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RfSUMf

Au dZbut des annZes 1990ysieurs stocks de poissons de fonds, notamment les
stocks de morue atlantiqu&#&dus morhuj se sont effondrZddalgrZ les restrictions de
peches, incluant un moratoire en 93, les stocks ne montrent peu de signe de rZtablissement
car la mortalitZ naturelle demeure ZlewZeprZdation par les phoques gris est soupsonnZe
stre la causede la mortalitZ naturelleZlevZedes stocksde poissons deohd de
IOZcosystemén projet de retrait stratZgique de phoque gris a donc ZtZ proposZ dans le but
de favoriser le retour du stockDans le cadre de ce projet de ma’trisee @nalyse
ZcosystZngjue aZtZ rZalisZe ~ 10aid®Ecpath with Ecosim(EwWE) afin de conna’tre les
impacts potentielsur les autres especes de |OZcosystumeepourrait engendrer le retrait
dOun prZdateur supZrieur. DOabdiffiZrentes simulations ont ZtZ rZalisZesur
comprendre IQimpadti rZgime alimentairdes phoques gris sur la dynamique des relations
trophiques de I0Zcosysteme. Les simulations correspondaient " trois diffZrents sd&narios
consommation de morue par les phoquesrZgime alimentaire de base, emrichieen
morue etun appauvie en morue Ces rZsultats dZmontrent geerZgime alimentaire
diversifiZ dOun tel prZdatenfluence la dynamique de rZgulation de biomadseses
proies mais Zgalement des organismes avec qui il est en compZfigalement, quatre
simulatons de scZnarios de retrait reprZsentant une diminutio¥h d25%, 50% e15% de
phoques gris m%oles ont permis de constater que la biomasse des morues et de plusieurs
autres poissons dQOintZrst commercial augmenterait ~ la suite dOune diminution de la
biomasse des phoques. Par contre, liemasss ne reviendrait pas aux valeurs dOavant
|Qeffondrement, selon ces simulations de retrait. DOautres groupes trophiques seraient aussi
avantagZs suite " ce retrafgisant na’tre de nouvelles relations de compatities
relations trophiques sont complexes dans cet Zcosysteme et un changement de biomasse
dOun grand prZdateur comme le phoque gris aurait des rZpercussions " plusieurs niveaux.

Mots clZs Modsle ZcosystZmique, phoques gris, Morue atlantique, poAdati
retrait stratZgique, relation prZdatpuoie
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ABSTRACT

The Atlantic cod stock in th&outhern Gulf of St Lawrence crashed in the early
1990s. In spite of severely restricted fishing, including a moratorium since 1993, the stock
has not shown any signs of recovery due to eleVatezls ofnatural mortality Predation
by grey seals isuspetedto be the cause dhis high naturalmortality. A cull of grey seal
has been proposetd promote the recovery of co®uring this project, & ecosystem
analysis was performed using Ecopath with EcogqiBwE) to provide a better
understanding of the pattial impacts ofemovinga top predatoon other species in the
ecosystemFirst, simulationsvere undertaketo understand the trophic impactdifferent
grey seal diet Three different scenas were simulated. The first scenaz@responded to
the basic male grey seal diet that wagdigor the model. The second scenavas ahigh
coddiet, and the thiré reducedcod diet. Thaesults suggest that diversified diet would
influence tke biomass variation of grey seal prag well as other trophicompetitors. In
addition four simulations of strategic remoyeagpresenting a decreaseQ86, 25%, 50 %,
and 75% of male greysealsshowedthat cod biomass and other commercial stock would
increase witlthe reduction irgrey seal biomass. Howevehe biomass of od would not
show complete recovensince dher trophic groups would benefit frorthis remoal,
which may induce new trophic relations such as competitleor complete recovery,
additional management actions would be needed to favouwecodery to reference levels.
Trophic relatios in this ecosystem are complex and changdiomass of a large predator
like grey seals have implicatisat several levels.

Keywords Ecosysem model, Grey seal, Atlantood, predation, strategic removal,
predatorprey relation
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INTRODUCTION GfNfRALE
Relations trophiques

Dans un Zcosysteme, la biomasse des especes prZsentégude par la dynamique
intrinseque ~ chacune des populations de meme que par les relations qui existent entre
chacune des especes. De plus, les parametres vitaux tel que le recrutement, la croissance et
la mortalitZ naturelle qui sont propres ~ chacues gopulations influencent la biomasse de
la portion exploitable de la population, le stock (Pauly, 1984). La prZsence dOautres
orgarismesinfluence Zgalement la biomasse des stocks par IQintermZdiaire de relations
basZes sur IQalimentation, les relations trophiques. Les organismels agene niche
Zcologique les groupes trophiques, interagissent entre eux par |OintermZdiaire du
parasitsme, du commensalisme, du mutualisme, de |Oamensalisme, de la compZtition et de
la prZdation. (Chapiet al.,2002) Ces deux dernieres relations sont utilisZes pour dZcrire la
dynamique de I0Zcosysteme Ztant donnZ leur impact direct et mesurable (Ehritens
Walters, 2004).

La compZtition

La compZtition, une interaction latZra(€ig. 1) selon laquelle deux groupes
trophiques sOalimentent ~ partir de la meme ressource, est indirecte et nZgative pour les
deux groupes trophiques impliquZs. De plus, I@sngdoupes risque dOstre un meilleur
concurrent et ainsi induire un effet relativement plus nZgatif ~ IQautre groupe ¢Dalyy
2000). La ressource subit donc une pression venant des deux groupes en compZtition
amoindrissant la disponibilitZ de la ressce (Sihet al., 1985). Le comportement des
individus en compZtition peut ainsi stre modifiZ afin dOZviter les effets nZfastes de cette
compZtition et utiliser dDautres ressourcesefSih 1985). De fason gZnZrale, en prZsence

de compZtition, la bioasse des groupes impliquZs diminue.



La prZdation

La prdlation est la relatiopermettant aux groupes trophiques du type consommateur
dOacquzrir IOZnergie nZcessaire ~ leur croissancesemmamt les individus dOgroupe
trophiqueinfZrieur (Fig 1) Pa cette relation, les prZdateurs influencent directement la
dynamique et la structure des populations de leur proies en induisant une mortaktZ (Sih
al., 1985, Estest al., 2001; Heithauset al., 2008). LOimpact est donc positif pour le
prZdateur, maisZgatif pour la proie. Le prZdateur influence Zgalement le comportement de
ses proies car cewi adoptent un comportement dOZvitement en prZsence des prZdateurs
(Sih et al.,1985; Heithaut al.,2008; Creeland Christianson, 200&wainet al.,2015.

Cet effet amplifie I0impact nZgatif pour les proies car les stratZgies dOZvitemamerZe
demande ZnergZtique et/ou poussent les proies " utiliser des cessguirsont de moindre
qualitZ(Walters et Juanes, 1993; Heithatsl, 2008). Ainsi, para prZsence, le prZdateur

fait diminuer la biomasse des groupes trophiques avec lesquels il interagit€Eates

2001). Se faisant, il a des rZpercussions sur les autres groupes trophiques qui sont en

relation directe ou indirecte avec ses proies (Estak, 2001; Schmitet al, 2000).

Les prZdateurs ayant un rZgime alimentaire diversifiZ sont des prZdateurs
gZnZralistes. Gr¥%oce au fait quQils tirent leur Znergie de plusieurs groupes trophiques
diffZrents, ce type de prZdateur sera plus rZsilientariations dOabondance de ses proies.

En contre partie, les prZdateurs qui ont un rZgime alimentaire plus spZcifique, les
spZcialistes, sont plus sensibles aux variations dOabondances de leur proie. Leur source
dOZnergie Ztant moins varier, la moindratian dOabondance des groupes trophiques de

proies a des rZpercussions plus directes sur le prZdateur.



PrZdateurs ’ — ’
Herbivores ’ ¢ ) ’
Producteurs ‘ ' l ‘

Figure 1. Un rZseau trophique simplifiZz dZmontrant les prinepahtZractions de
I0Zcosystemé.es cercles reprZsentetes especes, les fleches descendantes reprZsentent un
contr™le destdant de la biomasse et lescfies montantes reprZsentent un coatr™
ascendant. Les flecches ™ dolgbtste reprZsentent la compZtitiomodifiZ deEsteset al.,
2001)

RZgulationde la biomasse

La rZgulation verticale qui se fait dans un Zcosysteme peut stre divisZe selon deux
processus la rZgulation ascendantbottomup) et la rZgulation descendanteptdown)
(Fig. 1) Ces processus contr™léeg Zchanges dOZnergie entre les diffZrents niveaux
trophiques dans I0Zcosysteme (McQuateat, 1986; Estest al, 2001).

Lorsque la biomasse dOun groupe dZpend de la disponibilitZ de la ressource
alimentaire, la rZgulation est de type ascendaméo(mup) (Christenseret al, 2008).
GZnZralement, les populations rZgulZes par des facteurs ascendants sont limitZes par
|Qaccessibilitde la ressourcet parla productivitZdes groupes trophiques infZrieualiant

jusquOaux organismes photosynthZtiques

En contrepartie, lorsque la biomasse dOun groupe dZpend de la dynamique des
groupes trophiques supZrieurs au sien, la rZgulation est de type descepgatuer
(McQueeret al, 1986). Le principal mZcanisme permettant cette rZgulation est la gnZdati



(Esteset al, 2001). Ce type de rZgulation descendante est plus important dans le haut du
rZseau trophique dz " la prZsence de grands prZdateurs (Heitaau2008).

Lorsque les forces de rZgulations descendantes sont importantes daasystera,
les prZdateursnt un effet rZgulateur tres important qui se rZpercute tout au long de la
chaine trophique (Yodzis, 2000; Schm#zt al, 2000; Esteset al, 2001). Ainsi, les
changements importants dOabondance des super prZdateurs peuvent crenctendys
se rZpercutant jusquOaux communautZs vZgZtales, ~ laubedseal trophique (Polis,
1999; Estes, 2001, Schmitz, 2000; Ripple et Betcha, 2004, 2005). En effet, une variation
de I0abondance des prZdateurs du sommet des rZseaux trophiquesliteae trophique
infZrieur de prZdation (Andersen et Pedersen, 2009) influeneant indirectement IOabondance
et la distribution des especes dOun autre niveau trophique (Sehalit2000; Estegt al,
1998; Pacet al, 1999).

Cette cascade trophiqueut stre plus importante si IQalimentation du prZdateur est
spZcifiqgue ~ un seul groupe et quOil nOy a pas de prZdateurs en compZtition pouvant le
remplacer suite ~ un changement de biomasse (Baum et Worm, 2009). Ainsi, comprendre
les mZcanismes de rZagiibn de la biomasse de type descendant est important afin de
mieux anticiper les effets dOune manipulation de la biomasse des prZdateurs supZrieurs
(Daskalovet al.,2002; Link, 2002Plagtnyj 2013).

Gestion par approche ZcosystZmique

La gestion des pfes se fait par I0intermZdiaire de projections mathZmatiques
permettant aux gestionnaires de dZcider de la stratZgie Seutdfin de gZrer le stock
(Cochrane 2005). Auparavant, [Oapproche la plus frZquemment utilisZe pour gZrer les
pecheries Ztait IOpmche monespZcifique (Hilborn et Walters, 1991; Yodzis, 2001;
Plagtnyi, 200). Cette approchéargement utilisZ inclut des modsles tels que IOAnalyse
Virtuelle de Rpulation(AVP) qui est ax2 sur une seule espesce et ne considsre seulement
quOun stockla fois (FAO, 2005Link, 2010).Ce modslebasZe sur le principe gZnZral que

la fluctuation de la biomasse dOun stock est dZpendante de la dynamique de la population et



du prZlsvement par la peche (Hilborn et Walter, 1991; Link, 2010). Les paramstres
dZfinissant cette dynamique sont le recrutement, la croissance et la mortalitZ naturelle. Ce
sont ces facteurs intrinseques " la population qui influencent la production nette dOun stock

et donc, la quantitZ de ressource disponible pour la peche. La maitadi&du retrait par la

peche est un facteur extrinseque ~ la population qui influence Zgalement la biomasse du
stock.Ce modelemonospZcifique permet donc dOobserver plus prZcisZment les variations

de ces paramstres pouvant survenir au sein dOune papslate ™ une exploitation (Link

2010). fgalement, cette approche permet dOavoir un meilleur apersu de I0Ztat dOun stock en
particulier (Link 2010), en faisant inteenir un minimum dOincertitudgilborn et

Walters, 1991kt ainsi stre prZcise

Parcontre, plusieurs stocks de poissons autour du monde sont en Ztat critique ou se
sont effondrZs durant les dernisres dZcennies malgrZ IQexistence de politiques de peches
liZes ~ ces Zvaluations (Paudy al, 2002; Myers et Worm, 2003). Les causes exactes
menant " ces effondrements sont difficiles ~ dZterminer mais un retrait dQindividus trop
important par rapport " la production nette dOune population est souvent iriidyguZ et
Worm, 2003).Une sufZvaluation de la capacitZ de production de la populaiu un
mauvais usage des engins de peches peut expliquer ce retrait trop important (Larkin, 1996).
Ces Zvaluations erronZes peuvarires autres «tre dues “une modZlisation trop simplifiZe
par rapport "~ la complexitZ de I0Zcosysteme (Ludivi., 198). En effetles modsles de
IGapproche morspZcifique ne perment pas de reprZsenter toutes les composantes de
IOZcosysteme et leur interactions (Hilborn et Walters, 1991; Link 2010). Il est donc
important dOutiliser une approche globale pour mieuxpreomre les effets dOune
manipulation de la biomasse dOun prZdateur supZrieur (Myers et Worm, 2003; Heithaus
al., 2008).

LOapproche ZcosystZmique est une approche holistique permettant de tenir compte de
la dynamique dOune espsible, sa relatin ave les autres especete I0Zcosystemet de
leur environnement (Paulgt al, 2002; Daskalowt al., 2002; Link, 2002; Myerst al,
2007;Plagfnyj 2007; Link 2010; Espinosa2011). Cette mZthode de gesti@eosystem



based managememtu EBM est de plusen plus populaire car elle permet de mieux
comprendre les interactions trophiques qui y ont lieu et de tester des hypotheses qui ne sont
pas toujours mesurables sur le terrdMa@inyj 2013). Pour considgr [Oensemble des
especes de I0Zcosysteme etrdeinteractions, certains parametres reprZsentant la
dynamique de population des autres especes doivent stre ajoutZs aux modesles simples,

notamment le rZgime alimentaire (Link, 2002; Waters et Martell, 2004).

Les modeles ZcosystZmiques les plus simplesisepirZs des analyses de population
virtuelles(VPA) qui sont calculZ " partir des prises par.%ogeartir de ces refisentations
monospZcifiques, desiodeles plus complexs, Multi-SpeciesVirtual Population Aalysis
(MSVPA), ont ZtZdZveloppZsgour y impliquerles interactions prZdateupsoies entre
plusieurs especedar contre, cemodsles plusrZalistesequiert une quantitznportante de
donnZes. Ces modsles ont doftZ repensifin decrZerdes modeles plus simples mais
qui integrentassez dOinformation pour reprZsenter le plus fidelement possible IOensemble de
|O0ZcosystemgPlagtnyi, 2007)Le modele Ecopathwith Ecosim (EwWE)ui est de plus en
plus utilisZ a ZtZ dZveloppZ selon ce principe. La dynamique de chacun des groupes
trophiquesest reliZe aux autres groupes trophiques selon des Zchanges dOZnergie qui se font
gr%oce " la prZdation qui est traduite par le rZgime alimemé&itelset al, 1997; Paulyet
al, 2002; Plagtnyiet Butterwath, 2004. Ainsi, les variations de biomassé®une espesce
cible sont prises en considZration mais il est Zgalement possible de connaitre les
rZpercussions de cette variation sur la biomasse des autres espsces de I0Zcosysteme non

ciblZes par les exploitations.

Pour Zvaluer IOimpact potentiel dOunaitetes prZdateurs supZrieurs, une analyse
ZcosystZmique est nZcessaire, car elle permet dOZvaluer " la fois la dynamique des relations
trophiques, les effets des variations de la biomasse dOun groupe trophique particulier, et les
variations environnemeales afin de mieux anticiper les changements globauagissent
sur le fonctionnementes Zcosystemes (Yodzis, 2000). Selon len&il Canadien
Ressourceslalieutiques CCRH,2011) cette approche devrait tre Ztendue, car elle permet

de dZmontrer les nuances dans la structure de IOZcosysteme " la suite d'un changement et,



Zventuellement, de rZaliser une gestion durable. fgalement, une approche ZcosystZmique
peut mettre en Zvidee les processus sejasents des relations prZdatepreies en
accordant de IQimportance sur les modifications qui surviennent dans le haut du rZseau

trophique, avec les prZdateurs supZrieurs (Heitttzals 2008).

Le site dOZtude

Le sud du Golfe d&tLaurent fait partie du vaste systeme de IOestuaire et du Golfe
du StLaurent, un des Zcosystemes les plus productifs au monde (Dufour et Ouellgt, 2007
Cettezoneaussi appelZ4T (rZgion 4T de@Organisation des peches de IOAtlantique Nord
[OPANOY]) est un plateau dOune profondeur moyenne ahe, 8@teignant 200 m " certain
endroit et couvre une superficie de 64,075°Kf@avenkoffet al, 2009 (Fig. 2). De cette
superficie, la zonsituZe™ moins de 15m de profondeur est exchse les Zchanges eatr
IQinfralittoral et le pZlagiquee sont pas bien connus (Savenletffal., 2004) La faible
profondeur de cette zone influence la dynamique des masses dOeau, notamment la
trajectoire des courants et la formation de glace en hiver qui est rapide (Sduaier
2003). Cet Zcosystsme est Zgalement influencZ par la variabilitZ ocZanique et climatique de
IOAtlantique Nord (Dufour et Ouellet, 2007). Gr%oce " la variabilitZ du milieu de meme que
les diffZrents processus chimiques et physiques qui ont lieicoslysteme offre des
conditions permettant de soutenir une forte productivitZ et diversitZ biologique (Dufour et
Ouellet, 2007).
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Figure 2. Site dOZtude (ligne pleine) dans le sud du Golfe -laugent (division 4T de
IOOPANOENtre 15 m et 200 m de profondetinde deSavenkoffet al, 2004)

On retrouve dans le sud du Golfe diffZrentemmunautZs biologiqueslLes
communautZs de phytoplancton et de zooplangwinse dZveloppent dans IQestuaire
maritime gr%.ce aux conditions/dasant une forte production, sont emportZes par le
courant de GaspZ et retenues dans le sud du GolfaitelSurent (Plourdest al, 2001;
Starret al, 2003). Ces communautZs sont une source importante de nourriture pour les
consommateurs intermZdiedr de IOZcosysteme et favorisent donc le dZveloppement dOun

rZseau trophique diversifiZ. Cette grande disponibilitZ de nourriture favorise la prZsence de



grands prZdateur®l que de nombreux rorquals, phoques et marsdliesageet al.,
2007) Gr%oce " tee grande diversitZ, I0Zcosyst*meutli duGolfe du Sainlaurent a ZtZ

longuement convoitZ par les convois de psche (Halliday et Pinhorn, 1990).

Mise en contexte

LOZcosysteme de la zone 4T a ZtZ marquZ par des changemeritsisngans la
structuredes communautZs ichtyologiques durant les dernieres dZcennies (Modtséfte
2009). Des facteurs comme |Oexploitation par la peche et les variations inhabituelles de
tempZrature, augmentant les taux de mortalitZ, ont entra’nZ un Zpuisement s certain
populations de poissons dZmersaux piscivores comme la morue de [OAtiBdidus
morhua)qui dominait I'’Zcosysteme (Lindegrest al., 2010, Chouinaret al, 2005; Frank
et al, 2005). Les changements de biomasse de ces poissons qui Ztaient de grands prZdateurs
ont entrainZ une cascade trophique qui sOest rZpercutZe sur les especes ~ la base de
IOZcosysteme (Frarét al, 2005; OOBoyle et Sinclair, 2013inclair et al., 2015. Ces
prZdateurs supZrieurs qui dominaient les communautZs ichtyologiques en terme de
biomasse, ont ZtZ remplacZs par des prZdateurs intermZdiaires comme le maquereau
(Scomber scombryet le harengGlupea harengys(Morissetteet al, 2009; DFO, 2011).
Ces petits poissons pZlagiques ont ZtZ avantagZs par la diminution autant de la prZdation
que de la compZtition contre ces groupes plus voraces quOZtaient les poissons de fonds
(Fogarty et Murawski, 1998; Dulwet al., 2000; OOBoyle et Sinclair, 2012). Le
bouleversement des dominances des niveaux trophiques provoque un changement des
forces rZgulatrices, passant de majoritairement descendantes ~ asce(fetantest al.,
2005).

MalgrZ la fermeture de la psche dangZaion 4T, les stocks de morne montret
aucun signe de rZtablissement, car la mortalitZ naturelle reste anormalement ZlevZe pour ces
populations (Swain et Chouinard, 2008, Halliday and Pinhorn, 2009). La mortalitZ naturelle
sOexplique par de multiples facteurs, incluant la maladie, la sseillet la prZdation
(McClellandet al.,2011; DFO, 2011).
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La structurgylobale de 10Zcosysteme a connu dOimportantes modifications causZes par
la diminution des stocks de morues. Les pinnipedes, des prZdateurs fZroces et habiles qui
sont en compZtition poules ressources alimentaires avec les poissons dZmersaux
piscivores, ont ZtZ avantagZs " la suite du changement de dominance desadZsnu
ichtyologiques. La pecheZlective retirant les plus gros individusaissZes plus petits en
proie aux pinnipeés. Ces derniers ont profitZ du dZclin des morues et ont modifiZ leurs
habitudes alimentairesaugmentantla pression de prZdation sur les petits poissons
pZlagiques (Frankt al., 2005). Parmi les quatre espsces de pinnipsp&sents dans le
golfe du Sait-Laurent les phoques grisH@alichoerus grypus sont de plus en plus
nombreux et occupent une position ZlevZe dans le rZseau trophique (Mogisseite
2009). Mise "~ part la diminution de la compZtition avec les poissons piscivores, la
diminution de & chasse dans les annZes 1970 a Zgalement favorisZ une croissance rapide de
la population de ces phoques dans le Sanirent. Elle est passZe deQ® individus en
1960 " 330000410000 individus en 2010 (DFO, 2011; CCRH, 2011). La population de
phoque gris se divise en trois colonies ayant des territoires diffZrents pour la reproduction
(le Golfe Sairt_aurent, I'éle de Sable et I'est du plateauZtfissais), mais ces colonies se
superposent durant le reste de I0annZe (DFO, 2011)

Gr¥oce ~ I0analyse contenus stomacaux et intestinaux, des recherches antZrieures
ont dZmontrZ que IQalimentation des phoques gris du sud du golfe est composZe de poissons
pZlagiques et dZmersaux, incluant la mdraaecheet la merluche blanchdJtophycis
tenuig, deux especes dont les peches sont sous moratoire (Benalt, 2011; Hammill,

2011; DFO, 2011). Par contre, cette alimentation varie selon le stade de vie, le sexe, et la
saison (Hammill, 2011), laissant prZsumer que les phoques gris sont des @Zdateur
opportunistes (DFO, 2011). ConsidZrant cela, il est difficle de dZfinir un rZgime
alimentaire prZcis et reprZsentatif des habitudes alimentaires de |IOensemble des phoques
gris (Benoitet al, 2011).

ConsidZrant que les phoques ont un impact nZgatésstocks de morues, le CCRH
(2011) a Zmis 10idA&un retrait stratZgique. LOaugmentation du taux de mortalitZ naturelle
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des morues serait corrZlZe ~ I0augmentation de IOabondance des phoques dans cette zon
(Chouinardet al, 2005), laissant supposgue la prZdation par les phoques gris pourrait
limiter le rZtablissement des stocks de poissons dQintZret commercial (CCRH, 2011).
LOhistoriquee variation des stockkes morues abonde dans le meme sens. Dans les annZes
70, il y a eu un dZclin des dZbaqments de morues du sud du golfe suivi dOune reprise
(Swain et Chouinard, 2008), favorisZe par un faible gaixnortalitZ (M de 0,25 "~ 0,30
[Chouinardet al, 2005). Durant cette pZriode, IOabondansgtequs gris Ztait faible dZ

" |Oexploitation pda chasse (DFO, 2011), ce qui porte ~ croire que cette rZduction de la
population de phoques aurait encouragZ la reprise des stocks de poissons. Swain et
Chouinard (2008) ont dZmontrZ que la population de morue pourrait sOZteindre dQici 40 ans
si le taux @ mortalitZ naturelle se maintenait au niveau actuel. Une rZduction importante de

la population de phoque gris a donc ZtZ proposZe afin de favoriser le rZtablissement des
stocks de poissons de fond de la rZgion 4T (CCRH, 2011; DFO, 2011).

La position ZlewZ des phoques dans le rZseau trophique leur confere un r™le
important et complexe dans la structure de 1OZcosysteme (Bowen, 1997; Yodzis, 2000;
Morissetteet al.,2006). Un changement dans IOabondance de ces grands prZdateurs pourrait
induire des modificadns importantes des biomasses des groupes situZs aux niveaux
trophiques infZrieurs (Estes, 2001; Schmitz, 2000; Ripple et Betcha, 2004, 2005). En
consommant les especes pouvant stre en compZtition avec les stocks de poissons
commerciaux, les phoques paient diminuer la mortalitZ naturelle de certains stocks
(Yodzis, 2000). Par exemple, le hareng et le maquereau, deux poissons prZdateurs des Tufs
de morues, sont consommZs par les phoques, qui rZgulent les populations et contr™lent
indirectement la mortd? des morues (DFO, 2010). Comprendre IOimportance des phoques
gris pour I0Zcosysteme est donc un probleme complexe.

Une rZunion exploratoire a eu lieu en novembre 2@09de discuter et dOZvaluer
IGimpact potentiel des phoques gris sur les populatiermissons de 10est du Canada
(MPO, 2009). E la suite de ces Zvaluations, le retrait stratZgique a ZtZ retenu comme IQune
des approches de conservation, malgrZ la controverse qui entoure son application (DFO,
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2011). Cette approche est proposZe au migisies Peches et des OcZans depuis plusieurs
annZes (CCRH, 2011). Un premier modsle ZcosystZmique a ZtZ rZalisZ ~ 10aide de donnZes
rZcoltZes sur une longue pZriode (Morissetttal, 2011. Les rZsultats prZliminaires ont
permis de tester diffZrents scdos de retrait de phoques gris ainsi que I0impada
prZdation par ces phoquas I0Zcosysteme du sud du gdieont aussi dZmontrZ quOune
IZgere augmentation du stooke morue pourraisurvenir ~ la suite d'un retraite phoque

gris, selon certais circonstance€ependant, dOautres cas ailleurs dans le monde montrent
des rZsultats diffZrents. Punt et Butterworth (1995) ont mis en Zvidence que le retrait massif
des otaries ~ fourrure dOAfrique du SAdctocephalus pusillysaurait un effet neutreu

nZgatif sur les stocks de merlus, car un prZdateur intermZdiaire serait avantagZ. Il pourrait
donc y avoir un changement de dominance de I0Zcosysteme vers des prZdateurs de plus
petite taille.

En raisons des controverses entourant ce sujet, il asbrlinl quOune analyse
approfondie des relations trophiques de cet Zcosysteme soit rZalisZe afin dOZmettre des
recommandatins adZquate§CCRH, 2011). Il est important dQutiliser la meilleure
reprZsentation ZcosystZmique possible, car les stratZgies atfgamerdh basZes sur ces
modesles permettent de maximiser la rZsilience de 10Zcosysteme (Lindegtigr2010).

Ainsi, 10Zcosyst'me sera plus apte " rZsister aux perturbations qui le menacent afin de

permettre une meilleure durabilitZ des ressources.
Objectifs

LOobjectif gZnZral de cette Ztude sera de quantifier IQimpact de la prZdation des
phoques gris sur le potentiel de reprise des stocks de pissons de fond. Les objectifs
spZcifiques sont(1) actualiser le modsle dlorissetteet al., (2009) afin dOy intZgrer de
nouveaux ZIZments dOinformation sur I0Zcologie de I0Zcatsyszmigion du Golfe du
SaintLaurentafin dDamZliorer le mode«é2) Zvaluer et quantifier IOimpact potentiel dOun
retrait stratZgique des phoques gris sur l@&rdntes populatins de poissons de
|OZcosysteme(3) Zvaluer IQ0impact de diffZrents rZgimes alimentaires des phoques gris sur

la dynamique des relations trophiques de IOZcosysteme.



CHAPITRE 1
IMPACT DOUN RETRAIT STRATfGIQUE DE PHOQUES GRIS SUR LE
POTENTIEL DE REPRISE DES POISSONS DE FONI3 DANS LE SUD DU
GOLFE DU SAINT-LAURENT

1.1 Rfsumf

Dans 10Zcosyst'me dwd duGolfe du SairdLaurent (4T), plusieurs stocks de
poissons déonds, notamment les stocks demme atlantiqueGadus morha), ne montrent
peu de signele rZtablissement malgrZ la fermeture de la peche dans les annZes 1990. La
prZdation par les phoes gris est soupsonnZe etre wauseimportantecar la mortalitZ
naturelle de ces stocks demeure ZlevZe. Un miGjabattagde phoque gris @tZ proposZ
dans le but de favoriser le retour de ces stodke analyse ZcosystZmiquedanc ZtZ
rZalisZe "~ |0aideDdEcopath with EcosifEWE) pour conna’tre les impacts potentiels que
pourrait engendrde retrait dOun prZdateur supZriur les autresspeces de IOZcosysteme.
La premiere Ztape de IQanalyse consiste ~ expl@iempacdu rZgime alimentaireles
phoques gris sur la dynamique des relatibophiques de 10Zcosysteme. Pour ce faire,
diffZrentes simulations ont ZffaborZeselm un rZgime alimentaire enricbu un rZgime
alimentaireappauvrien morue pour le phoque gris. Ces rZsultats dZmontremt tZgime
alimentaireenrichie en morue, donc plispZcifique favoriserait les groupes trophiques
sousjacerts, car I0impactZyatif serait concentrZ sur un seul grouesi, les morues
seraient plus avantagZes si les phoques gris exersaient leur pression de peration sur leur
groupe car la_biomasse des phoques gris diminuerait et ainsi la pression de prEdation
IQinverseun rZgime alimentaireappauvrie en morue, et donc pldversifiZ dOun tel
prZdateur accentuerait sionpact surses proies, mais Zgalement sur ses compZtifeous
cesgroupes, les risques dOavoir une relation iapmZgative avec le prZdateeraien
accentuZs fgalement, quatre simulations de scZnarios de retrait reprZsentant une
diminution de0%, 25%,50% ou 75% e la biomasse dgshoques gris m%.les ont permis de
constater que la biomasse des morues et de plusieurs autres poissons dOintZrsatommerc
augmenterait ~ la suite dOune diminution de la biomasse des phoques. Par contre, la
biomasse des morues ne reviendrait pas aux valeurs dOavant IQeffondrement, selon ces
simulations de retrait. DOautres groupes trophigtesnZdiaireseraient aussivantagZs
suite "~ ce retrait, tel que les petits poissons pZlagiques. Par contreharggements
pourraient induirede nouvelles relations trophiques qui expliquerait en partie, le non
retour des stocks de grands poissons.
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POSSIBLE MPACT OF GREY SEALSTRATEGIC REMOVALON GROUND FISH
RECOVERY POTENTIAL N THE SOUTHERN GULFOF ST.LAWRENCE

1.2 ABSTRACT

In the ®uthernGulf of St. Lawrencescosysten(4T), several stockof groundfish
crashed in the early 1990s, but in spite of significantly reduced fighieng have showno
sign of recoveryue to elevated natural mortality levels among large (adult) Fistdation
by grey seal®n groundfishis suspected to be theain cause for theontinued elevated
levels of natural mortalityA cull of grey sead hasbeen proposed to promote the recovery
of codand other groundfisbtocks. An ecosystem analysis was performed usogpath
with Ecosimto examinethe potential impacts okmovinga top predator on other species
in the ecosystem. First, to understanetrophic impact of grey sedliets on thedynamics
of the ecosystem, different simulations were carried out usiggeya sealdiet that had
differing amounts of cod basicdiet, a dietenhanced in cod anddéetreducedn cod The
results show thaa high coddiet would have a negative impact on cod, but would be
beneficial to flounders, and large demersals. Grey seal biomass would also decline as cod
biomass declined under this scenaliocontrasta diet reduced in cogould increase grey
seal bionass whilealso leading to lower biomass among cod, flounder and large demersals.
In additionto the diet scenarg four simulations of strategic remosalepresenting a
decrease 00%, 25%, 50 %,or 75 %of male grey sealbiomasswere performed. The
simuations showedthat codand other commercidish stocks would increase. However,
the biomass of cod would not return fwe-collapse levels Otherintermediatetrophic
groups would benefitrom this removal, such as small pelagic fishEsese groups may
inducemore negative trophic relationg/hich would explain the nerecoverygroundfish
stocksand indicate that additional management activities would be needed

Keywords. Ecosysem model, Grey seal, Atlantmod, predation, strategic removal,
predatorprey relation
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1.3INTRODUCTION

Ecosystem models providen better representation andloaw for a better
understanding of the trophic relationships between each species in a complextisgatem
the most simple naels(Plaginyj 2013) They can play a fundamental role in ecosystem
based management (EBM) (Espinasaal, 2011) and prode the knowledge to avoid
collateral effects following exploitation and manipulation of marine resources (Yodzis,
2000;Heithausetal., 2008§.

In the last decades, several commercial stocks around the world collapsed due to
overfishing and changes in habitat (Larkin, 1996; Patlal., 2002; Myers and Worm,
2003). Groundfish stocks in the Gulf of St. Lawrence are one of thaskave declined
significantly leading to the closure of some fisheries. Stocks of Atlantic Gadius
morhug collapsed in the early 90s ahdveshown no signof recovery due tdigh natural
mortality rates among adult co@Halliday and Pinhorn, 2009Swain 2011). Other
commercial stocks as white hakgrgphycis tenuisalso collapsedand failed to recover
(Benoit and Swain, 2008 parallel to this, the grey seddlichoreus grypuspopulation
in Canadahasincreased significantlpver the lastfive decaes increasingfrom roughly
13000 seals in 1960 to about 400,000 seals in 2@O( 2011; CCRH, 2011)The
increasein natural mortality of cod in the Southern Gulf of St. Lawrence (4T zone) is
correlated with the increase in the abundance of grey $€alsuinardet al, 2005;
0OBoyle and Sinclair, 201Thus, predation by grey seals may limit the recovery of cod
stocksand may also be having an impact on the recovery of other groundfish as well
(Chouinardet al, 2005). his hasled to a persistent delbe about the negative impact of

predation by grey seals on cod stocks

Following this debate, a reduction gmey sealsabundance (cullhas been proposed
for the southern Gulf to promote the recoventte cod stockn this region (FRCC, 2004;
CCRH, 2010). However, little information is available on the possible ecological
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consequences of suelremovalas interactions betweenadg and their prey are complex
(Yodzis, 2000, 2001Morissetteet al, 2013.

Predatoranduce mortality and therefore influesm the population dynamic of their
prey. Predators from uppegositiors in the foodweblike seals, havan important role in
ecosystem structure (Bowen, 1997; Yodzis, 2000; Morisse¢té, 2006).By consuming
speces that may be in competitionittv other commercial fishpredators at high trophic
levels mayevencontribute to the increase in some fish stocks (Yodzis 2000; Getrlagy
2009; Morissettet al, 2012). Consequently, considering the complex troplérastions,
modeling of predateprey interactionsn several ecosystentsas indicated that reducing
marine mammalsabundancedoes not necessarily lead to a recovery of fish stocks or
benefits for commercial fish (Punt and Butterworth, 1995; Gezbal.,2009; Morissettet
al., 2010).

Whenthe abundancef large predator fish, such as large dedreases subsequent to
exploitation, the increase smaller lower trophic level forage fistan induce depensatory
effects on higher trophic level fish stock3his effect can be harmful in two different ways.
First, forage fishmay directly prey on the juveniles of adult large fish, causigher
juvenile mortality rate, which in turnreduces the recruitment of large fipbpulatiors
(Swain and Sinclair, 200Bundy and Fanning, 2005%econd, ifforage fish and juvenile
fish share a similar dieanincrease in forage fish abundarumildreduce food density and
increaseforaging timefor juvenilesand therefore, higher mortalitysks (Walters and
Kitchell, 2001). Areduction in grey seals magduce predation mortality on forage fish

and thus intensify this paradox.

Before undertaking a reduction of the population of grey seals, it is judicious to learn
more about the roles of predators in the ecosysteranlyyzing the direct and indirect
relationships between them and their prey (Bax, 1998; Yp@081; Morissetteet al.,
2006),and assess these effects through tilmeunderstanding of thegelations can help

to evaluatethe potential impact of a decssain the population of grey seals on the biomass
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of commercial fish stocks in the ecosystem of the Southern Gulf of St. Lawrence
(Morissetteet al.,2006).

1.4MATERIAL AND METHODS

Description of Ecopath with Ecosim

Ecopath with EcosinfEWE 6, http://www.ecopath.org) is theodeling software suite
used toanalyse the SGSL ecosystem dynamitsE is a multispecies although relatively
simple model using a lesiata intensive approach, but can supparbmplexitysimilar to
the most elaboratmodels (Heymanst al, 2011; Plagtnyi, 2007Ecosimtakesadvantage
over the simplest multispecies suploroduction models (Plagtnyi aBdtterwoth, 2004)
because of its structured parameter estimation, representation of trophic flows, and
represatation of trophic ontogenyEwE covess trophic interactionat all trophic levels and
allows a focus on higher trophic levels (Waltertsal, 1997; Plagfnyi, 2007; Morissege
al., 2012).This modelling approacts also one of the relevamiodelsto addressroader

questionabout ecosystem approach in fishefRlggtnyi, 2007)

Ecopath the static module dEwE, buildsa static model of the entire food web, from
the detritus to the top predators (Waltetsal, 1997). This model represerthe energy
flows between species, which are structured in trophic groups, an assemblage of species
having common physical habitat, similar diet, and similar life history characteristics
(Polovina, 1984). To represent the energy flows and so the feedemgations, mass
balance principles are used (Christenseml, 2008). According to these principlebe
production of a prey groumust be equivalent to the loss of biomass due to exploitation by
fisheries, migration, predation and other natural mitytéColl et al, 2009). By knowing
these input parameters, it is possible to quantify the energy transferred from one group to
another, in other words, predation. Also, the ma@ance principlesnean thajpredation
mortality can be separatdcom othertypes of mortality (Bundy and Fanning, 2005). Two
master equations are used to describe this approach €Call, 2009). The first one

describes the production term:
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Production = catch + predation rate + migration ratomass accumulation rate +

other mortality

and the otheequationdescribes thenass balanceelationshipbetween groups:

" ('I_).I 2!!<i_>!”" C N T A I R A !1!<:—)!!!(!! ny)

Where P/Bis the production ofi) per unit of biomass (Q/B) indicates the
consumptiorof (j) and DG is the proportion ofif in the diet of predatof) (Coll et al.,
2009). Thence, energy exchange between groups can be calculated.

The Ecosimextension is the dynamic portion of the software. Differential equations
derived from the basic equations are used to obtain simwdatidhe biomass dynamgin
time. With this module, simulations can be performed to explore the impacts of
disturbances over time and to analyse changing equilibra (Wattats 1997; Christensen
and Walters, 2004Plagtnyiet Butterworth, 2004; Plaggn 2007). EcosimOs master

equation is:

'I#l !!!Z!”! Z!!--! Ly e ner

Where dBdt is the biomass growth rate of groupduring the intervadlt, g is the
net growth efficiency (production/consumption ratiQ)slthe immigration rate, Mand k
are natural and fishing mortality rates of group &nd eis emigration rate (Christensen
al., 2004).
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Input data

The model used to perform the simulations includes 32 trophic groups and represents
the period after the collapse of groundfishck®n the Gulf of St. LawrencéAn average
of the years 1994997 was used to represent a stestdye of this periadEcopath data
input are simple: biomass densit®; in tonneskm? yr?), total mortality estimates,
productiorbiomass ratio (B; in yr'), consumption estimates (Q; in™yr fishery catches
(in tonneskm™ yr%), diet compositiorand catchif tonneskm? yr™) per fleet The data
used in the model argenerally available from groundfish trasurveys, ecological studies
or the literature (@ristenseret al., 2008). Available values for each type of inpoave
been collected. Based on these values, an average was established and used as input in the
model, along with confidence intervals for each input data. If some input data are not
availabe, EWE can calculate a missing parameter by using other available parameters
(Christensen and Pauly, 1992). For example, if the biomass (B) is missing for a trophic
group, it B possible to enter a value 85% for the ecotrophic efficiency (EE). This
parameter represents the transfer of energy from a group to another one, and thus indirectly
the biomass itself (Polovina, 1984). All the data sources for the input parameters used in
this model of the Southern Gulf of St. Lawrence are detailed in Saveslkdff(2004 and
Morissetteet al.,(2009.
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Table 1.Basicinput values usifor the mode(Savenkoffet al, 2004)

Production /

Biomass biomass  Consumption /
Group name (t/km") (/year) biomass (/lyear
Cetacea 0,03 0,09 9,47
Harp seals 0,35 0,08 7,72
Hooded seals 0,00 0,10 11,25
Grey seal males 0,03 0,28 25,90
Grey seal females 0,02 0,38 11,33
Harbour seals 0,00 0,13 4,00
Seabirds 0,00 0,28 27,75
Large cod 1,61 0,43 1,19
Small cod 0,30 0,63 1,75
Green. halibut 0,01 1,00 3,22
Small Amer. plaice 3,82 0,40 3,42
Large Amer. plaice 0,26 0,33 2,21
Flounders 2,12 0,21 1,59
Skates 0,04 0,25 2,15
Redfish 0,03 0,23 4,73
Large demersals 0,40 0,28 1,82
Small demersals 0,50 0,25 1,01
Capelin 21,53 0,53 9,29
Large pelagics 0,14 0,21 8,55
Pisci.small
oelagics 1,69 0,32 2,67
Plank. small
oelagics 7,59 0,52 2,74
Shrimp 1,48 3,27 5,49
Large crustacea 2,99 0,36 2,09
Echinoderms 112,30 0,30 2,17
Molluscs 42,10 0,55 3,94
Polychaetes 10,50 7,10 11,47
Other ben. inver. 7,80 1,18 8,49
Largezooplankton 10,00 4,00 4,64
Small zooplankton 125,00 3,05 12,49
Phytoplankton 63,95 27,58

Detritus 154,95
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Pedigree

EwE software calculates a pedigree for each nmdasced model. This quality
indicator is built from input data. When they come from local, quantitative and target
surveys, the quality of a model is high, and thus the pedigree value is high (close to 1). Data
from qualitative values or input from other similacosystem result in a lower model

pedigree.

Fitting to time series

Time seriesof biomassdata obtained from single species assessments can be
incorporatednto Ecosim A statistical measure of goodness of fit to these data is generated
each timeEcosimis run. This goodnes of fit measure is a weighted Sum afudred
deviations (SS) between each trophic groupOs biomass predicted by the simulation and from
the biomass measured by survey (empirical data from time series). When the sum of
squares is low, thdeviation between the values of simulation and data from time series is
low. This indicates a capability or at least a potential, of the model to replicate the known
history of the ecosystems (Christengtral, 2008).Time series from multiple abundance
surveys in the 4T ecosystem for 198610 have been added to theosiminputs.

Vulnerabilities

The vulnerability parameter represents the exposure of a prey to predation by its
predator (Walteret al, 1997). It divides the prey biomass into availabid anavailable
states (Walters and Kchell, 2001).The following equatiorrepresers the exchange rate

between available biomass and unavailable biomass for predator
dVij /dt = Uij(Bi — Vij) — Ujj Vij — Vij Bj.

Vij which is the availableomponent of prey biomassfor eachj predator, gins

biomass from the currently unavailabteey-biomasspool @B, - Vij) at ratevjj. This
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component lose biomassto the unavailable state at ratgVjj and biomassthat is

consume by predator atateajj Vij B (Walteret al, 1997).

The vulnerabilityparameter ¥represents the transfer rate between the two states,
and has implicatios for how a given predator wouldpactpredation mortality for a given
prey, and can range from 1 4o(Walters and Martell, 2004Low vulnerability factorsy
close b 1) imply that theprey is slightly exposed to predation mortality fradspredator,

SO an increase in predator biomass will not eaasy noticeable increase jpmedation
mortality. In this casebiomass regulatiomould be bottom upChristenseret al, 2008).

This can be explained by the presence of a refuge or a special behaviour, so the prey is
protected and can avoid its predator (Waltetsal, 1997). On the other hand, high
vulnerability factors (e.g. 100) indicate that the prey can easily ereroiistpredator,
meaning that the predator biomass defines how much of a prey is eatérs tade,
predation control wouldbe topdown (Christenseet al, 2008). The notion of vulnerable

prey pools(Vij) allows Ecosim to represent behavioural or prglsicechanisms that limit

the rates at which prey become vulnerable to predation (Wattats 1997).

To have a better fit between the model simulation biomasses and time series
biomasses, the parameter isdjusted Ecosimincludes a routine called O time seriesO
that can calculate thgulnerability values that will improve the fit between observed and
simulated data (lower SS) (Christenseinal, 2008). Because this parameter cannot be
measured in situ, it can be deterndimedirectly by this function and thysovidesa better
understanding ah situtrophic interactions.

Diet

Male and female grey seaahave differentprey preferencesvhich vary seasonally
(Beck et al, 2007; DFO, 2011 To represent this intraspecifiariation, the gey seal
trophic group was split into male and female groupsantitative information on diet

composition comes from evaluation of stomach and intestine contents obtained from



23

differentregions in the southern GuifHammill, 2011). Onesanple, fromSt. Paul Island
was comprised of males. The diet from this sample contairnégh proportion of large cod
(Morissette and Hammjll2011) (Table 3. Female diettomes from another study and
reflectsa more generaligkediet with cod comprising anuch bwer fraction(Savenkoffet
al., 20049.
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Table2. Basic diet input of male and female grey seagiroportion

Prey \ predator Grey seals. male Grey seals.female
Cetacea 0 0
Harp seals 0 0
Hooded seals 0 0
Grey seals males 0 0
Grey seal$emales 0 0
Harbour seals 0 0
Seabirds 0 0
Large cod 0,591 0,17
Small cod 0,0102 0,231
Green. halibut 0 0,0023
Small Amer. plaice 0 0,0618
Large Amer. plaice 0 0,0452
Flounders 0,0966 0,102
Skates 0 0,0358
Redfish 0 0
Large demersals 0,131 0,0576
Small demersals 0,00013 0,0525
Capelin 0,00105 0,122
Large pelagics 0 0,0017
Pisci. small pelagics 0,0248 0,0375
Plank. small pelagics 0,145 0,0799
Shrimp 0,000001 0,0001
Large crustacea 0,0001 0,0005
Echinoderms 0 0
Molluscs 0 0
Polychaetes 0 0
Other ben. inver. 0 0
Large zooplankton 0 0
Small zooplankton 0 0
Phytoplankton 0 0
Detritus 0 0
Import 0 0
Sum 0,999881 0,9999

(1-Sum) 0,000118971 -0,00090003
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Exploratory scenarios with different diets

Grey seal diet shows strong temporal and spatial variation (Savestkalff 2004;
Trzcinski et al, 2009; CCRH, 2011). Tdlustrate the effect of this variationnothe
ecosystem dynamsc three scenarios were built to expldhe divergence betweethree
differentmalegrey seaiets since itOs the grey seal group that seems to have the biggest

impact on codSimulations werecarried oufor a period of 50 years.

The first scenario corresponds to the normal diet ghased in thdasicsimulation
(Table2) (Savenkoffet al.,2004). The seconscenariarepresents aigh coddiet withthe
proportion of codeaten by male sealscreased by 20%This enhancement ofhe
proportion ofcodin the diet reflects conditions obserwetiere grey sealand codoverlap
extensively(Harveyet al, 2011).

Thethird scenarioa low cod diet was developed. This scenario was included because
somealternativediet studiese.g.fatty acids analyses (Beak al., 2007; Trzcinskiet al.,
2009),have concluded that cadake a much lower contribution to the grey seal diet than is
obtained from the analysis of hard paifikis third scenario represents about 24% of cod in
grey sealsO diet, so a 25% decrease in the contribution of cod to the grey seal diet compared
to the aiginal scenarioThe dher prey groups were readjusf@oportionally to their initial
contribution to the diet.
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Table3. Different proportion of each trophic group in each diemale grey seals udéor

the simulations. The first dietorresponds to the regular onse for the model. For the
second diet, theonsumptiorof cod is increased by 20% of the regular value and the third
dietrepreserga 25% decreasm the contribution of cod to the grey seal diet

Prey Diet 1 Diet 2 Diet 3
Cetacea 0 0 0
Harp seals 0 0 0
Hooded seals 0 0 0
Grey seals males 0 0 0
Grey seals females 0 0 0
Harbour seals 0 0 0
Seabirds 0 0 0
Large cod 0.591 0.711 0.236
Small cod 0.0102 0.0092 0.132
Green. halibut 0 0 0
Small Amer. plaice 0 0 0
Large Amer. plaice 0 0 0
Flounders 0.0966 0.072 0.1276
Skates 0 0 0
Redfish 0 0 0
Large demersals 0.131 0.091 0.139
Small demersals 0.00013 0.0001 0.00322
Capelin 0.00105 0.00085  0.00205
Large pelagics 0 0 0
Pisci. small pelagics 0.0248 0.0208 0.0468
Plank. small pelagics  0.145 0.105 0.253
Shrimp 0.000001 0.000001 0.00002
Large crustacea 0.0001 0.0001 0.0002
Echinoderms 0 0 0
Molluscs 0 0 0
Polychaetes 0 0 0
Other ben. inver. 0 0 0
Large zooplankton 0 0 0
Small zooplankton 0 0 0
Phytoplankton 0 0 0
Detritus 0 0 0
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Removal scenarios

Different grey seals removal scenarios wexamined to evaluate the impacts of grey
seal removals on cod recovery and other changes in the southern gulf ecosystem.
Specifically, four removal scenarios were examined, including a baseline run of no
removals, and threeins where 25%, 50% and 75% betmale population was removed
from the population. Removals focussed on males, since this component of the population
consumes more cod, than do females. Removals were initiated in 2010, camcechc

annually during theimulation period.
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Table4. GreysealOs biomass remoeaath yeaduring the simulation.

Year/scenario 25% 50% 75%
2010 0.01309299 0.02618598 0.03927897
2011 0.01359723 0.02719446 0.0407917
2012 0.01402928 0.02805856 0.04208784
2013 0.01443318 0.02886637 0.04329955
2014 0.01483411 0.02966822 0.04450233
2015 0.01524257 0.03048515 0.04572773
2016 0.01565914 0.03131828 0.04697742
2017 0.01608018 0.03216036 0.04824054
2018 0.01650129 0.03300259 0.04950389
2019 0.01691869 0.03383738 0.05075607
2020 0.01732947 0.03465895 0.05198842
2021 0.01773155 0.03546311 0.05319466
2022 0.01812348 0.03624695 0.05437043
2023 0.01850422 0.03700845 0.05551267
2024 0.01887311 0.03774621 0.05661932
2025 0.01922966 0.03845932 0.05768899
2026 0.0195736 0.03914719 0.05872079
2027 0.01990474 0.03980948 0.05971421
2028 0.02022303 0.04044605 0.06066908
2029 0.02052848 0.04105695 0.06158543
2030 0.02082119 0.04164237 0.06246356
2031 0.0211013 0.0422026 0.0633039
2032 0.02136902 0.04273805 0.06410707
2033 0.02162461 0.04324922 0.06487382
2034 0.02186834 0.04373667 0.06560501
2035 0.02210052 0.04420105 0.06630158
2036 0.02232151 0.04464302 0.06696453
2037 0.02253165 0.04506329 0.06759494
2038 0.0227313 0.04546261 0.06819391
2039 0.02292087 0.04584174 0.06876261
2040 0.02310072 0.04620144 0.06930216
2041 0.02327124 0.04654248 0.06981372
2042 0.02343282 0.04686565 0.07029848
2043 0.02358585 0.04717171 0.07075757
2044 0.02373071 0.04746142 0.07119212
2045 0.02386776 0.04773552 0.07160328
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For each removal scenario, a parameter of harvest mortality on grey seals was added
to the model, in order to represent a removal of seals in the ecosysiermortality was

appliedto the biomass of the group,the same way théishing mortality isapplied

Percentageof variation of biomasginitial biomass vs biomass at the end of the
simulation)for each trophic groupvas measured to quantify the difference between each

scenarido understand the overall trophic impact of greyseal

1.5RESULTS

Pedigree

The pedigree calculated lwefor the 19852010 period is 0.664.

Fitting to time series

A 15-yearsimulation wasarried out using thibasic parameters before dpglancing
adjustmentsvere doneDefault winerability parameters weresedfor this simulation (i.e.
v = 2.0, Christensemt al.,2004). Bomasgs obtained vere compared to biomassfrom
the southern Gulf assessment time sefié& sum of squarsS)of the deviation between
the model and the survey daat9 for all trophic groups (Figs).
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Figure 3. Simulation of trophic group biomass from 1995 to 2010 (solid lines)pared
with time series (dots), obtained from swviedices and landings, whevulnerability
parmameters are setting by defawith Ecopath. €0 axis represent@ars and OyO axis
representbiomass(t/km?). The weight of Some of Square (respectively) for each trophic
group is indicated bete the group nameSGtotal = 499)

Vulnerability parameterwere adjusted withthe Git to time serie® function ard
information from literature. Theotal SS for all trophic groups is 27{ig. 4) The
difference betweethe SS value before and after adjustments is more impdidarsiome
groups. The diminutionf total SS from 499 to 27Gould beexplaired by improvements in
model fit to:cod feductionof 44%), capelin (eduction of 85%6), male grey sealgé¢duction
of 9%%), and forlarge pelagicsréduction of 55% These adjustments improved the model
fit between modelpredictionsof biomass and observed changes over the time period of
1995t0 2010.
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The trophic groups presenting the best fit after adjustments are the harp seal, male
grey seal and floundershe groups with the highest saof square arecod, large pelagics

and large demersals.
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w//w
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Figure 4. Modeled trophic group biomass from 1995 to 2010 (solid lices)paredwith

time series (dots), obtained from survey indices and landings. The vulnerability parameters
for the simulation vere adjused to improve modefit. The OXO axis represents the years
and OyO axis represents the biorfidss?). The weight and @&n of Squars (respectively)

for each trophic group are indiea in each graph. (SS totaR77)

The mrameterepresentinghe vulnerability of prey to preda®is high (more than
2) for harpsealsmale and female grey seals g&rkenland halibut. The vulnerability from

prey to cod predatiois low (Table 3.



Table 5. Prey vulnerability to predation by its predator. Low vulnerability value indicates that biomass regulation is bottom up
and high vulnerability value indicates that biomass regulation is top-down

Prey \ predator 2 4 5 6 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29
2 Harp seals
3 Hooded seals
4 Grey seals males
5 Grey seals females
6 Harbour seals
7 Seabirds
8 Large cod 1,00E+10  1,00E+10 10000 2
9 Small cod 1,00E+10 10 10 2 1,00 2 1 1,00E+10 1,00E+10 1,32
10 Green. halibut 9,47 5,74E+08 4513814 1,00E+10
11 Small Amer. plaic 1,00E+10 1,00E+10 1,00 2 5,74E+08 4513814 1,00E+10  1,00E+10
12 Large Amer. plaic. 1,00E+10 9,47
13 Flounders 1,00E+10 1,00E+10 1,00E+10 2 1,00 2 5,74E+08 4513814 1,00E+10  1,00E+10 1,32
14 Skates 9,47 2 1,32
15 Redfish 2 5,74E+08 1,32
16 Large demersals 1,00E+10 1,00E+10 10000 10000
17 Small demersals 1,00E+10 1,00E+10 1,00E+10 2 5,7AE+08 4513814 1,00E+10  1,00E+10 1,32
18 Capelin 100000 100000  1,00E+10 2 1,00 2 5,74E+08 4513814 1 1,00E+10 1,32 1,00E+10
19 Large pelagics 1,00E+10 9,47 2
20 Pisci. small pel. 100000 100000  1,00E+07 2 1,00 5,74E+08 1 1,00E+10 1,32
21 Plank. small pel. 100000 100000 10,8584 2 1,00 2 5,74E+08 1 4513814 1 1,00E+10 1,00E+10 1,07 1,00E+10
22 Shrimp 1,00E+10  1,00E+10 9,47 2 1,00 1,00E+10 5,74E+08 6464,82 61264,74 1,00 4513814 1,00 1,00E+10 1,00E+10 1,32 1,00E+10 1,00 1,00
23 Large crustacea  1,00E+10  1,00E+10 9,47 2 1,00 2 5,74E+08 2 61264,74 1 4513814 1,00E+10  1,00E+10 1,32 1
24 Echinoderms 1,00 2 5,74E+08 2 61264,74 1,00 4513814 1,00E+10 1,00
25 Molluscs 2 1,00 2 2 61264,74 1,00 4513814 1 1,00E+10 1,00
26 Polychaetes 1,00 1,00E+10 2 61264,74 1,00 4513814 1,00E+10  1,00E+10 1,32 1,00E+10 1,00 2
27 Other ben. inver. 1,00E+10 2 1,00 2 5,7AE+08 2 61264,74 1 4513814 1 1,00E+10 1,00E+10 1,0OOE+10 1 1,00E+10 1,00
28 Large zooplanktor 1,00E+10 1,00 2 5,74E+08 2 61264,74 1 4513814 1 1,00E+10 1,00E+10 1 1,32 1,00E+10 1,00 1,00E+10 1,00 3789,17
29 Small zooplankton 1 2 5,74AE+08 2 1 1,00 1,0OOE+10 1,00 1,00E+10 3789,17 17632,98
30 Phytoplankton 1,00E+10 2 2 3789,17 1,00
31 Detritus 1 1,00E+10 1,00 2 2 2 2 3789,17 1,03



Flow diagram of 4T ecosystem

The fow diagram fig. 5) illustratesthe main trophic interactions betweeinophic
groups in the ecosystenMale and female grey seals, largeguit, large demersals are at
higher trophic leved whereas cod is at a lower trophic levekeractiors between troplu
groups can be direct (black line) or indires€bnsumptiorof cod by grey seal represents a
direct relation betweethese two groupsFeeding interactions demonstratempetition
between sealand cod for prepuch adlounders and small pelagic fishhis interaction is

one of the indirectelationshi that can link those two predators

Greenland halibut and cod amompeting for capelin, flounders and shrimps.
Therefore, rale grey seals would have an indirpositiveimpact on Greenland halibut by
eating its main competitpthe cod

Planktivorous small pelagics, also called forage fish, are a source of energy for more
than eight different groups (male and female grey seals, large demersals, large pelagics,
cod, Greenland halibut, capelin, pisciwos small pelagics). Thpredation pressuren
thesegroupsis consequenthyigh (M= 0,18).

This representation of all energy exchasjastrates the links between low and high
trophic level groups. Male grey seals are connected with phytoplanktorglthroeny
predation relations. They eafpktivorous small pelagitsh, whichin turn consumemall
zooplankton, whan turneat phytoplankdn.
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Figure 5. Simplified flow diagram of the Southern Gulf of Saint-Lawrence ecosystem. Each trophic group (grey rectangles)
are organized according to their trophic level (y-axis). The arrow represents the predator-prey relations and the width of the

lines indicates the proportion of the prey in the predator’s diet (low, medium, high).



Cod mortality

The main source of mortality for large cod is predation by the other trophic groups
(female and male grey seals, harp seals, cetacea, hooded seals, and harbour seal). It
represents 67 % (M2 = 0.289) of the total mortality of this group. Predation by male grey
seals accounted for 82% of this natural mortality (M2 = 0.238) (fig. 6).

The second important source of mortality for large cod is the “other mortality” for
29 % (M2 = 0.126). This category includes natural mortality and other causes that are not

explained by the available data on fisheries and predation.

The smallest source of mortality for large cod in this model is fishing mortality (4 %,

M2 =0.0189).

4%

B Fishing mortality
H Male grey seal predation
B Other predation

© Other mortality
55%

Figure 6. Different types of mortality for large cod (in %), determined from the EwE
model.
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Mixed trophic impact

The mixed trophic impact (MTI) matrix shows the relative effects (direct and
indirect) of relations between each trophic group in the ecosystem due to predation and
competition (Fig. 7). The biomass of a trophic group could increase or decrease with the
occurrence of a particular group in the ecosystem. The MTI matrix of the 4T ecosystem
shows that male grey seals have a negative impact on cod and positive impact on Greenland
halibut. Harp seal has a higher negative impact on capelin and large demersals, but only has
a slight positive impact on a few groups of at lower trophic levels. The female grey seal

group has a negative impact on skates and a positive impact on small American plaice.

Capelin has a strong positive influence on Greenland halibut. Planktivorous small

pelagics have a positive impact on large pelagics and large demersals.
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Figure 7. Mixed trophic impacts matrix. Relative influences between trophic groups are
indicating by the circle; white circle correspond to positive impact and black circle
correspond to negative impact. Impacted groups are in the x-axis and impacting groups are

in the y-axis.
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Diet scenarios

Three simulations were run to examine the importance of male grey seal predation on
ecosystem dynamics. The only parameter changing between each simulation is the
contribution of cod to the diet of male grey seals. The first simulation corresponds to basic
model, where cod comprises 59% of the male diet (table 3). In the second simulation the
contribution of cod to the diet was increased by 20%, while in the third, the contribution of
cod to the diet was reduced by 25% compared to the base diet. The simulations were run

for 50 years (Fig. 8).

For all three simulations, grey seal biomass increases for the first 30 years of the
simulation, and then starts to decrease. For the first scenario, the basic diet, the biomass
increases to 0.072 t/km® in 2025, then decreases to 0.064 t/km* by 2045. In the second
scenario, the biomass increases to 0.063 t/km* by 2016 and then decreases to 0.055 t/km” by
2045. In the third scenario, male grey seal biomass increases to 0.10 t/km® in 2025, then

decreases to 0.093 t/km” by 2045.

For the cod trophic group, biomass decreases rapidly until 2020, then after 2025, the
rate of decline in biomass slows. The decline that occur between the start of the model to
2020 seems to be slower for the low cod scenario, but overall, the continued decline in cod

biomass does not appear to be affected by the amount of cod in seal diets (Fig. 8).

Harp seal biomass increases with all three scenarios, but the increase is smaller for
the low cod diet scenario. Greenland halibut increases until 2030, and then declines slowly
at levels that are higher than the initial ones (192% higher for the first scenario, 158%
higher for the second scenario and 380% for the third scenario). The increase was much
more rapid in the high cod scenario, than among scenarios 2 and 3. American plaice, large
demersals and small demersals all declined. The rate of decline of the biomass is more
rapid during the initial 20 years of the simulation for these groups, but the decline in
biomass then slows. At the end of the simulations, the biomass for the scenario 3 is higher

by 8% and lower by 10% of the starting biomass for American plaice and large demersal
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respectively (Fig. 8). The composition of male diets has little impact on small demersal
biomass changes (Fig. 8). Flounder biomass declines rapidly, to 75% of initial values
during the first 20 years of the simulation, and then levels off. It declines the most in
simulations with high cod diets. Capelin biomass also has a steady decrease to 76% of its
initial value, but the different scenarios do not seem to affect the rate of decline. Large
pelagics biomass falls to only 1% of its initial value in the first 10 years, then increases up
to 42% above its initial value in 2025. The increase is superior for the scenario with high
cod rate and inferior for the low cod scenario, but they all decrease slowly at the end of the
simulation. Piscivorous small pelagics and planktivorous small pelagic biomass reach a
maximum in 2010, and then decline to the end of simulation. Piscivorous small pelagic
biomass declines by 15%, 14% and 24% below the starting value for the first, second and
third scenarios, respectively. For the planktivorous small pelagics, the ending biomass stays
11% and 14% over the initial value for the first and second scenario, but the biomass

declines to the starting level for the third scenario.
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Figure 8. Trophic groups biomasdor 50-year simulationsvith threedifferent male grey
sealdiets. The frst simulation (blue)orrespondgdo aregular diet, the seconmhe (red)
correspond to high cod consumptiondiet and the thirdone (green) is a low cod
consumptiordiet.

Removal scenaris

Four different scenarios wermen to explore the impact of a seal removal on the
ecosystem, including the ngamoval as the reference scena8tarting in yea2010, 0%,
25%, 50% and 75%f the populationbiomasswas virtually removedeach yearas a
harvest during 35years
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Harp sealbiomass increasesith little difference observeth biomass trajectories
between the different grey seal removal scenalitzde grey sal biomasstarts to decline
after year 2020Little difference isobserved in populain trajectories between tseerario
with no removas, and when 2% of the herd was removed. However, markeftedences
between scenarios aobserved in grey seal trajectories, when a greater proportion of the
herd was removed (fig9). In comparison, tathe endof the simulation male grey seal
biomass $ 6 %, 20 % and 3% lower for the second third and fourth scenarios,

comparativéey to the basic scenario (Fig).

Cod bionassdeclinessharply prior to the initiadn of sal removals in 2010. The
trajectoryshowsanincrease when the seaseremoved, but thisecovery isshat lived as
cod biomass decreasagain afer 2015 (Fig. 9). This decline continuaisder the & and
25% removal scenarios, until 2028en the rate of decline slows the scenarios where a
greater proportion of the fekris removed there were some gis of recovery, which
continues over approximately5lyears, b®re a new period of moderate decline is
observed. Flounddsiomass displaya similar pattern to that afod (Fig 9).

For Greenlad halilut, the biomasss increasingrom 1995, until removals of grey
seals are initiated in 2010, then a slight dip in biomass is obsentéd2020. $me
recovery in Greenland halibut biomass is observed for the scenarios where few grey seals
(0% and25% scenarios) are removéeg. 9). However, under scenarios where 50% and
75% of the grey seal population is removed, Greenland halibut show less recovery and
continue to decline tdower levels. The final biomass for all scenarios is higher than the

initial biomass.

Large demerss]large pelagics and the smp#lagicshiomassshowan increase after
201Q then a decreasentil the end of the simulatioifFig. 9) This decrease is less
important under the scenario with higher removal rateBor the lowertrophic group
(crustaceans, large zooplanktons and smzalbplankton), the difference ibiomass

between each removal scenariteiss than 5%
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Overall,grey seal removalseem to slow the decline biomass of some groypod,

flounders, large demersallrge pelagics, piscvivorous small pelagicsl glanktivorous

small pelagick but accentuat the decline déreenland halibut and Americaiaice
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1.6 DiscussION

Balancedmodel

The pedigregea quality indicatorcalculated byEwE for the 19852010 period is
higher thanan average of 0.441, whicbovers about 400 modeSVE (Morissetteet al.,
2006).This parametesuggest a higher reliability of inputlata(Essingtm, 20079. Another
indicator of model qualityis the Sum of Squar (SS) deviationsbetween predictednd
measurediomassvalues, which were improved by adjusting the vulnerability parameters
(Walterset al, 1997;Christensen and Walters, 20@@hristenseret al, 2008. Indeed, n
the ecosystem, prey cdie affected by physical mechanismstloey mayadopt particular
behaviours that wouldccentuate or limitheir vulnerability to predation (Waltersnd
Kitchell, 2001).

Model fit can be improved through adjustmeritthe vulnerability parameters, to
reduce the total SS deviation (Skaret and Pitcher, 2016). The groups with the highest
differences of SS deviation between the unbalanced and balanced model are cod, capelin
and large pelagics. After adjusting the vuligiey parameters, important improvements in
SS were observed, although the SS for cod remained considerably higher than for the other
groups. For cod, the model appears to have difficulty fitting to the very low biomass levels
observed in this stock frorB001 onwards. Théigh vulnerability parameteror cod,
capelin and large pelagics shdwat biomass regulation of these groups is top down
(Walterset al, 1997; Christensest al, 2008).

The high values of the vulnerability parameters fothis model underlines the
importance of toglown regulationin this ecosysteniBenoit and Swain2008;Baum and
Worm, 2009). As a resulinalegrey seal predation infences the biomass of their prey and

any varidion in grey seals biomass wadffect them
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Cod

Fish harvesting is known to reduce body size of the harvested. stbik size
reductioncan affect the trophic strcture because abkefish aresmalkr, they aremore
vulnerable to predatarsTherefore the group downgrads in the trophic system and
becones morevulnerableto topdown effects(Shackellet al, 2009). It will also be
exposed tmew competitas. After changes that occurred in the ecosystem in the 1990s, cod
are now smaller andhey now be foundat a lower trophic level that is more sensitive to
predation Althoughcod was considered to be an important predator in northern ecosystems
(Franket al, 2005), the vulnerability topredation isnow relatively high, as indicated by
the model At the samdime that cod biomass and size frequency distribution has declined,
predation by grey seals hakoincreased sinceverthe lastfive decades (DFO, 2011) and
currently is estimated to account for 50% of natural mortality amoggraod, making
them anmportant driver in th@onrecoveryof cod (Swain and Chouinard, 2008; Burety
al., 2009).

In addition to their vulnerabilityo predation bymale grey seals, codlso compete
with themfor prey such as capelin, flounders and planktivorous small pelagicShistn
negative interactionaith an opportunist groupaneasily accentuate theegative condition
of a stock(Bundy et al., 2009; DFO, 2011 Moreover, nh recent years, theteas been a
redistribution of cod within the southern gulf, in response to combined factors of water

temperature and threat pfedationfrom grey sealg¢Swainet al, 2015).

Diet scenarics

The exploration of different grey seal diet scenavias carried outasa sesitivity
analysis.The variationin this parameter according to different simulations allewsetter
understading of its impacton trophic relationshipgDeAngelis, 1975)The analysis was

completed using a base diahdtwo extreme diet
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Compared tahe baseline scenario, male grey seal biomass would be lower if their
diet contains a high percentage of cod (second scenario). If a predatorOs energy source is
concentrated on only one group, and they are unable to adapt their diet to a decline in their
primary prey, then the predatorOs abundance would decline as prey abundance declines
(Fryxell and Lundberg, 1994). Therefore, equkcialized seals would be more vulnerable
to fluctuations in cod biomass. However, this scenario doesnOt seem to affecttiyiffiee
cod biomass, in comparison to the regular diet scenario, because the increase of predation

pressure by male grey seal is compensated for by the decrease of their biomass.

A higher contribution of cod to thenalegrey seal diet wouldlsoreleag predation
pressureon other groupsFlounders and large demersals display a higher biomass in this
scenarioOn the other hand, Greenland halibut biem& lower because male grey seals
havea positive impact on that groupherefore, a decrease in grgealbiomass leads to a
decrease in Greenland halibut biomass

Within the low cod diet scenario, male grey seabuld consumea wider range of
prey speciesThe higher biomass under this scenargges that more divesified the diet
of grey sealthe more they would be advantaged in terms of prey resowoelr this
scenario, grey seal biomass would increagleereas mosfish of commecial interest
would decreaseindeed flounder, large demersa] large pelagis and the small pelagics
groups biomass are lower with the low cod dietscenario This decreasen biomass
between the regular and generalist diet can be explayéidgherpredation mortalityby
grey seal®n these other prey consuminga greater diversity of species, grey seal would
also compete for food with many other groups. Therefore, not only waelthtion on
other groups increase, bgbmpetition would also increase, which are two negativ
interactions for many lowetrophic graips (Dulvy et al., 2000; Esteset al., 2001).
Moreover, because of the decline of intermediate trophic grdogwer trophic group
biomass like shrimps and crustaceans would be higherindneasevould be the restubf
indirect trophic interactiongrodzis 2001; Heithaust al.,2008.



48

Removal scenaris

Four differentremoval scenarios wersimulatedwhere a percentage 00%, 25%,
50% and 75%of the populationbiomasswas virtually removedeach yearmas a harvest,
between 2010 and 2045.

The simulationresultsconcurwith vulnerability parameters and show that removal of
male grey seals could benefit many tropioups;mainly species that are grey seal prey.
The biomass of cod, flounders, large @esal large pelagics, piscivorous and
plankivorous small pelagics would be higher within the removal scen#n@as the no
removal scenariopartly because the predation pressure by greyw sealld be reduced
For most of the groups, tHargest difference iiomassbetween each scenario occats
higher removal ratesf 50% and 75% Therefore, a removal of 50% of grey seal male
population may be enough to see an increase in the biomass of many $peweger,
regardless ofhe scenariothe cod populatioris notable tofully recoverwithin the model
Changes that occurred in the ecosystem trer (Bundyet al.,2009) andhe high natural
mortality they have to deal with (Chouinagtial, 2005)might preventtheir biomasgrom
recoveringto referencelevels Therefore, a seal remalcan be part of the solutiphut

other management actions are needed for further recovery

A top predator removatould also influence competitiorelations.When a prey
group increase following the removal of a predator, it might bring a higher dtiorpet
pressure fom third specig(Esteset al, 2001). Greenland halibut biomass would decrease
after aremovalbecausemale grey sea have a positive impact on this group. Byimegt
their main competitor (i.e. codyrey sead could allow them tohave more food resirces.

If the grey seal population is reduced, other competitors would increase and this would

have a negative impact on the feeding success of Greenland halibut.

In addition to a change in competition relatiomany studies show thantermediate
predatoramight become more importamthena top predator declines and induce a shift in

dominance of the ecosystem (Yodzis 2001; Heithausal., 2008). Piscivorousand
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planktivorous small pelagigroupsbiomasswould be largerafter a redation in male grey
seal biomass due to direct and indirect interacti®he. biomass of these groups is already
more importanin the systenthan the biomass of otharge fish grougsince the collapse
of ground fish(Carscaddeemt al.,2001;Savenkoffetal., 2007). This dominance of the fish
community structure by small fisivould beconservedafter a grey seal removal in the

southern Gulf of St. Lawrence.

The planktivorous small pelagic group includes species suchAtiastic herring
(Clupea harengyqSavenkoffet al.,2004),which can affecttod recruitment byreying on
larval cod(Swain and Sinclair, 20007 depensatory effect could occur with an increase of
this intermediate predator populatiowdlters and Kitchell, 2001Bundy and Fanning,
2005 Bundyet al.,2009) which may limit full recovery of cod after a grey seal removal
was carried outThus an adjustment in quotas fam exampleherring may be required to

reduce herring predation on larval cod, but this scenario was not examinedsindlgis

Othercommercially importanspecies wouldbenefit from agrey seatemoval.Witch
flounder Glyptocephalus cynoglossusart of the OFloundersO trophic gjputite hake
(Urophycis tenuis black dogfish Centroscyllium fabricli, marlin spike grenadier
(Nezumia bairdi and Atlantic halibut Hippoglossus hippoglossugall from the Olarge
demersalsO groupjould be expected to increasdter a reductionn grey sealnumbers
These species represent some of kiglality stock of the ecosystem (@akoff et al.,
2004).
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1.7 CONCLUSION

Diet simulationsshowedthe multiple impacts thatrgy seal can haven other trophic
groups If their diet is more diversified, there would be less predghi@ssure directed on a
single group but their biomass might increase and so, the predation pressure would
increase globallyOn the other handf they have a morespecialised diettheir biomass
would fluctuateaccordinglyto their principal pey abundanceultimately, leading to a
decreas in both grey seal abundance and that of their primary. pregse scenarios
illustrate how diet inputs can driwkfferent dynamics in the simulatiorsndunderline the
complexity of the role of grey seals in the southern Gulf ecosysBmnause of the
sensitivity of certain parameters, their impact and resilience in the ecosystem might be

greaterthan whathesesimulations can describe.

The removal of grey seathd not seem to bsufficient forthe completerecovery of
large codor any other fiskspecies in the systerior cod, his could be explained by the
high rate of natural mortality on cod and a shift in dominance in the ecosystesn grey
seals are removed, fish from the pelagic graupich are more important than cod in terms
of biomass in the fish communitwould increasein biomass under the different removal
scenarios If these fish are feeding on larval cod, then it is likely that this predation is
limiting cod recovery. Additinal management actions such as increased fishing on these

groups may create more favourable conditions for cod recovery.

These findings appear to be supported to some extent by past events. During the
1970s, the southern Gulf cod crashed. This was folldwedl rapid recovery to peak levels
by the mid1980s under a regime of continued commercial fishing. However, at that time,
the grey seal population in Atlantic Canada probably numbered less than 50,000 animals
(compared to a current abundance of 400,08@)ring stocks were also quite low. These
conditions are similar to those needed to ensure cod recovery froBwtsimulations
completed in this study.
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CONCLUSION

Relations trophiques du 4T

Les rZsultats obtenus au cours de cette maitrise ont permis de dZmontrer que les
phoques gris pourraient avoir un impact nZgatif important sur plusieurs groupes trophiques
de I0Zcosysteme, notamment les morues. DQ#borbrtalitZ naturelle des morues est
JevZe depuis les changemedes dominance qui ont eu lieu dans les annZes 1990 et ceci
pourrait strel@ine descause du nonretour des stocks (Chouinaed al., 2005; Swain et
Chouinard, 2008). La mortalitZ des morues obtenue gr¥%.ce au modele dZmotdre que
prZdation est IOune des sources importantesodalitZ Fig. 6). La morue qui Ztait un
prZdateur important dans I0Zcosysteme a ZtZ remplacZ par dOautres prZdateurs tel que le
phoques (Frankt al.,2005; Savenkofet al.,2007; Bundyet al.,2009). Les phoques gris
m%es reprZsentenine portion important de larZdation envers les morues. fgalement, le
schZma reprZsentant les Zchanges dOZnergie dans I0Zcdsystgnee(meme que la
matrice des impacts relatif&ig. 7), dZmontrent que les morussnt en compZtition avec
plusieurs groupes trophiques pour les ressources alimentaires, dont les phoques gris m%eoles.
Les relations de prZdation et de compZtition que le phoques gris entretient avec la morue
sont deux relations pouvant avoir des rZpercassigative sur la biomasse des morues
(Sihet al.,1985; Heithaugt al.,2008).

De plus le parametre de vulnZrabilitZ dZmontre que les phoques exercent un contr™le
descendant sur la biomasse de leur proie. La valeur ZlevZe du parametre indique quOune
variation de la biomasse du prZdateur pourrait avoir des rZpercussions sur la biomasse des

proies (Walterset al.,1997). Ainsi, les morues et autres poissons de fonds pourraient stre
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influencZs par la dynamique de leur prZdatamrce parametre est Zlevdup ces groupes
(Tableau 2)

RZgime alimentaire

Le rZgime alimentaire des phoques gris Ztant une source de variation importante dans
la littZrature $avenkoffet al, 2004; Trzcinskiet al, 2009; CCRHK 2011) une analyse de
sensibilitZ a ZtZ rZalisZ afie connaitre IQimpact que pourrait avoir diffareftgimes
alimentaire des phoques gris sur la dynamique de IOZcosysteme. Les rZsultats obtenus
dZmontrent quOun rZgime alimentaire concentrZ en morue serait nZfaste pour les phoques
gris m%ole@Fig. 8). Leur biomasse diminuerait et celle de®ruesserait plus Zlevé que
dans le cas du scZnario de baSeci peutstre expliquZ par le fait quOun prZdateur
sOalimentant sur un seul groupe trophique qup@stabondant diminue ses chances
dOobtenir I0Znergiécassaire permettant ~ la population de cro’tre (Fryxell et Lundberg,
1994).Ainsi, la faible biomasse des morues pourrait limiter la croissance de la population
de phoque grisContrairement aux phoques, dOautres groupes trophiques ayant un intZrst
commecial augmenterait. La diete spZcialisZe des phogoasrait contribuer " limiter la
compZtition entre les phoques gris et les autres groupes trophiques, leur permettant ainsi

dOavoiacces " une ressource alimentaire plus abondante.

Par contre, si les plgues gris ont un rZgime alimentaire diversifiZ, IOimpact de leur
prZdation serait plus rZpandu et il y aurait plus de probabilitZ que leur rZgime alimentaire
chevauche celui dOautres groupes trophiques. Ainsi, les phoques gris m%oles entretiendraient
plusde relations trophiques nZgatiyesit la compZtition et la prZdati@vec deplusieurs
groupes trophiques diffZrents (Schmitz, 2007). Par consZquent, les phoques gris pourraient
stre avantagZs gr¥%o.ce " la diversitZ de la ressource alimentaire disperyikéd and
Lundberg, 1994)Leur biomasse augmenterait tandis que celle de la plupart des autres
stocks semit plus faible que dans le cas du scZnario de. HaserZgime alimentaire
diversifiZ permettrait Zgalement ~ IOZcosysteme dOetre plus rZsilientled cas de la
variation de biomasse dOun prZdateur (Heitbas, 2008; Baum et Worm, 2009). Un
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autre prZdateur prendra la place du prZdateur en dZclin et donc, la rZgulation de la biomasse
des populations de proies sera maintenue. Ainsi, si lesupbogris ont un rZgime
alimentaire plus diversifiZ, non seulement leur biomassait plus importantenais une
diminution de leur population aurait peu dOedtet la biomasse des groupes trophiques

sousjacents

Retrait stratZgique

Les rZsultats obteswgr¥oece aux simulations de retraits stratZgiques dZmontrent que la
biomasse de plusieurs stocks de poissons pourrait augmenter ~ la suite dOun retrait. La
biomasse des morues, des plies, des grands poissons dZmersaux, des capelans, des grand:
pZlagiques,des petits pZlagiques piscivores et planctonophages devrait augmenter
comparativement au scZnario sans retiit diminuant la biomasse de la population de
phoques gris, ce retrait permettrait de diminuer la pression de prZdation sur les groupes de
proies (DFO, 2011), ce qui explique que IOaugmentation serait plus prononcZespour
proies directesPar contre, aucun de ces scZnarios ne permettrait de retrouver le niveau de

biomasse de la morue avant les annZes 1990.

Les petits poissons pZlagiques pisaiget planctonophages qui sont des prZdateurs
intermZdiaires Yodzis, 2001; Heithauset al., 2008), s@aient plus abondant$ la suite
dOune rZduction de la biomasse des prZdateurs supZnenessi la biomasse tend ~
diminuer pour tous les scZnarig8es groupesrophiques onidZj® ZtZ avantaggar les
changements de dominance qui ont eu lieu dans I0Zcosysteme durant les dernisres
dZcennie§Savenkoffet al, 2007)et leur importanceen terme de biomassel niveau des
communautZs ichtyologiquelemeuerait importantePar contre, ces groupes incluees
especes tel que le adeng atlantique qui se nourrifia® de morues. Ces groupes peuvent
donc induire un effet de dZpensation cadifhitent le recrutement des stocks de morues
(Walters and Kitchél 2001; Bundy and Fanning, 2005; Burglyal.,2009. Ce phZnomene
peuten partie expliquer pourquoi les stocks de morues ne sont pas revenus mais Zgalement

pourquoi la morue nOaugmenterait pas aussi rapidement que les modsles le prZvoient.
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DOautre partes scZnarios de retrait dZmontrent quOune diminution de la biomasse
des phoques gris m%les favoriserait IOaugmentation de plusieurs stocks dOintZret
commerciaux comme la merluche blanche, la plie grise et maquereau atlantique. Par contre,
ces scZnariosZmnontrent aussi que le flZtan du Groenland diminuerait ~ la suite dOun retrait
de phoques gris. En effet, les phoques gris m%.les ont un effet bZnZfique sur ce groupe car il
consomme leur principatompZtiteur la morue. Ainsi, le flZtan du Groenland serait
dZsavantaggar un retrait.

Finalement, IOZcosyst'me du Sud du Golfe du -8aiment a connu plusieurs
perturbations durant les dernisres dZcennies et IOaugmentation rapide de la population des
phoques gris est IOune de ces consZquences. En connaissames interactions entre les
prZdateurs et les proies, il devient plus facile dOanticiper les rZpercussions isditectes
un retrait un prZdateur supZrieur. Ali®Zviter cesonsZquences, les variations de
biomasse dOespsceiblZs emon-ciblZs pourraient stre utilisZegn tant queressources
alternatives et ainsi, favoriser une exploitation durable des ressources en libZrant la pression
de pedhe sur des stocks dZj" amoindrigne gestion par approche ZcosystZmique
permettraitloncdOexploitele milieu en respectant la dynamique de 10Zcosysteme.
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