Eusiridae Rhachotropis aculeata - T - 0.006 - 0.043
Gammaridea Digested Gammaridea T T 0.001 0.070 0.073 0.731
Hyperiidae Hyperia galba - T - 0.018 - 0.301
Hyperia sp. - T - 0.033 - 0.043
Hyperoche medusarum T - T - 0.073 -
Themisto abyssorum* 0.012 0.001 2.208 0.513 9.517 4.174
Themisto compressa™ 0.011 0.011 2.061 4.065 8.053 6.325
Themisto libellula* 0.015 0.005 2.818 2.008 7.467 2.969
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Supplementary Table 1.1 Continued.

PFI %FI %0
Periods 1993-1999 2015-2019 1993-1999 2015-2019 1993-1999 2015-2019
n 1366 2324
Preys TFlI  0.528 0.263
Themisto sp.* 0.007 0.009 1.315 3.573 7.174 14.157
Digested Hyperiidae 0.019 T 3515 0.071 11.933 0.731
Lysianassidae Hippomedon sp. - T - 0.002 - 0.043
Digested Lysianassidae - T - 0.013 - 0.129
Maeridae Maera loveni - T - 0.014 - 0.043
Melitidae Melita sp. - T - 0.006 - 0.043
Oedicerotidae Monoculodes sp. - T - 0.004 - 0.043
Phoxocephalidae Harpinia sp. - T - 0.002 - 0.043
Scinidae Scina borealis T T T 0.112 0.073 0.861
Unciolidae Neohela monstrosa T T 0.034 0.027 0.073 0.043
Uristidae Tmetonyx cicada - T - 0.004 - 0.086
COPEPOD 0.014 0.038 2.603 14.558 15.227 51.549
Digested Copepod 0.009 0.003 1.622 1.075 6.442 7.444
Aetideidae Bradyidius similis T T 0.001 0.011 0.073 0.344
Chiridius gracilis - T - 0.001 - 0.086
Digested Aetideidae - T - 0.180 - 0.904
Calanoida Digested Calanoida T 0.012 0.063 4.580 0.220 17.728
Calanidae Calanus finmarchicus T T 0.012 0.002 0.586 0.129
Calanus glacialis - T - T - 0.043
Calanus hyperboreus* 0.002 0.006 0.438 2.213 6.955 16.437
Calanus sp.* 0.002 0.014 0.315 5.510 2.928 18.847
Euchaetidae Paraeuchaeta norvegica T 0.001 0.036 0.244 1.537 6.110
Euchaeta sp. T - T - 0.220 -
Metridinidae Metridia longa T T 0.003 0.010 0.220 0.301
Metridia lucens T T 0.025 0.001 0.293 0.043
Metridia sp. T 0.002 0.087 0.730 0.732 5.336
Scolecitrichidae Scolecithricella sp. - T - T - 0.043
MYSID 0.038 0.011 7.121 4.316 13.543 10.069
Digested Mysid - T - 0.002 - 0.086
Mysidae Boreomysis arctica 0.002 0.005 0.438 1.751 1.537 1.463
Boreomysis tridens T T 0.081 0.031 0.439 0.129
Boreomysis sp. 0.027 0.006 5.090 2.387 8.565 7.487
Erythrops erythrophthalma - T - 0.020 - 0.301
Erythrops sp. - T - 0.010 - 0.129
Mysis mixta T - 0.014 - 0.073 -
Mysis sp. - T - 0.034 - 0.172
Pseudomma roseum - T - 0.049 - 0.086
Pseudomma sp. T T 0.047 0.002 0.073 0.043
Stilomysis sp. - T - 0.009 - 0.129
Digested Mysidae 0.008 T 1.451 0.021 4.685 0.430
EUPHAUSIID 0.029 0.044 5.553 16.671 11.786 14.372
Digested Euphausiid T T 0.002 0.015 0.293 0.430
Euphausiidae Meganyctiphanes norvegica*  0.014 0.020 2.745 7.619 7.613 7.960
Thysanoessa inermis T T 0.001 0.041 0.073 0.086
Thysanoessa raschii T 0.002 T 0.870 0.073 0.775
Thysanoessa sp. - 0.010 - 3.743 - 1.936
Digested Euphausiidae 0.015 0.012 2.805 4.383 4.905 5.809
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Supplementary Table 1.1 Continued.

PFI %FI %0
Periods 1993-1999 2015-2019 1993-1999 2015-2019 1993-1999 2015-2019
n 1366 2324
Preys TFlI  0.528 0.263

OTHER INVERTEBRATES 0.050 0.020 9.438 7.500 25.037 27.625

Invertebrate egg T - 0.002 - 0.146 -
Digested invertebrate 0.001 T 0.198 0.061 1.684 0.688

Anomalodesmata Cuspidaria sp. T - 0.006 - 0.073 -
Cephalopoda Rossia sp. - T - 0.017 - 0.043
Cumacea Digested Cumacea - T - 0.102 - 1.506
Crustacea Digested Crustacea 0.046 0.019 8.734 7.158 23.060 25.645
Decapoda Chionoecetes opilio - T - T - 0.043
Hyas sp. - T - T - 0.043
Digested Brachyura - T - 0.002 - 0.043
Gastropoda Limacina sp. - T - 0.002 - 0.086
Digested Gastropoda - T - 0.001 - 0.043
Isopoda Syscenus infelix - T - 0.024 - 0.043

Digested Isopoda T - T - 0.073 -

Malacostraca Digested Malacostraca 0.003 - 0.498 - 0.220 -
Mollusca Digested Mollusca - T - T - 0.043
Ostracoda Digested Ostracoda - T - 0.010 - 0.258
Polychaeta Aphrodita hastata - T - 0.123 - 0.043
Digested Polychaeta - T - 0.001 - 0.086
DIGESTED / UNIDENTIFIED 0.065 0.005 12.243 1.905 15.007 7.530
Egg T T 0.001 0.005 0.073 0.086
Item 0.065 0.005 12.242 1.900 15.007 7.444

T=Trace. The contribution of the eight broad taxonomic categories is in bold. *= Main prey taxa

62



1.7 RESULTS

1.7.1  Stomach dataset overview

A total of 6,958 stomachs were collected throughout the GSL and examined, of which
3,690 contained prey (47 % of empty stomach), from a total of 897 hauls, with 1,366 and
2,324 stomachs for 1993-1999 and 2015-2019, respectively (Figure 1.1, Table 1.1). In
2015-2019, the number of redfish in the catch was 61 times higher, for the entire GSL, than
during 1993-1999, and captures of small and medium redfish (< 20 and 20-30 cm) were 77
and 114 times higher, respectively, in the recent period, reflecting the strong recruitment of
the 2011-2013 cohorts. The total number of large individuals > 30 cm captured was
approximately equal during both periods and a similar sampling intensity was obtained (3.29
and 4.88 % of captured fish were sampled). Sampling intensity was similar (1.57 and 1.03 %
of captured fish) for small and mid-size fish in the 1990s. Despite a larger number of
stomachs collected for these same size classes in the 2010s, sampling intensity was much
less (0.05 and 0.03 % of captured fish) due to the surging abundance of small and mid-sized
individuals in recent years relative to the 1990s (Table 1.1). Even if the proportion of
individuals sampled for stomach contents was small for some groups, most cumulative prey
curves calculated for both periods according to three major size classes and subareas reached
a stable asymptote, indicating sufficient sample sizes for an accurate description of the
redfish diet (Supplementary Figures 1.2, 1.3). The only exceptions where an asymptote was
not reached was for large redfish (> 30 cm) in NWG for both periods, as well as for mid-
sized redfish (20-30 cm) in NEG in the 1990s (Supplementary Figure 1.3).

The range of redfish sizes for stomach collection was 7-50 cm in both periods (Figure 1.2),
median (25th and 75th percentiles) FL was 31 (17 and 37) cm in the 1990s and 20 (16 and
28) cm in the 2010s. Size classes with largest sample sizes for stomachs were 35-38 and 17—
20 cm in the 1990s and 2010s, respectively. For both periods, the NWG was characterised
by a scarcity of large individuals sampled compared to other subareas, both in the number of

stomachs and in the catch (Figure 1.2, Table 1.1). Most of redfish samples were collected
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from the deep channels (Laurentian, Esquiman and Anticosti, Figure 1.1, Table 1.1) of the
GSL. In the 1990s, median depth (25" and 75th percentiles) where the stomachs with prey
were obtained was 299 (255 and 315) m, 318 (256 and 382) m and 271 (248 and 288) m for
the NWG, LC and NEG, respectively, and in the 2010s, median depth was 250 (181 and 316)
m, 329 (245 and 391) m and 228 (177 and 276) m, for the three subareas, respectively.

NWG
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NEG

150

100

6661—€661
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Figure 1.2 Size frequency distribution of redfish with stomachs containing prey collected in
the GSL during 1993-1999 and 2015-2019 according to each defined subarea. Dashed lines
represent the FL. mean value for each period.
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Supplementary Figure 1.2 Cumulative prey curves and confidence interval of 95 % upper
and lower with b values through the last five subsamples for three major size classes during
1993-1999 and 2015-2019.
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1.7.2  Taxonomic considerations

To provide and facilitate the description of the redfish diet for both periods, prey items
were assigned to one of eight broad taxonomic categories under the common denomination:
Fish, Shrimp, Amphipod, Copepod, Mysid, Euphausiid, Other Invertebrates and Unidentified
Material. The TFI (sum of all PFIs) and the three measures for the assessment of prey
contribution to redfish diet (PFI, %FI and %0) based on the entire stomach dataset for each
period are presented in Table 1.2 and showed the eight broad dietary categories and each of
the 58 and 93 different prey items found in stomachs collected in 1993-1999 and 2015-2019,

respectively.

As far as possible, prey that showed important signs of digestion, but which were
identifiable by distinguishing features (e.g., telson for shrimp) were assigned to one of the
eight categories with the name “digested”. The category Other Invertebrates was comprised
mostly of remains of crustaceans, along with traces of identified groups from several classes
of invertebrates that were rarely encountered in redfish stomach. Overall, only a few of the
prey types identified at the genus or species level had important dietary contributions and
were consumed regularly during both periods (taxon identified by an asterisk, Table 1.2).
Capelin and redfish were the most frequent fish, while shrimp were most often represented
by northern shrimp P. borealis and pink glass shrimp P. multidentata. Among amphipods,
the greatest contributions were from unspecified Themisto sp. along with T. abyssorum,
T. compressa and T. libellula. Of the copepods, unspecified Calanus sp. and C. hyperboreus
were most important, while among euphausiids, the northern krill, Meganyctiphanes
norvegica, was the main contributor. Another major zooplankter was the deepwater mysids
of genus Boreomysis, though these were not significant enough to be major prey. These
important taxa were retained in the following analyses, except that all four Themisto taxa
were grouped into Themisto sp. since the three identified species contributed similarly to the
diet. Other prey taxa were grouped together according to broad taxonomic categories,

resulting in fifteen prey groups of interest (see Figure 1.3).
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Prey that could not be identified to a chosen taxonomic group were classified in the
category Unidentified Material. Compared to the 2010s, the 1990s were characterised by a
higher contribution and occurrence of Unidentified Material (the 1990s: %FI = 18.99, %0 =
18.38; the 2010s: %FI = 1.93, %0 = 11.17, Table 1.2). Some stomachs from the 1990s were
analysed in 2019, allowing the assessment of the impact of protocol adjustments and
differences in taxonomic expertise between the two periods. For example, the stomachs from
the 1990s that were examined in 2019 had virtually no Unidentified Material, in contrast to
the other stomachs from the 1990s that had been examined during that period
(Supplementary Figure 1.1). Removal of the category Unidentified Material reveals similar
trends in diet of the 1990s, regardless of when the stomachs were analysed, with two
exceptions: amphipods and shrimp. For amphipods, the category Other Amphipods was more
abundant in the stomachs from the 1990s analysed in the 1990s, whereas those examined in
2019 contained more Themisto sp. taxa. However, for the entire dataset, all identifiable
Amphipod taxa were present as traces only, except Themisto taxa. Therefore, a major part of
Other Amphipods in stomachs analysed in the 1990s were likely Themisto sp. and the trends
for Amphipods very similar for stomachs from the 1990s regardless of when the stomachs
were analyzed. For Shrimp prey, stomachs from the 1990s examined in 2019 did show more
P. multidentata and less P. borealis than stomachs analysed in the 1990s.This switch in
shrimp species likely represents interannual differences in diet, as most stomachs examined
in the 1990s were collected in 1997 or before, and all stomachs from the 1990s analysed in
2019 were collected in 1997 and after. Both subsets of stomachs from the 1990s were
considered comparable and combined for further analysis, and the category Unidentified
Material was removed from the data for both the 1990s and 2010s, because differences in the
importance of this group appeared to be caused by methodological differences
(Supplementary Figure 1.1). This adjustment slightly reduced sample size by 111 for the
1990s and 35 for the 2010s (mainly for small individuals < 20 cm; n = 64 and n = 20, for
both periods respectively) (Supplementary Table 1.2).
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Supplementary Table 1.2 Number of redfish non-empty stomachs caught in the GSL, by period, size class and subarea, after
the removal the category Unidentified Material.

Stomachs containing prey (without Unidentified Material)

Total GSL NWG LC NEG

All size classes <20 20—30 >30 <20 20—30 =>30 <20 20—30 =>30 <20 20—30 =>30

1993 246 50 41 155 9 4 10 22 21 60 19 16 85
1994 164 53 15 96 23 3 11 29 11 49 1 1 36
1995 102 20 9 73 10 4 3 8 4 38 2 1 32
1996 215 71 30 114 15 4 1 51 25 83 5 1 30
1997 69 26 8 35 10 2 1 13 5 21 3 1 13
1998 183 66 22 95 3 0 1 36 18 78 27 4 16
1999 276 108 27 141 10 2 1 35 21 96 63 4 44
1993—1999 1255 394 152 709 80 19 28 194 105 425 120 28 256
2015 657 387 60 210 102 12 7 123 18 136 162 30 67
2016 340 217 57 66 54 11 7 79 19 43 84 27 16
2017 342 169 97 76 40 32 7 71 41 50 58 24 19
2018 508 214 190 104 45 48 1 78 75 73 91 67 30
2019 442 153 219 70 71 28 6 40 93 41 42 98 23
2015—2019 2289 1140 623 526 312 131 28 391 246 343 437 246 155

TOTAL 3544 1534 775 1235 392 150 56 585 351 768 557 274 411




1.7.3  Effect of redfish size on diet composition

For both periods, zooplankton dominated the diet of the smallest redfish. With
Increasing predator size, their importance decreased while the proportion of shrimp and fish
increased, according to all three diet measures (Figure 1.3). This same major shift in the diet
of redfish is observed around 25 cm for the 1990s and 30 cm for the 2010s. Although the
contribution of zooplankton in terms of %FI decreased drastically for large specimens,
occurrences remained high, especially for amphipods in the 1990s and for copepods in the
2010s. For both periods, pink glass shrimp and northern shrimp were found in high
proportion and occurrence in large redfish, although the contributions in %FI and %0 of pink
glass shrimp were greater than that of northern shrimp. For both periods, the specific
contribution of northern shrimp was greatest for 30—35 cm redfish (%FI = 32.66 in the 1990s
and 26.79 in the 2010s, Figure 1.3). Although the two periods were characterised by the
same overall diet trends in relation to redfish size, differences in the importance of specific
prey were observed. Diet composition based on %FI of the fifteen prey groups was influenced
by the interaction between periods and size classes (PERMANOVA, p =0.001, Table 1.3).

Amphipod groups, principally of Themisto, dominated the diet of small (< 20 cm)
redfish in the 1990s, while euphausiid and copepod groups dominated during the recent
period (Figure 1.3). SIMPER analysis revealed that for small redfish, differences between
the two periods were explained at 47 % by the relative abundance in the diet of Themisto sp.
and Other Amphipods (more abundant in the 1990s), as well as Other Copepods and Calanus
sp. (more abundant in the 2010s), whereas Other Invertebrates and Mysids, more abundant
in the 1990s, contributed another 30 % (Table 1.3).

Themisto sp. still dominated the diet of medium (20-30 cm) redfish in the 1990s while
the three Copepod categories were predominant during the 2010s with C. hyperboreus as the
species identified most frequently, though it was nearly absent in the 1990s (Figure 1.3).
According to SIMPER analysis, Other Amphipods, Themisto sp., Other Copepods and C.
hyperboreus accounted for 36 % of the differences between medium redfish from the two
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periods, whereas Other Invertebrates, Mysids and Other Shrimp, slightly more abundant in
the 2010s, contributed another 31 % (Table 1.3). In the 1990s, there was a peak in the
proportion of P. multidentata in the diet (41.51 %) for 25-30 cm redfish (Figure 1.3) and
this prey contributed 7 % to the difference in the diet of the two periods for medium size
redfish (Table 1.3).

Although the Shrimp groups were important in both periods in the diet of large (> 30
cm) redfish (%FI = 61.71 in the 1990s and 50.48 in the 2010s), the relative proportion of the
three categories changed between periods (Figure 1.3) and contributed 45 % to the
differences in diets (Table 1.3). In terms of %FI, the diet of the largest redfish (> 40 cm) in
the 2010s was almost exclusively based on shrimp and fish groups (%FI = 89.69) (Figure
1.3). Capelin was the most important fish prey consumed in large redfish in the 1990s, while
a shift to cannibalism was observed for the same size class in the 2010s (Figure 1.3), but
these changes did not contribute strongly to the differences between periods shown in Table
1.3. Amphipods remained important in the diet of large redfish during the 1990s, while their
contribution was negligible during the 2010s (Figure 1.3), explaining 17 % (Other

Amphipods and Themisto sp.) of the differences between periods.

1.7.4  Spatial variability in diet composition and feeding strategy

Diet composition was also influenced by the interaction among size classes (< 20, 20—
30, > 30 cm) over periods (1990s and 2010s) and subareas (NWG, LC, NEG)
(PERMANOVA, p =0.003). Pairwise comparisons indicated redfish diets differences, except
for redfish > 30 cm in the NWG (Table 1.4). The absence of difference for > 30 cm redfish
in the NWG should be interpreted with caution given the low numbers of large individuals
in this subarea during both periods. Amundsen diagrams were used to depict the feeding
strategy of redfish during both periods (Figures 1.4, 1.5). Overall, only the prey groups of
Other Amphipods, Mysids, and P. borealis appeared as dominant, and then only in the 1990s
(Figure 1.4).
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Table 1.2 Diet composition of GSL redfish expressed in partial stomach fullness index (PFI),
percentage fullness index (%FI) and percentage of occurrence (%0) according to period.

PFI %FI %0
Periods 1993-1999 2015-2019 1993-1999 2015-2019 1993-1999 2015-2019
n 1366 2324
Preys TFI 0422 0.095
FISH 0.033 0.002 7.804 2.322 6.257 0.548
Fish eggs T T T 0.002 0.005 0.001
Digested Fish 0.025 T 5.980 0.233 5.399 0.327
Anguilliformes Nemichthys scolopaceus - T - 0.005 - 0.000
Aulopiformes Arctozenus risso T T 0.022 0.043 0.021 0.004
Paralepis sp. T - 0.008 - 0.009 -
Clupeiformes Clupea harengus - T - T - 0.002
Gadiformes Nezumia bairdii T T 0.020 0.001 0.056 0.000
Gadus sp. - T - 0.001 - 0.001
Gasterosteiformes Gasterosteus aculeatus - 0.007 - 0.010 -
Myctophiformes Notoscopelus kroyeri - T - 0.003 - 0.000
Myctophidae - T - 0.004 - 0.000
Osmeriformes Mallotus villosus* 0.007 0.002 1.709 1.871 0.513 0.195
Perciformes Lumpenus fabricii - T - 0.001 - 0.002
Melanostigma atlanticum T T 0.047 0.008 0.290 0.010
Zoarcidae T - 0.001 - 0.016 -
Pleuronectiformes Digested Pleuronectiformes - T - 0.001 - 0.001
Scorpaeniformes Sebastes sp.* T T 0.010 0.149 0.010 0.012
SHRIMP 0.152 0.018 35.969 19.069 30.136 2.282
Digested Shrimp 0.008 0.001 1.992 0.727 5.199 0.751
Crangonidae Sabinea septemcarinata - T - 0.031 - 0.006
Pontophilus norvegicus T - T - 0.005 -
Hippolytidae Eualus fabricii - T - 0.001 - 0.000
Eualus gaimardii - T - 0.009 - 0.002
Eualus macilentus T T 0.006 0.002 0.032 0.000
Spirontocaris spinus - T - 0.001 - 0.000
Digested Hippolytidae - T - 0.003 - 0.001
Pandalidae Pandalus borealis* 0.058 0.001 13.772 1.163 5.198 0.063
Pandalus montagui 0.003 T 0.610 0.095 0.177 0.007
Pandalus sp. 0.002 0.001 0.447 0.691 0.553 0.109
Pasiphaeidae Pasiphaea multidentata* 0.079 0.016 18.694 16.346 19.601 1.395
Pasiphaea sp. 0.002 T 0.448 T 0.493 0.001
AMPHIPOD 0.100 0.011 23.679 11.971 46.132 19.667
Digested Amphipod 0.041 T 9.725 0.009 7.981 0.027
Ampeliscidae Byblis sp. - T - 0.001 - 0.001
Eusiridae Rhachotropis aculeata - T - T - 0.000
Gammaridea Digested Gammaridea T T T 0.015 0.010 0.313
Hyperiidae Hyperia galba - T - 0.151 - 0.185
Hyperia sp. - T - 0.006 - 0.003
Hyperoche medusarum T - T - 0.007 -
Themisto abyssorum* 0.010 T 2.344 0.235 7.066 2.359
Themisto compressa* 0.008 0.002 1.836 2.498 3.928 3.437
Themisto libellula* 0.007 0.003 1.549 3.317 2.669 2.133
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Table 1.2 Continued.

PFI %FI %0
Periods 1993-1999 2015-2019 1993-1999 2015-2019 1993-1999 2015-2019
n 1366 2324
Preys TFI 0422 0.095
Themisto sp.* 0.025 0.005 5.843 5.514 26.944 12.880
Digested Hyperiidae 0.010 T 2.377 0.173 4.560 1.106
Lysianassidae Hippomedon sp. - T - T - 0.003
Digested Lysianassidae - T - 0.011 - 0.060
Maeridae Maera loveni - T - 0.001 - 0.001
Melitidae Melita sp. - T - T - 0.000
Oedicerotidae Monoculodes sp. - T - T - 0.001
Phoxocephalidae Harpinia sp. - T - T - 0.003
Scinidae Scina borealis T T T 0.037 0.014 0.236
Unciolidae Neohela monstrosa T T 0.006 T 0.010 0.000
Uristidae Tmetonyx cicada - T - 0.001 - 0.009
COPEPOD 0.010 0.034 2.465 35.286 15.761 74.787
Digested Copepod 0.007 0.002 1.751 2.296 11.245 12.210
Aetideidae Bradyidius similis T T T 0.007 0.018 0.089
Chiridius gracilis - T - 0.002 - 0.170
Digested Aetideidae - T - 0.168 - 1.881
Calanoida Digested Calanoida T 0.009 0.085 9.889 0.137 25.567
Calanidae Calanus finmarchicus T T 0.004 0.002 0.188 0.156
Calanus glacialis - T - T - T
Calanus hyperboreus* 0.001 0.006 0.250 6.511 3.260 25.476
Calanus sp.* 0.001 0.015 0.325 15.640 2.143 26.367
Euchaetidae Paraeuchaeta norvegica T T 0.025 0.449 0.559 9.485
Euchaeta sp. T - T - 0.035 -
Metridinidae Metridia longa T T 0.001 0.002 0.138 0.065
Metridia lucens T T 0.004 0.001 0.058 0.013
Metridia sp. T T 0.019 0.318 0.490 2.413
Scolecitrichidae Scolecithricella sp. - T - T - 0.107
MYSID 0.007 0.001 1.774 1.410 6.882 1.784
Digested Mysid - T - 0.001 - 0.013
Mysidae Boreomysis arctica 0.001 T 0.156 0.289 0.375 0.118
Boreomysis tridens T T 0.039 0.014 0.127 0.022
Boreomysis sp. 0.005 0.001 1.091 1.025 5.666 1.428
Erythrops erythrophthalma - T - 0.024 - 0.026
Erythrops sp. - T - 0.001 - 0.005
Mysis mixta T - 0.007 - 0.029 -
Mysis sp. - T - 0.036 - 0.057
Pseudomma roseum - T - 0.002 - 0.001
Pseudomma sp. T T 0.015 0.012 0.019 0.079
Stilomysis sp. - T - 0.001 - 0.002
Digested Mysidae 0.002 T 0.466 0.005 1.139 0.045
EUPHAUSIID 0.016 0.016 3.825 17.233 9.573 5.038
Digested Euphausiid T T 0.001 0.010 0.113 0.192
Euphausiidae Meganyctiphanes norvegica*  0.013 0.004 3.161 3.710 8.741 2.241
Thysanoessa inermis T T T 0.001 0.014 0.000
Thysanoessa raschii T T 0.001 0.083 0.120 0.105
Thysanoessa sp. - 0.005 - 5.531 - 0.917
Digested Euphausiidae 0.003 0.008 0.661 7.897 1.054 2.126
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Table 1.2 Continued.

PFI %FI %0
Periods 1993-1999 2015-2019  1993-1999 2015-2019 1993-1999 2015-2019
n 1366 2324
Preys TFI 0422 0.095

OTHER INVERTEBRATES 0.023 0.010 5.496 10.781 16.269 23.472

Invertebrate egg T - T - 0.023 -
Digested invertebrate 0.001 T 0.175 0.015 1.659 0.063

Anomalodesmata Cuspidaria sp. T - 0.001 - 0.010 -
Cephalopoda Rossia sp. - T - 0.001 - 0.001
Cumacea Digested Cumacea - T - 0.039 - 0.922
Crustacea Digested Crustacea 0.022 0.010 5.268 10.679 14.532 22.639
Decapoda Chionoecetes opilio - T - T - 0.001
Hyas sp. - T - T - 0.002
Digested Brachyura - T - 0.003 - 0.025
Gastropoda Limacina sp. - T - T - 0.004
Digested Gastropoda - T - T - 0.001
Isopoda Syscenus infelix - T - T - 0.000

Digested Isopoda T - T - 0.005 -

Malacostraca Digested Malacostraca T - 0.052 - 0.073 -
Mollusca Digested Mollusca - T - 0.001 - 0.044
Ostracoda Digested Ostracoda - T - 0.022 - 0.254
Polychaeta Aphrodita hastata - T - 0.019 - 0.002
Digested Polychaeta - T - T - 0.007
DIGESTED / UNIDENTIFIED 0.080 0.002 18.988 1.929 18.379 11.168
Egg T T T 0.003 0.005 0.031
Item 0.080 0.002 18.988 1.926 18.379 11.137

T=Trace. The contribution of the eight broad taxonomic categories is in bold. *= Main prey taxa
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Table 1.3 PERMANOVA, pairwise comparisons and SIMPER results testing the
dissimilarities in redfish diet composition based on percentage fullness index (%FI) of the
fifteen prey categories between periods and for three size classes.

Source DF  Pseudo-F P -value
Period x Size 2 7.755 0.001
Residuals 1416
Levels P -value Contribution (%0) to dissimilarity
<20cm
. Other Invertebrates (17); Themisto sp. (15); Other Copepods (13); Mysids (13); Calanus sp.
1990s:2010s 0.001 (11); Other Amphipods (8)
20-30 cm
19905:2010s 0.001 Other'lnvenebrates (13); Other Amphipods (11); Mysids (10); Other Copepods (10);
Themisto sp. (8); Other Shrimp (8); C. hyperboreus (7); P. multidentata (7)
>30 cm
1990520105 0.001 P. multidentata (22); P. borealis (12); Other Shrimp (11); Other Fish (10); Other Amphipods

(9); Themisto sp. (8)

Bold indicates significant values adjusted (P < 0.05). DF, degrees of freedom.

The diets of small (< 20 cm) redfish during the 1990s were characterised by Mysids
(i.e., Boreomysis sp., Table 1.2) as the dominant prey in NWG and by very important prey
groups in the three subareas: Other Invertebrates (NWG), and Other Copepods and Themisto
sp. (LC and NEG) (Figure 1.4). In the 2010s, the diets of small redfish were characterised
by very important prey categories: Other Invertebrates in NWG, Calanus sp. in LC and NEG,
and Other Copepods being important prey in the same two subareas. Other Euphausiids and
Calanus sp. were noteworthy in NWG (Figure 1.5). Mysids (25 % in NWG), Other
Invertebrates (12-25 % in the three subareas), Themisto sp. (23 % in NEG) and Other
Copepod (6-17 % in the three subareas) explained the most of the dissimilarities observed in

pairwise comparisons over periods and spatial subareas (Table 1.4).

In medium (20-30 cm) redfish diet and during the 1990s, only northern shrimp was the
dominant prey type in NEG while Mysids, P. multidentata and Other Amphipods were very
important in NWG, LC and NEG, respectively, and Themisto sp. was important in LC
(Figure 1.4). In the 2010s, Other Copepods, Other Invertebrates (e.g., digested crustaceans,
Table 1.2) and Themisto sp. were very important groups in NWG, LC and NEG, respectively.
C. hyperboreus was important in all three subareas and Other Copepods were important in
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LC and NEG, whereas Other Invertebrates were important in NEG (Figure 1.5). Mysids
explained 29 % of the dissimilarity in NWG while Other Invertebrates and Other Amphipods
respectively explained 14 and 24 % in LC and NEG subareas, observed in pairwise

comparisons (Table 1.4).

In the large (> 30 cm) redfish diet in the 1990s, Other Amphipods dominated the diet
in NWG and NEG, and P. multidentata was a very important prey in LC, whereas Themisto
sp. was important in LC as well as Other Shrimp and P. borealis were noteworthy in LC and
NEG, respectively (Figure 1.4). In the 2010s, a single very important prey, P. multidentata,
was observed in LC. Mysids and M. norvegica were important prey categories in NWG and
NEG, respectively, and P. borealis was a noteworthy prey in NWG and NEG (Figure 1.5).
Fish prey were noteworthy in large redfish diet for both time periods (Figure 1.3); these were
important despite their low occurrence because they often consisted of large meals (high
fullness index) (Figures 1.4, 1.5). The two shrimp species explained together 25 % of the
dissimilarity observed in NEG and P. multidentata explained 26 % of the differences between
periods in LC (Table 1.4).

1.8 DISCUSSION

1.8.1  Stomach content analysis and the measure of diet composition over long time
periods

The potential variability in stomach content data means that large sample sizes may be
required to obtain a representative portrait of diet composition for a given category of fish,
area or time period. This is particularly true for predators that often have regurgitated
stomachs when sampled, as is seen with Greenland halibut and redfish. In a literature review,
Baker et al. (2014) concluded that samples comprising > 100 individuals generally provide a
reliable depiction of diet composition. The validity of sample sizes can be assessed using
prey accumulation curves. In cases when the asymptote is not reached (Supplementary
Figure 1.3), the reliable depiction of diet composition can be further assessed by evaluating
the convergence of diet indicators based on mass or volume (e.g., %FI) and %0.
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Table 1.4 PERMANOVA, pairwise comparisons and SIMPER results testing the
dissimilarities in redfish diet composition based on percentage fullness index (%FI) of the
fifteen prey categories among size classes over periods and subareas.

Sources DF Pseudo-F P -value
Periods x Size x Subareas 4 1.681 0.003
Residuals 1404
Levels P -value Contribution (%6) to dissimilarity
<20cm

Mysids (25); Other Invertebrates (25); Other Euphausiids (13); Other
Amphipods (6); Other Copepods (6)

Other Invertebrates (16); Other Copepods (15); Themisto sp. (14);

NWG 0.001

1990s:2010s L 001
¢ 0.00 Calanus sp. (13); Mysid (12); Other Amphipods (10)
NEG  0.001 Themisto sp. (23); Other Copepods (17); Calanus sp. (13); Other
' Invertebrates (12); Other Amphipods (9)
20-30 cm
NWG  0.001 Mysids (29); Other Invertebrates (15); P. borealis (12); Other Fish

(8); Other Amphipods (7)

19905:2010s Other Invertebrates (14); Other Copepods (11); C. hyperboreus (10);

LC 0.001 P. multidentata (10); Other Shrimp (9); Mysids (8), Calanus sp. (8);
Other Amphipods (7)
NEG 0.001 Other Amphipods (24); Themisto sp. (15); Other Copepods (11);
' Other Invertebrates (10); Other Shrimp (8); Calanus sp. (7)
>30cm
NWG  0.442
. P. multidentata (26); Other Shrimp (13); Other Fish (11); Other
19905:2010s Lc 0.001 Invertebratse (8); Themisto sp. (7); P. borealis (7)
NEG 0.001 P. borealis (19); P. multidentata (16); Other Amphipods (15);

Themisto sp. (11); Other Shrimp (8); Other Fish (7)

Bold indicates significant values adjusted (P < 0.05). DF, degrees of freedom.

78



NWG LC NEG
. @ | Verz it % ’D .
754 Dominant v
AD o A
m A N
3 s0{® <o Yo S | Prey groups
£ meorant - 3| A M. villosus
8 v A Sebastes sp.
= v v A Other Fish
2 o © P boreali
= 1004 ® Vo) v O @) . borealis
8 O O P. multidentata
E | M| 4 O Other Shrimp
w Cﬁﬁ N | B Themisto sp.
£ O L T ;
@ 50- v 8 O Other Amphipods
§ O O o o | ¥ C. hyperboreus
2 251 g o 3 | ¥ Calanus sp.
2 V Other Copepods
g o v x 14 A Mysids
g 1001 A @ M. norvegica
) O A o A S O < Other Euphausiids
e & 0O © Other Invertebrates
o v
X 5 & \ / @O L §
L0 oL Om 3
B 4 4
0-
0O 25 5 75 1000 25 50 75 1000 25 50 75 100
% O

Figure 1.4 Feeding strategy of GSL redfish in the 1990s for three subareas and three major size classes. Prey-specific abundance
in stomach fullness index (%FIspe_i ) is plotted against percentage of occurrence (%0).
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In the present study, we considered a total number of 6,958 stomachs, of which 3,690
contained prey taxa. Within a given period, each 5 cm size class comprised between 55 and
656 individual redfish stomachs. Even though there were only 55 stomachs available for 20—
24.9 cm redfish in the 1990s, the progressive diminution of small prey items with increasing
fish length is clearly visible using all three measures (PFls, %FI, and %0Q) and the relative
abundance of Amphipods and Copepods was coherent with other size classes of the 1990s,
and different from their relative abundances in the 2010s (Figure 1.3). In some instances,
smaller sample sizes were considered when splitting samples into subareas (e.g., NWG in the
1990s, Table 1.1), but for the large majority of subgroups (combination of size classes,
period and geographic subarea) well above 100 stomachs with food were available, making
us confident that our sample sizes and choice of diet indicators allowed for a representative
description of the redfish diet and robust comparisons of redfish diet composition between

periods and among subareas within the GSL.

1.8.2  Size-related changes in diet composition of redfish

For both periods considered in the present study, analysis of redfish diet composition
revealed similar patterns of dietary shifts with size. Overall, zooplankton dominated the diet
of small redfish (< 20 cm), but generally showed decreasing importance with increasing
predator size as it was replaced by shrimp and fish. Size-related shifts in diet composition
are commonly observed in fishes (e.g., Hovde et al., 2002; Buckley & Whitehouse, 2017;
Sanchez-Hernandez et al., 2019), given that body size often increases by more than one order
of magnitude from the early juvenile to the late adult stages. Shifts in prey are generally
linked to the combination of predator size, mouth opening and swimming ability, as well as
changes in vertical distribution and habitat use (Cook & Bundy, 2010; Sanchez-Hernandez
etal., 2019).

Redfish occupy various depth strata during ontogeny. Larvae develop in surface waters
then migrate to deeper waters as they develop (Templeman et al., 1959; Senay et al., 2021).

Juveniles and adult redfish are bentho-pelagic, distributed near the sea floor at depths ranging
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between 40 and 500 m in the GSL, older fish occupying generally deeper waters than younger
fish, then migrating vertically to feed on pelagic preys (e.g., Steele, 1957; Lambert, 1960;
Planque et al., 2013; Senay et al., 2021; Froese & Pauly, 2022).

Our study provides a robust confirmation of trends observed in a preliminary analysis
based on raw data, showing a dietary shift from zooplankton to shrimp and fish (Senay et al.,
2021). Such a transition was also reported in both Barents (Dolgov & Drevetnyak, 2011) and
Irminger (Gonzalez et al., 2000) seas, as well as on the Flemish Cap (Albikovskaya &
Gerasimova, 1993). Moreover, the main groundfish species co-occurring with redfish in the
GSL, namely the Greenland halibut, Atlantic cod and white hake (Urophycis tenuis Mitchill
1814), are also characterised by a dietary shift from zooplankton to shrimp at sizes ranging

between 20-25 cm, and then to piscivory at larger sizes (Ouellette-Plante et al., 2020).

1.8.3  Redfish: Selective predator or indicator of ecosystem change?

Our capacity to detect whether the diet of a given species is either selective or reflects
changes in the relative abundance of potential prey taxa requires sampling across the
distribution of a given species that may vary between periods in relation to prey availability
(Fahrigetal., 1993; Dwyer et al., 2010; Buckley & Whitehouse, 2017) and abiotic conditions,
such as temperature (Cook & Bundy, 2010).

Since the early 2010s, changes have been noticed in the GSL environment and
ecosystem. Deep waters have warmed from the inflow of oceanic water through Cabot Strait,
contributing to a worsening of acidification and hypoxia of this deeper water layer (Mucci et
al., 2011; Galbraith et al., 2019; Blais et al., 2021). This continuing warming of the deeper
water layers will impact on species distribution and composition, such as the decline of
dominant cold-water species like northern shrimp, snow crab, and Greenland halibut, and the
increase of warm-water species like redfish and cod (Bourdages et al., 2017; Brassard et al.,
2017; Galbraith et al., 2019). In the present study, the geographic coverage of the redfish
stomach collection on trawl research surveys was relatively extensive and similar between

both periods, allowing us to detect temporal changes among the three spatial subareas of the
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GSL. Moreover, weighting of diet composition to account for spatial variability in redfish
abundance allowed us to document dietary changes between the two periods characterised

by different regimes, considering redfish local abundance.

In addition to considering variability in redfish spatial distribution, a robust assessment
of feeding strategies would be facilitated by information on prey availability over the full
time series considered. DFQO’s Atlantic Zone Monitoring Program (AZMP) provides
abundance indices for mesozooplankton taxa such as copepods, and some information on
macrozooplankton taxa, such as amphipods, euphausiids and mysids, but the program only
started its large-scale monitoring activities in 2000 (Blais et al., 2021), i.e., after the first
period considered in the present study. For shrimp, abundance of the commercially exploited
northern shrimp has been assessed over the full time series. Data on pink glass shrimp are
only partial, obtained by sampling from the annual bottom trawl survey. Compared with
northern shrimp, pink glass shrimp is mostly pelagic and catch quantities are orders of
magnitude lower (kilotons vs. kg; Bourdages et al., 2020b) on the trawl survey, representing
an unknown fraction of the available biomass in the water column. The frequent presence of
pink glass shrimp in redfish stomachs suggests it could be present at a similar scale of
biomass as northern shrimp. In the 2015-2017 groundfish stomach contents summary by
Ouellette-Plante et al. (2020), among deepwater predators, pink glass shrimp is ranked first
in contributed prey for redfish, black dogfish (Centroscyllium fabricii), longfin hake (Phycis
chesteri) and is significant in Greenland halibut, thus suggesting that it is widely available
and abundant in the deep channels of the GSL. Regarding fish prey, small redfish has been
monitored over the whole time series, while capelin is not assessed in the same manner in
the GSL because the trawl research surveys has limited catchability for pelagic species, akin
to the situation with pink glass shrimp noted above (Bourdages et al., 2020b). Even though
several key prey species are mostly pelagic and abundance indices are not currently generated
from the annual bottom trawl survey, complementary information based on specific research
initiatives can be used to make robust inferences on redfish feeding strategies within the three

main size classes considered.
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Small-sized redfish: Zooplankton consumption based on the relative abundance of
key taxa — Marked variability in diet composition was observed in small (< 20 cm) redfish
diet, reflected by the dominance of different zooplankton prey taxa between periods and
among subareas of the GSL. These differences were primarily driven by a dominance of
amphipods (Themisto sp.) in the 1990s, in particular in the diet of North-East Gulf redfish,
while in the 2010s, copepods (Calanus sp., especially large C. hyperboreus) and euphausiids
(mostly M. norvegica) respectively dominated diet composition in the Laurentian Channel
and the North-West Gulf. Information available on spatiotemporal variations of zooplankton
taxa within the GSL suggests that small redfish diet composition was proportional to the
relative abundance of main zooplankton taxa in time and space. For example, as Mysids were
mostly composed of Boreomysis arctica and Boreomysis sp., their importance in the diet of
NWG redfish was not surprising as their distribution is mostly in NWG, spilling over into
the southwest part of LC (Chabot et al., 2007). This pattern may be similar to that with
Atlantic cod, with their diet reflecting available prey (and thus a good sampler of the
ecosystem, Link, 2004), possibly in contrast to Greenland halibut, which exhibit prey
preferences and may thus not select alternate prey when preferred ones are less available
(Ouellette-Plante et al., 2020).

In the 1990s, the massive intrusion of the cold Labrador Current waters into the GSL
via the Strait of Belle Isle led to a sharp increase of the abundance of the arctic Themisto
libellula and subarctic T. abyssorum into the ecosystem (Harvey et al., 2004; Harvey &
Devine, 2009; Kraft et al., 2013). These two amphipod species were five times more
abundant in 1998, corresponding to the end of the cold period, compared to 2000-2001
(Descroix et al., 2005). The importance of cold water amphipods in the GSL in the 1990s
was also confirmed by Starr et al. (2002), who found strong concordance between their
relative abundance in the environment to their importance in the diet of Atlantic cod between
1994 and 2001 in the North-West Gulf. This previous study, as well as our own results,
suggest that small cod and redfish consume T. libellula in proportion to their availability in

the environment. Since 2005, T. libellula abundance has strongly declined (Harvey &
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Devine, 2009), which is consistent with their reduced importance in the diet of redfish during
the 2010s.

Calanus spp. copepods represent a large proportion of the mesozooplankton
community in the GSL (Plourde et al., 2003; Harvey & Devine, 2009). They are distributed
near the surface during the productive season but sink in the deep channels diapausing from
August to early spring (Harvey et al., 2004; Dufour & Ouellet, 2007) where they become a
major prey for redfish. The AZMP has revealed that peak abundance of C. hyperboreus has
been recorded in recent years (Blais et al., 2021). Given its large body size, Devine et al.
(2017) estimated that C. hyperboreus recently represented up to 80 % of the total Calanus
sp. biomass in the GSL. The current trends of increasing Calanus sp. biomass in the GSL is
consistent with the higher contribution of this taxon to small redfish diet in the 2010s

compared to the 1990s.

Euphausiids also contributed importantly to the diet of smaller redfish in the 2010s,
with the highest contribution in 10-15 cm redfish. Between 1994 and 2007, the abundance
of the two main species of euphausiids, Thysanoessa raschii and Meganyctiphanes
norvegica, was estimated to have decreased (Harvey & Devine, 2009). However, acoustic
surveys suggest that traditional sampling methodologies strongly underestimate actual
abundances (McQuinn et al., 2015). Moreover, there are no data available to contrast
euphausiid abundance between the 1990s and the 2010s, so it is not possible to determine
whether euphausiids were consumed according to their relative abundance in the
environment. Even though krill consumption by redfish requires further investigation, our
results and available evidence relative to amphipod and copepod abundance in the GSL
strongly suggest that small redfish consume their zooplankton prey in an opportunistic
fashion, based on the relative availability of the main taxa in the environment, in particular

near the sea hottom.

Medium-sized and adult redfish: Transition to shrimp selection and piscivory —
During both periods considered, redfish shifted from a zooplankton-based diet to a shrimp-

dominated diet around sizes of 25 cm in the 1990s and 30 cm in the 2010s. Even if the relative
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proportion of the Shrimp categories contributed to variability between periods according to
statistical analysis, two shrimp species stood out, northern shrimp and pink glass shrimp,
which showed high relative importance in both periods. The commercially important
northern shrimp is by far the most abundant shrimp species sampled across the DFO bottom
trawl survey (on the order of kilotons) and its abundance has been estimated annually since
1990 in the GSL. The abundance of northern shrimp was high through the 1990s, peaked in
the mid-2000s, after which it started to decline to reach a record-low value in 2017
(Bourdages et al., 2020a). In contrast, the abundance for pink glass shrimp sampled on the
trawl survey is on the order of several dozen kilograms, reflecting the pelagic nature of the
shrimp, with adult stages predominantly available on the bottom and which does not allow

for an estimate of their population in the GSL.

Data from northern shrimp suggest that redfish systematically transition to preying on
shrimp independent of predator or prey abundance. In the 2010s, average northern shrimp
biomass throughout the northern Gulf survey region was estimated to be at half the levels
estimated in the 1990s (Bourdages et al., 2020a) while mid-size redfish were estimated to be
114 times more abundant (Table 1.1). However, these contrasting numbers had little effect
on the contribution of shrimp to diet, which suggests that redfish exhibit prey selectivity
during this feeding transition, after the initial period when they fed more opportunistically
on available zooplankton taxa, probably because there were no other large crustacean prey
available in sufficient numbers. It is possible that medium size redfish would ingest more
pink glass shrimp if the abundance of northern shrimp dropped below a yet to be determined

level.

Large redfish > 30 cm in length retained shrimp as main prey, accounting for more than
50 % for each of the various feeding indices. The contribution of the mesopelagic P.
multidentata to redfish diet gained in importance with increasing redfish size in recent years,
but both shrimp species continued to contribute importantly to the diet of redfish of
increasing size in the 1990s (Figure 1.3). The large contribution of pink glass shrimp to

redfish diet in both periods, at similar or even greater levels than northern shrimp in the
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presented results, is evidence that this pelagic species is more widely available than indicated
from the trace catches observed in the bottom trawl survey and that a large distributional
overlap exists between large redfish and P. multidentata in the deep channels of the GSL.
However, we have not speculated on pink glass shrimp selectivity since the population size
and thus its importance or temporal trends cannot be estimated. Mean biomass of northern
shrimp in the region has been estimated at 1,475 kg/km2 while pink glass shrimp was 70
kg/km2 from the trawl survey conducted by the DFO between 1990 and 2011 (Savard &
Nozeres, 2012) indicating that these two shrimp species were as much as 20:1 in survey
catches compared to near 1:1 level in redfish diet. Though in recent years this ratio has been
reduced (6:1 in 2020), because of large declines in northern shrimp survey catches while
glass shrimp catches have displayed little or no declines (Bourdages et al., 2021), this could
be evidence that the trawl survey is under sampling a pelagic species while adequately

sampling a targeted species (northern shrimp).

Fish were the second most important prey category consumed by large adult redfish
for both periods. Capelin was the main fish prey in the 1990s, although it was observed eaten
by a very small proportion of redfish, constituting the majority of the stomach content when
eaten. However, most fish prey were also not identified during that period, which may have
led to an underestimation of capelin in the diet of large redfish in the 1990s, digested capelin
being considered “Other Fish”. In recent years, digested fish was often identified to species
by using otoliths and partial remains. Piscivory was more prevalent in the 2010s, primarily
from cannibalism of small redfish. The high occurrence of cannibalism in the 2010s suggests
density-dependent control at high redfish abundance and opportunistic selection of fish prey
based on availability. Cannibalism is expected to intensify as the strong 2011-2013 year
classes grow larger, if small redfish continue to recruit in high numbers. Given that redfish
currently represent the vast majority of the biomass in the demersal habitats of the GSL (90
% of sampled biomass in the 2019 trawl survey, compared to 15 % from 1995-2012, Senay
et al., 2021), cannibalism is expected to become an important source of mortality for early
juveniles, which could prevent the emergence of strong year classes in the mid-term. In a

previous study on GSL redfish predation mortality, Savenkoff et al. (2006) estimated that
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cannibalism represented 11-15 % of total mortality, during a period when small redfish only
constituted 2 % of the diet of large piscivorous redfish. The anticipated high mortality rates
of juvenile redfish attributable to cannibalism will have to be quantified for accurate

projections of population dynamics.

1.8.4  Redfish impact on the northern shrimp and implications for the demersal
community

The northern shrimp is a key forage species in the GSL demersal ecosystem and also
sustains an important commercial fishery. There is growing evidence across multiple North
Atlantic ecosystems that northern shrimp populations are impacted by bottom-up effects
associated with regional warming (Ouellet et al., 2007; Koeller et al., 2009; Bourdages et al.,
2020a). In the GSL, the warming of both surface and deep waters negatively affect northern
shrimp recruitment from the larval stage until juvenile settlement in the demersal habitat
(Bourdages et al., 2020a). Even though recruitment prospects are generally negative, Brosset
et al. (2019) suggested that moderate warming could favour recruitment and abundance in
the Esquiman Channel (NEG), which hosts one of the main northern shrimp aggregations in
the GSL. However, these authors recognized that the potential northern shrimp abundance
increase in Esquiman is conditional to the stability of current predation pressure in the area.
Our results indicate that in the 2010s, the contribution of northern shrimp to diet of large
redfish was highest in the NWG and NEG subareas, corresponding to known shrimp density
hot spots. These results suggest that the potential northern shrimp population growth in the
Esquiman Channel (NEG) will be buffered by the increasing biomass of large redfish in the

subarea.

Redfish are slow-growing and long-lived species that can reach the size of 42 cm at an
age of 40 years. Redfish minimal trawlable biomass was estimated at 4.4 million tons in 2019
with modal size at 23 cm (Senay et al., 2021). Senay et al. (2021) estimated the annual
northern shrimp consumption by redfish was ca. 9,500 t during the 1997-1999 period,
compared to 81,000 t for the 2017-2019 period, representing an 8.5 fold increase. Given that

redfish are currently reaching the size corresponding to a shift between a zooplankton
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dominated diet to one primarily based on fish and shrimp, consumption is expected to quickly
rise in the short term, with important implications for the development of management
strategies of commercial stocks such as the GSL northern shrimp. Apart from the impact on
juvenile redfish and northern shrimp, the large redfish will also be expected to affect other
pelagic prey such as pink glass shrimp and capelin (also a commercial species), with
unknown consequences to the ecosystem for these important forage species to other predators

such as Greenland halibut, Atlantic cod, marine mammals and seabirds.

Northern shrimp is an important prey for several other groundfish species besides
redfish. Stomach content data collected between 2015-2017 in the GSL revealed that the
contribution of northern shrimp and pink glass shrimp was important for medium-sized
Greenland halibut (2040 cm), Atlantic cod (30-55 cm) and white hake (< 35 cm) (Ouellette-
Plante et al., 2020). The increased predation pressure on shrimp linked to the surge in large
redfish biomass could result in competition interactions that will be detrimental to the
condition and growth of several other large fish species. Greenland halibut currently
constitutes an important valuable groundfish fishery in the GSL, and the rebuilding Atlantic
cod stock in the northern GSL is also characterised by high cultural and commercial
importance. In the GSL, white hake has experienced a past collapse and was conferred a
“threatened” status by the Committee on the Status of Endangered Wildlife in Canada
(COSEWIC) in 2013. Through competition for northern shrimp, redfish could thus contribute
to the current ecosystem shift by impacting other commercially important and threatened
groundfish species. These considerations should be explored further by modelling shrimp
consumption and population dynamics under various redfish predation intensity scenarios
and considered in the current efforts of developing ecosystem based approaches to fishery

management in the GSL.
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CHAPITRE 2
ECOLOGIE TROPHIQUE DU SEBASTE (SEBASTES SP.) DEDUITE DE
L'UTILISATION DES PROFILS EN ACIDES GRAS COMME TRACEURS
ALIMENTAIRES COMPLEMENTAIRES A L'ANALYSE DU CONTENU
STOMACAL

2.1 RESUME

Le sébaste (Sebastes sp.) a atteint des niveaux d'abondance records avec l'arrivée
consécutive d'importantes cohortes en 2011-2013 et est devenu le poisson démersal le plus
abondant dans le nord du golfe du Saint-Laurent (nGSL). La compréhension des relations
trophiques du sébaste est essentielle pour une gestion et une protection efficaces des espéces
de I'écosystéeme du nGSL. Jusqu'a présent, la description et la quantification du régime
alimentaire du sébaste dans la région ont été limitées aux analyses classiques du contenu de
leurs estomac (ACS). En utilisant I'analyse des profils en acides gras (AG) comme traceurs
alimentaires complémentaires, nous avons effectué des analyses multivariées sur 350 foies
de sébastes echantillonnés lors de relevés au chalut de fond en ao(t 2017. Les profils en AG
des sébastes ont été comparés a ceux de huit proies identifiées comme importantes avec
I’ ACS. Les résultats suggérent une similitude entre les résultats des ACS et des AG, les proies
zooplanctoniques (16:1n7, 20:1n?, 22:1n9 et 20:5n3) étant davantage liées aux sébastes de
petite et moyenne taille (< 20 cm et 20-30 cm, respectivement), tandis que les crevettes
(18:2n6 et 22:6n3) semblent étre liées aux sébastes de grandes tailles (> 30 cm). Alors que
I’ACS offre un apergu du régime alimentaire uniquement basé sur les proies les plus
récemment consommeées, l'analyse des profils en AG fournit une description des proies a
moyen terme, représentant sur plusieurs semaines les tendances générales du régime
alimentaire des sébastes. Cette étude constitue la premiére tentative d’une combinaison

méthodologique utilisant les AG et les ACS pour évaluer le régime alimentaire des sébastes.



Cette étude permet de souligner les avantages des AG en tant qu'outil qualitatif et de suggérer

des ameliorations pour les futures études trophiques.
Mots-clés : Foie, Golfe du Saint-Laurent, Proies, Régime alimentaire

Cet article intitulé « Feeding ecology of redfish (Sebastes sp.) inferred from the
integrated use of fatty acid profiles as complementary dietary tracers to stomach content
analysis », a été co-écrit avec Réjean Tremblay (UQAR-ISMER), Denis Chabot (IML-
MPO), Pascal Sirois (UQAC) et Dominique Robert (UQAR-ISMER). Sa version finale a été
acceptée pour publication le 14 février 2023 dans la revue Journal of Fish Biology
(https://doi.org/10.1111/jfb.15348). L’ensemble des auteurs a participé a la réflexion et a la
conception des objectifs ainsi qu’a I’écriture. J’ai réalisé 1’ extraction lipidique des foies et de
proies et I’analyse des profils en AG. Denis Chabot, Réjean Tremblay et moi-méme, avons
conduit les différentes analyses des données et la production des résultats. J’ai réalisé
I’écriture de la premiére version compléte du manuscrit, qui a été ensuite révisee et améliorée

avec la collaboration des co-auteurs.
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2.2 RESUME GRAPHIQUE
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2.3 FEEDING ECOLOGY OF REDFISH (SEBASTES SP.) INFERRED FROM THE INTEGRATED USE OF
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2.4 ABSTRACT

In the northern Gulf of St. Lawrence (nGSL), redfish (Sebastes mentella and S. fasciatus
combined) are at record levels of abundance following the strong recruitment of three consecutive
cohorts in 2011-2013 and have become by far the most abundant demersal fish in the region.
Understanding redfish trophic relationships is essential for the effective management and
conservation of species in the nGSL ecosystem. To date, description and quantification of redfish
diet in the region have been restricted to conventional stomach contents analyses (SCA). Using
analysis of fatty acid (FA) profiles as complementary dietary tracers, we conducted multivariate
analyses on 350 livers of redfish which were collected in combinaison with stomach contents
during a bottom-trawl scientific survey in August 2017. The predator FA profiles were compared
to those of eight different redfish prey types identified as dietary important with SCA. Results
suggested similitude between SCA and FA results, with zooplankton prey being more related to
small (< 20 cm) and medium (20-30 cm) redfish (16:1n7, 20:1n?, 22:1n9 and 20:5n3) than large
(> 30 cm) ones while shrimp prey seemed more related to large redfish size classes (18:2n6 and
22:6n3) relative to the small and medium ones. While the SCA offers a glimpse in the diet only
based on the most recently consumed prey, analysis of FA profiles provide a mid-term view
indicating pelagic zooplankton consumption on calanoid copepod and confirming high predation
pressure on shrimp. This study constitutes the first attempt of combining FA with SCA to assess
the diet of redfish, highlights the benefits of FA as a qualitative tool and suggests improvements

for future studies.

Keywords: Diet, Gulf of St. Lawrence, Liver tissue, Prey
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2.5 INTRODUCTION

Insights into predator-prey dynamics are a key element in the knowledge of ecosystem
structure and function to ensure effective management and protection of commercial species (e.g.,
Arditl & Ginzburg, 2012; Braga et al., 2012; Nielsen et al., 2018). This is of particular interest in
the current context of ecosystem conservation with environmental changes, including warming
waters and changes in species composition, which leads to the question: what are the main prey of
key consumers in relation to their respective abundance and availability? To address this issue,
several approaches, such as visual- and DNA- based diet analyses, as well as biomarkers based on
stable isotopes and fatty acids, have been developed to measure the ingested or egested prey and
estimate the assimilated fraction of prey (e.g., Hyslop, 1980; Iverson, 2009; Braga et al., 2012;
Baker et al., 2014; Nielsen et al., 2018; Amundsen & Sanchez-Hernandez, 2019).

Stomach content analysis (SCA) is an approach that is particularly relevant to assess fish diet
composition because fish generally swallow their prey whole (Amundsen & Sanchez-Hernandez,
2019). While SCA allows the visual identification of ingested prey and their relative importance in
the diet, providing inferences on ecological traits such as feeding mode and prey preferences of a
predator, it is subject to several biases (e.g., Hyslop, 1980; Iverson et al., 2004; Iverson, 2009;
Braga et al., 2012; Bowen & lverson, 2013; Baker et al., 2014). First, it only provides a snapshot
of the last few most recent meals, so that large sample sizes are required to potentially inform on
various prey contributions. Even with sufficient sample sizes, the portrait of diet produced from
SCA is restricted to the spatial scale and time period of sampling unless stomachs are collected
over different areas and seasons. Further, different prey may be digested at different rates and the
relative contribution of quickly digested prey, such as larvae or soft-bodied organisms, may be
underestimated (Hyslop, 1980; Baker et al., 2014; Amundsen & Sanchez-Hernandez, 2019). The
frequency of partial or complete regurgitation can also be high, which, in addition to stomachs that
were truly empty, can reduce sample size considerably compared to the number of stomachs
collected. Furthermore, partial regurgitation results in incomplete prey samples. For instance,
physoclist fish species have a closed swim bladder and therefore cannot adapt to rapid changes in
pressure. As a result, they are extremely sensitive to barotrauma when brought to the surface rapidly
(Jarvis & Lowe, 2008) and partial or total regurgitation is frequent. Although fish showing signs

of regurgitation, with food in their mouth or evaginated stomach, are often discarded during at sea
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sampling, it is impossible to determine if the collected stomachs classified as empty are from
individuals that had not fed recently or if the contents were regurgitated. Partial regurgitation

increases uncertainty in observed contribution of different prey types to the diet.

Under the paradigm “you are what you eat” (e.g., Bradshaw et al., 2003; Bundy et al., 2011),
it is recommended to use trophic biomarkers to complement the direct examination of stomach
contents to infer trophic relationships (e.g., Peterson & Fry, 1987; Dalsgaard et al., 2003; Bowen
& lverson, 2013; Pethybridge et al., 2018). Different biochemical tracers contribute different types
of information about diets. Isotopic compositions are commonly used to delineate trophic structure
and examine the ecological dynamics of communities while fatty acid (FA) analyses, on the other
hand, are used primarily to assess the most important food sources (e.g., Peterson & Fry, 1987;
Dalsgaard et al., 2003; Pethybridge et al., 2018). Thus, the analysis of FA profiles has emerged as
a tool to provide additional clues about feeding habits and diet assimilation in predators like fish
(Dalsgaard et al., 2003; Iverson et al., 2004). FA are the main molecular building blocks of most
of lipids and some such as the longer, unsaturated chains are transferred in a conservative manner
when passing from producer to consumer organisms in the form of neutral lipids (energetic reserve
of lipid stores) before integration in polar lipids (structural lipids having physiological functions)
(Dalsgaard et al., 2003; Tocher, 2003; Budge et al., 2006; Iverson, 2009). Furthermore, most
marine consumers cannot synthetize certain essential FAs (EFAS) in sufficient amount to meet their
physiological needs (Parrish, 2013), implying that they must be acquired through diet. As these are
stored unaltered and accumulate over time, feeding habits of a predator might be inferred by the
FA composition, providing information on prey items ingested over a period that can reach several
weeks, depending on the tissue sampled and metabolism of the species (e.g., Fraser et al., 1989;
Kirsch et al., 1998; Parrish et al., 2000; Dalsgaard et al., 2003; lverson et al., 2004; Budge et al.,
2006; lverson, 2009; Pethybridge et al., 2018). Thus, the FA integration period, i.e., the turnover
rate of FAs, depends on the ability of different tissues to accumulate lipids and varies according to
temperature and predator physiological traits such as the energy requirements or their reproductive
status (Kirsch et al., 1998; Dalsgaard et al., 2003; Budge et al., 2011). The appropriate samples
useful in diet determination are tissues that serve as a fat energy depot (neutral lipids), such as
blubber or liver (Budge et al., 2006; Iverson et al., 2009; Budge et al., 2011). Tissues, such as skin,
that contain more structural FAs (polar lipids) should be avoided for diet studies. Moreover,

understanding the metabolic role of FAs stored in predators is an important consideration for the
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use of FAs in studying food webs (Iverson et al., 2009). For exemple, species with a high metabolic
rate and limited space to store energy reserves will have faster energy lipid replacement, as
demonstrated for example in copepod or krill species (Norrbin et al., 1990; Budge et al., 2006).
Large organisms have lower metabolic requirements relative to their mass than small ones (Garvey
& Whiles, 2016). Hence, the analysis of FA profiles has now been applied to several marine
predatory species such as fish and marine mammals (e.g., Bradshaw et al., 2003; Budge et al.,
2006; lverson, 2009; Parrish et al., 2015; Drazen et al. 2017; Parzanini et al., 2018; Pethybridge et
al., 2018; Couturier et al., 2020; Jackson et al., 2021).

In the Gulf of St. Lawrence (GSL), an inland sea of the northwest Atlantic Ocean, two
sympatric redfish species coexist in the deep waters: the Acadian redfish, Sebastes fasciatus (Storer
1854) and the deepwater redfish, Sebastes mentella (Travin 1951) (Senay et al., 2022). These two
species are morphologically similar and individuals cannot be assigned to species based on
morphological traits. Often not distinguished in both scientific surveys and commercial fisheries
(Senay et al., 2021), the two principal species are referred to as redfish (Sebastes sp.) hereafter.
Following a 20-year period of low abundance, redfish have rebounded to record levels with the
strong recruitment of three consecutive annual cohorts in 2011-2013, to become the most abundant
demersal fish species in the region, accounting for more than 80 % of the total biomass sampled in
the northern Gulf of St. Lawrence (nGSL) bottom-trawl scientific survey (Bourdages et al., 2022).
Genetic analysis performed on the most abundant 2011 cohort indicated that 91 % of these fish
were S. mentella (Senay et al., 2021). This sudden resurgence of redfish is expected to have
important implications for the nGSL ecosystem, including massive predation on its main prey
species, increased food supply for its predators, and increase in competition with several other

groundfish species (e.g., Senay et al., 2021; Brown-Vuillemin et al., 2022).

To date, the description and quantification of prey in redfish diet of the nGSL as well as most
studies in the North Atlantic have been performed with SCA (e.g., Steele 1957; Gonzalez et al.,
2000; Ouellette-Plante et al., 2020; Brown-Vuillemin et al., 2022). Stomach samples of nearly
7,000 individuals made it possible to perform a detailed comparison of diet composition between
a period of low redfish abundance (1993-1999) and the recent period of redfish resurgence (2015—
2019), despite the large proportion of empty stomachs typical from a deep-water physoclist species
(Brown-Vuillemin et al., 2022). Identification of stomach contents for the period of record
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abundance (2015-2019) showed that zooplankton, principally copepods of the genus Calanus,
represented the main prey category for small (< 20 cm) redfish. With increasing size, redfish shifted
to larger prey items. Notably, shrimp consumption increased when redfish reached 25 cm and
became dominant for fish > 30 cm. Large redfish (> 30 cm) preyed on two shrimp species in
particular: pink glass shrimp (Pasiphaea multidentata) and northern shrimp (Pandalus borealis)
(Ouellette-Plante et al., 2020; Senay et al., 2021; Brown-Vuillemin et al., 2022). These studies
suggest that the large 2011-2013 recruitment will have an increasing impact on shrimp populations
and also compete with other resident groundfish stocks of the nGSL, such as Greenland halibut

(Reinhardtius hippoglossoides) and Atlantic cod (Gadus morhua).

The objective of this study was to describe the feeding ecology of redfish in the nGSL
ecosystem with the use of short-term information from SCA and mid-term diet composition
estimated from the analysis of FA profiles in redfish liver tissue collected in August. By examining
redfish stomach and FA composition for different size classes and subareas of the nGSL, this study

is the first to document redfish diet with the combination of both methods.

2.6 MATERIALS AND METHODS

2.6.1  Study area and sample collection

Redfish were sampled on the 2017 August randomly depth-stratified trawl survey conducted
by Fisheries and Oceans Canada (DFO) and covering the estuary and nGSL. Three distinct subareas
were distinguished in this study: (1) the deepest part of the Laurentian Channel (LC) which extends
from Cabot Strait to the center of the nGSL, (2) the North-East Gulf (NEG) including the Esquiman
and Anticosti Channels and (3) the North-West Gulf (NWG) comprising the estuary and the
western part of the Laurentian Channel (Figure 2.1). The survey vessel, CCGS Teleost, was
equipped with a Campelen 1800 trawl with a 13-mm net liner. Details of bottom trawl surveys,
sampling and protocol can be found in Bourdages et al. (2018). For each haul, individuals were
selected from a sample of the redfish catch and were stratified by length classes, and only those
with no signs of regurgitation or feeding within the trawl were retained. Fish manipulations were

carried out according to the recommendation of the Canadian Council of Animal Protection (Batt
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et al., 2005). Each redfish was measured (fork length, FL in mm, transformed to cm for this paper)

and weighed (g) upon capture.

For the present study, a total of 350 redfish was targeted for SCA and analysis of FA profiles
(Table 2.1). Since FA are transported to the liver (Brindley, 1991), it is the primary organ of lipid
deposition and storage. Thus, in order to investigate redfish FA profiles, at least 500 mg (estimated
visually) of liver tissue was collected and immediately preserved in a dichloromethane:methanol
solution (2:1, v:v) (Folch et al., 1957, Meyer et al., 2017). Both samples (stomach and liver) were
immediately frozen (-20 °C and -80 °C, for stomachs and livers respectively) with a unique
identification label until analysis in the laboratory. In parallel, eight different main prey species,
already identified as important prey of redfish (Brown-Vuillemin et al., 2022), were randomly
collected in catches during the same trawl survey and frozen whole (-80 °C) for determination of
their FA profiles. Targeted prey species were two fish species, capelin (Mallotus villosus) and
redfish (Sebastes sp.), two shrimp species, northern shrimp (P. borealis) and pink glass shrimp (P.
multidentata), three amphipod species of genus Themisto (T. compressa, T. libellula and T.

abyssorum) and one copepod genus (Calanus sp.).
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Figure 2.1 Map of the study area showing sampling hauls (n = 50) with the number of redfish
(Sebastes sp.) stomachs and livers sampled (n = 350) during the 2017 August trawl survey in the
Gulf of St. Lawrence. The gray line indicates the 250 m depth isobath. The three subareas
considered for the analysis are delimited by the dotted lines with North-West Gulf (NWG),
Laurentian Channel (LC) and North-East Gulf (NEG).

Table 2.1 Number of redfish liver tissues and stomachs with the percentage of empty stomachs
and the number of stomachs containing prey collected during the 2017 August trawl survey in the
northern Gulf of St. Lawrence according to three redfish size classes and subareas (NWG, North-
West Gulf; LC, Laurentian Channel and NEG, North-East Gulf).

Liver for FA analysis Stomach containing prey

Liver tissue and stomach
Size class collected and analysed NWG LC NEG % empty stomach Total NWG LC NEG

<20 159 47 67 45 36 102 24 48 30
20—30 96 28 36 32 33 64 21 26 17
>30 95 7 61 27 51 47 4 27 16
Total 350 82 164 104 39 213 49 101 63
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2.6.2  Redfish stomach content analyses

In the laboratory, each stomach was thawed, dissected and examined. Empty stomachs (n =
137, Table 2.1) were excluded from further analyses. All prey in non-empty stomachs (n = 213,
Table 2.1) were sorted, weighed, and identified to the most precise taxonomic level possible with
a binocular microscope and using keys and identification guides (e.g., Squires, 1990; Campana,
2004; Vassilenko & Petryashov, 2009; ICES, 2014) by personnel at the Maurice-Lamontagne
Institute (ML), led by Claude Nozeres (DFO).

2.6.3  Analysis of fatty acid profiles from redfish liver and prey samples

Lipids were extracted from redfish liver samples according to the modified Folch procedure
(Folch et al., 1957), as described in Parrish (1999) and designed as a classic and robust method for
the recovery of lipids from marine tissues (Couturier et al., 2020). Lipids were extracted by
grinding with a dichloromethane/methanol (CH2Cl.:MeOH) solution (2:1, v:v). Lipid phases
(neutral and polar) were separated by centrifugation of dichloromethane/methanol solutions for 2
minutes at 2000 rpm. For the 350 redfish livers (Table 2.1), only neutral lipids were retained, which
in marine fishes constitute predominantly an energetic lipid reserve and are preferred for resolving
dietary contributions of different prey items because they reflect trophic influences (Fraser et al.,
1989; Parrish et al., 1995; Dalsgaard et al., 2003). The neutral fraction was retrieved on silica gel
columns hydrated with 6 % deionized water. Columns were preconditioned with 10 ml of methanol
and 10 ml of dichloromethane before the elution of neutral lipids with 10 ml of a
dichloromethane/methanol solution (98:2, v:v) (Marty et al., 1992). For prey, FA were extracted
from the whole animal, as eaten by redfish, after homogenization in a blender. As the objective
was to characterize the FA composition of prey organisms, analyses of total (i.e., including both
neutral and polar fractions) lipids were performed (Iverson et al., 1997; Kirsch et al., 1998). Each
prey species was treated in 4 or 5 replicates. For larger species (capelin, redfish, northern and pink
glass shrimp) one individual was used per replicate and approximately 1 gram of homogenate was
taken to determine FA profiles. For prey with an individual mass of less than 1 gram (Themisto sp.
and Calanus sp.), several individuals were taken together per replicate to obtain sufficient sample
mass. Fatty acid methyl esters (FAME) were prepared according to the method described in Lepage
and Roy (Lepage & Roy, 1984) using sulphuric acid and methanol (2:98, v/v) at 100 °C for 10 min.
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Finally, lipid extracts were purified on silica gel columns with 3 mL of hexane and diethyl ether

(1:1, v:v) to remove free sterols (Mejri et al., 2014).

FAME solutions were analysed by gas chromatography-mass spectrometry (Thermo Fisher
Scientific Inc., GC model Trace GC Ultra and MS model 1TQ900) equipped with a Supelco
Omegawax 250 capillary column (30 m x 250 um x 0.25 pum film thickness) at Institut des Sciences
de la Mer (ISMER) of the Université du Québec a Rimouski (UQAR). Initial oven temperature
was 100 °C for 2 minutes. Temperature was then increased to 140 °C for 1 min, after which it
increased at a rate of 10 °C min™ until it reached 270 °C for 15 min. Injector temperature was 90
°C and a constant helium flow of 1.0 mL min™* was used. A volume of 1 uL was injected. FA were
then identified by comparing retention times and mass spectrum with known standards calibration
curve with concentration ranging from 0.5 to 20 pg.ml?* (Supelco 37 Component FAME Mix
Supelco Inc., Belfonte, PA, USA). FA peaks were then quantified with the use of Xcalibur v.2.1
software (Thermo Scientific, Mississauga, ON, CA) and described using the standard shorthand
nomenclature of C:DnX, where C is the number of carbon atoms, D is the number of double bonds,
and nX indicates the position of the double bond closest to the terminal methyl group (n? was used
when the position was unknow). A total of 19 FA were reported in prey and redfish samples and
were expressed as the mean percentage (%FA) of total FA. Reporting results per g of liver tissue

was not possible because liver sample could not be weighed with sufficient precision while at sea.

2.6.4 Data analysis

Redfish size and spatial analysis — Redfish stomach data and FA composition were analysed
as a function of redfish size using three major classes: small (< 20 cm), medium (20-30 cm) and
large redfish (> 30 cm), and according to three subareas: LC, NEG and NWG (Figure 2.1, Table
2.1).

Diet composition — SCA is described in detail in Brown-Vuillemin et al. (2022). Briefly, in
order to assess the contribution of a prey to the diet of redfish, the mean partial stomach fullness
index of prey i (PFL;) (Lilly & Fleming, 1981; Orr & Bowering, 1997) transformed into a
percentage (%F]I;, percentage fullness index, Bernier & Chabot, 2012) was calculated for each prey

taxa in the redfish stomach. Equations used are available in Supplementary Table 2.1.
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To visualise and interpret the relationship between the relative composition (% of total) of
individual FA in redfish among size classes and subareas, non-parametric multidimensional scaling
(nMDS) ordinations were performed (Clarke & Warwick, 2001). The Bray-Curtis dissimilarity
measure (Legendre & Legendre, 2012) was used to assess groupings within the dataset. The same
procedure was conducted to analyse %FA data of potential prey item sources. To test for
differences among factors, non-parametric distanced-based permutation multivariate analysis of
variance were conducted (PERMANOVA, Anderson, 2014). Following significant
PERMANOVA results (P < 0.05), multiple pairwise comparisons were used to identify differences
(P <0.05). Similarity percentage analysis (SIMPER, Clarke, 1993) were used to identify which FA
contributed most to dissimilarities among factors. We designated a cut-off of FA that characterized
up to 80 % of dissimilarities. All analyses were conducted using the R software version 4.0.1 (R
Core Team, 2020) and packages ‘vegan’ (Oksanen et al., 2019), ‘ggplot2’ (Wickham, 2016) and
‘ggpubr’ (Kassambara, 2020).

Sample size sufficiency — Cumulative curves (Ferry & Cailliet, 1996) were calculated to
assess whether the number of redfish samples was sufficient to describe the diet identified with
SCA and analysis of FA profiles. Cumulative prey curves plot the total number of prey categories
or FA found versus the total number of stomachs or livers analysed. Sample size was considered
sufficient once the curve reaches an asymptote and the slope of the linear regression (b) through
the last five subsamples was < 0.05, which signified acceptable levelling off of the prey curve for
diet analyses (Ferry & Cailliet, 1996; Brown et al., 2012). Curves were computed after 100
randomizations of the original data (%FI or %FA) to generated means and associated 95 %

confidence intervals (CIs).

2.7 RESULTS

2.7.1  Sample size sufficiency

The sufficient sample size was much greater for stomachs (SCA) than for livers (FA). Prey
category-stomach curves reached a stable asymptote for small redfish (< 20 cm) (b = 0.005) as for
medium (20-30 cm) redfish (b = 0.000) but was not yet completely stable (b = 0.041) for the large
redfish that had the fewest redfish number of samples (n = 47) (Figure 2.2a). When examined by
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size class and subarea, only small redfish (< 20 cm) in LC which were twice as many samples as
any other group, produced a curve nearing the asymptote (b = 0.026), thus indicating they were
sufficient for a robust description of regional diet for a given size class (Figure 2.2b-d). In contrast
to the stomach contents data, curves of liver FA performed adequately and reached more rapidly a
stable asymptote (b = 0.000) for most of the size class — subarea combinations (Figure 2.3), with
the exception of large redfish (> 30 cm) in NWG (b = 0.114), because of the scarcity of this size
class in this subarea (n = 7; Figure 2.3d). Overall, the prey category-stomach curves suggested at
least 50 redfish stomachs by group were needed to approach asymptote, while the curves of liver

FA suggested that only about ten samples are sufficient for a representative sample.
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Figure 2.2 Cumulative prey category-stomach curves and confidence interval of 95 % upper and lower with b values through the last
five subsamples for (a) three size classes and (b—d) according to each size class and subarea for stomach content data.
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subsamples for (a) three size classes and (b—d) according to each size class and subarea for fatty acid data.



2.7.2  Stomach content composition of redfish

A total of 32 different prey types were identified in redfish stomachs (Supplementary Table
2.2). Only six main prey specific taxa identified at the genus or species level had important dietary
contributions (taxon identified by an asterisk, Supplementary Table 2.2) and were retained in the
following analyses: Sebastes sp., P. borealis, P. multidentata, T. libellula, Calanus sp. (Calanus
hyperboreus was grouped into the genus) and Thysanoessa sp. Prey taxa less important in the diet
were assigned to one of eight broad categories: Other Fish, Other Shrimp, Other Amphipods, Other
Copepods, Mysids, Other Euphausiids, Other Invertebrates, and Digested / Unidentified Material.

Effect of redfish size and spatial variability on stomach composition — The relative
importance of the six main specific taxa and 8 broad prey categories, used for the following redfish
diet description inferred from SCA, changed with redfish size (Figure 2.4). The main size-related
shift observed was from zooplankton species in small (< 20 cm) redfish to shrimp and fish in large
(> 30 cm) redfish. There were also spatial differences in the relative contribution of the dominant
prey categories across size classes, specifically for Calanus copepods, Themisto amphipods,
Thysanoessa krill, Sebastes fish, P. borealis and P. multidentata shrimp (Figure 2.4).

The diet of small (< 20 cm) redfish was dominated by Copepods (%FI = 30), principally with
Calanus sp. (%F1 = 22). Other major prey categories were P. multidentata shrimp, Amphipods,
and Thysanoessa krill (%FI = 13; 12 and 10, respectively). Taking subareas into account, there
were high contributions of Thysanoessa krill (%FI = 25) and Other Invertebrates (%FI = 45) in
NWG, Calanus sp. in LC (%FI = 46) and a mix of Amphipods (%FI = 21), Shrimp (%FI = 23) and
Copepods (%FI = 23) in NEG.

A transition to shrimp was observed in the diet of medium (20-30 cm) redfish, with P.
borealis as the main prey (%FI = 27). This was followed by the amphipod Themisto libellula (%FI
= 19) and Other Euphausiids (Digested Euphausiidae and Meganyctiphanes norvegica, %FI = 17).
P. borealis was mainly found in stomachs collected in NWG and LC (%FI = 41 and 30,
respectively) while T. libellula was exclusively found in NEG, and in very high amounts (%FI =
52).
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The diet of large (> 30 cm) redfish was strongly dominated by shrimp and fish categories
(%F1 = 88). The shrimp P. multidentata was the major prey type consumed overall (%FI = 58) and
was the predominant prey in NEG (%FI = 79). Cannibalism was observed in large redfish (%FI =
14) but this was only observed in LC (%FI = 43). Stomachs from NWG were dominated by Other
Fish (mainly A. risso) (%FI = 46) and the shrimp P. borealis (%FI = 45), but these results are based

on only four redfish.
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Supplementary Table 2.1 Equations used to describe the redfish diet according to stomach content analysis.

Equations

Partial stomach fullness index (PFI)
M;; is the mass of prey i in redfish j, L, is the FL (cm) of redfish jand b
is the specific allometric exponent calculated for redfish (b = 3.19),
corresponding to the slope of the linear relationship of log(mass) and

PFL; = M; X L,”° x 10*
log{FL) of redfish (Brown-Vuillemin er al., 2022

Mean PFI
N
Where N is the mumber of redfish

X Z PFI,

i=1

2|~

PFI, =
Percentage fullness index (%0 FT)

FL
%FI, = ﬁ X 100

Total stomach fullness index (TFT)

I
TFL, = z PFI,,
Total stomach fullness index TF1; was the sum of all PFI, for a redfish j
and I represents the number of different prey taxa found in the sample

1 N
TFl = — X ZTFI-
N ]
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Supplementary Table 2.2 Diet composition of redfish from stomach contents analysis expressed
in percentage fullness index (%FI) according to three redfish size classes and subareas (NWG,
North-West Gulf; LC, Laurentian Channel and NEG, North-East Gulf).

All stomachs <20 20—30 >30
All NWG LC NEG All NWG LC NEG All NWG LC NEG
Prey 213 102 24 48 30 64 21 26 17 47 4 271 16
FISH 8.2 08 - - 21 54 52 178 03 195 459 433 20
Digested Fish 11 08 - - 21 24 12 113 03 02 - - 04
Aulopiformes Arctozenus risso 1.4 - - - - - - - - 44 456 - -
Osmeriformes Mallotus villosus 0.3 - - - - - - - - 09 - - 15
Melanostigma atlanticum 0.9 - - - - 30 40 65 - T 03 - -
Scorpaeniformes ~ Sebastes sp.* 45 - - - - - - - - 139 - 433 -
SHRIMP 38.8 152 - 186 225 37.1 572 341 103 68.9 50.8 51.7 814
Digested Shrimp 15 22 - - 56 T T - T 20 54 32 08
Pandalidae Pandalus borealis* 10.5 - - - - 26.7 414 29.7 50 8.6 448 123 0.6
Pandalus sp. 0.6 - - - - 14 - - 40 07 06 - 11
Pasiphaeidae Pasiphaea multidentata* 26.2 129 - 186 168 89 157 44 13 576 - 36.2 78.9
AMPHIPOD 12.3 122 94 42 207 212 14 30 5.7 45 - 02 76
Digested Amphipod T - - - T - - - - T - T -
Gammaridea Digested Gammaridea 0.1 02 - - 06 T - - T - - - -
Themisto abyssorum 0.5 13 - - 33 - - - - T - - 01
Themisto compressa 0.3 06 - - 16 01 - - 02 01 - - 01
Themisto libellula* 7.2 14 28 - 16 185 - - 524 42 - - 73
Themisto sp. 4.0 83 66 42 128 25 14 30 37 02 - 02 01
Digested Lysianassidae T - - - T 02 - - 05 - - - -
Maeridae Maera loveni 0.1 03 - - 08 - - - - - - - -
COPEPOD 133 300 86 553 232 53 22 155 53 02 - 05 01
Digested Copepod 0.2 04 - 04 08 - - - - - - - - -
Calanoida Digested Calanoida 2.8 59 01 65 94 18 20 47 0.2 - - - -
Calanus hyperboreus 0.6 15 - 44 - T - - 01 T - 01 -
Calanus sp.* 9.0 205 84 417 107 35 0.2 107 50 02 - 05 01
Euchaetidae Paraeuchaeta norvegica 0.1 02 - - 05 - - - - - - - -
Metridia sp. 0.6 15 T 24 18 T - 01 - - - - -
MYSID 2.1 30 46 54 - 26 07 85 27 07 06 19 00
Boreomysis sp. 1.8 30 44 54 - 16 07 85 - 07 06 19 -
Mysis sp. 0.3 - - - - 10 - - 27 - - - -
Pseudomma sp. T 01 02 - - - - - - - - - -
Digested Mysidae T T - T - - - - - T - - T
EUPHAUSIID 135 133 322 38 87 241 305 94 217 42 - 04 70
Euphausiidae Meganyctiphanes norvegica 1.1 - - - - 23 07 94 14 13 - 04 20
Thysanoessa sp.* 6.6 9.7 250 - 75 72 21 - 173 25 - - 44
Digested Euphausiidae 5.8 37 72 38 12 147 2716 - 30 04 - - 07
OTHER INVERTEBRATES 7.9 16.8 453 9.0 45 3.0 03 116 29 14 - 07 20
Cephalopoda Rossia sp. 0.2 - - - - - - - - 05 - - 08
Crustacea Digested Crustacea 7.7 16.8 453 9.0 45 3.0 03 116 29 09 - 0.7 11
DIGESTED / UNIDENTIFIED 3.9 86 - 37 183 12 25 - - 06 27 12 -

T, Trace (%FI < 0.1). The contribution of the eight broad taxonomic categories is in bold. *= Main prey specific taxa.
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Figure 2.4. Contribution of the fourteen prey categories to redfish diet in visual examination of
stomach contents, expressed as percentage of fullness index (%FI) for (a) three redfish size classes
in all subareas combined and (b—d) according to each size class and subarea. Stomach sample size

is indicated on each panel.

114



2.7.3  Fatty acid profiles of prey

Multivariate analyses were performed on the 19 FA recorded in prey samples
(Supplementary Table 2.3). Significant variations in FA composition were found among the
different prey (F; 3o = 17.13; P-value = 0.001). Overall, 13 FA were responsible for 80 % of the
dissimilarity among prey (SIMPER analyses) including: 14:0, 16:0, 18:0, 20:0, 16:1n7, 17:1n?,
18:1n9, 20:1n?, 22:1n9, 24:1n9, 18:2n6, 20:5n3 and 22:6n3 (Figure 2.5). All prey species differed
significantly from each other in their FA composition, except that Sebastes sp. could not be
distinguished from M. villosus, T. compressa and T. abyssorum (P-value > 0.05, Supplementary
Table 2.4). Pairwise analyses and nMDS showed that Calanus sp. was largely differentiated from
other prey taxa and was associated mainly with the the monosaturated FA (MUFA) 16:1n7 and the
the polyunsaturated FA (PUFA) 20:5n3 (26 and 12 %, respectively, Supplementary Table 2.3).
Similarly, the two shrimp P. borealis and P. multidentata were differentiated from other prey
species mainly due to the influence of the MUFA 24:1n9 (2.8 % and 3.7 %, respectively) and the
PUFA 18:2n6 (2.5 % and 3.6 %, respectively) and 22:6n3 (6.1 % and 6.8 %, respectively,
Supplementary Table 2.3). The amphipod T. libellula was also distinct from other prey taxa
(pairwise P-value < 0.05) and seemed to be associated with SFA 14:0 (7.8 %) and MUFA 20:1n?
(12.3 %, Supplementary Table 2.3).

2.7.4  Fatty acid profiles of redfish livers and relation with prey

The FA profiles of all livers (350 redfish, Table 1) were dominated by MUFA, which
comprised 75 % of FA contents. The 18:1n9 (28.4 % of the total FA) was the main FA, followed
by 22:1n9 (17.8 %), 20:1n? (16.4 %), 16:1n7 (11.2 %) and the saturated FA (SFA) 16:0 (8.9 %)
(Supplementary Table 2.5).

Effect of redfish size on fatty acid signatures — Multivariate analysis showed variations in
FA composition among the three redfish size classes (F, 34, = 68.11; P-value = 0.001) (Figure
2.6a). Pairwise comparisons indicated differences (P-value = 0.001) among all size classes
(Supplementary Table 2.5). SIMPER analyses identified six FA that explained at least 80 % of
the dissimilarities among size classes including: 16:0, 16:1n7, 18:1n9, 20:1n?, 22:1n9 and 20:5n3.
According to nMDS, the FA signatures of small (< 20 cm) redfish were associated with the MUFA
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22:1n9 and 20:1n? (21.7 and 18.4 %, respectively, Supplementary Table 2.5) where 20:1n? could
be linked with profile of T. libellula (Figure 2.5-2.6a). The FA signatures of medium (20-30 cm)
redfish was influenced by the MUFA 16:1n7 (12.1 %) and the PUFA 20:5n3 (5.9 %), which related
to FA signatures of Calanus sp. (Figure 2.5-2.6a). The FA signatures of large (> 30 cm) redfish
were influenced by the MUFA 18:1n9 (36.7 %), followed by the SFA 16:0 (11.2 %) which could
be linked with FA profiles of fish prey more than those of amphipods (Figure 2.5-2.6a), based on
the knowledge acquired through the SCA (Figure 2.4 and Brown-Vuillemin et al., 2022). To a
lesser extent, the FA signatures of large redfish also seemed influenced by the FA that were
instrumental in discriminating the shrimp species P. borealis and P. multidentata from other prey
species (18:2n6 and 22:6n3, Figure 2.5-2.6a).

Spatial variability on redfish fatty acid signatures — Multivariate analysis performed on
redfish livers from different subareas revealed spatial differences in the relationship between FA
composition and fish size (P-value < 0.05, Figure 2.6b-d). For small (< 20 cm) redfish, pairwise
comparisons showed that all subareas were different (P-value < 0.05, Supplementary Table 2.6).
nMDS revealed that the MUFA 20:1n? and 22:1n9 were associated with small redfish from the LC
subarea (12.5 and 19.3 respectively) (Figure 2.6b, Supplementary Table 2.5). For medium-sized
(20-30 cm) redfish, pairwise comparisons did not reveal differences between NWG and NEG but
these both subareas were different from LC (Supplementary Table 2.6). According to nMDS,
medium redfish from LC were associated with the MUFA 16:1n7 and the PUFA 20:5n3 (13.1 and
6.0 %, respectively) (Figure 2.6c). For large (> 30 cm) redfish, pairwise comparisons indicated
that only NWG was significantly different from the two other subareas, due to high a MUFA 18:1n9
contribution (44.5 %) (Figure 2.6d). For each size class, the MUFA 22:1n9 (24, 20 and 12 % for
< 20, 20-30 and > 30 cm, respectively) and 20:1n? (19, 18 and 14 % for < 20, 20-30 and > 30 cm,
respectively) was always associated to the subarea LC while the MUFA 18:1n9 was always
associated with the subarea NWG (27, 32 and 45 % for < 20, 20-30 and > 30 cm, respectively)
(Supplementary Table 2.5).
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Figure 2.5 Non-parametric multidimensional scaling (nMDS) ordinations and PERMANOVA
results (Pseudo-F with degrees of freedom and residuals) of the fatty acid composition in the prey
species. FA in bold represent up to 80 % of dissimilarities (SIMPER analyses).
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Supplementary Table 2.3 Fatty acid composition (% total fatty acid) of prey species. Values are mean + standard error.

Prey analysed FISH SHRIMP AMPHIPOD COPEPOD
M. villosus Sebastes sp.  P.borealis P.multidentata T.compressa T. libellula T. abyssorum  Calanus sp.
Fatty acid n 5 5 5 4 5 4 5 5
Saturated FA
140 521 £ 0.23 423 + 047 428 £ 0.29 399 + 024 6.98 £ 090 7.76 £ 0.10 6.14 £ 029 575 £ 0.12
150 0.72 £ 0.09 054 +0.16 059 * 0.16 - 1.08 + 0.31 0.71 £ 0.07 0.86 + 0.06 0.37 £ 0.16
16:0 2099 + 1.71 1733 £ 1.40 19.32 £ 0.49 1595 £ 1.21 16.54 £ 1.58 17.98 £ 0.51 1523 £ 055 5.67 £ 0.23
170 0.05 £ 0.05 0.32 +0.10 0.29 £ 0.08 - 0.26 + 0.16 0.40 + 0.04 0.45 + 0.03 -
180 2.64 + 0.26 576 £ 087 289 +0.22 3.82 £ 027 3.82 £ 040 2.19 £ 0.15 250 % 0.15 -
200 0.54 £ 0.15 1.02 +0.18 0.37 + 0.16 141 £ 084 2.09 + 0.38 0.88 + 0.15 0.79 £ 0.09 -
Subtotal 30.14 + 1.92  29.20 + 244 27.72 £ 0.75 25.17 + 246 30.77 + 3.19 2992 + 283 2597 £ 0.72 11.79 £ 0.35
Monounsaturated FA
16:1n7 1118 + 051 1348 £ 252 7.29 + 0.29 6.59 + 0.70 13.01 + 1.68 26.33 + 046 1311 £ 0.92 25.82 + 0.58
17:1n? 0.21 £ 0.09 0.40 +0.20 0.69 * 0.25 132 £+ 049 030 +0.19 0.47 £ 0.06 051 +£0.03 109 £ 0.11
18:1n9 16.32 + 1.67 17.56 + 2.06 18.49 + 0.81 20.08 + 1.28 16.17 + 1.21 1949 £ 1.09 21.74 £ 075 7.22 +0.52
20:An? 14.32 £ 2.04 1748 £ 1.73 7.47 + 0.44 857 + 095 17.82 + 2.66 12.26 £ 0.61 21.74 = 0.57 16.36 = 0.29
22:1n9 15.60 + 251 17.32 £ 152 16.34 + 1.78 11.01 £ 1.77 1835 + 2.20 854 + 0.72 13.39 + 0.57 16.66 + 0.19
24:1n9 212 £+ 0.25 145 + 045 2.79 + 0.07 366 £ 030 1.00 £ 0.26 0.66 + 0.06 069 + 0.06 206 £ 0.13
Subtotal 59.75 + 322  67.68 + 2.83 53.06 + 1.33 5124 + 270 66.64 + 2.76 67.75 + 421 7117 £ 0.79 69.21 £ 0.71
Polyunsaturated FA
18:2n6 1.86 + 0.28 135 £ 025 252 £0.31 361 £+030 1.89 +0.51 143 = 0.09 1.74 =014 203 = 0.20
18:3n3 0.76 * 0.13 - 0.78 * 0.09 156 + 0.14 - 0.20 £ 0.12 022 +£0.14 106 £ 0.10
20:2n? 050 £ 0.11 0.12 +0.12 0.49 * 0.08 115 £ 010 047 +0.20 0.44 £ 0.04 0.51 £ 0.03 -
20:4n6 0.63 £+ 0.21 - 185 + 0.19 2.07 £ 0.16 - - - 0.27 + 0.27
20:3n3 - - - - - - - -
20:5n3 3.44 + 0.74 056 £ 037 752 +£0.21 838 +0.16 011 +0.11 0.09 + 0.09 0.20 + 0.12 11.76 = 0.17
22:6n3 291 + 061 1.09 + 060 6.06 + 0.21 6.82 £ 068 0.13 £ 0.13 0.17 £ 0.10 0.18 £ 0.11 3.88 + 0.09
Subtotal 10.11 + 1.57 312 £ 118 19.22 + 0.63 2359 + 1.18 259 * 0.65 2.33 +£0.19 2.86 + 0.50 19.00 + 0.43

?, position of the double bond closest to the terminal methyl group unknown



Supplementary Table 2.4 Statistical comparison of FA composition of common prey species of redfish. PERMANOVA results
followed by pairwise comparisons, including FAs that contributed most to dissimilarity.

Source DF Pseudo-F P-value
Prey taxa (Figure 5) 7 17.127 0.001
Residuals 30
Levels P-value Contribution (%) to dissimilarity

M. villosus : Sebastes sp. 0.100
M. villosus : P. borealis 0.016  20:1n? (19); 22:1n9 (14); 20:5n3 (11); 16:1n7 (11); 18:1n9 (11); 22:6n3 (9); 16:0 (8)
M. villosus : P. multidentata 0.016  20:1n? (13); 22:1n9 (13); 16:0 (11); 20:5n3 (10); 18:1n9 (10); 16:1n7 (10); 22:6n3 (8); 18:2n6 (4); 24:1n9 (3)
M. villosus : T. compressa 0.033  20:1n? (15); 22:1n9 (15); 16:0 (13); 18:1n9 (9); 20:5n3 (9); 22:6n3 (7); 16:1n7 (7); 14:0 (5): 20:0 (4)
M. villosus : T. libellula 0.007  16:1n7 (31); 22:1n9 (16); 18:1n9 (9); 20:1n? (8); 16:0 (70; 20:5n3 (7); 22:6n3 (6)
M. villosus : T. abyssorum 0.007  20:1n? (20); 18:1n9 (15); 16:0 (15); 22:1n9 (12); 20:5n3 (9); 22:6n3 (7); 16:1n7 (6)
M. villosus : Calanus sp. 0.009 160 (24); 16:1n7 (23); 18:1n9 (14); 20:5n3 (13); 22:1n9 (7)
Sebastes sp. : P. borealis 0.004  20:1n? (20); 20:5n3 (14); 16:1n7 (12); 22:6n3 (10); 18:1n9 (8); 22:1n9 (8); 16: 0 (7); 18:0 (6)
Sebastes sp. : P. multidentata 0.010  20:n? (15); 20:5n3 (13); 16:1n7 (12); 22:1n9 (11); 22:6n3 (10); 18:1n9 (8); 16:0 (5); 18:2n6 (4); 24:1n9 (4)
Sebastes sp. : T. compressa 0.587
Sebastes sp. : T. libellula 0.007  16:1n7 (28); 22:1n9 (19); 20:1n? (12); 18:1n9 (9); 18:0 (8); 14:0 (8)
Sebastes sp. : T. abyssorum 0.109
Sebastes sp. : Calanus sp. 0.008  16:1n7 (18); 16:0 (17); 20:5n3 (17); 18:1n9 (15); 18:0 (9); 20:1n? (5)
P. borealis : P. multidentata 0.007  22:1n9 (22); 16:0 (14); 18:1n9 (10); 20:1n? (7); 20:0 (5); 16:1n7 (5); 22:6n3 (5); 18:2n6 (4); 17:1n? (4); 18:0 (4)
P. borealis : T. compressa 0.006  20:1n? (20); 20:5n3 (14); 22:6n3 (11); 16:1n7 (11); 22:1n9 (9); 16:0 (6); 14:0 (5); 18:1n9 (5)
P. borealis : T. libellula 0.010  16:1n7 (32); 22:1n9 (13); 20:5n3 (12); 22:6n3 (10); 20:1n? (8); 14:0 (6)
P. borealis : T. abyssorum 0.010  20:1n? (27); 20:5n3 (14); 22:6n3 (11); 16:1n7 (11); 16:0 (8); 22:1n9 (7); 18:1n9 (6)
P. borealis : Calanus sp. 0.009  16:1n7 (26); 16:0 (19); 18:1n9 (16); 20:1n9 (12); 20:5n3 (6); 22:1n9 (5)
P. multidentata : T. compressa 0.011  20:1n? (15); 20:5n3 (13); 22:1n9 (12); 22:6n3 (11); 16:1n7 (10); 18:1n9 (6); 16:0 (5); 14:0 (5); 24:1n9 (4)
P. multidentata : T. libellula 0.022  16:1n7 (30); 20:5n3 (13); 22:6n3 (10); 14:0 (6); 20:1n? (6); 22:1n9 (6); 24:1n9 (5); 18:1n9 (4) 16:0 (4)
P. multidentata : T. abyssorum 0.006  20:1n? (23); 20:5n3 (14); 22:6n3 (11); 16:1n7 (11); 22:1n9 (5); 24:1n9 (5); 18:1n9 (5); 14:0 (4); 16:0 (4)
P. multidentata : Calanus sp. 0.009  16:1n7 (25); 18:1n9 (17); 16:0 (13); 20:1n? (10); 22:1n9 (7); 18:0 (5); 20:5n3 (4)
T. compressa : T. libellula 0.020  16:1n7 (30); 22:1n9 (22); 20:1n? (13); 18:1n9 (9); 16:0 (6)
T. compressa : T. abyssorum 0.017  20:1n? (19); 18:1n9 (18); 22:1n9 (16); 16:1n7 (12); 16:0 (10); 140 (5); 18:0 (4)
T. compressa : Calanus sp. 0.004  16:1n7 (18); 20:5n3 (17); 16:0 (16); 18:1n9 (13); 20:1n? (7); 18:0 (5); 22:6n3 (5)
T. libellula : T. abyssorum 0.005  16:1n7 (36); 20:1n? (26); 22:1n9 (13); 16:0 (8)
T. libellula : Calanus sp. 0.015  16:0 (19); 18:1n9 (19); 20:5n3 (18); 22:1n9 (13); 20:1n? (6); 22:6n3 (6)
T. abyssorum : Calanus sp. 0.010  18:1n9 (21); 16:1n7 (18); 20:5n3 (17); 16:0 (14); 20:1n? (8); 22:6n3 (5)

Bold indicates significant values adjusted (P < 0.05). DF, degrees of freedom.



Supplementary Table 2.5 Fatty acid composition (% total fatty acid) of the redfish livers according to three redfish size classes and
subareas. Values are mean + standard error.

All livers <20 20—30 >30
All NWG LC NEG All NWG LC NEG All NWG LC NEG

Fatty acid 350 159 47 67 45 96 28 36 32 95 7 61 27
Saturated FA
14:0 184 + 004 18 =+ 006 178 + 012 201 + 010 171 + 009 173 + 005 178 + 010 178 + 0.08 1.65 + 0.08 190 + 0.07 143 + 0.12 1.86 + 0.08 213 =+ 0.16
15:0 024 + 001 025 + 001 023 + 002 026 + 001 025 + 002 023 + 001 026 + 002 022 + 001 020 + 002 025 + 0.02 026 + 0.03 027 + 0.03 020 + 0.04
16:0 894 + 013 778 + 010 792 + 022 780 + 013 762 + 0.18 862 + 019 970 + 047 7.88 + 0.18 850 + 0.28 1120 + 0.30 10.70 + 0.61 10.84 + 0.38 12.17 + 0.55
170 010 + 001 010 + 001 011 + 002 0.09 + 001 010 + 001 010 + 001 011 + 002 010 + 0.01 0.09 + 001 0.08 + 001 014 + 0.04 0.06 + 001 011 + 0.02
18:0 275 £ 008 272 + 013 283 + 031 234 + 013 311 * 026 261 + 016 297 + 041 211 + 018 286 + 021 294 + 012 321 + 059 277 + 014 324 + 025
20:0 011 + 001 013 + 001 014 + 002 014 + 002 012 + 002 012 + 001 011 + 002 013 + 0.02 011 + 0.02 0.05 + 001 0.09 + 0.03 0.06 + 0.01 0.02 + 0.01
Subtotal 13.97 + 0.18 12.84 + 0.19 13.05 + 0.50 12.64 + 0.26 12.91 + 0.24 13.41 + 0.30 14.93 + 0.73 12.23 + 0.30 13.41 + 0.43 16.42 + 0.41 15.83 + 1.01 15.85 + 0.52 17.87 + 0.72
Monounsaturated FA
16:1n7 11.15 + 019 11.84 + 0.29 1056 + 0.73 12.46 + 0.34 12.27 + 041 1213 + 0.39 11.00 + 1.03 13.06 + 0.56 12.08 + 0.41 899 + 021 7.80 + 050 871 + 026 9.91 + 041
17:1n? 030 + 001 024 + 001 022 + 003 020 * 002 031 * 002 028 + 002 037 + 004 021 + 002 028 * 003 043 + 002 045 + 0.04 043 + 0.03 043 * 0.05
18:1n9 2841 + 053 2330 + 0.63 27.00 + 1.35 19.96 + 0.66 24.40 + 1.16 2872 + 0.98 3228 + 2.02 2521 + 1.33 2955 + 162 36.66 + 0.73 4453 + 1.61 36.40 + 0.83 35.21 + 152
20:1n? 16.37 + 021 1835 + 0.22 17.24 + 049 19.28 + 0.25 1812 + 0.40 1648 + 0.40 14.69 + 0.79 18.06 + 0.41 16.28 + 0.78 1296 + 0.37 10.38 + 1.11 1369 + 0.41 11.98 + 0.79
22:1n9 1779 + 037 2173 + 044 2212 + 0.84 2347 + 058 1874 + 0.80 17.47 + 0.61 1572 + 1.17 20.25 + 0.88 1587 + 098 1152 + 051 8.65 + 1.12 12.17 + 0.66 10.78 + 0.93
24:1n9 056 + 002 0.60 + 002 0.66 + 005 055 + 003 060 + 004 048 + 002 055 + 004 047 + 003 043 + 004 058 + 004 061 + 0.14 063 + 0.06 047 + 0.08
Subtotal 7459 + 0.26 76.06 + 0.33 77.80 + 0.64 75.92 + 0.51 74.45 + 0.47 75.56 + 0.41 74.60 + 0.85 77.25 + 0.56 74.49 + 0.62 71.14 + 0.53 72.42 + 1.26 72.03 = 0.64 68.78 + 1.01
Polyunsaturated FA
18:2n6 123 + 003 120 + 005 111 + 006 119 + 009 133 + 009 099 + 004 101 + 007 0.88 + 005 111 + 007 153 + 008 119 + 0.13 153 + 0.09 159 + 0.17
18:3n3 054 + 002 057 + 003 051 + 003 056 + 005 066 + 006 043 + 002 047 + 004 037 + 002 047 + 004 060 + 004 055 + 0.08 058 + 0.05 0.68 + 0.09
20:2n? 029 + 001 025 + 001 030 + 003 021 + 001 028 + 002 023 + 001 025 + 002 018 + 001 026 + 003 042 + 003 029 + 005 042 + 0.03 045 + 0.06
20:4n6 055 + 002 041 + 002 052 + 004 033 + 002 041 + 003 046 + 003 064 + 007 032 + 003 046 + 005 087 + 004 082 + 0.08 090 * 0.05 0.83 * 0.08
20:3n3 019 + 001 016 + 002 013 + 003 016 + 0.03 018 + 0.04 016 + 002 0.08 + 0.02 022 + 0.04 017 + 0.04 028 + 0.04 0.09 + 0.06 030 + 0.05 0.28 + 0.06
205503 541 + 011 549 + 017 371 + 017 6.09 + 024 646 + 030 585 + 021 452 + 031 597 + 032 686 + 034 483 + 021 427 + 052 473 + 026 520 + 0.43
22:6n3 323 + 007 301 + 008 287 + 014 289 + 011 334 + 019 291 + 011 349 + 025 258 + 0.14 277 + 012 392 + 017 455 + 029 367 + 021 431 + 0.36
Subtotal 11.45 £ 0.17 11.10 + 0.25 9.15 + 0.31 11.44 + 0.36 12.64 + 0.48 11.03 + 0.26 10.47 + 0.41 10.52 + 0.43 12.10 + 0.46 12.44 + 0.36 11.75 + 0.90 12.12 + 0.42 13.35 + 0.83

?, position of the double bond closest to the terminal methyl group unknown



Supplementary Table 2.6 Statistical comparison of FA composition between the three size classes of redfish and subareas:
PERMANOVA results followed by pairwise comparisons, including FAs that contributed most to dissimilarity.

Source DF Pseudo-F P-value
Three redfish size classes (Figure 6a) 2 68.113 0.001
Residuals 347
Levels P-value Contribution (%0) to dissimilarity
Small redfish (< 20 cm) : Medium redfish (20-30 cm) 0.001  18:1n9 (30); 22:1n9 (21); 16:1n7 (12); 20:1n? (11); 20:5n3 (7); 16:0 (5)
Medium redfish (20-30 cm) : Large redfish (>30 cm) 0.001 18:1n9 (28); 22:1n9 (19); 20:1n? (12); 16:1n7 (10); 16:0 (8); 20:5n3 (6)
Large redfish (=30 cm) : Small redfish (< 20 cm) 0.001 18:1n9 (30); 22:1n9 (22); 20:1n? (12); 16:1n7 (8); 16:0 (8)
Source DF Pseudo-F P-value
Three subareas (Figure 6b) 2 10.554 0.001
Residuals 156
Levels P-value Contribution (%) to dissimilarity
NWG: LC 0.001  18:1n9 (30); 22:1n9 (17); 16:1n7 (14); 20:1n? (10); 20:5n3 (8); 16:0 (5)
Small redfish (< 20 cm) LC : NEG 0.001 18:1n9 (27); 22:1n9 (22); 16:1n7 (10); 20:1n? (9); 20:5n3 (7); 18:0 (5)
NEG : NWG 0.004 18:1n9 (28); 22:1n9 (19); 16:1n7 (13); 20:1n? (10); 20:5n3 (8); 18:0 (5)
Source DF Pseudo-F P-value
Three subareas (Figure 6c¢) 2 6.183 0.003
Residuals 3
Levels P-value Contribution (%) to dissimilarity
NWG: LC 0.005  18:1n9 (30); 22:1n9 (17); 16:1n7 (14); 20:1n? (10); 20:5n3 (8); 18:0 (5)
Medium redfish (20-30 cm) LC : NEG 0.008 18:1n9 (27); 22:1n9 (22); 16:1n7 (10); 20:1n? (9); 20:5n3 (7); 18:0 (5)
NEG : NWG 0.111
Source DF Pseudo-F P-value
Three subareas (Figure 6d) 2 2.946 0.013
Residuals 92
Levels P-value Contribution (%) to dissimilarity
NWG : LC 0.009  18:1n9 (29); 22:1n9 (16); 20:1n? (14); 16:0 (8); 16:1n7 (6); 20:3n3 (6); 22:6n3 (5)
Large redfish (>30 cm) LC : NEG 0.119
NEG : NWG 0.036  18:1n9 (32); 22:1n9 (13); 20:1n? (12); 16:0 (8); 16:1n7 (8); 20:3n3 (6); 22:6n3 (4)

Bold indicates significant values adjusted (P < 0.05). DF, degrees of freedom.



2.8 DISCUSSION

To our knowledge, the present study constitutes the first attempt of combining FA with SCA
to assess the diet of redfish. As a boreal species characterized by relatively low metabolism
compared to temperate species exposed to higher temperature, and with a life history involving the
accumulation of significant energy reserves, the FA composition of energy reserve lipids in the
liver could represent a longer-than-average integration period for redfish (Kirsch et al., 1998;
Dalsgaard et al., 2003; Budge et al., 2011). By combining both methods of redfish diet
determination and the database of FA composition for the most important redfish prey in nGSL,
we were able to take advantage of FA as a biochemical tracer and infer diet over a longer time

period, probably in the order of several weeks, compared to a few days for SCA.

SCA indicated that redfish captured in 2017 shifted from a zooplankton-based diet to a
shrimp and fish-dominated diet as size increased, a result consistent with trends described by
Brown-Vuillemin et al. (2022) for the periods 1993-1999 and 2015-2019. Small zooplankton with
Copepods (Calanus sp.) and macrozooplankton like Amphipods (Themisto sp.) and Euphausiids
(especially Thysanoessa sp.) dominated the diet of small redfish (< 20 cm) and showed decreasing
importance with increasing predator size (20-30 cm) as redfish shifted to shrimp (P. borealis and
P. multidentata) and small redfish (cannibalism) in the diet of large (> 30 cm) redfish. FA analyses
confirmed size-related changes in diet of redfish in the present study. Multivariate analysis of
redfish FA composition showed that a subset of FA accounts for a large part of the variation in
redfish FA signatures, suggesting dietary changes that can be reported to prey FA signatures.
According to comparisons of prey-redfish FA results, small and medium-sized redfish (< 20 and
20-30 cm) showed FA signatures similar to small and macrozooplankton trophic markers (16:1n7,
20:1n?, 22:1n9 and 20:5n3) while large redfish (> 30 cm) seemed to be influenced by 18:1n9 and
16:0 (probably fish prey) and showed shrimp-related FA signatures (18:2n6 and 22:6n3).

Similar size-related shifts in redfish diet composition observed in the nGSL (Ouellette-Plante
et al., 2020; Senay et al., 2021; Brown-Vuillemin et al., 2022; this study) have also been shown
through SCA for other redfish populations (Albikovskaya & Gerasimova, 1993; Gonzalez et al.,
2000; Dolgov & Drevetnyak, 2011). Size-related dietary transition from small to large prey items

is commonly observed in fishes and is generally attributable to a combination of factors such as
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the increase of gape opening and swimming ability (Cook & Bundy, 2010; Sanchez-Hernandez et
al., 2019), changes in energy requirements (Dwyer et al., 2010) and changes in habitat use since
larger redfish generally occupy deeper waters than smaller ones (e.g., Planque et al., 2013; Senay
etal., 2021).

In addition to size, there were local effects, with differences in diet among subareas observed
with the two methods. Usually, diet differences shown by SCA between subareas were for species
of a type, e.g., copepods vs. euphausiids or amphipods, or shrimp vs/ fish. The present study
showed that the FA composition of redfish changed with increasing size and also according to
subarea. Feeding Atlantic cod (Gadus morhua) first with squid and then with Atlantic mackerel
(Scomber scombrus), Kirsch et al. (1998) observed that cod FA composition became more similar
to that of Atlantic mackerel. However, the authors also noted that cod maintained a specific FA
signature different from that of their sole prey. Iverson et al. (1997) showed that predatory fish
species can be easily differentiated from each other even when predators of similar size and located
in the same area are characterized by similar diets. Thus, species-specific differences in the FA
signatures of prey and predators support the use of FA signatures to study the diet of redfish,
including for the description of size-related and spatial variability. Nevertheless, inferences may
be complex to draw because of absolute differences among predator and prey FA signatures
attributable to differences in predator metabolism (lverson, 2009). In future redfish diet studies,

stronger conclusion could be made based on long-term feeding trials in controlled conditions.

2.8.1 Pelagic zooplankton consumption suggested by Calanus-type markers

There is a large body of information on the lipids of calanoid copepods that dominate the
zooplankton biomass in several parts of the world’s oceans, and which are particularly important
in northern temperate and polar latitude pelagic food webs (e.g., Dalsgaard et al., 2003). Several
authors showed that FA composition of calanoid copepods diverge from that of other copepods and
other zooplankton species through a lower proportion of 16:0 and 18:0 SFA, which is supported
by our results (Supplementary Table 2.3). They are also differentiated by their high content of
20:1 and 22:1 MUFA biosynthesized de novo, which only strictly herbivorous copepods such as
calanoid species of the genus Calanus can do in considerable amounts (Lee, 1974; Sargent, 1976;
Falk-Petersen et al., 1987; Fraser et al., 1989; Falk-Petersen et al., 1990; Dahl et al., 2000;
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Dalsgaard et al., 2003; Brewster et al., 2018). Consequently, high levels of }; 20: 1 + 22: 1 MUFA
(Calanus-type and pelagic marine feeding markers) have been used to trace and resolve food web
relationships in, for example, hyperiid amphipods, euphausiids and fish, which consume typically
large quantities of calanoid copepods (Sargent, 1976; Falk-Petersen et al., 1987; Falk-Petersen et
al., 2002; Dalsgaard et al., 2003; Brewster et al., 2018; Meyer et al., 2019). In this study, the sum
of these FAs in the liver tissue of large redfish (24 %) is almost half that found in small redfish (40
%), suggesting that the importance of copepods in redfish diet decreases with increasing fish size,
possibly reflecting the decreasing payoff of hunting small prey for a larger fish, and/or a reduction
in spatial overlap as larger redfish generally occupy deeper waters than smaller redfish. The finding
of VVoronin et al. (2021) offer evidence for the reduction in spatial overlap hypothesis, as MUFA
in muscles, including dietary markers of zooplankton (copepods) 20:1 and 22:1, were lower in
redfish S. mentella sampled at greater depths in the Irminger Sea. In the present study, multivariate
analyses indicated that 16:1n7 and 20:5n3 were most useful in discriminating Calanus sp. from
other potential redfish prey. As, 16:1n7 and 20:5n3 are fatty acid trophic markers of diatoms (\Viso
& Maty, 1993; Budge & Parrish, 1998; Dalsgaard et al., 2003), these results could suggest high
diatoms feeding by Calanus sp. in nGSL. In this study, 20:1n? was mostly associated to T. libellula
according to multivariate analysis and could indicate that this species occupying the same food
web consumes calanoid copepods in significant quantities in the nGSL, assuming that amphipods
cannot biosynthesize 20:1 de novo. This probability of calanoid ingestion highlights the fact that no
single FA can be assigned uniquely to any one particular species. This needs to be considered when
using the FA approach to study specific trophic relationships in an uncontrolled environment and

within a complex network (Brett et al., 2016).

Feeding on copepods by small (< 20 cm) redfish was demonstrated through SCA and was
particularly important in the LC subarea (%FI = 55 %). Combining SCA and FA signatures, it
seems likely that the large contributions of 20:1 and 22:1 MUFA to the FA profile of small redfish
is the result of direct consumption of copepods in the LC subarea, rather than secondary ingestion
of copepods through amphipods. The FA profiles of medium redfish showed contributions of
16:1n7 and 20:5n3, associated with Calanus FA signatures, particularly important in LC subarea.
Because FA signatures integrate diet contributions over a longer time period, this could mean small
and medium redfish have greater access to this calanoid resource earlier in the summer, whereas

copepods were less available in August, when stomachs were sampled, due to the fact that Calanus

125



sp. sink in the deep channels in the nGSL, diapausing from August to early spring (Harvey et al.,
2004; Dufour & Ouellet, 2007).

Accumulation of eicosapentaenoic acid (EPA, 20:5n-3) could be particularly relevant for
redfish since this essential FA, that cannot be synthesized de novo or in sufficient amounts by
marine animals, was found to be retained in the muscles of fast-swimming fish in cold water
(Sargent et al., 1987, 2002; Mevyer et al., 2019). Furthermore, EPA is the precursor of several
eicosanoids, which are signal molecules playing a role in modulating many biological and
biochemical processes (Tocher et al., 1996, Sargent et al., 2002). Work by Dall et al. (1993)
suggests that EPA plays an important role in tissue biosynthesis and Rawn (1989) demonstrated
that EPA is required for the synthesis of eicosanoid hormones, which have a wide range of
functions, including regulation of steroid biosynthesis, inhibition of gastric secretions and
stimulation of smooth muscle contraction. EPA was reported to be important to larval survival and
development (\Watanabe, 1982; Dickey-Collas & Geffen, 1992). Furthermore, EPA, like DHA are
incorporated in membrane phospholipids to maintain the structural and functional integrity of
biological membranes, particularly in cold conditions (Hulbert & Else, 1999). The consumption of
calanoids by small redfish may be a feeding trait originating from the larval stage (Burns et al.,
2020; Burns et al., 2021) and a good source of EPA, with mean values observed here of 12 % of
their total FAs. Work by Burns et al. (2020) showed positive selection by redfish larvae on C.
finmarchicus eggs, supporting the hypothesis of a strong link between larvae and a key calanoid

copepod in the GSL ecosystem.

FA analysis thus generated some complementary hypotheses relative to the importance of
pelagic zooplankton in the diet composition of small (< 20 cm) and medium-sized (20-30 cm)
redfish with the Calanus-type markers, but also highlighted the complexity to establish strong and
direct trophic links with this method. Like in the example given above with cod diet (Kirsch et al.,
1998), it would be relevant to understand the influence of FA on redfish by studying in a controlled
environment how different diets are reflected in the FA profile of redfish and evaluate which dietary

FA may be used for inferring diet.
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2.8.2  Validation of the predation pressure on shrimp with fatty acid signatures?

In SCA, two specific shrimp species stood out in the diet of medium (20-30 c¢cm) and
especially of large (> 30 cm) redfish, northern shrimp (P. borealis) and pink glass shrimp (P.
multidentata). These shrimp were the main prey of redfish > 30 cm, making up to 68 % (FI) of the
diet. These results were supported by inferences from FA profiles, as contributions of 18:2n6 and
22:6n3 (DHA) suggest an integration of shrimp to the diet of large (> 30 cm) redfish, especially in
the deep LC and NEG subareas, where redfish catch rates are the highest and where the overlap
with the distribution of northern shrimp suggests a strong predation impact (Senay et al., 2021;
Bourdages et al., 2022). As an important food source for several demersal fish species (Parsons,
2005), shrimp form a link between the benthic infauna and higher trophic levels and represent a
source of DHA for redfish, as their level were observed around 7 % of their total FAs. The long-
chain n-3 PUFA docosahexaenoic acid (DHA, 22:6n3), which is linked with deep and cold-water
habitats (Meyer et al., 2019), could serve as a trophic marker for an important trophic link between
shrimp and redfish in the nGSL. This FA is critical for neural and visual development in higher
trophic level marine organisms (Navarro et al., 1997; Bell et al., 1999; Sargent et al., 2002), by its
involvement in neurotransmission, cell survival, and neuro-inflammation prevention (Bazinet &
Laye, 2014). DHA tend to increase with trophic level in the marine biome, by its transfer and
selective retention when it is consumed (Kainz et al., 2004; Twining et al., 2016, Colombo et al.,
2017). Contrary to EPA, which is highly retained in zooplankton species, DHA is highly retained
in fish, suggesting that it is the primary synthesis of polyunsaturated fatty acids in most of marine
fish species (Colombo et al., 2017). This is particularly important in cold environments, as DHA
integration in phospholipid membranes counteract the rigidity effect linked to low temperature, as
already observed in fish (Dey et al., 1993; Logue et al., 2000, Mejri et al., 2021).

Redfish predation on shrimp and implications for the demersal community in the nGSL were
raised in Brown-Vuillemin et al. (2022), and this new analysis based on FA suggest that shrimp
consumption by large redfish is important all summer long and not just in August, when stomachs
were collected. However, unlike SCA, FA signatures do not allow quantification of the relative
predation mortality of P. borealis and P. multidentata due to large redfish. More specific studies

on the interactions between redfish and shrimp need to be carried out.
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2.8.3  Complexity of marine food webs for fatty acid analysis

Importance of a representative sampling — In the marine system, the FA biomarker approach
is based on observations that phytoplankton, at the base of the food web, produces essential FA not
biosynthesized by consumers, like the DHA and EPA, which are then deposited in species tissue
(Dalsgaard et al., 2003; Budge et al., 2006) via trophic accumulation up the food chain (Sargent et
al., 2002). The current paradigm in ecological FA-related studies is that EPA and DHA are
synthesised only by particular phytoplankton taxa (Gladyshev et al., 2013; Taipale et al., 2013,
2016) and transferred to fish via zooplankton, allowing the growth and functions of delicate and
complex organs of fishes, e.g., muscle, eye, brain and gonads (e.g., Arts et al., 2001; Tocher, 2003).
Phytoplankton composition fluctuates seasonally, and the FA composition varies among classes of
phytoplankton (\VVolkman et al., 1989; Viso & Marty, 1993). FA of dietary interest may sometimes
reflect the characteristics of the environment, inclusive of water temperature, salinity, incident light
and available nutrients, all of which may differ geographically (Budge et al., 2002). This can result
in spatiotemporal variability in the FA signatures of phytoplankton in a given area and thus the FA
composition of food available to redfish may differ among the three subareas of the nGSL. Thus,
the use of FA signature to compare diet of a predator in different areas or subareas requires a prey
data set as complete as possible and ideally with complete spatial coverage (Nozeres, 2006) and
knowledge of the predator’s movements. In the present study, the different redfish prey were
randomly sampled throughout the nGSL. Nozeres (2006) demonstrated that prey FA could vary by
size, subarea, season, and year in the nGSL. It would be useful to obtain a specific sample of prey
earlier in the summer to obtain FA profiles that drive redfish FA profiles in August, for future
redfish diet studies regarding summer feeding habits. Moreover, it will be valuable to complement
prey FA data by acquiring the FA signatures of other zooplankton species playing a pivotal role in
nGSL food webs and which have been identified in the SCA. For example, krill species were
important prey for redfish according to SCA in this study. This is supported by another study in
the same area based on a much larger sample size (Brown-\uillemin et al., 2022). It would be thus
useful to obtain FA profiles for the three main krill species in the study area, Thysanoessa raschii,

T. inermis and M. norvegica.

Ubiquity of fatty acid — Making inferences on links between prey and predators based on FA

composition is no simple task. For example, large (> 30 cm) redfish were shown to be associated
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with 16:0,18:1n9 and with DHA (22:6n3) which could be attributed to shrimp in the present study.
These FA have important roles in fish physiology, ranging from energy source, hormone
mobilisation, buoyancy regulation, and acting as structural elements (Dalsgaard et al., 2003; Ortega
& Mourente, 2010).

The lipid signature of large redfish liver was characterised by high content of oleic acid
18:1n9 (37 %). According to our results, this FA could constitute the main lipid energy reserve of
large redfish in summer. It has been hypothesized that 18:1 FA have active role in the compensatory
response to changes in temperature and depth (\Velansky & Kostetsky, 2008; Arts & Kohler, 2009).
Marine fish have the ability to synthesise 18:1n9 by desaturation of dietary 18:0, via the enzyme
A9 desaturase (Sargent, 1976; Dalsgaard et al., 2003). In the case of redfish, this conversion can be
considered negligible given the low amount of 18:0 (0 to 6 %) and the high availability of 18:1n9
(7 to 22 %) available among potential prey. The high concentration of 18:1n9 in the liver would
then likely result from its incorporation from dietary lipids. Nevertheless, FA 18:1n9 is very
abundant in marine environments and a major FA of most marine animals and demonstrated as
dominant in carnivorous and omnivorous crustaceans (Falk-Petersen et al., 1990). It must be
considered that such a FA may influence the lipid imprint of many other species, including the
potential prey of redfish. Therefore, FA such as 18:1n9, 16:0 and 18:0, which are ubiquitous in
marine systems and can be biosynthesised by zooplankton and fish, or freely absorbed (Dalsgaard
et al., 2003) are sometimes excluded when assessing diet from FA composition in predator tissues.
However, our results showed value in considering these FA. For instance, according to our results
and the premise that these FA are incorporated from prey, the contribution of 18:1n9, 16:0 and 18:0
to the FA signatures of large redfish makes it possible to exclude copepods, which are characterized
by a low proportion in these FA, as important prey of large redfish since copepods do not seem to

be the precursors of this intake.

2.8.4  Complementarity of fatty acid profiling and implication for the study of redfish
diet

Sample size considerations — Independent of the method of dietary analysis used, an
adequate sample size is required to obtain a representative portrait of the diet composition of
predators (e.g., Cortés, 1997; Ferry & Cailliet, 1996; Brown et al., 2012; Baker et al., 2014).

Moreover, accurate diet composition analysis requires representative sampling across a predators’
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geographical range, time and life history stages, as diet can change spatially, temporally and with
specimen size (Hovde et al., 2002; Link & Garrison, 2002) as already demonstrated for redfish
(Brown-Vuillemin et al., 2022). In this study, cumulative prey category-stomach curves showed
that results for the large majority of size class and subarea combinations relied on an insufficient
number of stomachs containing prey to provide a robust description of the redfish diet composition.
This is not surprising since our data represents a subsample, and thus a reduced number of stomach
contents, of a larger study about redfish diet with SCA (Brown-Vuillemin et al., 2022).
Characterizing diet and quantifying contribution of different prey items through SCA is a
challenging task due to individual variability in stomach contents, the fact that stomachs represent
a snapshot of diet based on one or a few last meals before capture, and differential digestion of
potentially important prey taxa. Successful SCA requires large sample sizes, which is difficult for
deep water predatory fish and in particular physoclist species like redfish and hake, which often
regurgitate their stomach contents upon capture, which is more generally common for deepwater
predators (Pethybridge et al., 2011; Drazen & Sutton, 2017). The FA method offers new
perspectives on redfish diet beyond information that can be extracted from SCA alone, by
overcoming the effect of barotrauma and the associated regurgitation, which does not prevent a

liver tissue to be taken for FA analysis.

The results of the cumulative curves of liver FA showed that only about ten samples of liver
tissue are required to assess redfish diet in a given sector and size class, which highlights the
advantage of utilising FA profiles as diet tracers to overcome the logistical difficulties in the
collection of large sample sizes required for SCA. As such, FA analysis represents a cost-effective
option to assess diet for redfish or more largely for species that are difficult to obtain due to
conservation needs or remote locations as suggested and demonstrated for shark and chimaera
species in Pethybridge et al. (2011). However, SCA will remain an essential step to identify which
prey need to be collected for FA analysis and to help interpret the results obtained with this method.
To complement SCA and help to refine taxonomical prey resolution, the DNA metabarcoding of
stomach contents may assist in avoiding important potential pitfalls of SCA. This method enables
the identification of prey by using “universal” PCR primers that amplify sequence standardized
DNA barcode regions from organisms in the stomach contents at high sequence read counts. This
method has proven efficient, even for predators characterized by a diverse diet (e.g., Symondson,
2002; Pompanon et al., 2012).
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2.8.5 Conclusion

Marine environments are complex and obtaining accurate information on trophic linkages
constitutes a difficult task. No single method allows a comprehensive assessment of a predator’s
diet composition and its inherent variability on various time scales. The present study relied on use
of multitrophic markers coupling SCA and FA analysis as a first step for documenting the spatial
variability across size classes of the redfish (Supplementary Figure 2.1). We conclude that FA
analysis is promising for assessing seasonal or monthly variation in redfish diet composition
integrating all feeding regime. It requires smaller samples of fish, and these could be collected
during the fishery, as there is no need for specialised personnel to excise liver. These advantages
would come at the cost of a coarser taxonomic resolution than that of SCA, and a possibly reduced
spatial coverage relative to redfish distribution, compared with research surveys. These
disadvantages could be mitigated with the addition of stomach samples from one or a few additional
months, for example, during the winter scientific surveys initiated by Fisheries and Oceans Canada
in 2022 for three years.

Results of the present study support the concept that the combinaison of several techniques
provide the maximum level of information on a predator’s feeding ecology. SCA is the only method
that can detect cannibalism on small redfish, a behaviour expected to intensify as individuals from
the 2011-2013 cohorts become larger and will need to be monitored (Brown-Vuillemin et al.,
2022). However, FA provide important information on the nutritional quality of prey, which could
be particularly important in the context of climate change within the St. Lawrence system. As noted
by Colombo et al. (2017) high latitude marine organisms provide a disproportionately large global
share of DHA and EPA to consumers, and an increase of water temperature is predicted to result
in decreased proportion of DHA and EPA by the primary producers. Redfish currently reach a
modal size about 24 cm (DFO, 2022), corresponding to a shift between a zooplankton dominated
diet to one primarily based on fish and shrimp. Predation on shrimp by large redfish, validated by
FA analysis, is thus expected to increase in the short term and accelerate the decline of northern
shrimp, which is already impacted by rapidly increasing temperature in the system (Bourdages et
al., 2020). Since the biomass and specific composition of prey assemblages are greatly influenced
by changes in the structure of water masses, particularly in terms of temperature, it is important to

keep acquiring data on redfish diet composition and on the abundance of its main prey to detect
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future changes in trophic linkages among the main components of the food web. The variability in

phenology, abundance and distribution of calanoid copepods and shrimp in relation to the
environmental variability will be important to consider for future redfish trophodynamic studies

and for the development of marine resource management strategies for the GSL.
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Supplementary Figure 2.1. Conceptual figure representing the main findings of the present study,
linking size-related and spatial differences in fatty acid (FA) profiles to key prey taxa for redfish.
The FA profiles of small and medium redfish is associated to Calanus sp., particularly in
Laurentian channel subarea while FA signatures of large redfish suggested an integration of shrimp

to the diet, especially in deep channels.
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CHAPITRE 3
LE METABARCODING AMELIORE LA RESOLUTION TAXONOMIQUE DE
LA COMPOSITION DU REGIME ALIMENTAIRE DETERMINEE
VISUELLEMENT CHEZ LE SEBASTE (SEBASTES SP.)

3.1 RESUME

Les sébastes, dominés par Sebastes mentella, ont récemment atteint des niveaux
d'abondance record dans le golfe du Saint-Laurent (GSL). Connaitre la composition de leur
régime alimentaire est essentiel pour comprendre le rdle trophique que ces poissons de fond
jouent dans I'écosystéeme. L'objectif de cette étude était de comparer les performances de
I'analyse visuelle et du métabarcoding des proies dans les contenus stomacaux de sébastes
capturés dans l'estuaire et le nord du Golfe du Saint-Laurent (EGSL). En utilisant des
amorces mitochondriales universelles de la sous-unité I de la cytochrome ¢ oxydase (COl),
un total de 27 correspondances de séquences taxonomiques, dont 16 identifiées jusqu’a
I’espece et considérées comme des proies primaires, a été obtenu a partir de 185 estomacs
avec le métabarcoding et comparé aux 26 proies, dont 16 identifiées au genre ou a I'espece,
détectées avec l'analyse du contenu de I'estomac (ACS). Bien que les deux techniques
aboutissent a une description similaire de la composition du régime alimentaire, nos résultats
révelent que I’ACS et le métabarcoding fonctionnent difféeremment selon les catégories de
proies, tant en termes de détectabilité, de résolution taxonomique et d'estimation de la
contribution des proies au régime alimentaire. L'utilisation du métabarcoding en combinaison
avec I’ACS améliore la résolution taxonomique des proies déterminées visuellement, ce qui
soutient le concept selon lequel les deux techniques fournissent des informations
complémentaires pour obtenir un niveau maximum d'informations sur le régime alimentaire

d’un prédateur.



Mots-clés : Analyse du contenu de lI'estomac, Golfe du Saint-Laurent, Identification

des proies, Sous-unité | de la cytochrome ¢ oxydase (COI)

Cet article intitulé « DNA metabarcoding improves the taxonomical resolution of
visually determined diet composition of beaked redfish (Sebastes sp.) » a été co-écrit avec
Louis Bernatchez (IBIS), Eric Normandeau (IBIS), Cécilia Hernandez (IBI1S), Denis Chabot
(IML-MPO), Réjean Tremblay (UQAR-ISMER), Pascal Sirois (UQAC), Claude Nozeres
(IML-MPOQ) et Dominique Robert (UQAR-ISMER). Sa version finale a été soumise pour
révision par les pairs le 25 novembre 2022 dans la revue Environmental DNA. L’ensemble
des auteurs a participé a la réflexion et a la conception des objectifs ainsi qu’a 1’écriture.
Claude Nozeres a réalisé 1’identification taxonomique visuelle des proies des contenus
stomacaux. Cécilia Hernandez et moi-méme avons effectué les analyses du métabarcoding.
Eric Normandeau a dirigé les analyses bio-informatiques. J’ai réalisé les différentes analyses
des données et la production des résultats. J’ai rédigé la premiére version compléte du

manuscrit, qui a été ensuite révisée et améliorée avec la collaboration des co-auteurs.
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3.4 ABSTRACT

Beaked redfish, dominated by Sebastes mentella, have recently reached record
abundance levels in the Gulf of St. Lawrence (GSL) and knowledge of their diet composition
is essential to understand the trophic role that these groundfish play in the ecosystem. The
objective of the present study was to compare the performance of the visual examination and
DNA metabarcoding of stomach contents of the same individual redfish caught in the estuary
and northern Gulf of St. Lawrence. Using a universal metazoan mitochondrial cytochrome c
oxidase subunit I (COI) marker, a total of 27 taxonomic sequence matches, 16 at the species
level considered as primary prey, were obtained from 185 stomachs with DNA
metabarcoding and compared to the 26 prey types, 16 at genus or species level, obtained with
stomach content analysis (SCA). While both techniques pointed to a similar definition of diet
composition, our results also revealed that the SCA and DNA metabarcoding perform
differently among prey categories, both in terms of detectability and taxonomical resolution,
as well as in estimated contribution to diet. The use of DNA metabarcoding along with SCA
improves the taxonomical resolution of visually determined prey, which supports the concept
that both techniques provide useful complementary information that are best used together

to gain a maximum level of information on the predator’s diet.

Keywords: Cytochrome c¢ oxidase subunit 1 (COI), Gulf of St. Lawrence, Prey

identification, Stomach content analysis
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3.5 INTRODUCTION

The study of food webs dynamics is fundamental to understand how the feeding habits
of different species can affect the community (e.g., Cohen et al., 1993; Ings et al., 2009;
Arditi & Ginzburg, 2012). Dietary information of dominant species within a given ecosystem
is important to gain an in-depth understanding of its functioning, including valuable
ecological information on trophic structure, predation and competition relationships, energy
flow, habitat use, as well as temporal variability in these features. Knowledge of
trophodynamics is thus essential to develop ecosystem approaches to management (e.g.,
Duffy et al., 2007; Arditi & Ginzburg, 2012; Long et al., 2015).

The classic approach used to study the diet composition of a predator consists in
visually inspecting stomach contents and identifying prey taxa at the highest taxonomical
resolution possible. Stomach content analysis (SCA) allows estimating the contribution of
the different prey taxa to the diet and how diet composition varies in space and time, as well
as according to intrinsic factors such as predator size. One challenge of SCA, even for well-
trained taxonomists, is that prey taxa are generally found in various states of digestion, and
heavily digested prey can be difficult to identify because of the loss of distinctive
morphological features, especially in the case of overlapping meristic features among closely
related taxa. Biased identification caused by advanced digestion state can distort the actual
diet composition by an over- or under-representation of certain prey taxa (e.g., Hyslop, 1980;
Baker et al., 2014; Amundsen & Sanchez-Hernandez, 2019).

An alternative approach to obtain information on diet composition is to use the DNA
metabarcoding to sequence stomach contents, which combines DNA-based identification and
next-generation DNA high-throughput (HTS) sequencing. This method enables the
identification of prey by using universal PCR primers that amplify simultaneously the DNA
of diverse groups of taxa from a mixed sample (stomach content or feces) (e.g., Symondson,
2002; Pompanon et al., 2012). This technique is increasingly being used to complement
classic SCA and is helpful to refine taxonomical resolution in morphologically similar taxa
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(e.g., Dunnetal., 2010; Carreon-Martinez et al., 2011; Co6té et al., 2013; Oyafuso et al., 2016;
Jakubaviciaté et al., 2017; Aguilar et al., 2017; Dahl et al., 2017; Riccioni et al., 2018).
However, using DNA metabarcoding on stomach contents may be limited in some cases by
the DNA degradation caused by digestion (Symondson, 2002; Jakubaviciate et al., 2017), the
detection probabilities which can vary by species (Olds et al., 2016) and the fact that sequence
data for some prey taxa are currently wrong or unavailable in public gene databases
(Jakubaviciute et al., 2017; Sakaguchi et al., 2017), resulting in imprecise amplification and
identification of prey taxa. Another limitation of DNA metabarcoding is the qualitative
nature of this technique, relative to the quantitative SCA (Pompanon et al., 2012; Riccioni et
al., 2018; Stapleton et al., 2022).

Following strong recruitment events during the period 2011-2013, the previously
collapsed populations of beaked redfish (principally Sebastes mentella) reached record levels
in the estuary and northern Gulf of St. Lawrence (ENGSL), accounting for more than 80 %
of the total biomass sampled by Fisheries and Oceans Canada (DFO) on the multispecies
trawl survey in 2021 (Senay et al., 2021; DFO, 2022). While this exceptional biomass is of
interest for commercial fishing in the coming years, it is also anticipated to have significant
implications for functioning of the ENGSL ecosystem, including predation pressure and
interspecific competition on forage species. In a previous study based on several years of
stomach content sampling, Brown-Vuillemin et al. (2022) relied on SCA weighted by
temporal variations in redfish abundance to estimate diet composition at the scale of the stock
in the ENGSL. They concluded that the main prey for small redfish (< 20 cm) were
zooplankton taxa represented by copepods of the genus Calanus (mostly of C. hyperboreus),
euphausiids and amphipods (mostly of genus Themisto). With increasing size, redfish shifted
to larger prey items. In particular, shrimp consumption in the recent period increased when
redfish reached 30 cm, with two species accounting for more than 50 % of the diet of large
(> 30 cm) redfish: pink glass shrimp (Pasiphaea multidentata) and northern shrimp
(Pandalus borealis). Cannibalism was also observed in large redfish diet, suggesting density-
dependent control at high density (Brown-Vuillemin et al., 2022).
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In the context of developing an ecosystem-based approach to the management of
Canadian fisheries (Pepin et al., 2022), the trophic impact of redfish on other components of
the GSL ecosystem requires a high level of accuracy. The objective of this study was to
validate the potential supplementary information from DNA metabarcoding approach in
complement to the current description of redfish diet composition based on SCA. In
particular, we addressed the following questions: (1) how SCA and DNA metabarcoding
compare in terms of prey taxonomical resolution in the same individuals; (2) is the detection
of size-related shifts in diet composition method-dependent; and (3) does DNA
metabarcoding improve the detection of certain prey taxa and thus provide a more complete

picture of redfish diet.

3.6  MATERIALS AND METHODS

3.6.1 Study area and collection of redfish stomach content

In the ENGSL, two beaked redfish species coexist in the deep waters: Acadian Redfish,
Sebastes fasciatus and Deepwater Redfish, Sebastes mentella (DFO, 2022). A third species,
the non-beaked Sebastes norvegicus (historically, Sebastes marinus) is infrequent in the
region. Often not distinguished in both scientific surveys and commercial fisheries (Senay et
al., 2021), the two beaked species are referred to as redfish (Sebastes sp.) hereafter. Redfish
were sampled in August 2017 during the annual random depth-stratified trawl survey
conducted by DFO onboard the CCGS Teleost, which covers the lower estuary and northern
GSL (Figure 3.1). The survey vessel was equipped with a Campelen 1800 trawl with a 13-
mm net liner. Details on sampling design and protocol can be found in Bourdages et al.
(2018). For each haul, a length-stratified subsample of individual redfish was taken, and only
those individuals with no signs of regurgitation or feeding within the trawl were retained for
further analyses. Upon capture, each redfish was measured (fork length, FL) to the nearest
millimeter and weighed to the nearest gram. Stomachs were excised at sea from the

esophagus to the pyloric sphincter, individually labeled and bagged, and stored frozen
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(- 20 °C) until analysis in the laboratory. A total of 185 non-empty stomach contents of

redfish was selected for combined SCA and DNA metabarcoding analysis.
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Figure 3.1 Map of the study area showing sampling hauls where redfish stomachs were
sampled for the present study (n = 35) with the number of redfish stomachs preserved
(n = 185) during the August 2017 depth-stratified randomly trawl survey in the estuary and
northern Gulf of St. Lawrence. The gray line indicates the 250 meters isobath.

3.6.2  Stomach content analysis

Methods for SCA were detailed in Brown-\uillemin et al. (2022). Briefly, stomachs
were thawed for visual analysis at the Maurice-Lamontagne Institute (Mont-Joli, Canada)
and each prey taxon found in the stomach contents was weighed and identified to the lowest
taxonomic level possible under a dissecting microscope and using keys and identification
guides (e.g., Squires, 1990; Campana, 2004; Vassilenko & Petryashov, 2009; ICES, 2014).
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To avoid among-sample contamination for further DNA metabarcoding analysis, dissecting
tools were disinfected with alcohol (90 %) between the SCA of consecutive samples, and
stomach contents were immediately and individually refrozen (-20 °C) until DNA analysis

in the laboratory.

3.6.3 DNA metabarcoding of stomach contents

Selection of primers and sample processing — DNA was extracted from the 185 redfish
stomach contents using a DNeasy Blood & Tissue Kit (Qiagen 69504), according to
manufacturer’ instructions. A pair of universal metazoan mitochondrial cytochrome c
oxidase subunit | (COI) primers (Hebert et al., 2003; Ward et al., 2005; Aguilar et al., 2017;
Dahl et al., 2017) was chosen as the barcoding region for prey species identification that have
been developed and tested on a broad array of marine species: the forward mICOIintF (5’
GGWACWGGWTGAACWGTWTAYCCYCC 3') (Leray et al., 2013) and reverse
JgHCO2198 (5" TAIACYTCIGGRTGICCRAARAAYCA 3") (Geller et al., 2013). DNA
amplifications were performed in a one step PCR using tagged primers consisting of lllumina
adapters, indexed barcodes for each sample, and the COI primers. PCRs were done in three
replicates per sample. The final reaction volume for each replicate was 24 pl, including 12.5
ul Qiagen Multiplex Mastermix, 5.5 pl diH20, added to 2 ul of each primer and 3.0 pl of
DNA. PCRs were performed following these cycling conditions: 95 °C for 15 min, followed
by 35 cycles (94 °C for 30 s, 52 °C for 90 s, 72 °C for 60 s) and a final elongation at 72 °C
for 10 min. All amplifications were visualized on a 1.5 % agarose gel for quality and
contamination control. Negative controls were extracted as regular samples and sequenced.
Primer dimers were removed with Axygen beads and all samples were then quantified by
picogreen and pooled in equal quantities. Illumina MiSeq sequencing was performed at the
genomic platform of IBIS (Institut de Biologie Intégrative et des Systemes

www.ibis.ulaval.ca) at Université Laval following the manufacturer's instructions.

Bioinformatics data processing — We used Barque (https://github.com/enorman-
deau/barque) to examine the biodiversity of stomach contents at the species level. Shortly,
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raw reads were trimmed with trimmomatic v0.36 (MINLEN:100, CROP:200). Forward and
reverse reads were merged using flash v1.2.11 (-z, -m 30, -M 280). Amplicons were extracted
using the primer information and expected amplicon size range for the COI1_mICOI-
intF_jgHCO02198 primer. Chimeras were removed using vsearch v2.15.2 using the default
values. Using a custom database derived from the public sequences of the BOLD database
(https://www.boldsystems.org/) and some additional species from GenBank
(https://www.ncbi.nlm.nih.gov/genbank/), we annotated each unique read of each sample to
the most similar species of the database if the sequences had at least 95 % similarity. In cases
of ties, referred to as multiple hits, when more than one species from the databased had the
same distance from the queried sequence, all the tied annotations were reported. Matched
reads with equal quality scores for more than one species were assigned to a higher taxonomic
level since it was impossible to discriminate species with certainty. Barque then produced a

table of prey taxa counts (including the multiple hits) for each sample.

3.6.4 Data analysis

Following Brown-Vuillemin et al. (2022), redfish diet composition data were analysed
as a function of redfish size using three classes: small (< 20 cm), medium (20-30 cm) and
large redfish (> 30 cm), for both visual and molecular methods. To compare SCA and DNA
metabarcoding data, the diet of redfish was described using two metrics: (1) measure of
relative contribution and (2) measure of the occurrence (presence/absence) of prey taxa to
the diet.

Relative contribution — In order to assess the contribution of prey taxa to the diet of
redfish for the SCA data, the mean partial stomach fullness index of prey i (PFL;) (Lilly &
Fleming, 1981; Orr & Bowering, 1997) transformed into a percentage (%F]I;, percentage
fullness index, Bernier & Chabot, 2012) was calculated for each prey taxa in the redfish

stomach using the following five equations:
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PFIIJ = Ml] X Lj_b X 104 (1)

where My; is the mass of prey i in redfish j, L; is the FL (cm) of redfish j and b is the

specific allometric exponent calculated for redfish (b =3.19), corresponding to the slope of
the linear relationship of log(mass) and log(FL) of redfish (Brown-\Vuillemin et al., 2022).
The mean PFI of prey i was then obtained as follows:

N
1

where N is the number of redfish.

Percentage fullness index was further calculated as:

PFI;
%Fl; = = X 100 (3)

where total stomach fullness index (TFIj) was the sum of all PFI; for a redfish j.

TFI was calculated as:

I
i=1
N
1
TFI = = X ZTFI]- (5)
j=1

where | represents the number of different prey taxa found in the sample.

In order to assess the contribution of prey taxa to the diet of redfish for the DNA
metabarcoding data, the relative sequence read abundance transformed into a percentage
(%RS;) using the sequence counts was used and calculated as:

Number of sequence reads for taxa i

%RS; = x 100 6
FoRS; Total number of sequence reads (6
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In order to assess to what extent the %RS can be compared to %Fl, linear regressions
were performed between the results of these two variables for the 185 redfish and each broad

prey category.

Occurrence — For both methods, the percent frequency of occurrence (%0) of prey

taxa was calculated as:

%0: Number of stomach containing taxa i « 100 ;
oM Total number of stomachs ™)

In order to assess the relative occurrence (%RO) of each taxon and provide a
convenient view of each taxon’ contribution as a percentage of total diet, %O was simply

rescaled so that the sum across all taxa was 100 %.

3.7 RESULTS

3.7.1  Taxonomic sequence matches from redfish stomachs as revealed by DNA
metabarcoding

Given that this is the first DNA metabarcoding analysis of redfish diet, the complete
list of the 140 taxonomic sequences matches detected in stomach contents is provided in
Supplementary Table 3.1. A total of 34 taxonomic sequences matches representing 99.5 %
of the total number of sequence reads were kept from further analyses. However, seven
matches were not retained. General levels such as Arthropoda (insect or crustacean) and
Amphipoda were not useful for identification and thus discarded. Anisakis simplex (a
nematode stomach parasite), Cordyceps sp. (kingdom Fungi), Dasybranchus sp. (subtropical
polychaete worms) and Dinoflagelatta (phytoplankton) were discarded since they were not
considered target prey for redfish. In contrast, other matched taxa, principally small
crustaceans such ostracods and cumaceans, were retained though their value as target prey
was uncertain because they have never been reported in stomachs and thus were difficult to
validate. While redfish themselves are a known major prey item from SCA, from the method
used here, it was not possible to determine whether sequences identified as one of the three
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species Sebastes in the region were the result of cannibalism (Brown-Vuillemin et al., 2022)
or cross-contamination from the predator itself, and thus Sebastes reads was also discarded.
Overall, 27 taxonomic sequence matches (84.8 % of the total number of sequence reads,
Supplementary Table 3.1), for 16 primary species, along with five other species, were
considered as likely redfish prey and were compared to the taxa identified through the SCA
(Table 3.1).

3.7.2  Taxonomic comparisons using the two-stomach content analysis methods

To provide and facilitate taxonomic comparisons for both analyses, each prey taxa were
assigned to one of eight broad categories under the common denominations: Fish, Shrimp,
Amphipod, Copepod, Mysid, Euphausiid, Other Invertebrates and Unidentified Material. The
Unidentified Material category was only applied for SCA (Table 3.1).

DNA metabarcoding analysis resulted in a more precise overall prey characterisation
of redfish, with more prey taxa identified to species level (n = 21) compared to the SCA
(n=9) (Table 3.1). A total of seven prey species was identified with both methods included:
one fish, Melanostigma atlanticum; two shrimp, Pandalus borealis and Pasiphaea
multidentata; one amphipod, Themisto libellula; two calanoid copepods, Calanus
hyperboreus and Paraeuchaeta norvegica and one euphausiid, Meganyctiphanes norvegica
(Table 3.1).

Compared with SCA, DNA metabarcoding improved the number of prey taxa
identified at the species level in the overall diet. For Fish, the method detected the demersal
rockling Enchelyopus cimbrius and the pelagic sand lances Ammodytes sp., neither of which
were identified with SCA. For Shrimp, both techniques revealed the primary species of
Pandalus borealis and Pasiphaea multidentata, while metabarcoding also matched to
Pandalus montagui and Pasiphaea sp., with the latter possibly representing another species.
For Copepod, along with the principal prey Calanus hyperboreus, metabarcoding identified
four additional, smaller calanoid species Calanus finmarchicus, Calanus glacialis, Gaetanus

tenuispinus, Metridia longa, that were recorded at genus or more general level in SCA. In
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the Mysid category, the genus Boreomysis detected by SCA was assigned to B. arctica with
DNA metabarcoding, while two other taxa in SCA, Pseudomma sp. and Mysidae (cf. Mysis
sp.) were not detected with DNA. For Euphausiid, Thysanoessa sp. in SCA were matched to
the species T. inermis and T. raschii. The greatest difference between the techniques was for
the Other Invertebrates category, with DNA metabarcoding assigning six new species or
genus names of small zooplankton that were not known from SCA. In this group, another
difference was the match to the benthic sepiolid Semirossia tenera, a southern species with
a known incorrect sequence in GenBank and should instead be labeled as Rossia (cf.

megaptera or palpebrosa), as is the case in SCA (Nozeres et al., 2014).

The DNA metabarcoding method also showed some limitations in taxonomic detection
compared to SCA. For Amphipod, the visually identified T. abyssorum and T. compressa
were not detected by DNA metabarcoding. For this genus, identification to the species level
was limited to their congener T. libellula. In fact, for Amphipod, a relatively large proportion
of the detected DNA sequences could not be assigned to a finer resolution than order
Amphipoda, which was not useful for identification (Supplementary Table 3.1).
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Supplementary Table 3.1 Taxonomic sequence matches in redfish stomachs as revealed by
DNA metabarcoding. Taxa in bold and highlighted in gray represented more than 0.1 % in
term of relative number sequence reads (in percent) and were kept for further analyses, except
those with an asterisk which were discarded since they were not considered as prey of redfish.
T = Trace (%RS <0.1).

Number of Relative number of
Taxa sequence reads sequence reads (%RS)
Acanthamoeba hatchetti 343 T
Aedes vexans 2 T
Aglantha digitale 269 T
Amblyraja radiata 75 T
Amblyraja sp. 60 T
Ammodytes americanus 12 T
Ammodytes dubius 665 T

Anguilla rostrata 142 T
Anthoptilum grandiflorum 23 T
Arctozenus risso 943 T
Aspergillus parasiticus 154 T
Aurelia aurita 243 T
Baetis rhodani 5 T
Benthosema glaciale 3331 T
Boroecia borealis 3339 T
Bos taurus 11 T
Brisaster latifrons 353 T
Calanoida sp. 3711 T

Calanus marshallae 2 T
Canis lupus 15 T
Canis sp. 112 T
Catablema vesicarium 2510 T
Centroscyllium fabricii 175 T
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Supplementary Table 3.1 Continued.

Number of Relative number of

Taxa sequence reads sequence reads (%RS)
Chionoecetes opilio 170 T

Chordata 1292 T
Choristoneura fumiferana 153 T
Choristoneura sp. 2638 T

Clione limacina 2148 T

Clupea harengus 38 T

Cnidaria 495 T
Cordyceps sp* 74884 39
Crassostrea virginica 184 T

Culex quinquefasciatus 3 T

Culex sp. 57 T

Cyanea capillata 4 T
Cyclopterus lumpus 18 T

Drosophila hydei 4 T
Earleria cellularia 2390 T
Ectopsocopsis cryptomeriae 147 T

Eukrohnia hamata 9093 T
Eusergestes arcticus 452 T
Felis sp. 2 T
Fusarium proliferatum 362 T
Gadus morhua 133 T
Gaetanus tenuispinus ~~ 128% 01
Gasterosteus aculeatus 16 T
Gasterosteus sp. 302 T
Genypterus sp. 143 T
Glyptocephalus cynoglossus 5 T
Gryllus veletis 8 T
Halipteris willemoesi 6 T
Halirages fulvocinctus 77 T

_|

Heterorhabdus norvegicus 299
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Supplementary Table 3.1 Continued.

Number of Relative number of

Taxa sequence reads sequence reads (%RS)
Hippoglossoides platessoides 2420 T
Hippoglossus hippoglossus 28 T

Homo sapiens 5776 T

Isopoda sp. 5781 T

Lemanea fucina 357 T
Leptoclinus maculatus 14 T

Limacina heficina 812 04
Linepithema humile 2 T

Lophius americanus 64 T
Malacoraja senta 43 T

Mallotus catervarius 360 T

Mallotus sp. 5 T

Melicertum octocostatum 8 T
Merluccius bilinearis 1681 T
Metridia lucens 4515 T
Myxine glutinosa 40 T
Nanomia cara 2164 T
Nezumia bairdii 88 T
Notoscopelus elongatus 772 T
Oncorhynchus mykiss 16 T
Osmerus mordax 28 T
Pandalus goniurus 19 T
Pandalus jordani 4661 T
Pandalus sp. 66 T
Pantachogon haeckeli 627 T
Pasiphaea tarda 97 T
Penicillium sclerotiorum 96 T
Pennatula aculeata 7 T
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Supplementary Table 3.1 Continued.

Number of Relative number of

Taxa sequence reads sequence reads (%RS)
Pennatula grandis 4 T
Periphylla periphylla 58 T

Phycis chesteri 146 T
Pleuromamma antarctica 3 T
Pleuromamma sp. 5847 T
Pontophilus norvegicus 2042 T
Pseudocalanus minutus 1075 T
Pseudocalanus newmani 5950 T

Psilaster pectinatus 2 T
Ptychogena lactea 359 T
Pyrausta augustalis 99 T
Reinhardtius hippoglossoides 182 T
Rhodotorula mucilaginosa 613 T
Rhynchosporium orthosporum 6207 T

Rotaria rotatoria 9 T
Sagittaelegans  797% 04
Salmo salar 376 T

Salmo sp. 3 T
Salvelinus fontinalis 273 T
Salvelinus sp. 120 T
Scomber scombrus 183 T
Sebastes fasciatus 28 T
Sebastes mentella 143 T
Sebastes norvegicus 39 T

_|

Sebastes viviparus 2

_|

Sus scrofa 104

Unidentified taxa 7358 T
Urophycis tenuis 200 T
Willowsia nigromaculata 81 T
Total of 140 taxonomic sequences matches 19242457 100.0



Table 3.1 Diet composition of redfish expressed in percentage fullness index (%FI), relative
number sequence reads in percent (%RS), percentage occurrence (%0) and percentage of
relative occurrence (%RO) according to SCA and DNA metabarcoding of the 185 redfish.
The contribution of the eight broad prey categories is shown in bold.

SCA DNA metabarcoding
Prey categories  Prey taxa %FI %0 %RO %RS %0 %RO
FISH 213 432 3.02 6.13 3243 855
Teleostei 150 216 1.39 - - -
Perciformes Melanostigma atlanticum 063 216 1.39 570 3459 474
Ammodytes sp. - - - 0.09 2757 3.78
Gadiformes Enchelyopus cimbrius - - - 0.34 2162 2.96
SHRIMP 4432 2054 1434 2458 5351 14.10
Decapoda 197 378 244 - - -
Pandalidae Pandalus borealis 1731 6.49 4.18 6.73 27.03 3.70
Pandalus montagui - - - 086 15.68 2.15
Pandalus sp. 033 1.08 0.70 - - -
Pasiphaeidae Pasiphaea multidentata 2471 10.81 6.97 0.07 3081 4.22
Pasiphaea sp. - - - 16.92 865 1.19
AMPHIPOD 782 1784 1245 179 4649 1225
Amphipoda 0.14 1.08 0.70 - - -
Hyperiidae Themisto abyssorum 076 1.62 1.05 - - -
Themisto compressa 038 1.62 1.05 - - -
Themisto libellula 118 108 0.70 092 378 0.52
Themisto sp. 535 1459 941 0.87 35.68 4.89
COPEPOD 18.65 51.89 36.23 42.07 96.22 25.36
Copepoda 025 1.62 1.05 - - -
Calanoida 4,00 1459 941 - - -
Calanidae Calanus hyperboreus 090 324 2.09 10.20 89.19 12.22
Calanus finmarchicus - - - 0.37 2432 333
Calanus glacialis - - - 0.31 35.68 4.89
Calanus sp. 1255 32.97 2125 29.76 91.89 12.59
Aectideidae Gaetanus tenuispinus - - - 0.08 1730 2.37
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Table 3.1 Continued

SCA DNA metabarcoding
Prey categories  Prey taxa %FI %0 %RO %RS %0 %RO
Euchaetidae Paraeuchaeta norvegica 0.12 054 0.35 079 811 111
Metrinidae Metridia longa - - - 058 919 1.26
Metridia sp. 084 595 3.83 - - -
MYSID 3.00 1297 9.06 17.14 35.68 9.40
Mysidae Boreomysis arctica - - - 1714 17.30 2.37
Boreomysis sp. 296 1135 7.32 - - -
Pseudomma sp. 0.03 054 0.35 - - -
Mysidae 0.00 1.08 0.70 - - -
EUPHAUSIID 805 595 415 496 5351 14.10
Euphausiidae Meganyctiphanes norvegica  1.25 216 1.39 157 11.35 1.56
Thysanoessa inermis - - - 116 23.78 3.26
Thysanoessa raschii - - - 224 1351 1.85
Thysanoessa sp. 490 1.08 0.70 - - -
Euphausiidae 191 378 244 - - -
OTHER INVERTEBRATES 10.46 2216 1547 332 61.62 16.24
Crustacea 10.24 21.62 13.94 - - -
Cephalopoda Rossia sp. 022 054 0.35 - - -
Semirossia tenera - - - 091 1189 1.63
Cumacea Eudorella emarginata - - - 0.65 48.11 6.59
Polychaeta Tomopteris sp. - - - 0.06 26.49 3.63
Ostracoda Halocyprida sp. - - - 0.13 3784 5.19
Discoconchoecia elegans - - - 0.58 15.14 2.07
Sagittidae Sagitta elegans - - - 049 1081 1.48
Gastropoda Limacina helicina - - - 0.50 3243 4.44
DIGESTED / UNIDENTIFIED 556 7.57 5128 - - -
Unidentified taxa 556 757 4.88 - - -
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3.7.3  Contribution of prey taxa to redfish diet composition

The measures used to estimate the contribution of the different taxa to the redfish diet,
%FI in SCA and %RS in DNA metabarcoding, showed similar general patterns (Table 3.1).
For SCA, Shrimp was the most abundant prey category (%FI = 44.3), led by P. multidentata
(%FI1 = 24.7), then followed by Copepod (%FI = 18.7), mainly driven by the genus Calanus
(%FI = 12.6). These two categories and the same specific prey taxa were also the most
represented in terms of %RS in DNA metabarcoding, but in reverse order: Copepods were
the most represented category (%RS = 42.1) dominated by Calanus sp. (%RS = 29.8),
followed by Shrimp (24.6 %) led by the genus Pasiphaea sp. (%RS = 16.92). In terms of
occurrence, the Copepod category was the most frequently found in stomach contents for
both methods (%0 = 51.9 and %RO = 36.2 for SCA and %0 = 96.2 and %RO = 25.4 for
DNA metabarcoding) with Calanus as the most common genus (%0 = 33.0 and %RO = 21.3
for SCA and %0 =91.9 and %R0 = 12.6 for DNA metabarcoding). The Other Invertebrates
category was the second most frequently reported prey group (%0 = 22.2 and %RO = 15.5
for SCA and %0 = 61.6 and %RO = 16.2 for DNA metabarcoding) with a predominance of
the subphylum Crustacea for SCA (%O = 21.6 and %RO = 13.9) and the cumacean,
Eudorella emarginata, for DNA metabarcoding (%0 = 48.1 and %R0 = 6.6) (Table 3.1).

Redfish diet composition as a function of fish size — The same trends in size-related
dietary shifts were observed both with the SCA and DNA metabarcoding when comparing
%FI and %RS, while a notable difference was revealed between %0 and %RO (Figure 3.2).
While both %0 and %RO confirmed this results in SCA, measures of occurrence showed an
absence of size-related pattern in DNA metabarcoding (Figure 3.2). Relying on %FI and
%RS, the same shift from a dominance of copepods to one of shrimp in the diet of small to
large redfish was observed. For each prey category, a correlation higher than 0.50 (p < 0.001)
was obtained for all prey categories, except for Other Invertebrates (r = 0.19), generally
supporting that DNA metabarcoding can be used as a semi-quantitative tool to interpret
redfish diet (Figure 3.3).
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In terms of dietary size differences, both methods showed that the diet of small (< 20
cm) redfish was dominated by Copepods (%FI = 31.2 and %RS = 60.6), and the contribution
of Copepods decreased with redfish size although remaining important in DNA
metabarcoding relative to SCA for medium-sized redfish (20-30 cm) (%FI = 8.9 and
%RS =40.9) and large-sized redfish (> 30 cm) (%FI = 0.7 and %RS = 16.1) (Figure 3.2,
Supplementary Table 3.2). At the genus level, Calanus (%FI = 21.1 and %RS = 41.9) was
the most important Copepod taxon in the diet of redfish with both methods. DNA
metabarcoding suggested that the contribution of C. hyperboreus was underestimated by the
SCA, especially for small (%FI = 1.6 and %RS = 14.9) and medium redfish (%FI = 0.0 and
%RS = 9.3) (Figure 3.4, Supplementary Table 3.2).

For each size class, the contribution of Amphipod was comparable between methods,
although slightly more important in the SCA for small (< 20 cm) redfish (%FI = 11.3 and
%RS = 1.8) and represented mainly by the genus Themisto (%FI = 8.2 and %RS = 1.4).
Regardless of the method used, the Fish category was most important in medium-sized
redfish (%FI = 6.6 and %RS = 11.8), driven by M. atlanticum (%FI = 2.5 and %RS = 11.46).
For the Euphausiid category, the observed trend is the same between both methods with a
more important contribution in small (< 20 cm) redfish, especially from Thysanoessa sp.
(%FI = 7.1), primarily composed of T. raschii according to DNA metabarcoding (%RS =
4.95). While the contribution of the Mysid category to the redfish diet estimated from the
SCA varied between 1.3 and 3.8 %FI, DNA metabarcoding yielded much higher values,
ranging between 14.2 and 20.5 %RS (Figure 3.2 and 3.4, Supplementary Table 3.2).

The contribution of Shrimp increased with redfish size for both methods and the diet
of large (> 30 cm) redfish was dominated by this category (%FI = 82.9 and %RS = 46.8)
(Figure 3.2, Supplementary Table 3.2). At the species level, P. borealis was the most
important shrimp in medium-sized (20—30 cm) redfish, even though the SCA provided higher
values than the DNA metabarcoding (%FI = 52.6 and %RS = 12.5). P. multidentata became
the most important shrimp in large (> 30 cm) redfish, as observed in both the SCA (%FI =
57.45) and DNA metabarcoding (Pasiphaea sp. and P. multidentata; %RS = 36.34). The
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genus Pasiphaea sp. detected by the DNA metabarcoding had multiple hits composed of the
species Pasiphaea tarda and P. multidentata. However, it is presumed that the genus detected
corresponded to P. multidentata since the larger, oceanic species P. tarda is extremely rare
in survey captures from the region (Savard & Nozeres, 2012) and has never been identified
in redfish or other groundfish SCA captured in the region (Ouellette-Plante et al., 2020;
Brown-Vuillemin et al., 2022).

3.8 DIscussION

The purpose of this study was to assess the diet composition of redfish based on the
combination of two methods to identify taxa found in individual stomachs: SCA and DNA
metabarcoding. Our results add to the growing body of evidence that DNA metabarcoding
improves the taxonomical resolution of the identification of prey taxa of marine predators,
particularly in concert with the classic SCA (e.g., Dunn et al., 2010; Cote et al., 2013;
Oyafuso et al., 2016; Jakubaviciaté et al., 2017; Aguilar et al., 2017; Dahl et al., 2017,
Riccioni et al., 2018). Our study also reveals that in redfish, a generalist feeder foraging on a
wide variety of prey, the SCA and molecular methods perform differently among prey
categories, both in terms of detectability and taxonomical resolution, as well as in estimated
contribution to diet. This supports the concept that both techniques provide useful
complementary information to estimate prey ingested, and that they are best used together to
gain a maximum level of information on the predator’s diet (e.g., Alonso et al., 2014; Matley
et al., 2018; Cordone et al., 2022; Lejeune et al., 2022).
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Figure 3.2 Contribution of the eight prey categories to redfish diet as a function of redfish size classes (small, medium and large
individuals), expressed as percent fullness index (%FI), relative number sequence reads (%RS), occurrence (%0) and relative
occurrence (%R0O) according to SCA and DNA metabarcoding.
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redfish diet as a function of size class (small, medium and large individuals), expressed as
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Supplementary Table 3.2 Diet composition of redfish as a function of size class (small, medium and large individuals),
expressed in percentage fullness index (%F1), relative number sequence reads in percent (%RS), occurrence (%0O) and relative
occurrence (%RO) according to SCA and DNA metabarcoding. The contribution of the eight broad prey categories is in bold.
T = Trace (< 0.01).

SCA DNA metabarcoding
%FI %0 %RO %RS %0 %RO
<20 20—30 >30 <20 20—30 =30 <20 20—30 =30 <20 20—30 =30 <20 20—30 =30 <20 20—30 =>30
Prey categories Prey taxa n 9% 53 37 95 53 37 95 53 37 95 53 37 95 53 37 95 53 37
FISH 0.89 6.61 0.51 1.05 7.55 8.11 0.76 541 5.00 114 1180 7.60 29.47 4340 2432 8.05 10.85 6.34
Teleostei 0.89 412 028 105 3.77 270 0.69 2.67 1.49 - - - - - - - - -
Perciformes Melanostigma atlanticum - 2.49 0.23 - 3.77 5.41 - 2.67 2.99 0.34 1146  7.60  20.00 28.30 16.22 273 3.96 2.17
Ammodytes sp. - - - - - - - - - T 0.32 T 421 1.89 5.41 0.58 0.26 0.72
Gadiformes Enchelyopus cimbrius - - - - - - - - - 0.80 0.01 T 6.32 15.09 8.11 0.86 211 1.09
SHRIMP 16.10 68.29 8294 526 2264 56.76 3.82 16.22 35.00 1155 2149 46.82 4526 60.38 64.86 1236 15.09 16.90
Decapoda 2.38 0.01 296 211 1.89 1081 1.38 1.33 597 - - - - - - - - -
Pandalidae Pandalus borealis - 5255 21.14 - 15.09 10.81 - 10.67 597 0.09 1252 1048 1158 2075  27.03 158 2.90 3.62
Pandalus montagui - - - - - - - - - 2.05 T T 1579 1132 1892 216 158 254
Pandalus sp. - - 1.39 - - 5.41 - - 2.99 - - - - - - - - -
Pasiphaeidae Pasiphaea multidentata 1372 1572 5745 316 566 37.84 207 400 2090 004 003 015 3053 4151 5135 417 580 6.88
Pasiphaea sp. - - - - - - - - - 9.38 894 3619 2947 2830 4595 4.03 3.96 6.16
AMPHIPOD 11.33 414 369 1474 2075 21.62 1069 14.86 13.33 177 334 023 4316 5283 4595 1178 1321 11.97
Amphipoda 0.26 - 001 105 - 270 0.69 - 1.49 - - - - - - - - -
Hyperiidae Themisto abyssorum 141 - 0.09 1.05 - 541 0.69 - 2.99 - - - - - - - - -
Themisto compressa 0.68 - 011 211 - 270 1.38 - 1.49 - - - - - - - - -
Themisto libellula 0.80 - 318 1.05 - 270 0.69 - 1.49 0.38 2.37 0.22 2211 3019 3243  3.02 4.22 4.35
Themisto sp. 8.18 4.14 031 1158 2075 1351 7.59 1467 7.46 1.39 0.97 0.01 2632 3208 2162 3.60 4.49 2.90
COPEPOD 31.18 8.87 0.68 67.37 43.40 2432 48.85 31.08 15.00 60.61 40.93 16.14 97.89 9245 97.30 26.72 23.11 25.35
Copepoda 0.47 - - 3.16 - - 2.07 - - - - - - - - - - -
Calanoida 6.23 3.08 . 17.89  18.87 - 11.72 1333 - - - - - - - - - -
Calanidae Calanus hyperboreus 1.56 - 032 1.05 - 1351 0.69 - 7.46 1493 9.34 416 90.53  83.02 9459 1237 1161 1268
Calanus finmarchicus - - - - - - - - - 0.82  0.09 T 2947 2453 1081 403 343 145
Calanus glacialis - - - - - - - - - 053 028 T 46.32 2830 1892 6.33 396 254
Calanus sp. 2110 5.78 035 4632 2453 1081 3034 1733 597 4191 29.87 11.88 9263 9057 91.89 1266 1266 1232
Aetideidae Gaetanus tenuispinus - - - - - - - - - 0.18 T T 14.74 566 10.81  2.01 079 145
Euchaetidae Paraeuchaeta norvegica 0.23 - - 1.05 - - 0.69 - - 122 084 010 5263 4528 4054 7.19 6.33 543
Metrinidae Metridia longa - - - - - - - - - 1.03 0.51 T 3895 3019 29.73 532 4.22 3.99

Metridia sp. 159  0.02 - 1053  1.89 - 6.90 1.33 - - - - - - - - - -




Supplementary Table 3.2 Continued

SCA DNA metabarcoding
%FI %0 %RO %RS %0 %RO
<20 20—30 =>30 <20 20—30 =>30 <20 20—30 =>30 <20 20—30 =>30 <20 2030 =>30 <20 20—30 =>30
Prey categories Prey taxa n 9 53 37 95 53 37 95 53 37 95 53 37 95 53 37 95 53 37

MYSID 3.81 2.92 129 1053 1132 2162 7.63 811 13.33 14.17 20.47 18.07 36.84 35.85 3243 10.06 8.96 8.45
Mysidae Boreomysis arctica - - - - - - - - - 1417 2047 1807 3684 3585 3243 504 501 435

Boreomysis sp. 3.75 2.92 128 842 1132 1892 552 8.00  10.45 - - - - - - - - -

Pseudomma sp. 0.06 - - 1.05 - - 0.69 - - - - - - - - - - -

Mysidae T - 001 105 - 270 0.69 - 1.49 - - - - - - - - -
EUPHAUSIID 10.44 3.22 748 6.32 3.77 8.11 4.58 2.70 5.00 6.70 1.21 6.29 49.47 5472 62.16 1351 13.68 16.20
Euphausiidae Meganyctiphanes norvegica - 3.22 2.06 - 3.77 541 - 2.67 2.99 1.30 121 234 30.53 18.87 3243 417 2.64 4.35
Thysanoessa inermis - - - - - - - - - 0.45 T 338 1368 1698 1892 187 237 254
Thysanoessa raschii - - - - - - - - - 4.95 T 0.58 2526 32.08 4324 345 449 580

Thysanoessa sp. 7.06 - 490 105 - 270 0.69 - 1.49 - - - - - - - - -

Euphausiidae 3.38 - 052 526 - 541 345 - 2.99 - - - - - - - - -
OTHER INVERTEBRATES 17.36 3.61 199 2526 2453 1081 1832 1757 6.67 407 076 485 6421 60.38 56.76 17.53 15.09 14.79

Crustacea 1736 3.61 1.08 2526 2453 811 1655 17.33 448 - - - - - - - - -

Cephalopoda Rossia sp. - - 0.92 - - 2.70 - - 1.49 - - - - - - - - -
Semirossia tenera - - - - - - - - - T 0.03 314 1053 9.43 18.92 144 1.32 2.54
Cumacea Eudorella emarginata - - - - - - - - - 1.56 T T 8.42 5.66 1081 115 079 145
Polychaeta Tomopteris sp. - - - - - - - - - 0.08  0.10 T 8.42 9.43 8.11 115 132 1.09
Ostracoda Halocyprida sp. - - - - - - - - - 010 0.29 T 2632 2453 1622 3.60 343 217
Discoconchoecia elegans - - - - - - - - - 122 022 T 1789 1887 1351 245 264 181
Sagittidae Sagitta elegans - - - - - - - - - 108 012 T 1158 1509 270 158 211  0.36
Gastropoda Limacina helicina - - - - - - - - - 0.03 T 170 1053 1132 2432 144 158  3.26

DIGESTED / UNIDENTIFIED 889 233 140 737 566 1081 534 405 6.67 - - - - - - - - -

Unidentified taxa 8.89 2.33 140 7.37 566 10.81 4.83 4.00 5.97 - - - - - - - - -




3.8.1 The importance of universal primer selection

A large number of previous studies confirmed the reliability of COI as a taxonomic
tool across a wide diversity of taxa (Hebert et al., 2003; Ward et al., 2005; Dawnay et al.,
2007; Dahl et al., 2017). Our results also suggest that the selected universal primers set
(mICOlintF, jgHCO02198) allowed for an efficient detection of prey in redfish stomachs,
which supports conclusions of other studies on fish (Aguilar et al., 2017; Dahl et al., 2017;

Jakubaviciuté et al., 2017).

Some important prey taxa, including pink glass shrimp P. multidentata, were detected
in larger numbers by SCA (25 %) relative to DNA metabarcoding (< 1 %), which rather
detected Pasiphaea sp., a corresponding taxon at a higher taxonomic level (16 %),
presumably of the same species as P. multidentata is the only common species in the region
(Savard & Nozeres, 2012). An explanation is that even through the COI primers are designed
to be taxonomically broad, they may not bind equally well to all prey species. Wrong, missing
reference sequences or even minor primer-template mismatches could lead to substantial
underrepresentation of the prey in the diet (Deagle et al., 2007). Similar issues occurred for
two amphipod species identified by SCA which were not revealed by DNA metabarcoding:
T. abyssorum and T. compressa. This suggests that gaps exist in COI databases with respect
to ENGSL species. The levels of genus, e.g., for Ammodytes and Calanus, in the DNA
metabarcoding may have similar issues. Global metabarcoding initiatives that aim to obtain
COI records may result in more ENGSL species being barcoded, with the help of
taxonomists, in the near future. Indeed, one way to ensure that dietary taxa of known
importance are detectable is to test primer sets with DNA extracts isolated from those taxa
and to incorporate the resulting DNA sequences into a reference database (Ortega et al., 2020;
Sarkis et al., 2022).
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3.8.2  Taxonomic resolution in prey identification

Molecular analyses based on DNA metabarcoding resulted in a validation of the broad
description of redfish diet obtained from the SCA, confirming main prey categories as well
as key prey taxa dominating diet composition. Several prey were identified in both SCA and
DNA metabarcoding. These included the genus Calanus sp. and Themisto sp. as the two
shrimp species P. borealis and P. multidentata, which are considered as main prey of redfish
following previous SCA based work (Brown-Vuillemin et al., 2022). Our results clearly
indicated that DNA metabarcoding can complement SCA with robust species-level prey
identification in a generalist groundfish predator. The composition of all broad categories
could be refined through the use of DNA metabarcoding, enabling species-level
identification for genus-level prey seen in SCA. However, the contribution of additional
species identified by metabarcoding may require further study for validation. While the
detection of soft-bodied pelagic zooplankton could be a useful difference from SCA, their
quantitative contribution as primary prey is uncertain. The matches for several small
crustacean species was an example. While expected for shrimp and copepods, the presence
of ostracods and cumaceans might be uncertain as main prey because they have distinctive,
hard body types that should have been detected in SCA. A possibility is that some small prey,
especially in larger fish, were detected as secondary prey, such as benthic cumaceans ingested

in the demersal fish, E. cimbrius, a fish that was detected as primary prey.

In diet studies, taxonomists regularly deal with a large amount of visually
unidentifiable material consisting of highly digested prey. These items typically cannot be
assigned with confidence to any specific prey category, potentially representing a source of
bias in the definition of diet composition (e.g., Baker et al., 2014). Furthermore, the
proportion or incidence of ‘unidentified’ may depend on the experience of personnel, as was
noticed in our earlier analysis across time periods, with recent stomach contents having more
shrimp identified at the species level than in past years (Brown-Vuillemin et al., 2022). In
addition, recent years of stomach contents have had their contents photographed, enabling

validation and correction (updating) of taxa upon review in later years. Lastly, the traditional
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approach in SCA is to be conservative in identification, going to the most certain level that a
technician feels comfortable recording. The nature of data analysis makes it difficult to
incorporate notes or comments, making it seem coarse when finer detail might be expected
but not provided due to a reasonable doubt of the possibility of other species in a genus, i.e.,
with Boreomysis, Thysanoessa, Calanus, Themisto, Pandalus. In the case of Pasiphaea
shrimp, the level of species is obtained because effectively only one species is expected of
the genus, as a second species (P. tarda) is extremely rare in the region. While P.
multidentata can be confirmed visually, degraded specimens can also be assumed to be of
the species. In redfish, DNA metabarcoding enhanced the identification of prey items,
especially in the Other Invertebrates category. The SCA presumed these were of degraded
remains of common prey also seen in contents, e.g., amphipods, copepods, shrimp, or krill.
Unexpectedly, DNA detections of Other Invertebrates were for mostly small, benthic
crustacean species of ostracods and cumaceans, that were not expected as major prey. Also,
some prey detected were soft-bodied species (e.g., Sagitta elegans, Limacina helicina, M.
atlanticum) and thus unlikely to be identified in SCA. However, it is uncertain if these
detections represent rare prey, contamination or secondary prey, e.g., are the prey of fish
Enchelyopus cimbrius or of the large crustacean prey such as amphipods, euphausiids or
shrimp, that in turn was the prey of redfish.

3.8.3  Quantitative prey assessment

Although the application of DNA metabarcoding to diet studies is well established
(Hebertetal., 2003; Carreon-Martinez et al., 2011), the technique remains limited by the lack
of a standardised method for assessing the relative importance of prey in the diet, mainly
because using sequence read counts as a proxy for prey contribution to the diet is not
straightforward (Deagle et al., 2019). The concept that DNA metabarcoding provides
accurate quantitative information is under debate since variability in technical and biological
aspects can generate major sources of bias. For example, cell densities, primer mismatch,
unequal primer binding with different primer affinities during the PCR, differential quality

and degradation of DNA by digestive enzymes in stomachs, wrong or missing reference
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sequences, are all factors that can affect the amplification, and thus the relative number of
sequences reads, for a given taxon (e.g., Pompanonetal., 2012; Thomas etal., 2016; Mclnnes
etal., 2017; Buglione et al., 2018; Deagle et al., 2019; Stapleton et al., 2022; Damian-Serrano
etal., 2022).

Many studies conservatively interpret sequence counts as occurrence data. However,
occurrence-based diet summaries do not necessarily provide a more accurate representation
of overall diet since they can potentially overestimate the contribution of rare taxa while
underestimating the contribution of major prey (Deagle et al., 2019). In the present study,
from the comparison between analyses derived from SCA and DNA metabarcoding, we
argue that occurrence results derived from metabarcoding cannot be used to interpret dietary
size-related trends, and only %RS provided semi-quantitative estimates of diet in accordance
with the quantitative results obtained from SCA (Figure 3.2). In fact, the %RS values for all
main prey taxa was relatively close to their respective %FI values, with main prey
representing together more than 50 % of the total diet in terms of both %FI and %RS. Both
methodologies pointed to the same important zooplankton taxa in small redfish (< 20 cm):
copepods of the genus Calanus including C. hyperboreus and microzooplankton taxa such
as the mysids of the genus Boreomysis dominated by the species B. arctica, euphausiids of
the genus Thysanoessa driven by the species T. raschii, and amphipods of the genus Themisto
dominated by the species T. libellula. In addition to these zooplankton taxa, shrimp
consumption was important in medium-sized (20-30 cm) redfish with a dominance by P.
borealis. In large (> 30 cm) redfish, the bulk of the diet was composed of shrimp, with a
dominance of P. multidentata. However, in order to use the results in a semi-quantitative
way, cannibalism, not observed in this SCA study but previously recorded in large redfish
diet (Brown-Vuillemin et al., 2022) should be considered, which is impossible with DNA
metabarcoding. Moreover, since metabarcoding involves the extraction of the total DNA
from the stomach contents and universal sets of primers are used to maximize DNA detection
from the widest possible range of prey species, secondary prey or non-target prey consumed
during feeding, may thus be detected and confound the results in DNA-based studies and

then resulting in an overestimation (Sheppard et al., 2005; Oehm et al., 2017). Although prey
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taxa were removed from our analysis (%RS < 0.1) as an attempt to reduce the impact of
contamination, with the added benefit of removing some secondary prey, the threshold for
removal was arbitrary and some secondary prey could have been retained and treated as
primary prey, whereas some primary prey could have exaggerated %RS because they were
also found in the stomachs as prey of prey, such as copepods in large redfish diet, a key food
web component for several redfish prey as, for example, T. libellula, M. norvegica and P.
borealis (Ouellet & Lefaivre, 1994; Marion et al., 2008; Schmidt, 2010). However, these
should be expected to represent only a minor part of total sequence reads compared to
primary prey, due to a much lower total contribution and to a higher level of degradation

expected.

Furthermore, additional taxa that were only detected through DNA metabarcoding all
presented a low number of sequences reads (%RS < 2), suggesting that no major prey were
missed by either method, increasing our confidence that the diet composition reported in the
present study is an accurate portrait of what redfish were actually consuming in the region
during the study period. Overall, our results strongly suggest that DNA metabarcoding is an
effective technique for confirming key prey taxa driving the diet composition of redfish. To
improve our ability in using %RS as a semi-quantitative tool to assess diet composition of
redfish, experimental studies could be conducted to evaluate how prey detectability varies
among prey species and estimate correction factors to account for different states of digestion
(Deagle et al., 2010; Thomas et al., 2014; Egeter et al., 2015; Stapleton et al., 2022), in

addition with corrected and validated reference sequences database.

3.8.4 Conclusion

DNA metabarcoding provides a promising complementary approach to SCA for
refining the resolution of diet composition of redfish by revealing taxa that would otherwise
go unnoticed (Jakubavicitité et al., 2017; Riccioni et al., 2018; Cordone et al., 2022). As
sequencing technology and reference databases for different primer sets continue to develop
and become increasingly affordable, the use of metabarcoding for diet determination will
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increase (Stapleton et al., 2022) and taxonomical resolution will keep improving. This will
yield an increasingly precise portrait of trophic linkages among species and facilitate the
implementation of an ecosystem-based approach to resource management. In contrast, even
though SCA can be limited in terms of taxonomical resolution, it allows for a more robust
quantitative measure of diet composition, including cannibalism. SCA is also essential for
taxonomic validation by confirming whether species detected through metabarcoding are
primary or secondary prey, which is a crucial piece of information in food web studies. Given
the highly complementary nature of the two methods, we advocate for increasing
collaborations between taxonomists and molecular ecologists for resolving specific diet

composition as well as trophic linkages at the ecosystem level.
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CONCLUSION GENERALE

Dans un contexte de préoccupation mondiale concernant la question de la durabilité
des ressources marines et des pécheries, la mise en place d’une gestion intégrative prenant
en compte le maximum de parameétres écosystémiques semble étre la solution la plus
prometteuse pour la protection et la conservation des espéces marines. C'est pourquoi la
compréhension de I'ensemble des mécanismes qui structurent les communautées écologiques
d'un écosysteme, comprenant I'étude du fonctionnement de ses réseaux trophiques, est
nécessaire pour trouver un équilibre durable entre le renouvellement de la ressource et son

exploitation.

Etant donné I’importance écologique, économique et sociale de tout changement
majeur de I’écosystéme et du secteur halieutique du GSL pour le Québec et les quatre
provinces de 1’ Atlantique canadien, il est essentiel de comprendre I’ampleur et les impacts
du retour du sébaste. L’objectif général de ces travaux de thése était d’étudier 1’écologie
trophique de ce poisson de fond a travers la description et la compréhension de son
alimentation sur la base de différentes méthodologies comprenant 1’analyse visuelle de ses
contenus stomacaux (ACS) ; I’analyse comparative de la composition en acides gras (AG)
des sébastes et de ses principales proies et I’application du métabarcoding aux contenus
stomacaux (ADN). A travers 1’utilisation complémentaire de ces trois méthodologies, les
trois articles scientifiques constituant cette thése contribuent a dresser un portrait global du
régime alimentaire et des relations trophiques du sébaste dans le GSL. Les résultats obtenus
dans le cadre de ce projet soutiennent le concept selon lequel plusieurs techniques combinées
permettent d’obtenir un maximum d’informations sur 1’écologie alimentaire d’un prédateur
en abordant différents angles et en répondant a plusieurs problématiques fondamentales de
recherche (Figure 26). Les recherches menées au cours de ce doctorat ont permis d’établir

et de documenter plusieurs éléments descriptifs et quantitatifs de référence sur 1’écologie



trophique du sébaste, d’initier une réflexion sur le choix et la pertinence des méthodologies

employées pour le cas du sébaste dans le GSL et d’offrir des perspectives d’études trophiques
précieuses.
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Figure 26. La question de 1’écologie trophique du sébaste étudiée au cours de ce projet de
doctorat, les problématiques fondamentales de recherches associées et les informations
générales qui se dégagent au travers de 1’utilisation des trois méthodologies employeées.
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1.  QUE MANGE LE SEBASTE DANS LE GOLFE DU SAINT-LAURENT ? PORTRAIT GLOBAL

DE SES PROIES

L’analyse des contenus stomacaux a travers [I’identification visuelle et le
métabarcoding des proies offre une description du régime alimentaire du sébaste a un haut
niveau de précision taxonomique. Ces méthodes ont permis de recenser et de fournir une liste
exhaustive et affinée des différents taxons qui peuvent étre ingéres et digérés par le sébaste,

avec un total de 53 proies identifiées jusqu’a I’espéce (Tableau 2).

Consensus sur les changements alimentaires en fonction de la taille des sébastes et
sur les taxons clés — Les principales catégories de proies, ainsi que les taxons clés dominant
la composition du régime alimentaire du sébaste ont été confirmés au travers de 1’ensemble
des trois chapitres. Plus précisément, chaque méthodologie confirme un changement de
régime alimentaire au fur et a mesure que la taille des sébastes augmente. Le zooplancton
domine le régime alimentaire des plus petits sébastes (< 20 cm) qui consomment
principalement des amphipodes du genre Themisto (T. abyssorum, T. compressa et T.
libellula), des copépodes du genre Calanus avec notamment C. hyperboreus, des mysides du
genre Boreomysis avec B. arctica et des euphausides avec le krill nordique Meganyctiphanes

norvegica et le genre Thysanoessa (T. inermis et T. raschii) (Tableau 2).

L’importance des taxons zooplanctoniques diminue progressivement avec
I’augmentation de la taille des sébastes. Les plus grands sébastes (> 30 cm) deviennent des
consommateurs de crevettes et de poissons. La crevette nordique Pandalus borealis et la
crevette blanche Pasiphaea multidentata constituent les deux especes singulierement
consommeées par les grands sébastes. Les principaux poissons consommés par les grands
sébastes comprennent le capelan Mallotus villosus, la molasse atlantique Melanostigma

atlanticum et le sébaste Sebastes sp. lui-méme (Tableau 2).
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Tableau 2. Liste de I’ensemble des proies, avec leurs noms usuels, identifiées au genre ou a
I’espéce, recensées lors de I’identification visuelle des contenus stomacaux des 3690 sébastes
et de I'utilisation du métabarcoding. Les taxons surlignés en gris ont été définis comme les
plus importants au travers des trois chapitres de cette thése. Illustrations des proies les plus
importantes par ONOAA et ©Claude Nozéres.

POISSON CREVETTE AMPHIPODE

Ammodytes sp. Langon Eualus fabricii Bouc Arctique Byblis sp. Gammaride

Arctozenus risso Lussion blanc Eualus gaimardii Bouc de Gaimard Harpinia sp. Gammaride

Clupea harengus Hareng atlantique Eualus macilentus Bouc du Groenland Hippomedon sp. Gammaride

Enchelyopus cimbrius Motelle a quatre barbillons Pandalus borealis Crevette nordique Hyperia galba Hypéridé

Gadus sp. Morue Pandalus montagui Crevette ésope Hyperia sp. Hypéridé

Gasterosteus aculeatus Epinoche & trois épines Pandalus sp. Crevette Hyperoche medusarum Hypéridé

Lumpenus fabricii Lompénie élancée Pasiphaea multidentata Crevette blanche Maera loveni Hypéridé

Mallotus villosus Capelan atlantique Pasiphaea sp. Crevette Melita sp. Gammaride

Melanostigma atlanticum  Molasse atlantique Pontophilus norvegicus Crevette de Norvege  [Monoculodes sp. Gammaride

Nemichthys scolopaceus Avocette ruban Sabinea septemcarinata Crevette a sept lignes  |Neohela monstrosa Gammaride

Nezumia bairdii Grenadier du Grand Banc Spirontocaris spinus Bouc perroquet Rhachotropis aculeata Gammaride

Notoscopelus kroyeri Lanterne-voiliere nordique Scina borealis Hypéridé

Paralepis sp. Lussion a bec de canard Themisto abyssorum Hypéridé

Sebastes sp. Sébastes Themisto compressa Hypéridé
Themisto libellula Hypéridé
Themisto sp. Hypéridé
Tmetonyx cicada

COPEPODE MYSIDE EUPHAUSIDE

Bradyidius similis Calanoide Boreomysis arctica Mysidacé Meganyctiphanes norvegica Krill nordique

Calanus finmarchicus Calanoide Boreomysis sp. Mysidacé Thysanoessa inermis Euphausiacé

Calanus glacialis Calanoide Boreomysis tridens Mysidacé Thysanoessa raschii Krill arctique

Calanus hyperboreus Calanoide Erythrops erythrophthalma ~ Mysidacé Thysanoessa sp. Euphausiacé

Calanus sp. Calanoide Erythrops sp. Mysidacé

Chiridius gracilis Calanoide Mysis mixta Mysidacé

Euchaeta sp. Calanoide Mysis sp. Mysidacé

Gaetanus tenuispinus Calanoide Pseudomma roseum Mysidacé

Metridia longa Calanoide Pseudomma sp. Mysidacé

Metridia lucens Calanoide Stilomysis sp. Mysidacé

Metridia sp. Calanoide

Paraeuchaeta norvegica Calanoide

Scolecithricella sp. Calanoide

AUTRES INVERTEBRES PROIES LES PLUS IMPORTANTES

Aphrodita hastata Souris de mer Themisto sp. p o Capelan Molasse

Chionoecetes opilio Crabe des neiges @' A

Cuspidaria sp. Mye @r T iir—————

Discoconchoecia elegans Ostracode )

Eudorella emarginata Cumacé Calanussp. Sébaste

Halocyprida sp. Ostracode e

Hyas sp. Crabe m

Limacina helicina Papillon de mer Boreomysis sp. & o

Limacina sp. Papillon de mer &-“ Crevette nordique Crevette blanche

Rossia sp. Sépioles v,

Sagitta elegans Chaetognathe ) N P ~

Syscenus infelix Isopode Euphauside ~

Tomopteris sp. Polychéte '
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Cannibalisme, une prédation intraspécifique a surveiller — L’ACS est la seule
méthode qui permet de détecter la prédation interspecifique sur des petits sebastes. Le
cannibalisme important de ces dernieres années (2015-2019) pourrait suggeérer un contréle
dépendant de la densité lors d'une forte abondance de petits sébastes disponible. Ce
comportement devrait s'intensifier a mesure que les fortes classes d'age des cohortes de 2011—
2013 grandissent et a la condition que des petits sébastes continuent a émerger en grand
nombre. Le cannibalisme pourrait devenir une source importante de mortalité pour les
juveéniles et contraindre I'apparition de nouvelles fortes classes d'age a moyen terme avec une
réduction du taux de survie chez les juvéniles en période de haute abondance de grands
sébastes. Les taux de mortalité des sébastes juvéniles attribuables au cannibalisme devront
étre surveillés et quantifiés pour une meilleure compréhension et des projections précises de

la dynamique de la population du sébaste dans le GSL.

L’ensemble des réflexions et des conclusions acquises lors de ces travaux de recherche
souligne que 1I’ACS est une étape clé pour s'assurer que les différentes proies qui contribuent
au regime alimentaire des sébastes soient détectables et valides avec d’autres méthodologies.
L’ACS et I’expertise taxonomique relative a un écosysteme particulier, semblent étre
indispensables pour authentifier si les proies recensées sont effectivement distribuées dans
I’écosystéme et demeurent disponibles pour le sébaste ; pour définir si I’on parle de proies
primaires ou secondaires ; pour renseigner sur le cannibalisme et également pour fournir une
mesure quantitative de la composition du régime alimentaire, qui constitue une information

cruciale dans les études de réseaux trophiques.
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2. DEFI DE LA QUANTIFICATION DE LA CONTRIBUTION DES PROIES AU REGIME

ALIMENTAIRE DU SEBASTE, UNE ESPECE PHYSOCLISTE

Au travers des trois chapitres, seule I’ACS a permis d’offrir des mesures quantitatives
de la contribution des différentes proies au régime alimentaire du sébaste. Néanmoins, la
quantification reste une étape complexe en raison de la variabilité individuelle et de I’aperc¢u
instantané des derniers et plus récents repas que confére la méthode, de la digestion
différentielle des proies et de I’expertise taxonomique requise, et également pour le sébaste,
du taux de régurgitation partiel ou total inconnu de ce poisson de fond physocliste
(Figure 27). Le chapitre 1 a permis, grdce a un nombre inédit d’estomacs collectés et
analysés, de contourner au maximum les biais rencontrés en raison de la grande proportion
d’estomacs vides, typique d’une espece physocliste des eaux profondes, et d’obtenir ainsi un
apercu représentatif de la contribution des principales proies au régime alimentaire du
sébaste, au moyen de la pondération des données. Les données des ACS de 1’année 2017,
utilisées dans les chapitres 2 et 3, ont montré des résultats conformes aux tendances et
contributions de proies observées dans le chapitre 1 pour la période 2015-2019, malgré le
nombre réduit d’échantillons et ’absence de pondération, augmentant ainsi notre confiance

dans la représentativité de nos conclusions.
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Figure 27. (a) Comparaison de I’anatomie de la vessie natatoire d’un poisson physostome et
physocliste tirée de Larouche et al. (2019) et (b) Photographie d’un sébaste avec 1’estomac
évaginé : exemple de la conséquence de barotraumatisme subi par un sébaste lors de la
remontée au chalut de fond.

En aolt 2020, plusieurs sébastes ont été capturés, en faible profondeur, par une équipe
de plongeurs de I’'IML afin de réaliser différentes recherches expérimentales en salle des
bassins, telles que des études d’adaptation des sébastes face aux changements climatiques.
Une centaine d’individus n’ont cependant pas survécu lors du transport, pour diverses
raisons. Ces sébastes ont été conservés, entiers, aux congélateurs de I’IML. Remontés sans
barotraumatisme, ces sébastes représentent une opportunité unique pour la réalisation de
plusieurs études annexes qui peuvent étre reliées a ce doctorat. Par exemple, il serait pertinent
d’analyser et comparer le contenu des estomacs de sébastes ayant subi ou non un
barotraumatisme, d’estimer les différences en termes de taux de remplissage stomacal. Ces
poissons ont été en cage de 12 & 96 heures et la digestion partielle ou totale d’une durée
variable (Chabot, comm. pers.) pourrait rendre I’interprétation des résultats difficile mais
pourrait offrir des premieres pistes de réflexion sur la probabilité de régurgitation des sébastes
péchés au chalut au fond. Certaines études morphologiques, en relation avec les contenus
stomacaux, pourraient également étre réalisées afin de caractériser les fonctions
locomotrices, visuelles et prédatrices des sébastes, avec par exemple des mesures de la taille

de leurs bouches qui peut influencer la gamme de proies potentielles.

177



L’utilisation des profils en AG comme traceurs trophiques pourrait aider & surmonter
les difficultés liées a la collecte d’un grand nombre d’estomacs nécessaire pour I’ACS des
sébastes et offrir des pistes solides de réflexion en ce qui concerne I’interprétation du régime
alimentaire des especes sujettes a des régurgitations fréquentes et importantes lors des
échantillonnages. Néanmoins, afin de comprendre I'influence et I’intégration des AG sur les
tissus de sébastes, il sera pertinent de réaliser des études plus spécifiques, dans des
environnements contrdlés, en évaluant quels sont les AG qui peuvent étre utilisés pour
modéliser et quantifier, au moyen de facteurs de calibration, les différentes proies assimilées.
De méme, afin d'améliorer notre capacité a utiliser le nombre relatif de séquences détectées
par le métabarcoding (% RS, pourcentage of relative sequences) comme un outil semi-
quantitatif plus robuste, des études expérimentales doivent étre réalisées pour comprendre
comment la détectabilité des taxons les plus importants (copépodes et crevettes, par exemple)
varie, en estimant des facteurs de correction pour tenir compte des effets des biais introduits,
comme les disparités d'amplification lors de la PCR. Toutefois, ces deux méthodes
alternatives aux ACS ne permettent pas de détecter le cannibalisme, ce qui influencera les
mesures de quantification en omettant la contribution d’une proie importante chez les grands

sébastes. D’autres réflexions seront ainsi nécessaires pour répondre a cette problématique.

3. VARIATIONS SPATIO-TEMPORELLES A GRANDE ET PETITE ECHELLES

Les résultats du chapitre 1 issus de I’utilisation de longues séries temporelles et d’une
couverture spatiale étendue soulignent la nécessité et I’importance de contrdler régulierement
les habitudes alimentaires des prédateurs. L’étude des variations spatio-temporelles est
particulierement indispensable dans un contexte de pressions constantes et croissantes

imposees sur les écosystemes marins.

Dominance de différents taxons zooplanctoniques — En tenant compte de I’abondance
relative du sébaste grace a la pondération des données, le chapitre 1 a mis en évidence des
différences spatio-temporelles marquées de dominance zooplanctonique dans le régime

alimentaire des plus petits sébastes (< 20 cm). Les petits sébastes consommeraient leurs
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proies de maniére opportuniste, en fonction de la disponibilité relative des principaux taxons
dans leur environnement, dans le temps et 1’espace. Puisque la biomasse et la composition
spécifique des communautés zooplanctoniques sont grandement influencées par les
modifications dans la structure des masses d’eau, avec principalement les fluctuations en
termes de température, le suivi temporel de la composition du régime alimentaire des sébastes
en relation avec des données d’abondance relative de sébastes et de taxons-proies doit se
poursuivre pour faciliter et acquérir une évaluation solide des stratégies alimentaires que le

sébaste utilise.

Bien que I'utilisation des profils en AG soit une méthode complexe pour établir des
liens trophiques directs et offre une résolution taxonomique imprécise par rapport aux deux
autres méthodologies appliquées aux contenus stomacaux, I’intégration des calanoides du
genre Calanus au régime alimentaire des petits sébastes a été confirmée dans le chapitre 2.
Intégrant les contributions des proies au régime alimentaire sur une plus longue période, les
signatures en AG suggérent que les petits et moyens sébastes (< 30 cm) auraient accés a une
ressource calanoide plus tot dans I'été, lorsque les copépodes sont davantage disponibles dans
la colonne d’eau. La consommation de calanoides par les sebastes juvéniles pourrait étre un
trait d’alimentation corrélé a celui de leur stade larvaire. Les travaux de Burns et al. (2020)
ont montré une sélection positive par les larves de sébaste sur les ceufs de Calanus
finmarchicus, soutenant I’hypothése d’un lien trophique fort entre les larves et un copépode
calanoide clé de I’écosysteme du GSL. Pour les larves et les juvéniles de sébaste, la variabilité
de la phénologic et de I’abondance des copépodes calanoides en relation avec

I’environnement semble étre importante a considérer dans les futures recherches trophiques.

Il sera nécessaire de compléter les données d’AG en acquérant les signatures d'autres
especes zooplanctoniques qui jouent un réle central dans les réseaux alimentaires du GSL.
Par exemple, la composition en AG du krill n‘a pas été examinee dans le chapitre 2, mais il
serait précieux d'obtenir, en tant qu'especes fourrageres et especes identifiées avec les ACS

et le métabarcoding, la signature du krill arctique T. raschii et du krill nordique M. norvegica.
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Puisque les données des ACS pour les annees 2020-2021 étaient disponibles (fournies
par le MPO), de nouveaux résultats ont eété genéreé afin de décrire les tendances actuelles du
régime alimentaire du sébaste pour ces deux dernieres années (Figure 28, Tableau 3). Ces
résultats sont additionnels et n’ont pas été inclus dans les chapitres de cette thése mais suivent
la méme tendance que les résultats issus d’ACS produits dans les différents articles
scientifiques. Les résultats montrent une dominance marquée de M. norvegica chez les petits
et moyens sébastes (< 30 cm) indiquant une variabilité continue dans la consommation
d’espéces zooplanctoniques. Ces nouvelles informations montrent I’importance de suivre

I’évolution de I’alimentation des sébastes au cours du temps.

Prédation systématique sur les crevettes et implications — Une prédation systématique
sur la crevette nordique et la crevette blanche par les sébastes de plus grande taille (> 30 cm)
est constatée. Le sébaste était caractérisé par un régime alimentaire dominé a plus de 50%
(FI) par ces deux especes de crevettes a partir d’une taille de 25 cm dans les années 1990 et
de 30 cm entre 2015 et 2019. En 2020-2021, les résultats additionnels montrent que la

consommation de crevette nordique est d’autant plus marquée, a partir de 35 cm (Figure 28).

Malgré la baisse d’abondance de la crevette nordique depuis ces derniéres années, le
sébaste sélectionne cette espece dans les zones NWG et NEG, correspondant aux régions de
forte densité connues de crevette nordique, constat de nouveau observé en 2020-2021
(Figure 29). L’ importante contribution de la crevette blanche a des niveaux similaires, voire
supérieurs a ceux de la crevette nordique dans les différents chapitres, est la preuve que cette
crevette pélagique est disponible et abondante dans 1’écosystéme du GSL et qu'il existerait
un important chevauchement de distribution entre les grands sébastes et P. multidentata dans
les chenaux profonds du GSL. Les AG 18:2n6 et 22:6n3 suggérent I’intégration des crevettes
au régime alimentaire des sébastes de grande taille (> 30 cm) plus t6t dans la saison estivale
et confirment une consommation marquée dans les chenaux profonds des zones LC et NEG,
ou la distribution des taux de capture de sébaste est la plus importante et ou le chevauchement

avec la distribution de la crevette nordique suggére un impact de prédation fort (Figure 29).
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Figure 28. Résultats additionnels issus des données de contenus stomacaux pour les années 2020-2021 (n = 909). (a) Distribution
des fréquences de taille des sébastes, dont I’estomac contenait de la nourriture (40 % d’estomacs vides), en fonction des trois zones
du golfe du Saint-Laurent (NWG : nord-ouest, LC : chenal laurentien, NEG, nord-est). La ligne pointillée représente la valeur
moyenne de la longueur. (b) Contribution des catégories de proies au régime alimentaire des sébastes (FI, fullness index) en fonction
de classe de taille de 5 cm. Les lignes pointillées indiquent < 20 cm, 20-30 cm et > 30 cm. (c) Contribution des catégories de proies

pour chaque grande classe de taille et selon les différentes zones du GSL.

Proies

Capelan

Sébaste

Autres poissons
Crevette nordique
Crevette blanche
Autres crevettes
Themisto sp.

Autres amphipodes
Calanus hyperboreus
Calanus sp.

Autres copépodes
Mysides
Meganyctiphanes norvegica
Autres euphausides
Autres invertébrés
Proies non identifiées



Tableau 3. Résultats additionnels de la composition du régime alimentaire du sébaste pour
les années 2020-2021 exprimée en remplissage stomacal (% FI). Les taxons surlignés en gris
sont de nouvelles observations.

%FI
Taille <20cm  20-30cm  >30cm
Proies n 347 456 106
POISSON T 2.80 24.62
Poisson digéré T 2.01 4.63
Lumpenus maculatus - 0.22 1.26
Lumpenus sp. - - 0.38
Arctozenus risso - - 1.03
Mallotus villosus - - 14.26
Melanostigma atlanticum - - 0.29
Sebastes sp. - 0.57 2.77
CREVETTE 2.78 21.06 31.62
Crevette digérée 1.11 1.31 2.71
Argis dentata - 2.66 -
Sabinea septemcarinata - - 0.60
Eualus gaimardii 1.05 - -
Pandalus borealis - 11.76 23.53
Pandalus montagui 0.06 0.65 2.68
Pandalus sp. - - 0.47
Pasiphaea multidentata 0.56 4.68 1.63
AMPHIPODE 23.30 6.20 12.44
Amphipode digéré 0.99 0.04 -
Hyperia galba - - 0.04
Themisto abyssorum 0.22 1.07 1.57
Themisto compressa 6.37 2.30 3.58
Themisto libellula 4.75 0.03 3.73
Themisto sp. 10.49 217 3.51
Hyperiidae 0.37 0.08 0.01
Lysianassidae 0.02 - -
Neohela monstrosa 0.08 0.49 -
COPEPODE 15.53 14.43 0.46
Copépode digéré 0.53 0.05 0.02
Tortanus discaudatus - 0.01 -
Temora longicornis 0.01 - -
Bradyidius similis 0.53 0.02 -
Aectideidae digéré 0.06 0.18 -
Calanoida 10.06 9.24 0.26
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Tableau 3. Suite.

%FI

Taille <20cm 20-30cm >30cm

Proies n 347 456 106
Calanus hyperboreus 0.88 2.78 0.05
Calanus sp. 0.15 0.01 -
Paraeuchaeta norvegica 0.71 2.13 0.13
Metridia sp. 2.60 0.03 -
MYSIDE 3.58 2.03 0.25
Boreomysis arctica 2.29 1.53 0.22
Boreomysis sp. 0.32 0.33 -
Erythrops sp. 0.05 0.03 T
Mysis sp. 0.87 0.15 0.02
Pseudomma sp. 0.02 - -
Mysidae 0.03 - -
EUPHAUSIDE 44.52 46.57 24.87
Meganyctiphanes norvegica 25.85 26.96 23.45
Thysanoessa inermis 0.46 0.06 -
Thysanoessa raschii 3.05 7.69 -
Thysanoessa sp. 6.26 8.27 1.03
Euphausiidae 8.90 3.58 0.38
AUTRES INVERTEBRES 10.14 6.58 4.72
Rossia sp. - - 2.71
Cumacea 0.24 0.01 0.01
Crustacea 9.90 6.58 2.00
Polychaeta T - -
PROIES NON IDENTIFIEES 0.15 0.31 1.03

T=Trace. La contribution des huits grandes catégories de proies est en gras.
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Figure 29. Distribution des taux de capture (kg/trait de 15 minutes) de crevette nordique et
de sébaste lors du relevé d’aotit du MPO en 2021 dans le nord du Saint-Laurent (MPO,
2022b).

Les sébastes atteignent, aujourd’hui, une taille modale d’environ 24 cm (MPO, 2022c).
Selon nos résultats, la prédation sur les crevettes devrait augmenter rapidement a court terme,
puisque la taille modale actuelle des sébastes est proche de celle de transition vers la
consommation de crevette. Cette prédation entrainera incontestablement des conséquences
importantes sur les crevettes, bien que des prédictions quant aux possibles impacts sur la
crevette blanche soient difficiles a établir en raison d’un manque de données biologiques et
d’abondance sur cette espéce. En revanche, peu de doute existe sur le fait que la prédation
du sébaste renforcera le déclin de la crevette nordique qui est déja grandement affectée par
les changements environnementaux globaux, notamment par I’effet négatif direct de
I’augmentation de la température, mais aussi de I’acidification et de I’hypoxie associées. En
conditions environnementales combinées prévues d’ici 2100 dans certaines zones du GSL, il
est attendu que la survie (diminution jusqu’a 40 %) et la performance physiologique de la
crevette nordique soient fortement affectées (Guscelli et al., comm. pers.; Stortini et al.,
2017). En effet, les changements environnementaux globaux déja responsables de la
diminution de 1’abondance de la crevette nordique pourraient avoir un impact sur la
distribution de cette espéce d’ici la fin du siécle, ce qui a son tour pourrait étre préjudiciable
pour la crevette blanche, avec une pression de prédation plus accrue sur cette espece, ou pour

le sébaste lui-méme, avec une source de nourriture réduite. L’interaction trophique entre le
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sébaste et la crevette nordique doit ainsi continuer a étre évaluée et mise a jour pour sa prise

en compte dans I'élaboration de stratégies de gestion des ressources marines du GSL.

Dans cette these, nous avons di composer avec le manque d’indice d’abondance pour
la majorité des proies consommees par le sébaste. Pour certaines especes comme la crevette
blanche, on peut méme parler d’une véritable boite noire avec 1’absence de données sur sa
biologie et son écologie dans le GSL. Cette limitation met en lumiére qu’une attention
particuliére devrait étre portée sur cette espece fourragere pour mieux comprendre les flux

trophiques au sein de 1’écosysteme.

4, EXPLORATION D’AUTRES FACTEURS INFLUENCANT LE REGIME ALIMENTAIRE DU

SEBASTE

Les écosystemes et les réseaux trophiques associés étant dynamiques, le régime
alimentaire d’une espéce est souvent variable. Le stade de maturité, le sexe, I’heure de
capture (jour/nuit), la profondeur, la saison sont autant d’autres exemples de paramétres
pouvant modifier la description du régime alimentaire d’un prédateur. Il sera important
d’apporter de nouvelles informations et connaissances sur le régime alimentaire individuel
du stade juvénile au stade adulte des sébastes en examinant s’il existe des différences spatio-

temporelles dans les patrons proies/prédateurs pour d’autres facteurs.

Régime alimentaire et potentiel de croissance du sébaste — Dans la derniere évaluation
des stocks de sébastes, il a été mis en évidence que les individus des fortes cohortes de 2011
2013 présentent actuellement un potentiel de croissance réduit et maturent a des tailles plus
petites que celles des fortes cohortes observées précédemment (MPO, 2022c). Ces traits
d’histoire de vie en changement suggérent le besoin accru de poursuivre et de mettre a jour

régulierement les différentes recherches liées au sébaste.

Les travaux de Martinez-Silva et al. (2021) suggerent que la température serait la
variable environnementale qui influencerait le plus le métabolisme des sébastes. Dans un

contexte du réchauffement planétaire, le sébaste serait ainsi écologiquement avantagé dans
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le GSL. Les auteurs ont montré que I’augmentation de la température pourrait favoriser la
croissance des sébastes dans le détroit de Cabot, la zone la plus chaude du GSL. A I’inverse,
I’estuaire du Saint-Laurent serait la zone la moins favorable a leur croissance en raison de
températures plus froides. Ces disparités en termes de potentiel de croissance suggerent de
poursuivre et de contraster les différences alimentaires du sébaste au niveau spatial en prenant
en compte la densité-dépendance des sébastes et la compétition pour les ressources. En
paralléle, il serait intéressant d’observer si les différences spatiales de régime alimentaire des
sébastes se reflétent sur leurs otolithes, en mesurant les tailles des incréments annuels et en

obtenant les courbes de croissance associées (Coussau et al., comm. pers.).

Plusieurs travaux sur le développement de modéles énergétiques et individu-centrés
sont en cours (Guitard et al., comm. pers.; Dumon et al., comm. pers.). Un budget énergétique
dynamique (BED) est en développement grace a I’utilisation de données expérimentales et
empiriques. Les résultats issus de ces travaux de doctorat pourront aider a valider certains
parametres des modeéles. Les modeles BED et individu-centrés apporteront de nombreuses
informations sur les taux de croissance, les taux métaboliques, les impacts des variables
environnementales (température, oxygene, salinité) ainsi que sur les taux de consommation
de nourriture, qui pourront éclairer et apporter de nouvelles connaissances sur 1’écologie

trophique du sébaste.

Variations saisonnieres et migration — Les résultats de cette these reflétent les
habitudes alimentaires du sébaste dans une fenétre temporelle limitée, correspondant a 1’été.
En conséquence, d’autres travaux de recherches devront étre entrepris afin d’évaluer et
étudier les variations saisonniéres en vue d’améliorer notre compréhension de 1’écologie
alimentaire du sébaste d’un point de vue annuel. Dans ’unité 1, des relevés hivernaux ont
été initiés en 2022 par le MPO pour trois années consecutives et permettront d’accroitre les
connaissances sur le sébaste en apportant de nouvelles informations sur les migrations
saisonnieres et le régime alimentaire hivernal. D’aprés des études menées de 1978 a 1993, il
est supposé que les sébastes de 1’unité 1 se déplaceraient depuis le GSL jusqu’aux eaux

profondes du détroit de Cabot pour hiverner (Morin et al., 1994), démontrant ainsi une
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certaine connectivité entre les unités de gestion 1 et 2. L’aire de répartition hivernale des
sébastes dans le détroit de Cabot pourrait chevaucher des zones de regroupements
importantes de la morue franche et de la merluche blanche (Morin et al., 1994). Les fortes
cohortes de sébaste pourraient ainsi exercer une compétition intraspécifique importante dans
cette zone. Néanmoins, compte tenu du manque de données récentes depuis le milieu des
années 1990, il est difficile de déterminer si ces profils de déplacements persistent. D’autres
outils, tels que I’utilisation des otolithes ou de la génétique aideront a confirmer
I’emplacement des habitats et les mouvements des sébastes. La caractérisation des
déplacements du sébaste au cours de leur cycle de vie, via I’étude de la chimie de leurs
otolithes et des empreintes élémentaires associées, suggere des mouvements spatiaux limités
dans le GSL et soulignent la migration ontogénique qu’effectuent les individus vers des
profondeurs de plus en plus importantes au fur et a mesure de leur croissance (Coussau et al.,
comm. pers.). Etablir des liens entre les connaissances issues des patrons de déplacements
des sébastes et de leur alimentation permettra d’élucider d’autres aspects et stratégies

trophiques.

Compétition pour les ressources — La définition précise des relations alimentaires
interspécifiques est primordiale pour mieux cerner les facteurs de structuration biologique
des populations et ainsi effectuer des prédictions sur les variations de ces liens. Lorsque les
ressources alimentaires sont limitantes, la compétition entre deux espéces aux niches
trophiques chevauchantes peut impacter leurs distributions géographiques ou autrement dit
conduire a I’exclusion compétitive (Papastamatiou et al., 2006). L’augmentation attendue de
la pression de prédation sur les crevettes liee a I'accroissement de la biomasse des grands
sébastes pourrait accélérer une compétition trophique qui sera préjudiciable a la condition et
a la croissance de plusieurs autres espéeces de poissons de fond, comprenant le flétan du
Groenland, la morue franche et la merluche blanche, qui affichent toutes des tendances
négatives dans I’abondance de leurs stocks selon les travaux du MPO. Outre I'impact sur le
sébaste juvénile et la crevette nordique, on s‘attend a ce que la prédation par les sébastes
affecte également d'autres proies pélagiques telles que le krill nordique, la crevette blanche

et le capelan, avec des conséquences inconnues sur I'écosysteme en raison du manque de
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données sur ces espéces fourragéres importantes pour d’autres poissons de fond, oiseaux et
mammiferes marins. Ces considérations devraient étre approfondies en modélisant,
quantifiant et comparant la consommation des proies clés de I’écosystéme du GSL par ses
divers prédateurs afin d’évaluer la compétition trophique et 1I’intégrer dans les efforts actuels

de développement d'approches écosystémiques.

5. CONTRIBUTIONS ET RETOMBEES DE CE DOCTORAT

Compréhension de I’écologie trophique du sébaste — Ces travaux de recherche
élargissent les connaissances sur les habitudes, préférences et stratégies alimentaires du
sébaste (Figure 30) en contribuant, plus largement, aux études sur 1’écologie trophique.
Considerant la complémentarité des différentes méthodes utilisées, les collaborations entre
les taxonomistes, les écologistes moléculaires et les chimistes doivent étre encouragées pour
résoudre la composition spécifique du régime alimentaire des prédateurs ainsi que pour
mieux comprendre les liens trophiques au niveau de I’écosystéme. En dressant un portrait
détaillé du régime alimentaire du sébaste dans le GSL, I’ensemble des conclusions de cette
these souligne le besoin d’un suivi rigoureux de son écologie trophique afin de déterminer si
et comment ces poissons de fond, en tant que consommateurs opportunistes de zooplancton,
spécialistes de crevettes et cannibales, vont avoir un impact sur leurs principales proies et
adapter leur alimentation face aux changements écosystémiques. Une meilleure
compréhension et acquisition de connaissances sur la disponibilité des différentes proies dans
le GSL facilitera notre capacité a déterminer si le régime alimentaire du sébaste est sélectif

ou bien s’il refléte des changements dans 1’abondance relative des espéces proies.

Compréhension du fonctionnement de I’écosystéme du GSL — Cette thése de doctorat
contribue a la compréhension du fonctionnement et de la dynamique des ressources du GSL
a travers 1’étude des habitudes alimentaires d’un prédateur important et de ses relations
trophiques associées. Une augmentation rapide de la pression de prédation sur les crevettes
liée a I’augmentation de la biomasse des plus grands sébastes, qui ont actuellement une taille

modale d’environ 24 cm, est attendue. Cette prédation entrainera des interactions de
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compétition préjudiciables a la condition et a la croissance de plusieurs autres especes de
poissons de fond commercialement importantes et menacées. Il sera important de continuer
a acquerir des connaissances sur la biomasse et de la composition spécifique des assemblages
de proies et de leurs principaux prédateurs. Les mises a jour régulieres de ces informations
en lien avec des études de régimes alimentaires permettront de détecter les changements
futurs dans les liens trophiques entre les principales composantes du réseau trophique du
GSL.

Retombées potentielles pour I’évaluation et la gestion des ressources — Les résultats
des trois méthodologies et des trois chapitres résultants combinent un ensemble de
connaissances qui cadrent directement avec le développement d’une stratégie de gestion
écosystémique préconisée par le MPO dans le cadre de la Loi sur les péches modernisée du
Canada (loi C-68). Ces travaux de recherche pourront étre utiles pour concevoir et développer
des stratégies de gestion halieutique durables dans le GSL. Notamment, ils contribuent aux
réflexions autour du retour de 1’exploitation du sébaste et de I’impact de sa prédation et de
sa compétition, tel que sur les stocks de crevettes nordiques et sur le futur de cette pécherie.
Les questionnements sur les crevettes pourront étre approfondis en modélisant, par exemple,
la consommation de crevettes en lien avec la dynamique des populations de sébastes et sur
la base des résultats issus de ce doctorat. La variabilité de la phénologie, de I'abondance et
de la distribution des principales proies du sébaste en relation avec la variabilité
environnementale sera importante a prendre en compte pour les futures études de la
dynamique trophique du sébaste et pour le développement de stratégies de gestion de

I’ensemble des ressources marines du GSL.

« Dis-moi ce que tu manges, je te dirai ce que tu es. » Anthelme Brillat-Savarin
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Figure 30. Schéma récapitulatif des principaux résultats pour le régime alimentaire du sébaste (Sebastes sp.) dans le golfe du
Saint-Laurent et les principales perspectives de recherche préconisées. Les principales proies identifiées au travers des trois
méthodologies sont représentées selon les classes de taille des sébastes, les périodes et les zones étudiées. Les résultats obtenus
pour les années 2020-2021 ont été inclus mais n’ont pas fait partie intégrante des travaux menés au cours de ce doctorat.



ANNEXES

ANNEXE 1. RECIT DE RECHERCHE VULGARISE

5 mai 2021
Chroniques | Récits de recherche

Dis-mol ce que tu manges, je te dirai qui tu es!

Sarah Brown-Vuillemin, Université du Québec 4 Rimouski
COMCOURS DE VULGARISATION

Les autres lauréat-e-s 2020-2021 de la 28e edition du Concours de vulgarisation de la recherche de I'Acfas :
- Audréanne Loiselle pour "La symphonie des miligux humides”
- Céline Lariviére-Loiselle pour “"Holographie et neurones : une histoire haute en couleur”

Le sébaste contre-attaque! Aprés 25 ans d'abzence, le sébaste effectue un véritable retour en force dans le golfe du Saint-
Laurent, battant tous les records d'abondance. Telle une marée rouge déferlante, on estime que ce poisson de fond représenterait
aujourd’hui plus de 90 % des organismes vivant dans les profondeurs du golfe. Et méme il peut vous paraitre inoffensif, ce poisson
rouge constitue actusllement une source majeure de préoccupations pour les pécheurs et les scientifigues, dont moi-méme?

hie d'un sébaste et localisatio

Saint-Laurent, od
rown-\uillemin

resentement un retour histo

C’est dans les années 1950 que la péche au sébaste a commencé dans le golfe. Victime de son succés dans Fassiette, car
délicieux apprété en fish’'n chips, il a subi une pression de péche croissante qui a précipité Feffondrement du stock et, & Fexemple de
la morue, ra conduit tout droit vers le tristement célébre moratoire sur la péche aux poissons de fond des années 1980, &u méme
moment, les conditions océaniques sont devenues plus froides et favorables pour dautres espéces telles que la crevette nordique
et le crabe des neiges, qui ont profité du déclin de leurs prédateurs. A la surprise générale, le secteur québécois des péches s'est
rapidement adapté & Fexploitation et la commercialization de ces crustacés, gui ont su séduire les consommateurs. Au Québec, le
premier arrivage de crabe des neiges au printemps est devenu un événement incontournable, lors duguel des clients enthousiastes
s massent devant les poissonneries dans lespoir de compter parmi les premiers a déguster le crabe de fannée.
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Aprés deux décennies de stabilité relative, la tendance s'inverse au début des années 2010. Les equx du
Saint-Laurent se réchauffent, l'abondance de crevettes diminue @ un taux alarmant, et le sébaste faoit son
grand retour! Aujourd hui, les sébastes nés dans les années 2010 poursuivent leur croissance exponentielle
en tirant profit de tout ce qui les aident a grandir. Et |4, probléme : cela fait beaucoup de bouches a
nourrir!

C’est dans ce contexte que mes recherches interviennent. Mon projet de doctorat vise & révéler les subtiltés du régime alimentaire
du sébaste pour comprendre les implications de son retour en force en tant que prédateur sur les autres espéces du golfe.

La taxonomie, c'est précis! C'est un fait avére : il est fondamental de comprendre les habitudes alimentaires des espéces gui
cohabitent au sein d'un écosystéme pour en assurer sa gestion durable. L'analyse du contenu stomacal fournit une base solide pour
etudier la composition du régime alimentaire. Cette méthode consiste en Fexamen détaillé des proies retrouvées dans lestomac d'un
individu lors de sa capture, afin de cumuler de véritables preuves sur lidentité des proies que le prédateur a ingérées au cours de
ses derniéres heures de vie. La principale limitation de Mexamen visuel du contenu stomacal est que le degré parfois avance de
digestion des proies peut créer de fincertitude sur lMidentité des organismes. Mais avec une bonne dose de patience et de passion,
combinge a une solide expertise taxonomigue, il est possible de brosser un portrait précis des préférences alimentaires du sébaste.

Pour apprendre ce que mangent nos poissons rouges, il nous faut tout d'abord partir & la péche. Chague année depuis les années
1990, des missions océanographigues réalisées par PEches et Océans Canada permettent d*évaluer Fabondance des espéces
marines prézentes dans le golfe du Saint-Laurent. |l s'agit d'une occasion en or pour prélever des sébastes! Au total, cest presque
7000 estomacs de sébaste qui ont été collectés pendant deux périndes : fune caractérisée par une faible abondance du stock
(1993-1999) et Fautre couvrant son remarguable retour (2015-2019).

Dis-moi ce que tu manges - Lors de |a dissection de ces miliers d'estomacs, chague proie a été minutieusement identifiée &
fespéce, puis pesée. Aprés lexclusion des estomacs vides, prés de 4000 estomacs remplis & différents degrés de nourriture nous
ont permis de caractériser les changements de composition du régime alimentaire entre les deux périodes. De plus, des estomacs de
sébastes de différentes tailes ont £t& analysés, nous permettant de déterminer si des changements d'alimentation se produisent au
fil de la croissance des individus. Plus de 90 espéces de proies ont été identifiées et des indices alimentaires ont &té calculées pour
caractérizer le régime alimentaire.

Les résultats montrent que les petits sébastes, de taile inférigure a 25 centimétres, consemment principalement du zooplancton.
Toutefois, fimportance de ces petits organismes dans le régime alimentaire diminue rapidement avec faugmentation de la taile. Dés
qu'il atteint une longueur de 25 centimétres, le sébaste mise sur la consommation de crevettes et de poissons pour subvenir 3 ses
besoins nutritifs. Ce changement de proies principales au cours de sa vie apparat logigue. Une augmentation de la taille impligue une
meilleure capacité de nage, une ouverture de bouche plus grande et de meileures compétences de prédation.

Nos résultats indiquent également des différences intéressantes entre les années 1990 et 2010, Lors de la périnde froide des
années 1990, les petits s&bastes ='alimentaient principalement d'amphipodes, des crustacés planctoniques typigues des eaux
glaciales. Au contraire, les individus de méme taille capturés dans les années 2010 ='alimentaient de copépodes, un autre crustacé
planctonique associé & des eaux plus chaudes. I semble donc que les jeunes sébastes soient capables de s'adapter & des
changements majeurs de leur environnement. Piscivore en grandissant, le sébaste raffolait du capelan dans les années 1990, une
espéce remplacée dans les années 2010 par un autre poisson : le sébaste lui- méme! En effet, le sébaste peut se montrer cannibale,
ce qui lui permet d"autoréguler dans une certaine mesure la croissance de sa population et d'éviter la pénurie de ressources lorsgue
les adultes deviennent trop nombreux.
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L_Amphipodes |

Capelan triv, dodné

Image 2 : Exemple de proies retrouvées dans des estomacs de sébaste ® Sarah Brown-
Vuillemin

La crevette, le plat préféré des sébastes! Une constante se dégage cependant d'une période a lautre : le sébaste semble
toujours aussi friand de la crevette nordique, dont sa consommation est demeurée la méme malgré le déclin continu de cette espéce
depuis 10 ans. La pression de prédation du sébaste contribuera vraisemblablement a accélérer le déclin de la crevette nordique,
pour le plus grand malheur des pécheurs et des gourmets. Les prochaines étapes de mes travaux fourniront des réponses quant &
fimpact de la prédation du sébaste sur le futur de la crevette.

[_Crevette norsique |

N

Image 2 : Sept oevettes nordiques avalées par un seul sébaste @ Sarsh Brown-Vuillemin

Je te dirai qui tu es - Mon étude démontre limportance d'effectuer le suivi temporel du régime alimentaire des grands prédateurs
marins afin d’assurer la mise en place de stratégies durables qui permettront au secteur des péches de prospérer, tout en évitant de
reproduire les erreurs du passé. Cannibale et « crevettivore », attention a ce vorace et redoutable poisson reuge qui ne fait que
commencer 3 se mettre 3 table... Et vu la reprise imminente de son exploitation commerciale, il est grand temps pour nous de
réfléchir au futur du sébaste dans notre assiette!

Sarah Brown-Vulllemin
Etudian
Univ

- autre
2 du Québec 3 Rimouski

Avec un parcours universitaire dédié au domaine de la biologie marine, Sarah Brown-Vuillemin continue de se spécialiser en
réalisant un doctorat en océanographie a llnstitut des Sciences de la Mer de Rimouski (ISMER). En collaboration avec son directeur
Dominique Robert, Sarah travaille sur Fétude du régime alimentaire d’un poisson de fond, le sébaste, dans le golfe du Saint-Laurent.
Leurs travaux contribuerent aux réflexions autour d'importantes problématiques environnementales actuelles et futures. Ce projet
est un réel engagement qui se révéle étre la parfaite combinaison pour l'épanouissement professionnel et personnel de Sarah qui
adore transmettre ses recherches au travers de la vulgarisation scientifique.

Sarah Brown-Vuillemin est lauréate de la 28° édition du concours de vulgarisation de la recherche de [Acfas.
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