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«La science ne poursuit jamais
| 6objectif il lusoire
réponses  définitives ou  méme
probabl es. Elutbteerss 6 a c h e
l e but i nfini encor e
toujours découvrir des problémes
nouveaux plus profonds et plus
généraux, et dsoumettre 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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du Québec a ChicoutimiJQAC), ainsi que du chercheur Denis Chabostftut Maurice
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Ceprojetdedoctoras 6i nscrit dans un programme de rec
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RESUME

Depuis environ une d®cenni e, un r ®chauff
| 6abondance des esp ces dbébeau froide ,et wune
avecprincipalemenSebates mentellasont constatés dans le golfe du Saiatirent (GSL).

Avec l'arrivée consécutive de trois cohortes importantes en 2013, le retour fulgurant
dusébaste onsti tue un ®v nement ce@esecel halieutiguet e ur
du GSL. En particulier, ce retour enire des incertitudes concerndstrdle trophiquedu

sébastet ses impacts en tant que prédateulesuautregspéeéceau sein du réseau trophique

du GSL

L6 o b j gEreetalilefcette thése doctoratpui estdivisée en trois chapitrespnsisait
adécrireet comprendrde régimealimentairedu sébaste, du stade juvénile au stade adulte
sur la base déa combinaisomovatricede troisapprochesméthodologiques! d anal y s e
visuelle de ses contenus stomacaux (ACS)l 6 anal yse comparative ¢
acides gras (AG) des sébastes et de ses principales prioiés&tp pl i cat i on du me¢
aux contenus stomacaux (ADN).

Le chapitre lapermisde décrirde régimealimat ai re du s ®b &CX e sur
de plus de 6906stomacprovenant de relevés annuels au chalut de flamd le GSLLes
résultatsontoffetun aper -u unique de | a varsurdebxi | it ®
périodes] 6 une AONdaNedlINI 1699 et | dautre de fsorte a
(2015 2019) Le zooplancton représentait la principale catégorie de proies pour les petits
sébastes (< 20 cnmgyecprincipalementles amphipodes du genfeemistadans les années
199Q et descopépodes dgenreCalanuset des euphauacésdans les années 2014u fur
et a mesurgue le sébaste gramsdaif la contrbutiondu zooplanctorau régime alimentaire
diminuait pour étre rempla@par une consommatiodirigée vers les crevettes et les
poissons.La crevette nordiqgu€Pandalus borealls une espécale haute importance
commercialeet la crevette blanch@asiphaea multidentajasontdeventes les proies de
prédilection des grands sébast®8@ cm) un constat observé pour les depériodesCette
relation sébastesr evettes repr ®sente une source de
poissons de fond du GSL tels que la morue franche et le flétan du Grodreaggdands
sébastedes années 20 Hdntégalemendevenuscannibags, suggéantun contrble énsité
dépendaha uneabondanceélevée.

Le chapitre 2a combiné | 6 A €tS$analyse des profils en A@omme traceurs
alimentairesur 350 séastesechantillonnés lorsudrelevé au chalut de fond en aoGt 2017
Les analyses multivariéagalisées sur les signatures lipidigues des sébastes et de ses
principales proies orsuggéé que legroies zooplanctoniquesec des signatures #6:1n7,
20:1n ?, 22:1n9 et 20:5n8taiert davantagdiées aux sébastes de petite et moydaiike



(<20 cmet 20 30 cm) Les crevettegjui affichaient des signatures &8:2n6 et 22:6n3

sembéient étrereliées aux sébastee grande taill¢ O 3 0A | comm)s. q a efferilud AC S

apercu du régimalimentaire basé sur les proies les plus récemment consorparéles

sébastg l'analyse des profils en A@ permis de fournir une description des proies
assimiléesreprésentantinsil| 6i nt ®gr ati on sur pl usieurs sema
proies auégime alimentaire des sébastéstte étude souligne les avantages des AG en tant

qguodoout il gualitatif et offre des I d®es doam®l| |

Le chapitre 3a utilisé le métabarcoding n c ombi nai ssori85ammenuws | 6 ACS
stomacaux prélevéers du relevé au chalut de fond en aolt 208 utilisant un marqueur
mitochondrial universel de la sousité | de la cytochrome ¢ oxydase (COl), un total de 27
séquences taxonomiquedtribuables d.6 espécesonsidérées comme dpsoies pimaires
ont été obtenues avec le métabarcoditgy c ompar ®es aux om®Pallsat slede
contenus stomacaux = tr anétabarsodihgésipmiesnperinif i cat i on
d d@ffrir une description du régime alimentaire débate a unhaut niveau de précision
taxonomique. Les deux techniquesboutisaient a une e@scription similaire de la
composition du régime alimentaigele métabarcodingconfirméles tendances alimentaires
observées en fonction de la taille des sébak&srésultatsrévéhientnéanmoingjueles
deuxtechniquedonctionraient differemment selon lekfférentesproies, tant en termes de
détectabilit¢de résolution taxonomiquet de quantification

A

€ travers | 6ut i | i steois imétmodologies)des ®aise articlesi r e d e
scientifiques constituant cette thése contribuent a dresser un portrait global du régime
alimentaire et des relations trophiques du sébaste dans leG&Stravauxsoutiennente

concept selon | equel plusieurs technigues c¢omkt
déinformations sur | 0 ®c.déesaaplltas paurronméeenutilesi r e d 6 u
pour concevoir les futures stratégies de gastio seinde | é@osystemedu GSL Ces

recherches onégalemenpermisd 6i ni ti er une r®fl exion sur | e
m®t hodol ogi es empl oy®es pour | e cas du s®bast
do®t udes trophiques pr ®cieuses.

Mots-clés: Ecologie trophique, Identification taxonomique, Variations temporelles,
Variations spatialegContenus stomacauRcides grasMétabarcoding, Crevettes, Poisson,
ZooplanctonCannibalisme
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ABSTRACT

Warming of water massesecreasgin the abundance of celdater speciesand rapid
increass of redfishbiomass, mainl\5ebastes mentellhave been observed in the Gulf of
St. Lawrence (GSLjince the lastdecadeWith the consecutive arrival of thremportant
cohorts in 20112013, thereturn of redfish is aisruptiveevent for the ecosystem and the
fisheriessectorof the GSL.This unprecedemd comebacKeads to uncertainties regarding
the trophic roleof 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 oédfish from the juvenile to the adult stage based tbe
combination of three methodological approaches: visual analysis of stomach c@&T¥is (
comparative analysisf fatty acid (FA) composition ofedish and its main prey; and the
application ofgeneticmetabarcodingDNA) to identify prey instomad contents.

Chapter 1 described the diet eflish based on SCA of over 6900 stomaobsined
from annual bottom trawl surveys in the G8Lprovided insightinto redish diet variability
across two time periogdene with low abundanc&993 1999 and one witthigh abundance
(2015 2019. Zooplankton represented thwin prey category for small (20 cm) edish,
with primarily Themistaamphipodsn the 1990s, and th@alanuscopepodsind euphausiids
in the 2010sWith an increase in redfish sizthe contribution of zooplankton to the diet
decreasedvhile contributionsof shrimp and fishincreased Northern shrimp(Pandalus
borealig, a commercially important species, gk glasshrimp(Pasiphaea multidentaja
became the preferred prey of largefish (O 30 cm), a finding observed for both time
periods. Thisedish-shrimp relationship would represent a significant source of competition
with other GSL groundfish such as Atlantic cod and Greenland halibut. Ledfigghrin the
2010s also became cannibalistic suggesting a deshesigndent controbf the high
abundance.

Chapter 2 combined SCA arh profile analysis as dietary tracers on 3g@fish
sampledrom the August 2017 survey. Multivariate analyses perfororgdA signatures of
redish and its major prey items suggested that zooplankton with signatures in 16:1n7,
20:1n?, 22:1n9, and 20:5n3, were more clobekedto small and mediurrsized edish (<
20 cm and 2030 cm). Shrimp that displayed 18:2n6 and B3:8ignatures appeared to be
more linkedto large ed i s h  ( QVhiR SCAcerepled redfish diet based on the most
recently consumed pregyems analysis ofFA profiles provided a mediumterm view
representinghe integration ofeveral weeks gireycontributions to redfish dieThis study



highlightedthe benefits oFA as agualitativetool and alssuggests improvements for future
studies

Chapter 3applied DNA metabarcoding in combination witBRCA on 185 stomach
contents collected during the August 2017 survey. Using a universal mitochondrial marker
of cytochrome c oxidase subuniQOl), a total of 27 taxonomic sequences, attributable to
16 species considered to be primary prey were obtainechveithbarcoding and compared
to SCA results. The analysis of stomach contents through visual identification and
metabarcoding of prey provided a description of dtfish diet at a high level of taxonomic
resolution Both techniques reseft in a similar escription of diet composition, and
metabarcoding confired the observed dietary patterns with respect adish size.
Nevertheless, the results revexdthat the two techniques perfoeshdifferently for different
prey species, both in terms of detect&ikaxonomic resolution, and quantification.

Through the complementary usedit methodologies, the three scientific papefs
this thesis contributeto a comprehensiv@escriptionof the diet and trophic relationships of
redfish in theGSL. This worksupports 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 ithe development ofuture management strategits the GSL
ecosystem. Thistudy has also initiatecconsiderationof the choice and relevance of
methodologies employed for the case of redfish inGB& and providd valuable insights
into trophic studies.

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

variations, Stomach contents, Fatty acids, Metabarcoddgimp, Fish,Zooplankton
Cannibalism
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INTRODUCTION GENERALE

1. MISE EN CONTEXTE

La dynamique des ressources marinest complexe et en constante évolution.
Intimement liée a son environnement, elle exjie par de nombreux phénomenes de
variabilité, incluant effondrement expansiordes populationd 6 e s pqui peenent étre a
| 6ori gi ne de pr an$leocantpssition des nognmunautfges., Mytkbrs &

Worm, 2003;Caddy & Seijo, 2005;Ward & Myers 2005 Daskalovet al., 2007; Pedersen

et al.,, 201). En 2019, selon I'Organisation des Nations Unies pour I'Alimentation et
I'Agriculture (FAO, Food and Agriculte Organisation 35% del 6 ens e nstodke de s
halieutique$ mondiaux étaient exploités & un niveau biologiquement non viable,
comparativement a 1% en 1974 Kigure 1, FAO, 202). Considérée comme le principal
facteur anthropiquaffectant lestcosystémes marins, la péche donne lieu a bien d'autres
conséguences que le seul retrathibmasseP a r exempl e, |l 6habitat,
espéces, les interactions trophiques ou encorghinologié peuvent étre modifiés,
déclenchant ainsi des bleversements dans la dynamique des écosystémes (prexngs

& Kaiser, 1998 Pauly et al., 2002; Dulvy et al., 2003; Ward & Myers, 2005; Daskalov et al.,
2007; Barausse et al., 20Heino et al., 2006D 6 a u t r e stelsfqaedes eéhangements
climatiguespeuvent interagiavec la surpécheendant les effets résultants encore plus forts
etimprévisibles(p.ex.,Dulvy et al., 2003Edwards & Richardson, 2004; Hoe@uldberg

& Bruno, 201Q.

'Ressources marinesespce marines vivantes potentiellement ou réellement sujetieseax p| oi t ati on par | 6h,
| 6al i mentation humaine ou ani mal gCaddy@GrifitnmPepai s ou | a fabr
2Stock halieutique:f r act i on e x pltoiiotn®ed ddubnuen ee sppo pcuel ad onn®e dans une zo

3Phénologie: étudedes événements du cycle de vie qui se répétent chaque année, comme le moment des migrations et des
floraisons Edwards & Richardsqr2004).



Face auxnultiplespressionanthropiques et environnementales espéces réagissent
différemment et leur vulnérabilité ainsi que leur résiliésomtétroitement liésa leurs traits
d'histoire de vigp.ex.,Jenningst al.,1998; Roberts & Hawkinsl999. Par exemple, ne
grarde taille, un age tardif & maturité, un régime alimentaire spéciafiién étroit avean
habitat spécifique ou encore un type deproductionparticulier peuventrendre les
organisme®plus sensibleaux changements (p.expberts & Hawkins1999 Dulvy et al.,
2000;Pauly et al., 2002; Reynolds et al., 2005; Ward & Myers, R(Dans ce contexte, la
compréhensior t | 6 ® vea diffiérantsnéocanismes impactantli@odiversitémarine et
l a dynamique dodébun ®cosyst me, esdeatiel®pourbespace
identifier des stratégies de gestieh de conservation intégrées et duraldes ressources
(p.ex.,Caddy & Seijo, 2005Curtin & Prellezo, 2010Rochet et a).2010; Barausse et al.,
2017).

100
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Figure 1. Evolution de la situation des stocks halieutiques mondiaux, de 1974 ar2019 (
2022.

4Résilience: capacité devenir & un état initial aprés une perturbation.



2. EVOLUTION DES RESSOURCES HALIEUTIQUES DE L 6 ALANTIQUE CANADIEN

Au Canadaguatre écosystemes marids I'Atlantique NoreOuest, comprenant les
Grands Bancs déerreNeuveet-Labrador(NL), le nord et sud du golfe du Sainaurent
(NGSL etsGSL, respectivement) et le platede la NouvelleEcosseNS) (Figure 2), ont
subi de profonds changements associésbai mp odéctinade leusspopulations marines
etadesmodificatiors de ¢ o mp o s i(ptex.,Bumdyek 8l.280p; FAO261]).
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Figure 2. Carte de la cbte est du Canada, des quatre écosystemes de |'Atlantiq@eibisird

et des différentes divisions de I'Organisation des péches de ['AtlantiqueONest

( OPANO) NL (divisions 2J3KLIR®ded@PANO);,OPANO
sGSL (division 4T de 'OPANO); NS (divisions 4VsW de OPAN®@®d apt ®e dodapr
Tomkiewiczet al.(2003) et Bundyet al.(2009.



Quandl 6 e x p | o r &toennr Cabotp@hnuea fiancaisous le nom de Jean

Cabot,revint de son expétibn historiqueau large dderreNeuve a la fin d8 6  siécle,

i d®cl ara | itt®r al emen foisopnaienbdepo i msnnsdet| gGad

avait découvert une ressource maritime inattendigegigantesques bancs de morue franche

(Gadus morhuaLinné 1758)Kurlansky, 199Y). Une «ruée vers la morue marqua alors le

commencement doune exploitatfioomd "damsanld@A t®caret

canadien(Hutchings & Myers1994; Bundyet al., D09). Cing cents ans plus tard, au début

des années 1990, les stockst@ue francheles écosystemele TerreNeuveet-Labrador

de la NouvelleEcosseet du golfe du SainLaurents 6 ef f ondr ent apr s
d'exploitation, résultat des conditions économiggue de | 6expl oi tati on
ressources et des pressions exercées par la péche en interaction avec la dynamique
environnementaléiutchings & Myers1994; Lear1998;Lilly et al., 2013Pedersert al.,

2017). Consécutivement,ne diminution généraliséd drastiqueles populations de poissons

de fondestamorcée, conduisant a une mise sous moraairéa péchee prés de la moitié

des stocks de | dvrAprehaaia morue drenché& amoehdaileesébaste
Sebastesp. Cuvier 1829, la merluche blanchérophycis tenuisMitchill 1814, la plie
canadienneHippoglossoides platessoidésbricius 1780 et la plie grisélyptocephalus
cynoglossu&inné 1758 Eigure 3) (p. ex.,Murawski, 1997;Bréthes, 1998; @scon, 2003

Franket al.,2005;Halliday & Pinhorn 2009.

Ala fin des ann®es 80 et jusquodau d®but
exceptionnellement défavorable plaductivité des poissons de fofidalliday & Pinhorn
2009. Des courantfroids plus forts provenant du Labrad&igure 4) ont été probalement

| 6origine doune rr ®duct i onla nmbae famcheaveces de
notammente déclin ducapelanMallotus villosusMiiller 1776qui a affecté saurvie etsa
croissancéLilly et al.,2013. La biomasse du stockproducteurdéja faible par rapport aux
décennies précédentes, subi une importante réduction affectant alors directement le
potentiel de reconstitutiodu stock La prédation par les phoques due au rétablissement
paralléle dedurpopulation(Mohn & Bowen 1996; Hammil] 2005 a égalementontribué

audéclinde ce poisson de fond emblématique



Alors que les captures ont été considérablement réduwitdsbut des années 1984
rapport aux années 1970 et 1980, la mortalithiite par la péche semble &t restée
suffisamment élevée pour entraver le rétablissemestpopulations de poissons de fond
combi n®e avec | 6inflaemneestenei i onnamenltdah aek
| 6utilisation des <chaluts de fféoentes emitts | a s
scientifiques(Bréthes, 1998Kenchingtonet al., 2006; Lilly, 2008; Devine & Haedrich,
2011; Lilly et al., 2013; Pedersen et al., 2)De plus, les poissorde fondont tendance a
croitre lentemerdvecune espérance de J@ngue caractérisée par un age tardif de nitatur
sexuell e, ce qui |l es rend particuli rement
(Demey et al., 2002Clarke et al., 2003; Baker et al., 2009

Gadus morhua .

S e
- Morue franche
Plie canadienne Plie grise

Hippoglossoides platessoides Glyptocephalus cynoglossus

Sébaste
Sebastes sp.

Flétan atlantique
Hippoglossus hippoglossus

Flétan du Groenland
Reinhardtius hippoglossoides

Merluche blanche
Urophycis tenuis

Figure 3. Pr i nci paux poissons de fond daQuest | es ®
Il lustrations doéesp ces EClIaude Noz res.



56°N

52°N

65°W 60°W 55°W  50°W 45°W  40°W

Figure 4. Principaux courants froids provenant du Labrador impactantglestre
écosystemes marins de I'Atlantique N@dest [illy et al.,2013.

Parallelement au moment ou les stocks de poissons de fond diminuaient ou
s'effondraient, les biomasses d'invertélamégmentaienten répartition et en abondaneée
des niveaux raxrd et ddacongénéralisédavorisées par la baisse de la pression de prédation
et de compétition ainsi que par le refroidissement des eaux pour les espéces (Fogéates
5a) (Bréthes 1998;Lilly et al., 2000; Frank et al., 2005avenkoff et al.2006§. Malgré les
restrictions strictes appliquéesir la péche auxpoissons de fond, la valeur totale des
débarquements de toutes especes péctugmsendit au cours de la méme période en raison
d'un accroissement important et constiala valeur au débarquement des crustgé¢es),
20223) (Figure 5b).

L6 ®t at de dstOreBt@aativensent stabésur plus de vingt ansaractérisé
par | 6abondance des crustac®s qui supportaien
de fand. Au niveaudu Canada atlantigue | 6 ®c ono mi e piésentenpefdrBes r epos

especes le homard américaitlomarus americanud/liine Edwards 1837le crabe des



neigesChionoecetes opiliéabricius 178&t la crevette nordiqueandalusborealisKrgyer
1838 qui représentaient entre 72 et 89d# la valeur totale de la péche commerciale des
cOtes atlantiges débarquede pui s 2 01 0 Hgures5) ued poissoiis 2idfond ne
représentaient qué a 11 % des valeurs débarquéeposant essentiellement surflitan
atlantique Hippoglossus hippoglossusnné 1758et le flétan du GroenlandReinhardtius
hippoglossoidesWwalbaum 1792(Figure 3) dont certaines pécheries locales se sont

maintenues et restent importantegy(re 5, MPO, 2022).

L6i ndest r b abeuadapt@ehaula composition de cet écosystéeme post
effondrementles poissons de fon@ependant, depuis ces dernieres années, des diminutions
déabondance dbébesp ces dobéeau f r odecorcentrdtionn ot am
des stocks de crevette nordique sont constatées dans le golfe duaBeemt (GSL). Le
r®chauffement des masses dbébeaux et | 6augmen
de sébaste seraient les deux principales causes de oatiatiin (p.ex.Bourdagest al.,

2020, MPO, 20220.
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2.1 Le cas du sébaste dans le golfll Saint-Laurent

Le GSL constitue | 6un des ®cosyst mes ma
CanadaCette vaste mer intérieusemiferméedd une super f236000&i do6en v i
encerclée par cing provinces canadiennes (NouBeanswick, NouvelleEcosse, Tledu-
Prince-Edouard, Québec et Tereuveet-Labrador),relie le systéme hydrique du Saint
Laurent ° | 6oc®an At | adsk etqde €abopFeyure 6) (p.ex., d ®t r o
Dufouret al., 2010; MPO, 2013; Savenkoff et al., 2016

Les conditions océanigs et climatiquegqui regnentans Ils eaux profondes daSL
sont principal ement influenc®es par deux ph
courant froid et dense du Labradéiqure4) et | e deuxi me dbéori gi
du sud pafle détroit de Cabot avec le Gulf Streamlpertet al., 2007; Dufour et a2010).
La caract®ristique g®omorphologique | a pl us
fosse continue, le chenal Laurentidne pui s | e pl at e a utuaiceoDedxi nent &
autres chenaux profonds 200 metres) se retrouvent dans le G&.chenal Esquiman, qui
part du chenal Laurentiehslkée; sé®tleadchenal |
part du chenal Esquiman et qui se prolonge dansHeitdde Jacque€ar t i er , au nor
d Anticosti. La partie la plus profonde (540 métres) du GSL se trouve au nord du détroit de
Cabot . € | 6oppos®, |l a partie sud du gol fe

(profondeur mo y e n B)eCed shéxificiés géomorpl®logiques ont e

i ncidence sur |l a circulation, l e m®l ange et
profondesdu Saidit aur ent arrivent de | 6Atl antique et
téte du chendlaurentenj us qu 6 © | OudjontbdoSagubnayFigure®). Lo e st uai r e

et legolfe du SairLaurent (EGSL)offrent des conditions uniques pour une communauté

bi ol ogiqgue et une structure trophique dobune
donnant naissance ~ des zones boplandétanigues de |
(p.ex.,MPO, 2005, Dufour d al., 2010.
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Figure 6. Carte de | 6est uai rLaurentdvec sbs cargetefisfigaes d u

bathymétriques les plus importantes (en bleu foncé : profondeur supérieure a 200 metres)
(Savenkoffet al.,2019.

2.1.1 LecomplexeSebastesp.

Crit res usuel Beuxckgpecdseprntipales de stmEtapartenant a
la famille des Scorpénidés, se retrouvent dans le GSL : le sébaste g8aldastes fasciatus
Storer 1854 et le sébaste atlantigBebastes menrk& Travin 1951 (p.ex.(>ascon, 2003;
Senayet al., 2019; Senay et a2021). Une troisieme espéckeeaucouplus rare, le sébaste
orangé,Sebastes norvegicdsscanius 1772 peut également se retrouver dans le GSL et se
distingue beaucoup pludacilement @s deux autres espécesoferes et al., 20)0
S.fasciatuset S. mentellaprésentent des caractéristiques morphologigues externes tres
similaires,atoust ade de vie, ce qui rend | eur dist
par un seul examen visuefdnchington, 1986; Gascon, 2008enay et al., 2032 Par
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conséquent, les captures s deux especesit été historiquement gérées comme un seul
stock, rarementdifférenciées dans les relevés scientifiques et la péche commerciale et
désignéesle plus souventsous la méme dénomination taxonomique en tantsgbaste
Sebastesp. Gascon2003; Cadigan & Campan201G Senay et al2021).

Dans un euci de documenter leurs caractéristiques biologiques spécifiques et
doidenti fier |l es patrons de distribution,
recrutement propre a chaque espeéce, trois criteres peuvent étre utilisés pour les distinguer :
le nanbre de rayons mous de la nageoire anale (RMNA), le point de passage entre les cotes
du muscleexterne de la vessie natatoire (MEVN) et la composition allélique au locus de la
malate déshydrogénase (MBPAY). En général,S. fasciatugprésente habituellemere
génotype homozygote MD#A*2, un MEVN entre les cotes 3 et 4 et un RMNA inférieur ou
€gal a 7alors queS. mentellaest caractérisé par le génotype homozygote MOH, un
MEVN passant entre les cotes 2 et 3 et un RMNA supérieur ou égaleas8o() 2003;

Senay et al., 2021; Senay et al., 20Eigure 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 MiBH ou de dissections complexes pour exposer

le muscle pour le MEVNGascon2003. Au cours des dernieres décennies, ces différentes
démarches ont été améliosgp er met t ant doéi de ntbi®ciheerl | lee sd ess
durant les relevés de recherche avec maotee n t | Gutilisation de | a
dénombrement des RMNA possibles (six a dix rayons) qui utilise un caractére externe qui
peut étre évalué rapidemefte(ay et al., 2021; Senay et 2D22). Néanmoins, iexiste un
chevauchement entre les deespécesutn R MNA ®g al " 8 nobdeSt pas
fasciatuset un nombre de rayons inférieur a 8 a également déja été obser® oiezella
(Gascon2003;Senay et al., 2032
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S. fasciatus

S. mentella

- (2-3) *q

Figure7.Cr i t r es d 0 i lsipermettant de distihgu& mentallets efasciatus
dans | 6 At I-Quast Riggreadaptékeoarpdrtir deascon(2003. Photographie de
Sebastesp.©Claude Nozeéres.

212 G®n®r al i t ®s sur l es traits doéhistoire de v

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

biologique deSebastesp.de fagon générale.

Croissance et longévité Les sébastésont des poissons de fond osseux de couleur
rouge vif (7 | 0o s:rglfism a cralssance lemeatecoundorngévitg! a i
élevée fp.ex.,Hamon, 1972; Campar al., 1990; Gascon, 2008P0O, 202Z). lls peuvent
atteindre des tailles maximales moyennes d'environ 45 centimetreaille exploitable
minimale estréglementéeé 22 centimetresatteinte | 6 ©ge de esmgydnne” hui t &

(MPO, 202Z). Il a été montré qus. mentellatteint habituellement des tailles plus grandes

SDans ce document, le nom usuetébaste désigne, le plus souvenés deux especeS. fasciatust S.
mentellasans distinction

12



queS. fasciatusLes femelles de ces deux especes agptgies tailles plus grangejue les

males Cadigan & Campana, 20).6_a croissance d8&. mentellaest plus rapide. L'age
maximum esestimé entr@0et50 ans pous. fasciatugtentre60et 75 ans pous. mentella

(Campana et al1,990; Devine & Haedrich, 20).1

Reproduction et ecrutementi La stratégie reproductrice du sébaste est rare pour un
poi sson mari n. ! s 6 a gi-&diradafécandation infernec lees ov o v
males atteignent la maturité sexuellea deuxans avant les femelleBourS. fasciatusles
males maturent septans (Is¢® : 19,6 cm) et les femellesrieufans (Iso : 24,1 cm) et pour
S. mentellales méles maturentrgeufans (lso : 22,8 cm) et les femellesdix ans (lso : 25,4
cm) (Gascon, 200D s | 6atteinte de |l a maturit® sej
généralement chaque ann@égure 8). Une caactéristique spécifique du sébaste est une
maturation asynchrone des gonades chez les males et les femelles. La copulation se produit
en automng entre septembre et décembilersque les ovocytes sont en phase de
vitellogenese Les spermatozoides sont manhusdans unétat de repos physiologique a
|l 6i nt ®r i eur de | a femell e, -massgignuod, 197klm mat ur
fécondation se produit lors de l'ovulation des ovocgteganvier février. En somme, les
spermatozoidessogtt oc k ®s ~ | " int ®ri eur de léeondée mel | e
a la fin de I'hiver et les larves lécithotrophssnt libérées au printempstre avril et juillet
(Ni & Templeman, 1985; SPierre & De Lafontaine, 1995; Filiret al., 217). Les larves se
d®vel oppent dans | es eaux de sur featimadresj us q u €
avant demigre graduellement en profondeur au cours de leur croissance. Elles sont
exclusi vement p®I| quatiearinggneis | Danes 61 6IACDaatg t d & u e
le succes @recrutement est trés variable chezlesélmsted e s cl asses doOge

observées des intervalles deinga 12 angGascon, 2003

8L s0: taille ala premiére maturité sexuelle.
"Lécithotrophe : larvesqus e nourri ssent exclusivement du vitellus
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. Repos physiologique des
COPUIatlon spermatozoides

@W\ /> x/
_ ™~ Maturité des ovaires “gﬁf’gi
Maturation asynchrone éj‘

Maturité sexuelle
7 a 10 ans plus tard

Migration graduelle
en profondeur

Figure 8. Représentation du cycle de reproduction du sébaste sur la base des informations
di sponi bl es. Phot ogr@QoimnedBurmsb une | arve de s®ba:

Distribution T Les sébastes sont des poissons démertasxadultesse rencontren
dans les eaux froides (environ83°C) le long des plateaux et pentes continentales ainsi que
dans les chenaux profonds enfrt®0' 700 netres (ascon 2003 Senay et al., 2701).
Léutilisation des, cités précédemmenigibsi que gs adalyses i nct i f s
génétiqguesnt permis de décrire la distribution géographiquediuxprincipalesespéces
| 6®chel | e de -AuéstAlt dstaasdorii qUB enentéltzdordine les principaux
chenaux et frequengenéralement des eaux plus profondes entre 350 et 500 métres, alors
queS. fasciatupréfére des profondeurs moindres, le long des peatggentalesentre 150
et 300 métres dprofondeur(\Valentin, 2006 Senayet al.,2021). Toutefois, la profondeur
n'‘est pas un critere suffisant pour distinguer les deux especes endwisbevauchement

possibleentre les profondeurs utilisépar les deux espéc€senay et al., 2031
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213 £vol uti on de | $hastest des stocks de

Unités de gestiori Avant 1993, la péche au sébaste était gérée selon trois unités,
bas®es sur | es (HalwdaystiPmhos) 208%(Fidure B).FCASNIQités de
gestion ont ensuite été redéfiniespsud a s sur er d 6 u nlus sobda engdesmb i ol o0g
compte des nouvelles connaissances et de la migration hivernale des stocks de sébaste du
GSL vers la région du détroit de Calfdenayet al., 202). Les unités de gestion résultantes
se d®finissent auj o(GsLY éehraupant tes divisons 4RST eati t ®
comprenant pour la période de janvier a mai, les-dausions 3Pn et 4Vn; unité 2,
regroupant les divisions 3Ps et 4Vs, les stivsions 4Wfgj et comprenant pour la période
de juin a décembre, les sadizisions 3Pnetdn; et | duni t® 3, regrouf
(Figures 2 et 9 (Brassarcet al., 2017 Senay et al2021).

50°N +

GOLFE DU
ST-LAURENT

ETATS-UNIS
45°N = '

| |
70°0 60 °O

Figure 9. Unité de gestion 1, 2 et 3 (IPE =HierPrinceEdouard, NE = Nouvelk&cosse)
(Senay et al., 2031
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Etat des stocks des années {1907 C 6 eadd fin des années 1950 que la péche
diri g®e au s®bast e skHgare10). LesReéchdrias dgmsicette tgioms | e G
ont été marquées parfigts®pi sodes dbébexpl oi t atdida Mmpeorr traanitsecsn
cl as s eBiguresdl® hle(Valentinet al., 2015; Brassard et al., 2017; Duplis2€4,9.
D6 i mp oprofit@étaiers possiblesn raison déa facilité de capture et de tendancelu
séastea se regrouper étroitement, de sorte que méme de faibles niveaux d'effort de péche
pouvaient produire de grandes prifesplisea 2018. Au cours des périodes d'expansion de
la pécheau sébaste pr&990,peu de restrictions existaient sur le tothhéssibledes captures
(TAC),les tailles minimales doexploitation, l a »pr
pour protéger les juvénilekes périodesd'accouplement a I'automne ou encore les poissons

préts a libérer leurs larves au printen(ipsientinet al.,2015; Duplisea2018).

L'observation de grandes cohortes, notamment cl&. mentellade 198, qui
supporta la péche au sébaste pendant 2qQ@ascon 2003; MPQ 2017a), a amené les
scientifiques et les gestionnaires a croire que les stocks étaient en bonne santé étant donné la
présence de nombreux juvéni{€sgure 11) (Duplisea201§. Ce constat a ainsi suggéré que
| 6augmentation de |l a mortalit® par | & p°che n
(Valentin et al., 201p En théorie, une bonne gestion de la p8chie cerisque(Myers et
al., 1994.

Post1990: moratoire, péche indicatriceet expérimentalé Apr s | e regain doé
de son exploitation, un rapide déclin de la biomasse et des débarquements de sébaste en 1993
et 1994ai nsi gue | 6absence onbdcomduitraelesrrestriciong n t i mp
rigoureuses de la péche. En 1999IlRO annone la fermeture de la péche dirigée au sébaste
dans | &igures 10®1) (Gas€on2003;Dupliseaet al, 2016;Brassard et al2017)
etal j o ur ld tndratoire est toujours envigueér. | a suite doéune recomm
Conseil pour [&€onservation deRessourceblalieutiques (CCRH) visant a pallier le manque

de données sur le sébaste, péehe indicatrica été mise en place en 1998. Les informations

8Surpéche du recrutement phénoméne de capture d'un si grand nombre de poissons que la biomasse génitrice n'est pas
assez importante pour reconstituer le stptlkoorn & Walters 1992).
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obtenues par | eatpewngs aenMmemebobsele progr amr
captures commerciales du MPO comprennent de
péche, les prises accessoires et la taille des sébastes captrA€; &ant de 2000onhnes

par annéeale gestior(Brassarcet al.,2017). Depuis 2018, unpéche expérimentafxée a

2500 tonnes pour 2018019 et de 3950 tonnes pour 202020 a été autorisée pour répondre

a plusieurs objectifs spécifigues comme la compréhension de la répartitiortspytaelle,

a in dében apprendre Steawraahl0a)ge sur | es s®bast
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Figure 10. Série temporelle des débarquements de sébaste dans le GSL (TAC: Total

Admi ssi ble des Captures) produi thorindebaapr s |
(1999.
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Figure 11. Fréquence de taille des sébastes dans les débamjuese d e
2021. Les suivis des cohortes de 1970 et 1980 sont indiqués par ung(ffleche2022¢).
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de précautiona 14 % poulS. mentellaet 28 % pourS. fagiatusde leurpoint de référence
limite empirique(PRL) respectif(Dupliseaet al.,2012;McAllister & Duplisea 2016.

Depuis son effondrement, | e stock de s®ba
rétablissement malgré la baisse de la prestggréche induite par le moratoiRourtanten
2014 l e relev® scientifique multidisciplinai
crevettes de l'estuaire et du nGSL, réalisé annuellement en aolt par leaM&@léun
retour fulgurandu sébaste avec une accessibilité croissantelp chalut de fona@u fil du
temps Il estappau évidentgb une cohorte excepti onfortesl | e en
cohortes de sébastes juvénilgs2 0 1 2 et 2013 c oirmtxraugimantationis auj o
ddbabondance et de biomasse qui at (Fguregnent
121 13) (MPO, 2017; Brassard et al., 201 Benayet al.,2021).

Lééaugment ati on de Ispectdculairents eesridemdneecensedh ast e
sontestimés &80 (2012 et 2013t 75 (2011) fois plus élevés compaaux 20dernieres
ann®es pr ®c ®d #&aistcohdriés.Devenule @us impbeaant taxondans les
captures le sébasteepréserda u j o u plus@éd &% de la biomassdémersaldotale
échantillonnée dans les relev@sentifiquesdans lenGSL, comparativement & 15 % en
1995 2012 Figure 12) (MPO, 2022c; Bourdagest al.,2022. En 2017, la biomasse des
jeunes sébastes du GSL a été estimée a 2,5 miflotennes contre FWO0tonnes en 1995
et 350000a 600000t onnes dans | es ann®es(MB®199; 90 av
Bourdaget al.,2019. Une augmentation de 3 de la biomasse de sébaste en 2019 par
rapport a l'estimation de 2017 a ét&egistré, 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 Eg4#ré 12) (MPO, 20220¢).

Des analyses génétiqueslisées sur la cohorte la plus abondante de 2011 ont indiqué
guodoel | e ®t &intentellaet portaieft & signature de la population adulte du GSL
(MPO, 2018; Benestan et al., 20).Cette information suggere que ces sébastes demeureront
dans le secteur permettronte rétablissement d&. mentellal a ns | e i0za® 1 (

La densité deS. mentellammature et mature a augmenté de facon généralisée, dans les
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chenaux Esquiman, Aiobsti et Laurentiena i n s ila bgrduéesuebuest du détroit de

Cabot Figure 13) (MPO, 202Z; Bourdageset al, 2022). Selon le dernier rapport de

| 6®val uation des stocks dans®@®bas e ourB.a RiOQ@rhas
mentellae st demeur ®e | 6une des valeurs |l es plus @
1984 (28 millions de tonnes de méme poucelle deS. fasciatug420000tonnes (MPO,

2027%).

Les perspectives du stock de sébaste pawnité 1 sontainsitrés ecourageantes.
Depuis 2018, un grand nombre de sébaste de taille réglementaire mesurant au minimum 22
centimetres de longueeste nt r ® dans | a(Figutedlh @P@ &22).6asni t ® 1
individus de lacohorte de 201bnta u j o u ung dohguaur modale detZm (MPO,
202Z). Le PRL a été mis a jour en fonction des renseignements actuels sur la maturité. En
2021, la biomasse du stock reproducteus deentellase trouverait dans la zone saine selon

le point de référence supérieur posé pour le stock (PRS).

g e Sébastes w
®m  Autres especes

Biomasse (Million de tonnes)
w
|

T T T T T T T
1984 1990 1996 2002 2008 2014 2020
Année

Figure 12. Biomasse minimale chalutable (million de tonnes, avec des intervalles de

confiance a 95 %) des sébastes (en rouge) et de toutes les autres espéces (en nef) capturé

dansler el ev® du MPO dans [IMPORIZIORP hhlotdeg rBaPdh4d e” ddQ
sébast®Claude Nozéres.
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Figure 13. Distribution des taux de capture (kg/trait de 15 minutesy.dmentelladans le
relevé du MPO réalisé dans le nG&.1®0a 2@1 (Bourdage®t al.,2022).

2.2 Caractéristiquesécosystémiques actuelles du golfe du Saibaurent

Réchauffement des eauxLe MPO évalue annuellement les conditions et parameétres
océanographiques physiques qui prévalent dans le GSL grace au Programme de monitorage
de la zone atlantique (PMZAPepuis environ une décennie, les eaux du G8&ht plus
chaudes comparativement amoyennes historiques, notamment pour les températures des
eaux de surface et des eaux profongesx.,Brassarcet al., 2017 Galbraith et al.2022).
du GSL du
&tr eam. Actuel |

m® |

une

Les temp®ratures r®sul tent

ah&uwd é

ang

| 6eau ement , pro
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pauvre en oxygene du Gulf Streantre par le fond au détroit de Cabot et circule vers

| 6amont avec peu de m®l ange avebeslemrslsdeaux moi
lasére chronol ogique ont ®t® ®tablis en 2021 dan
300 metres, 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 las@uee(14a). En 2021, &

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
premiere fois Figure 14b) (Galbraithet al., 202.

Déclin de la crevette nordiqué La crevette nordiqu@. borealisestreconnue pour
soutenir une importante péche commerciale etpoursorl e c¢cl ® dans | 6®cosys
espece fourragére é¢tnt er m®di ai re dans l e transfert do e
inférieurs (par exemple le zooplancton) aux prédateurs de niveaux supérieurs tels que les
poissons, mammiferes et oiseaux ma(ii® O, 20220). La péche a la crevette nordique a
débuté dans I6SL en 1965 dans les quatre zones suivantes: Estuairell@epinticosti et
Esquimanffigures1516).Sui t e au d®clin de | 6abondance des
de grande taille, | a population de crevette a
2010. Les stocks de crevet ttke n@Shondétécdanslaq u i fr®

zone saine pendant plusieurs années, mais déclinent dep&ig-Rfure 16, MPO, 2022).

La température est un facteur environnemental dominant dans la biologie des
organismes ectothermes comme la crevette nordigpge.réchauffementainsi que
| 6 appauvassodésneorygemd dissous des eaux profondes au cours des derniéres
années ont 7 impactsnégatifssur la phgsiologie de la crevette nordiduepnt
Prinetet al.,2013. Cette especd 06 e a u gui préteiie des températuresa 6°C (Allen,
1959 se situe, aujourdohui , dans llaelimit&SL - de s

supérieure de sa préférence thermique.
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Figure 14. Réchauffement des eaux du golfe du Shairent(a) Température de la couche
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climatologie de 19912020 de chaque région et profonddbj.Carte du maximum profond

de température généralement observé entre 200 et 3002014 2015 et 20202021. Les
contours en noir et en blanc sont des isothermes de 7 giafCaithet al.,2022).
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Lébondancet ladistributionde la crevette nordiquebservées dans le relevé du MPO

présentent des tendances a la baisse dppuisi s d o une di zestimatienslel 6 ann®e s .

débarquementle 2020 et 2021 sont parmi les plus faibles des séries histoetues

crevettes nordi gque slemrem cancentrées & la rnéteddasuchenapx i nci p .

(Figure 17) (Bourdage®t al.,2022). La faible abondance des juvéniles et des males observée
au cours des derniéres annééssi quela tendance a la baisse de la taille des femelles
suggerent une plus faible pradivité des stocksLe réchauffement des eaux profondes

semble étre le facteur le plus importgoi contribue au déclin decette espéce daevette

une condition environnemeateq u i ne devraient pas sob6am®lior el
(MPO, 2022). De pus, e pr ®dati on par | es s®bastes d®coul

biomasse est présumée étre une autre cause impaitiashdelin de la crevette nordiqueen
gue les connaissances sur le régime alimentaire du sébaste dansdel&@&limpacs en

tant que prédateussient limitées adancement de ce projet de these

Retour du sébastei Le retour fulgurant du sébaspmurrait ainsi constituer un
®v nement d®stabilisateur pour | 6®cosyst me
d 6 i mpto achangements, 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, maipdesissionpour le
PWhast e, |l a crevette nordique, |l e seant eur hal

pour la plupart inconnues.
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Figure 16.Indice de biomasse du relevé de recherche (intervalle de confiance a®%0)
crevette nordiquePour Estuaire, les cercles ouverts représentent les résultats obtenus en
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3. CARACTERISER LE REGIME ALIMENTAIRE POUR COMPRENDRE LA DYNAMIQUE DES

ECOSYSTEMES

3.1 Approche écosystémique et dynamique trophique

Laprise de consciencgur les pratiques durables en halieutigdavorisé un soutien
accruversunegestionbaseée sur les écosgmes(p. ex.,Larkin, 1996; Botsforcet al., 1997,
Curtin & Prellezo, 2010Link, 2010; Link & Browman, 2014; Karnauska et &021). La
gestiondespéches souvent ®t ® focalis®e sur | a dynar
sans prendre en comptpar exemple, la qualité de son habitat, ses prédateurs, ses
compétiteurs ou ses proigsigure 18) (Christensen1996; Pikitchet al.,2004). Opérant
dans unargeéventaild 6 i nt e fagestion des Echewit évoluer verauneapproche
plus holistiqueafin de limiter les effets négatifs sur I'environnement marnnincluant
différents facteurs écosystémigugsex., Botsfordet al.,1997; Link & Browman 2014).
Approfondir nos connaissances sur les écosystémains et notre compréhension des
interactions qui existent chez les différentes especes qui le composent est nécessaire pour
parvenir & une gestion durable des pécheries et a la conservation des écosystemes dans leur
globalité (p.ex.Arditi & Ginzburg, 2012; Braget al., 2012; Savenkbet al., 2016Nielsen
et al.,2018.

Parmi les interactions biologiques, la dynamique trophique est l'une des
caractéristiques les plumportantesrégissantle fonctionnement des écosystemes, laia
structuredes communautést des réseaux alimentairesn régulant les flux édléments
nut r i téndérgieenad les pdpulationgp.ex., Cohenet al., 1993; McCann, 2007;
Sardenne et al., 2017; Simenstad & Cailliet, 2017 L 6i denti fi catdésn des
qui composent un écosystéme spécifique et la caractérisation des interactions les reliant est
une étape primordiale pour une approche écosysténtimed 19) (Hanson& Chouinard,

2002; Crowde& Norse, 2008Glaser et al.2019. Il est ainside rigueurd &ppréhender les

réles respectifs de la mosaique d'espéces qui composent les communautés égologique
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(Arditi & Ginzburg, 201petde déterminer le réle central que joueettaines espéces, a la

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

La dynamique trophiquestd ® cr i t e comme | 6un des trois pl
production halieutique, en plus des facteurs environnementaux et d'explditatiof010;
Gaichast al.,2012. Laprédation peut exercer une influence considérable sur la dynamique
des écosystemes et les changements dans I'abondance d'une espéce peuvent affecter un
écosysteme dans sa globaljéex.,Franket 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 strat®gi e de gAdadtée salon au ni ve
https://www.fisheries.noaa.gaov/
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De plus, la qualité et la quantité de nourriture comptent pasiiatteurs exogenes les
plus importants qui affectent la croissance et indirectement la itgagtila mortalité des
prédateurs et des projesais aussi leur distribution, leur abondance et leurs caractéristiques
démographiqueqNielsen et al., 2018. Il est donc fondamentalement nécessaire de
comprendre les habituglalimentaires individuellegd 6 ac qu ®r i r des donn®es
proies et les facteurs influencant les largeurs de niche trofHjojes., Huxel & McCann
1998; Randall & Myers2001; Navieet al.,2007) pourfournir des informations écologiques
précieuses sur la prédation etdampétitiondes 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 (&gffy et al.,2007; Arditi& Ginzburg, 2012;
Longet al.,2015.

Phytoplancton

cation des communau
-Laairent(Sbecndofdeeas20l@.ai r e m

Figure1l9. Exempl e
et comparti men

—+ O
n O
—+ o
= @
a —

°Niche trophique : milieu occupé par une espeéce, du point de vusedeelations avec les autres espéces et de
son mode db6ali mentation.
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3.2 Principales méthodologies pour estimer le régime alimentaire

L6i mportance dbéacqu®rir des connai ssances s
le fonctionnement des écosystemes a motiva it i | i s déveioppemerd de pluseeurs
approches aiutils méthodologique@ableau 1) (p.ex, Hyslop, 1980; lverson, 2009; Braga
etal., 2012; Baker et al., 2014; Nielsen et al., 2(A&thybridge et al., 201&mundsen%
S8nchez Her)Cesdifferetesn®tOhlod es per mettent do®tudi e
de | 6al idrharmt actoi nosebda déarnaneiguelles sontes proies quisont
techniguement ingérableismigérées puis digérées, assimilémejetéewt excrétéesHigure
20). Les proies ingérées et digérées sont détectées dans le contenu de I'estomac, de l'intestin
ou des matieres fates. Une partie de la matiere ingérée est ensuite assimilée étngeut
retene dans le tissu du consommateur, tandis que la fraction non assimilée est respirée ou
excrétégFigure 20). Une estimation précise du régime alimentaire, des relatibnEhes
trophi gues associ ®es peut sodoav®rer difficile.
limites ou desbiais inhérents qui peuvent influencer I'exactitude des descriptionggime
alimentairg(Tableaul) (p.ex.,Bowen & Iverson2013; Nielseret al., 2018; Pethybridge et
al., 2019.

Figure 20. Conceptualisationab processualimentairs chezun prédateufNielsen et al.,
20138.
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Tableau 1. Principalescaractéristiques dalifférentes méthodes couramment utilisées pour
| 6 ®tuuédime atimentaire Tabl eau produi t 7 pagenetiar doéi n-
(2018 et Pethybridgeet al.(2018.

Méthodes Avantages Inconvénients Proie

Observations directes . . ) eee .
Taxonomie des proies potentiellement préc Difficile pour de nombreuses espéeces

.ex., observateur ou P " - P . . Ingérée
((:’e)améra) Caractérisation des conditions de prédatior Peu réalisable sur les prédateurs marins 9
. L . . Instantané du régime alimentaire (heures/jo
Taxonomie des proies a haute résolution ; . .
Contenus stomacaux Quantitatif Taux de digestion variable
Prérequis et expertise taxonomique
ADN dégradé et/ou contaminé Ingéré
. L P . Prérequis et expertise analytique ngeree e
Taxonomie des proies a haute résolution . q . p yiq digérée
P . e . Semi-quantitifatif
. i Caractérisation des proies difficiles a identi . . .
Métabarcoding . Besoin de bases de données de séquences
visuellement ;
. : . . d'ADN
Liens trophiques hbte-parasitoide. . - . .
Instantané du régime alimentaire
Signatures proies secondaires (proies de pr
N . . Prérequis méthodologiques importants
Marqueurs a long terme (jours/semaines/m d . 99 pe .
L . . Besoin de connaitre les valeurs isotopiques
Estimation de la position trophique L )
. L - . . producteurs primaires dans I'espace et dan:
Détermination de la composition alimentair . . . -
Isotopes stables . s temps Faible résolution et classification
et de lalargeur de la niche a I'aide de mod . .
- o taxonomique des proies
statistiques quantitatifs N N .
N s . Modéles et paramétres de fractionnement
Rapports C:N, indicateur de I'état nutritionr . . .
isotopigue largement inconnus
Marqueurs a long terme (jours/semaines/m Prérequis méthodologiques importants
Identification des composantes a la base de Grand nombre d'acides gras
chaine alimentaire (bactéries, détritus, Faible résolution et classification taxonomic
Acides gras diatomeées contre dinoflagellés) des proies Lo
. . . - s Assimilée
Détermination de la composition du régime Peu de consensus sur les applications
alimentaire a I'aide de modeéles statistiques Voies métaboliques des acides gras
quantitatifs incomprises
Protocole complexe
Faible précision taxonomique des proies
21 Marqueurs & long terme (jours/semaines/m Applications écologiques limitées
Eléments traces . ) o . . . :
métalliques Liens avec les risques sanitaires et la santé Besoin d'une bonne compréhension des
I'écosysteme propriétés physiochimiques du composé, er
plus des influences physiologiques, de I'hist
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 marir
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3.2.1 Analyse visuelle du contenu stomacal des prédateurs

Depuis lesannées 1950 dhalyse visuelle des contenus stomac&®S) constitue un
outil de baseet une méthod |, a uj dierr &ablie paur, I'évaluation détaillée de la
composition du régime alimentaire individubl.6 A C€dhsiste en la descriptipde fagon

quditative et quantitatved e s pr oi es retrouv ®esinggréagesbors| ' est 0o m:

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

Figure 21 Exemple doéanalyse de ddonmteanu fstcamaoal de
au moyen de clés taxonomiques.

Cette méthodestparticulierement pertinente pour évaluedyamamiquerophiquedes
poissonsp u i s qualént déséralement leurs proies ertéhu niveau de la population,
les donnéessues d e perinéttén®de déterminer la contribution gescipalesespéces
de proieconsommeéest la facon dont la composition du régiaiamentaireest corrélée ou
varie en fonction delifférentes caractéristiques biologiques et écologidqekss que par
exemple]a taille du prédateusonontogéiieous on sexe, | e mode dodal i men
lapréférencel 6 h a b.ext, Fyslop,(LPB0Braga et al., 2012; Baker et al., 2014; Amundsen
& S8n ¢ h e z8nddz 200958nchezHerm8ndez et al.2019.
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Bien quel 6 A @ff® une description taxonomique détaillée et a haute résoligi®n
proies constituant le2gime alimentaire des prédateurs, plusieurs biagtent(e.g.,Hyslop,
1980;Iverson et al., 2004; IversoB009; Bowen & Iverson, 2018Baker et al., 2014 Par
exemple, ette approcheffre seulement uapercu instantandes dernieret plus récents
repas Le portrait du régime alimentaire elfnité a I'échelle spatiale et a la période
d'échantillonnage, a nms que les estomacdes prédateurse soient collectés dans
différentes zones et saisoriSgalement,le degré d'identificatiore t | 6esti mati or
contributiondes proiesau régime alimentairp e ut s odéav®rer °tre une |
dépend, par exeple, dustadede digestiondes proies et déa disponibilité de clés
taxonomiques approprié¢s.ex.,Hyslop, 1980Bakeret al., 2014 Amundsens Sanchez
Hernandez, 20)9Pour combled es | i mitati ons de | 6ACS et ¢
terme decette méthodell est nécessaire de préleem gr and nomhbfinde dbéest
réduire la variabilité inhérenteet d 6 ut id & asuetrr e s appr oethes a

complémentaires

3.2.2 Meétabarcoding et résolution taxonomique

Dans | e cont enuavs@roema cdailf,f iicli lppeudté asdd ouer
digérées a un taxon avec une confiance absélaks( et al.2014). Avec I'avénement des
technologies de séquencage a haut débit (6L® hgh-throughpusequencing I'utilisation
du métaarcoding peut apporter un changement important dans l'analyse des régimes
alimentaires, ou une ou quelques régions d'ADN (barcodes) sont séquencéesquanu
présentlans un échantillofcontenu stomacal, intestin ou feces}@mnparées des basede
référence (Figure 22) (Jarman et al., 20027alentini et al.,2009; CarreorMartinez &

Heath, 2010 Pompanoret al., 2012 Albaina et al., 2015 Cette techniquede plus en plus
utilisée en écologie trophigueeut résoudre des relatiosgmentaires auparavant inconnues
impliquant des organismes qui étaient traditionnellement difficiles ou impossibles a identifier

aladedd 6 AP®&r mettant adesnrésolutiohd pus élevées dk rsgécificité
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taxonomique(p.ex., Dunn et al., 2010Pompanoret al., 2012; Symondson & Harwood,
2014 J akubavi | i T Rickioneetal. 2019. , 2017

Les applications du métabarcoding pour étudier les régimes alimsmiaingent étre
n®anmoins | imit®es par |l a demande en temps e
®t endue de r ®f ®rence de pr oi elsa dégradationdde sponi bi
ADN, | 6i mpossi bilit® d(pr@ssasecondaires)l esnpooneekbdodepe

semiquantitatif de la méthod@.ex.,Symondson, 200Berryetal., 2015J akubavi | i I t a e
al., 2017; Sakaguchi et a2017).

Echantillon Extraction Amplification Séquengage Analyse Identification  Caractérisation du
Contenu stomacal de YADN de 'ADN bio-informatique  des espéces  régime alimentaire

Intestin
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Figure 22. Il lustration de | dapplication du m®t aba
alimentaire. Adaptée a partir daturemetrics.co.uk

3.2.3 Biomarqueurs trophiques

Les études contemporagmde régime alimentaire utilisent des méthodes indirectes
basées sutbut i | i sati on de bapptigwmss raux uissusrdes prtédateysh i g u e s
comprenantpar exemplela composition en acidegas(AG) ou les ratiosisotopiques du
carbongdC)et d e (N) @.&xzlaltgearcet al., 2003|verson et al., 200Budge et al.,
2006; Boyle et al., 2012ielsen et al., 2018; Pethybridge et 2018.
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Ces traceurs écologiques sont des composés biochimiques paszitse n s e mb | e
desor gani smes qui s 6 accumu bue représedtenta fregtion r e p
assimilée des nutriments ingé(&sgures 20 et 23) (p.ex.,Happelet al., 2015Pethybridge
et al., D18). L'une des principales forces de ces applications est centrée sur les fenétres
temporelles et spatiales a travers lesquélidsnentation 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, @ssociés ~ des do n,p@mettentderr | 6 A
fournir des informationsa court et a long termeDe plus, ilsnécessitent des tailles
d'échantillon plus petites que les ACS et peuvent donc étre particulierement utiles pour
| 6®t ude dbéesp ces prot®g®es ou dans des el
d'échantillonnagdp.ex., lversonet al., 2004; Schmidt et al., 2006; Carrédartinez &

Heath, 2010; Richoux et a2010.

Les méthodes utilisant des biomarqueurs trophiques sont prometteuses pour
partitionner les différents taxons mais a un niveau de résolution beaucawpprégis que
| 6ACS et l e m®t abarcodi ng. De pl us, l a quée
| 6utilisation de mod les (p.ex., Ecopat h,
n®cessite doobdtdans des conditions exp@®iméntlbslled est i mat i o
différents parametres et facteurs de calibration spécifiquepraies etprédateurs (p.ex.,
Nielsenet al., 2018; Pethybridge et &2018.

Acides grasi Les AG sont de longues chaines carbonéescqustituent urgroupe
diversifié de lipidesnécessaires a diverses fonctions physiologiqgues des organismes
(Dalsgaardet al., 2003; Tocher, 2003; Budge et al., 200&rson, 200Q La plupart des
consommateurs marins ne peuvent pas synthétiser ced@imsm quantité suffisante pour
répondre deurs besoins physiologiqueBdrish, 201} ils doiventainsi étre acquis par
I'alimentationLes AG sont déposés dans les tissus adipeux des consommateurs avec peu ou
aucune modification fournissant aingau un er
cours du temps (p.eXDalsgaard et al., 2003; Budge et al. 2006; Iverson, 2009; Pethybridge
et al., 2018
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Figure 23. lllustration conceptuelle de la maniére dont les technigtiksant des traceurs

biochimiques se rapportent généralement a différentes variables des réseaux trophiques

marins(Pethyb

ridgeet al.,2018.
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Les environnements marins sont complexes et I'obtention d'informations précises sur
lesrelations alimentairgseut ® a v @ifficder Aucune méthode unique ne perrded o bt eni r
une évaluation complete de la composition du régime alimentaire d'un prédateur et de sa
variabilité inhérente a diverses échellgmtiales etde tempsEn s o mme , l 6ut il
concomitante dedifférentesapprochep our | 6 ®t ude d epeltofieradesl ogi e
perspectives plus solidesdes résultats complémentaieeséduisant ou équilibrant les biais
de l'utilisation de techniques autononfpsex.,CarreonMartinez & Heath2010; Richoux
et al., 2010; Happel et al., 201¥ielsen et al.2018.

4, PROBLEMATIQUE GENERALE ET OBJECTIFS DE RECHERCHE

L6i mpact daur d@®kbasawtres composantes de |
largementspéculatif,puisquedes connaissancgsus précise sur son écologient besoin
d &re acquised.a résurgencelu sébastpermettra de soutenir une péche commerciale dans
les années a venir, mais entrainera également des répercussions importantes sur |'écosysteme
du GSL, notamment en ce qui concesag@rédation sules especes proiessacompétition

pour les ressources&wles autreespecesle poissons de fond

Dans un contexte de gestion des pécheries basée sur I'écosyéteaanke,oln d anc e
exceptionnelle desohortes grandissantede sébastes combinée @miplication trophique
centraleg u 6 e | | d@ans I'fcosyseemea @SL, notamment en ce qui concerne la crevette
nordique souligne la nécessité d'une détermination précise et compléte du régime alimentaire
de ce poisson de fondCompte tenu des incertitudes concernant le role et les impacts du
sébaste en tant que prédatda problématique générale de ce projet de tbessisteen la
déterminatioret la compréhensiates habitudes et des relations alimentaires de cette espece
au sein de enlchaBgementyds GSDmuex questiols majeues peuvent étre

dégagés ducontexte actuel
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Quel s types dointeractions biologiques d®&f.i

Déterminer les relations spécifiques entre les prédateurs et leurs proies est primordial
pour mieux cerner le fonctionnement des écosystemes. La mise en évidence des interactions
biologiques que peut entretenir le sébaste avec ses proies perohettgtrminer les proies
consomm®es; doesti mer l a contribution des pr
s®baste, doéoobtenir un aper-u de | 0i mpact tropl
avec une emphase sur la prédation de la crevette nerBigborealis déoenvisager I

conséguences de prédation du sébaste dans le GSL.
Quel s sont | es facteurs influen-ant | 6®col o

Les concepp d 6 ®cosyst me et daat dnma@mgesalelrégimeophi que
al i ment aespeee edtovariabd. 6i dent i fi cati on des param t
stratégies alimentairesidébaste setme étape cruciale pour leur prise en compte dans les
stratégies de gestioli.sera ansi important de décrire le régime alimentaiiadividuel du
stade juvénile au stade adukkei nsi xcauE nede so6i | exiske des di

temporellesians les patrons proies/prédateurs

4.1 Axes spécifiques de recherche et approches méthodologiques

Cetravail dethess 6 art i cul e en t rtteirégimealimensairedue r ec her
sébaste a ététudiégrace a la combinaisate troisapproches méthodologiquek anal y s e
visuelle degontenus stomacayACS),| 6 anal yse des AG)efti Il ® asmmmal aycsied
des contenus stomacaux aveenétdarcoding(ADN). Ce choix estissd 6un compr omi s
entre faisabilité, colts et apports additionnels des informations que cdcfeaeune de ces

méthodes

Loéensembl e des ®c h eleves dciénbfiqgues nuiltidsaipiinairesr e des
d 6 ®v al u poissonmsnde fbrel et de crevettes au chdritfond du MPOQ menés
annuellement en aqls el o n un pl an d o6 ®c hanfgui touvwwen nage al

| 6ensembeé et dumG3Ldrigwe 24). Ces relevés annuels offrent I'opportunité
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de collecter deestomacet des t i dansmne ldrgegame dedadlle et sur une

grande partie de la distribution de la populatiéigure 25).

1+ 52'N

[Ja7-9tm

[ o1-183m A
{ |l 183-274m P ;

B 274-366m

- 48°N

f .
-4 :] 1 / &:»‘ Y &
" "fb., { ; ‘
700 6810 66IO 64I‘0 62°0 GOIO 58IO 56IO
Figure24Strati fication utilis®e par | e relev®

et du nord du go#f du Sair_aurent Bourdage®t al.,202D).

Figure 25. Exemple deébastes triés los 6 velevé de recherche.
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Chapitre 11 Les assemblages d'especes sont reconnus comme une caractéristique des
eécosystemes marins et contribuent a faconnersteucture, leur diversité et leur stabilité
(Franciset al.,2002; Chouinard & Dutjl201]). Les fluctuations de I'abondance et de la
répartition des prédateurs et des ressowaib@entairepeuvent avoir derofonds effets sur
la dynamique des interactions trophiqueslls et al., 1993 Brodeuret al., 2017. La
compréhension des variationsld® i mpact des consommateurs par r
en ressource est | 6un d@rsnerg pleowd.dansle@Rj ect i f s
les réseaux trophiqgues ont été modifiés par des changements eécosystéatiques
environnementauxPar conséquent, une évaluation réguligrein suivi systématiquees
habitude alimentaires des@dateurpewentaider a comprendies implications majeures

pour les différentes especes présefgesx.,Buckley & Whitehousg2017).

L'objectif principal dece chapitreest de décrire et de quantifier le régime alimentaire
du sébaste sur deux périodes de dynamique contrds®années 1990, correspondant a
| 6ef fondrement du s®bast e uadbourldesbasendar®®Es 2010,
GSL. Lobdenj eu @ desmodifecation®spécifigmds dedarcomposition du régime
alimentairedu sébastent eu lieuentre ces deux périodemn analysant les données issues de
| 6 A C@npte tenu déévolution des caractéristiques océanographiques et écologiques du
GSL, qui est passé d'un écosysteme d'eau froide dans les années 1990 a un écosystéme d'eau
plus chaude dans les années 2010, combinée au contraste dans lI'abondance des sébastes entre
ces aux périodes, des différences décennales marquées sont attendues dans la composition

du régime alimentaire des sébastes

Chapitre2i De mani re g®n®r ale, |l es r®sultats obt
par | 6opportuni sme alquerseries proies eonsentiméas @ coure n s ei gr
terme, lors dsdernies repas(Hyslop, 198(). La compositiondu contenu stomaca 6 u n
prédateur” un i nstant nécespameMentapiésentative pl@ son régime
alimentaire moyen. Le chotke | 6 u t inlbionsaeqtieur erophicphailisant lesprofils
en AG apporte une résolution taxonomique moins précise, néaisle de l'information

chimique stockéa moyen termeans les tissus dsébaste
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L'objectif principal de ce chapitre ed# décrire I'écologie afientaire du sébaste 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 dan&Ges
tissus des foies de sébagpeshésen aoltL 6 lisation des AG permettra de vérifier si le
portrait global du r ®gi me alimentaire du s®
m° me pour | 6ensembl e de |Catte®tade ssblapreanmgeteiav al e

documenter le régime alimem&adu sébaste avec la combinaison de ces deux méthodes.

Chapitre 317 Des estimations précises du régime alimentaire des prédateurs sont
essentiellepour lacompréhension du fonctionnement et de la structure des écosystemes
L'identification visuelle des proies a été et sera toujours un défi qui introduit un élément
d'incertitude dans les interprétations des contenus stomégemxnstad & Cailliet2017).

Des taux de digestion ou de rétention différentiels chez les prédateurs, en fonction des
especes et de la taille des proies consommées peuvent conduire &stimeation ou a une
sousestimation déeur contributiordans les régimes alimentairg@sex.,Legleret al.,2010;
JeanniareDu-Dot et al.,2017). Les progres méthodologiques susaitin intérét accrypour

les outils moléculaires qui se sont révélés étrenoyen puissant et efficace pour identifier

lesproies dans les contenus stomacawn niveau de haute résolution taxonomique.

L'objectif principal de ce chapitreestde valider la description de la composition du
r®gi me alimentaire du s®baste bas®e sur | €
do®t udi er c o mme n tet le fMméabaacbding se cenparent tETimes
d'identificationet de résolutiordes différentes proies du sébaste. L'ajoub di méthode
moléculaire d 6 A @=%rait ainsivalider et améliorer l@aractérisation taxonomiquies

proies
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CHAPITRE 1
COMPOSITION DU REGIME ALIMENTAIRE DU SEBASTE (  SEBASTESSP.)
PENDANTDES P£ R| OEFEGNDREMENT ET DE RETABLISSEMENT
DE LA POPULATION DANS LE GOLFE DU
SAINT-LAURENT

1.1 RESUME

Les sébastesSgbastes mentelket S. fasciatusont effectué urretour spectaculaire
dans le golfe du Sakttaurent (GSL) et les effets de retoursur les autregspeceprésentes
au sein dedemdu@nmmal sopred. Afim@e mieux comprendre les implications
trophiques de la recrudescence de la biomasse geisson de fondans I'écosystéme du
GSL, 3690 estomaa®ntenante la nourriture ont ét&coltédors dedeux périodes : I'une
caractérisée par une faible abondance de sébasté (B®%3et I'autre pndant une période
d'abondance record (201219). 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 deudgseii@ zooplancton
représentait la principale catégorie de proies pour les petits sébastes (< 20emujhe
contributionimportante @s amphipodes, principalemeftemistosp. dans le nordst du
golfedans les années 19%des copépodes du geralanusdans les chenaux profonets
des euphaudesdans le norébuest duGSL dans les années 201@&s amphipodeShemisto
sp. dominaért encore le régime alimentaire des sébastes de taille moyefil@ @@) dans
les années 1990, tandis que les copépodes étaient prédominants dans les années 2010. La
consommation de crevettasaugmeng en fonction dda taille du sébaste et deux espéces
étaient particulierement importantes dans le régime alimentairgdeands s ®bast es
cm) au cours des deux périodes : la crevditenche (Pasiphaea multidentala

principalement dans le chenal Laurentien et la crevette nordtqurelélus borealis surtout



dans le norebst du golfe. La prédation de la crevette parsébaste représente une
préoccupation majeuren particuliepour la dynamique de la crevette nordique qui soutient

une pécheommerciale lucrativelans le GSLmais dont I'abondance est en déclin depuis
plusieurs annéedJn comportement piscivora égaementété observé dans le régime
alimentaire des grands sébaste®cle capelanilallotus villosug commeprincipd poisson
consommaelans les années 1990 et les sébastes (cannibalisme) dans les années 2010, ce qui
suggere un contréleedsitédépendane a une abondancetlevée de petits sébastes. En
présentantin portraitdétaillé 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 @ cepoissonde fond dans I'écosysteme du GSL.

Mots-clés : Contenu stomacalCrevette,Impact trophiquelndice de remplissage,

Variations temporelles

Cet article intitulé « Diet composition of redfish (Sebastes gjuying periods of
population collapse anchassive resurgende the Gulf of StLawrence», a étéco-écritavec
Denis Chabot(IML-MPOQO), Claude NozeregIML-MPO), Réjean Tremblay(UQAR-
ISMER), Pascal SiroiUQAC) et Dominique RoberfUQAR-ISMER). Sa version finale a
été accepté pour publicationle 5aolt 2022 dansla revueFrontiers in Marine Science
(https://doi.org/10.3389/fmars.2022.963D32 6 e n s e mb | e adparticipéaaublaeur s
réflexion et a laconception desbjectifsa i n s i g u @€ et articl® Danis Chahbotea
intiélepr ogr amme de c aédémstelms desdedeses aumtamlatsle fond du
MPO eta concua base de données résultante. Claude Nozéres @héme avons analysé
une grande partie des contenus stomacaux de séhbgies. pri s | 6i nlest i ati ve
®chantill ons historiques datant deMWgai9o7 =~ 199
présentaient un bel état de conservagioar lesajouter aux bases de données du MPO. Au
total, j0 goarticipé d 6 a nd 6 g B €500 comenus stomacaukenis ChabqgtRéjean
Tremblayet morméme,avons conduit les différentes analyses des doreté@production
des résultats) 6 ai Ir®@driistkeur e de | a premi rggiaver si on

,,,,,

ensuiteétérévisae et amélioré avec la collaboratiodel 6 e n s e mdauteursd e s
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1.3 DIET COMPOSITION OF REDFISH (SEBASTESSP.) DURING PERIODS OF POPULATION
COLLAPSE AND MASSIVE RESURGENCE IN THE GULF OF ST. LAWRENCE

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

Sirois® and Dominique Robert

Ynstitut des Sciences de la Mer, Univegsiti Québec & Rimouski, Rimouski, QC, Canada
2Institut MauriceLamontagne, &hes et Oéans Canada, Mo+loli, QC,Canada

3 Département des sciences fondamentales, UnigaisiQuébec a Chicoutimi, Chicoutimi,
QC, Canada
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1.4 ABSTRACT

Redfish Gebastes mentalandS. fasciatupare back at spectacular record high levels
in the Gulf of St. Lawrence (GSL) and the effects of this masssargence on other
components of the food web remain largely unknoWwm.better understand the trophic
implications of the siging redfish biomassvithin the GSL ecosystem, 3,690 stomachs
containing food were collecteduring two periods: one characterised by low redfish
abundance (1993999)and the other during a period of record abundance (2019).
Taxonomical analysis oftomach contents from individuals of different sizes from three
subareas of the GSL was carried out to determine diet composition duringdrmtts.
Zooplankton represented the main prey category for small redfig® @m), which was
driven by a predatn on amphipods, mostlijhemistosp. inNorth-East Gulf in the 1990s
and on copepods of the ger@alanusin thedeep channels and euphausiids in Ndktést
Gulf in the 2010sThemistasp. still dominated the diet of medium (30 cm) redfish in the
1990s while thecopepods were predominant during the 2010s. Shrimp consumption
increased with redfish size and two species were particularly important in large ceelfish
( O 30 c moth pdriods:ipimkgglass shrimpdsiphaea multidentajamostly in the
Laurentian Channel and northern shriffaridalus borealis especially in NortkEast Gulf.
Redfish predation on shrimp represents a major concern for the dynamics of the northern
shrimp which supports a valuabfshery in the GSL but has been declining in abundance
since several years. Piscivory was observed in large redfish diet, with cdgallatis
villosug being the major fish prey in the 1990s and redfish (cannibalism) inGth@s2
suggesting densitglependent control at high density of small redfish. By presenting a
detailed overview into the redfish diet composition andeitsporal variability, the present
study offers a first look into the possilfléure trophic impacts ad resurging groundfish in

the GSL ecosystem.

Keywords: Fullness index,Shrimp, Stomach contentTemporal changesTrophic

impad
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1.5 [INTRODUCTION

Knowledge of feeding ecology and pfpsedatolinteractions is essential to apprise the
respective roles of theosaic of species that compose ecological communitiesti( &
Ginzburg, 201). Information on trophic linkages, whitlave often been recognized as being
ecosystenspecific, is essential for the robust implementation of ecosydtased
management strategiesgnson& Chouinard, 2002; Crowdeé& Norse, 2008; Glaser et al.,
2015. Stomaclcontent analysis is a wedistablished method for the detailEssessment of
individual diet composition. At the populatidevel, stomach content data adrte the
determination of thecontribution of the different prey species to the diet and how diet
composition varies according to factors such as abundantmgeny or predator size (e.g.,
Hyslop, 1980; Baker et al., 2014; Amunds&n S8n ¢ h e z8nddz 20H9; Snchez
Herrgndez et al., 2009 Stomach content data are particulargfevant to assesfsh
trophodynamics because fish generalyallow their prey whole, allowing for robust
inferences obiological traits such as feeding mode, as well asogadlcharacteristics such
as habitat preferenc@i@ga et al., 2012; Amundsé&nSén ¢ h e z8&nddz 20m) Annual
fisheryindependensurveys offer the opportunity to collect stomafrbsn a wide size range
and over the large part distribution opedes population. Moreover, long time series of
stomacttontent data collected during yearly surveys can reveal mnajgric changes in the
ecosystem over time (e.g-ahrig et al., 1993; Hansadta Chouinard, 2002; Dwyer et al.,
2010).

Over the past three dades, 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 codsgdus morhualLinnaeus 1758), American plaice
(Hippoglossoides platessoidésabricius 1780) and redfistbébastesp. Cuvier 1829),
collapsed as a result of overfishing during a period of low productivity and recruitment
associated with exceptionally cold water temperatukésrgwski, 1997; Bréthes, 99;
Gascon, 2003 resulting in the implementation of fishing moratoria. Meanwhile, the

abundance of boreal specggh as northern shrimpdndalus boreali&rgyer 1838), snow
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crab (Chionoecetes opilioFabricius 1788) and Greenland halibuRe{nhardtius
hippoglossoidesValbaum 1792) increased to record high levels driven by cooling waters
and reduced competition and predation pressirétifes, 1998; Savenkoff et al., 2006
After a relative stability over two decades, the deep waters of the GSL warmieg tthe
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.). Aalthe GSL, two
sympatric redfish species coexist: the Acadian re@sbastes fasciatStorer 1854) and

the deepwater redfisBebastes mentell@ravin 1951) Genay et al., 20)9These species

are morphologically similar, which makes species identibca difficult and nearly
impossible by cursory examination (e.Gascon, 2003; Cadrin et al., 2)1As a resultS.
mentellaand S. fasciatugrom the GSL have traditionally been managed as a single stock
and have not been identified to species in histbdatabases. In the present study, the two
species have thus not been discriminated and are both comprised under theedfisie.

In recent years, the annual research bottom trawl survéyeadstuary and northern
GSL, carried out by the DepartmeaftFisheries and Oceans (DFO, Canada), revealed that
redfish hadbecome by far the most common taxon in the captaegunting for 906 of
the total biomass caught in 20t®mpared to 156 in 19952012 Genay et al., 2091This
represented a 7 redfish biomass increase from the 2@s7imate. The most recent redfish
assessment report estimatadaverage minimum trawlable biomass of 113 kt in 129399
and 2,423 kt in 2012019 Genay et al., 2031In 2019, totaminimum trawlable biomass
was efimated to be 4,365 kt, tHeghest value ever observed in the time series since 1984
(Senay et al., 20)1Redfish exploitation is still under moratorium, Itis unprecedented
increase in abundance, supported by20&T 2013 cohorts, is expected leaglito a rapid
increase oépawning biomass, which will support a commercial fishethéncoming years.
This increase in biomass also represemt&pr concern for the dynamics of forage species,
including the northern shrimp, which supports a major fisirethe GSL DFO, 202(). 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 changescasd possible
implications of redfish predation within the GSL food web. For the entirei 224® period,
redfish were caught relying on the same methodology through an annual Research Vessel
(RV) bottom trawl surveyHourdages et al., 2007; Senay ef 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 oceanpigi@and ecological characteristics tbe
GSL from a coldwater 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 thdfish 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 thienplication 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, semnclosed sea connected to the North Atlantic Ocean through
the Cabot Strait to the southeast démel Strait of Belldsle 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 B§uré 1.1). From 1990 to

2005, the survey was comcted onboard the Canadian Coast Guard Ship (CCGS) Alfred
Needler using a URI trawl with a 48m liner in the coeend (24min tows). Since 2004, the
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survey has been conducted with the CCGS Teleost equipped with a Campelen 1800 trawl
with a 13mm liner (15min 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 conversiofactors between the two trawl types can be fourtglinrdages et a(2007).
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Figure 1.1 Map of the study area showing sampling hauls (12999;n = 450 and 2015
2019;n = 447) where redfish stomachs containing prey warepled if = 3,690) from each
period (19981999;n = 1,366 and 201%2019;n = 2,324).The grey line indicates the 250
meters isobath. Thiaree subareas considered for the analysis are delimited lojptthd
lines with NorthiWest Gulf (NWG), Laurentian Channel (LC) and Nelgast 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 ireftienation 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), ltfeenass of redfish captured by the trawl was
estimated. A sulsample of redfish was measured (fork length, FL, in cm in the 1990s, in
mm converted to cm in the 2010s) and weighed (g). Thissaniple also allowed the
estimation of the number of fish ofa@al cm length class in the catch. From these, a length
stratified subsample 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 therawl. 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.qg.,
Squires, 1990; Campana, 2004; Vassile&kBetryashov, 2009; ICES, 2014dnd the help
of specialists. A number of different personnel carried out the analyses oweratisebut
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 werelyisunalysed 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 thetinfpmethodology (difference in
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effort for taxonomical resolution of very digested prey) on the res8lipdlementary

Figure 1.1).
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Supplementary Figure 1.1 Contribution of prey categories tthe GSL redfish diet
composition, expressed as percentage of fullness index (§&flb-cm length class.(a)
Stomachsr{= 871) sampled between 1993 and 1997 and examined between 1993 and the
beginning of the 20009p) Stomachs 1t = 495) sampled between 1997dah999 and
examined in 2019 an@) Stomachsr({= 763) sampled between 1993 and 1997, after removal

of category Unidentified MateriaBpecific 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. Asrasult, redfish are extremely sensitive to barotrauma when
caught in deep water and brought to the surface rapidlyic& Lowe, 200§. 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 sampletish. Thus, the proportion ofngpty 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 taxehen 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 ff to visualize general trends as follows: < 10.0 cm, 110.0
14.9 cm, 15.019.9 cm, 20.024.9 cm, 25.029.9 cm, 30.034.9 cm, 35.039.9 cm and

40.0 cm. Since the GSL is physically and topographically heterogenéoustgnsky &
Bugden, 1991; Therriault, 1991; Rodrigues et al., 1993; Galbraith et al), BrEe 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 Nd&#st Gulf (NEG) includig the
Esquiman (maximum depth of about 285 m) and Anticosti (maximum depth of about 335 m)
Channels and (3) and the Noitfiest Gulf (NWG) comprising the estuary and the western
part of the Laurentian Channel (maximum depth about 300Figuie 1.1). In orcer to
describe redfish diet during both periods in each subarea within the GSL and maintain
sufficient sample sizes, it was necessary to regroup-time Size classes into three major

size classes (small < 20, mediuni 20 and large redfis®30 cm) [able 1.1).
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Table 1.1 Number of redfish stomachs analysed, percentage of empty stomachs, numbegmaphpstomachs, total number
in the catch and percent of stomachs of redfish caught in the GSL during annual DFO trawl research surveys according to
subareasind three size classes for the periods 19939 and 20152019.

Stomachs containing prey
Total GSL NWG LC NEG

Stomachs % Empty
analysed stomach All size classes <20 20' 300 30<20 20' 30 30<20 20'3@® 30<20 20'3® =

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 31 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
1993199329 56 1366 458 175 733 94 23 29 225 121 439 139 31 265
Total number caugf 68486 29195 16989 22303 1309 687 1790 22546 15022 13410 5340 1280 7103
Proportion of stomachs / catches (! 1.99 1.57 1.03 3.29 7.18 335 162 1.00 0.81 3.27 1.76 1.80 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 20 13829 39 2324 1160 632 532 316 136 28 400 246 346 444 250 158
Total number caugt 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 tleensideration 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 individu@ feeding habits, which needs to be considered when deriving
indices that are repsentative of the predatsrdiet. Stomach content data can be used to
derive several types of diet indicatois/Glop, 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 experiméritpbeck et al(2012) clearly demonstrated

that basic indicators based on prey mass or volume provide the bestestihdiet 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 igms prey.

In the present study, three measures were used to describe the redfish diet. First, the
partial stomach fullness index (PFLilly & Fleming, 1981; Or& Bowering, 199) was

calculated for each prey taxa in the redfish stomach according egjtfation:

0&) - , p T p

where M is the mass of prey i in redfish j; 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 201%2019surveys (n = 69582r= 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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0&) 0&) C

P
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,;R¥s transformed into a

percentage (%FIpercentage fullness indexernier& Chabot, 201pand calculated as:

0&)

P&) 4—&)pnn o

where total stomach fullness index (j)ias the sum of all PFfor a fish j.

TFI was calculated as:

48&) 08&) T

18)® 48) v

where | represents the number of different prey taxa found in the sample. Third, to
qualitatively indicate whether a small or large proportion of redfish fed on a giverthpgey,

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

where Nis 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 Cogiefjcaphical methofCostello, 1999
Amundsen et al., 996) which is a twedimensional representation of pregecific
abundance in stomach fullness index (¥J-land percentage of occurrence (%0). Prey
specific abundance is defined as the percentage of a specific prey over all prey items, but

only for thosepredators in which that prey occurs. Thus, ppgcific abundance in stomach
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fullness index for prey category i, %pd i was obtained exactly as %HEq. 3), but instead

of using all N stomachs in a sample, using only the K stomachs containing mggrgat

08&)

P&) 75

pTT (X)

where PRe_iis the average fullness index for prey i for the stomachs containing prey
i, and TFpe iis the average total fullness index the stomachs containing prey i. Prey
categories scoring 250 % in preyspecific abundance an® 25 %0 were considered
important, those wit50% in preyspecific abundance andiZ® %0 were very important,
and prey categories with50 % on both axes we considered dominant. Prey with high

prey-specific abundanceé0 %) and just short of 2%0 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 rieggebst a
number of stomachs to be taken in each haul whengréuator is present, udlyastratified
in a number of predataize classes. As long as there are enough fish of the target ¢pecies
fill the stratification, the number of stomachs becomdspendent of the number of fish in
the catch. In the presesiiudy, the number of neempty stomachs sampled per haamged
between 1 and 44. However, the abundance of redfisked widely among hauls, in
particular during the recemteriod of population recovery where total estimated numbers
caught varied between 1 and 250,047 (1 and4BXar the1l990s). The subsampling design,
combined to the difference op to 5 orders of magnitude in redfish abundance among hauls,
implies the risk of widely overrepresenting the diet of iaptured in subareas of relatively
low abundance relative those from the heart of the distribution. To account forifsise,
we followed the recommendations ©hipps& Garvey (2006 and weighted the stratified
diet data by the relativeroportion of individuals actually caught within each size céss
given haul. Capture data and the subsample of rediisasured in each haul were used to

estimate the number ofdfish of each-tm length class in the catch. Mass of estdmach
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of length class 1 was then estimated according tadhger of fish of lengtlklass 1 in the
catch divided by thaumber of stomachs of that same class. Only weighted resuitscave.
Description of the prey taxon contributions to diefore weighting for abundance in the

catches, is provided Bupplementary Tablel.1 for the two periods.

1.6.8 Statistical analysis

Cumulative prey curves-¢rry & Cailliet, 1996 were calculated to assess whether the
number of redfish samplegas 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 lasg five subsamples validated the sample size, whe@05 signified acceptable

levelling off of the prey curve for diet analysésdwn et al., 201

Differences in percentage fullness index (%FI) between (1) the two periods according
to redfish size (20, 20 30 andO30 cm) and (2) among sizes classes over periods and GSL
subareas (NWG, LC and NEG) were investigated. A nonparametric distbased
permutation multivariate analysis of variance was conducted on the(rdig distance
matrix (PERMANOVA Anderson, 201)} 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 hodests using pairwise multiple comparisons were used to identify
differences between means. Similarity percentage analysis (SIMPERg, 199} was
used to identify the prey explaining most of the dissimilarities between factors. All analyses
were performed with the software R version 4.0H Core Team, 20J0using packages
oregard (Oksanen et al., 20)9¢lyrd (Wickham, 201), a@gplot®d (Wickham, 201) and
@gpubb(Kassambara, 2030
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Supplementary Table1.1 Diet composition of GSL redfish exgssed 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
Periods1 9937120997 20DA®371 20997 21091931 2@DDi
n 1366 2324
Preys THl  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
Gadussp. - 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 5.411 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 Sebastesp.* 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
Pandalussp. 0.007 0.003 1.240 1.123 1.977 1.201
Pasiphaeidae Pasiphaea multidentata* 0.057 0.039 10.710 14.976 16.764 11.360
Pasiphaeasp. 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 Tablel1.1 Continued

PFI %FI %0

Periods1 9937120997 20A®37 20997 21091931 2@ DI
n 1366 2324

Preys TFl  0.528 0.263
Themistosp.* 0.007 0.009 1.315 3.573 7.174 14.157
Digested Hyperidae 0.019 T 3.515 0.071 11.933 0.731
Lysianassidae Hippomedonsp. - 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 Monoculodessp. - 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
Calanussp.* 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
Euchaetasp. 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 Scolecithricellasp. - 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
Boreomysissp. 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
Pseudommasp. T T 0.047 0.002 0.073 0.043
Stilomysissp. - 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 Euphausid T T 0.002 0.015 0.293 0.430
Euphausiidae Meganyctiphanes norvegic  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
Thysanoessap. - 0.010 - 3.743 - 1.936
Digested Euphausidae 0.015 0.012 2.805 4.383 4.905 5.809
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Supplementary Table 11 Continued

PFI %FI %0
Periods1 9937120957 209A®937 20997 21091931 2®@DDi
n 1366 2324
Preys TFl  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
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1.7 RESULTS
1.7.1 Stomach dataset overview

A total of 6,958 stomachs were collected throughout the &flLexamined, of which
3,690 contained prey (4% of emptystomach), from aotal of 897 hauls, with 1,366 and
2,324 stomachs for 1993999 and 20152019, respectivelfFigure 1.1, Table 11). In
2015 2019, the number of redfish the catch was 61 times higher, for the entire GSL, than
during1993 1999, and captures of small amedium redfish (< 20 an2i0i 30 cm) were 77
and 114 times higher, respectively, in theent period, reflecting the strong recruitment of
the 20112013 cohorts. The total number of large individu&s30 cm capturedvas
approximately equal during both paals and a similasampling intensity was obtained (3.29
and 4.88% of capturedish were sampled). Sampling intensity was similar (1.571ab8%
of captured fish) for small and mgize fish in the 19909Despite a larger number of
stomachs collected fadhese samsize classes in the 2010s, sampling intensity was much
less (0.05and 0.03% of captured fish) due to the surging abundaneanafil and miesized
individuals in recent years relative to th®90s Table 11). Even if the proportion of
individuals sampledor stomach contents was small for some groups, ourstilative prey
curves calculated for both periods accordmthree major size classes and subareas reached
a stableasymptote, indicating sufficient sample sizes for an acculedeription of the
redfish diet Supplementary Figuresl.2, 1.3). The only exceptions where an asymptote was
not reached wafor large redfish ©30 cm) in NWG for both periods, as well fag mid-
sized redfish (2080 cm) in NEG in the 199(0$Supplementary FHgure 1.3).

The range of redfish sizes for stomach collecti@s 7 50 cmin both periodsKigure 1.2),
median (25th and 75th percentiles) FL v@4s(17 and 37) cnm the 1990s and 20 (16 and
28) cm in the 2010size classes with largest sample sibestomachs were 338 andl7i

20 cmin the 1990s and 2010s, respectively. For both period$\Wi& was characterised
by a scarcity of large individuals sampleaimpared to other subareas, both in the number of

stomachs and ithe catch figure 1.2, Table 1.1). Most of redfish samplesere collected
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from the deep channels (Laurentian, Esquiman and Anti¢ogtire 1.1, Table 11) of the
GSL. In the 1990s, median depth {2&nd 75th percentiles) where the stomachs with prey
were obtainedvas 299 (255 an815) m, 318 (256 and 382) m and 271 (248 288)) m for

the NWG, LC and NEG, respectively, and in the 20f@ijian depth was 250 (181 and 316)
m, 329 (245 and 391) m a@@8 (177 and 276) m, for the three subareas, respectively.

NWG
LC
NEG

150

100

6661—€661

50

-

50 4

Number of stomachs

100 -

6102-5102

50 4

T T T T T . T T 1 T T T T T T T T T T T ) 3 13 T —
7 9 1 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49
FL (cm)

Figure 1.2 Sizefrequency distribution of redfish with stomachs containing prey collected in
the GSL during 19931999 and 20152019 according to eadatefined subarea. Dashed lines
represent the FL mean value for each period
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Supplementary Figurel.2 Cumulative prey curves and confidence interval o#®bpper
and lower withb values through the last five subsamples for three major size classes during
1993 1999 and 20152019.
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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 Invertebratesaatehtified
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 Trable 1.2 and showed the eight broad digtaategories and each of
the 58 and 93 different prey items found in stomachs collected in 1993 and 20152019,

respectively.

As far as possible, prey that showed important signs of digestion, but which were
identifiable by distinguishing features @e.telson for shrimp) were assigned to one of the
eight categories with the namdigested. The category Other Invertebrates was comprised
mostly of remains of crustaceans, along with traces of identified groups from several classes
of invertebrates thawere 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 asfeaisle, 1.2).

Capelin and redfish were the most frequent fish, while shrimp were most often represented
by northern shrimgP. borealisand pink glass shrimp. multidentata Among amphipods,

the greatest contributions were from unspecifléeemistosp. along withT. abyserum
T.compressandT. libellula. Of the copepods, unspecifi€hlanussp. andC. hyperboreus

were most important, while among euphausiids, the northern kt#iganyctiphanes
norvegica was the main contributor. Another major zooplankter was the deepwater mysids
of genusBoreomysisthough these were not significant enough to be major prey. These
important taxa were retained in the following analyses, except that all Feumistotaxa

were grouped intd hemistasp. 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 ($agure 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 ofitentified Material (the 1990s: %FI = 18.99, %0 =
18.38; the 2010s: %FI = 1.93, %0 = 11.TZble 1.2). Some stomachs from the 1990s were
analysed in 2019, allowing the assessment of the impact of protocol adjustments and
differences in taxonomic expertisetween 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 Figurel.l). Renoval 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 stomacfrem the 1990s analysed in the 1990s, whereas those examined in
2019 contained mor&hemistosp. taxa. However, for the entire dataset, all identifiable
Amphipod taxa were present as traces only, extepmistdaxa. Therefore, a major part of
Other Amphpods in stomachs analysed in the 1990s were likegmistosp. 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. multidentataand lessP. borealisthan 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 d®8lysed 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 2010ssbetifierences 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 < 20rcmB64 andn = 20, for
both periods respectivelyp(pplementary Tablel.2).
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Supplementary Table 1.2 Number of redfish noempty stomachs caught in the GSL, by period, size class and subarea, after
the removal the categokynidentified Material.

Stomachs containing prey (without Unide ntified Material)
Total GSL NWG LC NEG

All size classes <20 20 300 30<20 20' 30 30<20 20'3® 30<20 20 ' 3® ¢

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 1991®55 394 152 709 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 201289 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 importadeereased while the proportion of shrimp and fish
increasegdaccording to all three diet measuregy(re 1.3). This same majashift in the diet
of redfish is observed around 25 cm for the 1980d 30 cm for the 2010s. Although the
contribution of zooplanktonn terms of %F| decreased drastically for large speais,
occurrences remained high, especially for amphipods in the B@0&r copepods in the
2010s. For both periods, pink glass shrigpd northern shrimp were found in high
proportion anaccurrence in large redfish, although the contributions in&é P60 of pink
glass shrimp were greater than that of north&mrimp. For both periods, the specific
contribution of northershrimp was greatest for B85 cm redfish (%FI = 32.66 in the 1990s
and 26.79 in the 20108&jgure 1.3). Although the two periods eve characterised by the
same overall diet trends in relation to redfssre, differences in the importance of specific
prey were observe®iet composition based on %FI of the fifteen prey groupsnfenced
by theinteraction between periods and stt@sses (PERMANOVAp = 0.001,Table 1.3).

Amphipod groups, principally ofhemistgo 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 analysisevealed that for small redfish, differences between
the two periods were explained at¥%/by the relative abundance in the dieThémistasp.
and Other Amphipods (more abundant in the 1990s), as well as Other CopepGdiaand
sp. (more abundant ihe 2010s), whereas Other Invertebrates and Mysids, more abundant
in the 1990s, contributed another@0(Table 1.3).

Themistasp. still dominated the diet of medium (30D cm) redfish in the 1990s while
the three Copepod categories were predominant dtimen8010s witlC. hyperboreuss the
species identified most frequently, though it was nearly absent in the 1&§0s2(1.3).
According to SIMPER analysis, Other Amphipod$iemistosp., Other Copepods ar@l
hyperboreusaccounted for 386 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 34 (Table 1.3). In the 1990s, there was a peak in the
propation of P. multidentatan the diet (41.526) for 25 30 cm redfish Figure 1.3) and

this prey contributed %o to the difference in the diet of the two periods for medium size
redfish Table 1.3).

Although the Shrimp groups were importantinbpte r i ods i n the diet
cm) redfish (%FI = 61.71 in the 1990s and 50.48 in the 2010s), the relative proportion of the
three categories changed between periddgue 1.3) and contributed 436 to the
differences in dietsTiable 1.3). Interms ofoF | , t he di et of the | arg
the 2010s was almost exclusively based on shrimp and fish groups (%FI = &3969¢ (

1.3). Capelin was the most important fish prey consumed in large redfish in the 1990s, while
a shift tocannibalism was observed for the same size class in the Zef0se(1.3), but

these changes did not contribute strongly to the differences between periods shatle in

1.3. Amphipods remained important in the diet of large redfish during the 1990s,tiadir
contribution was negligible during the 2010Bigure 1.3), explaining 17% (Other

Amphipods and’hemistasp.) of the differences between periods.

1.7.4 Spatial variability in diet composition and feeding strategy

Diet composition was also influenced tne interaction among size classes (< 20, 20
30, O 30 cm) over periods (1990s and 2010s) and subareas (NWG, LC, NEG)
(PERMANOVA, p=0.003). Pairwise comparisons indicated redfish diets differences, except
for redfishO30 cm in the NWGTable 1.4). The alsence of difference fad30 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 perioffagures 1.4, 1.5). Overall, only the prey groups of
Other Amphipods, Mysids, ari®l borealisappeared 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
Periods1 99371209597 209937120957 210919371 2@ DIV
n 1366 2324
Preys TFl  0.422 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
Gadussp. - 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 Sebastesp.* 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
Pandalussp. 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
Pasiphaeasp. 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

Periods1 99371 209971 2099371 20997 21091931 2@ BBV
n 1366 2324

Preys TFl  0.422 0.095
Themistosp.* 0.025 0.005 5.843 5.514 26.944  12.880
Digested Hyperidae 0.010 T 2.377 0.173 4.560 1.106
Lysianassidae Hippomedonsp. - 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 Monoculodessp. - 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
Calanussp.* 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
Euchaetasp. 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 Scolecithricellasp. - 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
Boreomysissp. 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
Pseudommasp. T T 0.015 0.012 0.019 0.079
Stilomysissp. - 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 Euphausid T T 0.001 0.010 0.113 0.192
Euphausiidae Meganyctiphanes norvegic  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
Thysanoessap. - 0.005 - 5.531 - 0.917
Digested Euphausidae 0.003 0.008 0.661 7.897 1.054 2.126
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Table 1.2 Continued

PFI %FI %0

Periods1 9937120997 2094937 20997 21091931 2®@DIi
n 1366 2324

Preys TH  0.422 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 14532  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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Figure 1.3 Contribution of the fifteen prey categories to GSL redfish diet, expressed as partial fullness index (PFI), percentage
of fullness index (%FI) and percentagfeoccurrence (%0) durin@AT C) 1993 1999 andDi F) 2015 2019 as a function of 5
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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 (%) to dissimilarity
<20cm

Other Invertebrates (17Fhemistosp. (15); Other Copepods (13); Mysids (X33janus sp.

1990s:2010 0.001 )
S s (11); Other Amphipods (8)

2071 30 cm
Other Invertebrates (13); Other Amphipods (11); Mysids (10); Other Copepods (10);

1990s:2010: 0.001
S S Themistosp. (8); Other Shrimp (8. hyperboreug7); P. multidentata(7)

O 30 cm

1990s-2010s 0.001 P. multidentata(22); P. borealis (12); Other Shrimp (11); Other Fish (10); Other Amphip:

(9); Themistosp. (8)

Bold indicates significant values adjust&d € 0.05). DF, degrees of freedom.

The diets of small (20 cm) redfish during the 1990s were characterised by Mysids
(i.e.,Boreomysisp., Table 1.2) as the dominant prey in NWG and by very important prey
groups in the three subareas: Other Invertebrates (NWG), and Other Copepbleraistio
sp. (LC and NEG)Kigure 1.4). In the 2010s, the diets of small redfish were characterised
by very important pey categories: Other Invertebrates in NV@aJanussp. in LC and NEG,
and Other Copepods being important prey in the same two subareas. Other Euphausiids and
Calanus sp. were noteworthy in NWGF{gure 1.5). Mysids (25% in NWG), Other
Invertebrates (125 % in the three subareashhemistosp. (23% in NEG) and Other
Copepod (617 % in the three subareas) explained the most adigsemilarities observed in

pairwise comparisons over pericaisd spatial subareasgble 1.4).

In medium (2030 cm) redfish dit and during the 1990s, only northern shrimp was the
dominant prey type in NEG while Mysid8, multidentataand Other Amphipods were very
important in NWG, LC and NEG, respectively, aftlemistosp. was important in LC
(Figure 14). In the 2010s, Other Copepods, Other Invertebrates (e.g., digested crustaceans,
Table 1.2) andThemistasp. were very important groups in NWG, LC and NEG, respectively.

C. hyperboreusvas important in all three subareas and Other Copepods were important
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LC and NEG, whereas Other Invertebrates were important in Nigsré 1.5). Mysids
explained 2%b6 of the dissimilarity in NWG while Other Invertebrates and Other Amphipods
respectively explained 14 ar# % in LC and NEG subareas, observed in pairwise

comparisonsTable 1.4).

In the large ©30 cm) redfish diet in the 1990s, Other Amphipods dominated the diet
in NWG and NEG, an®. multidentatavas a very important prey in LC, wherédsemisto
sp. was important in LC as well as Other Shrimp Rnbloreais were noteworthy in LC and
NEG, respectivelyKigure 1.4). In the 2010s, a single very important preymultidentata
was observed in LC. Mysids ail norvegicawere important prey categories in NWG and
NEG, respectively, anB. borealiswas a noteworthy prey in NWG and NEEdure 1.5).
Fish prey were noteworthy in large redfish diet for both time perkidsie 1.3); these were
important despite their low ocoence because they often consisted of large meals (high
fullness index) Figures 1.4, 1.5). The two shrimp species explained togethef®6f the
dissimilarity observed in NEG aritl multidentataxplained 28% of the differences between
periods in LC Table 1.4).

1.8 DIsScUSSION

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

The potential variability in stomach content data means that large sample sizes may be
required to obtain a representative portrait of diet compodibioa 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 ledisterature review,
Baker et al(2014) concluded that samples comprisid@00individuals 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 re&thmale(mentary
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., %Fand
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Table 1.4 PERMANOVA, pairwise comparisons and SIMPER results testing the
dissimilarities inredfish diet composition based on percentagjeess index (%FI) of the
fifteen prey categories among size classes over periods and subareas.

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

Mysids (25); Other Invertebrates (25); Other Euphausiids (13); O

NWG 0.001 .
Amphipods (6); Other Copepods (6)

1990s:2010s LC 0.001 Other Invertebrates (16); Other Copepods (TBgmistosp. (14);
Calanussp. (13); Mysid (12); Other Amphipods (10)

Themistosp. (23); Other Copepods (1DQalanussp. (13); Other

Invertebrates (12); Other Amphipods (9)

207130 cm
NWG  0.001

NEG 0.001

Mysids (29); Other Invertebrates (18); borealis (12); Other Fish
(8); Other Amphipods (7)

Other Invertebrates (14); Other Copepods (CLhyperboreug10);
LC 0.001 P. multidentata(10); Other Shrimp (9); Mysids (8Lalanussp. (8);
Other Amphipods (7)

Other Amphipods (24)fhemistosp. (15); Other Copepods (11);

1990s:2010s

NEG 0.001 .
Other Invertebrate§10); Other Shrimp (8)Calanus sp(7)
>30cm
NWG  0.442
. P. multidentata(26); Other Shrimp (13); Other Fish (11); Other
1990s:2010s Lc 0.001 Invertebratse (8)Themistosp. (7);P. borealis (7)
NEG 0.001 P. borealis (19); P. multidentata(16); Other Amphipods (15);

Themistosp. (11); Other Shrimp (8); Other Fish (7)
Bold indicates significant values adjusted® < 0.05). DF, degrees of freedom.
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Figure 1.4 Feedingstrategy of GSL redfish in the 1990s for three subareas and three major size classpedireyabundance
in stomach fullness indgoFIspe_i) is plotted against percentage of occurrence (%0).
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In the presenttady, 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 ordyoddachs available for RO
24.9cm redfish in the 1990s, tipeogressive diminution of small prey items with increasing
fish length is clearly visible using all three measures (PFls, %FI, anda#dihe relative
abundance of Amphipods and Copepods @adeerent with other size classestod 1990s,
and different frontheir relative abundances in the 201Bgy@re 1.3). In some instances,
smaller sample sizes were considered when splitting samplesibaceas (e.g., NWG in the
1990s,Table 1.1), but for the largemajority of subgroups @nbination of size classes,
period andyeographic subarea) well above 100 stomachs with food avaitable, making
us confident that our sample sizes and chofadiet indicators allowed for a representative
description of theedfish diet and robust cquarisons of redfish diet composition between

periods and among subareas within the GSL.

1.8.2 Sizerelated 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 importankenereasing
predator size as it was replaced by shrimp éist. Sizerelated shifts in diet composition
are commonlyobserved in fishes (e.d-dovde et al., 2002; Buckle§ Whitehouse, 2017,
SanchezHernandez et al., 20),9iven thabody sizeoften increases by more than one order
of magnitudefrom the early juvenile to the late adult stages. Shifts in pregemerally
linked to the combination of predator size, moopiening and swimming ability, as well as
changes in verticalistribution aad habitat useGook & Bundy, 2010; @nchezHernandez
et al., 2013

Redish occupy various depth strata during ontogeny. Latesaelop in surface waters
then migrate to deeper waters as tleyelop (empleman et al., 1959; Senay et al., 2021

Juvenilesand adult refish are benthpelagic, distributed near the d&aor at depths ranging
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between 40 and 500 m in the GSL, olffilsh occupying generally deeper waters than younger
fish, thenmigrating vertically to feed on pelagic preys (eSjgele, 1957; Lambert, 1960;
Planque et al., 2013; Senay et al., 2021; Fr&eBauly, 2023.

Our study provides a robust confirmation of trends observed in a preliminary analysis
based on raw data, shimg a dietary shift from zooplankton to shrimp and fishi{ay et al.,
2027). Such a transition was also reported in both Barénig)pv & Drevetnyak, 201)land
Irminger (Gonzlez et al., 200D seas, as well as on the Flemish Cafbikovskaya &
Gerasimow, 1993. Moreover, the main groundfish speciesomeurring with redfish in the
GSL, namely the Greenland halibut, Atlantic cod and white hakephycis tenuiditchill
1814), are also characterised by a dietary shift from zooplankton to shrimp ategies

between 2025 cm, and then to piscivory at largres QuellettePlante et al., 2090

1.8.3 Redfish: Selective predator or ndicator of ecosystem change?

Our capacity to detect whether the diet of a given specathexr selective or feects
changes in the relative abundance poftential prey taxa requires sampling across the
distribution of agiven species that may vary between periods in relation togwagiability
(Fahrig et al., 1993; Dwyer et al., 2010; BuckfeWhitehouse, 20J)7and diotic conditions,
such as temperatu(€ook & Bundy, 2010).

Since the early 2010s, changes have been noticed in thee@®8tonment and
ecosystem. Deep waters have warmed fronmtih@w of oceanic water through Cabot Strait,
contributing to avorsening dacidification and hypoxia of this deeper water lajéuncci et
al., 2011; Galbraith et al., 2019; Blais et al., 20Zhis continuing warming of the deeper
water layers will impact orspecies distribution and composition, such as the decline of
dominantcold-water species like northern shrimp, snow ceatg] Greenland halibut, and the
increase of warrwater speciebke redish and codourdages et al., 2017; Brassard et al.,
2017; Galbraith et al., 20).9In the present study, the geograptiawverage othe redish
stomach collection on trawl researsiwrveys was relatively extensive and similar between

both periods, allowing us to detect temporal changes amontyrtde spatial subareas of the
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GSL. Moreover, weighting of dietomposition to ecount for spatial variability in résh
abundance allowed us to document dietary changes bethedéwo periods characterised

by different regimes, considerimgdish local abundance.

In addition to considering variability in redfish spatial distribatia robust assessment
of feeding strategies would be facilitated by information on prey availability over the full
time series considered. DEBO Atlantic Zone Monitoring Program (AZMP) provides
abundance indices for mesozooplankton taxa such as cope@padspme information on
macrozooplankton taxa, such as amphipods, euphausiids and mysids, but the program only
started its largscale monitoring activities in 200@lgis et al.,2021), i.e., after the first
period considered in the present study. Fongh, 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 shpms mostly pelagic and catch quantities are orders of
magnitude lower (kilotons vs. k&ourdagest al.,2020b) on the trawl survey, representing
an unknown fraction of the available biomass in the water column. The frequent presence of
pink glass shrimpn redfish stomachs suggests it could be present at a similar scale of
biomass as northern shrimp. In the 20A®L7 groundfish stomach contents summary by
OuellettePlanteet al.(2020, among deepwater predators, pink glass shrimp is ranked first
in contibuted prey for redfish, black dogfisG@€ntroscyllium fabrici, longfin hake Phycis
chester) and is significant in Greenland halibut, thus suggesting that it is widely available
and abundant in the deep channels of the GSL. Regarding fistspray 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 notedab@ourdagest al.,20200). 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 makobust inferences on redfish feeding strategies within the three

main size classes considered.
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Smallsized redfish: Zooplankton consumption based on the relative abundance of
key taxai Marked variability in diet composition was observed in small (<r2) 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 Themistosp.) in the 1990s, in particular in the diet of Melgast Gulf redfish,
while in the 2010s, copepodSdlanussp., especially larg€. hyperboreusand euphausiids
(mostly M. norvegica respectively dominated diet composition in the Laurentian Channel
and the NortAVest Gulf. Information available on spatemporal 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 dBoreomysisarctica and Boreomysisp., 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 LCC(abot 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/ink, 2004, possibly in contrast to Greenland halibut, which exhibit prey
preferences and may thus not seletgrahte prey when preferred ones are less available
(OuellettePlante et al., 2090

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 theTbectisto
libellula and subarcticl. abyssoruninto the ecosystem-@rvey et al., 2004; Harve&
Devine, 2009; Kraft et al.,, 20).3These two amphipod species were five times more
abundant in 1998, corresponding to the end of the cold period, compared i@@QDO
(Descroix et al., 2005 The importance of cold water amphipods in the GSL in the 1990s
was also confirmed bystarr et al. (2002, who found strong concordance between their
relative abundance in the environment to their importance in the dieteoitidttod between
1994 and 2001 in the NoAWest Gulf. This previous study, as well as our own results,
suggest that small cod and redfish consUmkbellulain proportion to their availability in

the environment. Since 2003, libellula abundance hastrongly declined Harvey &
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Devine, 200%, 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 GSLKlourde et al., 2003; Haey & Devine, 200). They are distributed
near the surface during the productive season but sink in the deep channels diapausing from
August to early springHarvey et al., 2004; Dufou& Ouellet, 200y where they become a
major prey for redfish. The AZMP has revealed that peak abunda@ehgperboreudas
been recorded in recent yeatds(s et al., 202). Given its large body siz&)evine et al.
(2017 estimated thatC. hyperboreusecently represdged up to 8% of the totalCalanus
sp. biomass in the GSL. The current trends of increadSaignussp. 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 alsgontributed importantly to the diet of smaller redfish in the 2010s,
with the highest contribution in 1@5 cm redfish. Between 1994 and 2007, the abundance
of the two main species of euphausiiddgysanoessa raschiand Meganyctiphanes
norvegica was esmated to have decreasedafvey & Devine, 200). However, acoustic
surveys suggest that traditional sampling methodologies strongly underestimate actual
abundancesMcQuinn et al., 201% 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, ou
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 environmegarticular
near the sea bottom.

Medium-sized and adult redfish: Transition to shrimp selection and piscivéry
During both periods considered, redfish shifted from a zooplarikdsed diet to a shrimp
dominated diet around sizes of 25 cm in the 19908@rm 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 pinlstyliass,

which showed high relative imp@nce in bothperiods. The commercially important
northern shrimp is bfar the most abundant shrimp species sampled across the@e

trawl survey (on the order of kilotons) and its abunddrasebeen estimated annually since
1990 in the GSL. Thaburdance of northern shrimp was high through the 198€sked in

the mid2000s, after which it started to decline meach a recortbw value in 2017
(Bourdages et al., 202))dn contrast, the abundance for pink glass shrimp sampled on the
trawl survey is a the order of several dozen kilograms, reflectimg pelagic nature of the
shrimp, with adult staggsredominantly available on the bottom and which does not allow

for an estimate of their population in the GSL.

Data from northern shrimp suggest thaffiguisystematically transition to preying on
shrimp independent gfredator or prey abundance. In the 2010s, average noghenmp
biomass throughout the northern Gulf survey region eglisnated to be at half the levels
estimated in the 199@8ourdages et al., 202Pwhile mid-size redish were estimatet be
114 times more abundankgble 1.1). However, theseontrasting numbers had little effect
on the contribution oghrimp to diet, which suggests that fis exhibit preyselectivity
during this feeding transition, after the initial periadhen they fed more opportunistically
on available zooplanktotaxa, probably because there were no other large crustacean prey
available in sufcient numbers. It is possible that medium sizdish woutl ingest more
pink glass shrimp if the abundancenofthern shrimp dropped below a yet to be determined

level.

Large redfisiD30 cm in length retained shrimp as main prey, accounting for more than
50 % for each of the various feeding indices. The couatidn of the mesopelagiP.
multidentas 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 1990Bigure 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 dahes observed in the bottom trawl survey and that a large distributional
overlap exists between large redfish &dnultidentatan 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 28%4r{&
Nozeres, 201Rindicating 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 shrimy satches while

glass shrimp catches have displayed little or no declibesr(lages et al., 20),1this could

be evidence that the trawl survey is under sampling a pelagic species while adequately

sampling a targeted species (northern shrimp).

Fish were lhe 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 contemt whe
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 consideredOther Fislo. In recent years, digested fish waten 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
densitydependent control at high redfishuamiclance and opportunistic selection of fish prey
based on availability. Cannibalism is expected to intensify as the strong22dBlyear
classes grow larger, if small redfish continue to recruit in high numbers. Given that redfish
currently represent theast majority of the biomass in the demersal habitats of the GSL (90
% of sampled biomass in the 2019 trawl survey, compared ¥ fi&dm 1995 2012,Senay
et al., 202}, cannibalism is expected to become an important source of mortality for early
juveniles which could prevent the emergence of strong year classes in tHermidin a

previous study on GSL redfish predation mortalifyvenkoff et al(2006 estimated that
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cannibalism representedillb % of total mortality, during a period when smiatfish only
constituted 26 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 rorthern 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 thatorthern shrimp populations are impacted by bottgmeffects
associated with regional warming(ellet et al., 2007; Koeller et al., 2009; Bourdages et al.,
202039. 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., 202Dd&ven though recruitment prospects are generally negativeset
et al. (2019 suggested that moderate warming could favour recruitment andaaimein
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 paadpatiessure 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 potewtitiern shrimp population growth in the
Esquiman Channel (NEG) will be buffered by the increasing biomass of large redfish in the

subarea.

Redfish are slovgrowing and longived species that can reach the size of 42 cm at an
age of 40 years. Redfish nmmal trawlable biomass was estimated at 4.4 million tons in 2019
with modal size at 23 cmSgnay et al., 2031 Senay et al(202]) estimated the annual
northern shrimp consumption by redfish was ca. 9,500 t during the 1999 period,
compared t@1,000 t for the 2012019 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 expecta&diio qui

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 esghéataffect 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 mammalsesatuirds.

Northern shrimp is an important prey for several other groundfish species besides
redfish. Stomach content data collected betweeniZIlY in the GSL revealed that the
contribution of northern shrimp and pink glass shrimp was important for mesiaed
Greenland halibut (2@0 cm), Atlantic cod (3065 cm) and white hake (< 35 cm)(ellette
Planteet al.,2020. The increased predation pressure on shrimp linked to the surge in large
redfish biomass could result in competition interactions thith& 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 characteriggdhigh cultural and commercial
importance. In the GSL, white hake has experienced a past collapse and was conferred a
fithreatened status by the Committee on the Status of Endangered Wildlife in Canada
(COSEWIC) in 2013. Through competition for northemimp, 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 undarious 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 (SEBASTESSP.)DEDUITE DE
L'UTILISATION DE SPROFILS EN ACIDES GRAS COMME TRACEURS
ALIMENTAIRES COMPLEME NTAIRES A L'ANALYSE DU CONTENU
STOMACAL

2.1 RESUME

Le sébasteSebastesp.) a atteint des niveaux d'abondance records avec l'arrivée
consécutive d'importantes cohortes en 2@D13 et est devenu le poisson démersal le plus
abondant dans le nord du golfe du Sdiatirent (nGSL). La compréhension des relations
trophiques du d¥aste est essentielle pour une gestion et une protection efficaces des especes
de I'écosysteme du nGSL. Jusqu'a présent, la description et la quantification du régime
alimentaire du sébaste dans la région ont été limitées aux andbssquesiu contenude
leursestomac (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 sébasteéchantillonnés lors de relevés au chalut de fond en adit 2@s profilsen AG
des sébastes ont été comparés a ceux de huit proies identifi€es comme importantes avec
16 A ClSs résultats suggerent une similitude entre les résultdsRetdesAG, les proies
zooplanctonique§l6:1n7,20:1n?,22:1n9 et 20:5n3¢tantdavantagdiées aux sébastes de
petite et moyenndaille (< 20 cmet 20 30 cm respectivemeit tandis que les crevettes
(18:2n6 et 22:6n33emblenttreliées aux sébastee grandes taille6 O 3 DAlors e
16 A C@fre un apercu du régime aléntaire uniquement basé sur les proies les plus
récemment consommeées, l'analyse des prefilAG fournit une description des proies
moyen terme, représentastr plusieurs semainetes tendances générales du régime
alimentaire des sébastes. Cette étodestitue la premieré e nt at i combinaisénu n e

méthodologique utilisanes AGetles ACSpour évaluer le régime alimentaire des sébastes



Cédte étudgermet desouligne les avantages deAGen tant qu'outil qualitatif etesuggére

des améliorations pour l&sturesétudegrophiques
Mots-clés: Foie, Golfe du Saintaurent, ProiegsRégime alimentaire

Ce 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 ceécrit avec Réjean Tremblay (UQARSMER), Denis Chabot IML -

MPO), Pascal Siroi$UQAC) etDominique Robert (UQARSMER). Sa version finale a été

acceptée pour publication le 14 février 2023 dans la redagnal of Fish Biology
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2.4 ABSTRACT

In the northernGulf of St. Lawrence (@BSL), redfish(Sebastesnentellaand S. fasciatus
combined)are at record levels of abundance following the strong recruitment of three consecutive
cohorts in 20102013 and have become by far the most abundant demersal fish in the region.
Understanding redfish trophic relationships is essential for the effectiveagaaent and
conservation oépeciesn thenGSL ecosystemTo date, description and quantification of redfish
diet in the regiorhave been restricted to conventiostdmach contentanalyses $CA). Using
analysis offatty acid (FA)profilesas complemeaty dietary tracex we conducted multivariate
analyseson 350 livers of redfish which were collected in combinaison with stomach contents
during a bottorrtrawl scientific survey in August 2017. The predator FA profiles were compared
to thoseof eight different redfish prey types identified detary important with SCA. Results
suggestedimilitude between SCA and FA results, wiboplankton prey bieg more related to
small (< 20 cm)and medium(20i 30 cm)redfish(16:1In7, 20:1n?, 22:1n9 and 20:5niBjan large
( O 3)mnes while shrimp prey seemed more related to large redfish size ¢E&@e6 and
22:6n3)relative to thesmall and medium onedVhile the SCA offers a glimpse in the diet only
based on thenost recently consumed pregnalysis ofFA profiles provide a miegterm view
indicating pelagic zooplankton consumption on calanoid copepod and confirming high predation
pressure on shrimfhis study constitutes the first attempt of combiniRé with SCA to assess
the diet of redfishhighlightsthe benefits of FA as a qualitative tool asufjgests improvements

for future studies.

Keywords: Diet, Gulf of St. LawrenceL.iver tissue Prey
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2.5 INTRODUCTION

Insights into predateprey dynamics are a key element in the knowledge of ecosystem
structure and function to ensure effective management and protection of commercial species (e.g.,
Arditi & Ginzburg, 2012; Bragat al.,2012; Nielseret al.,2019. 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 thegspective abundance and availability? To address this issue,
several approaches, such as visaatl 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 (ek¢yslop, 1980; Iverson, 2009; Braga al., 2012;

Baker et al., 2014; Nielsen et al., 2018; Amund&e€88 nc hez Her p8nde z, 2019

Stomach content analysis (SCA) is an approach that is particularly releeasess fish diet
composition because fish generally swallow their prey whateuidsen&. S nchez Her ngn
2019. While SCAallows the visual identification of ingested prey and their relative importance in
the diet, providing inferences @tological traits such as feeding mode and prey preferences of a
predator it is subject to several biases (elgyslop, 1980; Iverson et al., 2004; Iverson, 2009;
Braga et al., 201Bowen& lverson, 2013Baker et al., 201y First, it only provides anapshot
of the last few most recent meals, so that large sampleaseeequiredo potentially inform on
various prey contributiong€ven with sufficient sample sizes, the portrait of diet produced from
SCA s restricted to the spatial scale and tipegiod of sampling unless stomachs are collected
over different areas and seasdrsrther, different prey may be digested at different rates and the
relative contribution of quickly digested prey, such as larvae otbsafied organisms, may be
underestimted (yslop, 1980; Baker et al., 20i4Amundsen& S§nchez Her)nTherde z ,
frequency opartial or complete regurgitation can also be high, which, in addition to stomachs that
were truly empty, can reduce sample size considerably compared tontemaf stomachs
collected. Furthermore, partial regurgitation results in incomplete prey samples. For instance,
physoclist fish specidsave a closed swim bladder aheéreforecannot adapt to rapid changes in
pressureAs a result, they are extremely sgive to barotrauma when brought to the surfapadly
(Jarvis& Lowe, 2009 and partial or total regurgitation is frequeAtthough fish showing signs

of regurgitation, with food in their mouth or evaginated stomachpftendiscarded duringtsea
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sampling,it is impossible to determine if theollectedstomachs classified as emmye from
individuals that had not fedecentlyor if the contentswere regurgitaté. Partial regurgitation
increases uncertainty in observed contribution of different prey types to the diet.

Under the par adi g me.d,radehavatrale 2008hBaundy gt a@. w20lé at o
it is recommendedo use trghic biomarkers to complement the direct examination of stomach
contents to infer trophic relationshipsg.,Petersor& Fry, 1987;Dalsgaard et al., 2003; Bowen
& lverson, 2013; Pethybridge et &019. Different biochemical tracers contribute difént 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 itapbfood sources (e.gPeterson% Fry, 1987;
Dalsgaard et al., 2003; Pethybridge et al., J0TBus, 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 2D04). FA arethe main molecular building blocks ofost
of lipids and some such as the longer, unsaturated chains are transferred in a conservative manner
when passingrom producer to consumerganisms in the forraf neutral lipids (energetic reserve
of lipid stores) before integration in polar lipids (structural lipids having physiological functions)
(Dalsgaard et al., 2003;ocher, 2003; Budge et al., 2006grson 20®). Furthermore, most
marine consumers carnrgynthetizecertain essential FAs (EFAS) in sufficient amount to meet their
physiological needs~@rrish, 201} implying that they must be acquired through diet. As these are
stored unaltered and accumulate over time, feeding habits of a predator enigférted by the
FA composition, providing information on prey items ingesteer a period that can reach several
weeks, depending on the tissue sampled and metabolism of the gpari¢saser et al., 1989;
Kirsch et al., 1998Parrish et al., 200Malsgaard et al., 2008;erson et al., 2008Budge et al.,

2006; Iverson, 2009; Pethybridge et aD18). Thus, the~A integration periodi.e., the turnover

rate of FAs, depends on the ability of different tissues to accumulate lipids andacanesing to
temperature and predator physiological traits such as the energy requirements or their reproductive
status Kirsch et al., 1998; Dalsgaard et al., 2003; Budge eR@l]). The appropriate samples

useful in diet determination are tissues thatve as a fat energy depaegtral lipids) such as
blubber or liver Budge et al., 2006; Iverson et al., 2009; Budge e2@l]). Tissues, such as skin,

that contain more structural FApdlar lipids) should be avoided for diet studidforeover,

uncerstanding the metabolic role of FAs stored in predators is an important consideration for the
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use of FAs in studying food weliserson et al., 2009For exemple, species with a high metabolic
rate and limited space to store energy reserves will haver fasergy lipid replacement, as
demonstrated for example in copepod or krill spediegrpin et al., 1990; Budge et al., 2006
Large organisms have lower metabolic requirements relative to their mass than sméaibones (

& Whiles, 2019. Hence, theanalysis ofFA profiles has now been applied to several marine
predatory species such as fish and marine mammals Eezglshaw et al., 200Budge et al.,
2006;lverson, 2009; Parrish et al., 2015; Drazen et al. 2Baizanini et al., 2018; Pethybridge
al., 2018; Couturier et al., 2020; Jackson et al., 021

In the Gulf of St. Lawrence (GSL), an inland sea of nleethwestAtlantic Ocean, two
sympatric redfish species coexist in the deep wateesAcadian redfistSebastes fasciatyStorer
1854)and the deepwater redfishebastes mentel(@ravin 1951)(Senay et al., 2092These two
species are morphologically similar and individuals cannot be assigned to species based on
morphological traits. Often not distinguished in both sciensiurveys and commercial fisheries
(Senay et al., 203the twoprincipal species are referred toraslfish Sebastesp.) hereafter
Following a 20year period of low abundance, redfish have rebounded to record levels with the
strong recruitment of tiee consecutive annual cohorts in 20013, to become the most abundant
demersal fish species in the region, accounting for more th&sm@&Qhe total biomass sampled in
the northern Gulf of St. Lawrence (nGSL) botttrawl| scientific surveyHfourdagesteal., 2023.

Genetic analysis performed on the most abundant 2011 cohort indicated #habfdhese fish

were S. mentella(Senay et al., 2031 This sudden resurgence of redfish is expected to have
important implications for the nGSL ecosystem, inclgdinassive predation on its main prey
species, increased food supply for its predators, and increase in competition with several other

groundfish species (e.gsgnay et al., 2021; Browviuillemin 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 Atlantibave beemperformedwith SCA (e.g.,Steele 1957Gonzalez et al.,
2000; OuellettePlante et al., 202@rown-Vuillemin et al, 202). Stomach samples of nearly
7,000 individualsmade it possible to perforendetailedcomparison of diet composition between
aperiod of low redfish abundance (199%99) and the recent period of redfish resurgence {2015
2019), despite the largoportion of empty stomachs typical from a deeger physoclist species
(Brown-Vuillemin et al., 202). Identification of stomach contents for the period of record
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abundance (2012019) showed that zooplankton, principatigpepods of the genuZalanus

represented the main prey categorysfoiall(< 20 cm) redfish. With increasing size, redfish shifted

to larger prey items. Notably, shringpnsumptionincreasd when redfish reached 25 cm and
became dominant for fish O 32ontwonshrimhspecigsein r edf
particular: pink glass shrimgPésiphaea multidentajaand northern shrimpgP@ndalus borealis
(OuellettePlante et al., 2020; Senay et al., 2021; Browuilemin et al.,2022. These studies

suggest that the large 202D13 recuitment will have an increasing impact on shrimp populations

and also compete with other residgnbundfish stocks of the nGSL, such as Greenland halibut

(Reinhardtius hippoglossoideand Atlantic cod Gadus morhup

The objective of thistudy wasto describethe feeding ecology of redfish in theGSL
ecosystem withthe use of shoiierm information from SCA and mittrm diet composition
estimated from the analysis of FA profilegedfish liver tissue collected in Aust 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 combinatiobath methods.

2.6 MATERIALS AND METHODS

2.6.1 Study area and sample collection

Redfishwere sampled on the 2017 August randomly deptitified trawl survey conducted
by Fisheries and Oceans Canada (DFO) and covering the estuary and h@S$ldistinct subareas
were distinguished in this study: (1) the deepest part of the LaurentianeCfia@pwhich extends
from Cabot Strait to the center of the nGSL, (2) the N&aist Gulf (NEG) including the Esquiman
and AnticostiChannels and (3) the NofiNest Gulf (NWG) comprisinghe estuary and the
western part of the Laurentian Chanifeigure 2.1). The survey vessel, CCGEeleost,was
equipped with &ampelen 180@rawl with a 13mm net liner.Details of bottom trawkurveys,
sampling and protocol can be foundBnurdagest 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 ofegurgitation offeeding within the trawlvere retained. Fish manipulations were

carried out accordg to the recommendation of the Canadian Council of Animal Proteciiimn (
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et al., 200% Each redfish was measurddrk length, FL in mm, transformed to cm for this paper)

andweighed (g) upon capture.

For the present study, a total of 350 redfish was target&iArand analysis of FA profiles
(Table 2.1). Since FA are transported to the liveri(dley, 199), it is the primary organ of lipid
deposition and storage. Thus, in order to investigateste&# 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 a2017). Both samples (stomach and liver) were
immediately froza (-20 °C and -80 °C, for stomachs and livers respectivelyith a unique
identification label until analysim the laboratory. In parallel, eight different main prey species
already identified as important prey of redfisbrqwn-Vuillemin et al., 202), were randomly
collected in catches during the same trawl survey and frozen wB0I&Q) for determination of
their FA profiles. Targeted prey species were two fish species, capiitotus villosu and
redfish Sebastesp.), two shrimp speciggorthern shrimpR. borealig and pink glass shrimP(
multidentatg, three amphipod species of genlisemisto(T. compressaT. libellula and T.

abyssoruand one copepod genu3alanussp.).
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Figure 2.1 Map of the study areshowingsampling haulgn = 50) with the number ofedfish
(Sebastesp.)stomachsand livers sampleth = 350) duringthe 2017 Augustrawl! surveyin the
Gulf of St. Lawrence The gay line indicates the 2 m depthisobath. The thresubarea
considered for the analysis are delimited by the dotted lines N@tith-West Gulf (NWG),
Laurentian ChanneLC) and NorthEast Gulf(NEG).

Table 2.1 Number ofredfish liver tissuesnd stomack with thepercentage of empty stomach

and thenumber of ®machscontaining prey collec

teduringthe 2017 Augustrawl! surveyin the

northern Gulf of St. Lawrencaccording tahreeredfishsize classeandsubarea (NWG, North
West Gulf; LC,Laurentian ChannglndNEG, North-East Gulf)

Liver for FA analysis

Stomach containing prey

Liver tissue and stomach
Size class

colected and analysed NWG LC NEG % emptystomach 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
O 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 gomach contentanalyses

In the laboratory, each stomach wiaawed, dissected and examinEthpty stomachgn =
137, Table 2.1) were excluded fronfurther analysesAll prey in nonremptystomads (1 = 213,
Table 2.1) weresorted, weighed, andentified to themost precise taxonomic levebssible with
a binocular microscope and using keyslidentification guides (e.gSquires, 1990; Campana,
2004; Vassilenka& Petryashov, 2009CES, 201} by personnel at the Mauriteamontagne
Institute(MLI), led by Claude Nozéres (DFO)

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

Lipids were extractettom redfish liver sampleaccording to the modified Folgirocedure
(Folch et al., 1957 as describedh Parrish(1999 anddesigned as elassicand robust method for
the recovery of lipids frommarine tissues(Couturier et al., 2020 Lipids were extracted by
grinding with a dichloromethane/methanol (&Hb:MeOH) solution (2:1, v:v). Lipid phases
(neutral and polar) wergeparated by centrifugation of dichloromethane/methanol solutions for 2
minutes at 2000 rpm. For the 350 redfish liv@mslle 2.1), only neutral lipids were retained, which
in marine fishes constitute predominantly an energetic lipid reserve apceteeed for resolving
dietary contributions of different prey items because they reflect trophic influeheas( et al.,
1989; Parrish et al., 1995; Dalsgaard etz403. The neutral fraction was retrieved on silica gel
columns hydrated with @& deonized 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, viV)aty et al., 199). For prey, FA were extracted
from the whde 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 performeaison et al., 199Kirsch et al.,1998. Each
prey species was treated in 4 or 5 replicates. For larger species (capelin, redfish, norghiein and
glassshrimp) one individual was used per replicate and approximately 1 gram of homogenate was
taken to determine FA profileBor prey with an individual mass of less than 1 grahe(istasp.
andCalanussp.), several individuals were taken together per replicate to obtain sufficient sample
massFatty acid methyl esters (FAME) were prepared according to the method desctibpdge
and Roy [(epage& 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 sterolsi¢jri et al.,2014).

FAME solutions were analysed lggs chromatographyass spectrometi§fhermo Fisher
Scientific Inc., GC modellrace GC Ultra and MS modelTQ900) equipped with aSupelco
Omegawax50capillary column (30 m x 250m x 0.25 um film thickness) at Institdes Sciences
de la Mer (ISMER) of the Université du QuékeRimouski (UQAR). Initial oven temperature
was 100°C for 2 minutes. Temperature was then increased t6’@40r 1 min, after which it
increased at a rate of 2@ min* until it reached 270C for 15 min. Injector temperature was 90
°C and a constant helium flow of 1.0 mL miwas used. A volume of 1 puL was injected. FA were
then identified by comparing retention times and mass spectrum with known standards calibration
curve with concentrationanging from 0.5 to 20my.mf! (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
nomenchture 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 gmelyredfish 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 andpatial analysis Redfish stomacbataand FA composition ereanalysed
as a function of redfish size usitigreemajor classes: smakk (20 cm), medium (20 cm) and
l arge redfish (O 30 c¢m)LC, NEGANdEVC(igurd 2nTgblet o t hr
2.1).

Diet compositioni SCA is described in detalil iarown-\uillemin et al.(2022. Briefly, in
order to assess the contributionagirey to the diet of redfishthe meanpartial stomacHullness
index of prey i (0 &)) (Lilly & Fleming, 1981; Orr& Bowering, 199Y) transformed into a
percentagel & ) percentagéullnessindex Bernier& Chabot, 201pwas calculatefbr eachprey

taxain the redfish stomach. Equations used are availat3epplementary Table2.1.

105



To visualiseand interprethe relationshigpetween the relative composition (% of total) of
individual FA in redfish arang size classes and subareas;parametric multidimensinal scaling
(nMDS) ordinations wer@erforma (Clarke & Warwick, 200). The Bray-Curtis dissimilarity
measurdlegendre Legendre, 2012was used to assess groupings within the datéketsame
procedure was conducted to analys&Audata of potential prey item sourceBo test for
differencesamong factorsnonparametric distanceldased permutation multivariate analysis of
variance were conducted (PERMANOVAAnderson, 201} Following significant
PERMANOVA resultgP < 0.05) multiple pairwise comparisons were used to identify differences
(P < 0.05) Similarity percentage analygSIMPER,Clarke, 199¥were used to identify whidRA
contribuedmost to dissimilarities among factors. \dkesignated a cidff of FA that characterized
up to80 % of dissimilarities All analyseswere conducted using the R software version 4.&1 (
Core Team, 20dland p ac k agogssinerder &.g28)9,6 4 g ¢vickhant, 206) arfd
0 g g p Wdngaidbar@, 2030

Sample size sufficiency Cumulative curvesHerry & Callliet, 1996 were calculated to
assess whether the number of redfish samples was sufficient to describe ttlentifezd with
SCA and analysis of FA profile€umulative prey cwes 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 asymmatkthe slope of the linear regressibptbrough
the last five sutmmples wa©0.05 which signified acceptable levelling off of the prey curve for
diet analysesHerry & Callliet, 1996 Brown et al, 201). Curves werecomputedafter 100
randomizations othe original data (%Fbr %FA) to generated means and associated®5

confidence intervalgJls).

2.7 RESULTS
2.7.1 Sample size sufficiency

The sufficientsample size \asmuch greater fostomachs (SCAdhanfor livers (FA).Prey
categorystomach curves reachedtable asymptote for small restii (< 20 cm)l§ = 0.005) as for
medium (2030 cm) redfishif = 0.000) but was not yet completely stalle=(0.041) for the large
redfish that had the fewest redfish number of samples47) (Figure 2.2a). When examined by
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size class and subarea, osipall redfish € 20 cm) in LCwhich were twice as many samples as
any other group, produced a curve neathmg asymptotéb = 0.0269, thus indicating they were
sufficientfor a robust description eégionaldietfor a given size clag§igure 2.2b-d). In contrast

to the stomach contents datarvesof liver FA performed adequately ameachednore rapidlya
stable asymptotda(= 0.00Q for most of the size clagssubarea combinatior{§igure 2.3), with

the exception ofargeredfish ©30 cm) inNWG (b = 0.114), because athe scarcity of this size
class in thé subarean(= 7; Figure 2.3d). Overall, theprey categorystomachcurves suggested at
least 50 redfish stomachs by group were needed to approach asympiietehecurvesof liver

FA suggested that only about ten samples are sufficient for a representative sample.
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2.7.2 Stomach contentcomposition of redfish

A total of 32 different prey types were identified@dfishstomachs$upplementary Table
2.2). Only six main prey specific taxdentified at the genus or species level had important dietary
contributions (taxon identified by an asteriSkipplementary Table 2.2) and were retained in the
following analysesSebastesp.,P. borealis P. multidentataT. libellula, Calanussp. Calanus
hyperboreusvas grouped into the genus) ahltysanoessap. 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 ske 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 @tzgure 2.4). The main sizeelated
shift observed was from zooplankton species in s(ealD cm)redfish to shrimp and fish in large
( O 3 OedfishmThere were also spatial differences in the relative contribution of the dominant
prey categories across size classes, specifi¢éatlyCalanus copepods,Themistoamphipods,
Thysanoesskrill, Sebastefish, P. borealisandP. multidentatashrimp(Figure 2.4).

The diet of small (< 20 cm) redfish was dominate@bpepods (%FI = 3Qprincipally with
Calanussp. (%FI = 2). Other major prey categories wePe multidentatashrimp, Amphipods,
and Thysanoessaérill (%FI = 13; 12 and 10, respectivelyljaking subareas into account, there
were high contributios of Thysanoessérill (%FI = 25)and Other Invertebrate@oF| = 45)in
NWG, Calanussp. in LC(%FI = 46)anda mix of Amphipodg%FI| = 21) Shrimp(%FI = 23)and
Copepodg%FI = 23)in NEG.

A transition to shrimp was observed in the dietr@dium (2030 cm) redfish with P.
borealisas the main prey (%FI = 27)his was followed by the amphipddhemistdibellula (%FI
= 19)and Other Euphausiids (Digested Euphausiidaéveghnyctiphanes norvegic®F| =17).
P. borealiswas mainly found in stomachs collected in NWG and LC (%FI = 41 and 30,
respectively) whileT. libellulawas exclusively found in NEG, and in very high amoyft&| =
52).
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The diet of large (O 30 cm) redfi shriessas st
(%FI1 =88). The shrimpP. mutidentatawas themajor prey type consumed over@bFl =58) and
was the predominant praéy NEG (%FI =79). Cannibalismwas observeth largeredfish(%FI =
14) but thiswas only observed in LoFI =43). Stomachs from NWG were dominated by Other
Fish (mainlyA. rissg (%FI =46) and the shrimp. borealis(%F| =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 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

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

Mean PFI
. N
PFIL, = N Y Z PFI;; Where N is the mumber of redfish

i=1

Percentage fullness index (%0 FT)

Fi.
WGFIl :ﬁx 100

Total stomach fullness index (TFT)

I
TFI, = z PFI,
Total stomach fullness index TFI; was the sum of all PFI; for a redfish j

i=1
N and I represents the number of different prey taxa found in the sample

2|~

TFI = TFI
1
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Supplementary Table 2.2 Diet composition of redfisfrom stomach contents analysispressed
in percentage fullness index (%FI) accordinghreé redfish size classes and suba(BA¥G,
North-West Gulf; LC,Laurentian ChannelndNEG, North-East Gulf)

All stomachs <20 20" 30 O 30
Al NWG LC NEG Al NWG LC NEG All NWG LC NEG
Prey n 213 102 24 48 30 64 21 26 17 47 4 27 16
FISH 8.2 08 - - 21 54 52 178 0.3 195 459 433 2.0
Digested Fish 11 08 - - 21 24 12 113 03 02 - - 04
Aulopiformes Arctozenus risso 1.4 - - - - - - - - 4.4 456 - -
Osmeriformes  Mallotus villosus 0.3 - - - - - - - - 09 - - 15
Melanostigma atlanticum 0.9 - - - - 30 40 65 - T 03 - -
Scorpaeniformes Sebastesp.* 4.5 - - - - - - - - 139 - 433 -
SHRIMP 38.8 152 - 18.6 225 37.1 57.2 341 10.3 68.9 50.8 51.7 81.4
Digested Shrimp 15 22 - - 56 T T - T 20 54 32 038
Pandalidae Pandalus borealis* 10.5 - - - - 26.7 41.4 29.7 5.0 8.6 44.8 123 0.6
Pandalussp. 0.6 - - - - 14 - - 4.0 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 0.2 - - 06 T - - T - - - -
Themisto abyssorum 0.5 1.3 - - 33 - - - - T - - 01
Themisto compressa 0.3 06 - - 16 01 - - 02 01 - - 01
Themisto libellula* 7.2 14 28 - 16 185 - - 524 42 - - 73
Themistosp. 4.0 83 6.6 42 128 25 14 30 3.7 02 - 02 01
Digested Lysianassidae T - - - T 0.2 - - 05 - - - -
Maeridae Maera loveni 0.1 03 - - 08 - - - - - - - -
COPEPOD 13.3 30.0 86 553 232 53 22 155 53 02 - 05 01
Digested Copepod 0.2 04 - 04 038 - - - - - - - -
Calanoida Digested Calanoida 2.8 59 01 65 94 1.8 20 47 0.2 - - - -
Calanus hyperboreus 0.6 15 - 44 - T - - 01 T - 01 -
Calanussp.* 9.0 205 84 41.7 10.7 35 0.2 10.7 50 02 - 05 01
Euchaetidae Paraeuchaeta norvegica 0.1 0.2 - - 05 - - - - - - - -
Metridia sp. 0.6 15 T 24 18 T - 01 - - - - -
MYSID 21 30 46 54 - 26 0.7 85 27 0.7 06 19 0.0
Boreomysissp. 1.8 30 44 54 - 16 07 85 - 0.7 06 19 -
Mysis sp. 0.3 - - - - 1.0 - - 27 - - - -
Pseudommasp. T 01 02 - - - - - - - - - -
Digested Mysidae T T - T - - - - - T - - T
EUPHAUSIID 13.5 13.3 322 3.8 87 241305 94 217 42 - 04 70
Euphausidae Meganyctiphanes norvegica 1.1 - - - - 23 07 94 14 1.3 - 04 20
Thysanoessap.* 6.6 9.7 250 - 75 72 21 - 173 25 - - 44
Digested Euphausidae 5.8 37 72 38 12 147276 - 3.0 04 - - 07
OTHER INVERTEBRATES 7.9 16.8 45.3 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 45.3 9.0 45 30 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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(a) All subareas combined (b) Redfish < 20 cm

n=47

1004 n=102

n =64
[
751
E 50
° Prey categories
[l sebastes sp.
25 [ other Fish
P borealis
_ P. multidentata
01 Other Shrimp
<20 20-30 =30 NWG LC NEG T. libellula
Size class (cm) Subareas Other Amphipods
(c) Redfish 20-30 cm (d) Redfish = 30 cm Calanus sp.
100 =21 =26 =17 n=4 Other Copepods
- . MYSIdS
. Thysanoessa sp.
75 |:| Other Euphausiids
|:| Other Invertebrates
_ [l unidentified Material
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- 501
=
]
251
o] E— — ;
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Subareas Subareas

Figure 2.4. Contribution of the durteen prey categories to redfish dietvisual examination of
stomach contentexpressed as percentage of fullness index (%F(@ajdhree redfish size classes
in all subareas combineohd(bi d) accordingo each sizelassand subaregstomach ample size
is indicated on each panel.
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2.7.3 Fatty acid profiles of prey

Multivariate analyses were gformed on thel9 FA recorded in prey samples
(Supplementary Table 2.3). Significant variations in FA composition were found among the
different prey & ; = 17.13;P-value= 0.001). Overall, 13 FA were responsible for®80of the
dissimilarity among prey (SIMPER analyses) including: 14®0, 18:0, 20:0, 16:1n7, 17:1n?,
18:1n9, 20:1n?, 22:1n9, 24:1n9, 18:2n6, 20:5n3 and 22E6garé 2.5). All prey species differed
significantly from each other in their FA composition, except tBabastesp. could not be
distinguished fronM. villosus T. compressandT. abyssoruniP-value> 0.05,Supplementary
Table 2.4). Pairwise analyses and nMDS showed @atinussp. was largelyifferentiated from
other prey taxa and was associated mainly withhteeonosaturated FA (MUFA) 16:1n7 and the
the polyunsaturated FAPUFA) 20:5n3 (26 and 1%, respectivelySupplementary Table2.3).
Similarly, the two shrim@P. borealisand P. multicentatawere differentiated from other prey
species mainly due to the influence of MEIFA 24:1n9(2.8% and 3.6, respectively) and the
PUFA 18:2n6 (2.5% and 3.6%, respectively) and 22:6n3 (6% and 6.8%, respectively,
Supplementary Table2.3). The anphipodT. libellula was also distinct from other prey taxa
(pairwiseP-value< 0.05) and seemed to be associated with SFA 14:04yY &d MUFA 20:1n?
(12.3%, Supplementary Table2.3).

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 byMUFA, which
comprised75 % of FA contents. The 18:1n9 (284 of the total FA) was the main FA, followed
by 22:1n9 (17.8%0), 20:1n? (16.46), 16:1n7 (11.20) and the saturated FA (SFA) 1689 %)
(Supplementary Table2.5).

Effect of redfish size on fatty acid signaturésMultivariate analysis showed variations in
FA composition among the three redfish size clas&gs ( = 68.11;P-value= 0.001) Figure
2.6a). Pairwisecomparisons indicated differenceB-alue = 0.001) among all size classes
(Supplementary Table2.5). SIMPER analyses identified six FA that explained at least 80 % of
the dissimilarities among size classes includir§0, 16:1n7, 18:1n9, 20:1n?, 22:1n2&0:5n3
According to nMDSthe FA signatures of small (< 20 cm) redfish were associated with the MUFA
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22:1n9 and 20:1n(21.7 and 18.46, respectivelySupplementary Table2.5) where20:1n?could

be linked with profile ofT. libellula (Figure 2.5-2.6d). The FA signatures of edium @0 30 cm)

redfishwas influenced by the MUFA 16:1n7 (12.1 %) and the PUFA 20:5n34).@hichrelated

to FA signatures o€alanussp. Figure 2.5-2.6a). The FA signatures of larg&( 30 cm) r edf
were influenced by thmMIUFA 18:1n9 (36.7%%), followed by the SFA 16:0 (11%) which could

be linked with FA profiles of fish prey more than those of amphipbugife 2.5-2.6a), based on

the knowledge acquired through the SGAg(re 2.4 andBrown-Vuillemin et al., 202). To a

lesser extent, the FA signatures of large redfish also seemed influenced by the FA that were
instrumental in discriminating the shrimp spedtedorealisandP. multidentaterom other prey
specieg18:2n6 and 22:6n¥igure 2.5-2.6d).

Spatial variability on redfish fatty acid signature$ Multivariate analysis performed on
redfish livers from different subareas revealed spatial differences in the relationship between FA
composition and fish sizé{value< 0.05,Figure 2.6b-d). For small(< 20 cm)redfish pairwise
comparisons showed that all subareas were diffeRewnélpe< 0.05,Supplementary Table2.6).
NMDS revealed that tHdUFA 20:1n? and 22:1n9 were associated with small reéifosh the LC
subarea (12.5 and 19.3 respectivehi(re 2.6b, Supplementary Table2.5). For mediurssized
(20i 30 cm)redfish, pairwise comparisons did not reveal differences between NWG and NEG but
these both subareas were different from [SDplementary Table 2.6). According to nMDS,
medium redfish from LC were associated vitte MUFA 16:1n7 and the PUFA 20:5(13.1 and
6.0 %, respectivelylFigure 2.6¢). Forlarge® 30 c¢cm) redf i sh, pairwise
that only NWG was significantly diffent from the two other subareas, due to high a MUFA 18:1n9
contribution (44.%%) (Figure 2.6d). For each size class, the MUFA 22:1n9 (24, 20 ant Iar
<20,2030 and O 30 cm, respect%fore<l29;2038ndnd001B0 ¢
respetively) was always associated to the subarea LC while the MUFA 18:1n9 was always
associated with the subarea NWG (27, 32 anfo4®r < 20,2030 and O 30 c¢m, re
(Supplementary Table2.5).
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Pseudo-F (7, 30) = 17.13; P=0.001
20:1n7?
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]
E Vv
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@ O . £ P borealis
O 20:2n7?
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Figure 2.5 Non-parametric multidimensional scaling (nMDS) ordinatiamsi PERMANOVA
results (Pseud& with degrees of freedom and residualsjhe fatty aciccomposition in the prey
speciesFA in bold represent up to 8@ of dissimilaritie{SIMPER analyses).
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Figure 2.6 Non-parametric multidimensional scaling (nMDS) ordinaticared PERMANOVA results (Pseudo with degrees of
freedom and residualsf the fatty acid compositiom redfish livers for(a) three redfish size classesall subareas combineahd (bi
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Supplementary Table 2.3 Fatty acid composition (% total fatty ayidf prey pecies Values are mean + standard error.

Prey analysec FISH SHRIMP AMPHIPOD COPEPOD
M. villosus Sebastesp. P. borealis P. multidentata T.compress: T. libellula T. abyssorun  Calanus sp.
Fatty acid n 5 5 5 4 5 4 5 5
Saturated FA
140 521 £+ 0.23 4.23 + 0.47 4.28 + 0.29 3.99 £+ 0.24 6.98 £ 0.90 7.76 £ 0.10 6.14 +0.29 575 + 0.12
150 0.72 £+ 0.09 054 +0.16 0.59 + 0.16 - 1.08 + 0.31 0.71 £ 0.07 0.86 + 0.06 0.37 + 0.16
160 2099+ 1.71 1733+ 1.40 19.32+ 0.49 1595+ 1.21 16.54+ 1.58 1798+ 0.51 15.23+ 0.55 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 £+ 026 576 +0.87 289 +0.22 3.82 £ 0.27 3.82 £ 0.40 219 £ 0.15 250 + 0.15 -
20:0 054 £ 015 1.02 +0.18 0.37 + 0.16 141 + 0.84 2.09 + 0.38 0.88 £+ 0.15 0.79 + 0.09 -
Subtotal 30.14+ 1.92 29.20+ 2.44 27.72+ 0.75 2517+ 2.46 30.77% 3.19 29.92+ 2.83 2597+ 0.72 11.79+% 0.35
Monounsaturated FA
16:1n7 11.18+ 0.51 13.48+ 252 7.29 + 0.29 6.59 £ 0.70 13.01+ 1.68 26.33+ 0.46 13.11+ 092 25.82+ 0.58
17:1n? 0.21 £ 0.09 0.40 + 0.20 0.69 + 0.25 1.32 + 0.49 0.30 = 0.19 0.47 £ 0.06 051 +0.03 1.09 +0.11
18:1n9 16.32+ 1.67 17.56+ 2.06 18.49+ 0.81 20.08+ 1.28 16.17+ 1.21 19.49+ 1.09 21.74+ 0.75 7.22 + 0.52
20:1n? 1432+ 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 1560+ 251 17.32+ 152 16.34% 1.78 11.01+ 1.77 18.35+ 2.20 854 £+ 0.72 13.39+ 0.57 16.66+ 0.19
24:1n9 212 £+ 025 145 + 045 279 = 0.07 3.66 £ 0.30 1.00 £ 0.26 0.66 £ 0.06 0.69 + 0.06 2.06 + 0.13
Subtotal 59.75+ 3.22 67.68+ 2.83 53.06+ 1.33 51.24+ 2,70 66.64+ 2.76 67.75+ 421 7117+ 0.79 69.21+ 0.71
Polyunsaturated FA
18:2n6 1.86 £ 0.28 1.35 £ 0.25 252 = 0.31 361 £+ 030 1.89 +£0.51 1.43 £ 0.09 1.74 £ 0.14 2.03 £ 0.20
18:3n3 0.76 £ 0.13 - 0.78 + 0.09 156 + 0.14 - 0.20 £ 0.12 0.22 +0.14 1.06 +0.10
20:2n? 050 £ 0.11 0.12 + 0.12 0.49 + 0.08 1.15 + 0.10 0.47 = 0.20 0.44 £ 0.04 051 + 0.03 -
20:4n6 0.63 + 0.21 - 1.85 + 0.19 2.07 £ 0.16 - - - 0.27 + 0.27
20:3n3 - - - - - - - -
20:5n3 344 + 0.74 056 + 0.37 7.52 +0.21 838 + 0.16 0.11 £ 0.11 0.09 = 0.09 0.20 £+ 0.12 11.76+ 0.17
22:6n3 291 £+ 061 109 +0.60 6.06 +0.21 6.82 + 0.68 0.13 + 0.13 0.17 £ 0.10 0.18 + 0.11 3.88 + 0.09
Subtotal 10.11+ 1.57 3.12 + 1.18 19.22+ 0.63 23,59+ 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 reffSRMANOVA 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 : Sebastesp. 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); 24:1r
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: Calanussp. 0.009 16:0 (24); 16:1n7 (23); 18:1n9 (14); 20:5n3 (13); 22:1n9 (7)
Sebastesp. :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)
Sebastesp. :P. multidentata ~ 0.010  20:1n? (15); 20:5n3 (13); 16:1n7 (12); 22:1n9 (11); 22:6n3 (10); 18:1n9 (8); 16:0 (5); 18:2n6 (4); 24:1n<
Sebastesp. :T. compressa 0.587
Sebastesp. :T. libellula 0.007 16:1n7 (28); 22:1n9 (19); 20:1n? (12); 18:1n9 (9); 18:0 (8); 14:0 (8)
Sebastesp. :T. abyssorum 0.109
Sebastesp. :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);
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: Calanussp. 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 («
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: Calanussp. 0.009 16:1n7 (25); 18:1n9 (17); 16:0 (13); 20:1n? (10); 22:1n9 (7); 18:0 (5); 20:5n3 (4)
T. compressaT. 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 Calanussp. 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 : Calanussp. 0.015 16:0 (19); 18:1n9 (19); 20:5n3 (18); 22:1n9 (13); 20:1n? (6); 22:6n3 (6)
T. abyssorum Calanussp. 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 Table2.5 Fatty acid composition (% total fatty acid) of the redfish livers according to three redésblasses and
subareas. Values are meastandard error

All livers <20 20" 30 O 30
All NWG LC NEG All NWG LC NEG All NWG LC NEG

Fatty acid n 350 159 47 67 45 96 28 36 32 95 7 61 27
Saturated FA
140 1.84 + 0.04 186 * 0.06 1.78 + 0.12 2.01 + 010 1.71 + 0.09 173 + 0.05 1.78 + 0.10 1.78 + 0.08 1.65 + 0.08 1.90 + 0.07 143 + 0.12 1.86 + 0.08 2.13 + 0.16
150 0.24 + 0.01 0.25 = 0.01 0.23 + 0.02 0.26 + 0.01 0.25 + 0.02 0.23 * 0.01 0.26 + 0.02 0.22 + 0.01 0.20 + 0.02 0.25 * 0.02 0.26 * 0.03 0.27 * 0.03 0.20 + 0.04
16:0 894 + 013 7.78 + 0.10 7.92 + 0.22 7.80 + 0.13 7.62 + 0.18 8.62 + 0.19 9.70 + 0.47 7.88 + 0.18 850 + 0.28 11.20+ 0.30 10.70 + 0.61 10.84 + 0.38 12.17 + 0.55
17:.0 0.10 + 0.01 0.10 + 0.01 0.11 + 0.02 0.09 + 0.01 0.10 + 0.01 0.10 + 0.01 0.11 + 0.02 0.10 + 0.01 0.09 + 0.01 0.08 + 0.01 0.14 + 0.04 0.06 + 0.01 0.11 + 0.02
180 275 + 0.08 272 + 013 288 + 031 234 + 0.13 3.11 + 0.26 261 * 0.16 297 + 0.41 211 + 0.18 286 + 0.21 294 + 0.12 3.21 + 059 277 + 0.14 3.24 + 0.25
200 0.11 + 0.01 0.13 + 0.01 024 * 0.02 0.14 + 0.02 0.12 + 0.02 0.12 * 0.01 0.11 + 0.02 0.13 + 0.02 0.11 * 0.02 0.05 + 0.01 0.09 + 0.03 0.06 + 0.01 0.02 + 0.01
Subtotal 13.97+ 0.18 12.84+ 0.19 13.05+ 0.5012.64+ 0.26 1291+ 0.24 13.41+ 0.3014.93+ 0.7312.23+ 0.3013.41+ 0.43 16.42+ 0.4115.83+ 1.0115.85+ 0.5217.87+ 0.72
Monounsaturated FA
16:1n7 1115+ 0.19 11.84+ 0.29 10.56 + 0.73 12.46 + 0.34 12.27 + 0.41 12.13+ 0.39 11.00 + 1.03 13.06 + 0.56 12.08 + 0.41 8.99 + 0.21 7.80 + 0.50 8.71 + 0.26 9.91 + 0.41
17:1n? 0.30 + 0.01 0.24 + 0.01 0.22 + 0.03 0.20 + 0.02 0.31 + 0.02 0.28 + 0.02 0.37 + 0.04 0.21 + 0.02 0.28 + 0.03 0.43 + 0.02 0.45 + 0.04 0.43 + 0.03 0.43 = 0.05
18:1n9 2841+ 0.53 2330+ 0.63 27.00+ 1.35 19.96 + 0.66 24.40 + 1.16 28.72+ 0.98 32.28 + 2.02 25.21 + 1.33 29.55+ 1.62 36.66 + 0.73 44.53 + 1.61 36.40 + 0.83 35.21 + 1.52
20:1n? 16.37 £ 0.21 18.35+* 0.22 17.24 + 0.49 19.28 + 0.25 18.12 + 0.40 16.48 + 0.40 14.69 = 0.79 18.06 + 0.41 16.28 + 0.78 12.96 + 0.37 10.38 + 1.11 13.69 + 0.41 11.98 + 0.79
22:1n9 17.79 + 0.37 21.73+ 0.44 22,12+ 0.84 23.47 + 0.58 18.74+ 0.80 17.47 + 0.61 1572+ 1.17 20.25+ 0.88 15.87 + 0.98 1152+ 0.51 8.65 + 1.12 12.17 + 0.66 10.78 + 0.93
24:1n9 0.56 + 0.02 0.60 + 0.02 0.66 + 0.05 0.55 + 0.03 0.60 + 0.04 0.48 + 0.02 0.55 + 0.04 0.47 + 0.03 0.43 + 0.04 0.58 + 0.04 0.61 + 0.14 0.63 + 0.06 0.47 + 0.08
Subtotal 7459+ 0.26 76.06+ 0.3377.80+ 0.6475.92+ 0.5174.45+ 0.47 7556+ 0.4174.60+ 0.8577.25+ 0.5674.49+ 0.62 71.14+ 0537242+ 1.2672.03+ 0.6468.78+ 1.01
Polyunsaturated FA
18:2n6 1.23 £ 0.03 120 + 0.05 1.11 + 0.06 1.19 * 0.09 1.33 + 0.09 0.99 + 0.04 1.01 + 0.07 0.88 + 0.05 1.11 + 0.07 1.53 = 0.08 1.19 * 0.13 1.53 + 0.09 1.59 * 0.17
18:3n3 0.54 + 0.02 057 + 0.03 051 + 0.03 0.56 + 0.05 0.66 + 0.06 0.43 + 0.02 0.47 + 0.04 0.37 + 0.02 0.47 + 0.04 0.60 + 0.04 0.55 + 0.08 0.58 + 0.05 0.68 + 0.09
20:2n? 0.29 + 0.01 025 + 0.01 0.30 + 0.03 0.21 + 0.01 0.28 + 0.02 0.23 + 0.01 0.25 + 0.02 0.18 + 0.01 0.26 + 0.03 0.42 + 0.03 0.29 + 0.05 0.42 + 0.03 0.45 + 0.06
20:4n6 055 + 0.02 041 + 0.02 052 + 0.04 0.33 + 0.02 041 + 0.03 0.46 + 0.03 0.64 + 0.07 0.32 + 0.03 0.46 + 0.05 0.87 + 0.04 0.82 + 0.08 0.90 + 0.05 0.83 + 0.08
20:3n3 0.19 + 0.01 0.16 = 0.02 0.13 * 0.03 0.16 + 0.03 0.18 + 0.04 0.16 * 0.02 0.08 + 0.02 0.22 + 0.04 0.17 * 0.04 0.28 + 0.04 0.09 * 0.06 0.30 * 0.05 0.28 = 0.06
20:5n3 541 + 011 549 *+ 0.17 3.71 + 0.17 6.09 + 0.24 6.46 + 0.30 5.85 + 0.21 452 + 0.31 597 + 0.32 6.86 + 0.34 4.83 + 0.21 4.27 + 052 473 + 0.26 520 * 0.43
22:6n3 323 + 0.07 301 + 0.08 287 + 0.14 289 + 0.11 3.34 + 0.19 291 + 0.11 349 + 0.25 258 + 0.14 2.77 + 0.12 3.92 + 0.17 455 + 0.29 3.67 + 0.21 4.31 + 0.36
Subtotal 11.45+ 0.17 11.10%+ 0.25 9.15 £ 0.3111.44+ 0.36 12.64+ 0.48 11.03+ 0.26 10.47+ 0.4110.52+ 0.4312.10+ 0.46 12.44+ 0.3611.75+ 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 compositidietween the three size classafsredfish and subareas
PERMANOVA results followed bypairwise 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 (%) to dissimilarity
Smal | redfish (< 20 cm) 0.000e181n2(B8D); 22<r® {21)s16i1n7 (I2)0 20:B2nD (113; 20O)N3 (7); 16:0 (5)

Medium redfish (2071 30 c¢ 0.001 18:1n9 (28);22:1n9 (19); 20:1n? (12); 16:1n7 (10); 16:0 (8); 20:5n3 (6)
Large redfish (O 30 c¢m) 0.00%n8:1nd (30); 82dri9i(28);r20:1hx(12Q 1B:1nT (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); 160 (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 93
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); 180 (5)
Medi um redfish 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); 22:6n:
Large redfish 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); 22:6n

Bold indicates significant values adjustedR < 0.05). DF, degrees of freedom.



2.8 DISCUSSION

To our knowledge, #apresent study constitutes the first attempt of combiRilngvith SCA
to assess the diet of redfisAs a boreal spees characterized by relatively low metabolism
compared to temperate species exposed to higher temperatungthaadife history involving the
accumulation of significant energy reserves, the FA composition of energy reserve lipids in the
liver could repesent a longethanaverage integration period for redfiglirsch et al., 1998;
Dalsgaard et al.,, 2003; Budge et al.,, 201By combining both methods of redfish diet
determination and the database of FA compositiorthiemost important redfish prey mGSL,
we were able tdake advantage of FA asbéochemical 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 zooplafktsed diet to a
shrimp and fiskdominated diet as size increased, a result consistent with trends described by
Brown-Vuillemin et al.(2022 for the periods 1993999 and 20152019. Smk zooplankton with
Copepods Calanussp.) and macrozooplankton like Amphipodfhi€mistosp.) and Euphausiids
(especiallyThysanoesssgp.) dominated the diet of small redfish (< 20 cm) and showed decreasing
importance with increasing predator sizei@0 an) as redfish shifted to shrimp (borealisand
P. multidentath and s mal | redfish (canni balFAaahysesi n t h
confirmed sizerelated changes in diet of redfish in theesent studyMultivariate analysis of
redfish A compositionshowed thata subset oFA accouns for a large part of the variation in
redfish FA signaturs, suggeting dietary changethat can be reported to prey FA signatures
According to comparisons of pregdfish FA results, small and meditsizedredfish (< 20 and
201 30 cm) showed FA signatures similar to smaalil macraooplankton trophic markers (16Z,n
20: 1n?, 22:1n9 and 20: 5n3) wdeinfluenced byrlg§lm9ancke df i s
16:0 (probably fish prey) arshowedshrimprelated FA signatured8:2n6 and 22:61)3

Similar sze-related shif$in redfishdiet compositiorobservedn the nGSL QuellettePlante
et al., 2020; Senay et al., 2021; BreWwuaillemin et al., 2022;his study have also been shown
through SCA for other redfish populatiofsbikovskaya& Gerasimova, 19935onzalez et al.,
2000; Dolgov& Drevetnyak, 201)L Sizerelated dietary transition from small to large prey items

is commonly oberved in fishes and is generally attributable to a combination of factors such as
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the increase of gape opening and swimming abilityok & Bundy, 2010; Sanchdderrandezet

al., 2019, changes in energy requirements\f/er et al.,2010 and changes in habitat use since
larger redfish generally occupy deeper waters than smaller ones’(ergjue et al., 2013; Senay
et al., 202}

In addition to size, there were local effects, with differences in diet among subareas observed
with the two methods. Usually, diet differences shdwnSCA betweesubareasvere for species
of a type, e.g., copepods vs. euphausiids or amphipods, or shrirfiphvd’he present study
showed thathe FA composition of redfish changed with increasing aizé al® according to
subareaFeeding Atlantic codGadus morhugfirst with squid and then with Atlantic mackerel
(Scomber scombriys<irsch et al (1999 observed that cod FA composition became more similar
to that of Atlantic mackereHowever, the authors s notedthat cod maintaineda specificFA
signaturedifferent from that of their sole preywverson et al(1997) showed that predatory fish
species can be easily differentiated from each other even when predators of similar size and located
in thesame area are characterized by similar diets. ,T$peciesspecific differences in the FA
signatures oprey and predators support the use of FA signatures to study the diet of redfish,
including for the description of sizelated and spatial variabilitiNeverthelesspferences may
be complex to draw because of absolute differences among predator and prey FA signatures
attributable to differences in predator metabolismerGon, 200Q In future redfish diet studies,

stronger conclusion could be madedd on longerm feeding trials in controlled conditions.

2.8.1 Pelagiczooplankton consumptionsuggested byCalanustype markers

There is a large bodgf information on the lipids of calanoid copepdtiat dominate the
zooplankton biomass iseveralparts ofte wor | dés oceans, and which
in northern temperate and polar latitude pelagic food elgs, Dalsgaarcet al.,2003. Several
authors showethat FAcompositiorof calanoid copepodsivergefrom that ofother copepodand
otherzooplankton species through a lower proportion of 16:0 and 18:0 SFA, which is supported
by our results Supplementary Table2.3). They are also differentiated by their high content of
20:1 and 22:1 MUFA biosynthesizel®@ novowhich only strictly herbivorous copepods such as
calanoid species of the gemDalanuscan do in considerable amoukitse, 1974 Sargent, 1976;
Falk-Petersen et al., 198Fraser et al., 1989; FaRetersen et al., 1990; Dahl et al., 2000;
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Dalsgaard et al.,0D3;Brewster et al., 20)8Consequenthhigh levelsoB ¢ 1p ¢ ¢p MUFA
(Calanustype and pelagic marine feeding markers) have been used to trace and resolve food web
relationships in, for example, hyperiid amphipods, euphausiids and fish, ednisbime typically

large quantities of calanoid copepodsi(gent, 1976; FalRetersen et al., 198Falk-Petersen et

al., 2002;Dalsgaard et al., 2003; Brewster et al., 2018; Meyer et al.))2nlthis study, the sum

of these FAs in the liver tissue afrgje redfish (24%6) 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, anefduction

in spatial overlap darger redfish generally occupy deeper waters than smaller redfish. The finding
of Voronin et al.(2021) offer evidence for the reduction in spatalerlap hypothesis, ddUFA

in muscles, including dietary markers of ptamkton (copepods) 20:1 and 22:1, were lower in
redfishS. mentellaampled at greater depths in the Irminger. Bethe present study, multivariate
analyses indicated that 16:1n7 and 20:5n3 were most useful in discrimiGafengussp. from

other potetial redfish prey. As, 16:1n7 and 20:5n3 are fatty acid trophic markeiatoms {/iso

& Maty, 1993; Budge Parrish, 1998; Dalsgaard et al., 2)(these results could suggest high
diatoms feeding b€alanussp. in nGSL. In this study, 20:1n? was mostly associat€dliioellula
according to multivariate analysis and could indicate that this species occupying the same food
web consumes calanoidpepods in significant quantities in the nG&ksuming that amphipods
cannot biosynthesize 2@ novoThis probability ofcalanoidingestion highlightshe fact thaho

single FA can be assigned uniquely to anymemticularspeciesThisneedgo be onsideredvhen

using theFA approacho studyspecific trophic relationships in an uncontrolled environment and

within a complex networkHrettet al., 201

Feeding on copepods by sm@tl 20 cm)redfish was demonstrated throu§CA andwas
particularlyimportantin the LC subare&oF|I = 55%). Combining SCA and FA signatures, it
seems likelythat the large contributions @0:1 and 22:1 MUFA to the FA profile of small redfish
is the result of direct consumption of copepod$eLiC subarearather than secondary ingestion
of copepods through amphipodsie FA profiles of medium redfish showed contributions of
16:1n7 and 20:5n3, associated withlanusFA signatures, particularly important in LC subarea.
Because FA signatures integrate dattcibutions over a longer time period, this could msaall
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 thealetribat
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sp. sink in the deep channels in the nGSL, diapausing from August to early @pingy et al.,
2004; Dufour& Ouellet, 2@7).

Accumulation ofei cosapent aenoi ccoadhbe gartiC(uary AeJevart @r 5n 3
redfish since thiessentiaFA, thatcannotbe synthesied de novoor in sufficient amountb®y
marine animals was foundto be retained in the muscles of fastimming fish in cold water
(Sargentet al., 1987, 2002Meyer et al.,2019. FurthermoreEPA is the precursor of several
eicosanoids which are signal molecules playing a role in modulating many biological and
biochemical processeS {cheret al., 1996, Sargenet al., 2002. Work by Dall et al. (1993
suggests that EPA plays an important role in tissue biosynthesiszand(1989 denonstrated
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 reporteeé important to larval survival and
development\(Vatanabe, 1982; Dicke@ollas& Geffen, 199). FurthermoreEPA, like DHA are
incorporated in membrane phospholipids to maintain the structural and functional integrity of
biological membranegarticularly in cold conditions{ulbert& Else, 199% The consumption of
calanoids by small redfish may be a feeding trait originating from the larval siages(et al.,
2020; Burns et al., 2037and a good source of EPA, with mean values observedhé&&% of
their total FAs. Work byBurns et al(2020 showed positive selection by redfish larvaen
finmarchicuseggs, supporting the hypothesis of a strong link between larvae and a key calanoid

copepod in the GSL ecosystem.

FA analysis thus gendml some complementary hypotheses relative to the importance of
pelagic zooplankton in the diet composition of snf&ll20 cm)and mediurrsized (20i 30 cm)
redfish with the Calanutype markershut alsohighlighted the complexity to establish strong and
direct trophic links with this method. Like in the example given above with cod<diet(( et al.,

1999, it would be relevant to understand the influence of FA on redfish by studying in a controlled
environment how different diets are reflected infAeprofile of redfish and evaluate which dietary

FA may be used for inferring diet.
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