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RƒSUMƒ 

Au dŽbut des annŽes 1990, plusieurs stocks de poissons de fonds, notamment les 
stocks de morue atlantique (Gadus morhua), se sont effondrŽs. MalgrŽ les restrictions de 
p•ches, incluant un moratoire en 93, les stocks ne montrent peu de signe de rŽtablissement 
car la mortalitŽ naturelle demeure ŽlevŽe. La prŽdation par les phoques gris est soup•onnŽe 
•tre la cause de la mortalitŽ naturelle ŽlevŽe des stocks de poissons de fond de 
lÕŽcosyst•me. Un projet de retrait stratŽgique de phoque gris a donc ŽtŽ proposŽ dans le but 
de favoriser le retour du stock. Dans le cadre de ce projet de ma”trise, une analyse 
ŽcosystŽmique a ŽtŽ rŽalisŽe ˆ lÕaide dÕEcopath with Ecosim (EwE) afin de conna”tre les 
impacts potentiels sur les autres esp•ces de lÕŽcosyst•me que pourrait engendrer le retrait 
dÕun prŽdateur supŽrieur. DÕabord, diffŽrentes simulations ont ŽtŽ rŽalisŽes pour 
comprendre lÕimpact du rŽgime alimentaire des phoques gris sur la dynamique des relations 
trophiques de lÕŽcosyst•me. Les simulations correspondaient ˆ trois diffŽrents scŽnarios de 
consommation de morue par les phoques: un rŽgime alimentaire de base, un enrichie en 
morue et un appauvrie en morue. Ces rŽsultats dŽmontrent que le rŽgime alimentaire 
diversifiŽ dÕun tel prŽdateur influence la dynamique de rŽgulation de biomasse de ses 
proies, mais Žgalement des organismes avec qui il est en compŽtition. ƒgalement, quatre 
simulations de scŽnarios de retrait reprŽsentant une diminution de 0%, 25%, 50% et 75% de 
phoques gris m‰les ont permis de constater que la biomasse des morues et de plusieurs 
autres poissons dÕintŽr•t commercial augmenterait ˆ la suite dÕune diminution de la 
biomasse des phoques. Par contre, ces biomasses ne reviendrait pas aux valeurs dÕavant 
lÕeffondrement, selon ces simulations de retrait. DÕautres groupes trophiques seraient aussi 
avantagŽs suite ˆ ce retrait, faisant na”tre de nouvelles relations de compŽtition. Les 
relations trophiques sont complexes dans cet Žcosyst•me et un changement de biomasse 
dÕun grand prŽdateur comme le phoque gris aurait des rŽpercussions ˆ plusieurs niveaux.  

 

Mots clŽs : Mod•le ŽcosystŽmique, phoques gris, Morue atlantique, prŽdation, 
retrait stratŽgique, relation prŽdateur-proie  



   xiii  

 



    

ABSTRACT 

The Atlantic cod stock in the Southern 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 elevated levels of natural mortality. Predation 
by grey seals is suspected to be the cause of this high natural mortality. A cull of grey seal 
has been proposed to promote the recovery of cod. During this project, an ecosystem 
analysis was performed using Ecopath with Ecosim (EwE) to provide a better 
understanding of the potential impacts of removing a top predator on other species in the 
ecosystem. First, simulations were undertaken to understand the trophic impact of different 
grey seal diets. Three different scenarios were simulated. The first scenario corresponded to 
the basic male grey seal diet that was used for the model. The second scenario was a high 
cod diet, and the third a reduced cod diet. The results suggest that a diversified diet would 
influence the biomass variation of grey seal prey, as well as other trophic competitors. In 
addition, four simulations of strategic removal, representing a decrease of 0%, 25%, 50 %, 
and 75 % of male grey seals showed that cod biomass and other commercial stock would 
increase with the reduction in grey seal biomass. However, the biomass of cod would not 
show complete recovery, since other trophic groups would benefit from this removal, 
which may induce new trophic relations such as competition. For complete recovery, 
additional management actions would be needed to favour cod recovery to reference levels. 
Trophic relations in this ecosystem are complex and changes in biomass of a large predator 
like grey seals have implications at several levels. 

  

 

Keywords: Ecosystem model, Grey seal, Atlantic cod, predation, strategic removal, 
predator-prey relation  
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INTRODUCTION GƒNƒRAL E 

Relations trophiques 

Dans un Žcosyst•me, la biomasse des esp•ces prŽsentes est rŽgulŽe par la dynamique 

intrins•que ˆ chacune des populations de m•me que par les relations qui existent entre 

chacune des esp•ces. De plus, les param•tres vitaux tel que le recrutement, la croissance et 

la mortalitŽ naturelle qui sont propres ˆ chacune des populations influencent la biomasse de 

la portion exploitable de la population, le stock (Pauly, 1984). La prŽsence dÕautres 

organismes influence Žgalement la biomasse des stocks par lÕintermŽdiaire de relations 

basŽes sur lÕalimentation, les relations trophiques. Les organismes ayant la m•me niche 

Žcologique, les groupes trophiques, interagissent entre eux par lÕintermŽdiaire du 

parasitisme, du commensalisme, du mutualisme, de lÕamensalisme, de la compŽtition et de 

la prŽdation. (Chapin et al., 2002) Ces deux derni•res relations sont utilisŽes pour dŽcrire la 

dynamique de lÕŽcosyst•me Žtant donnŽ leur impact direct et mesurable (Christensen et 

Walters, 2004).  

La compŽtition 

La compŽtition, une interaction latŽrale (Fig. 1) selon laquelle deux groupes 

trophiques sÕalimentent ˆ partir de la m•me ressource, est indirecte et nŽgative pour les 

deux groupes trophiques impliquŽs. De plus, lÕun des groupes risque dÕ•tre un meilleur 

concurrent et ainsi induire un effet relativement plus nŽgatif ˆ lÕautre groupe (Dulvy et al., 

2000). La ressource subit donc une pression venant des deux groupes en compŽtition 

amoindrissant la disponibilitŽ de la ressource (Sih et al., 1985). Le comportement des 

individus en compŽtition peut ainsi •tre modifiŽ afin dÕŽviter les effets nŽfastes de cette 

compŽtition et utiliser dÕautres ressources (Sih et al., 1985). De fa•on gŽnŽrale, en prŽsence 

de compŽtition, la biomasse des groupes impliquŽs diminue.  
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La prŽdation 

La prŽdation est la relation permettant aux groupes trophiques du type consommateur 

dÕacquŽrir lÕŽnergie nŽcessaire ˆ leur croissance en consommant les individus dÕun groupe 

trophique infŽrieur (Fig 1). Par cette relation, les prŽdateurs influencent directement la 

dynamique et la structure des populations de leur proies en induisant une mortalitŽ (Sih et 

al., 1985, Estes et al., 2001; Heithaus et al., 2008). LÕimpact est donc positif pour le 

prŽdateur, mais nŽgatif pour la proie. Le prŽdateur influence Žgalement le comportement de 

ses proies car ceux-ci adoptent un comportement dÕŽvitement en prŽsence des prŽdateurs 

(Sih et al., 1985; Heithaus et al., 2008; Creel and Christianson, 2008; Swain et al., 2015). 

Cet effet amplifie lÕimpact nŽgatif pour les proies car les stratŽgies dÕŽvitement crŽent une 

demande ŽnergŽtique et/ou poussent les proies ˆ utiliser des ressources qui sont de moindre 

qualitŽ (Walters et Juanes, 1993; Heithaus et al., 2008). Ainsi, par sa prŽsence, le prŽdateur 

fait diminuer la biomasse des groupes trophiques avec lesquels il interagit (Estes et al., 

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

relation directe ou indirecte avec ses proies (Estes et al., 2001; Schmitz et al., 2000). 

Les prŽdateurs ayant un rŽgime alimentaire diversifiŽ sont des prŽdateurs 

gŽnŽralistes. Gr‰ce au fait quÕils tirent leur Žnergie de plusieurs groupes trophiques 

diffŽrents, ce type de prŽdateur sera plus rŽsilient aux variations dÕabondance de ses proies. 

En contre partie, les prŽdateurs qui ont un rŽgime alimentaire plus spŽcifique, les 

spŽcialistes, sont plus sensibles aux variations dÕabondances de leur proie. Leur source  

dÕŽnergie Žtant moins varier, la moindre variation dÕabondance des groupes trophiques de 

proies a des rŽpercussions plus directes sur le prŽdateur.  
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Figure 1. Un rŽseau trophique simplifiŽ dŽmontrant les principales intŽractions de 
lÕŽcosyst•me. Les cercles reprŽsentent des esp•ces, les fl•ches descendantes reprŽsentent un 
contr™le descendant de la biomasse et les fl•ches montantes reprŽsentent un contr™le 
ascendant. Les fl•ches ˆ double t•te reprŽsentent la compŽtition (modifiŽ de Estes et al., 
2001) 

 

RŽgulation de la biomasse 

La rŽgulation verticale qui se fait dans un Žcosyst•me peut •tre divisŽe selon deux 

processus : la rŽgulation ascendante (bottom-up) et la rŽgulation descendante (top-down) 

(Fig. 1). Ces processus contr™lent les Žchanges dÕŽnergie entre les diffŽrents niveaux 

trophiques dans lÕŽcosyst•me (McQueen et al., 1986; Estes et al., 2001).  

Lorsque la biomasse dÕun groupe dŽpend de la disponibilitŽ de la ressource 

alimentaire, la rŽgulation est de type ascendante (bottom-up) (Christensen et al., 2008). 

GŽnŽralement, les populations rŽgulŽes par des facteurs ascendants sont limitŽes par 

lÕaccessibilitŽ de la ressource et par la productivitŽ des groupes trophiques infŽrieurs, allant 

jusquÕaux organismes photosynthŽtiques.  

En contrepartie, lorsque la biomasse dÕun groupe dŽpend de la dynamique des 

groupes trophiques supŽrieurs au sien, la rŽgulation est de type descendante (top-down) 

(McQueen et al., 1986). Le principal mŽcanisme permettant cette rŽgulation est la prŽdation 

PrŽdateurs 

Herbivores 

Producteurs 



 4 

(Estes et al., 2001). Ce type de rŽgulation descendante est plus important dans le haut du 

rŽseau trophique dž ˆ la prŽsence de grands prŽdateurs (Heithaus et al., 2008).  

Lorsque les forces de rŽgulations descendantes sont importantes dans un Žcosyst•me, 

les prŽdateurs ont un effet rŽgulateur tr•s important qui se rŽpercute tout au long de la 

chaine trophique (Yodzis, 2000; Schmitz et al., 2000; Estes et al., 2001). Ainsi, les 

changements importants dÕabondance des super prŽdateurs peuvent crŽer des dysfonctions 

se rŽpercutant jusquÕaux communautŽs vŽgŽtales, ˆ la base du rŽseau trophique (Polis, 

1999 ; Estes, 2001, Schmitz, 2000; Ripple et Betcha, 2004, 2005). En effet, une variation 

de lÕabondance des prŽdateurs du sommet des rŽseaux trophiques lib•re le niveau trophique 

infŽrieur de prŽdation (Andersen et Pedersen, 2009) influen•ant indirectement lÕabondance 

et la distribution des esp•ces dÕun autre niveau trophique (Schmitz et al., 2000; Estes et al., 

1998; Pace et al., 1999).  

Cette cascade trophique peut •tre plus importante si lÕalimentation du prŽdateur est 

spŽcifique ˆ un seul groupe et quÕil nÕy a pas de prŽdateurs en compŽtition pouvant le 

remplacer suite ˆ un changement de biomasse (Baum et Worm, 2009). Ainsi, comprendre 

les mŽcanismes de rŽgulation de la biomasse de type descendant est important afin de 

mieux anticiper les effets dÕune manipulation de la biomasse des prŽdateurs supŽrieurs 

(Daskalov et al., 2002; Link, 2002, Plag‡nyi, 2013).  

Gestion par approche ŽcosystŽmique 

La gestion des p•ches se fait par lÕintermŽdiaire de projections mathŽmatiques 

permettant aux gestionnaires de dŽcider de la stratŽgie ˆ utiliser afin de gŽrer le stock 

(Cochrane, 2005). Auparavant, lÕapproche la plus frŽquemment utilisŽe pour gŽrer les 

p•cheries Žtait lÕapproche mono-spŽcifique (Hilborn et Walters, 1991; Yodzis, 2001; 

Plag‡nyi, 2007). Cette approche largement utilisŽe inclut des mod•les tels que lÕAnalyse 

Virtuelle de Population (AVP) qui est axŽe sur une seule esp•ce et ne consid•re seulement 

quÕun stock ˆ la fois (FAO, 2005; Link, 2010). Ce mod•le basŽe sur le principe gŽnŽral que 

la fluctuation de la biomasse dÕun stock est dŽpendante de la dynamique de la population et 
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du prŽl•vement par la p•che (Hilborn et Walter, 1991; Link, 2010). Les param•tres 

dŽfinissant cette dynamique sont le recrutement, la croissance et la mortalitŽ naturelle. Ce 

sont ces facteurs intrins•ques ˆ la population qui influencent la production nette dÕun stock 

et donc, la quantitŽ de ressource disponible pour la p•che. La mortalitŽ due au retrait par la 

p•che est un facteur extrins•que ˆ la population qui influence Žgalement la biomasse du 

stock. Ce mod•le mono-spŽcifique permet donc dÕobserver plus prŽcisŽment les variations 

de ces param•tres pouvant survenir au sein dÕune population suite ˆ une exploitation (Link, 

2010). ƒgalement, cette approche permet dÕavoir un meilleur aper•u de lÕŽtat dÕun stock en 

particulier (Link, 2010), en faisant intervenir un minimum dÕincertitude (Hilborn et 

Walters, 1991) et ainsi •tre prŽcise.  

Par contre, plusieurs stocks de poissons autour du monde sont en Žtat critique ou se 

sont effondrŽs durant les derni•res dŽcennies malgrŽ lÕexistence de politiques de p•ches 

liŽes ˆ ces Žvaluations (Pauly et al., 2002; Myers et Worm, 2003). Les causes exactes 

menant ˆ ces effondrements sont difficiles ˆ dŽterminer mais un retrait dÕindividus trop 

important par rapport ˆ la production nette dÕune population est souvent impliquŽ (Myers et 

Worm, 2003). Une sur-Žvaluation de la capacitŽ de production de la population ou un 

mauvais usage des engins de p•ches peut expliquer ce retrait trop important (Larkin, 1996). 

Ces Žvaluations erronŽes peuvent entres autres •tre dues  ̂une modŽlisation trop simplifiŽe 

par rapport ˆ la complexitŽ de lÕŽcosyst•me (Ludwig et al., 1993). En effet, les mod•les de 

lÕapproche mono-spŽcifique ne permettent pas de reprŽsenter toutes les composantes de 

lÕŽcosyst•me et leur interactions (Hilborn et Walters, 1991; Link 2010). Il est donc 

important dÕutiliser une approche globale pour mieux comprendre les effets dÕune 

manipulation de la biomasse dÕun prŽdateur supŽrieur (Myers et Worm, 2003; Heithaus et 

al., 2008).  

LÕapproche ŽcosystŽmique est une approche holistique permettant de tenir compte de 

la dynamique dÕune esp•ce-cible, sa relation avec les autres esp•ces de lÕŽcosyst•me, et de 

leur environnement (Pauly et al., 2002; Daskalov et al., 2002; Link, 2002; Myers et al., 

2007; Plag‡nyi, 2007; Link, 2010; Espinosa, 2011). Cette mŽthode de gestion (ecosystem-



 6 

based management ou EBM) est de plus en plus populaire car elle permet de mieux 

comprendre les interactions trophiques qui y ont lieu et de tester des hypoth•ses qui ne sont 

pas toujours mesurables sur le terrain (Plag‡nyi, 2013). Pour considŽrer lÕensemble des 

esp•ces de lÕŽcosyst•me et leurs interactions, certains param•tres reprŽsentant la 

dynamique de population des autres esp•ces doivent •tre ajoutŽs aux mod•les simples, 

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

Les mod•les ŽcosystŽmiques les plus simples sont inspirŽs des analyses de population 

virtuelles (VPA) qui sont calculŽ ˆ partir des prises par ‰ge. Ë partir de ces reprŽsentations 

mono-spŽcifiques, des mod•les plus complexes, Multi-Species Virtual Population Analysis 

(MSVPA), ont ŽtŽ dŽveloppŽs pour y impliquer les interactions prŽdateurs-proies entre 

plusieurs esp•ces. Par contre, ces mod•les plus rŽalistes requiert une quantitŽ importante de 

donnŽes. Ces mod•les ont donc ŽtŽ repensŽs afin de crŽer des mod•les plus simples mais 

qui int•grent assez dÕinformation pour reprŽsenter le plus fid•lement possible lÕensemble de 

lÕŽcosyst•me (Plag‡nyi, 2007). Le mod•le Ecopath with Ecosim (EwE) qui est de plus en 

plus utilisŽ a ŽtŽ dŽveloppŽ selon ce principe. La dynamique de chacun des groupes 

trophiques est reliŽe aux autres groupes trophiques selon des Žchanges dÕŽnergie qui se font 

gr‰ce ˆ la prŽdation qui est traduite par le rŽgime alimentaire (Walters et al., 1997; Pauly et 

al, 2002 ; Plag‡nyi et Butterworth, 2004). Ainsi, les variations de biomasse dÕune esp•ce 

cible sont prises en considŽration mais il est Žgalement possible de connaitre les 

rŽpercussions de cette variation sur la biomasse des autres esp•ces de lÕŽcosyst•me non-

ciblŽes par les exploitations.  

Pour Žvaluer lÕimpact potentiel dÕun retrait des prŽdateurs supŽrieurs, une analyse 

ŽcosystŽmique est nŽcessaire, car elle permet dÕŽvaluer ˆ la fois la dynamique des relations 

trophiques, les effets des variations de la biomasse dÕun groupe trophique particulier, et les 

variations environnementales afin de mieux anticiper les changements globaux qui agissent 

sur le fonctionnement des Žcosyst•mes (Yodzis, 2000). Selon le Conseil Canadien 

Ressources Halieutiques (CCRH, 2011) cette approche devrait •tre Žtendue, car elle permet 

de dŽmontrer les nuances dans la structure de lÕŽcosyst•me ˆ la suite d'un changement et, 
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Žventuellement, de rŽaliser une gestion durable. ƒgalement, une approche ŽcosystŽmique 

peut mettre en Žvidence les processus sous-jacents des relations prŽdateurs-proies en 

accordant de lÕimportance sur les modifications qui surviennent dans le haut du rŽseau 

trophique, avec les prŽdateurs supŽrieurs (Heithaus et al., 2008).  

 

Le site dÕŽtude 

Le sud du Golfe du St-Laurent fait partie du vaste syst•me de lÕestuaire et du Golfe 

du St-Laurent, un des Žcosyst•mes les plus productifs au monde (Dufour et Ouellet, 2007). 

Cette zone aussi appelŽe 4T (rŽgion 4T de lÕOrganisation des p•ches de lÕAtlantique Nord 

[OPANO]) est un plateau dÕune profondeur moyenne de 80 m, atteignant 200 m ˆ certains 

endroits et couvre une superficie de 64,075 km2 (Savenkoff et al., 2004) (Fig. 2). De cette 

superficie, la zone situŽe ˆ moins de 15m de profondeur est exclue car les Žchanges entre 

lÕinfralittoral et le pŽlagique ne sont pas bien connus (Savenkoff et al., 2004). La faible 

profondeur de cette zone influence la dynamique des masses dÕeau, notamment la 

trajectoire des courants et la formation de glace en hiver qui est rapide (Saucier et al., 

2003). Cet Žcosyst•me est Žgalement influencŽ par la variabilitŽ ocŽanique et climatique de 

lÕAtlantique Nord (Dufour et Ouellet, 2007). Gr‰ce ˆ la variabilitŽ du milieu de m•me que 

les diffŽrents processus chimiques et physiques qui ont lieu, cet Žcosyst•me offre des 

conditions permettant de soutenir une forte productivitŽ et diversitŽ biologique (Dufour et 

Ouellet, 2007).  
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Figure 2. Site dÕŽtude (ligne pleine) dans le sud du Golfe du St-Laurent (division 4T de 
lÕOPANO) entre 15 m et 200 m de profondeur (tirŽe de Savenkoff et al., 2004) 

On retrouve dans le sud du Golfe diffŽrentes communautŽs biologiques. Les 

communautŽs de phytoplancton et de zooplancton qui se dŽveloppent dans lÕestuaire 

maritime gr‰ce aux conditions favorisant une forte production, sont emportŽes par le 

courant de GaspŽ et retenues dans le sud du Golfe du Saint-Laurent (Plourde et al., 2001; 

Starr et al., 2003). Ces communautŽs sont une source importante de nourriture pour les 

consommateurs intermŽdiaires de lÕŽcosyst•me et favorisent donc le dŽveloppement dÕun 

rŽseau trophique diversifiŽ. Cette grande disponibilitŽ de nourriture favorise la prŽsence de 
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grands prŽdateurs tel que de nombreux rorquals, phoques et marsouins (Lesage et al., 

2007). Gr‰ce ˆ cette grande diversitŽ, lÕŽcosyst•me du sud  du Golfe du Saint-Laurent a ŽtŽ 

longuement convoitŽ par les convois de p•che (Halliday et Pinhorn, 1990).  

Mise en contexte  

LÕŽcosyst•me de la zone 4T a ŽtŽ marquŽ par des changements importants dans la 

structure des communautŽs ichtyologiques durant les derni•res dŽcennies (Morissette et al., 

2009). Des facteurs comme lÕexploitation par la p•che et les variations inhabituelles de 

tempŽrature, augmentant les taux de mortalitŽ, ont entra”nŽ un Žpuisement de certaines 

populations de poissons dŽmersaux piscivores comme la morue de lÕAtlantique (Gadus 

morhua) qui dominait l'Žcosyst•me (Lindegren et al., 2010, Chouinard et al., 2005; Frank 

et al., 2005). Les changements de biomasse de ces poissons qui Žtaient de grands prŽdateurs 

ont entrainŽ une cascade trophique qui sÕest rŽpercutŽe sur les esp•ces ˆ la base de 

lÕŽcosyst•me (Frank et al., 2005; OÕBoyle et Sinclair, 2012 ; Sinclair et al., 2015). Ces 

prŽdateurs supŽrieurs qui dominaient les communautŽs ichtyologiques en terme de 

biomasse, ont ŽtŽ remplacŽs par des prŽdateurs intermŽdiaires comme le maquereau 

(Scomber scombrus) et le hareng (Clupea harengus) (Morissette et al., 2009; DFO, 2011). 

Ces petits poissons pŽlagiques ont ŽtŽ avantagŽs par la diminution autant de la prŽdation 

que de la compŽtition contre ces groupes plus voraces quÕŽtaient les poissons de fonds 

(Fogarty et Murawski, 1998; Dulvy et al., 2000; OÕBoyle et Sinclair, 2012). Le 

bouleversement des dominances des niveaux trophiques provoque un changement des 

forces rŽgulatrices, passant de majoritairement descendantes ˆ ascendantes (Frank et al., 

2005). 

MalgrŽ la fermeture de la p•che dans la rŽgion 4T, les stocks de morue ne montrent 

aucun signe de rŽtablissement, car la mortalitŽ naturelle reste anormalement ŽlevŽe pour ces 

populations (Swain et Chouinard, 2008, Halliday and Pinhorn, 2009). La mortalitŽ naturelle 

sÕexplique par de multiples facteurs, incluant la maladie, la vieillesse et la prŽdation 

(McClelland et al., 2011; DFO, 2011). 
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La structure globale de lÕŽcosyst•me a connu dÕimportantes modifications causŽes par 

la diminution des stocks de morues. Les pinnip•des, des prŽdateurs fŽroces et habiles qui 

sont en compŽtition pour les ressources alimentaires avec les poissons dŽmersaux 

piscivores, ont ŽtŽ avantagŽs ˆ la suite du changement de dominance des communautŽs 

ichtyologiques. La p•che sŽlective retirant les plus gros individus a laissŽ les plus petits en 

proie aux pinnip•des. Ces derniers ont profitŽ du dŽclin des morues et ont modifiŽ leurs 

habitudes alimentaires, augmentant la pression de prŽdation sur les petits poissons 

pŽlagiques (Frank et al., 2005). Parmi les quatre esp•ces de pinnip•des prŽsents dans le 

golfe du Saint-Laurent, les phoques gris (Halichoerus grypus) sont de plus en plus 

nombreux et occupent une position ŽlevŽe dans le rŽseau trophique (Morissette et al., 

2009). Mise ˆ part la diminution de la compŽtition avec les poissons piscivores, la 

diminution de la chasse dans les annŽes 1970 a Žgalement favorisŽ une croissance rapide de 

la population de ces phoques dans le Saint-Laurent. Elle est passŽe de 13 000 individus en 

1960 ˆ 330 000-410 000 individus en 2010 (DFO, 2011; CCRH, 2011). La population de 

phoques gris se divise en trois colonies ayant des territoires diffŽrents pour la reproduction 

(le Golfe Saint-Laurent, l'ële de Sable et l'est du plateau nŽo-Žcossais), mais ces colonies se 

superposent durant le reste de lÕannŽe (DFO, 2011). 

Gr‰ce ˆ lÕanalyse de contenus stomacaux et intestinaux, des recherches antŽrieures 

ont dŽmontrŽ que lÕalimentation des phoques gris du sud du golfe est composŽe de poissons 

pŽlagiques et dŽmersaux, incluant la morue franche et la merluche blanche (Urophycis 

tenuis), deux esp•ces dont les p•ches sont sous moratoire (Benoit et al., 2011; Hammill, 

2011; DFO, 2011). Par contre, cette alimentation varie selon le stade de vie, le sexe, et la 

saison (Hammill, 2011), laissant prŽsumer que les phoques gris sont des prŽdateurs 

opportunistes (DFO, 2011). ConsidŽrant cela, il est difficile de dŽfinir un rŽgime 

alimentaire prŽcis et reprŽsentatif des habitudes alimentaires de lÕensemble des phoques 

gris (Benoit et al., 2011).  

ConsidŽrant que les phoques ont un impact nŽgatif sur les stocks de morues, le CCRH 

(2011)  a Žmis lÕidŽe dÕun retrait stratŽgique. LÕaugmentation du taux de mortalitŽ naturelle 
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des morues serait corrŽlŽe ˆ lÕaugmentation de lÕabondance des phoques dans cette zone 

(Chouinard et al., 2005), laissant supposer que la prŽdation par les phoques gris pourrait 

limiter le rŽtablissement des stocks de poissons dÕintŽr•t commercial (CCRH, 2011). 

LÕhistorique de variation des stocks des morues abonde dans le m•me sens. Dans les annŽes 

70, il y a eu un dŽclin des dŽbarquements de morues du sud du golfe suivi dÕune reprise 

(Swain et Chouinard, 2008), favorisŽe par un faible taux de mortalitŽ (M de 0,25 ˆ 0,30 

[Chouinard et al., 2005]). Durant cette pŽriode, lÕabondance des phoques gris Žtait faible dž 

ˆ  lÕexploitation par la chasse (DFO, 2011), ce qui porte ˆ croire que cette rŽduction de la 

population de phoques aurait encouragŽ la reprise des stocks de poissons. Swain et 

Chouinard (2008) ont dŽmontrŽ que la population de morue pourrait sÕŽteindre dÕici 40 ans 

si le taux de mortalitŽ naturelle se maintenait au niveau actuel. Une rŽduction importante de 

la population de phoque gris a donc ŽtŽ proposŽe afin de favoriser le rŽtablissement des 

stocks de poissons de fond de la rŽgion 4T (CCRH, 2011; DFO, 2011). 

La position ŽlevŽe des phoques dans le rŽseau trophique leur conf•re un r™le 

important et complexe dans la structure de lÕŽcosyst•me (Bowen, 1997; Yodzis, 2000; 

Morissette et al., 2006). Un changement dans lÕabondance de ces grands prŽdateurs pourrait 

induire des modifications importantes des biomasses des groupes situŽs aux niveaux 

trophiques infŽrieurs (Estes, 2001; Schmitz, 2000; Ripple et Betcha, 2004, 2005). En 

consommant les esp•ces pouvant •tre en compŽtition avec les stocks de poissons 

commerciaux, les phoques pourraient diminuer la mortalitŽ naturelle de certains stocks 

(Yodzis, 2000). Par exemple, le hareng et le maquereau, deux poissons prŽdateurs des Ïufs 

de morues, sont consommŽs par les phoques, qui rŽgulent les populations et contr™lent 

indirectement la mortalitŽ des morues (DFO, 2010). Comprendre lÕimportance des phoques 

gris pour lÕŽcosyst•me est donc un probl•me complexe. 

Une rŽunion exploratoire a eu lieu en novembre 2009 afin de discuter et dÕŽvaluer 

lÕimpact potentiel des phoques gris sur les populations de poissons de lÕest du Canada 

(MPO, 2009). Ë la suite de ces Žvaluations, le retrait stratŽgique a ŽtŽ retenu comme lÕune 

des approches de conservation, malgrŽ la controverse qui entoure son application (DFO, 
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2011). Cette approche est proposŽe au minist•re des P•ches et des OcŽans depuis plusieurs 

annŽes (CCRH, 2011). Un premier mod•le ŽcosystŽmique a ŽtŽ rŽalisŽ ˆ lÕaide de donnŽes 

rŽcoltŽes sur une longue pŽriode (Morissette et al., 2011). Les rŽsultats prŽliminaires ont 

permis de tester diffŽrents scŽnarios de retrait de phoques gris ainsi que lÕimpact de la 

prŽdation par ces phoques sur lÕŽcosyst•me du sud du golfe. Ils ont aussi dŽmontrŽ quÕune 

lŽg•re augmentation du stock de morue pourrait survenir ˆ la suite d'un retrait de phoque 

gris, selon certaines circonstances. Cependant, dÕautres cas ailleurs dans le monde montrent 

des rŽsultats diffŽrents. Punt et Butterworth (1995) ont mis en Žvidence que le retrait massif 

des otaries ˆ fourrure dÕAfrique du Sud (Arctocephalus pusillus) aurait un effet neutre ou 

nŽgatif sur les stocks de merlus, car un prŽdateur intermŽdiaire serait avantagŽ. Il pourrait 

donc y avoir un changement de dominance de lÕŽcosyst•me vers des prŽdateurs de plus 

petite taille.  

En raisons des controverses entourant ce sujet, il est primordial quÕune analyse 

approfondie des relations trophiques de cet Žcosyst•me soit rŽalisŽe afin dÕŽmettre des 

recommandations adŽquates (CCRH, 2011). Il est important dÕutiliser la meilleure 

reprŽsentation ŽcosystŽmique possible, car les stratŽgies dÕamŽnagement basŽes sur ces 

mod•les permettent de maximiser la rŽsilience de lÕŽcosyst•me (Lindegren et al., 2010). 

Ainsi, lÕŽcosyst•me sera plus apte ˆ rŽsister aux perturbations qui le menacent afin de 

permettre une meilleure durabilitŽ des ressources. 

Objectifs 

LÕobjectif gŽnŽral de cette Žtude sera de quantifier lÕimpact de la prŽdation des 

phoques gris sur le potentiel de reprise des stocks de pissons de fond. Les objectifs 

spŽcifiques sont : (1) actualiser le mod•le de Morissette et al., (2009) afin dÕy intŽgrer de 

nouveaux ŽlŽments dÕinformation sur lÕŽcologie de lÕŽcosyst•me de la rŽgion du Golfe du 

Saint-Laurent afin dÕamŽliorer le mod•le ; (2) Žvaluer et quantifier lÕimpact potentiel dÕun 

retrait stratŽgique des phoques gris sur les diffŽrentes populations de poissons de 

lÕŽcosyst•me ; (3) Žvaluer lÕimpact de diffŽrents rŽgimes alimentaires des phoques gris sur 

la dynamique des relations trophiques de lÕŽcosyst•me.  



    

CHAPITRE 1  

IMPACT DÕUN RETRAIT STRATƒGIQUE DE P HOQUES GRIS SUR LE 

POTENTIEL DE REPRISE  DES POISSONS DE FONDS DANS LE SUD DU 

GOLFE DU SAINT -LAURENT  

1.1 RƒSUMƒ  

Dans lÕŽcosyst•me du sud du Golfe du Saint-Laurent (4T), plusieurs stocks de 
poissons de fonds, notamment les stocks de morue atlantique (Gadus morhua), ne montrent 
peu de signe de rŽtablissement malgrŽ la fermeture de la p•che dans les annŽes 1990. La 
prŽdation par les phoques gris est soup•onnŽe •tre une cause importante car la mortalitŽ 
naturelle de ces stocks demeure ŽlevŽe. Un projet dÕabattage de phoque gris a ŽtŽ proposŽ 
dans le but de favoriser le retour de ces stocks. Une analyse ŽcosystŽmique a donc ŽtŽ 
rŽalisŽe ˆ lÕaide dÕEcopath with Ecosim (EwE) pour conna”tre les impacts potentiels que 
pourrait engendrer le retrait dÕun prŽdateur supŽrieur sur les autres esp•ces de lÕŽcosyst•me. 
La premi•re Žtape de lÕanalyse consiste ˆ explorer lÕimpact du rŽgime alimentaire des 
phoques gris sur la dynamique des relations trophiques de lÕŽcosyst•me. Pour ce faire, 
diffŽrentes simulations ont ŽtŽ ŽlaborŽes selon un rŽgime alimentaire enrichi ou un rŽgime 
alimentaire appauvri en morue pour le phoque gris. Ces rŽsultats dŽmontrent quÕun rŽgime 
alimentaire enrichie en morue, donc plus spŽcifique, favoriserait les groupes trophiques 
sous-jacents, car lÕimpact nŽgatif serait concentrŽ sur un seul groupe. Ainsi, les morues 
seraient plus avantagŽes si les phoques gris exer•aient leur pression de prŽdation sur leur 
groupe car la biomasse des phoques gris diminuerait et ainsi la pression de prŽdation. Ë 
lÕinverse, un rŽgime alimentaire appauvrie en morue, et donc plus diversifiŽ, dÕun tel 
prŽdateur accentuerait son impact sur ses proies, mais Žgalement sur ses compŽtiteurs. Pour 
ces groupes, les risques dÕavoir une relation trophique nŽgative avec le prŽdateur seraient 
accentuŽs. ƒgalement, quatre simulations de scŽnarios de retrait reprŽsentant une 
diminution de 0%, 25%, 50% ou 75% de la biomasse des phoques gris m‰les ont permis de 
constater que la biomasse des morues et de plusieurs autres poissons dÕintŽr•t commercial 
augmenterait ˆ la suite dÕune diminution de la biomasse des phoques. Par contre, la 
biomasse des morues ne reviendrait pas aux valeurs dÕavant lÕeffondrement, selon ces 
simulations de retrait. DÕautres groupes trophiques intermŽdiaires seraient aussi avantagŽs 
suite ˆ ce retrait, tel que les petits poissons pŽlagiques. Par contre, ces changements 
pourraient induire de nouvelles relations trophiques ce qui expliquerait en partie, le non 
retour des stocks de grands poissons.  
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POSSIBLE IMPACT OF GREY SEAL STRATEGIC REMOVAL ON GROUND FISH 
RECOVERY POTENTIAL IN THE SOUTHERN GULF OF ST. LAWRENCE 

1.2 ABSTRACT 

In the southern Gulf of St. Lawrence ecosystem (4T), several stocks of groundfish 
crashed in the early 1990s, but in spite of significantly reduced fishing, they have shown no 
sign of recovery due to elevated natural mortality levels among large (adult) fish. Predation 
by grey seals on groundfish is suspected to be the main cause for the continued elevated 
levels of natural mortality. A cull of grey seals has been proposed to promote the recovery 
of cod and other groundfish stocks. An ecosystem analysis was performed using Ecopath 
with Ecosim to examine the potential impacts of removing a top predator on other species 
in the ecosystem. First, to understand the trophic impact of grey seal diets on the dynamics 
of the ecosystem, different simulations were carried out using a grey seal diet that had 
differing amounts of cod: a basic diet, a diet enhanced in cod and a diet reduced in cod. The 
results show that a high cod diet 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 scenario. In contrast, a diet reduced in cod would increase grey 
seal biomass while also leading to lower biomass among cod, flounder and large demersals. 
In addition to the diet scenarios, four simulations of strategic removals representing a 
decrease of 0%, 25%, 50 %, or 75 % of male grey seals biomass were performed. The 
simulations showed that cod and other commercial fish stocks would increase. However, 
the biomass of cod would not return to pre-collapse levels. Other intermediate trophic 
groups would benefit from this removal, such as small pelagic fishes. These groups may 
induce more negative trophic relations, which would explain the non-recovery groundfish 
stocks and indicate that additional management activities would be needed. 

 

.  

Keywords : Ecosystem model, Grey seal, Atlantic cod, predation, strategic removal, 
predator-prey relation 
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1.3 INTRODUCTION  

Ecosystem models provide a better representation and allow for a better 

understanding of the trophic relationships between each species in a complex system than 

the most simple models (Plag‡nyi, 2013). They can play a fundamental role in ecosystem-

based management (EBM) (Espinosa et al., 2011) and provide the knowledge to avoid 

collateral effects following exploitation and manipulation of marine resources (Yodzis, 

2000; Heithaus et al., 2008). 

In the last decades, several commercial stocks around the world collapsed due to 

overfishing and changes in habitat (Larkin, 1996; Pauly et al., 2002; Myers and Worm, 

2003). Groundfish stocks in the Gulf of St. Lawrence are one of those that have declined 

significantly leading to the closure of some fisheries. Stocks of Atlantic cod (Gadus 

morhua) collapsed in the early 90s and have shown no sign of recovery due to high natural 

mortality rates among adult cod (Halliday and Pinhorn, 2009; Swain 2011). Other 

commercial stocks as white hake (Urophycis tenuis) also collapsed and failed to recover 

(Benoit and Swain, 2008). In parallel to this, the grey seal (Halichoreus grypus) population 

in Canada has increased significantly over the last five decades, increasing from roughly 

13 000 seals in 1960 to about 400,000 seals in 2010 (DFO, 2011; CCRH, 2011). The 

increase in natural mortality of cod in the Southern Gulf of St. Lawrence (4T zone) is 

correlated with the increase in the abundance of grey seals (Chouinard et al., 2005; 

OÕBoyle and Sinclair, 2012). Thus, predation by grey seals may limit the recovery of cod 

stocks and may also be having an impact on the recovery of other groundfish as well 

(Chouinard et al., 2005). This has led to a persistent debate about the negative impact of 

predation by grey seals on cod stocks. 

Following this debate, a reduction in grey seals abundance (cull) has been proposed 

for the southern Gulf to promote the recovery of the cod stock in this region (FRCC, 2004; 

CCRH, 2010). However, little information is available on the possible ecological 
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consequences of such a removal as interactions between seals and their prey are complex 

(Yodzis, 2000, 2001; Morissette et al., 2012).  

Predators induce mortality and therefore influence the population dynamic of their 

prey. Predators from upper positions in the foodweb, like seals, have an important role in 

ecosystem structure (Bowen, 1997; Yodzis, 2000; Morissette et al., 2006). By consuming 

species that may be in competition with other commercial fish, predators at high trophic 

levels may even contribute to the increase in some fish stocks (Yodzis 2000; Gerber et al., 

2009; Morissette et al., 2012). Consequently, considering the complex trophic interactions, 

modeling of predator-prey interactions in several ecosystems has indicated that reducing 

marine mammals abundance does not necessarily lead to a recovery of fish stocks or 

benefits for commercial fish (Punt and Butterworth, 1995; Gerber et al., 2009; Morissette et 

al., 2010). 

When the abundance of large predator fish, such as large cod decreases subsequent to 

exploitation, the increase in smaller lower trophic level forage fish can induce depensatory 

effects on higher trophic level fish stocks. This effect can be harmful in two different ways. 

First, forage fish may directly prey on the juveniles of adult large fish, causing higher 

juvenile mortality rates, which in turn reduces the recruitment of large fish populations 

(Swain and Sinclair, 2000; Bundy and Fanning, 2005). Second, if forage fish and juvenile 

fish share a similar diet, an increase in forage fish abundance could reduce food density and 

increase foraging time for juveniles and therefore, higher mortality risks (Walters and 

Kitchell, 2001). A reduction in grey seals may reduce 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 ecosystem by analyzing the direct and indirect 

relationships between them and their prey (Bax, 1998; Yodzis, 2001; Morissette et al., 

2006), and assess these effects through time. An understanding of these relations can help 

to evaluate the potential impact of a decrease in 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 

(Morissette et al., 2006).  

1.4 MATERIAL AND METHODS  

Description of Ecopath with Ecosim 

Ecopath with Ecosim (EwE 6, http://www.ecopath.org) is the modeling software suite 

used to analyse the SGSL ecosystem dynamics. EwE is a multispecies although relatively 

simple model using a less-data intensive approach, but can support a complexity similar to 

the most elaborate models (Heymans et al., 2011; Plag‡nyi, 2007). Ecosim takes advantage 

over the simplest multispecies surplus production models (Plag‡nyi and Butterwoth, 2004) 

because of its structured parameter estimation, representation of trophic flows, and 

representation of trophic ontogeny. EwE covers trophic interactions at all trophic levels and 

allows a focus on higher trophic levels (Walters et al., 1997; Plag‡nyi, 2007; Morissette et 

al., 2012). This modelling approach is also one of the relevant models to address broader 

question about ecosystem approach in fisheries (Plag‡nyi, 2007).  

Ecopath, the static module of EwE, builds a static model of the entire food web, from 

the detritus to the top predators (Walters et al., 1997). This model represents the 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 feeding interactions, mass 

balance principles are used (Christensen et al., 2008). According to these principles, the 

production of a prey group must be equivalent to the loss of biomass due to exploitation by 

fisheries, migration, predation and other natural mortality (Coll 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 mass-balance principles mean that predation 

mortality can be separated from other types of mortality (Bundy and Fanning, 2005). Two 

master equations are used to describe this approach (Coll et al., 2009). The first one 

describes the production term: 
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Pi = M2i ! Bi +Yi +Ei +BAi +M0i ! Bi 

Production = catch + predation rate + migration rate + biomass accumulation rate + 

other mortality 

and the other equation describes the mass balance relationship between groups: 

 

 

Where P/Bi is the production of (i) per unit of biomass; (Q/Bj) indicates the 

consumption of (j) and DCij is the proportion of (i) in the diet of predator (j) (Coll et al., 

2009). Thence, energy exchange between groups can be calculated. 

The Ecosim extension is the dynamic portion of the software. Differential equations 

derived from the basic equations are used to obtain simulations of the biomass dynamics in 

time. With this module, simulations can be performed to explore the impacts of 

disturbances over time and to analyse changing equilibra (Walters et al., 1997; Christensen 

and Walters, 2004; Plag‡nyi et Butterworth, 2004; Plag‡nyi, 2007). EcosimÕs master 

equation is: 

 

Where dBi/dt is the biomass growth rate of group (i) during the interval dt, gi is the 

net growth efficiency (production/consumption ratio), Ii is the immigration rate, Mi and Fi 

are natural and fishing mortality rates of group (i), and ei is emigration rate (Christensen et 

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 groundfish stocks in the Gulf of St. Lawrence. An average 

of the years 1995-1997 was used to represent a steady-state of this period. Ecopath data 

input are simple: biomass density (B; in tonnes! km-2! yr-1), total mortality estimates, 

production-biomass ratio (P/B; in yr-1), consumption estimates (Q; in yr-1), fishery catches 

(in tonnes! km-2! yr-1), diet composition and catch (in tonnes! km-2! yr-1) per fleet. The data 

used in the model are generally available from groundfish trawl surveys, ecological studies 

or the literature (Christensen et al., 2008). Available values for each type of input have 

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 

available, 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 is possible to enter a value of 95% 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 Savenkoff et al., (2004) and 

Morissette et al., (2009). 
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Table 1. Basic input values used for the model (Savenkoff et al., 2004)  

Group name 
Biomass 
(t/km") 

Production / 
biomass 
(/year) 

Consumption / 
biomass (/year) 

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 
pelagics 

1,69 0,32 2,67 

Plank. small 
pelagics 

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 
Large zooplankton 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 mass-blanced 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 similar ecosystem result in a lower model 

pedigree. 

Fitting to time series 

Time series of biomass data obtained from single species assessments can be 

incorporated into Ecosim. A statistical measure of goodness of fit to these data is generated 

each time Ecosim is run. This goodness of fit measure is a weighted Sum of Squared 

deviations (SS) between each trophic groupÕs biomass predicted by the simulation and from 

the biomass measured by survey (empirical data from time series). When the sum of 

squares is low, the deviation 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 (Christensen et al., 2008). Time series from multiple abundance 

surveys in the 4T ecosystem for 1995-2010 have been added to the Ecosim inputs.  

Vulnerabilities  

The vulnerability parameter represents the exposure of a prey to predation by its 

predator (Walters et al., 1997). It divides the prey biomass into available and unavailable 

states (Walters and Kitchell, 2001). The following equation represents the exchange rate 

between available biomass and unavailable biomass for predator: 

 

Vij , which is the available component of prey biomass i for each j predator, gains 

biomass from the currently unavailable prey-biomass pool (Bi - Vij ) at rate vij . This 

cij (Bi , Bj) aij Bi Bj (6)

where aij represents the instantaneous mortality rate on prey i caused by one unit of
predator j biomass (contribution to Zi by presence of a unit of consumer j biomass; e.g.
Andersen and Ursin, 1977). This ‘catchability’ interpretation of aij corresponds in the
ecological literature to interpreting aij as the ‘rate of effective search’ (Holling, 1959) of
the consumer, measured per unit consumer biomass. Equation 6 is convenient from an
ECOPATH perspective, because every aij can be estimated directly from the
corresponding ECOPATH flow estimate: aij Qij (Bi Bj)

A potential weakness of Equation 6 is that it does not represent satiation by
predators; however, usually we do not view this as a serious issue (but see discussion
below), because field observation of stomach contents in aquatic ecosystems suggests
that most consumers are rarely able to achieve satiation (or are unwilling to take the
predation risks necessary to achieve full stomachs most of the time).

Probably the most serious weakness in the simple mass-action predictor (Equation 6)
is that predator–prey encounter patterns in nature are seldom random in space, and are
most often associated with behavioural or physical mechanisms that limit the rates at
which prey become available to encounters with predators. For example, consider the
flow from phytoplankton in the water column to benthic filter feeders; here only a
small fraction of Bi is available to the consumer, that fraction being limited by physical
mixing and sinking processes that bring phytoplankton near the bottom. For other
examples: zooplankton often show strong vertical migration patterns that limit their
availability to planktivorous fish; planktivorous fish often spend much of their time in
behavioural (schooling) or spatial (shallow water, holes) refuges that limit their
encounter rates with (or the time they are exposed to) piscivores. In view of how
ubiquitous these spatial and behavioural limiting mechanisms are, Equation 6 may well
grossly overestimate the potential for increasing flow to consumer pools when consumer
biomasses increase (e.g. in model scenarios where fishing rates on the consumers are
decreased to test whether the ecosystem could support higher abundances to meet some
fishery management objectives). We have chosen in ECOSIM to represent such
limitations by viewing each prey pool Bi as having an available component to each
consumer j, Vij , at any moment in time (Fig. 2). This biomass Vij may exchange fairly
rapidly with the unavailable biomass according to the exchange equation:

dVij dt vij (Bi Vij ) vij Vij aij Vij Bj (7)

That is, Vij gains biomass from the currently unavailable pool (Bi Vij ) at rate vij ,
biomass returns to the unavailable state at rate vij Vij , and biomass is removed from Vij
by the consumer at a mass-action encounter rate aij Vij Bj Assuming the exchange
process between V and B operates on short time scales relative to changes in Bi and Bj,
Vij should stay near the equilibrium implied by setting dV dt 0 in the above exchange
equation:

Vij vij Bi (2vij aij Bj) (8)

At this equilibrium varies with Bi and Bj, the consumption flow from i to j is then
predicted to vary as

cij (Bi , Bj) aij vij Bi Bj (2vij aij Bj) (9)

Dynamic models of exploited ecosystems 145
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component loses biomass to the unavailable state at rate vijVij  and biomass that is 

consumed by predator at rate aijVijBj (Walter et al., 1997).  

The vulnerability parameter ÒvÓ represents the transfer rate between the two states, 

and has implications for how a given predator would impact predation mortality for a given 

prey, and can range from 1 to ∞ (Walters and Martell, 2004). Low vulnerability factors (vi 

close to 1) imply that the prey is slightly exposed to predation mortality from its predator, 

so an increase in predator biomass will not cause any noticeable increase in predation 

mortality. In this case, biomass regulation would be bottom up (Christensen et 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 (Walters et al, 1997). On the other hand, high 

vulnerability factors (e.g. 100) indicate that the prey can easily encounter its predator, 

meaning that the predator biomass defines how much of a prey is eaten. In this case, 

predation control would be top down (Christensen et al., 2008). The notion of vulnerable 

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

the rates at which prey become vulnerable to predation (Walters et al., 1997). 

To have a better fit between the model simulation biomasses and time series 

biomasses, the v parameter is adjusted. Ecosim includes a routine called Òfit to time seriesÓ 

that can calculate the vulnerability values that will improve the fit between observed and 

simulated data (lower SS) (Christensen et al, 2008). Because this parameter cannot be 

measured in situ, it can be determined indirectly by this function and thus provides a better 

understanding of in situ trophic interactions.   

Diet 

Male and female grey seals have different prey preferences, which vary seasonally 

(Beck et al., 2007; DFO, 2011). To represent this intraspecific variation, the grey seal 

trophic group was split into male and female groups. Quantitative information on diet 

composition comes from evaluation of stomach and intestine contents obtained from 
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different regions in the southern Gulf  (Hammill, 2011). One sample, from St. Paul Island 

was comprised of males. The diet from this sample contained a high proportion of large cod 

(Morissette and Hammill, 2011) (Table 2). Female diet comes from another study and 

reflects a more generalised diet with cod comprising a much lower fraction (Savenkoff et 

al., 2004). 
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Table 2. Basic diet input of male and female grey seal in proportion 

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 seals females 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 (Savenkoff et al., 2004; 

Trzcinski et al., 2009; CCRH, 2011). To illustrate the effect of this variation on the 

ecosystem dynamics, three scenarios were built to explore the divergence between three 

different male grey seal diets, since itÕs the grey seal group that seems to have the biggest 

impact on cod. Simulations were carried out for a period of 50 years. 

The first scenario corresponds to the normal diet that is used in the basic simulation 

(Table 2) (Savenkoff et al., 2004). The second scenario represents a high cod diet with the 

proportion of cod eaten by male seals increased by 20%. This enhancement of the 

proportion of cod in the diet reflects conditions observed where grey seals and cod overlap 

extensively (Harvey et al., 2011).  

The third scenario, a low cod diet was developed. This scenario was included because 

some alternative diet studies e.g. fatty acids analyses (Beck et al., 2007; Trzcinski et al., 

2009), have concluded that cod make a much lower contribution to the grey seal diet than is 

obtained from the analysis of hard parts. This third scenario represents about 24% of cod in 

grey sealsÕ diet, so a 25% decrease in the contribution of cod to the grey seal diet compared 

to the original scenario. The other prey groups were readjusted proportionally to their initial 

contribution to the diet.  
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Table 3. Different proportion of each trophic group in each diet of male grey seals used for 
the simulations. The first diet corresponds to the regular one use for the model. For the 
second diet, the consumption of cod is increased by 20% of the regular value and the third 
diet represents a 25% decrease in 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 were examined 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 three runs where 25%, 50% and 75% of the male 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, and occurred 

annually during the simulation period. 
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Table 4. Grey sealÕs biomass removed each year during 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 ecosystem. This mortality was 

applied to the biomass of the group, in the same way that fishing mortality is applied. 

Percentage of variation of biomass (initial biomass vs biomass at the end of the 

simulation) for each trophic group was measured to quantify the difference between each 

scenario to understand the overall trophic impact of grey seals.  

 

 

1.5 RESULTS 

Pedigree 

The pedigree calculated by Ewe for the 1985-2010 period is 0.664. 

Fitting to time series 

A 15-year simulation was carried out using the basic parameters before any balancing 

adjustments were done. Default vulnerability parameters were used for this simulation (i.e. 

v = 2.0, Christensen et al., 2004). Biomasses obtained were compared to biomasses from 

the southern Gulf assessment time series. The sum of square (SS) of the deviation between 

the model and the survey data is 499 for all trophic groups (Fig 3). 
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Figure 3. Simulation of trophic group biomass from 1995 to 2010 (solid lines) compared 
with time series (dots), obtained from survey indices and landings, when vulnerability 
parameters are setting by default with Ecopath. ÒxÓ axis represents years and ÒyÓ axis 
represents biomass (t/km2). The weight of Some of Square (respectively) for each trophic 
group is indicated beside the group name. (SS total = 499) 

 

Vulnerability parameters were adjusted with the Òfit to time seriesÓ function and 

information from literature. The total SS for all trophic groups is 277 (Fig. 4). The 

difference between the SS value before and after adjustments is more important for some 

groups. The diminution of total SS from 499 to 277 could be explained by improvements in 

model fit to: cod (reduction of 44%), capelin (reduction of 85%), male grey seals (reduction 

of 99%), and for large pelagics (reduction of 55%). These adjustments improved the model 

fit between model predictions of biomass and observed changes over the time period of 

1995 to 2010.  
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The trophic groups presenting the best fit after adjustments are the harp seal, male 

grey seal and flounders. The groups with the highest sums of squares are cod, large pelagics 

and large demersals.  

 

Figure 4. Modeled trophic group biomass from 1995 to 2010 (solid lines) compared with 
time series (dots), obtained from survey indices and landings. The vulnerability parameters 
for the simulation were adjusted to improve model fit.  The  ÒXÓ axis represents the years 
and ÒyÓ axis represents the biomass (t/km2). The weight and Sum of Squares (respectively) 
for each trophic group are indicated in each graph. (SS total = 277)  

 

The parameter representing the vulnerability of prey to predators is high (more than 

2) for harp seals; male and female grey seals and Greenland halibut. The vulnerability from 

prey to cod predation is low (Table 2). 



    

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 7 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 2 1,00 2 1 1,00E+10 1,00E+10 1,32

10 Green. halibut 9,47 2 5,74E+08 4513814 1,00E+10
11 Small Amer. plaice 1,00E+10 1,00E+10 2 1,00 2 5,74E+08 4513814 1,00E+10 1,00E+10
12 Large Amer. plaice 1,00E+10 9,47
13 Flounders 1,00E+10 1,00E+10 1,00E+10 2 2 1,00 2 5,74E+08 4513814 1,00E+10 1,00E+10 1,32
14 Skates 9,47 2 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 2 5,74E+08 4513814 1,00E+10 1,00E+10 1,32
18 Capelin 100000 100000 1,00E+10 2 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 2 1,00 5,74E+08 1 1,00E+10 1,32
21 Plank. small pel. 100000 100000 10,8584 2 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 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 2 1,00 2 5,74E+08 2 61264,74 1 4513814 1 1,00E+10 1,00E+10 1,00E+10 1 1,00E+10 1,00
28 Large zooplankton 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 5,74E+08 2 1 1,00 1,00E+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 flow diagram (fig. 5) illustrates the main trophic interactions between trophic 

groups in the ecosystem. Male and female grey seals, large pelagic, large demersals are at 

higher trophic levels whereas cod is at a lower trophic level. Interactions between trophic 

groups can be direct (black line) or indirect. Consumption of cod by grey seal represents a 

direct relation between these two groups. Feeding interactions demonstrate competition 

between seals and cod for prey such as flounders and small pelagic fish. This interaction is 

one of the indirect relationships that can link those two predators.  

Greenland halibut and cod are competing for capelin, flounders and shrimps. 

Therefore, male grey seals would have an indirect positive impact on Greenland halibut by 

eating its main competitor, the 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, piscivorous small pelagics). The predation pressure on 

these groups is consequently high (M= 0,18).  

This representation of all energy exchanges illustrates the links between low and high 

trophic level groups. Male grey seals are connected with phytoplankton through many 

predation relations. They eat planktivorous small pelagic fish, which in turn consume small 

zooplankton, who in turn eat phytoplankton.  

 

 

 



    

 

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). 
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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).  

 

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. 

 

Impacted group

C
e

ta
c

e
a

H
a

rp
 s

e
a

ls

H
o

o
d

e
d

 s
e

a
ls

G
re

y
 s

e
a

ls
 m

a
le

s

G
re

y
 s

e
a

ls
 f

e
m

a
le

s

H
a

rb
o

u
r 

s
e

a
ls

S
e

a
b

ir
d

s

L
a

rg
e

 c
o

d

S
m

a
ll 

c
o

d

G
re

e
n

. 
h

a
lib

u
t

S
m

a
ll 

A
m

e
r.

 p
la

ic
e

L
a

rg
e

 A
m

e
r.

 p
la

ic
e

F
lo

u
n

d
e

rs

S
k

a
te

s

R
e

d
fi
s

h

L
a

rg
e

 d
e

m
e

rs
a

ls

S
m

a
ll 

d
e

m
e

rs
a

ls

C
a

p
e

lin

L
a

rg
e

 p
e

la
g

ic
s

P
is

c
i.
 s

m
a

ll 
p

e
la

g
ic

s

P
la

n
k

. 
s

m
a

ll 
p

e
la

g
ic

s

S
h

ri
m

p

L
a

rg
e

 c
ru

s
ta

c
e

a

E
c

h
in

o
d

e
rm

s

M
o

llu
s

c
s

P
o

ly
c

h
a

e
te

s

O
th

e
r 

b
e

n
. 

in
v

e
r.

L
a

rg
e

 z
o

o
p

la
n

k
to

n

S
m

a
ll 

z
o

o
p

la
n

k
to

n

P
h

y
to

p
la

n
k

to
n

D
e

tr
it
u

s

F
le

e
t1

Im
p

a
c

ti
n

g
 g

ro
u

p

Cetacea
Harp seals
Hooded seals
Grey seals males
Grey seals females
Harbour seals
Seabirds
Large cod
Small cod
Green. halibut
Small Amer. plaice
Large Amer. plaice
Flounders
Skates
Redfish
Large demersals
Small demersals
Capelin
Large pelagics
Pisci. small pelagics
Plank. small pelagics
Shrimp
Large crustacea
Echinoderms
Molluscs
Polychaetes
Other ben. inver.
Large zooplankton
Small zooplankton
Phytoplankton
Detritus
Fleet1

Positive

Negative



 38 

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/km2 in 2025, then decreases to 0.064 t/km2 by 2045. In the second 

scenario, the biomass increases to 0.063 t/km2 by 2016 and then decreases to 0.055 t/km2 by 

2045. In the third scenario, male grey seal biomass increases to 0.10 t/km2 in 2025, then 

decreases to 0.093 t/km2 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 biomass for 50-year simulations with three different male grey 
seal diets. The first simulation (blue) corresponds to a regular diet, the second one (red) 
corresponds to high cod consumption diet and the third one (green) is a low cod 
consumption diet. 

Removal scenarios 

Four different scenarios were run to explore the impact of a seal removal on the 

ecosystem, including the non-removal as the reference scenario. Starting in year 2010, 0%, 

25%, 50% and 75% of the population biomass was virtually removed each year as a 

harvest, during 35 years.  
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Harp seal biomass increases with little difference observed in biomass trajectories 

between the different grey seal removal scenarios. Male grey seal biomass starts to decline 

after year 2020. Little difference is observed in population trajectories between the scenario 

with no removals, and when 25% of the herd was removed. However, marked differences 

between scenarios are observed in grey seal trajectories, when a greater proportion of the 

herd was removed (fig. 9). In comparison, at the end of the simulation, male grey seal 

biomass is 6 %, 20 % and 35 % lower for the second, third and fourth scenarios, 

comparatively to the basic scenario (Fig. 9). 

 Cod biomass declines sharply prior to the initiation of seal removals in 2010. The 

trajectory shows an increase when the seals are removed, but this recovery is short lived as 

cod biomass decreases again after 2015 (Fig. 9). This decline continues under the 0% and 

25% removal scenarios, until 2020, then the rate of decline slows. In the scenarios where a 

greater proportion of the herd is removed, there were some signs of recovery, which 

continues over approximately 15 years, before a new period of moderate decline is 

observed. Flounder biomass displays a similar pattern to that of cod (Fig. 9). 

For Greenland halibut, the biomass is increasing from 1995, until removals of grey 

seals are initiated in 2010, then a slight dip in biomass is observed until 2020. Some 

recovery in Greenland halibut biomass is observed for the scenarios where few grey seals 

(0% and 25% scenarios) are removed (Fig. 9). However, under scenarios where 50% and 

75% of the grey seal population is removed, Greenland halibut show less recovery and 

continue to decline to lower levels. The final biomass for all scenarios is higher than the 

initial biomass.  

Large demersals, large pelagics and the small pelagics biomass show an increase after 

2010, then a decrease until the end of the simulation (Fig. 9). This decrease is less 

important under the scenario with higher removal rates. For the lower trophic group 

(crustaceans, large zooplanktons and small zooplankton), the difference in biomass 

between each removal scenario is less than 5%.  
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Overall, grey seal removals seem to slow the decline in biomass of some group (cod, 

flounders, large demersals, large pelagics, piscvivorous small pelagics and planktivorous 

small pelagics), but accentuates the decline of Greenland halibut and American plaice. 
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Figure 9. Trophic groups biomass for a 50-years simulation with 3 different male grey seals 
removal scenarios. The blue line represents a basic scenario without removal, red line 
represents a 25% removal of grey seal for each year, green line is a 50% removal and 
purple line is a 75% removal.  
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1.6 DISCUSSION 

Balanced model 

The pedigree, a quality indicator calculated by EwE for the 1985-2010 period, is 

higher than an average of 0.441, which covers about 400 models EwE (Morissette et al., 

2006). This parameter suggests a higher reliability of input data (Essington, 2007). Another 

indicator of model quality is the Sum of Squared (SS) deviations between predicted and 

measured biomass values, which were improved by adjusting the vulnerability parameters 

(Walters et al., 1997; Christensen and Walters, 2004; Christensen et al., 2008). Indeed, in 

the ecosystem, prey can be affected by physical mechanisms or they may adopt particular 

behaviours that would accentuate or limit their vulnerability to predation (Walters and 

Kitchell, 2001). 

Model fit can be improved through adjustment of the 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 vulnerability 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 from 2001 onwards.  The high vulnerability parameters for cod, 

capelin and large pelagics show that biomass regulation of these groups is top down 

(Walters et al., 1997; Christensen et al., 2008).  

The high values of the vulnerability parameters for this model underlines the 

importance of top-down regulation in this ecosystem (Benoit and Swain, 2008; Baum and 

Worm, 2009). As a result, male grey seal predation influences the biomass of their prey and 

any variation in grey seals biomass will affect them.   
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Cod  

Fish harvesting is known to reduce body size of the harvested stock. This size 

reduction can affect the trophic structure because as the fish are smaller, they are more 

vulnerable to predators. Therefore the group downgrades in the trophic system and 

becomes more vulnerable to top-down effects (Shackell et al., 2009). It will also be 

exposed to new competitors. After changes that occurred in the ecosystem in the 1990s, cod 

are now smaller and they now be found at a lower trophic level that is more sensitive to 

predation. Although cod was considered to be an important predator in northern ecosystems 

(Frank et al., 2005), their vulnerability to predation is now relatively high, as indicated by 

the model. At the same time that cod biomass and size frequency distribution has declined, 

predation by grey seals has also increased since over the last five decades (DFO, 2011) and 

currently is estimated to account for 50% of natural mortality among larger cod, making 

them an important driver in the non-recovery of cod (Swain and Chouinard, 2008; Bundy et 

al., 2009). 

 In addition to their vulnerability to predation by male grey seals, cod also compete 

with them for prey such as capelin, flounders and planktivorous small pelagic fish. Such 

negative interactions with an opportunist group can easily accentuate the negative condition 

of a stock (Bundy et al., 2009; DFO, 2011). Moreover, in recent years, there has been a 

redistribution of cod within the southern gulf, in response to combined factors of water 

temperature and threat of predation from grey seals (Swain et al., 2015). 

Diet scenarios 

The exploration of different grey seal diet scenarios was carried out as a sensitivity 

analysis. The variation in this parameter according to different simulations allows a better 

understanding of its impact on trophic relationships (DeAngelis, 1975). The analysis was 

completed using a base diet, and two extreme diets.  
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Compared to the baseline scenario, male grey seal biomass would be lower if their 

diet contains a high percentage of cod (second scenario). If a predatorÕs 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 predatorÕs abundance would decline as prey abundance declines 

(Fryxell and Lundberg, 1994). Therefore, cod-specialized seals would be more vulnerable 

to fluctuations in cod biomass. However, this scenario doesnÕt seem to affect differently the 

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 the male grey seal diet would also release predation 

pressure on other groups. Flounders and large demersals display a higher biomass in this 

scenario. On the other hand, Greenland halibut biomass is lower, because male grey seals 

have a positive impact on that group. Therefore, a decrease in grey seal biomass leads to a 

decrease in Greenland halibut biomass. 

Within the low cod diet scenario, male grey seals would consume a wider range of 

prey species. The higher biomass under this scenario suggests that more diversified the diet 

of grey seal, the more they would be advantaged in terms of prey resources. Under this 

scenario, grey seal biomass would increase, whereas most fish of commercial interest 

would decrease. Indeed, flounder, large demersals, large pelagics and the small pelagics 

groups biomass are lower within the low cod diet scenario. This decrease in biomass 

between the regular and generalist diet can be explained by higher predation mortality by 

grey seals on these other prey. By consuming a greater diversity of species, grey seal would 

also compete for food with many other groups. Therefore, not only would predation on 

other groups increase, but competition would also increase, which are two negative 

interactions for many lower trophic groups (Dulvy et al., 2000; Estes et al., 2001). 

Moreover, because of the decline of intermediate trophic groups, lower trophic group 

biomass like shrimps and crustaceans would be higher. This increase would be the result of 

indirect trophic interactions (Yodzis 2001; Heithaus et al., 2008).   
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Removal scenarios 

Four different removal scenarios were simulated where a percentage of 0%, 25%, 

50% and 75% of the population biomass was virtually removed each year as a harvest, 

between 2010 and 2045.  

The simulation results concur with vulnerability parameters and show that removal of 

male grey seals could benefit many trophic groups; mainly species that are grey seal prey. 

The biomass of cod, flounders, large demersal, large pelagics, piscivorous and 

planktivorous small pelagics would be higher within the removal scenarios than the no 

removal scenario, partly because the predation pressure by grey seals would be reduced. 

For most of the groups, the largest difference in biomass between each scenario occurs at 

higher removal rates of 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 species. However, 

regardless of the scenario, the cod population is not able to fully recover within the model. 

Changes that occurred in the ecosystem over time (Bundy et al., 2009) and the high natural 

mortality they have to deal with (Chouinard et al., 2005) might prevent their biomass from 

recovering to reference levels. Therefore, a seal removal can be part of the solution, but 

other management actions are needed for further recovery.  

A top predator removal could also influence competition relations. When a prey 

group increase following the removal of a predator, it might bring a higher competition 

pressure for a third specie (Estes et al., 2001). Greenland halibut biomass would decrease 

after a removal because male grey seals have a positive impact on this group. By eating 

their main competitor (i.e. cod), grey seals could allow them to have more food resources. 

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 relations, many studies show that intermediate 

predators might become more important when a top predator declines and induce a shift in 

dominance of the ecosystem (Yodzis 2001; Heithaus et al., 2008). Piscivorous and 
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planktivorous small pelagic groups biomass would be larger after a reduction in male grey 

seal biomass due to direct and indirect interactions. The biomass of these groups is already 

more important in the system than the biomass of other large fish group since the collapse 

of ground fish (Carscadden et al., 2001; Savenkoff et al., 2007). This dominance of the fish 

community structure by small fish would be conserved after a grey seal removal in the 

southern Gulf of St. Lawrence.  

The planktivorous small pelagic group includes species such as Atlantic herring 

(Clupea harengus) (Savenkoff et al., 2004), which can affect cod recruitment by preying on 

larval cod (Swain and Sinclair, 2000). A depensatory effect could occur with an increase of 

this intermediate predator population (Walters and Kitchell, 2001; Bundy and Fanning, 

2005; Bundy et al., 2009), which may limit full recovery of cod after a grey seal removal 

was carried out. Thus an adjustment in quotas on for example herring may be required to 

reduce herring predation on larval cod, but this scenario was not examined in this study. 

Other commercially important species would benefit from a grey seal removal. Witch 

flounder (Glyptocephalus cynoglossus; part of the ÒFloundersÓ trophic group), white hake 

(Urophycis tenuis), black dogfish (Centroscyllium fabricii), marlin spike grenadier 

(Nezumia bairdi) and Atlantic halibut (Hippoglossus hippoglossus) (all from the Òlarge 

demersalsÓ group) would be expected to increase after a reduction in grey seal numbers. 

These species represent some of high-quality stock of the ecosystem (Savenkoff et al., 

2004).  
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1.7 CONCLUSION 

Diet simulations showed the multiple impacts that grey seal can have on other trophic 

groups. If their diet is more diversified, there would be less predation pressure directed on a 

single group, but their biomass might increase and so, the predation pressure would 

increase globally. On the other hand, if they have a more specialised diet, their biomass 

would fluctuate accordingly to their principal prey abundance, ultimately, leading to a 

decrease in both grey seal abundance and that of their primary prey. These scenarios 

illustrate how diet inputs can drive different dynamics in the simulations, and underline the 

complexity of the role of grey seals in the southern Gulf ecosystem. Because of the 

sensitivity of certain parameters, their impact and resilience in the ecosystem might be 

greater than what these simulations can describe.  

The removal of grey seals did not seem to be sufficient for the complete recovery of 

large cod or any other fish species in the system. For cod, this could be explained by the 

high rate of natural mortality on cod and a shift in dominance in the ecosystem. When grey 

seals are removed, fish from the pelagic group, which are more important than cod in terms 

of biomass in the fish community, would increase in 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. Additional 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 followed by a rapid recovery to peak levels 

by the mid-1980s 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 400,000). Herring stocks were also quite low. These 

conditions are similar to those needed to ensure cod recovery from the EwE simulations 

completed in this study. 
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CONCLUSION 

Relations trophiques du 4T 

Les rŽsultats obtenus au cours de cette maitrise ont permis de dŽmontrer que les 

phoques gris pourraient avoir un impact nŽgatif important sur plusieurs groupes trophiques 

de lÕŽcosyst•me, notamment les morues. DÕabord, la mortalitŽ naturelle des morues est 

ŽlevŽe depuis les changements de dominance qui ont eu lieu dans les annŽes 1990 et ceci 

pourrait •tre lÕune des causes du non-retour des stocks (Chouinard et al., 2005; Swain et 

Chouinard, 2008). La mortalitŽ des morues obtenue gr‰ce au mod•le dŽmontre que la 

prŽdation est lÕune des sources importantes de mortalitŽ (Fig. 6). La morue qui Žtait un 

prŽdateur important dans lÕŽcosyst•me a ŽtŽ remplacŽ par dÕautres prŽdateurs tel que les 

phoques (Frank et al., 2005; Savenkoff et al., 2007; Bundy et al., 2009). Les phoques gris 

m‰les reprŽsentent une portion important de la prŽdation envers les morues. ƒgalement, le 

schŽma reprŽsentant les Žchanges dÕŽnergie dans lÕŽcosyst•me (Fig. 5) de m•me que la 

matrice des impacts relatifs (Fig. 7), dŽmontrent que les morues sont en compŽtition avec 

plusieurs groupes trophiques pour les ressources alimentaires, dont les phoques gris m‰les. 

Les relations de prŽdation et de compŽtition que le phoques gris entretient avec la morue 

sont deux relations pouvant avoir des rŽpercussion nŽgative sur la biomasse des morues 

(Sih et al., 1985; Heithaus et al., 2008).  

De plus, le param•tre de vulnŽrabilitŽ dŽmontre que les phoques exercent un contr™le 

descendant sur la biomasse de leur proie. La valeur ŽlevŽe du param•tre indique quÕune 

variation de la biomasse du prŽdateur pourrait avoir des rŽpercussions sur la biomasse des 

proies (Walters et al., 1997). Ainsi, les morues et autres poissons de fonds pourraient •tre 
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influencŽs par la dynamique de leur prŽdateur car ce param•tre est ŽlevŽ pour ces groupes 

(Tableau 2). 

RŽgime alimentaire 

Le rŽgime alimentaire des phoques gris Žtant une source de variation importante dans 

la littŽrature (Savenkoff et al., 2004; Trzcinski et al., 2009; CCRH, 2011), une analyse de 

sensibilitŽ a ŽtŽ rŽalisŽ afin de connaitre lÕimpact que pourrait avoir diffŽrents rŽgimes 

alimentaires des phoques gris sur la dynamique de lÕŽcosyst•me. Les rŽsultats obtenus 

dŽmontrent quÕun rŽgime alimentaire concentrŽ en morue serait nŽfaste pour les phoques 

gris m‰les (Fig. 8). Leur biomasse diminuerait et celle des morues serait plus ŽlevŽe que 

dans le cas du scŽnario de base. Ceci peut •tre expliquŽ par le fait quÕun prŽdateur 

sÕalimentant sur un seul groupe trophique qui est peu abondant diminue ses chances 

dÕobtenir lÕŽnergie nŽcessaire permettant ˆ la population de cro”tre (Fryxell et Lundberg, 

1994). Ainsi, la faible biomasse des morues pourrait limiter la croissance de la population 

de phoque gris. Contrairement aux phoques, dÕautres groupes trophiques ayant un intŽr•t 

commercial augmenterait. La di•te spŽcialisŽe des phoques pourrait contribuer ˆ limiter la 

compŽtition entre les phoques gris et les autres groupes trophiques, leur permettant ainsi 

dÕavoir acc•s ˆ une ressource alimentaire plus abondante.  

Par contre, si les phoques gris ont un rŽgime alimentaire diversifiŽ, lÕimpact de leur 

prŽdation serait plus rŽpandu et il y aurait plus de probabilitŽ que leur rŽgime alimentaire 

chevauche celui dÕautres groupes trophiques. Ainsi, les phoques gris m‰les entretiendraient 

plus de relations trophiques nŽgatives, soit la compŽtition et la prŽdation, avec des plusieurs 

groupes trophiques diffŽrents (Schmitz, 2007). Par consŽquent, les phoques gris pourraient 

•tre avantagŽs gr‰ce ˆ la diversitŽ de la ressource alimentaire disponible (Fryxell and 

Lundberg, 1994). Leur biomasse augmenterait tandis que celle de la plupart des autres 

stocks serait plus faible que dans le cas du scŽnario de base. Un rŽgime alimentaire 

diversifiŽ permettrait Žgalement ˆ lÕŽcosyst•me dÕ•tre plus rŽsilient dans le cas de la 

variation de biomasse dÕun prŽdateur (Heithaus et al., 2008; Baum et Worm, 2009). Un 
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autre prŽdateur prendra la place du prŽdateur en dŽclin et donc, la rŽgulation de la biomasse 

des populations de proies sera maintenue. Ainsi, si les phoques gris ont un rŽgime 

alimentaire plus diversifiŽ, non seulement leur biomasse serait plus importante, mais une 

diminution de leur population aurait peu dÕeffet sur la biomasse des groupes trophiques 

sous-jacents.  

Retrait stratŽgique 

Les rŽsultats obtenus gr‰ce aux simulations de retraits stratŽgiques dŽmontrent que la 

biomasse de plusieurs stocks de poissons pourrait augmenter ˆ la suite dÕun retrait. La 

biomasse des  morues, des plies, des grands poissons dŽmersaux, des capelans, des grands 

pŽlagiques, des petits pŽlagiques piscivores et planctonophages devrait augmenter 

comparativement au scŽnario sans retrait. En diminuant la biomasse de la population de 

phoques gris, ce retrait permettrait de diminuer la pression de prŽdation sur les groupes de 

proies (DFO, 2011), ce qui explique que lÕaugmentation serait plus prononcŽe pour les 

proies directes. Par contre, aucun de ces scŽnarios ne permettrait de retrouver le niveau de 

biomasse de la morue avant les annŽes 1990. 

Les petits poissons pŽlagiques piscivores et planctonophages qui sont des prŽdateurs 

intermŽdiaires (Yodzis, 2001; Heithaus et al., 2008), seraient plus abondants ˆ la suite 

dÕune rŽduction de la biomasse des prŽdateurs supŽrieurs, m•me si la biomasse tend ˆ 

diminuer pour tous les scŽnarios. Ces groupes trophiques ont dŽjˆ ŽtŽ avantagŽ par les 

changements de dominance qui ont eu lieu dans lÕŽcosyst•me durant les derni•res 

dŽcennies (Savenkoff et al., 2007) et leur importance en terme de biomasse au niveau des 

communautŽs ichtyologiques demeurerait importante. Par contre, ces groupes incluent des 

esp•ces tel que le Hareng atlantique qui se nourrit dÕÏufs de morues. Ces groupes peuvent 

donc induire un effet de dŽpensation car ils limitent le recrutement des stocks de morues 

(Walters and Kitchell, 2001; Bundy and Fanning, 2005; Bundy et al., 2009). Ce phŽnom•ne 

peut en partie expliquer pourquoi les stocks de morues ne sont pas revenus mais Žgalement 

pourquoi la morue nÕaugmenterait pas aussi rapidement que les mod•les le prŽvoient.  
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DÕautre part, ces scŽnarios de retrait dŽmontrent quÕune diminution de la biomasse 

des phoques gris m‰les favoriserait lÕaugmentation de plusieurs stocks dÕintŽr•t 

commerciaux comme la merluche blanche, la plie grise et maquereau atlantique. Par contre, 

ces scŽnarios dŽmontrent aussi que le flŽtan du Groenland diminuerait ˆ la suite dÕun retrait 

de phoques gris. En effet, les phoques gris m‰les ont un effet bŽnŽfique sur ce groupe car il 

consomme leur principal compŽtiteur, la morue. Ainsi, le flŽtan du Groenland serait 

dŽsavantagŽ par un retrait.  

Finalement, lÕŽcosyst•me du Sud du Golfe du Saint-Laurent a connu plusieurs 

perturbations durant les derni•res dŽcennies et lÕaugmentation rapide de la population des 

phoques gris est lÕune de ces consŽquences. En connaissant mieux les interactions entre les 

prŽdateurs et les proies, il devient plus facile dÕanticiper les rŽpercussions indirectes suite ˆ 

un retrait dÕun prŽdateur supŽrieur. Afin dÕŽviter ces consŽquences, les variations de 

biomasse dÕesp•ces ciblŽs et non-ciblŽs pourraient •tre utilisŽes en tant que ressources 

alternatives et ainsi, favoriser une exploitation durable des ressources en libŽrant la pression 

de p•che sur des stocks dŽjˆ amoindris. Une gestion par approche ŽcosystŽmique 

permettrait donc dÕexploiter le milieu en respectant la dynamique de lÕŽcosyst•me. 
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